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ABSTRACT

GROWTH OF SKELETONEMA COSTATUM (BACILLARIOPHYCEAE)
IN A CYCLOSTAT: COMPARISON OF

DIURNALLY CONSTANT & FLUCTUATING LIGHT INTENSITIES

by
El i zabe th  Cosper 

D r . T . C .  Malone - Advisor

The e f f e c t s  of  v a r i a t i o n s  in l i g h t  i n t e n s i t y  on the  photodap-

t i v e  c h a r a c t e r i s t i e s  and e f f i c i e n c y  of growth of  Skeletonema c o s t a -

tum ( G r e v . )  Cleve  were e v a l u a t e d .  The r e l a t i v e  i mp o r t a n c e  o f

changes in carbon s p e c i f i c  r a t e s  o f  r e s p i r a t i o n  and organic  r e l e a s e

t o  t he  e f f i c i e n c y  of  growth was de te rmined .  Light  i n t e n s i t y  was

e i t h e r  c o n s t a n t  d u r i n g  t h e  l i g h t  p e r i o d  a t  l e v e l s  f rom .1500 - 
-2  -115 / i E i n s t e i n ’m ' s  or  f l u c t u a t e d  throughout  the  l i g h t  per iod from

500 t o  10 (u E i n s t e i n ,m“2 *s” '1' .

Carbon s p e c i f i c  p a r t i c u l a t e  product ion r a t e s  were a s a t u r a t i n g

func t i on  o f  i nc id en t  l i g h t  i n t e n s i t y .  P a r t i c u l a t e  carbon product ion

r a t e s  per u n i t  ch lorophyl l  _a were a l i n e a r  func t i on  of  l i g h t  i n t en -
- ?  - l

s i t y  up to  650 AiEinstein'm *s . Ful l  s un l i gh t  c o n d i t i o n ,  1500 
- 2  -1wEins te in 'm *s , did not induce p h o t o i n h i b i t i o n  of  growth or 

g ros s  p roduc t ion .  Dai ly r a t e s  of  growth remained uniform a t  approx­

imate ly  1.00 day-  ̂ under comparable c on s t a n t  and f l u c t u a t i n g  l i g h t  

reg imes .

Under t h e  d i u r n a l l y  c o n s t a n t  l i g h t  r e g i m e s  t h e  e f f e c t s  of  

v a r i a t i o n s  in l i g h t  i n t e n s i t y  on c e l l u l a r  biomass c h a r a c t e r i s t i c s



were dominated by changes in the  pigment con t en t  of  c e i l s .  Chloro­

phyl l  ji c e l l " *  decreased  from a maximal va lue  a t  t he  lowest  l i g h t
- 2  -1i n t e n s i t y  to  a minimum at 650 /UEinstein'm . s  . Cel l  s i z e  as

-1 -1 d a i l y  mean carbon c e l l  , n i t r o g en  c e l l  ,and c e l l u l a r  volume was

unvarying under d i u r n a l l y  c ons t a n t  l i g h t  c o n d i t i o n s  from 38 - 1500 

-2  -1UEins t e in 'm ' s  . in c o n t r a s t ,  under d i u r n a l l y  varying l i g h t  c e l l  

s i z e  decreased  whereas d a i l y  mean ch l o r o p h y l l  _a c e l l " *  was unaf ­

f e c t e d .

P e r i o d i c i t y  in c e l l  d i v i s i o n  was observed on l y  at  l i g h t  in-

-2  -1t e n s i t i e s  o f  130 wEins t e in ' m ‘s or  g r e a t e r  and was decreased 

under d i u r n a l l y  va ry ing  l i g h t .  Under a l l  l i g h t  c on d i t i o n s  carbon 

and pigment growth were maximal dur ing  t h e  l i g h t  per iod but  r e l a ­

t i v e l y  well  coupled throughout  t he  24 hr  p e r io d .  Carbon product ion 

dur ing  t he  dark per iod  v a r i e d  from 19 t o  34% o f  t o t a l  d a i l y  produc­

t i o n  and was a l i n e a r  f u n c t i o n  o f  growth r a t e .

Net growth e f f i c i e n c y  va r i ed  from 0 .69  t o  0 . 38  and was maximal 

-2  -1a t  130 UEins t e in 'm ’s . Va r i a t i o n s  in l i g h t  reduced ne t  growth

e f f i c i e n c y  f rom t h i s  o p t i m a l  l e v e l  m a i n l y  as  a c o ns e q u e n c e  of  

r e l a t i v e  changes in r e s p i r a t o r y  a c t i v i t y .  Total  d a i l y  r e s p i r a t i o n  

was a p o s i t i v e  l i n e a r  f un c t i o n  o f  growth r a t e  except  a t  t he  h ig h es t  

l i g h t  i n t e n s i t y  and under f l u c t u a t i n g  l i g h t  when r e s p i r a t i o n  was 

g r e a t l y  enhanced.  A d i s p a r i t y  between r e s p i r a t o r y  l o s s  and t o t a l  

r e s p i r a t i o n  i nc reased  with l i g h t  i n t e n s i t y  and t he  r e f i x a t i o n  of 

r e s p i r e d  carbon was proposed as t he  p rocess  which could account



f o r  t h e  observed conse r va t i on  o f  carbon wi th in  t h e  c e l l .  Organic 

carbon r e l e a s e  i nc reased  wi th l i g h t  i n t e n s i t y  and under f l u c t u a t i n g  

l i g h t  but  remained l e s s  than 10% o f  g ros s  p roduc t ion  under a l l  l i g h t  

c o n d i t i o n s .  When carbon p roduc t ion  and d i v i s i o n  were most in phase ,  

e f f i c i e n c y  was maximized.  C e l l u l a r  chemical  f r a c t i o n a t i o n  i nd i ca t ed  

t h a t  under high or  v a r i a b l e  l i g h t  c o n d i t i o n s ,  when growth e f f i c i e n c y  

was reduced,  f i xed  carbon was s t o r ed  dur ing  the  l i g h t  pe r iod  for  

s u b s e q u e n t  s y n t h e s i s  o f  p r o t e i n  and p i g m e n t s ,  and d i v i s i o n  a t  

n i g h t .

i v
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INTRODUCTION

Assessment of t he  r o l e  o f  l i g h t  in c o n t r o l l i n g  t he  growth of  

m a r i n e  p h y t o p l a n k t o n  has  c e n t e r e d  ori p h o t o s y n t h e t i c  p r o c e s s e s  

(Parsons  e t  _al_., 1977).  Under opt imal  c o n d i t i o n s  both t he  r a t e s  of 

growth (Thomas, 1966; Beardal l  and Mor r i s ,  1976) and t he  r a t e  of 

p ho to sy n t he s i s  (Vol l e nw e i d e r , 1965; J a s sby  and P i a t t ,  1976) can va ry  

wi th l i g h t  i n t e n s i t y  in a s i m i l a r  f a s h i o n :  i nc re as ing  l i n e a r l y  at

low i n t e n s i t i e s  and s a t u r a t i n g  a t  high i n t e n s i t i e s .  Di f f e r ences  

between t he  pho t os yn t he t i c  and growth re sponses  a re  dependent  on 

t h e  r a t e s  o f  r e s p i r a t i o n  and e x t r a c e l l u l a r  r e l e a s e  of  organic  carbon 

and on t h e  r e l a t i o n s h i p  between t ime-dependent  v a r i a t i o n s  iri photo­

s y n t h e s i s  and growth.  These d i f f e r e n c e s  a re  poor ly  unders tood.

R es p i r a t i on  as a p ropo r t i on  of  t o t a l  ph o t o s yn th es i s  can  vary  

from 5% t o  g r e a t e r  than 50% even in a c t i v e l y  growing c e l l s  (Brown 

and Richardson,  1968; Humphrey, 1975; B u r r i s ,  1977; Falkowski and 

Owens, 1978).  There are  few s t u d i e s  comparing r e s p i r a t i o n  t o  growth 

r a t e  under well  c o n t r o l l e d  c u l t u r e  c o n d i t i o n s .  A l i n e a r  r e l a t i o n ­

s hip  between dark r e s p i r a t i o n  and growth r a t e  was found f o r  Ch l o re l -  

1 a p.yrenoidosa and C. e l l  i p s o i de a  (Myers and Graham, 1959, 1961; 

P i c k e t t ,  1975).  A s i m i l a r  r e l a t i o n s h i p  was i n i t i a l l y  found f o r  

Monochr y s i s  1u t h e r i i  (Laws and Caperon,  1976) but  f u r t h e r  s tudy 

i nd i ca t ed  t h a t  n i g h t - t i m e  carbon l o s s e s  were diminished a t  high 

growth r a t e s  in s evera l  mi c roa lgae  thus  a l t e r i n g  t he  l i n e a r  r e l a ­

t i o n s h i p  (Laws and Wong, 1978).  E x t r a c e l l u l a r  r e l e a s e  r a t e s  have



been found to  i n c r e as e  with growth r a t e  ( I g n a t i a d e s  and Fogg, 1973; 

H e l l e b u s t ,  1974) but  can be a g r e a t e r  p r opor t ion  of  pho tosyn t hes i s  

when p h o t os yn t hes i s  and growth a re  uncoupled ( H e l l e b u s t ,  1974),  such 

as under high l i g h t  ( I g n a t i a d e s  and Fogg, 1973).

Phytoplankton in s u r f a ce  waters  o f  t he  sea a r e  c on t i nuous ly  

exposed  t o  v a r i a t i o n s  in l i g h t  i n t e n s i t y .  Waves ( S n y d e r  and 

Dera,  1970; Gordon jet j ] _ . , 1971).  d i u r n a l  cyc l e s  and me teoro log ica l  

changes ( c l ou ds ,  storrns,  e t c . )  (Holmes, 1957; Parsons _et _al_., 1977) 

v a r y  l i g h t  over seconds to  hour s .  These v a r i a t i o n s  in l i g h t  i n t e r ­

a c t  wi th t he  exponent i a l  a t t e n u a t i o n  o f  l i g h t  wi th depth in the  

water  column ( J e r l o v ,  1974).  Turbulent  motion in su r f ace  waters  

moves phytoplankton c e l l s  through c on t i n u o u s ly  va ry ing  l i g h t  f i e l d s  

(Steeman Ni e l s en ,  1974).  Pho toadapta t ion  has been shown in involve 

changes in p ho t os yn th e t i c  parameters  accompanied by m o d i f i c a t i o n s  in 

c e l l u l a r  c o n c e n t r a t i o n s  of  pigments and ca r bo xy l a t i ng  enzymes ( e g . ,  

Ryther and Menzel,  1959; Steeman Nie l sen and Hansen, 1959; Steeman 

Nie l sen and J orgensen ,  1968 & b̂ ; Jorgensen ,  1969; Beardal l  and

Morr i s ,  1976; P r ez e l i n  and Sweeney, 1979; Falkowski and Owens, 

1980) .  However, t he  t ime course  o f  pho t oadap t a t i on  is  a f f e c t e d  by 

t h e  l i g h t  h i s t o r y  o f  c e l l s  ( S a r g e n t ,  1940; Sorokin ,  1958; Steeman 

Niel sen and J o rgensen ,  1968 _a & b_) and r e sponse  t imes  can vary  

from a few hours  t o  days ( M c A l l i s t e r ,  1961; Steeman Nielsen e t  

a l . ,  1962; Steeman Nielsen and Park,  1964; Hi tchcock,  1977; Marra,
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1980).  How t he  photoadapt ive  response  to c on t i n u o u s ly  f l u c t u a t ­

ing l i g h t  compares t o  t he  repsonse  to  d i s c r e t e  and c o ns t a n t  l i g h t  

l e v e l s  i s  not  known.

Recent s t u d i e s  with n a t u ra l  phytoplankton popu la t ions  have 

shown t h a t  s ho r t  term f l u c t u a t i o n  in l i g h t  can modify t h e  photosyn­

t h e t i c  r e sponse .  Marra (1978 _b) compared jm s i t u  produc t ion  e s t i ­

mates der ived  from incuba t ions  a t  f ixed  depths  wi th e s t i ma t e s  from 

i ncuba t ions  in which v e r t i c a l  movements s imu l a t i ng  Langmuir c i r c u l a ­

t i o n  was s up p l i e d .  He found,  a t  t i m e s ,  an i nc rease  up to  80% in 

depth  i n t e g r a t e d  produc t ion  in t he  i n c ub a t i on s  wi th v e r t i c a l  move­

ment .  F r ec he t t e  and Legendre (1978) found t h a t  f l a s h i n g  l i g h t  

s i mu l a t i ng  the  e f f e c t s  o f  waves ( 0 . 1  t o  10 sec)  g e n e r a l l y  lowered 

p ho t o s y n t h e t i c  r a t e s  r e l a t i v e  to  c on s t a n t  i n t e n s i t y  but  a t  l i g h t  

l e v e l s  below t he  s a t u r a t i o n  level  f o r  p ho to s yn th es i s  f r e q u e n t l y  a 4 

f o l d  enhancement in t he  p ho tos yn t he t i c  r a t e  was observed .  Both in 

t h e  f i e l d  and t he  l a b o r a t o r y ,  under l i g h t  f l u c t u a t i o n s  s imula t i ng  

mixing in t he  water column phytoplankton can d i s p l a y  a reduced r a t e  

o f  pho tosyn t hes i s  a f t e r  exposure  t o  high l i g h t  ( H a r r i s ,  1973; Har r i s  

and L o t t ,  1973; Falkowski and Owens, 1978).

Although f l u c t u a t i o n s  in l i g h t  may c o r r e l a t e  well  wi th v a r i a ­

t i o n s  in t he  r a t e  o f  ph o t o sy n t h es i s  (Marra,  1978 a) , t h e s e  v a r i a ­

t i o n s  a re  not  n e c e s s a r i l y  r e f l e c t e d  in v a r i a t i o n s  in growth.  The 

uncoupl ing of  p h o t o s yn t h e s i s ,  growth and d i v i s i o n  could lead to 

inc reased  r a t e s  of  organ ic  r e l e a s e  ( H e l l e b u s t ,  1974) and r e s p i r a t i o n



(Jackson and Volk,  1970; H a r r i s ,  1973; T o l b e r t ,  1974; Lehninger ,  

1975).  The t ime s ca l e s  over  which v a r i a t i o n s  in l i g h t  i n t e n s i t y  

a re  r e l e v a n t  t o  growth r a t e s  of  marine microa lgae  a re  poor l y  under ­

stood (Marra 1977).

The r e l a t i o n s h i p  between phytoplankton p h o t os y n t he t i c  ga i n s  and 

r e s p i r a t o r y  l o s s e s  i s  impor tant  t o  ne t  p r o d u c t i v i t y  o f  t he  pe lag i c  

zone.  Only when the  depth o f  v e r t i c a l  mixing of  t he  water  column i s  

l e s s  than the  depth at  which i n t e g r a t e d  water  column pho tos yn thes i s  

and r e s p i r a t i o n  are equal  can net  phytoplankton product ion occur 

(Sverdrup,  1953).  In e va l ua t i ng  water  column r e s p i r a t i o n  i t  i s  

u s u a l l y  assumed t h a t  phytoplankton r e s p i r a t i o n  is  c on s t an t  with 

d e p t h .  However ,  how r e s p i r a t i o n  v a r i e s  w i t h  d e p t h  i s  unknown 

(Par sons  _et ^1_., 1977).  The r e l a t i o n s h i p  between r e s p i r a t i o n ,  

growth and pho tosyn thes i s  under c on t i n uo us l y  f l u c t u a t i n g  l i g h t  has 

never  been determined.

Mar ine  p h y t o p l a n k t o n  p o p u l a t i o n s  g r owi ng  under  l i g h t - d a r k  

c y c l e s  can e x h i b i t  d i e l  v a r i a t i o n s  in c e l l u l a r  biomass c h a r a c t e r i s ­

t i c s ,  and r a t e s  o f  p h o t o s y n t h e s i s ,  growth and d i v i s i o n  (Sou rn i a ,  

1974).  Diel  v a r i a t i o n s  in p ho t os yn t he t i c  c a p a c i t y  have been e x t en ­

s i v e l y  s tud ied  ( t h e  l i g h t  s a t u r a t e d  r a t e  of  p h o t os yn t hes i s  per  u n i t  

ch l o r ophy l l  _a) both in t he  f i e l d  (Doty and Ogur i ,  1957; Shimada, 

1958; Lorenzen,  1963; McAl l i s t e r ,  1963; Newhouse e t  j f L , 1967; 

H a r r i s ,  1973; MacCaull and P l a t t ,  1977; Gargas et_ _al_., 1979) and in 

l a b o r a t o r y  c u l t u r e s  (Eppley and Coat swor th , ( 1966; Jorgensen ,  1966;
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Eppl ey jet _al_., 1967).  V a r i a t i o n s  in p h o t o s yn t h e t i c  c a p a c i t y  may be 

c o n t r o l l e d ,  in p a r t ,  by an endogenous c i r c a d i a n  rhythm ( e g . ,  Has­

t i n g s  jet  _al_., 1961;  Sweeney,  1969;  W a l t h e r  and Edmunds,  1973;  

P r e ze l in  e t  j L L , 1977; P r e z e l in  and Ley, 1980);  b u t ,  envi ronmental  

v a r i a b l e s  such as the  magni tude and l ength  o f  d i u r na l  l i g h t  cyc l e s  

(Lorenzen,  1963; K a l f f ,  1969) as well  as a l ga l  type  and n u t r i e n t  

supply  (Malone,  1971; S t r os s  e t  _al_., 1973; Sour n i a ,  1974; Malone e t  

a l . ,  1980) can a l so  i n f l uence  t h e  p a t t e r n  of  d ie l  v a r i a t i o n  in 

p ho to s yn t h e t i c  c a p a c i t y .  L i t t l e  i s  known about  how t h e  photosyn­

t h e t i c  response  and photoadapt ive  c h a r a c t e r i s t i c s  o f  p o pu l a t i ons  

s u b j e c t e d  t o  c o n t i n u o u s  f l u c t u a t i o n s  in  l i g h t  i n t e n s i t y  mi gh t  

modify t he  p a t t e r n  of  d ie l  v a r i a t i o n  in p h o t o s yn t h e t i c  c a p a c i t y  

( H a r r i s ,  1973; Marra,  1978 â  and lb) .

P e r i o d i c i t y  in c e l l  d i v i s i o n  has been demonst ra t ed f o r  many but  

no t  a l l  mar ine phytoplankton spec i e s  growing under a l i g h t - d a r k  

regime.  In g e n e r a l ,  diatoms are  more f l e x i b l e  in t he  t iming  of 

d i v i s i o n  and can d i v i de  more dur ing  t he  l i g h t  per iod  compared to  

o t h e r  mic roa lgae  (Chisholm _et _al_., 1978; Nelson and Brand,  1979).  

The t iming of  maximum d i v i s i o n  and t h e  degree  of  synchrony can be 

a f f e c t e d  by photoper iod (Eppley and Coat swor th,  1966; Paasche,  1967, 

1968),  n u t r i e n t  supply ( J d r g en s e n ,  1966; Eppley e t  j il_. , 1971) ,  

t empe r a t u r e  (Paasche ,  1967, 1968; Wi l l i amson,  1980) and growth r a t e  

(Chisholm _et j L L ,  1975).  The uptake o f  n u t r i e n t s ,  s y n t h e s i s  of  

c e l l u l a r  c o n s t i t u t e n t s  and d i v i s i o n  can e x h i b i t  d i e l  v a r i a t i o n s



which a re  not  n e c e s s a r i l y  in phase ( Jo r gensen ,  1966; Eppley and 

Coat swor th,  1966; Eppley e t  _al_., 1967; Paasche ,  1968; Eppley e t  al . ,  

1971; Sundberg and Nilshamrner-Holmvall , 1975).  The few s t u d i e s  

which have  c o r r e l a t e d  d i e l  v a r i a t i o n s  in c a r b o n  f i x a t i o n  w i t h  

v a r i a t i o n s  in o t h e r  growth r a t e  pa ramete r s  (Eppley and Coatsworth,  

1966; Jo rgensen ,  1966; Eppley jet j H . ,  1967; Eppley e t  _al_., 1971) 

have found t h a t  carbon product ion  and ne t  pigment s y n t h e s i s  are  well  

coupled and maximal dur ing t he  l i g h t  p e r i o d ;  whereas ,  d i v i s i o n  

maxima occur red  both dur ing t he  l i g h t  and dark p e r i o d .  The e f f e c t  

o f  v a r i a t i o n s  in l i g h t  i n t e n s i t y  on t h e  d i e l  p a t t e r n  o f  coupl ing 

between p h o t o s y n t h e s i s ,  growth and d i v i s i o n  i s  unknown.

There a r e  few s t u d i e s  of  d i e l  v a r i a t i o n s  in r e s p i r a t i o n  and 

none on t h e  r a t e s  of  o rganic  r e l e a s e  ( Sourn i a ,  1974).  In well  

synchronized c u l t u r e s  a d i e l  p e r i o d i c i t y  in r e s p i r a t i o n  has been 

observed which can be r e l a t e d  t o  p a r t i c u l a r  s t age s  o f  t he  c e l l  cyc l e  

(Nihei  ejt _al_., 1954; Curnut t  and Schmidt ,  1964; Hochachka and Tea l ,  

1964; Prezel  in e t  a]_., 1977).  Natural  popul a t i o ns .  o f  phytoplankton 

a l so  e x h i b i t  v a r i a t i o n s  in r e s p i r a t o r y  a c t i v i t y  wi th maxima g en er ­

a l l y  oc cu r r i ng  dur ing the  a f t e rnoon  and e a r l y  evening (Ryther  e t  

a l . ,  1958; Lorenzen,  1963; H a r r i s ,  1973).  An unders t and ing  of  the  

e x t e n t  t o  which v a r i a t i o n s  in r e s p i r a t i o n  and o r g a n i c  r e l e a s e  

cor respond with d i e l  v a r i a t i o n s  in p ho t os yn t he s i s  and growth i s  

l a c k i n g  b u t  i m p o r t a n t  t o  an e v a l u a t i o n  o f  f a c t o r s  i n f l u e n c i n g  

t h e  dynamics and e f f i c i e n c y  o f  growth in marine phytoplankton .

-6 -



In t h i s  s t udy ,  the  e f f e c t s  of  v a r i a t i o n s  in l i g h t  i n t e n s i t y  

on t h e  e f f i c i e n c y  of  carbon s p e c i f i c  growth in a common marine 

dia tom,  Skeletonema cos t a t um, were measured and eva l ua t ed  in terms 

o f  t h e  r e l a t i v e  i m p o r t a n c e  o f  r e s p i r a t i o n  and o r g a n i c  c a r b o n  

r e l e a s e .  Va r i a t i o n s  in l i g h t  i n t e n s i t y  s imula ted a range of  l i g h t  

l e v e l s  found in t he  pho t i c  zone and c u l t u r e s  were grown under a 

l i g h t - d a r k  c y c l e  in which l i g h t  was e i t h e r  c o n s t a n t  dur ing  t h e  l i g h t  

per iod o r  f l u c t u a t e d  c on t i nuous ly .  Va r i a t i o n s  in t he  e f f i c i e n c y  of  

growth were compared to  changes in pho toadapt ive  c h a r a c t e r i s t i c s .  

The photoadap t ive  c h a r a c t e r i s t i c s  o f  c o ns t a n t  and d i u r n a l l y  vary ing  

l i g h t  regimes were c o n t r a s t e d .  The e x t e n t  t o  which v a r i a t i o n s  in 

l i g h t  modi f i ed  t he  phasing of  growth p rocesses  and the  importance of  

d i e l  v a r i a t i o n s  to  t he  e f f i c i e n c y  of  growth were e l u c i d a t e d .  Cul­

t u r e  c o nd i t i o n s  al lowed f o r  a t t a i nmen t  of  s t eady  s t a t e  c o n d i t i o n s  

under each l i g h t  regime,  i n d i c a t i n g  a s t a b i l i z a t i o n  of  t he  adapt ive  

r e sponse .



MATERIALS AND METHODS

The c u l t u r e  appara tus  ( F i g .  1) c o n s i s t e d  o f  a g l a s s  carboy in 

which a 5 1 cont inuous  c u l t u r e  of  _S. cos ta tum (c lone  Skel from the  

Woods Hole Cul tu re  C o l l e c t i on )  was main ta ined  in a t empera ture  

c o n t r o l l e d  room (20°C).  A magnet ic  s t i r r i n g  bar  on the  bottom kept  

t he  c e l l s  in suspension and well  mixed.  G u i l l a r d ' s  f  medium a t  f / 4  

c on c e n t r a t i o n  ( Gu i l l a r d  and Ryther ,  1962) was con t i n u o u s ly  suppl i ed  

a t  a s p e c i f i c  r a t e  from a n u t r i e n t  r e s e r v o i r  using a Buchler p e r i ­

s t a l t i c  pump and t he  c u l t u r e  volume was kept  c o n s t a n t  by an over f low 

p o r t .  Light  was suppl i ed  on a 12 hour l i g h t - d a r k  c y c l e  by a 500 W 

tungs t en  lamp and a t t e nu a t e d  with n i cke l  p l a t e d  neu t r a l  d e n s i t y  

f i l t e r s .  A water  ba th with 0.2% CuSO^ was placed between t h e  l i g h t  

source and t he  c u l t u r e  in o rder  t o  b e t t e r  s imula t e  t h e  s p ec t r a l  

d i s t r i b u t i o n  o f  s u n l i g h t  i n c i d e n t  on t he  ocean.  Light  was v a r i ed  in 

two ways: (1) i nc id e n t  l i g h t  i n t e n s i t y  ( I q ) was cons t an t  dur ing 

t h e  l i g h t  pe r iod  and c u l t u r e s  were grown over  a range o f  d i s c r e t e  

l i g h t  i n t e n s i t i e s ,  s i mu l a t i ng  l i g h t  l e v e l s  t hroughout  t he  pho t i c  

zone from f u l l  s u n l i g h t  down to approximate ly  t he  1% l evel  (1500,

650,  130, 38 and 15 / jE i n s t e in  *m"^’s " ^ ) ; (2) i nc iden t  l i g h t  was
-2  -1va r i ed  from 500 t o  10 juEins te in 'm *s t h roughout  t h e  l i g h t  per iod 

by r o t a t i n g  a wheel of  n e u t r a l  d e n s i t y  f i l t e r s  a t  e i t h e r  1 or  12 

cyc l e s  d a y " \  s imula t i ng  the  exponen t i a l  change in l i g h t  throughout  

t he  pho t i c  zone (F igure  2 ) .  Under t he  f l u c t u a t i n g  l i g h t  regimes



Figure  1. Cul tu re  appara tus
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Figure 2. V a r i a t i o n s  in l i g h t  i n t e n s i t y  ( I Q) i n c i d e n t  on t h e  

c u l t u r e  d u r i n g  t h e  l i g h t  p e r i o d  under  c o n s t a n t  and 

f l u c t u a t i n g  l i g h t  regimes of  1 or  12 cyc l e s  day"* (cpd) .
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- 2  -1t o t a l  d a i l y  r a d i a t i o n  was kept  c on s t an t  a t  5 .6  Ei ns t e i n ' m day

which was comparable to  t he  amount of  d a i l y  l i g h t  r ece ived  by t he

c u l t u r e  g r o w n  u n d e r  t h e  c o n s t a n t  l i g h t  r e g i m e  a t  1 3 0  

~2  -1juEinste in 'm ‘s . This al lowed f o r  a d i r e c t  comparison between
- 2  - 1t h e  c u l t u r e  grown at  130 ( cons t an t )  yuEinstein'm ' s  and those  

grown under f l u c t u a t i n g  l i g h t  of  1 and 12 c y c l e s  da y"^ t Under 

each l i g h t  c o nd i t i o n  t he  d i l u t i o n  r a t e  o f  t he  c u l t u r e  was ad j us t ed  

to  ob t a in  s t eady  s t a t e  c e l l  d e n s i t i e s  o f  3-5 X 10^ c e l l s / m l  ( d a i l y  

mean) wi th t h e  h i g he s t  p o s s i b l e  growth r a t e .  C e l l u l a r  c o n c e n t r a ­

t i o n s  were low enough t o  ensur e  t h a t  t he  demand f o r  major  n u t r i e n t s  

was a t  l e a s t  an o r de r  o f  magni tude l e s s  than ambient  c o n c e n t r a t i o n s  

and t h a t  d e n s i t y  dependent  e f f e c t s  on growth r a t e  were riot ma ni f e s t  

(Yoder,  1979).  Comparable c e l l  d e n s i t i e s  minimized v a r i a t i o n s  in 

s c a t t e r i n g  of  a v a i l a b l e  l i g h t  in the  c u l t u r e .  Steady s t a t e  was 

de f ined  f o r  consecu t i ve  days between which v a r i a t i o n s  in d a i l y  mean 

biomass were not  s i g n i f i c a n t  (ANOVA, Model T, p>0.05,  see  Appendix 

I ) .  The l i g h t - d a r k  cy c l e  prec luded  s t ea dy  s t a t e  c o n d i t i o n s  dur ing 

t h e  d i e !  cyc l e  (Chi sholm e t  _al_., 1975).  At t h os e  t imes  when s t eady  

s t a t e  p r ev a i l ed  d a i l y  growth r a t e s  equa l l ed  one d a i l y  d i l u t i o n  o f  

t h e  c u l t u r e .  The s t eady  s t a t e  d i l u t i o n  r a t e s  achieved f o r  each

r e s p e c t i v e  l i g h t  i n t e n s i t y  were:  0 . 10 ,  0 . 32 ,  1 .00 ,  1.99 and 1.68
-1 -2  -1day a t  15,  33,  130, 650 and 1500 / l E in s t e in ' m  -s , r e s p e c t i v e l y .

For t he  v a r i a b l e  l i g h t  regimes o f  1 and 12 c yc l e s  per  day t he  s t eady  

s t a t e  d i l u t i o n  r a t e s  were 1 . 0 8  and 1 . 1 5  d a y ~ \  r e s p e c t i v e l y .
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Samples were obta ined  from t he  over f low por t  and processed  immedi­

a t e l y  or  c o l l e c t e d  in a Buchler  r e f r i g e r a t e d  (3°C) f r a c t i o n  c o l l e c ­

t o r  and processed wi th in  6 hours of  c o l l e c t i o n .

Each exper iment  was performed in two s t a g e s .  Once s t e a d y - s t a t e  

was achieved t h e  fo l lowing biomass c h a r a c t e r i s t i c s  were measured at  

0600 ( l i g h t s  on ) ,  1200, 1800 ( l i g h t s  o f f )  and 2400 hours f o r  a 

minimum o f  3 days:  c e l l  number and volume, p a r t i c u l a t e  organ ic  

carbon (POC) and n i t r o g en  (PON), and ch l o r o p hy l l  a., _c , and

c a r o t e n o i d s .  Once biomass c h a r a c t e r i s t i c s  o f  t h e  popula t ion  were

14 14d e f i n e d ,  1 mCi of  C as NaH cO^ was added to  t h e  c u l t u r e  and

uptake i n t o  t he  p a r t i c u l a t e  f r a c t i o n  was measured every  3 t o  6 hours

f o r  t h e  nex t  36 hours u n t i l  t he  c e l l s  were in i s o t o p i c  e q u i l i b r i um ,
14 1 ?i . e . ,  t h e  r a t i o  between p a r t i c u l a t e  (P) C and C was r e l a t i v e l y  

c o n s t a n t .  During t h i s  t ime i n t e r v a l  changes in o rgan ic  and inorgan­

ic 14C were a l so  determined in o rder  t o  e s t i ma t e  r a t e s  of  organic
14r e l e a s e  and t o  moni tor  t he  decrease  in t he  s p e c i f i c  a c t i c i t y  of  c

as t h e  l a be l  was d i l u t e d  out  o f  t h e  c u l t u r e .  P„ „ , 0 ranged
4 C: 12C

from 2 . 8 - 4 . 8  x 10 unde r  d i u r n a l l y  c o n s t a n t  l i g h t  b u t  under
3

d i u r n a l l y  vary ing  l i g h t  was 1.0 x 10“ when uptake  was t e r mi n a t ed .  

This  was accomplished by g e n t l y  f l u s h i n g  t he  r a d i o a c t i v e  media from 

t he  c u l t u r e  through a nuc lepore  f i l t e r  wi th pores 1 /m  in d iameter  

and subsequent  replacement  wi th cold media ( F i g .  1 ) .  This  p rocess  

r e t a i n e d  t he  r a d i o a c t i v e  c e l l s  in t he  c u l t u r e  and over  a per iod o f  

about  4 hours  reduced the  a c t i v i t y  in t h e  media t o  approximate ly  1%
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of  t he  i n i t i a l  l e v e l .  Once s t e a d y - s t a t e  was r e e s t a b l i s h e d  (6 t o  24

h o u r s ) ,  p a r t i c u l a t e  and d i s s o l v e d  were measured a t  0600,  1200,

1800 and 2400 hours f o r  a t  l e a s t  3 days .  The exper iment  a t  15 

- 2  - 1j u E i n s t e i n ' m  ‘ s had t o  be t e r m i n a t e d  b e f o r e  t h e  c u l t u r e  was 

f l ushed  because a t e a r  developed in t h e  nuc l epor e  f i l t e r .

Dissolved organic  carbon r e l e a s e  was determined from changes in 

t h e  d i s s o l ve d  organic  f r a c t i o n  and r e s p i r a t i o n  was c a l c u l a t e d  

as t he  d i f f e r e n c e  between t o t a l  l o s s e s  and d i s so lv e d  organic  r e l e a s e .

in t h e  p a r t i c u l a t e  f r a c t i o n  was determined from 10 ml samples 

f i l t e r e d  onto HA 0.45 Aim Mi l l i po re  f i l t e r s ,  fumed f o r  5 min wi th 

HC1 and p laced in s c i n t i l l a t i o n  v i a l s  with 10 ml of  Aquasol . Dis­

s o l v e d  o r g a n i c  was meas u red  on 5 ml a l i q u o t s  o f  f i l t r a t e  

c o l l e c t e d  in s c i n t i l l a t i o n  v i a l s  which were a c i d i f i e d  t o  pH 3 and 

bubbled wi th a i r  f o r  45 min in order  to  remove t h e  i norganic  

(Thomas, 1971) .  S i m i l a r l y ,  10 ml of  Aquasol was added t o  each 

s c i n t i l l a t i o n  v i a l  p r i o r  to  coun t i ng .  Another 5 ml of  f i l t r a t e  was 

placed in s c i n t i l l a t i o n  v i a l s  and t r e a t e d  wi th phenethylamine to  

c on v e r t  t he  i no rgan ic  carbon i n to  n o n - v o l a t i l e  carbamates  ( I ve r s on  

eit jil_., 1976) wi th subsequent  add i t i o n  o f  10 ml Aquasol in o r de r  t o  

e s t i ma te  t h e  t o t a l  d i s s o l v e d  ^ C .  Measurements of  a c t i v i t y  

were made in a l i q u i d  s c i n t i l l a t i o n  counter  (Beckman LS 100) and t he  

e f f i c i e n c y  of  count ing  was determined f o r  each sample using an 

e x t e r n a l  s t anda rd  and p r e v io u s l y  determined quench c h a r a c t e r i s t i c s  

f o r  each  t y p e  o f  s am p l e .  C o e f f i c i e n t s  o f  v a r i a t i o n  (C . V. )  o f



t r i p l i c a t e  samples were g e n e r a l l y  l e s s  than 10%, but  never  exceeded 

30%. Af te r  account ing f o r  changes in t h e  s p e c i f i c  a c t i v i t y  o f  ^ C ,  

changes in carbon were c a l c u l a t e d  over  s p e c i f i c  t ime i n t e r v a l s  and 

carbon s p e c i f i c  r a t e s  ( h r - *) were c a l c u l a t e d  using t he  f o l l owi ng  

genera l  equa t i on :

where t  = t ime ,  CQ = i n i t i a l  c o n c e n t r a t i o n ,  AC = change in concen­

t r a t i o n ,  D = d i l u t i o n  r a t e  of  c u l t u r e .  The same equat ion  was used 

t o  c a l c u l a t e  carbon s p e c i f i c  growth from changes in POC wi th t ime.

For t he  h ig he s t  and lowest  l i g h t  i n t e n s i t i e s  and t he  v a r i a b l e  

l i g h t  regimes t h e  ^ C  l abe l  was a l so  fol lowed wi th in  t h e  c e l l u l a r  

f r a c t i o n s  us ing a mo di f i c a t i on  o f  methods o u t l i n e d  by Wallen and 

Geen (1971) ,  Bergmeyer (1974) ,  Morris  jat _al_. (1974) ,  and Hol l ibaugh 

e t  j f k  ( 1 9 8 0 ) .  The s amp le s  were p r o c e s s e d  s i m i l a r l y  t o  t h o s e  

d e s c r i b ed  above but  e x t r a  samples were ob t a ined  in t r i p l i c a t e  and 

e i t h e r  t r e a t e d  f o r  10 min with 5% i c e - co ld  t r i c l o r o a c e t i c  acid  (TCA) 

or  f o r  1 hour  with hot  ( b o i l i n g )  TCA b e f o r e  f i l t r a t i o n .  The cold 

TCA removed t he  small  molecules  from the  c e l l s :  t h e  hot  TCA hydro­

lyzed and removed po l ys ac cha r ide s  l eav i ng  a f i l t e r a b l e  r e s i d u e  

o f  mos t l y  p r o t e i n .

POC and PON samples were measured in t r i p l i c a t e  by combus­

t i o n  and gas chromatography in a HP-185 CHN Analyzer .  Cel l  d e n s i t y  

(8 r e p l i c a t e s )  was e s t i mated  from hemacytometer count s  and c e l l



volume (10 c e l l s / c o u n t )  from microscopic  measurements .  pll and

t o t a l  a l k a l i n i t y  were determined using methods in S t r i c k l a n d  and

Parsons  (1972) in order  to e s t i ma t e  d i s s o l v e d  ino rgan ic  carbon

c o n c e n t r a t i o n s .  Chlorophyl l  _a, _c c_ and c a r o t en o i d s  ( s i n g l e

samples) were determined using t he  spec t ropho t omet r i c  methods of

J e f f r e y  and Humphrey (1975) and c h l o rophy l l  _a ( t r i p l i c a t e  samples)

was a l s o  measured f l u o r o m e t r i c a l l y  using a Turner  111 f l u o r ome t e r

( S t r i c k l a n d  and Par sons ,  1972).  In vivo f l u o r e s c e n c e  ( d u p l i c a t e

samples) was measured in a Turner Designs Fluorometer  as f l u o r e s c e n t

y i e l d  a f t e r  5 sec ( a  t ime adequate f o r  t he  f a s t  f l u o r e s c e n t  change

but  not  t he  slow change t o  become mani f e s t )  us ing a blue  e x c i t a t i o n

f i l t e r  (Corning,  CS 5-60) and red emiss ion f i l t e r  (Corning ,  CS 2-64)

( K i e f e r ,  1973; Lof tus  and S e l i g e r ,  1975).  In a d d i t i o n ,  t he  e f f e c t

o f  v a r i a t i o n s  in t he  r a t e  o f  p ho tos yn t he t i c  e l e c t r o n  t r a n s p o r t  on in

vivo f l u o r e s c en c e  y i e l d  was measured in d u p l i c a t e  in a Perkin Elmer

Model 204 Sp ec t r o f  1 uorometer  a t  680 nm a f t e r  5 sec e x c i t a t i o n  (440

7 1nm wavelength ,  6 .5  / j E i n s t e i n ' m " c ' s "  ) o f  a dark adapted sample 

(15 min dark) ( P re z e l i n  and Sweeney, 1977; Samuelson and Oqu i s t ,

1977) .  Measurement of  f l u o r e s c e n t  y i e l d  wi th in  t he  f i r s t  5 sec of  

i l l u m i n a t i o n  i s  n ece s s a ry  in o rde r  f o r  v a r i a t i o n s  in f l u o r e s c e n t  

y i e l d  t o  cor respond t o  changes in t he  r a t e  of  p h o t o s y n t h e t i c  e l e c ­

t r o n  t r a n s p o r t  (Papageorgiou,  1975; Samuelson and Oqu i s t ,  1977).

Measurements of  t h e  3- (3 ,  4 d i c h l o r o p h en y l ) - 1 ,  1-dimethyl  urea  

(DCMU)-induced f l u o r e s c en c e  inc rease  were s i m i l a r l y  made wi th each
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f l uo r omet e r  a t  10 M DCMU, a c o nc e n t r a t i o n  s a t u r a t i n g  f o r  i n h i b i ­

t i o n  of  p ho t os yn th e s i s  in _S. cos ta tum over  t h e  range of  ch l o r ophy l l  

a c o nc e n t r a t i o n s  observed in t he  c u l t u r e s  (Falkowski  and Owens,

1978).



PART I .  EFFICIENCY OF GROWTH UNDER 
DIURNALLY CONSTANT LIGHT

RESULTS AND DISCUSSION

C e l l u l a r  biomass c h a r a c t e r i s t i c s . The e f f e c t s  of  l i g h t  i n t e n ­

s i t y  on c e l l u l a r  biomass c h a r a c t e r i s t i c s  o f  _S. cos ta tum were domi­

n a t e d  by c h an g e s  in t h e  p i gmen t  c o n t e n t  o f  c e l l s  ( F i g u r e  3 ) .

C e l l u l a r  c o n c e n t r a t i o n s  of  carbon and n i t r o g e n ,  r e s p e c t i v e l y  32.5

-1  -2  1 and 5 .2 pg c e l l  s were maximal a t  15 u E i n s t e i n ’m ' s  and were

reduced a t  h igher  l i g h t  i n t e n s i t i e s  but  did not  va r y  s i g n i f i c a n t l y
p 1

from 38-1500 / l E i n s t e i n ’m- '1 ' s -1 (Figure  3A). The C:N r a t i o  inc reased

from 6 .2  a t  15 >uEinstein*m"2 ’s -1 t o  va l ues  o f  7 . 5 - 8 . 1  a t  h igher

l i g h t  i n t e n s i t i e s  mainly  as a consequence o f  a dec r ea se  in c e l l u l a r

n i t r ogen  (F i gure  3D). Mean d a i l y  c e l l  volume was not  s i g n i f i c a n t l y

a f f e c t e d  by l i g h t  i n t e n s i t y  ( F i gu r e  3B) . The c e l l u l a r  c o n c e n t r a t i o n

o f  ch lo rophy l l  jj decreased  from a maximal va lue  o f  1.16 pg c e l l - '*'

a t  t h e  lowest  l i g h t  i n t e n s i t y  t o  a minimum o f  0 .19  pg cell"'*'  a t  
2 -1650 /UEinstein'm ’s (F igure  3C) . At t he  h i g h e s t  l i g h t  i n t e n s i t y

ch lo r op h y l l  _a cel  1 did not  dec r ease  f u r t h e r  but  i nc reased  to

0.47 pg c e l l - '''. C e l l u l a r  l e v e l s  o f  c a r o t e n o i d s  and ch lo rophy l l

c^ and were a l so  maximal at  t he  lowest  l i g h t  i n t e n s i t i e s  and

p a r a l l e l e d  v a r i a t i o n s  in c h l o r o p h y l l  a. c e l l -  ̂ w i t h  i n c r e a s i n g  

l i g h t  except  a t  the  h i g h e s t  l i g h t  i n t e n s i t y  ( F i gu r e  3C) . The C:Chl_a

r a t i o  va r i ed  from 27-115 p r i m a r i l y  as a consequence o f  v a r i a t i o n s  in
1 ? 1 c h l o r o p hy l l  _a c e l l  . The r a t i o  was h i g he s t  a t  650 / j E i n s t e i n ‘m s

p 1
and lowest  a t  15 >uEinstein"m s (Figure  3D).



Figure  3.  R e l a t i o n s h i p  between mean d a i l y  c e l l u l a r  biomass c ha r ac -

-2  -1t e r i s t i c s  and i n c i de n t  l i g h t  i n t e n s i t y  ( / lEins te in  -m *s )
-1 -1 as :  (A) carbon,  ( ' ) >  n i t r o g en  (o) x 10~ , (pg c e l l "  ) ;

(B) volume (/im^ c e l l " * ) ;  (C) chi  _a, (*)> chi  ( x ) ,

c a r o t e n o i d s ,  ( o ) ,  (pg c e l l " * ) ;  (D) C:Chi _a, ( ‘ ) ,  C:N, ( o ) ;

v e r t i c a l  bars  a re  95% conf idence  l i m i t s .
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Va r i a t i o n s  in t he  biochemical  composi t ion o f  S. cos ta tum with 

changes in l i g h t  i n t e n s i t y  observed in t h i s  s t udy  a r e ,  in g e n e r a l ,  

c o n s i s t e n t  w i t h  t h e  r e s u l t s  o f  o t h e r  i n v e s t i g a t o r s .  However ,  

compar isons  f o r  t he  two h i g h e s t  l i g h t  l e v e l s  used in t h i s  s tudy are 

u n a v a i l a b l e .  The r e l a t i o n s h i p  between c e l l u l a r  carbon and volume 

corresponded well  with t he  va lues  p r e d i c t e d  by t he  equa t i on  S t r a t h -  

man (1967) developed f o r  diatoms except  a t  t h e  lowest  l i g h t  i n t e n ­

s i t y  when carbon cel  1 was s l i g h t l y  e l eva te d  r e l a t i v e  to c e l l
1

volume. Chlorophyl l  a. c e l l _J- has s i m i l a r l y  been found t o  decr ease

- 2  -1as l i g h t  i n t e n s i t y  inc reased  from 15 t o  250 AiEinstein 'm "s wi th 

a concomi tant  i nc re as e  in t h e  C: Ch1 _a r a t i o  (Yoder ,  1979; Falkowski 

and Owens (1980) .  D i s p a r i t i e s  in c e l l  s i z e  most l i k e l y  can account  

f o r  a n y . d i f f e r e n c e s  in abso l u t e  c o n c e n t r a t i o n s  o f  carbon and c h l o r o ­

phyl l  _a c e l l - '*' s i nce  t he  C:Ch 1 _a r a t i o s  f o r  s i m i l a r  l i g h t  l e v e l s  

and t empe r a t u r e  compare well  between the  r e s u l t s  r e po r t e d  here  and 

t h e  va lues  obt a ined  by Yoder (1979) and Falkowski and Owens (1980) .

C:N r a t i o s  s i m i l a r  to t he  va lues  r epo r t e d  above were observed 

by Sakshaug and Holm-Hansen (1977) and Yoder (1979) when S. costa tum 

was grown under n u t r i e n t  s a t u r a t e d  c o n d i t i o n s .  However, Falkowski 

and Owens (1980)  g e n e r a l l y  found  lower  v a l u e s  f o r  C:N w i t h  S .

c o s t a t um . Changes in t he  C:N r a t i o  with v a r i a t i o n s  in l i g h t  i n t e n ­

s i t y  were r e l a t i v e l y  small in comparison t o  t he  seve ra l  fo l d  changed 

observed under n i t r ogen  l i m i t a t i o n  (Sakshaug and Holm-Hansen,1977).  

S imi l a r  t o  t he  above r e s u l t s  t he  lowest  v.alues f o r  C:N were ob­

served a t  low l i g h t  i n t e n s i t i e s  (Yoder ,  1979; Falkowski and Owens,

- 2 2 -



1980).  In c o n t r a s t  t o  t he  increase  in carbon and n i t r ogen  c e l l - '*'
- 2  -1a t  15 / jEinstein*m "s in t he  s tudy r ep or t e d  h e re ,  Yoder (1979)

found a dec r ea se ,  p a r t i c u l a r l y  in carbon c e l l " \  at  l i g h t  i n t e n s i -
- 2  1t i e s  below 25 AiEinstein'm s d e s p i t e  l i t t l e  s i g n i f i c a n t  change

-2  -1between 25 and 250 AiEins te in’m ' s  . The i nc re as es  in carbon and 

n i t r ogen  per  c e l l  a t  t he  lowest  l i g h t  i n t e n s i t y  were not  r e l a t e d  to 

changes in c e l l  volume but  did cor respond wall  with t he  i nc re as e  in 

c e l l u l a r  pigment c o n t e n t .  Ni trogen per  c e l l  increased t o  a g r e a t e r  

e x t e n t ,  r educ ing  t he  C: N r a t i o ,  perhaps r e f l e c t i n g  i nc re as es  in the  

p r o t e i n s  a s s oc i a t ed  wi th pigment molecules  in t he  membranes o f  the  

c h l o r o p l a s t  (Thornber ,  1975; A1 be r t e  _et _al_.> 1977).

D a i l y  p a r t i c u l a t e  r a t e s  o f  p r o d u c t i o n . Dai ly biomass s p e c i f i c  

r a t e s  of  product ion were a s a t u r a t i n g  func t i on  o f  i nc iden t  l i g h t  

i n t e n s i t y  with maxima a t  650 AiEinstein-m s (Figure  4 ) .  Carbon 

s p e c i f i c  p a r t i c u l a t e  p r o d u c t i o n  r a t e s  ( p p c ) ( c a l c u l a t e d  f rom

changes in POC) increased  with l i g h t  from 0.10 to  1.99 day"'*' and was
2 1not ,  s i g n i f i c a n t l y  decreased a t  1500 AiEinstein'm ' s  . Chloro-
chiphyl l  a. s p e c i f i c  p a r t i c u l a t e  product ion . rates  (pp ) v a r i ed  from

-1 -13.5  t o  215.0 AigC (chla.) ’day and,  in c o n t r a s t  with carbon s p e c i f i c  

growth,  decreased s i g n i f i c a n t l y  at  the  h i ghes t  l i g h t  i n t e n s i t y .  

ppch  ̂ increased e x p o n e n t i a l l y  with ppc (Figure  5 ) ,  mainly as a 

consequence o f  v a r i a t i o n s  in ch lorophyl l  _a c e l l - '*-.

An unders t anding of  t he  r e l a t i o n s h i p  betwen ppc ^  and PPC is  

impor tant  t o  an i n t e r p r e t a t i o n  o f  f i e l d  product ion  e s t i ma t e s  s i nce



-2  -1Figure  4.  The e f f e c t  o f  i nc id en t  l i g h t  i n t e n s i t y  OuEinstein 'm *s ) 

on carbon s p e c i f i c  r a t e s  o f  growth (jug C‘ ( C ^ d a y " 1 ( ‘ )

-1and chi  _a s p e c i f i c  p a r t i c u l a t e  produc t ion  (/jg C‘ (chl  _a) . 

day- *) (&); v e r t i c a l  bars  are  95% conf idence  l i m i t s .
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Figuere  5.  Re l a t i o ns h i p  between ch l o r o ph y l l  _a s p e c i f i c  p a r t i c u l a t e
-1 1produc t ion  (xig C' (chi  _a) ; day ) and carbon s p e c i f i c  

r a t e s  o f  growth Oug C*(C)”  ̂ day- '*'); each va l ue  r e p r e ­

s e n t e d  i s  f o r  a s i n g l e  day  unde r  each  o f  f i v e  l i g h t  

t r e a t m e n t s .
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i t  i s  d i f f i c u l t  t o  a c c u r a t e l y  e s t i ma t e  phytoplankton carbon in t he

c h 1n a t u r a l  environment  whi le e s t i m a te s  o f  PP are  e a s i l y  o b t a i ne d .  

Although C: Ch1 _a i s  p o s i t i v e l y  r e l a t e d  t o  growth r a t e  under l i g h t  

l i m i t a t i o n ,  i t  i s  i n v e r s e l y  r e l a t e d  to growth r a t e  under n u t r i e n t  

l i m i t a t i o n  (Laws and Wong, 1978: Laws and B a n n i s t e r ,  1980) .  In 

c on s id e r i n g  t h i s  i n t e r a c t i o n  between l i g h t  and n u t r i e n t  l i m i t a t i o n  

Eppley (1972) has reasoned t h a t  high growth r a t e s  and high C: Ch 1 _a 

are  mu t ua l l y  e xc lu s iv e  in most n a tu ra l  envi ronments  s i n c e  n u t r i e n t  

and l i g h t  s a t u r a t i o n  r a r e l y  c o i n c i d e .  He found t h a t  even sewage 

o u t f a l l s  along t he  C a l i f o r n i a  coas t  could not  ma i n t a i n  such high 

growth r a t e s .

ppc ^  comparable to  t he  high r a t e  of  215 / jgC’ (chl  a ) " ^ ‘day~* 

found in t h i s  s t udy  have been r e po r t e d  f o r  f i e l d  p op u l a t i o n s  when 

s i m i l a r  c o nd i t i o n s  f o r  t empe ra t ure  and n u t r i e n t  s a t u r a t i o n  p r e v a i l ,

i . e . ,  236 xjgC' (chl  a) ’day- '*' f o r  blooms of  S. cos ta tum in Tokyo Bay 

( Ho g e t s u  _et _a_l-> 1959) and 200 AigC‘ ( c h i  _a) "day"'*' f o r  mixed

assemblages of  ne tp l ank ton  diatoms in the  Hudson River e s t u a r y

( Malone ,  p e r s o n a l  c o m m u n i c a t i o n ) .  From e x t r a p o l a t i o n  o f  t h e

r e s u l t s  r e p o r t e d  here t he se  f i e l d  p opu l a t i ons  were probably  growing

a t  r a t e s  well  over 2 doubl ings  per day and c l o s e  t o  t he  t h e o r e t i c a l

maximum growth  r a t e  f o r  a t e m p e r a t u r e  o f  20°C ( E p p l e y ,  1 9 7 2 ) .

Thus,  in a reas  of  l a r g e  n u t r i e n t  input s  and where t h e r e  i s  ade-

c h 1q u a t e  removal  o f  b i o m a s s ,  pp can be m a i n t a i n e d  a t  maximal  

r a t e s  analogous t o  a cont inuous  c u l t u r e  under n u t r i e n t  s a t u r a t e d  

c o n d i t i o n s .
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chipp was a l i n e a r  f u n c t i o n  o f  l i g h t  i n t e n s i t y  from 15-650 

A J E in s t e i n ' m 2 ‘ s " 1 ( r 2 = 0 . 9 7 ,  ppc h l  = - 0 . 6 7 + 0 . 3 3  IQ) as  a c o n ­

sequence o f  v a r i a t i o n s  in pigment c on t en t  (F i gure  3 ) .  Chlorophyl l  _a 

c e 1 1 was ad j u s t ed  so as t o  compensate f o r  v a r i a t i o n s  in l i g h t  a v a i l ­

a b i l i t y ,  c o n s i s t e n t  wi th t he  f i n d i n g s  r e p o r t e d  f o r  many mic roa lgae

(Eppley and Sloan,  1966; Steeman Nielsen and Jorgensen ,  1968^ and 

B a n n i s t e r ,  1974 ,  1979;  B e a r d a l l  and M o r r i s ,  1976;  Laws and 

Ba nn i s t e r ,  1980).  The i nc reased  c o n c e n t r a t i o n s  of  a cces so ry  p i g ­

men t s  a t  t h e  lower  l i g h t  i n t e n s i t i e s  a l s o  c ompens a t ed  f o r  t h e  

d ec r ea se  in l i g h t  i n t e n s i t y  and,  by t r a n s f e r r i n g  t h e i r  absorbed 

energy to  ch l o r o p hy l l  ji (Tanada,  1951; Shimura and F u j i t a ,  1975),  

helped to  ma in t a in  a uniform r a t e  of  change in produc t ion  per  u n i t  

c h l o rophy l l  _a. The importance of  a cces so ry  pigments  in enhancing 

l i g h t  c o l l e c t i o n  a t  low l i g h t  i n t e n s i t i e s  ha s  been document ed  

p r e v i o u s l y  f o r  o th e r  mi c roa lgae  (Tanada,  1951; Haxo, 1960; Shimura 

and F u j i t a ,  1975, P r e z e l i n ,  1976).

In c o n t r a s t  t o  ppC, ppC^  a t  t he  h i g h e s t  l i g h t  i n t e n s i t y ,  an

i n t e n s i t y  comparable to  f u l l  s u n l i g h t ,  was reduced (F i g .  4 ) .  Since
c chipp remained r e l a t i v e l y  high ( F ig .  4 ) ,  t h i s  r e du c t i on  in pp

was a consequence o f  t h e  i n c r e a s e  in ch l o r op h y l l  _a c e l l  . Few

l a b o r a t o r y  s t u d i e s  have used such a high l i g h t  i n t e n s i t y  f o r  growth

and t h e  exposure o f  batch c u l t u r e s  grown at  lower l i g h t  to f u l l

s u n l i g h t  has r e s u l t e d  in decreased  p h o t os yn t he t i c  r a t e s  and a t ime 

dependent  i nc r ea s e  in p ho to - o x i d a t i v e  damage (Curl  and McLoed, 1961;
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M c A l l i s t e r ,  1961; Belay and Fogg, 1978).  P h o t o i n h i b i t o r y  e f f e c t s  of  

p ho to sy n t he s i s  have been observed at  l i g h t  i n t e n s i t i e s  much lower

than f u l l  s u n l i g h t  (Myers and Burr ,  1940; Ryther ,  1956 ja; Ryther and 

Menzel , 1959; Curl & McLoed, 1961; Steeman Ni e l s en ,  1962; Takahash i ,  

e t  _aK,  1971);  however,  t he  t ime f o r  a dap t a t i on  i s  an impor tant  

f a c t o r .  McAl l i s t e r  (1961) found t h a t  a f t e r  s eve ra l  days at  f u l l  

s u n l i g h t  t he  c oc oc o l i t h o p h o r e ,  Syracosphaera  c a r t e r a e , was able  to  

adapt  and p h o t o i n h i b i t i o n  of  p h o t os yn t hes i s  was g r e a t l y  r educed .  

Farmer  (1977)  o b s e r v e d  no i n h i b i t i o n  o f  e i t h e r  g rowt h  r a t e  o r  

p h o t os yn th e s i s  in Chaetoceros  curv i  s e t u s  growing in an outdoor  

cont inuous  c u l t u r e  under f u l l  t r o p i c a l  s u n l i g h t .  But even a f t e r  a 

week of  exposure  t o  f u l l  i n c i d e n t  r a d i a t i o n  such ad ap t a t i o n  was not  

found f o r  o t h e r  s p ec ie s  growing in batch c u l t u r e ,  inc lud ing

costatum (Rythe r ,  1956 _a). The use o f  a con t inuous  c u l t u r e  in t h i s  

s tudy  al lowed f o r  t he  s e l e c t i o n  o f  a popula t i on  of  c e l l s  which had 

t ime f o r  f u l l  a dap t a t i on  to  such a high l i g h t  i n t e n s i t y .  Af te r  

i n o c u l a t i on  o f  t he  c u l t u r e  and commencement o f  d i l u t i o n ,  s t ep - wi se  

i nc r ea s e s  in t he  r a t e  o f  d i l u t i o n  r e s u l t e d  in an i n c r e a s e  in c h l o r o -  

phyl l  £  c e l l  whereas carbon per  c e l l  remained unchanged.  An 

inc rease  in t he  d i l u t i o n  r a t e  to  1.94 day- -*- r e s u l t e d  in a decr ease

in t he  C:Chl_a r a t i o  from 94 to  64 wi t h i n  36 hours  as a consequence

of  a 50% i nc r ea s e  in chi _a c e l l ”-*-. Such a s e l e c t i o n  process  in 

c on j unc t ion  wi th t ime f o r  a dap ta t i on  i s  most l i k e l y  an impor tant  

reason f o r  t he  d i f f e r e n c e s  between t he  r e s u l t s  d i s cus sed  above.
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A p o s s i b l e  e x p l a n a t i o n  f o r  t h i s  u n a n t i c i p a t e d  f i n d i n g  o f
—1 c h 1 2 1increased chlj i  c e l l  and decreased  pp a t  1500 / jEinstein*m s

i s  der ived from t he  r e s u l t s  of  in vivo f l u o r es c en c e .  In vivo f l u o r -  

escence per un i t  ch l o ro p h y l l  a measured in t he  Turner Designs f l u o ­

rometer  decreased t o  a mean _+ S.E.  o f  72 j+ 2 (n=24) a t  the  h ighes t

l i g h t  i n t e n s i t y  from 282 _+ 10 (n=14) and 148 _+ 17 (n=l l )  a t  650 and 
-2  -115 juEinstein 'm s A, r e s p e c t i v e l y .  The r a t i o  between i n i t i a l  

f l u o r es cen c e  and DCMU induced f l uo r es cenc e  ( F j / F p ^ y ) ,  has been 

found to i n d i c a t e  t he  e x t e n t  to which photosynthes i s  is decreas i ng  

f l uo r es cenc e  y i e l d ;  t h e  c l o s e r  t he  r a t i o  approaches one t he  l e s s  

pho tos yn thes i s  i s  dep r e s s ing  t h e  f l u o r es cen ce  y i e l d  (Papageorgiou,  

1975).  F j / F p ^ y  i nc reased  s l i g h t l y  t o  a mean o f  0 .5 _+ 0.01 (n=24) at
_ 0  1 O 1

1500 /uE in s t e i n  ‘m s r e l a t i v e  t o  0 .4  _+ 0.01 a t  650 / JEins te in  *m~ s
-2 1(n=14) and 15 /JEinstein"m" *s" ( n = l l ) .  S i m i l a r l y ,  in t he  Perkin

Elmer s pec t r o f luo r ome te r  F j /  Fpp^y remained unchanged between 650
- 2  -1and 1500 / J E i n s t e i n ‘m s wi th mean va lues  of  0.6 _+ 0 .04 (n=14) and

0.5  _+ 0.03 (n=29) ,  r e s p e c t i v e l y .  However, t he  r a t i o  increased

- 2  -1s u b s t a n t i a l l y  t o  0 . 9  0.05 (n=3) at  1 5 /JEins te in ’m -s r e f l e c t i n g

t h e  decr ease  in p h o t os yn t he t i c  r a t e .  Thus,  t he  decrease  in f l u o r e s -
-2  -1cence at  1500 juEinstein 'm s i s  not  r e l a t e d  to v a r i a t i o n s  in

p h o t o s y n t h e s i s  and m i g h t  have r e p r e s e n t e d  a d e c r e a s e  in l i g h t

a v a i l a b i l i t y  wi thin  t he  c e l l .  Fur ther  exp lana t ion  of  the  i nc reas e
-1 - 2  -1in ch lorophyl l  _a c e l l  a t  1500 / / E i n s t e i n ’m -s i s  not  p o s s i b l e .

Adapt ive mechanisms t o  prevent  photo-oxida, t ive  damage under high
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l i g h t  have been o b s e r v e d  in o t h e r  m i c r o a l g a e  such as t h e  r o l e  

a t t r i b u t e d  to  c e r t a i n  c a r o t e n o i d s  (Haxo, 1960; Thornber ,  1975) and 

t h e  s e l f - s h a d i n g  induced by c o n t r a c t i o n  o f  c h l o r o p l a s t s  ( K i e f e r ,  

1973; Owens and E s a i a s ,  1976).

In c o n t r a s t  t o  t he  p o s i t i v e  r e l a t i o n s h i p  between v a r i a t i o n s  in 

C: Chi _a and growth r a t e  observed in t h i s  s t udy ,  C:N remained r e l a ­

t i v e l y  c o n s t a n t  over a wide range of  growth r a t e s .  In n u t r i e n t  

l i m i t e d  chemosta t s  C: N d e cr ea se s  wi th i n c r e a s i ng  growth r a t e  ( e g . ,  

Caperon and Meyer, 1972; Thomas and Dodson, 1972; Malone e t  a l . ,  

1975; Laws and B a n n i s t e r ,  1980).  In a d d i t i o n ,  Goldman _et _al_. (1979) 

have observed t h a t  t he  C:N r a t i o  approached at  maximum growth r a t e s  

i s  t he  Redf ie ld  r a t i o  ( ^106 : ^16^ ’ w^ cl1 1S t y p i c a l  of  t he  composi ­

t i o n  o f  marine p a r t i c u l a t e  m a t t e r .  This f i n d i n g  prompted Goldman jst 

a l . (1979) to  propose t h a t  phytoplankton po p u l a t i o ns  in oceanic  

water s  may be growing a t  near  maximal r a t e s .  However, c a u t i o n  i s  

advised in such an e x t r a p o l a t i o n ,  s i n c e ,  as found in t h i s  s t udy ,  

v a r i a t i o n s  in l i g h t  i n t e n s i t y  can m od i f y  g rowt h  r a t e s  g r e a t l y  

wi th l i t t l e  change in the  C:N r a t i o .

R e s p i r a t i o n  and Light  I n t e n s i t y . R e s p i r a to r y  l o s s  of  carbon was 

d e t e c t a b l e  on l y  a t  t he  lower l i g h t  i n t e n s i t i e s .  Large d i e l  v a r i a ­

t i o n s  in r e s p i r a t o r y  l o s s  o f  carbon were observed wi th  a s h i f t  in 

t he  occur r ence  of  maximum r a t e s  from the  dark pe r iod  t o  t he  l i g h t  

per iod  as l i g h t  i n t e n s i t y  i nc reased  from 38 t o  130 ,uEinstein*m- 2 ‘s “  ̂

(F i g .  6) .  Laws and Wong (1978) s imi l a r ly -  found f o r  Monochrysis
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Figure  6.  Hourly carbon s p e c i f i c  r a t e s  o f  r e s p i r a t o r y  l o s s  a t  s p e c i ­

f i c  t ime i n t e r v a l s  over  severa l  days f o r  c u l t u r e s  grov/n a t

- ?  -1i nc ide n t  l i g h t  i n t e n s i t i e s  o f  38 xiEins te in ' m s ( lower
2 1p a r t )  and 130 / j E i n s t e i n ’m" , s “x (upper  p a r t ) ;  t h e  l i n e s  

i n d i c a t e  t r e n d s  in d a t a  not  an e x t r a p o l a t i o n  of  r a t e s  

between p o i n t s .
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Wong (1978) s i m i l a r l y  found f o r  Monochrysis 1u t h e r i  i and Puna! i e l  l a  

t e r t i o l e c t a  t h a t  a t  high growth r a t e s  in a n i t r o g en  l i mi t ed  chemo- 

s t a t  n i g h t - t i m e  l o s s e s  o f  carbon de c r ea se d .  Also,  under f i e l d

c o n d i t i o n s  r e s p i r a t o r y  l o s se s  have been seen to  be t h e  inverse  o f  in 

growth r a t e .  Ketch urn e t  _al_. (1958) found t h a t  t he  r a t i o  between

n e t  and gross  ph o t o s yn th e s i s  was h i g he s t  f o r  inshore  wa ter s  r e l a t i v e  

t o  o f f s h o r e  water s  and t h a t  n u t r i e n t  a d d i t i o n s  could i nc r e a s e  the  

r a t i o  f o r  oceanic  p o p u l a t i o n s .  Eppley and Sharp (1975) a l so  found 

t h a t  dark carbon l o s s e s  were a s u b s t a n t i a l  p a r t  o f  ne t  produc t ion  in 

t he  o l i g o t r o p h i c  waters  o f  t he  c e n t r a l  gyre o f  t h e  North P a c i f i c .

Thus,  i t  appears  t h a t  under c o n d i t i o n s  in which t he  n u t r i e n t  supply

i s  adequa t e ,  r e s p i r a t o r y  l o s s e s ,  p a r t i c u l a r l y  d u r i ng  t he  n i g h t ,  can 

be d iminished r e l a t i v e  t o  i n c r e a s e s  in growth r a t e .

The lack of  r e s p i r a t o r y  l o s s  of  carbon a t  t h e  h i g h e s t  l i g h t  

i n t e n s i t i e s  did not  appear t o  r e l a t e  to  a s eq u e s t e r i n g  o f  t h e  

l abe l  i n to  m e t a b o l i c a l l y  i n a c t i v e  carbon poo l s .  A comparison of  the  

t ime course  of  t he  l a b e l l i n g  of  t he  va r i ou s  c e l l  f r a c t i o n s  ( F i g .  7) 

under high and low l i g h t  i n d i c a t ed  t h a t  t he  l abel  appeared to  

a g r e a t e r  e x t e n t  and remained longer  in t he  small molecu lar  weight  

f r a c t i o n  under high l i g h t .  Even a f t e r  s eve ra l  days ,  10% of  the  

t o t a l  l abe l  was s t i l l  in a small molecu lar  weight  f r a c t i o n .

Pr o t e i n  and p o lys accha r ide  f r a c t i o n s  were more r a p i d l y  l a be l ed  under 

low l i g h t ,  whereas severa l  days were r eq u i r e d  a t  high l i g h t  before  

t h e s e  c e l l u l a r  f r a c t i o n s  were s i m i l a r l y  l a b e l e d .  The r e f i x a t i o n  of



Figure 7. Time course  of  d i s t r i b u t i o n  of  a c t i v i t y  in c e l l u l a r

f r a c t i o n s  as small  molecular  weight  ( ' ) ,  p o l ys accha r ide

(x) and p r o t e i n  (o) , upper p a r t  - c u l t u r e  grown under
? 1low l i g h t  ( 1 5 / i i E i n s t e i n ’m s ) ,  lower p a r t  - c u l t u r e

? 1grown under high l i g h t  ( 1 5 0 0 - u E in s t e in ’m s ) .
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r e s p i r e d  carbon wi thin  t he  c e l l  would exp l a i n  t he  cont inued presence 

o f  l abel  wi th in  t he  small  molecu la r  weight  f r a c t i o n  and t h e  l a ck  of  

r e s p i r a t o r y  l o s s  o f  carbon a t  high l i g h t  i n t e n s i t i e s .

In d i c a t i o n  of  the  r e c y c l i n g  o f  r e s p i r e d  carbon wi th in  t he  c e l l  

i s  seen in t he  uptake r a t e s .  uptake was moni tored over

two l i g h t  pe r i ods  and one i n t e r ve n i ng  dark p e r i o d .  The i n i t i a l
Q

r a t e s  of  uptake were always g r e a t e r  than pp whereas t h e  r a t e s  f o r
c

t h e  second l i g h t  p e r i o d  a p p r o a c h e d  pp and a t  t h e  two h i g h e s t

l i g h t  i n t e n s i t i e s  a c t u a l l y  were l e s s  t h a n  ppc ( T a b l e  1 ) .  An

e ndogenous  s o u r c e  o f  c a r b o n ,  r e d u c i n g  t h e  r a t e  o f  u p t a k e ,

would expla in  such a r e s u l t .  The d i f f e r e n c e  between t h e  f i r s t  and

second 24-hour pe r i ods  of  uptake  along wi th d i f f e r e n c e s  in

organ ic  r e l e a s e  (E ) du r i ng  t h e  same t ime pe r i ods  g ives  an e s t i -
c cmate of  r e s p i r a t o r y  a c t i v i t y  dur ing  t he  l i g h t  (R j.). R j was added 

to  measurable  n i gh t  t ime l o s se s  o f  carbon (RCp) dur ing  t he  i n t e r ­

vening dark per iod  t o  o b t a i n  a t o t a l  e s t i ma t e  o f  d a i l y  r e s p i r a ­

t i o n ,  Rc (Table 1) .  Rc , t h u s ,  unde res t imated  t o t a l  d a i l y  r e s ­

p i r a t o r y  a c t i v i t y  by the  e x t e n t  t o  which r e s p i r a t o r y  l o s s e s  dur ing

t h e  dark p e r i o d ,  R p, underes t imated  the t r u e  r e s p i r a t o r y  r a t e ,  
c cR was l i n e a r l y  r e l a t e d  to pp f o r  a l l  l i g h t  i n t e n s i t i e s  except

the  h i g he s t  ( r 2 = 0 . 96 ,  Rc = 0 .068 + 0 .47  ppc ) .  A l i n e a r  r e l a -

t i o n a s h i p  between r e s p i r a t i o n  and growth r a t e  has been observed 

by o th e r  i n v e s t i g a t o r s  (Myers and Graham, 1959, 1961, 1971; P i c k e t t ,



TABLE 1.
0  C C 1 4Ef fec t  of  l i g h t  i n t e n s i t y  ( I  ) on: t h e  r a t e  o f  p a r t i c u l a t e  production (pp ) ,  es t im a tes  of  pp from C uptake,

r a t e  of  organic  r e l e a s e  (Ec ) ,  r a t e  of  r e s p i r a t i o n  in the  l i g h t  (Rc ^) ,  r e s p i r a t o r y  l o s s  in the  dark (RC^) anc)

t o t a l  r e s p i r a t i o n  (RC) ,  r a t e  of  gross  product ion (GPC) ,  ne t  growth e f f i c i e n c y  (NGE) and th e  r a t e  of  r e cyc l ing

of carbon (Cr ) .  RCj c a l c u l a t e d  as (A+C)-(B+D); Rc measured as l o s se s  of  from p r e la b e l l e d  c e l l s  dur ing

dark per iod between 1s t  and 2nd l i g h t  per iods  ^4C uptake .

. 10

ii EINSTEIN‘m2 *s-1

PP°

DAY-1

14C 
1 St 

24 HRS

UPTAKE 
2 nd 

24 HRS
1 St 

24 HRS

r c
2 nd 

24 HRS RCI RCD RC GPC NGE cr
A

DAY-1
B

DAY-1
C

DAY-1
D

DAY-1 DAY-1 DAY-1 DAY-1 DAY-1 ppC/GpC DAY-1

1500 1.68 2.97 1.04 0.12 0.26 1.79 0.00 1.79 3.73 0.45 1.79

650 1.99 2.73 1.70 0.11 0.21 0.93 0.11 1.04 3.24 0.61 0.93

130 1.00 1.65 1.21 0.02 0.02 0.43 0.00 0-43 1.45 0.69 0.34

38 0.32 0.75 0.54 0.02 0.01 0.21 0.08 0.29 0.62 0.52 0.21

15 0.10 0.14 0.10 0.00 0.00 0.05 0.06 0.11 0.21 0.49 0.05
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1975; Laws and Caperon,  1976; Laws and Wong, 1978; Laws and Bannis­

t e r ,  1980).  A comparison o f  such f i n d i n g s  with t he  parameter s  

o f  the  r e l a t i o n s h i p  ( i n t e r c e p t  and s lope)  found f o r  JS. cos ta tum in 

t h i s  s t udy  (Table  2) i n d i c a t e s  va l ues  which are  wi th in  t h e  range of

e s t i m a t e s  found  f o r  o t h e r  s p e c i e s .  RCj was h i g h e r  a t  1500
2 - 1  cxJEins t e in ’m ‘s than expected on t he  b a s i s  of  pp , s i m i l a r  to

t h e  l i g h t  enhancement o f  r e s p i r a t i o n  which can occur  as a conse ­

quence of  p h o t o r e s p i r a t i o n  (Jackson and Volk,  1970; T o l b e r t ,  1974).  

Organic Carbon Release  and Light  I n t e n s i t y . The r a t e  of  o rgan ic
Q

carbon r e l e a s e  (E ) i nc r eas ed  wi th l i g h t  i n t e n s i t y  from no r e l e a s e
2 - 1  -1 a t  15 ; u E i ns t e i n ’m s t o  r a t e s  o f  0 .12  and 0 .26 day , a t  t h e  h i gh ­

e s t  l i g h t  i n t e n s i t y  (Table  1) .  The r a t e s  of  Ec observed dur ing  

t he  uptake were no t  s t a t i s t i c a l l y  d i f f e r e n t  (p>0.05)  than  t h o s e  

observed f o r  s evera l  days fo l l owi ng  t he  f l u s h i ng  of  t he  c u l t u r e .  

Since R f o r  r e as ons  d i s cu s s ed  above ( s ee  page 38) was c a l c u l a t e d
14 Q

from the  C uptake d a t a  then t he  va lues  f o r  E dur ing  t h e  same 

t ime per iod  wi l l  be used f o r  f u r t h e r  c a l c u l a t i o n s .  Inc reased  r a t e s  

o f  o r g a n i c  r e l e a s e  w i t h  i n c r e a s e s  in l i g h t  i s  c o n s i s t e n t  w i t h  

f i n d i n g s  not  on l y  f o r  many o th e r  mic roa lgae  ( H e l l e b u s t ,  1974) but  

a l so  f o r  _S. costa tum ( I g n a t i a d e s  and Fogg, 1973).  I gn a t i a de s  and 

Fogg s i m i l a r l y  found t h a t  a t  high l i g h t  i n t e n s i t i e s  _S. cos ta tum 

r e l e a s e d  10-13% o f  t he  carbon f i xed  in to  t he  p a r t i c u l a t e  f r a c t i o n  as 

organic  carbon,  whereas t h i s  could be reduced to  2% a t  low l i g h t  

i n t e n s i t i e s .
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TABLE 2 .

Comparison of  parameters  de sc r i b in g  t he  l i n e a r  r e l a t i o n s h i p  between carbon s p e c i f i c  growth (ppc ) 

r a t e s  and r e s p i r a t i o n  (Rc ) or  n i g h t - t im e  l o s se s  of  carbon in severa l  mic roa lgae ;  i n t e r c e p t  i n d i ­

c a t e s  non-growth r a t e  dependent  f r a c t i o n ,  s lope  i n d i c a t e s  t h e  growth r a t e  dependent  f r a c t i o n ;  95% 

conf idence  l i m i t s  i nd i ca t ed  in pa ren t hes e s ;  * denotes  s t u d i e s  in which da t a  was o r i g i n a l l y  r epor t ed  

jul 0^ (mg dry  wt . )  ~*h~* and have been conver ted t o  carbon e qu iv a l en t s  assuming a r e s p i r a t o r y  

quo t i e n t  of  1 ,0  and a carbon con ten t  o f  40% of  t he  d ry  weight ;  h ou r l y  r a t e s  have been conver ted to  

d a i l y  r a t e s .

GROWTH KATE' " 
RANGE DAY

T N T B P P T
Day”-1 SLOPE SPECIES TEMP.°C SOURCE

0.10 -1.99 0.068
(+0.062)

0.470
(+0.018)

Skeletonema costatum 20 Cosper,  t h i s  s tudy

0.22 -  1.75 0.038 0.141 C h l o r e l l a  pyrenoidosa 25 *Myers & Graham, 1959

0.28 -  0.51 0.058 0.415 C. pyrenoidosa - 25 * P i c k e t t ,  1975

0.35 -  2.40 0.089 0.126 C. pyrenoidosa 25 *Myers & Graham, 1971

0.37 -  1.60 -0.051 0.228 C. e l l i p s o i d e a 25 *Myers & Graham, 1961

0.19 -  0.78 0.082 0.18 Monochrysis l u t h e r i 20 Laws & Caperon,  1976
0.13 -  0.47 0.090 0.478 M. l u t h e r i 20 Laws & Wong, 1978

0.11 -  1.04 0.037 0.204 T h a l a s s i o s i r a  a l l e n i i 20 Laws & Wong, 1978

0.13 -  0.52 0.029 0.742 Du n a l i e l l a  t e r t i o l e c t a 20 Laws & Wong, 1978
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Ef f i c i en c y  of  Growth. Gross product ion  (GP ) was c a l c u l a t e d  as
c c ct h e  sum o f  pp , R and E , and n e t  growth  e f f i c i e n c y  (NGE) as

t h e  r a t i o  between ppc/GPc (Table 1) .  GPC was a s a t u r a t i n g  f unc t ion

of  l i g h t  i n t e n s i t y  s im i l a r  to  ppc , and NGE va r i ed  from 0.45 to  0.69
2 -1with an optimum a t  130 j u E i n s t e in ‘m ‘s . The r e l a t i v e  importance 

o f  r e s p i r a t i o n  and o r g a n i c  r e l e a s e  t o  GPC v a r i e d  g r e a t l y  wi t h  

l i g h t  i n t e n s i t y  (F i g .  8 ) .  Res p i r a to ry  l o s s  was t he  dominant  process  

under low l i g h t  but  decreased r a p i d l y  from a maximum o f  28.2% wi th

i nc re as es  in l i g h t :  o rganic  carbon r e l e a s e  increased  s l i g h t l y  with

l i g h t  i n t e n s i t y  to a l evel  of  7% o f  GPC at  1500 /UEins te in’m^ ' s "^ .

Thus,  carbon was conserved to  a g r e a t e r  e x t e n t  as l i g h t  i n t e n ­

s i t y  was in c r e as ed .  Carbon r e cy c l i n g  reduced r e s p i r a t o r y  l o s s e s  of  

carbon,  and,  a l though organic  r e l e a s e  increased  with l i g h t  i n t e n s i t y ,  

t he  r e l a t i v e  r a t e  remained l e s s  than 10% o f  GPC even a t  an i n t e n s i t y  

s imula t ing  f u l l  s u n l i g h t .  Igna t i ades  and Fogg (1974) observed 

p h o t o i n h i b i t i o n  of  pho tosyn thes i s  in j>. costa tum under f u l l  s un l i gh t  

c on d i t i o n s  in c o n t r a s t  t o  t he  cont inued high r a t e s  o f  pho tosyn t hes i s  

and growth observed in t h i s  s tudy .  Although t h e y  a t t r i b u t e d  the  

i ncreased e xc r e t i on  r a t e s  t o  photodamage and increased  membrane 

p e r m e ab i l i t y ,  t h a t  i s  not  t he  l i k e l y  exp l ana t i on  in t h i s  s tudy.  The 

l a be l in g  p a t t e r n  of  observed in the  c e l l  f r a c t i o n a t i o n  s t ud i e s  

i nd i ca t ed  t h a t  t he  small molecular  weight  pool was l a r g e r  under high 

l i g h t  c on d i t i o n s  than under low. Such an i nc rease  in the  so l ub l e  

c y t o p l a s m i c  f r a c t i o n  c o u l d  i n c r e a s e  o r g a n i c  c a r b o n  r e l e a s e  by



Figure  8 R e l a t i o n s h i p  between p e rcen t  l o s s  of  g ros s  p roduc t ion

as r e s p i r a t i o n  ( . )  and organ ic  r e l e a s e  (o) and i n c i d e n t
- 2  - 1l i g h t  i n t e n s i t y  ( ; uEins t e in ‘m ' s  ) .

-43-



% 
L

O
S

S
 

OF
 

6
P

30

25 -

20

15 -

10-

5 -

100 500 1000 1500

j i  Einstein • m~2



d i f f u s i o n ,  a p rocess  which has been found t o  i n f l uence  t he  r a t e  of  

o rganic  carbon r e l e a s e  ( I g n a t i a d e s  & Fogg, 1973).  An a d d i t i on a l  

e x p l a n a t i o n ,  s ince  Skeletonema can e x c r e t e  l a rge  q u a n t i t i e s  of  

g l y c o l ! i c  acid ( H e l l e bu s t ,  1965) ,  i s  t h a t  p h o t o r e s p i r a t i o n  was 

enhanced a t  high l i g h t  wi th t he  concomi tant  r e l e a s e  of  glycol  l i e  

acid (Jackson and Volk,  1970; T o l b e r t ,  1974).  Such an i n t e r p r e t a ­

t i o n  i s  c o n s i s t e n t  w i t h  t h e  e x c e s s i v e  i n c r e a s e  in RCj a t  t h e  

h i g h es t  l i g h t  i n t e n s i t y .

An e s t i m a t e  o f  t he  compensat ion l i g h t  i n t e n s i t y ,  I , i n d i c a t e d

t h a t  jS. costa tum can a l so  grow a t  ex t r emel y  low l e v e l s  o f  l i g h t .

c chiI£ was der ived  from e x t r a p o l a t i n g  pp and pp to zero growth r a t e
2 - 1t o  ob t a i n  va l ues  o f  4 . 0  and 2 .0  / l E i n s t e in ' m  ' s  , r e s p e c t i v e l y . 

S i m i l a r l y  low va l ues  f o r  I have been found f o r  Ŝ . cos ta tum by 

o the r  i n v e s t i g a t o r s  (Falkowski  and Owens, 1978; Yoder,  1979).  A 

comparison o f  t h e s e  I va lues  wi th t o t a l  d a i l y  i nc ide n t  r a d i a t i o n  

e s t i mated  f o r  t empera t e  a reas  (Kimbal l ,  1924) i n d i c a t e s  t h a t  such 

a l i g h t  i n t e n s i t y  would most l i k e l y  be below t h e  1% l i g h t  l eve l  

th roughout  t he  year  and approx imate ly  e qu i v a l e n t  to  t he  0.2% l i g h t  

l evel  t h roughout  much of  t he  summer. Thus,  given t he  t ime f o r  

a dap t a t i on  t o  low l i g h t  and t h e  f a c t  t h a t  I f o r  _S. costa tum i s  

not  t empera t u re  dependent  (Yoder ,  1979) i t  appears  t h a t  _S. cos ta tum 

could be growing,  a l though s lowly ,  well  below the  1% l i g h t  d ep t h .



CONCLUSIONS

Ŝ . cos ta tum minimized l o s s e s  o f  carbon with i nc re as es  in growth 

r a t e .  R e c y c l i n g  w i t h i n  t h e  c e l l  o f  r e s p i r e d  c a r b o n  back  i n t o  

p ho t os yn t he t i c  pathways was hypothes i zed  to account  f o r  t h i s  f i n d ­

ing.  A comparison of  RC with measurable  l o s se s  o f  carbon gave an 

e s t i ma t e  of  t h e  r a t e s  a t  which carbon might  have been r ecyc l ed

F  F(C ) (Table 1 ) .  C was 44% of  t o t a l  r e s p i r a t i o n  even at  t he  low­

e s t  l i g h t  i n t e n s i t y  and inc reased  h y p e r b o l i c a l l y  with l i g h t  i n t e n -
? -1s i t y  r each ing  100% a t  1500 /UEinstein 'm s .

Raven (1972 _a and _b; 1974) has emphasized t he  importance of

endogenous  s o u r c e s  o f  i n o r g a n i c  c a r b o n  f o r  p h o t o s y n t h e s i s  and

a n a p l e r o t i c  pathways and has c a l c u l a t e d  a p o t e n t i a l  r e c y c l i n g  of

r e s p i r e d  carbon of  up t o  100% in mic r oa l gae .  The l i g h t  dependent

14suppress ion  of  t he  l o s s  of  C as CO2 from l a b e l l e d  c e l l s  i s  a well 

known phenomenon (Ry the r ,  1956 J); Hoch e t  _al_., 1963; Bunt,  1965;

Brown and T r e g u n n a ,  1967) and has  been r e l a t e d  t o  t h e  s u p p l y  

of  C0£ in Chlorel  1 a (Bidwel l ,  1977) as well as in mic roa lgae  and 

h i g h e r  a q u a t i c  p l a n t s  (Hough and W e t z e l ,  1972;  Hough,  1 97 6 ) .  

To l be r t  (1974) has sugges ted  t h a t  t he  e f f i c i e n t  r e f i x a t i o n  of  CO2 

de r ived  from p h o t o r e s p i r a t i o n  which occurs  in t e r r e s t r i a l  C^-plant s  

i s  a l so  t r u e  of  a l gae .  In a dd i t i o n  t o  t h e  Calvin c yc l e  o f  photo­

s y n t h e s i s  another  pathway of  carbon a s s i m i l a t i o n  involv ing  phospho- 

enol pyruvate  ca rboxylase  (PEPCase) is p r e s en t  in t he se  C^-p l an t s  

and i s  commonly r e f e r r e d  to  as metabol i sm.  Recen t ly ,



metabol ism has been demonst ra t ed in marine phytoplankton (Bearda l l  

e t  a l . ,  1976) and t he  a c t i v i t y  has been measured to be ex t remely  

high in _S. costa tum r e l a t i v e  t o  o t h e r  marine microa lgae  (Mor r i s ,  

1980).  The importance of  PEPCase a c t i v i t y  t o  t he  r e c y c l i n g  of  

r e s p i r e d  carbon in mar ine  microa lgae  needs to be i n v e s t i g a t e d .  

However, i f  PEPCase were involved in carbon r e c y c l i n g  then such high 

a c t i v i t y  in _S. costa tum could exp la i n  the  high r a t e s  of  r e c yc l i n g  

observed in t h i s  s t udy .  Although t he  r e f i x a t i o n  of  r e s p i r e d  carbon 

does no t  appear t o  be e x c l u s i ve  of  any p a r t i c u l a r  p l a n t  group,  

r e l a t i v e  r a t e s  va ry  c o n s i d e r a b l y .  Perhaps t he  r e c y c l i n g  of  r e s p i r e d  

carbon i s  an impor tant  mechanism al lowing f o r  high growth r a t e s  a t  

high l i g h t  i n t e n s i t i e s  and might  e x p l a i n ,  in p a r t ,  t h e  a b i l i t y  of  

some marine mi c r oa l gae ,  p a r t i c u l a r l y ,  J5. costa tum t o  bloom under 

f i e l d  c o n d i t i o n s .

The e f f e c t s  of  v a r i a t i o n s  in l i g h t  i n t e n s i t y  on growth r a t e  

were l a r g e l y  m a n i f e s t  as a l t e r a t i o n s  in t h e  c o n c e n t r a t i o n s  o f  

c e l l u l a r  pigments ,  p a r t i c u l a r l y  ch lo rophy l l  _a. Changes in t h e  C:Chi 

_a r a t i o  ( excep t  at  t he  h i g h e s t  l i g h t '  i n t e n s i t y )  were p o s i t i v e l y  

r e l a t e d  to growth r a t e ,  whereas o t he r  c e l l u l a r  c h a r a c t e r i s t i c s ,  

p a r t i c u l a r l y  t he  C: N r a t i o ,  were u n r e f l e c t i v e  o f  v a r i a t i o n s  in 

growth r a t e .  The import  of  t he  inc reased  c e l l u l a r  c h l o rophy l l  _a 

c o nc e n t r a t i o n  under a l i g h t  i n t e n s i t y  s imula t i ng  f u l l  s u n l i g h t  i s  

un c l ea r ,  however,  i t  i s  s i g n i f i c a n t  t h a t  growth was not  i n h i b i t e d



ana gross  product ion remained high under such a high l i g h t  i n t e n ­

s i t y .  Rates of  organic  r e l e a s e  increased under high l i g h t  but  never 

exceeded 10% of  g ros s  p r oduc t ion .

Net growth e f f i c i e n c y  d e c r e a s e d  w i t h  v a r i a t i o n s  in l i g h t
9 1i n t e n s i t y  from an opt imal  level  a t  130 AiEinstein'm s mainly 

as a consequence o f  v a r i a t i o n s  in r a t e s  of  r e s p i r a t i o n  r e l a t i v e  t o  

growth r a t e .  C a l cu l a t i o n s  of  r e s p i r a t i o n  r a t e s  i nd i c a t ed  t h a t  

observed r e s p i r a t o r y  l o s s e s  of  carbon were not  n e c e s s a r i l y  r e f l e c ­

t i v e  o f  r e s p i r a t o r y  a c t i v i t y  and t he  d i s p a r i t i e s  between t he  two 

measures were enhanced as growth r a t e  and l i g h t  i n t e n s i t y  i nc reased .
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PART I I .  EFFICIENCY OF GROWTH UNDER 
DIURNALLY VARYING LIGHT

RESULTS AND DISCUSSION

Dai ly  Growth Rates and C e l l u l a r  Biomass C h a r a c t e r i s t i c s

Dai ly r a t e s  o f  growth were una f f ec t ed  by d i u r na l  v a r i a t i o n s  in 

l i g h t  i n t e n s i t y  (Table 3 ) .  Thus,  growth r a t e  r e f l e c t e d  t he  t o t a l  

amount of  d a i l y  r a d i a t i o n  d e s p i t e  f l u c t u a t i o n s  in l i g h t  l e v e l s  

t hroughout  t he  l i g h t  p e r i o d .  However, c e l l  s i z e  was modi f i ed  by 

d i u r na l  v a r i a t i o n s  in l i g h t  i n t e n s i t y  so t h a t  c e l l  volume decr eased  

r e l a t i v e  t o  va lues  under d i u r n a l l y  c o n s t a n t  l i g h t  (Table  3 ) .  Carbon 

per  c e l l  decreased  s i g n i f i c a n t l y  (p<0.05)  from a d a i l y  mean o f  23.1 

pg cell"'*'  under c o ns t a n t  l i g h t  t o  17.9 pg cell"'*'  under one c y c l e  

day"*- . C e l l u l a r  n i t r o g en  s i m i l a r l y  decreased  under d i u r na l  v a r i a ­

t i o n s  in l i g h t  and t he  C:N r a t i o  remained r e l a t i v e l y  c o n s t a n t .  

C e l l u l a r  volume r e f l e c t e d  t h e  de c r ea se  in carbon per  c e l l  and carbon 

per u n i t  volume remained c o n s i s t e n t  with t he  r e l a t i o n s h i p  found by 

Strathman (1967) .  Dai ly  mean ch lo r op h y l l  _a cel l "* '  was una f f ec t ed  

by d i u rna l  v a r i a t i o n s  in l i g h t .  Caro tenoids  and ch lo rophy l l  c^ &

decreased r e l a t i v e  t o  c h l o r o p h y l l  ^ c o n c e n t r a t i o n s  under d i u r n a l l y  

varying l i g h t ,  and t h i s  was r e f l e c t e d  in an i nc re as e  in Chl_a:Carote- 

noids  and Chlj3:Chl & c ^ .  The C:Chl_a r a t i o  was reduced s i g n i f i ­

c a n t l y  under d iu r na l  v a r i a t i o n s  in l i g h t  i n t e n s i t y ,  mainly  as a

consequence o f  reduced carbon per  c e l l .



TABLE 3 .

Comparison of  d a i l y  mean c e l l u l a r  biomass c h a r a c t e r i s t i c s  and growth r a t e s  under d i u r n a l l y  cons t an t  
and v a r i a b l e  l i g h t  regimes;  C.L. -  95% conf idence  l i m i t s .

v Constant
Vari able

Di v i s i ons ,  Day 

,-1 ■

-1

-1

Carbon c e l l  

pg c e l l ‘d

Nit rogen c e l l  

pg c e l l -1

C:N

Cell  Vol.
jum'1

Chlorophyll  £  c e l l  

pg c e l l -1

Chla^Carotenoids

ChljiiChlc^&c,,

C: Chi a

-1

X C.L. 

0.91 + 0.17

23.1 + 1.68

3.0 + 0 . 2 1

7.6 + 0 . 4 2

161 +35

0.51 + 0 . 0 4

1.4

3.5

46 + 3.0

12 Cycles day -1

I  C.L. 

1.12 + 0 . 2 8

20.3 + 1.45

2 . 6  + 0 . 20

7.9 + 0 . 4 1

116 +20

0.55 + 0 . 0 4

1.95 + 0 . 1 0

14.9 +10.8

37

50

+ 2 . 6

1 Cycle day -1

X C.L.

1.01 + 0 . 1 6

17.9 + 0 . 9 5

2.6 + 0 . 1 4

7.2 + 0 . 2 0

120 +25

0.57 + 0 . 0 4

1.98 + 0 . 1 0

9.2 + 3.8

32 + 1.8



Continuous f l u c t u a t i o n s  in l i g h t  i n t e n s i t y  dur ing t he  l i g h t  

per iod with photoper iod  and t o t a l  d a i l y  r a d i a t i o n  kept  c o ns t a n t  did 

not  a l t e r  mean d a i l y  c e l l u l a r  ch l o r o ph y l l  _a c o n c e n t r a t i o n s .  C e l l u ­

l a r  ch l o r ophy l l  £  c o n t en t  was r e l a t e d  t o  mean d a i l y  l i g h t  i n t e n s i t y  

and not  to  t h e  maximum i n c i de n t  i n t e n s i t y  as Eppley and Dyer (1965) 

found f o r  Dunal iel  1 a t e r t i o l e c t a . These v a r i a t i o n s  in c e l l u l a r  

c h a r a c t e r i s t i c s  are  in marked c o n t r a s t  t o  t h e  6 f o l d  v a r i a t i o n  in 

pigment con t en t  o f  c e l l s  but  uniform c e l l  s i z e  observed when Ŝ . 

costa tum was grown a t  d i s c r e t e  l i g h t  l e v e l s  over t he  same range of  

l i g h t  v a r i a t i o n  ( F i g .  3) .

Smal ler  c e l l  s i z e  but  uniform l e v e l s  o f  ch l o r ophy l l  _a c e l l -  ̂ a l ­

lowed d i v i s i o n  and carbon s p e c i f i c  growth to  be main ta ined  by c u l ­

t u r e s  grown under f l u c t u a t i n g  l i g h t  a t  r a t e s  comparable to  c o ns t a n t
chil i g h t  even though pp ( a s  i n d i c a t ed  by C:Ch\a) d e c l i n e d .  Rates 

of  d i v i s i o n  r a t h e r  than carbon p roduc t ion  were conserved .  Qurai shi  

and Spencer (1971) found f o r  seve ra l  marine microa lgae  t h a t  d i v i ­

s ion r a t e s  were una f f ec t ed  in some s p ec i e s  but  reduced in o t h e r s  by 

d i u rna l  v a r i a t i o n s  in l i g h t  i n t e n s i t y  as compared t o  a c o ns t a n t  

i n t e n s i t y  dur ing  t he  l i g h t  p e r i o d .  However, t h e y  did not  compare 

v a r i a t i o n s  in c e l l  s i z e  between t he  two groups .  Marra (1978 by a l so  

found t h a t  d i v i s i o n  r a t e s  were reduced in Lauder ia  b o r e a l i s  by s h o r t  

term f l u c t u a t i o n s  (hour ly)  in l i g h t  i n t e n s i t y .  Perhaps t h e  a b i l i t y  

t o  va ry  c e l l  s i z e  and consequen t l y  main t a in  growth r a t e s  p r o p o r t i o n ­

al to  t o t a l  d a i l y  r a d i a t i o n  i s  a spec i e s  s p e c i f i c  c h a r a c t e r i s t i c
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which could have adap t i ve  s i g n i f i c a n c e  in t he  marine pe lag i c  e nv i ­

ronment .  The a b i l i t y  to  maximize d i v i s i o n  r a t e s  in an environment  

where v a r i a t i o n s  in l i g h t  i n t e n s i t y  can be r ap i d  and extreme would 

confe r  a s e l e c t i v e  advantage on a s p e c i e s .

R e s p i r a t i o n ,  Organic Rel ease ,  and E f f i c i e n c y  of  Growth

Rates of  r e s p i r a t i o n  and organ ic  r e l e a s e  were both e l eva te d  

under d i u r n a l l y  va ry ing  l i g h t  in comparison to  c o n s t a n t  l i g h t  (Table
C “ 14 ) .  Total  r e s p i r a t i o n  (R ) was twice  as high under 1 cyc l e  day

-1
and e l ev a t e d  4 f o l d  under 12 c y c l e s  day . Night - t ime r e s p i r a t o r y  

l o s se s  (R D) were s i m i l a r l y  i nc reased  under both v a r i a b l e  l i g h t  

regimes in c o n t r a s t  to  no d e t e c t a b l e  l o s s  under c o n s t a n t  l i g h t .  

However, r e s p i r a t i o n  in t he  l i g h t  (Rc ^, as c a l c u l a t e d  on p . 38)

was s u b s t a n t i a l l y  i nc reased  under 12 c yc l e s  day- '*' but  only  s l i g h t l y
-1 cunder 1 cyc l e  day . Rates  of  o rgan ic  r e l e a s e  (E ) were 4 t o  7

f o l d  h igher  under v a r i a b l e  l i g h t  than under c o n s t a n t  l i g h t .  Conse-

que n t l y ,  a l though p a r t i c u l a t e  r a t e s  of  produc t ion  (pp ) remained

unchanged under t he  v a r i a b l e  l i g h t  r eg imes ,  g r o s s  produc t ion  (GPC
p p p

= pp + R + E ) was h i ghe r  than under t he  c o n s t a n t  l i g h t  regime
c 1(Table 4 ) .  GP doubled under 1 c y c l e  day" and was 2 .5  t imes  h ighe r

“ 1 f  cunder 12 cyc l e s  day . Net growth e f f i c i e n c y  (NGE = pp /GP ) de­

c reased  from 0.69 under c o n s t a n t  l i g h t  t o  0 .38  and 0 .50  under 12 and
-1 -11 cyc l e  day , r e s p e c t i v e l y .  The lower NGE under 12 c yc l e s  day was

a consequence of  t h e  i nc reased  r e s p i r a t i o n  dur ing  the  l i g h t  p e r i o d .  

Since d a i l y  growth r a t e s  were unchanged and NGE decr eased  under
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TABLE 4 .

Effect of fluctuations in l igh t in tensity  (Iq) on: the ra te  of par ticu la te  production (ppc ), estimates

of ppc from l4c uptake, ra te  of organic release (Ec ), calculated ra tes  of respiration in the ligh t (RCj)
c cobserved respiratory  loss in the dark (R Q) and estimates of to ta l  respiration  (R ), ra te  of gross production

(GPC), net growth efficiency (NGE), the proportion of RC recycled (Cr ),  and the proportion of GPC as EC loss or 

resp ira tion  loss (Resp. Loss).

I0

5.6 Einstein 
n ' 2'day_1

PPC 
day 1

Uptake 
1st 2nd

24 hrs 24 hrs
day 1 day 1

Ec
1st 

24 hrs 
day 1

2nd 
24 hrs 
day"1 ,  ’- iday j D -1day

Rc
day"1

GPC
day"1

NGE
ppC/GPC

Cr /R°
%

EC/GPC . 
%

Resp.
Loss/GPccin

CONSTANT 1.00 1.65 1.21 0.015 0.024 0.43 0.000 0.43 1.45 0.69 78 1.7 6.2

12 CYCLES DAY"1 1.15 2.31 0.81 0.074 0.170 1.40 0.300 1.70 3.02 0.38 76 5.6 13.6

1 CYCLE DAY"1 1.08 1.83 1.19 0.074 0.160 0.55 0.370 0.92 2.16 0.50 54 7.4 19.5
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d i u r n a l l y  f l u c t u a t i n g  l i g h t  regimes r e l a t i v e  t o  t he  c o ns t a n t  regime 

then t he  i nc re as e  in GPC i n d i c a t e s  t h a t  p h o t o s yn t h e t i c  e f f i c i e n c y  

was i n c re as e d .

The amount of  carbon which was r e l e a s e d  as a p ropor t i on  of

GPC increased  from 7.9% under c o ns t a n t  l i g h t  to  19.2% under 12
-1 -1cyc l e s  day and 26.9% under 1 c y c l e  day . Loss o f  carbon due

to  organic  r e l e a s e  was inc r eas ed  under t h e  v a r i a b l e  l i g h t  regimes 

but  s t i l l  remained l e s s  than 10% of  GPC (Table  4 ) .  However, r e s ­

p i r a t o r y  l o s s  of  carbon i nc reased  2 t o  3 f o l d  under v a r i a b l e  l i g h t  

and was t h e  g r e a t e s t  under 1 c y c l e  day- '*’ . C a l c u l a t i o n s  o f  t h e  

r a t e  o f  r e c y c l i n g  of  carbon (Cr ) ,  de termined by comparing r e s ­

p i r a t o r y  l o s s  o f  c a r b o n  t o  t o t a l  r e s p i r a t i o n  ( t h e  d i f f e r e n c e  

be tween  t h e  two e s t i m a t e s  e q u a l s  Cr ) ,  r e v e a l e d  t h a t  u nde r  12 

c y c l e s  day"'*' r a t e s  o f  Cr  r e m a i n e d  h i g h ,  76% o f  Rc ( T a b l e  4 ) .

Under 1 cyc l e  day"* Cr  was reduced t o  54% o f  Rc . R e l a t i v e  l o s se s

-1of  f i xed  carbon were not  as g r e a t  under 12 c y c l e s  day as under 
—1 r1 c y c l e  day because C was i n c r e a s e d .  This  i s  c o n s i s t e n t  wi th

o b s e r v a t i o n s  of  inc reased  R0  ̂ and Cr  as l i g h t  i n t e n s i t y  i s  in-

. -2  - 1c reased  under c o ns t a n t  l i g h t  regimes from 15-1500 / l E i n s t e i n  m ’s
r  c(Table 1) .  C i nc reased  e x p o n e n t i a l l y  with GP under a l l  l i g h t

regimes (Cr  = 0 .074eG‘87GPc, r 8 = 0.91)  (F i g .  9 ) .  Thus,  high r a t e s

o f  p h o t os yn t hes i s  appeared to  be r e l a t e d  to inc reased  r a t e s  o f

carbon r e c y c l i n g .
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Figure  9.  Re l a t i onsh i p  between t he  r a t e s  of  r e c y c l i n g  of  carbon

K* C(C ) and the  r a t e  o f  d a i l y  g ross  produc t ion  (GP ) f o r  

c u l t u r e s  grown under d i u r n a l l y  c ons t a n t  l i g h t  i n t e n s i t y  

( . )  and d i u r n a l l y  f l u c t u a t i n g  l i g h t  {&); l i n e  r e p r e s e n t s  

r e l a t i o n s h i p :  Cr  = 0 .074e0-87GP * r 2 = 0 . 91 .
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CONCLUSIONS

Growth r a t e s  were main ta ined  at  e qu i va l en t  r a t e s  under d i u r na l  

f l u c t u a t i o n s  in l i g h t  d e s p i t e  decreased  growth e f f i c i e n c y  because 

g ross  product ion was enhanced.  Decreased e f f i c i e n c y  o f  growth,  

p a r t i c u l a r l y  under t he  12 cpd l i g h t  regime,  r e l a t e d  to  enhanced 

r e s p i r a t i o n  in t h e  l i g h t .  A l t hough  in t h i s  s t u d y  e v i d e n c e  i s  

l a ck i n g ,  such an i nc r eas e  in r e s p i r a t i o n  in t he  l i g h t  i s  c o n s i s t e n t  

with t h e  e f f e c t s  of  p h o t o r e s p i r a t o r y  a c t i v i t y  ( Jackson and Volk,  

1970; T o l b e r t ,  1974).  Ha r r i s  (1973) and Ha r r i s  and Lot t  (1973) have 

sugges ted t h a t  s h o r t  term (hours)  f l u c t u a t i o n s  between high and low 

l i g h t  i n t e n s i t i e s  can induce h igher  r a t e s  o f  p h o t o r e s p i r a t i o n .  I t  

i s  well  documented f o r  many p l a n t s  t h a t  p h o t o r e s p i r a t i o n  de c r ea se s  

t he  e f f i c i e n c y  of  growth ( Z e l i t c h ,  1971).

The C: Ch 1 _a r a t i o  d e c r e a s e d  u nde r  f l u c t u a t i n g  l i g h t  a s  a

consequence of  a decrease  in c e l l  s i z e  and r e s u l t e d  in a r e l a t i v e

inc rease  in carbon f i x e d  per  c e l l .  Increased r a t e s  o f  GPC were
14mani fes t ed  as g r e a t e r  r a t e s  of  C f i x a t i o n  dur ing  t he  i n i t i a l  

uptake per iod under t he  d i u r n a l l y  vary ing  l i g h t  regimes in compar i ­

son t o  t he  c on s t an t  l i g h t  regime (Table  4 ) .  This  r e s u l t  i s  c o n s i s ­

t e n t  with f i e l d  o b s e r v a t i o n s  (Marra,  1978 Jb; F r ec h e t t e  and Legendre,  

1978) in which s ho r t  term measurements o f  uptake over  severa l  

hours were enhanced under f l u c t u a t i n g  l i g h t .  In c o n t r a s t ,  Marra
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(1978 j j ) found t h a t  p ho t os yn t he s i s  (0^ p roduc t ion)  in Lauder ia

boreal  i s  c o r r e l a t e d  wel l  wi th t o t a l  d a i l y  r a d i a t i o n  under a v a r i e t y

of  r a t e s  of  l i g h t  f l u c t u a t i o n .  S i m i l a r  f i n d i n g s  were obt a ined  by

McCree and Loomis (1969)  f o r  cucumber  p l a n t s .  The a b i l i t y  t o

i nc re as e  GPC under f l u c t u a t i n g  l i g h t  may be spec i e s  s p e c i f i c .  An

e x t r a p o l a t i o n  o f  t he s e  r e s u l t s  and t h e  f i n d i n g s  f o r  _S. c os t  aturn t o

14an i n t e r p r e t a t i o n  of  C uptake measurements wi th n a t u r a l  popula­

t i o n s  i n d i c a t e s  t h a t  f l u c t u a t i n g  l i g h t  could i n f l u en ce  sho r t  term 

( l e s s  than a photoper iod)  i nc ub a t i on s  t o  a g r e a t e r  e x t en t  than 24 

hour i ncuba t ions .  Shor t  term measurements would e s t i ma t e  gross  

p r o d u c t i o n  t o  a g r e a t e r  e x t e n t ,  w he rea s  t h e  l o n g e r  i n c u b a t i o n  

would be more r e f l e c t i v e  of  d a i l y  growth r a t e s  (Savidge, .  1978).
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PART I I I .  DIEL VARIATIONS IN GROWTH, RESPIRATION AND 
ORGANIC RELEASE: COMPARISON OF CONSTANT
AND DIURNALLY FLUCTUATING LIGHT

RESULTS AND DISCUSSION

Cell Divi s ion P e r i o d i c i t y

Under the  d i u r n a l l y  c o ns t a n t  l i g h t  regimes d i e !  v a r i a t i o n s  in

c e l l  number were s i g n i f i c a n t  (p<0.05)  only  a t  l i g h t  i n t e n s i t i e s  of

- 2  -1  -1  130 ; jEins te in 'm s and g r e a t e r  when growth r a t e s  were 1.00 day

or  higher  (Table 5 ) .  Maximal d i v i s i o n  r a t e s  (p) occur red between

1200 and 1800 hr at  650 and 130 / iE ins t e in  ’n T ^ ' s - *' but  extended
2 -1in to  the  dark per iod a t  1500 / i E i n s t e i n ‘m ‘ s (Figure  10) .  As 

l i g h t  i n t e n s i t y  increased t he  amount of  d i v i s i o n  dur ing t h e  dark 

per iod was enhanced.

Under the  v a r i a b l e  l i g h t  regimes d a i l y  growth r a t e s  remained 

comparable to  t he  r a t e  under t h e  c o n s t a n t  l i g h t  of  same d i u rna l
O 1

magnitude (130 juEinstein*m- *s~ ) ,  but  d i e l  v a r i a t i o n s  in c e l l  

number were reduced (Table 5 ) .  Under 1 cyc l e  day- '*' d i v i s i o n  r a t e s  

were uniform throughout  t he  day and under 12 c yc l e s  day- *' d i v i s i o n  

was maximal between 1200 and 1800 hr  (F igure  10).  Divi s ion dur ing 

the  dark per iod was i nc reased  under both v a r i a b l e  l i g h t  regimes 

r e l a t i v e  t o  t he  cons t an t  regime.  Thus,  d i v i s i o n  r a t e s  a t  n i g h t  were 

enhanced by high l i g h t  i n t e n s i t i e s  and by f l u c t u a t i n g  l i g h t .
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Figure  10. Ef f ec t  o f  v a r i a t i o n s  in i n c i de n t  l i g h t  i n t e n s i t y  ( I  )
o

on hour ly  r a t e s  o f  c e l l  d i v i s i o n  ( h r - 1 ) dur ing  24 hour  

pe r i od ;  I : (1) c on s t an t  dur ing l i g h t  per iod at  in ­

t e n s i t i e s  of  15,  38,  130, 650 & 1500juEins t e in*m“2 ”s "^

(-------- . ---------) ,  (2)  f l u c t u a t i n g  dur ing  l i g h t  pe r iod  from
-2  -1500 t o  10 AiEinstein'm ' s  a t  r a t e s  of  1 or  12 c y c l e s  

day- ''' (cpd) ( — A— );  b l ack  bar i n d i c a t e s  dark p e r i od .
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J0rgensen(1966) a l so  found with _S. costa tum grown under an
- 2 . - 1i d e n t i c a l  photoper iod at  approximate ly  52 juEinste in'm s t h a t

d i v i s i o n  r a t e s  ( a p p r o x i m a t e l y  1 d i v i s i o n  day  ) were h i g h e s t

dur ing t he  second h a l f  of  t he  l i g h t  pe r iod  and t h a t  a t  a h igher
-2  -1l i g h t  i n t e n s i t y ,  approximate ly  175 juEinste  i n ‘m ' s  , more d i v i ­

sion occur red dur ing the  dark p e r i od .

Growth of  _S. costa tum under n i t r o g e n  l i m i t a t i o n  caused most

d i v i s i o n  to  t ake  p lace  dur ing  t he  dark  pe r iod  (Eppley el: j H . , 1971).

This f l e x i b i l i t y  in t h e  t i mi ng  of d i v i s i o n  has been documented f o r  

many o the r  diatoms ( Eppley jat _al_., 1967; Paasche,  1968; Nelson and 

Brand, 1979).  The d i s t i n g u i s h i n g  f e a t u r e  o f  c e l l  d i v i s i o n  p e r i o d i ­

c i t y  in diatoms in comparison to o t h e r  groups of  mic roa lgae  is  t h a t  

d i v i s i o n  is not  n e c e s s a r i l y  conf ined  t o  t he  dark pe r iod  (Paasche ,  

1967, 1968: Chisholm e t  _al_., 1975; Nelson and Brand,  1979) and 

envi ronmental  f a c t o r s  such as l i g h t  ( t h e  i n t e n s i t y  and d iu r na l

v a r i a t i o n )  and n u t r i e n t  supply  a re  impor tan t  i n f l u en ces  on the  

t iming of  d i v i s i o n  in d ia toms .

The degree o f  p e r i o d i c i t y  in c e l l  d i v i s i o n ,  c a l c u l a t e d  as (1 - 

minimum /j/maximum ju) , v a r i e d  wi th growth r a t e  (F igure  11) .  P e r i o d i c ­

i t y  o s c i l l a t e d  wi th i n c r e a s i n g  growth r a t e  wi th peaks a t  1.00 and

1.99 day"*.  Under t he  v a r i a b l e  l i g h t  regimes c u l t u r e s  grew at  1.00 

day”* but  p e r i o d i c i t y  in d i v i s i o n  was r educed ,  p a r t i c u l a r l y  under 

1 cyc l e  day- *. In c o n t r a s t ,  Quraishi  and Spencer (1971) found no 

r e du c t i on  in synchrony under d i u r n a l l y  va ry ing  l i g h t  r e l a t i v e  to 

t h a t  under d i u r n a l l y  c o ns t a n t  l i g h t  f o r  severa l  marine mi c ro a lg ae .



Figure 11 Re l a t i o ns h i p  between mean d a i l y  growth r a t e  (ju) and 

degree o f  p e r i o d i c i t y  in c e l l  d i v i s i o n  (1 -  (minimum ju/ 

maximum ju)) f o r  c u l t u r e s  grown under d i u r n a l l y  c o n s t a n t

(--------- -------- ) and f l u c t u a t i n g  l i g h t  ( a ) ;  cpd - c y c l e s  per

day.  Lines connec t ing  d a t a  po i n t s  i n d i c a t e  p a t t e r n s  of  

v a t i a t i o n  not  an e x t r a p o l a t i o n  o f  r e s u l t s .
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However, t he  magnitude o f  l i g h t  i n t e n s i t y  v a r i a t i o n  t o  which t h e y

exposed the  c u l t u r e s  was l e s s  with a maximum of  only  approximate ly
-?  -1 7 1100 / J E i n s t e i n ’m ' s  in c o m p ar i s o n  t o  500 y u E i n s t e i n  ‘m" s

used in t h i s  s t udy .  Jorgensen (1966) a l so  found p e r i o d i c i t y  in 

c e l l  d i v i s i o n  when JS. costa tum grew a t  one doubl ing per  day in ba tch 

c u l t u r e  under d i u r n a l l y  c o n s t a n t  l i g h t .  Paasche (1968) r e po r t e d  f o r  

two o t h e r  m a r i n e  d i a t o m s  t h a t  s y n c h r o n y  i n c r e a s e d  w i t h  growth  

r a t e  with a maximum a t  1 d i v i s i o n  day"'*'. Chisholm eit _al_. (1975) 

s i m i l a r l y  observed an o s c i l l a t i o n  in t h e  degree o f  synchrony with 

v a r i a t i o n s  in growth r a t e  in Euglena g r a c i 1i s . Good synchrony was 

observed even at  l e s s  than one d i v i s i o n  per  day.  Cel l  d i v i s i o n  in 

Euglena i s  r e s t r i c t e d  to  t h e  dark pe r iod  which induces more p e r i o d i c ­

i t y  in d i v i s i o n .  The r e s u l t s  of  t h i s  s t udy  with S. cos ta tum i n d i ­

c a t e  t h a t  t he  degree  of  p e r i o d i c i t y  in d i v i s i o n  can be r e l a t e d  to 

both d i v i s i o n  r a t e  and d i u r na l  f l u c t u a t i o n s  in l i g h t  i n t e n s i t y .  

Environmental  c o nd i t i o n s  which enhance growth r a t e s  and minimized 

d i u r na l  f l u c t u a t i o n s  in l i g h t  i n t e n s i t y  might  be expec ted  t o  enhance 

p e r i o d i c i t y  in c e l l  d i v i s i o n .  Such c o n d i t i o n s  might  e x i s t  dur ing 

s t r a t i f i c a t i o n  of  the  water  column in t he  summer i f  n u t r i e n t  supply  

remained adequate to main t a in  high growth r a t e s .

C e l l u l a r  volume i nc r eas ed  dur ing  t he  l i g h t  p e r i o d ,  p a r t i c u l a r l y  

as l i g h t  i n t e n s i t y  i n c r e as e d ,  and c e l l  d i v i s i o n  maxima t ended to 

occur  dur ing t he  l a t t e r  p a r t  of  t h e  l i g h t  per iod  and dur ing  t he  

dark (F igure  12A). Cell  volume was minimal a t  0600 hr  f o r  a l l  

l i g h t  regimes .  The most r a p i d  i n c r e as e s  in volume occur red  from



Figure 12. Ef f ec t  o f  v a r i a t i o n s  in i n c i d e n t  l i g h t  i n t e n s i t y  ( I  )
o  3

on : (A) c e l l u l a r  volume { m  ) (B) Carbon:Volume (pg'jum- )

dur ing 24 hour p e r i od ;  I : (1) c o ns t a n t  dur ing l i g h t
- 2  - 1per iod at  i n t e n s i t i e s  o f  15, 650 & 1500 wEins te in 'm ’s

(-----------  ) ,  (2)  f l u c t u a t i n g  dur ing  l i g h t  per iod from
- ?  - 1500 t o  10 j u E m s t e i n ’m -s a t  r a t e s  of  1 or  12 c y c l e s  

day- '*' (cpd) ( — &— );  b l ack  bar  i n d i c a t e s  dark p e r i od .
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0600 t o  1200 hr and were not  t o t a l l y  a consequence o f  i n c r e a s e s  in 

carbon c e l l - ’*' s ince  carbon:  volume decreased  (F igure  12B) . Myers 

(1953) p red i c t ed  such a temporal  s e p a r a t i o n  between d i v i s i o n  and 

o the r  growth parameters  under d i u r na l  i l l u m i n a t i o n  on t he  b a s i s  of  

t h e o r e t i c a l  c o ns id e r a t i o n s  of  t he  e f f i c i e n c y  of growth.  Myers 

termed h i s  t heo r y  t he  "hu f f  and puf f "  phenomenon. In o t h e r  W o r d s ,  

d i v i s i o n  i s  delayed dur ing  t h e  l i g h t  p e r i od ,  whi le  the  c e l l  i n ­

c r e a s e s  in vo lume ,  and t h e n  a b u r s t  in c e l l  d i v i s i o n  o c c u r s .  

S h or t l y  t h e r e a f t e r ,  Tamiya _et _al_. (1953) conf i rmed t he  v a l i d i t y  of 

such a concept  in C h l o r e l l a  e l l i p s o i d e a  and i t  was a l so  r epo r t e d  f o r  

Du na l i e l l a  t e r t i o l e c t a  (Eppley and Coat swor th ,  1966) .  Not on ly  did 

t h i s  phenomenon hold t r u e  f o r  JS. cos ta tum but  i t  was more r e l a t e d  to

l i g h t  i n t e n s i t y  than growth r a t e .  Diel v a r i a t i o n s  in c e l l  volume

- 2 . -1were much g r e a t e r  under 1500 juEinstein"m s when t h e  growth
-1  -2  -1 r a t e  was 1.68 day than under 650 juEinste in 'm ‘ s when t h e  growth

r a t e  was 1.99 day-1 (Figure  12A).

Diel Var i a t i on  of  Carbon and Pigments

The p a t t e r n  o f  v a r i a t i o n  t h roughout  t he  day was s i m i l a r  f o r  P0C

and ch lorophyl l  _a f o r  a l l  l i g h t  regimes :  maximal va l ues  occur red at

1800 h r  and minimal  v a l u e s  a t  0600 h r  ( T a b l e  5 ) .  S i g n i f i c a n t

(P<0.05) d ie l  v a r i a t i o n s  in c h l o r ophy l l  _a were observed under a l l

l i g h t  c o n d i t i o n s .  Under d i u r n a l l y  c o ns t a n t  l i g h t  POC v a r i ed  s i g n i f i -

- 2  •  - 1
c a n t l y  (PC0.05) only  a t  l i g h t  i n t e n s i t i e s  of  130 ^ l E i n s t e i n ’m "s 

and g r e a t e r ,  s i m i l a r  to  d i e l  v a r i a t i o n s  in c e l l  d e n s i t y .  Under t he  

v a r i a b l e  l i g h t  regimes d ie l  v a r i a t i o n s  in POC remained l a r g e ,  u n l i ke
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v a r i a t i o n s  in c e l l  d e n s i t y .  V a r i a t i o n s  in C: Ch1 _a were r e l a t i v e l y
- 2  -1small  throughout  t he  day except  a t  130 JLiEinstein"m ' s  and 1 c yc l e  

d a y ” '*' ( T a b l e  6 ) .  The m a g n i t u d e  o f  d i e l  v a r i a t i o n  in C: Ch 1 a_ 

was g r e a t e r  under the  c o n s t a n t  l i g h t  regime than under 1 c y c l e  

day” '*' but  even then the  amount of  v a r i a t i o n  was on ly  22% of  t he  

maximum va lue .  Thus,  t h e  biomass c h a r a c t e r i s t i c s  i n d i c a t e d  t h a t  

p a r t i c u l a t e  carbon produc t ion  and ne t  c h l o rophy l l  a_ s y n t h e s i s ,  

averaged over 6 hour i n t e r v a l s ,  were c o r r e l a t e d  with maximal r a t e s  

oc cur r i ng  dur ing the  l i g h t  per iod  ( F i gure  13A&B). As growth r a t e  

inc reased  t h e r e  was an i n c r e a s e  in n i g h t - t i m e  s y n t h e s i s  of  both
O 1

c a r b o n  and c h l o r o p h y l l  _a. Only  a t  15 j u E i n s t e i n ’m s A and 1

cyc le  day- '*- was n i g h t - t i m e  l o s s  o f  carbon observed but  ch l o r o ph y l l

£  l os s  was observed dur ing  the  e a r l y  p a r t  o f  t h e  dark pe r iod  a t  both
-2  -115 and 38 j jE ins t e in ' m s . Carbon produc t ion  dur ing  t h e  dark 

per iod (pp c a l c u l a t e d  from changes  in POC dur ing  t he  dark pe r iod)  

v a r i e d  f rom 19 t o  34% o f  t o t a l  d a i l y  p r o d u c t i o n  and i n c r e a s e d  

l i n e a r l y  with growth r a t e  even under t he  d i u r n a l l y  varying l i g h t  

regimes (ppCp =-0 .104  + 0 .37 ppC, r^  = 0 .97)  (Figure  14) .  Night ­

t ime ch lo rophy l l  a. s y n t h e s i s  was i nc reased  under v a r i a b l e  l i g h t  

r e g i m e s  r e l a t i v e  t o  t h e  c o n s t a n t  r e g i m e  f rom 2% o f  t h e  d a i l y  

r a t e  unde r  c o n s t a n t  l i g h t  t o  8% u nde r  12 c y c l e s  d a y - '*' and 20% 

under 1 cyc l e  day- *'. The low r a t e  o f  ch l o r op hy l l  _a accumulat ion
c

dur ing the  dark per iod in comparison to pp ^ under c o ns t a n t  l i g h t

- 2  1of  130 juEinstein*rn c - s accounted f o r  t h e  g r e a t e r  d i e l  v a r i a t i o n  

in C:Chl_a observed under t h i s  l i g h t  regime.

- 6 9 -



TABLE 6.

Diel V a r ia t io n s  in CrChTa under d i f f e r e n t  l i g h t  i n t e n s i t i e s ;  A nalysis  o f Variance (ANOVA): 
C:Chla versus  Time o f  Day (see  Appendix I I I  fo r  ANOVA T ab le s ) ;  ns = not s i g n i f i c a n t ,  p>0.05;
X -  mean va lu e ;  S.E. -  S tandard E rro r ;  n = number o f  samples.

ANOVA
I F Value S ig n if ic an ce

AiE'm"2 ' s _1 0600 1200 1800 2400

15 X 28 25 26 30
S.E. - - - -

n 1 1 1 1

38 VA 36 35 31 34 2.44 ns
S.E. 0 .8 1.6 0 .8 1.4
n 8 8 8 8

130 Y 54 44 42 45 10.26 p<0.001
S.E. 1.4 1.5 2.7 1.0

n 5 4 4 4

650 ■ Y 130 113 102 108 2.64 ns
S.E. 5.7 4 .8 3.9 12.1

n 4 4 4 4

1500 X 51 50 49 48 0.18 ns
S.E. 2.0 2.0 3.7 4 .0

n 6 6 6 4

12 cy c le s  day"* Y 41 35 34 37 2.02 ns
S.E. 2.9 1.6 2.3 3.1
n 10 10 10 6

1 c y c le  day"* Y 36 30 31 29 3.45 p<0.05
S.E. 1.7 1.0 2.0 1.4

n 11 10 10 7

70



Figure 13. Ef fec t  o f  v a r i a t i o n s  in i n c i d en t  l i g h t  i n t e n s i t y  ( I q ) on : 

(A) carbon s p e c i f i c  r a t e s  o f  growth ( h r - ^) ;  (B) ne t  

ch lo rophy l l  _a s y n t h e s i s  dur ing  24 hour  p e r i od ;  I : (1) 

cons t an t  dur ing  l i g h t  per iod a t  i n t e n s i t i e s  o f  15,  38,

130, 650 and 1500 ^ E i n s t e i n  ‘m-2 ’s~* (------------------- ) (2)

f l u c t u a t i n g  dur ing  l i g h t  per iod from 500 t o  10
-2  -1  -1 j u E i n s t e i n ‘m ‘s a t  r a t e s  o f  1 o r  12 c y c l e s  day (cpd)

(— A— );  b l ack  bar  i n d i c a t e s  dark  p e r i o d .
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Figure 14. Re l a t i onsh ip  between dark per iod carbon s p e c i f i c  product ion 
c — 1(pp D, 12 hr  ) and d a i l y  mean carbon s p e c i f i c

C “ 1product ion (pp , day-  ) f o r  c u l t u r e s  grown under

d i u r n a l l y  cons t an t  ( . )  and varying l i g h t  (a ) a t  1 and 12

— 1 ccyc les  day (cpd) ;  l i n e a r  r e g r e s s i o n  : pp =

-0.104 + 0.37 ppC, r 2 = 0 .97.
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Diel v a r i a t i o n s  in c a r o t e n o i d s  p a r a l l e l e d  v a r i a t i o n s  in c h l o r o ­

phyl l  £  as evidenced by r e l a t i v e l y  uniform r a t i o s  o f  Chi _a: Car o t e ­

noids  t hroughout  t he  day ( F i gu r e  15A) . Chi £ :Chl  c_ & was unvary­

ing dur ing  the  l i g h t  pe r iod  under t h e  c o n s t a n t  l i g h t  regimes but
-2  -1e l eva t ed  dur ing t he  n igh t  a t  15 and 1500 yuEinstein 'm ’s , mainly  

as a r e s u l t  o f  a dec r ease  in ch l o ro p h y l l  <ĉ  & £^ (Figure  1513) . 

Under t he  d i u r n a l l y  va ry ing  l i g h t  regimes  t he  Chi £ :Chl  c^ & c_̂  

r a t i o  was h i ghes t  dur ing  t h e  f i r s t  p a r t  of  t h e  l i g h t  p e r i o d ,  again 

due to a decrease  in c h l o r op h y l l  c^ & £  , and decr eased  throughout  

t h e  l i g h t  per iod to a minimum dur ing  t h e  dark p e r i o d .  Although d i e l  

v a r i a t i o n s  in ch l o r ophy l l  _a and c a r o t e n o i d s  were well  c o r r e l a t e d ,  

n e t  s y n t h e s i s  of  c h l o rophy l l  £  and c h l o ro p h y l l  c^ & £ was not  

always as t i g h t l y  coupled .

JeSrgensen (1966)  found  d i e l  v a r i a t i o n s  o f  p h o t o s y n t h e t i c  

p i g m e n t s  t o  be wel l  c o r r e l a t e d  in _S. c o s t a t u m . The c o o r d i n a ­

t i o n  o f  p a r t i c u l a t e  carbon produc t ion  and pigment s y n t h e s i s  has been 

documented fo r  o t he r  marine mi c roa lgae  (Eppley and Coat swor th ,  1966; 

Eppley £ t £ l k ,  1967).  Eppley and Coatsworth (1966) noted t h a t  t h i s  

i s  a r e a s s u r i n g  f i nd i ng  f o r  t he  i n t e r p r e t a t i o n  o f  f i e l d  e s t i m a t e s  of  

p h y t o p l a n k t o n  growth  s i n c e  a s s e s s m e n t  o f  g r owt h  u nde r  n a t u r a l  

c on d i t i on s  is  l a r g e l y  based on ch l o r o ph y l l  £  as a biomass i n d i c a t o r .  

The r e s u l t s  of  t h i s  s t udy  extend t h e s e  o b s e r v a t i o n s  to  i nc lude  

growth under a v a r i e t y  of  l i g h t  c o n d i t i o n s .  Di f f e r ences  in t he  

r e l a t i o n s h i p  between carbon and pigments  were more a f f e c t e d  by l i g h t  

i n t e n s i t y  than t ime o f  day ( P a r t s  I and I I ) .  Under t h e  v a r i a b l e

-75 -



Figure 15. Ef fec t  o f  v a r i a t i o n s  in i n c i d e n t  l i g h t  i n t e n s i t y  ( I  ) 

on : (A) Chi _a:Carotenoid;  (B) Chi a;Chi £  & c_ 

during 24 hour  pe r i od ;  I : (1) c o ns t a n t  dur ing  l i g h t
? 1per iod a t  i n t e n s i t i e s  of  15, 38,  650 & 1500 jnEinste in 'm s

2 1(-------- . ---------) and 130 j u E in s t e in ' m ’s ~ ( o,  s i n g l e  v a l u e s ) ;

(2) f l u c t u a t i n g  dur ing  l i g h t  per iod from 500 t o  10
- 2  - 1  -1 / iE ins te in 'm *s a t  r a t e s  o f  1 o r  12 c y c l e s  day (cpd)

(— ^ — );  b lack  bar  i n d i c a t e s  dark p e r i o d .
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l i g h t  regimes d ie l  v a r i a t i o n s  between carbon and ch l o ro p h y l l  _a were 

r e l a t i v e l y  small compared t o  v a r i a t i o n s  observed between c o ns t a n t  

l i g h t  reg imes .  Thus,  v a r i a t i o n s  in t h e  r e l a t i o n s h i p  between carbon 

and ch lo rophy l l  _a are r e l a t i v e l y  small  under c o n t i n u o u s l y  varying 

l i g h t  in c o n t r a s t  t o  t h e  l a r g e  and r a p i d  v a r i a t i o n s  in ch lo ro ph y l l  _a 

c o nc e n t r a t i o n s  observed when c u l t u r e s  are  exposed to d i f f e r e n t  

d i s c r e t e  l i g h t  l e v e l s  (Hi t chcock ,  1977) .

Net pigment s y n t he s i s  was l a r g e l y  conf ined  to t h e  l i g h t  per iod

under a l l  l i g h t  r eg imes ,  c o n s i s t e n t  wi th f i n d i n g s  of  Jdrgensen

(1966) ,  Eppley and Coatsworth (1966) ,  Eppley j r t  _aK ( 1967) and Marra

(1978 _a and 1980).  However, Paasche (1967) found l i t t l e  d i u r n a l

phasing of  ch lorophyl l  _a s y n t h e s i s  in Cocco l i t hus  huxleyi  under a

v a r i e t y  of  l i g h t - d a r k  regimes .  Chlorophyl l  jt s y n t h e s i s  i s  a h i g h l y

dynamic p rocess  with t u rnove r  r a t e s  on t he  o r de r  o f  s eve ra l  hours

t hroughout  t h e  24 hr  per iod (Grumbach _et _al^., 1978; Riper e t  a l . ,

1 9 7 9 ) .  At t h e  two l o w e s t  l i g h t  i n t e n s i t i e s ,  15 and 38
- 2 . -1/ iE ins t e in ' m s , c h l o rophy l l  _a accumulat ion dur ing  the  l i g h t

per iod was g r e a t e r  than the  d a i l y  growth r a t e .  This  was ad j u s t ed  by

concomi tant  ne t  l o s se s  of  ch l o r o ph y l l  _a dur i ng  t he  dark per iod as 

would be expected from t h e  r ap i d  t u r nove r  o f  t he  ch l o r ophy l l  _a pool .  

Also,  as r e l a t i v e l y  more d i v i s i o n  occur red  dur ing  t he  dark p e r i o d ,  

ne t  s y n t h e s i s  of  ch l o r ophy l l  _a i nc reased  d ur i ng  t h e  dark p e r i o d ,

i n d i c a t i n g  t h a t  t he  c h l o r o p hy l l  _a pool was in dynamic e qu i l i b r i um  

with net  growth.
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The a b i l i t y  of  p l a n t s  and marine a lgae  t o  f i x  carbon dur ing  

dark pe r iods  has been known f o r  a long t ime ( C r a i g i e ,  1963) and has

been found to  be g e n e r a l l y  t r u e  of  a u t o t ro p h i c  a lgae  (Raven,  1974).

14Dark b o t t l e  f i x a t i o n  o f  C has u n f o r t u n a t e l y  been cons ide red  an 

a r t i f a c t  of  t he  method and t h u s  i gnored.  However, i t  i s  a 

r e a l  au t o t r oph i c  process  and can be p a r t i c u l a r l y  pronounced in 

o l i g o t r o p h i c  water s  ( Morris  _et _al_., 1971) in c o n t r a s t  t o  t he  growth 

r a t e  dependence of  n i g h t - t i m e  carbon f i x a t i o n  found in t he  s tudy  

r ep o r t e d  he re .  A r e c e n t  s tudy  by Gieskes et_ j f L  (1979) a l so  r e ­

p o r t e d  d a r k  f i x a t i o n  of  c a r b o n  in t h e  f i e l d ,  p a r t i c u l a r l y  f o r  

s u r f ace  popula t i ons ,  which might  be more i n d i c a t i v e  o f  a growth r a t e  

dependency.  P a r t i c u l a t e  carbon produc t ion  dur ing  t he  n igh t  has been 

r e po r t ed  f o r  Chaetoceros  s p . growing in con t inuous  c u l t u r e  under 

n a t u ra l  l i g h t  (Malone _et _al_., 1975; Farmer,  1977) and f o r  mixed 

chlorophyceae  (Church j i t  _al_., 1980).  Raven (1974) a t t r i b u t e d  dark 

f i x a t i o n  to / -carboxyl  a t  ion involving a n a p l e r o t i c  pathways which 

r e l a t e  t o  t h e  b i o s y n t h e t i c  f u n c t i o n  o f  t h e  t r i c a r b o x y l i c  a c i d  

c y c l e .  The p o s i t i v e  r e l a t i o n s h i p  found in t h i s  s t udy  between dark 

f i x a t i o n  and growth r a t e  i s  c o n s i s t e n t  wi th  r a t e s  o f  b i o s y n t h e s i s  as 

t h e y  would r e l a t e  to  / -carboxyl  a t  ion . ^ - c a r b o x y l  a t  ion enzymes 

have r e c e n t l y  been found to  be r e l a t i v e l y  a c t i v e  in carbon f i x a t i o n  

in marine mic roa lgae ,  p a r t i c u l a r l y  in S. cos ta tum (Bearda l l  e t  a l . ,  

1976; Appl eby _et _al_., 1980; Mor r i s ,  1980).  Also,  t he  c e l l  f r a c t i o n -  

a t i on  s t u d i e s  r evea l ed  t h a t  under high l i g h t  (1500 juEinste. in'm“ s" ) 

(P a r t  1) and t he  v a r i a b l e  l i g h t  regimes (F igure  16) ^ C  l a b e l ,
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Figure 16. Time course  of  d i s t r i b u t i o n  o f  a c t i v i t y  (% of  t o t a l

a c t i v i t y )  in c e l l u l a r  f r a c t i o n s  as small  molecu lar  weight

( — o— ) ,  p o l ys accha r ide  (------ a. ------- ) and p r o t e i n  (------

. --------) f o r  c u l t u r e s  grown under d i u r n a l l y  varying l i g h t

a t  r a t e s  o f  (A) 1 c yc l e  day- "*- (cpd) (B) 12 cpd;  b lack  

bar  i n d i c a t e s  dark p e r i od .
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which i n i t i a l l y  appeared dur ing the  l i g h t  per iod in small molecular

weight compounds, was t r a n s f e r r e d  t o  p ro t e i n  dur ing the  dark pe r i od .

Protein as well as ch lorophyl l  _a s yn t he s i s  a t  n i g h t  i n d i c a t e  t h a t

b i o s yn t he t i c  pathways were a c t i v e ^ a s  well  as carbon f i x a t i o n  at

night^ suggest  t h a t ^ - c a r b o x y l a t i o n  a c t i v i t y  was involved.

Chlorophyll  a and Pho tosyn the t i c  A c t i v i t y

In vivo f l u o r e s c en t  measurements i nd i ca t ed  t h a t  ch lo rophyl l

_a s yn thes i s  was a l so well coupled to p ho t os yn t he t i c  a c t i v i t y .  At

-2  -1650 and 1500 juEinstein 'm s , t h e  f l u o r e s c e n t  y i e l d  per un i t  c h l o r ­

ophyl l  ji ( Fchl^ and t l ie r a t l ' °  between i n i t i a l  and DCMU-induced 

f l uo r escence  ( F j / F ^ y )  v a r i ed  only  s l i g h t l y  throughout  the  l i g h t

per iod (p>0.05) (Figure  17A). Fi / F0CMU i s  an l n d i c a 't o r  t h e 

e x t e n t  to  which pho t osyn t he t i c  a c t i v i t y  i s  dep re s s i ng  f l u o r e s c e n t  

y i e l d  (Papageorgiou,  1975) and v a r i a t i o n s  in t he  r a t i o  would i n d i ­

c a t e  a changing r e l a t i o n s h i p  between ch lorophyl l  _a and the  r a t e  of
-2 -1pho t os yn t hes i s .  However, Fchl at  15 juEinste in 'm s decreased

throughout  the  l i g h t  per iod ( r = - 0 .8 6 ,  p<0.01) (Figure  17A) and t h i s

decrease  c o r r e l a t e d  well  with a decrease  in F j / F y ^ y  ( r=0.91 ,

p<0.01) .  Thus, ch lorophyl l  _a f l uo r escence  was l e s s  dur ing t he

l a t t e r  p a r t  of  the  l i g h t  per iod due t o  i nc reased  pho t osyn t he t i c

chia c t i v i t y .  This is c o n s i s t e n t  with an i nc rease  in pp to 0 . 3  jug 
-1 -1C[Chl_a] hr  in t h e  a f t e r n o o n  a t  t h i s  l i g h t  i n t e n s i t y ,  from 

-0 .04  jug C[Chl_a] hr  in t he  morning.

Var i a t i ons  of  Fc h-j dur ing the  l i g h t  per iod were r e l a t i v e l y  

small under t he  d i u r n a l l y  varying l i g h t  regimes (F igure  17B) (note



Figure 17. V a r ia t io n s  o f in  v ivo  f luorescence per u n i t  c h lo ro p h y l l  _a

(Fc hi a ) dur ing  t h e  l i g h t  pe r iod  f o r  c u l t u r e s  grown

under (A) d i u r n a l l y  c o n s t a n t  l i g h t  o f  15 ( o ) ,  650 (x) and
- 2  -11500 ( . )  j uEins te in 'm *s ; (B) d i u r n a l l y  va ry ing  l i g h t

-2  -1from 500 t o  10 / jEinste in*m ' s  a t  r a t e s  of  1 cyc l e  

day"1 (cpd) ( . )  or  12 cpd (100% I : 100, 2% I : 2 ) .
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s ca le  change in y - a x i s ) .  Under 12 c y c l e s  day-  ̂ i nc reased

co a maximum at  t he  end o f  t h e  l i g h t  pe r iod  but  v a r i a t i o n s  in , 

even as l i g h t  va r i ed  from 100% to  2%, d id  not  cor respond to  v a r i a ­

t i o n s  in ^x/FdCMU ( r = 0 -28’ p>0.05) .  Under such r a p i d  f l u c t u a t i o n s  

in l i g h t  i n t e n s i t y  ch l o r o p hy l l  a_ s t i l l  remained well  coupled to 

p ho t os yn t hes i s .  Under 1 c y c l e  day“  ̂ Fchl  v a r i ed  d i r e c t l y  with 

l i g h t  i n t e n s i t y  with a minimum a t  1300 hr  when t he  l i g h t  i n t e n s i t y
O 1

was 10 j u E i n s t e in ’m s and maxima a t  0700 and 1800 hr  when l i g h t
- 2  -1i n t e n s i t y  was 500 j u E i n s t e i n ’m s . Va r i a t i o ns  in F ^  c o r r e l a t e d  

well with v a r i a t i o n s  in Fj / F qq^  ( r =0 . 68 ,  p<0. 01 ) ,  i n d i c a t i n g  t h a t  

pho tosyn thes i s  was dep re s s i ng  f l u o r e s c e n t  y i e l d  t o  a g r e a t e r  e x t en t  

as l i g h t  i n t e n s i t y  de c r ea se d .  Chlorophyl l  _a was r e l a t i v e l y  more 

a c t i v e  p h o t o s y n t h e t i c a l l y  dur ing  t he  low l i g h t  p a r t  of  t he  c y c l e .  

Thus,  under 1 cyc l e  day- '*' t h e  e f f i c i e n c y  of  produc t ion  expressed as 

ppc h l / I 0 ( jugC(Ch 1 a.)- ^ / E i n s t e i n ’m“ ^) was i n v e r s e l y  r e l a t e d  to  v a r i a ­

t i o n s  in l i g h t  i n t e n s i t y  such t h a t  ppc h l / I 0 = 8 .6  e - 0 ’98I° ( r 2=0.98)

(Figure  18) .  In c o n t r a s t ,  p roduc t ion  e f f i c i e n c i e s  were s i m i l a r  dur -
-2  -1ing the  l i g h t  per iod under c o ns t a n t  l i g h t  o f  130 j u E i n s t e i n ’m s .

- 1  - 2  - 1  Only under 1 cyc l e  day and 15 j u E i n s t e i n ’m ’s were changes in

Fc .̂| r e l a t e d  to  a changing r e l a t i o n s h i p  between ch lo rophy l l  _a and 

p h o t o s y n t h e s i s .

Die! V ar i a t i ons  in Res p i r a t i o n

Res p i r a to r y  a c t i v i t y  du r i ng  t he  l i g h t  pe r iod  (R L) inc reased  

r e l a t i v e  to  t o t a l  d a i l y  r e s p i r a t i o n  (R ) as growth r a t e  i nc reased  

(Figure  19) .  Die! v a r i a t i o n s  in r e s p i r a t o r y  l o s s  o f  carbon ind i ca t ed



Figure 18. R e la tionsh ip  between production  e f f i c ie n c y  ( jug C(Chl

1 -2 ji) / E i n s t e i n  ‘m ) and i nc id e n t  l i g h t  i n t e n s i t y  ( I  ,

-2  -1Einstein"m ‘hr ) f o r  c u l t u r e s  grown under d i u r n a l l y
-?  -1c o n s t a n t .1 ( . )  o f  130 j u E i n s t e i n ‘m . s  or  f l u c t u a t i n g

1 a t  a r a t e  o f  1 cy c l e  day"* (cpd) (A); l i n e a r  r e g r e s -
- 1  - 2  s ion f o r  1 cpd va l ues  : (jug C(chl a) / E i n s t e i n  ‘m ) = 8 . 6

e -0 .98  I Q, r 2 = 0 . 9 8 ) .
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Figure 19. R e la tionsh ip  between p ro p o r t io n  o f  r e s p i ra t io n  in the
p c

l i g h t  (R t o  t o t a l  d a i l y  r e s p i r a t i o n  (R ) and
c ™ 1d a i l y  carbon s p e c i f i c  r a t e  of  growth (pp , day ) for

c u l t u r e s  grown under d i u r n a l l y  c o n s t a n t  (______ .______) and

varying l i g h t  (A) at  r a t e s  of  1 or  12 c yc l e s  day”'1'

( c p d ) .
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-? -1maximal r a t e s  were noc turna l  a t  38 / jEinste in*m s but  d i u rna l  at
— p — l r

130 p E i n s t e i n ' m  ' s  (F igure  6 ) .  The i nc re as e  in pp wi th growth 

r a t e  corresponded with t h i s  de c r ea se  in n i g h t - t i m e  r e s p i r a t o r y  l o s s .  

Pos s i b l y  t he  r e f i x a t i o n  of  r e s p i r e d  carbon du r i ng  t he  n i g h t  was 

in f l uenc i ng  t he  p a t t e r n  of  r e s p i r a t o r y  l o s s  of  carbon ( P a r t  I ) .  

There was good agreement between t he  p a t t e r n  of  carbon l o s s e s  at  

n igh t  wi th v a r i a t i o n s  in l i g h t  as de termined from l o s s e s  o f  

from p r e - l a b e l l e d  c e l l s  and from changes in POC.

Addi t ional  evidence f o r  diminished n i g h t - t i m e  l os s  of  r e s p i r e d  

c a r b o n  w i t h  i n c r e a s i n g  growth  r a t e  i s  a v a i l a b l e  f rom n i t r o g e n  

l i m i t ed  chemostat  s t u d i e s  (Laws and Wong, 1978) as well  as f i e l d  

s t u d i e s  (Ketchum e t  _al_., 1958).  Perhaps t h i s  i n t e r a c t i o n  between 

dark carbon f i x a t i o n  and r e s p i r a t o r y  l o s s  of  carbon i s  g e n e r a l l y  

t r u e  o f  mar ine mi c r oa l gae .  Under t he  d i u r n a l l y  f l u c t u a t i n g  l i g h t
_ 9 _1

regimes in comparison to c o ns t a n t  l i g h t  of  130 / l E i n s t e i n ’m s

C 0n ig h t - t i m e  r e s p i r a t o r y  l o s s  (R ^) was i nc reased  r e l a t i v e  to  R

(Table 4 ) .  The r e l a t i o n s h i p  between pp D and growth r a t e  remained

the  same (p>0.05) under t he  d i u r n a l l y  f l u c t u a t i n g  l i g h t  regimes

r e l a t i v e  to t he  c o ns t a n t  regime but  me t abo l i c  a c t i v i t y  ( d i v i s i o n ,

ch lo rophy l l  _a s y n t h e s i s  and r e s p i r a t i o n )  i nc reased  dur ing  the  dark

p e r io d .  ppCp no longer  compensated f o r  r e s p i r a t i o n  a t  n i gh t  and

RCp i n c r e as ed .

Diel  Va r i a t i o n s  in Organic Release

Rates of  organic  r e l e a s e  (E°) were maximal dur ing  t he  l i g h t  

per iod and d i e l  v a r i a t i o n s  c o n s i s t e n t l y  i nc reas ed  wi th l i g h t  i n t e n ­

s i t y  (F igure  20) .  F l u c tu a t i ng  l i g h t ,  p a r t i c u l a r l y  t he  f a s t e r  r a t e



Figure 20. E f fe c t  o f v a r ia t io n s  in in c id e n t  l i g h t  in t e n s i t y  ( I q )

C “ 1on hour ly  r a t e s  of  o rgan ic  r e l e a s e  (E 9 hr  ) dur ing

24 hour p e r i od ;  I : (1) c on s t a n t  dur ing  l i g h t  per iod at

i n t e n s i t i e s  of  38, 130, 650 & 1500 j uE i ns t e i n ' m- ^ ‘s~^

(--------. -------- ) (2) f l u c t u a t i n g  dur ing  l i g h t  pe r iod  from
- ?  -1500 t o  10 juEinste in 'm s a t  r a t e s  o f  1 or  12 cyc l e s

_ i
day (cpd) (— I  — );  b lack  ba r  i n d i c a t e s  dark pe r iod .
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—1 cof  12 cyc l e s  day , i nc reased  E r e l a t i v e  t o  c o ns t a n t  l i g h t .  A r e l a ­

t i v e l y  l a r g e  propor t ion  o f  carbon (60% of  t o t a l  l a b e l )  was f i xed  

in to  a small molecular  weight  f r a c t i o n  dur ing  t h e  l i g h t  per iod

under high l i g h t  (Figure  7) and t he  v a r i a b l e  l i g h t  regime of 1 cyc l e

- I  14day (Figure  16A). The subsequent  t r a n s f e r  o f  t h e  C l abel  to

p ro t e i n  a t  n ight  i nd i ca t ed  t h a t  under t he se  l i g h t  c on d i t i o n s  the

i nc or p o r a t i on  o f  r e c en t  product s  o f  p h o t o s y n t h e s i s  i n to  b i o s y n t h e t i c

pathways was de layed.

Hi tchcock (1977) s i m i l a r l y  found t h a t  _S. cos ta tum produced 

r e l a t i v e l y  more ca r bohydra t e  dur i ng  t he  day wi th subsequent  p r o t e i n  

format ion a t  n i gh t  when grown a t  high l i g h t  i n t e n s i t i e s  and tempera­

t u r e s .  Handa (1969) has i d e n t i f i e d  a r e s e r v e  c a r b o h y d r a t e , - 1 , 3 -  

g l ucan ,  in S . costa tum which i s  p r e f e r e n t i a l l y  me tabo l i zed  when c e l l s  

are  placed in t he  d a rk .  These r e s u l t s  i n d i c a t e  t h a t  under high 

l i g h t  and f l u c t u a t i n g  l i g h t  i n t e n s i t i e s  carbon produc t ion  can become 

l e s s  coupled to  o t he r  growth p rocess es  so t h a t  f ixed  carbon i s  

s t o red  dur ing the  l i g h t  per iod f o r  subsequent  growth a t  n i g h t .

Such an uncoupling o f  p ho to s yn t he s i s  and growth has been shown 

t o  i nc rease  r a t e s  of  o rganic  r e l e a s e  ( H e l l e b u s t ,  1974) and the  

i n c r e a s e  in smal l  m o l e c u l a r  w e i g h t  compounds w i t h  h i gh  Ec i s  

c o n s i s t e n t  with a d i f f us io n- d ep e nd e n t  mechanism o f  r e l e a s e  ( Igna-  

t i a d e s  and Fogg, 1973).  In a d d i t i o n ,  p h o t o r e s p i r a t o r y  a c t i v i t y  

might  have been enhanced a t  t he  h i g h e s t  l i g h t  i n t e n s i t y  ( P a r t  I) and 

under t he  12 cyc l e s  day- -*- f l u c t u a t i n g  l i g h t  ( P a r t  I I )  and could 

have led to glycol  l i e  acid produc t ion  and i t s  subsequent  r e l e a s e

-93 -



( T o lb e r t ,  1974).  Diurnal  i n c re as es  in d i s s o l v e d  ca r bohydr a t e  in t he  

f i e l d  have been r e l a t e d  t o  p ho to s yn t he t i c  a c t i v i t y  and high l i g h t  

(Walsh,  1965).  In g e n e r a l ,  under f i e l d  c o n d i t i o n s  d i s s o l v e d  organic  

r e l e a s e  i s  c o r r e l a t e d  with p h o t os yn t he t i c  a c t i v i t y  but  i n c r e as e s  as 

a pe rcen t  l o s s  from eu t r oph i c  t o  o l i g o t r o p h i c  a r eas  (Anderson and 

Zei r t schel , 1970; Thomas, 1971; I g n a t i a d e s ,  1973; Berman and Holm- 

Hansen, 1974).  This  p a t t e r n  could be exp la i ned  by n u t r i e n t  l i m i t a ­

t i o n  uncoupl ing growth and ph o t o s yn t h e s i s  and s u b se qu en t l y  i n c r e a s ­

ing small molecular  weight  pool s i z e .  Rates  o f  o rgan ic  r e l e a s e  

would then be dependent  on d e n s i t y  dependent  f a c t o r s  which a f f e c t  

r a t e s  of  d i f f u s i o n .  The r e s u l t s  r e po r t e d  here  i n d i c a t e  t h a t  organic  

r e l e a s e  could a l so  be enhanced by f l u c t u a t i n g  l i g h t  and high l i g h t  

i n t e n s i t i e s .



CONCLUSIONS

The f l e x i b i l i t y  in t h e  t i m i n g  o f  d i v i s i o n  in j>. c o s t a t u m

allowed f o r  m o di f i c a t i on s  in the  phas ing of d i v i s i o n  and o t he r

growth processes  wi th v a r i a t i o n s  in l i g h t  i n t e n s i t y .  Maximum growth

e f f i c i e n c y  corresponded wi th maximum p e r i o d i c i t y  in d i v i s i o n  (F igure

11 and Table 1) sugges t ing  t h a t  t he  t iming  of  d i v i s i o n  and p a t t e r n

of  growth under a l i g h t - d a r k  c y c l e  i s  impor tant  to  t he  e f f i c i e n c y  of

growth.  When t he  d i u rna l  phasing of  carbon p roduc t i on  and d i v i s i o n

- ?  -1was s i m i l a r  as in c u l t u r e s  grown under 130 and 650 AiEinstein 'm ' - ’s ,

t hen e f f i c i e n c y  was maximized (F igures  10 & 13 and Table  1 ) .  Under 
? 11500 xiEinstein*m s and f l u c t u a t i n g  l i g h t  r e l a t i v e l y  more d i v i s i o n

occur red a t  n igh t  and p ho to s yn th es i s  was l e s s  in phase with o the r

growth  p r o c e s s e s .  Under t h e s e  c o n d i t i o n s  d a i l y  r a t e s  o f  bo t h

r e s p i r a t i o n  and organic  r e l e a s e  were i n c r e as e d .  R es p i r a t i o n  and

organic  r e l e a s e  were g r e a t l y  enhanced dur i ng  t h e  l i g h t  pe r iod  under 
- ?  -11500 xjEinste in 'm s and f l u c t u a t i n g  l i g h t  o f  12 c y c l e s  per  day.

Night - t ime carbon product ion  appeared t o  compensate f o r  i nc reased

r a t e s  o f  r e s p i r a t i o n  d u r i n g  t h e  d a r k  p e r i o d  u n d e r  1500  

- ?  -1^uEins te in‘ni s . However, under t he  v a r i a b l e  l i g h t  regimes  n i g h t ­

t ime r e s p i r a t o r y  a c t i v i t y  inc reased  wi thou t  concomi tant  i n c r e a s e s  in 

r a t e s  o f  dark carbon f i x a t i o n  and the  e f f i c i e n c y  o f  carbon a s s i m i l a ­

t i o n  decreased  (Table 4 ) .  Tamiya jst  _al_. (1953) s i m i l a r l y  found in 

C h l o r e l l a  e l l i p s o i d e a  a dec r ease  in growth e f f i c i e n c y  when photosyn­

t h e s i s  was out  o f  phase wi th o t he r  growth p r o c e s s e s .  However, 

n i g h t - t i m e  carbon product ion  appears  t o  be an impor t an t  p rocess  by



which carbon i s  conserved through r e f i x a t i o n  of  r e s p i r e d  carbon,  

enhancing t he  e f f i c i e n c y  of  carbon a s s i m i l a t i o n  wi th i nc r eas i ng  

growth r a t e .

Although the  d i f f e r e n t i a l  phasing of  p ho t os yn t he s i s  and o th e r  

growth processes  was l e s s  e f f i c i e n t ,  growth r a t e s  under t h e  f l u c t u ­

a t i ng  l i g h t  c on d i t i ons  were main ta ined  a t  r a t e s  comparable to  t he  

r a t e  under c o ns t a n t  l i g h t  of  same d iu r na l  magni tude and p h o t o i n h i b i ­

t i on  of  growth was not  observed under f u l l  s u n l i g h t  c o n d i t i o n s  

( Pa r t s  I & I I ) .  This sugges t s  t h a t  uncoupl ing of  p h o t os yn t hes i s  

from o the r  growth processes  was o f  impor tance in ma i n t a i n i ng  high 

growth r a t e s  under high or  v a r i a b l e  l i g h t .  Such a f l e x i b i l i t y  in 

the  phasing of  d i v i s i o n  and growth would be advantageous in t he  

pe lagi c  environment  when v a r i a t i o n s  in l i g h t  i n t e n s i t y  are  r a p i d  and 

ext reme.  Such c on d i t i on s  p r e va i l  p a r t i c u l a r l y  dur ing  t h e  e a r l y  

spr ing  in t empera t e  c oas t a l  water s  when _S. cos ta tum and diatoms in 

general  are found t o  bloom.
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SUMMARY AND CONCLUSIONS

The purpose o f  t h i s  s t udy  was t o  measure t he  e f f e c t s  o f  v a r i a ­

t i o n s  in l i g h t  i n t e n s i t y  on t he  e f f i c i e n c y  o f  carbon s p e c i f i c  growth 

in Skeletonema costa tum in terms o f  t he  r e l a t i v e  importance of  r e s ­

p i r a t i o n  and organic  carbon r e l e a s e .  Photoadapt ive  c h a r a c t e r i s t i c s  

and d i e l  v a r i a t i o n s  in growth p rocesses  between d i u r n a l l y  c o n s t a n t  

and varying l i g h t  regimes were c o n t r a s t e d .

The e f f e c t s  of  l i g h t  i n t e n s i t y  on c e l l u l a r  biomass c h a r a c t e r ­

i s t i c s  under d i u r n a l l y  c o n s t a n t  l i g h t  were dominated by changes in 

t he  pigment con t en t  o f  c e l l s  so t h a t  t he  C: Ch1 _a r a t i o  i nc reased  

wi th l i g h t  i n t e n s i t y ,  p r i m a r i l y  as a consequence of  v a r i a t i o n s  in 

ch lorophyl l  _a c e l l " ^ .  In c o n t r a s t  to  t he  c o n s t a n t  l i g h t  r eg imes ,  

c e l l  s i ze  decreased under t h e  v a r i a b l e  l i g h t  regimes  but  ch lo rophy l l  

_a c e l l ‘d  remained t he  same dec r ea s i ng  t he  C:Ch 1 _a r a t i o .

Dai ly carbon s p e c i f i c  p a r t i c u l a t e  p roduc t ion  r a t e s  (PP ) were

a s a t u r a t i n g  f unc t ion  of  l i g h t  i n t e n s i t y  wi th a maximum a t  650 
- 2  - 1y u E i n s t e i n ’m . s  and no p h o t o i n h i b i t i o n  o f  g rowt h  a t  1500 

- 2  -1/ j E m s t e m ‘m . s  , a l i g h t  i n t e n s i t y  s i mu l a t i ng  f u l l  s u n l i g h t  con­

d i t i o n s .  Dai ly c h l o r o p h y l 1 _a s p e c i f i c  p a r t i c u l a t e  carbon produc t ion  
ch i(PP ) was a l i n e a r  f u n c t i o n  o f  l i g h t  i n t e n s i t y  from 15-650 

AiEinstein'm ^ . s~^ and ppc ^  decreased  a t  1500 AiEinstein*in- ^ . s~^ 

as a c o n s e q ue n ce  o f  i n c r e a s e d  c h l o r o p h y l l  a_ c e l l " ' * ' .  C e l l u l a r  

c o n ce n t r a t i o n s  of  ch lo rophy l l  a and o t he r  pigments  were ad jus t ed



7 -1from 15-650 w E i n s t e i n ' i n  . s  t o  c o mp e n s a t e  f o r  v a r i a t i o n s  in

l i g h t  a v a i l a b i l i t y .  D a i l y  r a t e s  o f  g rowth  were  u n a f f e c t e d  by

d i u r n a l  v a r i a t i o n s  in l i g h t  i n t e n s i t y .  S m a l l e r  c e l l  s i z e  and 

h igher  ch lorophyl l  _a/cel l  volume al lowed d i v i s i o n  to con t i nue  at  

r a t e s  comparable to  c on s t an t  l i g h t ;  r a t e s  of  d i v i s i o n  r a t h e r  than 

carbon product ion were conserved .

Res p i r a to r y  l o s s e s  of  carbon,  p a r t i c u l a r l y  dur ing  the  dark 

p e r i od ,  were diminished r e l a t i v e  t o  i n c r e a s e s  in growth r a t e  so t h a t  

l o s se s  were und e t ec t a b l e  a t  t he  h i g h e s t  l i g h t  i n t e n s i t i e s .  However, 

e s t i ma t e s  of  t o t a l  d a i l y  r e s p i r a t o r y  a c t i v i t y  revea l ed  a l i n e a r  

r e l a t i o n s h i p  between r e s p i r a t i o n  and growth r a t e  between 15 and 650 

juEinstein 'M~^.s~*.  At 1500 iu E i n s t e i n > f ^ . s ~ ‘*' and under d i u r n a l l y  

varying l i g h t  r e s p i r a t i o n  r a t e s  were h igher  than would have been p r e ­

d i c t e d  from growth r a t e .  The d i s p a r i t i e s  between r e s p i r a t o r y  l o s s  

of  carbon and r e s p i r a t o r y  a c t i v i t y  i nc reased  as l i g h t  i n t e n s i t y  and 

growth r a t e  increased  and appeared to  r e l a t e  t o  t h e  r e c y c l i n g  o f

r e s p i r e d  carbon back into p ho t os yn th e t i c  pathways.  Dai ly r a t e s  of

o r g a n i c  r e l e a s e  (E ) i n c r e a s e d  w i t h  l i g h t  i n t e n s i t y  and under  

f l u c t u a t i n g  l i g h t  b u t  r e ma in ed  l e s s  t h a n  10% o f  GPC under  a l l  

l i g h t  c o n d i t i o n s .

Net  growth  e f f i c i e n c y  (NGE) v a r i e d  f rom 0 . 3 8  t o  0 . 6 9  and
? 1decreased from an optimum a t  130 xiEinstein 'M~ . s  wi th  v a r i a t i o n s  

in l i g h t  c o n d i t i o n s .  Changes in NGE were mos t ly  a consequence of  

v a r i a t i o n s  in r e s p i r a t o r y  a c t i v i t y  no t  o rgan ic  r e l e a s e .  Under
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d i u r n a l l y  varying l i g h t ,  even though r a t e s  o f  g ro s s  p roduc t ion  were 

enhanced r e l a t i v e  t o  c o ns t a n t  l i g h t ,  growth e f f i c i e n c y  was decreased  

because r e s p i r a t o r y  r a t e s  were i nc reased .

Diel v a r i a t i o n s  in c e l l  d i v i s i o n  were observed o n l y  a t  l i g h t

-2  -1i n t e n s i t i e s  of  130 >uEinstein'M .s and g r e a t e r  and were reduced 

under f l u c t u a t i n g  l i g h t .  P a r t i c u l a t e  carbon produc t ion  and ne t  

ch lo rophy l l  _a s yn t hes i s  were g e n e r a l l y  well  c o r r e l a t e d  under a l l  

l i g h t  regimes with maximal r a t e s  dur ing t he  l i g h t  p e r i o d .  As growth 

r a t e  increased t h e r e  was an i nc re as e  in n i g h t - t i m e  s y n t h e s i s  of  both 

carbon and chlorophyl l  _a.

Resp i r a t o r y  a c t i v i t y  dur ing t he  l i g h t  pe r iod  (R^) i nc reased  

r e l a t i v e  to t o t a l  d a i l y  r e s p i r a t i o n  (R ) as growth r a t e  i nc r eas ed .  

A decrease  in n i gh t - t i me  r e s p i r a t o r y  l o s s  (R^) cor responded wi th 

increased dark per iod carbon produc t ion  (PP^) .  Under f l u c t u a t i n g  

l i g h t  r e g im e s  PP^ d id  n o t  b a l a n c e  r e s p i r a t i o n  a t  n i g h t  and so 

Rp inc reased .  Rates o f  organic  r e l e a s e  (Ec ) were maximal dur ing  

the  l i g h t  per iod and d i e l  v a r i a t i o n s  i nc reased  wi th l i g h t  i n t e n s i t y  

and f l u c t u a t i n g  l i g h t .  Under high and v a r i a b l e  l i g h t ,  when Ec was 

e l e v a t e d ,  a l a r g e  p r o p o r t i o n  o f  c a r b o n  was f i x e d  i n t o  a smal l  

molecular  weight  f r a c t i o n  dur ing t he  l i g h t  per iod and Ec could 

have been increased j u s t  by d i f f u s io n - d ep e nd e n t  p r o c es s es .

The t iming of  d i v i s i o n  and p a t t e r n  o f  growth under a l i g h t - d a r k

c y c l e  was i m p o r t a n t  t o  t h e  e f f i c i e n c y  o f  g r o w t h .  When c a r b o n  

product ion  and d i v i s i o n  were most in phase then  e f f i c i e n c y  was



maximized.  Under t he  h i g h e s t  l i g h t  i n t e n s i t y  and f l u c t u a t i n g  l i g h t  

r e l a t i v e l y  more d i v i s i o n  occur red a t  n i gh t  and p h o t o s yn t h e s i s  was 

l e s s  well  coupled to  o t he r  growth p r o c e s s e s ,  i n c r e a s i n g  r e s p i r a t i o n  

and organic  r e l e a s e ,  and dec r ea s i ng  NGE. Also,  n i g h t - t i m e  carbon 

product ion appeared to  be an impor tant  p rocess  by which carbon was 

conserved through t he  r e f i x a t i o n  of  r e s p i r e d  carbon,  enhancing t h e  

e f f i c i e n c y  of  carbon a s s i m i l a t i o n  with i n c re a s i ng  growth r a t e s .

_S. c o s t a t u m  a d j u s t e d  t o  v a r i a t i o n s  in l i g h t  by m o d i f y i n g  

pigment c o n c e n t r a t i o n s  and c e l l  s i ze  so as t o  op t i mi ze  growth r a t e s .  

The conse r va t i on  o f  carbon wi th in  t h e  c e l l  a t  high l i g h t  i n t e n s i t i e s  

appeared t o  a l low f o r  t he  maintenance  o f  high growth r a t e s  so t h a t  

p h o t o i n h i b i t i o n  was no t  observed even under f u l l  s u n l i g h t  cond i ­

t i o n s .  The f l e x i b i l i t y  in t he  phasing of  d i v i s i o n  and growth was 

i m p o r t a n t  t o  t h e  e f f i c i e n c y  o f  g rowth  b u t  a l s o  r e l a t e d  t o  t h e  

c o n t i n u a t i o n  of  high growth r a t e s  under high or  v a r i a b l e  l i g h t .  

Such phys i o l og i ca l  a d ap ta t i on s  would be advantageous  in t h e  pe lag i c  

environment  where v a r i a t i o n s  in l i g h t  can be l a r g e  and r a p i d ,  and 

perhaps ,  in p a r t ,  exp la i n  t he  t remendous success  o f  S . cos ta tum as a 

p h y t o p l a n k t e r .
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Appendix I .  Analysi s  o f  va r i a nc e  (ANOVA): carbon s p e c i f i c  growth
C _ 1

r a t e s  ( pp , h r  ) v e r s u s  d ay  and t i m e  o f  d ay  f o r  

c u l t u r e s  grown under d i u r na l  l y  c o n s t a n t  l i g h t  i n t e n s i t y  

( I Q) or  v a r i a b l e  l i g h t  (500 t o  10 / j E i n s t e i n ' s - *) 

a t  r a t e s  o f  1 or  12 c yc l e s  day .



ANOVA TABLE

-2 -1 I0 , / jEinstein*m s

Source of  

Var ia t ion  SS df MS F

15 Day 2.064 3 0.688 0.32 ns
Time 6.557 3 2.186 1.02 ns
Residual 8.534 4 2.134
Total 17.725 10 1.773

38 Day 22.832 11 2.076 0.47 ns
Time 22.983 3 7.661 1.84 ns
Residual 133.624 32 4.176
Total 178.151 46 3.876

130 Day 2.000 7 0.286 0.43 ns
Time 25.000 3 8.333 13.16 ***
Residual 13.000 21 0.619
Total 40.000 31 1.290

650 Day 14.450 . 8 1.806 0.17 ns
Time 285.867 3 95.289 8.69***
Residual 263.320 24 10.972
Total 563.637 35 16.104

1500 Day 2.767 4 0.692 1.62 ns
Time 8.237 3 2.746 6.42*
Residual 3.422 8 0.428
Total 14.997 15 1.000

1 cyc l e  day"'*' Day 12.655 10 1.266 0.18 ns
Time 201.793 3 67.264 9.35***
Residual 179.842 25 7.194
Total 407.359 38 10.720

12 cyc l e s  day"*- Day 14.842 8 1.855 0.36 ns
Time 237.984 3 79.328 15.25***
Residual 104.015 20 5.201
Total 354.284 31 11.429

ns - not s i g n i f i c a n t , * - p<0.05, ** - p<0 .01,  *** - p<0.001

-102-



Appendix I I Analys i s  o f  v a r i a n ce  (ANOVA): c e l l  number (CELL NO),

p a r t i c u l a t e  o rganic  carbon (POC) and ch l o r o ph y l l  ja

(CHLa) c o n c e n t r a t i o n s  ve r sus  Time o f  Day f o r  c u l t u r e s

grown under d i u r n a l l y  c o ns t a n t  l i g h t  i n t e n s i t y  ( I  )
- ?  -1or  v a r i a b l e  l i g h t  (500 t o  10 x iEins te in 'm s ) a t  

r a t e s  of  1 or  12 cyc l e s  day- ^.  (ns  - not  s i g n i f i c a n t ,  

* - p<0.05,  ** - p<0.01,  *** - pCO.OOl).

-103-



I Q, 15 AiEinstein•m"2 's “ 1 ANOVA TABLE

ir i ab le
Source of  
Va r i a t i on ' SS df MS F

CELL NO Time of  Day 4.41 3 1.47 1.96 ns
Er ror 129.00 172 0.75
Total 133.41 175

POC Time of  Day 0.018 3 0.006 1.00 ns
Er ror 0.055 9 0.006
Total 0.073 12

CHLa Time of  Day 21.55 3 7.18 17.79***
Er ror 29.08 72 0.40
Total 50.63 75
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I Q, 38 ju E in s te in ’ n T ^ 's "* ANOVA TABLE

Source of
Var iable  Var i a t i on  " SS df  MS F

CELL NO Time of  Day 5.49 3 1.85 1.85 ns
Er ror  403.07 403 1.00
Total  408.74 406 1.01

Time of
Er ror
Total

Day 4.79
158.74
163.53

3
147
150

1.60
1.08
1.09

1.48 ns

Time of Day 4.05 3 1.35 38.16***
Error 3.25 92 0.04
Total 7.30 95



- 2  -1
I Q, 130 /uEinstein'in ’ s ANOVA TABLE

i r i a b l e
Source of  
Va r i a t i on SS df MS F

CELL NO Time of  Day 98.10 7 14.01 6.86***
Error 504.69 247 2.04
Total 602.80 254

POC Time o f  Day 0.42 3 0.14 9.02***
Error 0.44 28 0.02
Total 0.86 31

CHLa Time of  Day 0.20 3 0.067 65.53***
Error 0.01 12 0.001
Total 0.21 15
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- ?  - 1IQ, 650 wE inste in 'm  s ANOVA TABLE

i r i a b l e
Source of  
Va r i a t i on SS df MS F

CELL NO Time o f  Day 62.15 3 20.72 13.67***
Error 430.43 284 1.52
Total 492.59 287

POC Time o f  Day 1.00 3 0.33 12.98***
Error 2.67 104 0.03
Total 3.67 107

CHLa Time o f  Day 0.44 3 0.15 103.63***
Error 0 .06 44 0.001
Total 0.51 47
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I Q, 1500 ju E in s te in 'n f2 ’ s-1 ANOVA TABLE

i r i a b l e
Source of 
Var i a t i on SS df MS F

CELL NO Time of  Day 19.80 3 6.60 4.35***
Er ror 206.45 136 1.52
Total 226.26 139

POC Time of  Day 1.17 3 0.39 13.07***
Er ror 1.37 46 0.03
Total 2.55 49

CHLa Time of  Day 4.23 3 1.41 43.78***
Er ror 1.48 46 0.03
Total 5.71 49
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I 0 , 1 cyc le  day"1 ANOVA TABLE

t r i a b l e
Source of  
Va r i a t i on SS df MS F

CELL NO Time of  Day 3.04 3 1.01 0.75 ns
Error 412.31 304 1.35
Total 415.35 307

POC Time o f  Day 0.83 3 0.28 17.71***
Error 1.71 110 0.02
Total 2.53 113

CHLa Time of  Day 12.74 3 4.25 28.20***
Error 15.05 100 0.15
Total 27.81 103



IQ, 12 cycles day"1 ANOVA TABLE

Source of
Var iab le  Va r i a t i on  SS df  MS F

CELL NO Time of  Day 18.78 3 6.26 4.96**
Error  328.02 260 1.26
Total  346.80 263

Time of Day 0.60 3 0.20 10.89***
Error 1.68 92 0.02
Total 2 .28 95

Time of Day 12.19 3 4.06 48.16***
Error 7.93 94 0.08
Total 20.12 97
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Appendix I I I .  Analysi s  o f  v a r i an ce  (ANOVA): C:Chlji ve r s us  Time o f  

Day f o r  c u l t u r e s  grown under d i u r n a l l y  c o ns t a n t  l i g h t

i n t e n s i t y  ( I Q) o r  v a r i a b l e  l i g h t  ( 5 0 0  t o  10
_ 1 1 

wEins te in 'm s - 1 ) a t  r a t e s  o f  1 o r i 2  c yc l e s  day .
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_ ?  _ 1
I Q, juEmstein 'm s ANOVA TABLE

Source of  
Va r i a t i on SS df MS F

38 Time of  Day 85.13 3 28.38 2.44 ns
Error 324.75 28 11.60
Total 409.88 31

130 Time of  Day 386.94 3 128.98 10.26***
Er ror 163.30 13 12.56
Total 550.24 16

650 Time o f  Day 1729.50 3 576.50 2.64 ns
Error 2621.50 12 218.46
Total 4351.00 15

1500 Time o f  Day 27.00 3 9.00 0 .18  ns
Er ror 892.50 18 49.58
Total 919.50 21

1 cyc l e  day"* Time of  Day 264.79 3 88.26 3.45*
Error 869.11 34 25.56
Total 1133.90 37

12 c yc l e s  day- * Time o f  Day 338.20 3 112.73 2.02 ns
Error 1785.80 32 55.81
Total 2124.00 35

ns -  not  s i g n i f i c a n t ,  * - p<0.05,  ** - pCO.Ol, *** -  p<0.001
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