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A BSTRA C T: P h y to p la n k to n  p r im a ry  p ro d u c t io n  w a s  s t u d i e d  in t h e  tu r b id  e s t u a r y  of th e  r iver  S c h e ld e  
(The N e th e r l a n d s ) .  M e a s u r e d  r a te s  of g ro ss  p r im a ry  p r o d u c t io n  w e r e  c o m p a r a b l e  to o th e r  e s tu a r ie s .  
R e sp i ra t io n  r a te s  w e r e  c a l c u la te d  a s  b e in g  a f ix ed  p e r c e n t a g e  of th e  m a x i m u m  ra te  of p h o to s y n th e s i s  
(Partid,)■ W e c a l c u l a t e d  th a t  n e t  p r im a ry  p r o d u c t io n  w o u ld  b e  p o ss ib le  on ly  w h e n  th e  r a te  of r e s p i r a t io n  
w a s  less  th a n  1 .5%  of P smnx. T h is  r e sp i r a t io n  r a te  s e e m e d  too low  to b e  rea l is t ic ,  b u t  w a s  n e c e s s a r y  to 
e x p la in  th e  o b s e r v e d  g r o w th  of p h y to p la n k to n .  N e a r  th e  m a x i m u m  tu rb id i ty  zo n e ,  n o  n e t  a n n u a l  p r i ­
m a r y  p ro d u c t io n  c ou ld  b e  c a l c u la te d .  M a x i m u m  ra te s  of p h o to s y n th e s i s  w e r e  s im ila r  to th o s e  r e p o r t e d  
in  th e  l i te ra tu re .  P h y to p la n k to n  h a d  re la t iv e ly  h ig h  r a te s  of p h o to s y n th e t i c  aff in i ty  [ a B, 0 .032 to 0 .043 
m g  C m g ' 1 chi h ' 1 (pmol m ' 2 s ' 1) ' 1], a l t h o u g h  th e y  w e r e  w i th in  th e  r a n g e  r e p o r t e d  in th e  l i te ra tu re .  
W h e n  lo w e r  v a lu e s  for a B w e r e  u se d ,  e s t im a te s  of n e t  p r im a ry  p r o d u c t io n  d e c r e a s e d  s ign if ican t ly .  W e 
p r o p o s e  t h a t  it is p r o b a b ly  b e t t e r  to u se  th e  0.1 % l ig h t  leve l  a s  th e  b a s e  of th e  p h o t ic  d e p t h  t h a n  th e  1 % 
lig h t  l ev e l  w h e n  c o n s id e r in g  th e  critical d e p th .  W e  a lso  c a l c u l a t e d  r e s p i r a to ry  lo sses  w i th  a s im p le  2- 
c o m p a r t m e n t  m o d e l  a s s u m in g  t h a t  r e s p i r a t io n  w a s  d e t e r m i n e d  b y  m a i n t e n a n c e  p r o c e s s e s  a n d  by  th e  
g r o w th  ra te .  U s in g  th is  m o d e l  w i th  p u b l i s h e d  p a r a m e t e r  v a lu e s ,  th e  c a l c u l a t e d  r e sp i r a to ry  lo sses  in th e  
s u m m e r  w e r e  c o m p a r a b l e  to th e  r e su l t s  in  w h ic h  a r e s p i r a t io n  r a te  e q u a l  to 1.5 % of P smdX w a s  a s s u m e d .  
H e n c e ,  th is  p h y s io lo g ica l ly  m o re  s o u n d  a p p r o a c h  a l l o w e d  ca lc u la t io n  of n e t  p r im a ry  p r o d u c t io n  
w h e r e a s  th e  m o re  r ig id  a p p r o a c h  a s s u m i n g  th a t  r e s p i r a t io n  is a  f rac tion  of R Bmax d id  not.
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IN T R O D U C T IO N

P rim ary  p ro d u c t io n  by  p h y to p la n k to n  in  e s tu a r ie s  
c a n  b e  h ig h  in  co m p a r iso n  to n e a r b y  coas ta l  a r e a s  d u e  
to re la t iv e ly  h ig h  n u t r ie n t  co n cen t ra t io n s .  T h is  p o t e n ­
tial p ro d u c t io n  is n o t  a lw a y s  r e a c h e d  b e c a u s e  e s t u a r ­
ies, e sp ec ia l ly  th e  w e l l -m ix e d  coas ta l  p la in  e s tu a r ie s ,  
a r e  o ften  v e ry  tu rb id ,  im p o s in g  l igh t l im i ta t ion  on  p r i ­
m a ry  p ro d u c t io n  by  a lg a e .  W ith  so m e  ex c e p t io n s  — 
th e  E m s E s tu a ry  (Colijn 1983), th e  D u tc h  W a d d e n  S e a  
(C a d e e  1993), th e  Bristol C h a n n e l  (Jo in t & P o m ro y  
1981) a n d  th e  W e s te r s c h e ld e  (Van S p a e n d o n k  e t  al. 
1993) — a n n u a l  p r im a ry  p ro d u c t io n  b y  p h y to p la n k to n  
is no t w e ll  s tu d ie d  in E u r o p e a n  es tu a r ie s .

T h e  S c h e ld e  E s tu a ry  (Fig. 1) is a tu rb id ,  e u tro p h ic  
coas ta l  p la in  e s tu a ry  in th e  so u th w e s t  of T h e  N e th e r -
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lan ds .  It is a  sy s te m  of re la t iv e ly  d e e p  t ida l  c h a n n e l s  
s e p a r a t e d  by  in te r t id a l  flats. T h e  e s tu a ry  is fe d  by  th e  
r ive r  S ch e ld e ,  w h ic h  h a s  a  c a tc h m e n t  a r e a  of a p p r o x i ­
m a te ly  19 500 k m 2 (H eip  1989). A sa l in i ty  g r a d i e n t  
ex is ts  w h ic h  in c r e a s e s  from  a p p ro x im a te ly  2.5 p su  
n e a r  A n tw e r p e n  to 29 p su  a t  th e  s e a w a r d  b o u n d a r y  
n e a r  V l is s in g e n  (see Fig. 1). T h e  r e s id e n c e  t im e  of 
w a te r  in  th e  e n t i r e  e s tu a ry  is a p p ro x im a te ly  75 d  (H eip  
1989). As th e  e s tu a ry  is h ea v i ly  p o l lu te d  by  d o m e s t ic  
a n d  in d u s t r ia l  w as te ,  b a c te r ia l  g r o w th  is in te n s iv e  
(Billen e t  al. 1988, G o o se n  e t  al. 1992), l e a d in g  to o x y ­
g e n  d e p le t io n  in th e  m o r e  ce n tra l  a n d  e a s t e r n  p a r t s  of 
th e  e s tua ry .  O x y g e n  s a tu ra t io n  leve ls  b e lo w  1 0 %  a re  
fo u n d  in  th e  r ive r  S c h e ld e .  N u t r i e n t  c o n c e n t ra t io n s  a re  
h ig h  (K ro m k a m p  e t  al. in  press) .  T h e  r a n g e  in th e  s e a ­
so n a l  g ro w th  p e r io d  (April 1 to S e p te m b e r  30) b e tw e e n
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Fig. 1. S a m p l i n g  s ta t io n s  in  th e  S c h e ld e  E s tu a ry ,  T h e  N e th e r l a n d s .  ,______,___ 4
A v e r a g e  sa l in i ty  (psu) is g iv e n  in p a r e n t h e s e s  0 10 20 KM

s e a w a t e r  ( s e a w a rd  b o u n d a ry )  a n d  f r e s h w a te r  is 70 to 
600 p M  for d is so lv ed  in o rg a n ic  n i t ro g e n ,  3 to 20 p M  for 
p h o s p h a t e  a n d  5 to 230 p M  for silicate .  A v e ra g e  a n n u a l  
to ta l  s u s p e n d e d  m a t te r  c o n te n t  c h a n g e s  f rom  m o re  
t h a n  80 m g  I“ 1 a t  th e  f r e s h w a te r  b o u n d a r y  to less  th a n  
30 m g  I -1 a t  th e  s e a w a r d  b o u n d a ry .  As n u t r i e n t  c o n ­
c e n t r a t io n s  a r e  v e ry  h igh ,  th e y  do  n o t  limit p h y to ­
p l a n k t o n  g ro w th  (Van S p a e n d o n k  e t  al. 1993, S o e ta e r t  
e t  al. 1994).

As th e  w a te r  c o lu m n  is g e n e ra l ly  w e ll  m ixed ,  p h y to ­
p l a n k t o n  e x p e r i e n c e  a v a ry in g  l igh t  re g im e .  H o w ev e r ,  
in  th e  c e n t r a l  a n d  w e s t e r n  p a r t s  of th e  bas in ,  w e  r e g u ­
la r ly  o b s e r v e d  a te m p o ra r y  sa l in i ty  d i f fe re n c e  of u p  to 
2 to 3 p su  b e tw e e n  th e  su r face  a n d  th e  bo ttom , w h ic h  
l a s te d  a few  h ours .  It w a s  o b s e r v e d  by  V an  S p a e n d o n k  
e t  al. (1993) th a t  in  th e  W e s t e r s c h e ld e  th e  e u p h o t ic  
d e p th s  m ig h t  b e  co n s id e ra b ly  sm a l le r  t h a n  th e  m ix in g  
d e p th s  (in th is  s tu d y  t a k e n  as th e  a v e r a g e  b o t to m  
d e p t h  of e a c h  c o m p a r tm e n t ) ,  in d ic a t in g  th a t  d u r in g  
d a y l ig h t  p h y to p la n k to n  e x p e r i e n c e  l ig h t  in ten s i t ie s  too 
low  to s u p p o r t  p h o to s y n th e s is .  If th e  t im e  s p e n t  b e lo w  
th e  p h o t ic  d e p th  is too long ,  th e  cri tical d e p th  will be  
e x c e e d e d  a n d  th e  re s p i ra t io n  ra te  on  a da i ly  sca le  will 
b e  h ig h e r  th a n  th e  p h o to s y n th e s i s  ra te ;  n e t  g ro w th  is 
no  lo n g e r  p oss ib le ,  l e a d in g  to loss of cell  m a s s  a n d  
e v e n tu a l ly  to th e  d e c l in e  of p o p u la t io n s .  It is g e n e ra l ly  
a s s u m e d  th a t  th e  cri tical d e p th  n e c e s s a ry  to su s ta in  
p h y to p la n k to n  p o p u la t io n s  is 5 to 6 t im es  th e  eu p h o t ic  
d e p th  ( tak e n  as th e  d e p th  to w h ic h  1 % of th e  l ight 
p e n e t r a te s ;  e .g . G r o b b e l a a r  1985, C lo e rn  1987, A lp in e  
& C lo e rn  1988).

G e nera l ly ,  p h y to p la n k to n  re s p i ra t io n  is n o t  t a k e n  
in to  a c c o u n t  w h e n  s tu d y in g  p r im a ry  p ro d u c t io n .  C ole  
e t  al. (1992) q u e s t io n e d  w h e t h e r  a p osi t ive  c a rb o n  b a l ­
a n c e  w a s  po ss ib le  in th e  tu rb id  H u d s o n  R iver E stuary , 
USA. R esu lts  of F ic h e z  et al. (1992) a n d  V a n  S p a e n ­

d o n k  e t  al. (1993) s h o w e d  th a t  n e t  p h y to p la n k to n  
g ro w th  d id  o ccu r  in  th e  tu rb id  es tua r ie s ,  d e s p i te  th e  
fact th a t  th e  ra tio  of e u p h o t ic  d e p th  to m ix in g  d e p th  
w a s  u n fa v o u ra b le .

W e s tu d ie d  p r im a ry  p ro d u c t io n  in  th e  W e s te r sc h e ld e  
a n d  a po r t io n  of th e  S c h e ld e  River as p a r t  of a n  e c o s y s ­
te m  s tu d y  a n d  w e r e  in t e r e s t e d  in th e  c a rb o n  b a la n c e  of 
th e  p h y to p la n k to n .  In this  p a p e r  n e t  p h y to p la n k to n  
p ro d u c t io n  is e s t im a te d  u n d e r  the  a s s u m p t io n  th a t  r e s ­
p ira t io n  (R ) is a  f ixed  p e r c e n t a g e  of th e  m a x im u m  ra te  
of p h o to s y n th e s i s  (Pmax in  m g C m g -1 ch i h _1). T h e  e s t i ­
m a t e d  re s p i ra to ry  losses  a r e  c o m p a r e d  to a p h y s io lo g i­
ca l  m o d e l  w h e r e  r e s p ira t io n  is sp lit  in to  m a i n t e n a n c e  
r e s p ira t io n  a n d  r e s p ira t io n  w h ic h  v a r ie s  l in ea r ly  as  a 
fun c t io n  of p r im a ry  p ro d u c t io n .

M ETH O DS  

W ater sam p lin g  and p h ysica l m easu rem en ts. In
1991 all s ta t io ns  (Fig. 1) w e re  s a m p le d  e v e ry  2 w k  from  
M a r c h  to O c to b e r  a n d  o n ce  a  m o n th  for th e  re s t  of th e  
year.  T e m p e r a tu re ,  pH , o x y g e n  co n c e n t ra t io n  a n d  
sa l in i ty  w e r e  m e a s u r e d  in  s i tu  u s in g  a C T D -p ro b e  
(H 2 0 -d a ta s o n d e  c o u p le d  to a S u rv e y o r  3, H y dro lab ) .  
O n ly  d a ta  from  su r fa ce  s a m p le s  a r e  p r e s e n t e d  h e re .  
L igh t a t t e n u a t io n  w a s  m e a s u r e d  u s in g  Licor LI-192SB 
c o s in e -c o r r e c te d  l igh t  sen so rs  w h ic h  w e re  c o n n e c te d  
to a Licor LI-185B q u a n tu m  m eter .

C h em ica l a n a ly ses. S es to n  d ry  w e ig h t  w a s  d e t e r ­
m in e d  g rav im e t r ic a l ly  a f te r  d ry in g  a t  70°C.

S a m p le s  for p ig m e n t  a n a ly s e s  of p h y to p la n k to n  
w e r e  f i l te red  o n to  g lass  f ib re  f ilter (S ch le ich e r  & 
Schuell ,  no. 6). F ilters a n d  s e d im e n t  s a m p le s  w e re  
e x t r a c te d  in 9 0 %  a c e to n e  a n d  p ig m e n ts  w e r e  d e t e r ­
m i n e d  u s in g  r e v e r s e d  p h a s e  h ig h - p e r f o r m a n c e  l iqu id
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c h ro m a to g r a p h y  (HPLC) a c c o rd in g  to G ie sk e s  et al.
(1988).

Prim ary p rod u ction  of p h ytop lan k ton . D u p lica te  
50 ml s a m p le s  [to w h ic h  200 pi of 185 kBq m l -1 14C- 
N a H C O j  (A m ersh am ) w a s  a d d e d ]  w e re  in c u b a te d  in a 
ro ta t in g  in c u b a to r  (V eg te r  & d e  V isscher  1984) on 
b o a rd  the  RV 'Luctor '  im m e d ia te ly  a f te r  s a m p l in g  at 
in s i tu  te m p e ra tu re s .  T h e  s a m p le s  in  th e  in cu b a to r  
w e re  e x p o s e d  to 10 d i f fe re n t  i r r a d ia n c e s  (ex c lud in g  
th e  d a rk  bottles) u p  to a m a x im a l  i r r a d ia n c e  of 
810 pm o l m -2 s " ’. A fte r  in c u b a t io n  th e  s a m p le s  w e re  
g e n t ly  f i l te red  o ve r  0.45 p m  n i t ro ce l lu lo se  filters 
(S ch le ich e r  & S c h u e ll  BA23). T h e  in c u b a t io n  p e r io d  
w a s  2 h. F ilters w e r e  p la c e d  in  HC1 fu m es  for 30 min, 
air d r ied  a n d  c o u n te d  in a  B e c k m a n n  LSC (LS5000TD). 
A  sc in ti l la t ion  cock ta il  w a s  p r e p a r e d  u s in g  0 .5 %  (w/v) 
P P O  (2 ,5 -d ip h en y lo x azo l ,  p .a. M erck )  in to lu e n e  
(Baker, te ch n ica l  g rad e ) .  C o rre c t io n  for q u e n c h  took  
p la c e  u s in g  th e  shift in th e  C o m p to n  p e a k  (H -n u m b er)  
a c c o rd in g  to th e  m a n u f a c tu r e r ' s  in s truc t ions .  D isso lved  
in o rg a n ic  c a rb o n  w a s  d e te r m i n e d  by  p o te n t io m e tr ic  
ti tra tion. P r im ary  p ro d u c t io n  w a s  c a lc u la te d  u s in g  an  
iso to pe  d is c r im ina t io n  fac to r  of 1.05. T h e  ra te  of c a rb o n  
f ixation  in  th e  d a r k  bo tt les  w a s  s u b t r a c te d  fro m  th a t  in 
th e  l igh t  b o t t le s  in  o rd e r  to a v o id  o v e re s t im a te s  of p r i ­
m a ry  p ro d u c t io n  by  p h y to p la n k to n  d u e  to c h e m o sy n -  
th e t ic  p ro cesses .

T h e  p h o to s y n th e s i s / i r r a d ia n c e  (P/I) c u rv e s  w e re  fi t­
ted  a c c o rd in g  to E ilers & P e e te r s  (1988):

P B = E / ( a E 2 + b E +  c) (1)

w h e r e  P B is th e  ra te  of p h o to s y n th e s is ,  E  is th e  (scalar) 
in c u b a t io n  i r r a d ia n c e  (pm ol m ~ 2 s _1) a n d  a, b a n d  c a re  
f i t-cons tan ts .  PBmax [1 /(6  + 2 / a c ) ] ,  th e  p h o to s y n th e t ic  
capaci ty ,  is th e  m a x im a l  r a te  of p h o to s y n th e s i s  (mg C 
m g -1 chi h ' 1) a n d  o B (1/c) is th e  p h o to s y n th e t ic  eff i­
c iency, i.e. th e  in itia l s lope  of th e  P /I  c u rv e  [mg C m g " 1 
chi h r 1 (pmol m ~ 2 s " 1) -1]. T h e  su p e r sc r ip t  B  d e n o te s  
th a t  P /I  ch a ra c te r is t ic s  w e r e  c a lc u la te d  p e r  m g  c h lo ro ­
phy ll  a (chi a). T h e  i r r a d ia n c e  in  th e  in c u b a to r  w a s  
m e a s u r e d  w ith  a  4rt s e n s o r  (B iospherica l  In s trum en ts ) .  
B e c a u s e  th e  in c u b a t io n  t im e  of 2 h w a s  re la t iv e ly  short, 
it w a s  a s s u m e d  th a t  th e  m e a s u r e d  ra te s  of p h o to s y n ­
thes is  e q u a l l e d  g ro ss  r a te s  (Williams 1993).

W a te r  c o lu m n  p ro d u c t io n  w a s  c a lc u la te d  from  the  
fi t ted  P/1 cu rve ,  th e  a t t e n u a t io n  coeff ic ien t a n d  hour ly  
in c id e n t  i r rad ia n ce .  T h e  la t te r  w a s  m e a s u r e d  close to 
S tn  5 (H a n sw e e r t )  w i th  a  K ipp  so la r im e te r  fi t ted  w ith  
a PAR (400 to 700 nm ) sensor .  B e c a u se  th e  in s t ru m e n t  
b ro k e  d o w n  in 1991, h o u r ly  l igh t  d a ta  w e r e  o b ta in e d  
from  a  local s ta t ion  of th e  D u tc h  M e te o ro lo g ic a l  In s t i ­
tu te  (KNMI). H o w e v e r ,  th e  s e n s o r  th e y  u s e d  in t e ­
g r a t e d  rad ia t io n  from  300  to 2200 nm . A co n v e rs io n  
fac tor  (0.33 ± 0.02) w a s  c a lc u la te d  a f te r  c o m p a r in g  
500 hour ly  d a ta  p o in ts .  In te g ra l  co lu m n  p ro d u c t io n

c o r r e c te d  for b a s in  m o r p h o lo g y  (b e c a u s e  th e r e  a re  
la r g e  t ida l  flats a n d  sh a l low  a re a s  in th e  W este r-  
sc h e ld e  w h ic h  t a k e  u p  a p p ro x im a te ly  2 5 %  of th e  total 
su r face  a rea )  w a s  c a lc u la te d  a c c o rd in g  to K le p p e r  
(1989), by ca lc u la t in g  p r im a ry  p ro d u c t io n  p e r  m 2 in 
sm all laye rs  of 25 cm  d e p th  w h ich  w e r e  th e n  m u l t i ­
p l ied  by  th e  su r fac e  a r e a  a t  th e  p a r t ic u la r  d e p t h  of th e  
c o m p a r tm e n t .  A fter  a d d i t io n  of th e  v a lu e s  from  all 
layers ,  th e  w a te r  c o lu m n  p ro d u c t io n  (mg C m ~ 2 h _1) 
w a s  c a lc u la te d  b y  d iv id in g  th e  to tal p ro d u c t io n  in th e  
c o m p a r tm e n t  by th e  su r fac e  a r e a  of t h a t  c o m p a r t ­
m e n t .  P ro d u c t io n  ra te s  b e tw e e n  s a m p l in g  p o in ts  w e re  
c a lc u la te d  u s in g  m e a s u r e d  i r r a d ia n c e  d a ta  a n d  a s ­
s u m in g  th a t  th e  P/1 ch a rac te r i s t ic s  a n d  p h o t ic  d e p th s  
d id  n o t  c h a n g e  d u r in g  th e  ca lc u la t io n  in te rv a l  (the 
w e e k  b e fo re  a n d  th e  w e e k  fo l low ing  th e  s a m p l in g  
da te ) .  C a rb o n  tu r n o v e r  ra te s  (P /B  rat ios) w e r e  c a lc u ­
la t e d  by  d iv id in g  th e  c o lu m n  p ro d u c t io n  (P) b y  th e  
c a rb o n  c o n te n t  of th e  p h y to p la n k to n  in th e  w a te r  co l­
u m n  (b iom ass , B). T h e  c a rb o n  c o n te n t  of th e  p h y to ­
p la n k to n  w a s  c a lc u la te d  from  the  ch lo ro p h y l l  a c o n ­
tent,  a s s u m in g  a C /c h l  a  ra tio  of 30. T h is  ra t io  w a s  
c h o se n  b e c a u s e  it w a s  th e  m e a n  ra t io  fo u n d  in p h y to ­
p la n k to n  s a m p le s  t a k e n  from  th e  n e a r b y  O o s te r -  
s c h e ld e  E s tu a ry  d u r in g  th e  p e r io d  1982 to 1990, from  
w h ic h  v o lu m e  m e a s u r e m e n t s  w e re  d e t e r m i n e d  m ic ro ­
scop ica lly  (W ets tey n  & K ro m k a m p  1994). T h is  w a y  
h ig h  C /c h l  a ra t ios w e r e  p r e v e n t e d  w h ic h  w o u ld  h a v e  
o th e rw is e  o c c u r r e d  if th e  c a rb o n  c o n te n t  w a s  c a lc u ­
la te d  from  p a r t ic u la te  (detrital) o rg a n ic  c a rb o n  m e a ­
su r e m e n ts .  A l th o u g h  th e  C /c h l  a ra t io  c a n  v a ry  d e ­
p e n d in g  on  e n v i r o n m e n ta l  cond it ions ,  re c a lc u la t io n  of 
n e t  p r im a ry  p ro d u c t io n  w ith  a s s u m e d  C /c h l  a ra t ios  of 
20 or 50 a g a in  led  to th e  co n c lu s io n  th a t  th e  r e s p i r a ­
t ion  ra te  w a s  h ig h e r  th a n  th e  g ro ss  p r im a ry  p r o d u c ­
tion ra te ,  a s s u m in g  th a t  th e  r e s p ira t io n  ra te  w a s  > 5 %

RESULTS 

E u p h otic  depths

T h e  ratio  of th e  a v e r a g e  a n n u a l  m ix in g  d e p th  (2 ril, 
t a k e n  as th e  to ta l  w a te r  d ep th )  re la t iv e  to th e  e u p h o t ic  
d e p th  (Zeu, t a k e n  as  th e  d e p th  to w h ic h  1 % of th e  s u r ­
face  l ig h t  p e n e t r a te s )  is p lo t te d  in  Fig. 2. W h e n  it is 
a s s u m e d  th a t  th e  e u p h o t ic  d e p th  is e q u a l  to th e  d e p th  
to w h ic h  1 % of th e  su r fa c e  i r r a d ia n c e  p e n e t r a te s ,  th e  
Zn/Zgu ratio  va r ie s  b e t w e e n  4 a n d  6 in  th e  o u te r  p a r t  of 
th e  e s tu a ry ,  a n d  in c r e a s e s  to m o r e  t h a n  10 in  th e  lim nic  
par t .  L a rg e  va r ia t io n s  (up  to 1 00%  a t  so m e  occas ions)  
o c c u r r e d  a t  e a c h  s ta tion ,  m a in ly  d u e  to  t ida l  va r ia t io n s  
(i.e. r e s u s p e n s io n  of s e d im en ts ) .  T h e  d a s h e d  h o r izo n ta l  
l ine a t  a  Z ^ I Z eu ra t io  of 5 in Fig. 2 in d ic a te s  th e  cri tical
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Fig. 2. A n n u a l  a v e r a g e  m ix in g  d e p t h  to e u p h o t i c  d e p t h  ra t io  
(Zm/Zeu) for  e a c h  s ta t ion .  T h e  e u p h o t i c  z o n e  w a s  t a k e n  as  th e  
d e p t h  to  w h ic h  1 %  of t h e  su r f a c e  i r r a d i a n c e  p e n e t r a t e s  ( ■ ) .  
T h e  s h o r t  d a s h e s  s h o w  th e  s t a n d a r d  e r ro r  of t h e  m e a n .  ( • )  
In d ic a te s  w h e n  th e  d e p t h  of t h e  e u p h o t i c  d e p t h  w o u ld  e q u a l  
0.1 % of t h e  su r f a c e  i r r a d i a n c e .  T h e  d a s h e d  l ine  in d i c a t e s  th e  

Znj/Zgu ra t io  (of 5) g iv in g  r ise  to t h e  cr i t ica l  d e p t h

d e p th .  T h e  critical d e p t h  is, of course ,  n o t  co ns tan t ,  b u t  
d e p e n d i n g  o n  th e  t im e  of th e  y e a r  (i.e. on th e  l e n g th  of 
th e  p h o to p e r io d )  a n d  on  th e  p h y to p la n k to n  c o m p o s i ­
t ion  (Tett 1990, L a n g d o n  1993). H o w ev e r ,  if th e  critical 
d e p th  is c lose  to or h ig h e r  th a n  a Zm/Z eu ra t io  of 5 in 
Fig. 2, n o  n e t  p h o to s y n th e s i s  is p oss ib le  in  th e  e a s t e rn  
h a lf  of th e  e s tu a ry  w h e r e a s  th e r e  will on ly  b e  a  l im i ted  
n e t  p ro d u c t io n  in  th e  w e s te r n  h a lf  of th e  bas in .  W h e n  it 
is a s s u m e d  th a t  th e  e u p h o t ic  d e p th  e q u a l s  th e  d e p th  to 
w h ic h  0 .1 %  of th e  su r fa c e  l ig h t  p e n e t r a te s ,  n e t  p r im a ry  
p ro d u c t io n  is p o ss ib le  a t  sa l in i t ies  h ig h e r  th a n  15 psu . 
T h e  q u e s t io n  w h e t h e r  a p osi t ive  c a rb o n  b a la n c e  is a 
p oss ib il i ty  for p h y to p la n k to n  will b e  e x p lo re d  la te r  in 
th is  p a p e r .

P h ytop lan k ton  ch lo ro p h y ll and g ro ss  prim ary  
p rod u ction

C h lo ro p h y l l  b io m a ss  a n d  da i ly  p r im a ry  p ro d u c t io n

Fig. 3 sh o w s  th e  se a s o n a l  c h a n g e s  in  p h y to p la n k to n  
b iom ass ,  e x p r e s s e d  in te r m s  of ch i a a n d  g ro ss  p r im a ry  
p ro d u c t io n .  D y n a m ic s  in  p h y to p la n k to n  b io m ass  a n d  
p ro d u c t io n  at S tn  1 s h o w e d  th e  p a t t e r n  n o rm a l ly  s e e n  
in t e m p e r a t e  m a r in e  a re a s .  F u r th e r  u p  th e  e s tua ry ,  th e  
m o re  tu rb id  co n d it io ns  l im i ted  p ro d u c t io n  m o re  to th e  
s u m m e r  p e r io d  a n d  th e  re la t io n  b e tw e e n  ch lo ro ph y ll  
a n d  p ro d u c t io n  b e c a m e  less  c le a r  (see a lso  K ro m k a m p  
e t  al. in  p ress).

T h e  a v e r a g e  a n n u a l  chi a c o n c e n t ra t io n  w a s  h ig h  in 
th e  l im nic  reg io n ,  w h e r e  o x y g e n  co n c e n t ra t io n s  w e re  
low est ,  a n d  d e c r e a s e d  sh a rp ly  to a p p ro x im a te ly  7 m g
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Fig. 3. Change in chlorophyll content (■ )  and  daily produc­
tion (lines) for 4 representative stations

m r 3 a n d  th e n  r e m a in e d  c o n s ta n t  a t  sa l in i t ies  h ig h e r  
th a n  10 p su  (Fig. 4). T h is  s h a r p  d e c r e a s e  c a n n o t  b e  
e x p la in e d  b y  d i lu t ion  a lon e .  M o s t  likely, p h y to p l a n k ­
to n  c o m in g  from  th e  r ivers  S c h e ld e  a n d  R u p e l  d ie  
w h e n  th e y  e n c o u n te r  m o r e  s a l in e  co n d it ion s .  Also, th e  
m a i n  p h y to p la n k to n  g ra z e r s  w e r e  n e a r ly  a b s e n t  at 
sa l in i t ies  b e lo w  8 p su ,  d e c r e a s in g  g ra z in g  losses  in th e  
l im nic  p a r t  (S o e tae r t  e t  al. 1994, K ro m k a m p  e t  al, in
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Fig. 4. C h a n g e  in a v e r a g e  c h lo ro p h y l l  c o n c e n t r a t i o n  (M a rc h  
to D e c e m b e r )  w i th  sa l in i ty

press) .  A l a r g e  c o n tr ib u t io n  to th e  to tal chi a in  th e s e  
low  sa lin ity  w a te r s  by  m ic ro p h y to b e n th o s  a n d  salt 
m a r s h  p la n t s  is u n l ik e ly  b e c a u s e  th e  a r e a  of salt 
m a r s h e s  a n d  in te r t id a l  flats is sm all  c o m p a r e d  to the  
c e n tra l  a n d  w e s te r n  p a r t s  of th e  bas in .  T h e  a v e ra g e  
s u m m e r  chi a /c h l  c  ra t io  (Fig. 5) sh o w s  a c h a n g e  in the  
p h y to p la n k to n  co m p o s i t io n  at sa l in i t ies  a b o v e  10 psu .  
T h e  chi a- a n d  ¿»-containing g r e e n  a lg a e  w h ic h  d o m i­
n a t e d  p h y to p la n k to n  p o p u la t io n s  in th e  l im nic  re g io n  
(K ro m k am p  un p u b l . )  w e re  re p l a c e d  by  a chi a- a n d  c- 
c o n ta in in g  p h y to p la n k to n  p o p u la t io n  d o m in a te d  by 
d ia tom s.  D ia tom s d o m in a te d  the  p h y to p la n k to n  in th e  
D u tc h  p a r t  of th e  W e s te r s c h e ld e  (Stns 1 to 9) (K oem an  
e t  al. 1992). In te res t ing ly ,  th e  r e p l a c e m e n t  of g r e e n  
a lg a e  by  d ia to m s  s e e m e d  to t a k e  p la c e  a f te r  th e  f r e s h ­
w a te r  p h y to p la n k to n  h a d  d ie d  (i.e. a f te r  th e  s t ro n g  
d e c r e a s e  in b iom ass) .

A n n u a l  g ro ss  p ro d u c t io n  r a n g e d  b e tw e e n  150 a n d  
300 g C i r r 2 in th e  w e s te r n  par t ,  d e c r e a s e d  to less th a n  
100 g C m ~ 2 in th e  e a s t e r n  p a r t  a n d  rose  sh a rp ly  to 
h ig h  v a lu e s  (500 g C m -2) in th e  l im nic  re g io n  of th e  
b a s in  (A n tw e rp e n  a n d  u p s t r e a m ,  Fig. 6). V a lu e s  w e re  
s im ilar to tho se  o b s e r v e d  2 yr befo re ,  w i th  th e  e x c e p ­
tion of Stn 12 (A n tw erp en ) ,  w h e r e  a n n u a l  p ro d u c t io n  
w a s  tw ice  as  h ig h  in  1989 (Van S p a e n d o n k  e t  al. 1993). 
T otal p ro d u c t io n  for th e  W e s te r s c h e ld e  w a s  e s t im a te d  
a t  55 300 t C y r -1.

N otice  th a t  th e  rise in ch i a in th e  S c h e ld e  (7-fold) is 
m u c h  h ig h e r  th a n  th e  2-fold rise in p ro d u c t io n  in this 
a r e a  c o m p a r e d  to th e  m a r in e  p a r t  of th e  e s tuary .  This 
c a n  b e  e x p la in e d  by  th e  P/B  ra t ios  (ca rbo n  tu rn o v e r  
ra tes,  Fig. 7), w h ic h  in c r e a s e  in  m o re  sa l in e  w a te rs ,  
s u g g e s t in g  h ig h e r  g ro w th  ra te s  in th is  s t re tc h  of th e  
e s tua ry :  P/B  ra t ios c a lc u la te d  from  g ro ss  p ro d u c t io n  
ra te s  (i.e. no  co r rec t io n  for r e s p ira to ry  losses) w e re  
b e lo w  0.3 for S tns  12 (Fig. 7a, 2.6 psu) a n d  8 (Fig. 7b, 
14.5 psu, w ith  th e  e x c e p t io n  of a p e r io d  in Ju ly , w h e n
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Fig. 5. C h a n g e  in t h e  ra t io s  of ch i  a / c h l  b a n d  ch i  a / c h l  c w i th  
sa l ini ty . D a ta  a r e  t h e  m e a n  v a lu e s  for t h e  s u m m e r  m o n th s  
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Fig. 6. A n n u a l  g ro ss  p r im a ry  p r o d u c t io n  a t  d i f fe r e n t  sa l in i t ies

ra te s  a b o v e  0.5 d _1 w e r e  m e a s u re d ) .  In su m m e r ,  t u r n ­
ov er  ra te s  w e r e  a b o v e  0.3 d " 1 for S tn  4 (Fig. 7c) a n d  
a b o v e  0.4 d " 1 for th e  m a r in e  S tn  1 (Fig. 7d). T u rb id i ty  is 
h ig h  in th e  S c h e ld e  E stuary ,  a n d  r e s p i ra to ry  losses  will 
b e  h igh .  It is th e r e fo re  b e t t e r  to c a lc u la te  th e  P /B  ra t ios  
(w h ich  is a m e a s u r e  for th e  g r o w th  ra te )  from  n e t  p r i ­
m a r y  p ro d u c t io n  ra tes .  N e t  p ro d u c t io n  ra te s  w e r e  c a l ­
c u la te d  a s s u m in g  th a t  r e s p i ra t io n  ra te s  w e r e  5 %  of the  
a ss im i la t io n  ratio  (p h o to sy n th e t ic  cap ac i ty ) .  A l th o u g h  
th is  is a t  th e  low  e n d  of th e  r e p o r t e d  r a n g e  of r e s p i r a ­
t ion  ra te s  (L a n g d o n  1993 a n d  r e f e r e n c e s  th e re in ) ,  w e  
h a v e  o b s e r v e d  re s p i ra t io n  ra te s  l ike  t h e s e  o f ten  in  ou r  
l ig h t- l im i ted  c o n t in u o u s  c u l tu re s  of d ia to m s  a n d  g r e e n  
a lg ae .  P /B  ra t io s  c a lc u la te d  on  th e s e  n e t  p ro d u c t io n  
ra te s  a r e  n e a r ly  a lw a y s  n e g a t iv e ,  in d ic a t in g  th a t  a lg a l  
g ro w th  is n o t  p o ss ib le  a n d  th a t  p o p u la t io n s  will d e c l in e  
a n d  co l la p se  (Fig. 7). U p o n  lo w e r in g  th e  r e s p ira t io n  
ra te  to 2.5 % of PBmix, s ig n if ic an t  p os i t ive  tu r n o v e r  ra te s
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Fig. 7. P /B  ra t io s  for  4 r e p r e s e n t a t i v e  s ta t io n s .  ( ■ )  R e sp ira t ion ,  
R  = 0 %  of p sm„x; ( • )  R = 2 .5 %  of P Bm„ i  {▲) R = 5 %  of

for p ro lo n g e d  p e r io d s  d u r in g  th e  s u m m e r  w e r e  only  
o b s e r v e d  for s ta t io ns  w ith  a sa l in i ty  a b o v e  20 psu .  
H o w ev e r ,  re s p i ra t io n  ra te s  b e lo w  5 %  of th e  a s s im i la ­
t ion  ra te  a r e  g e n e ra l ly  c o n s id e r e d  n o t  to o ccu r  

F r e s h w a t e r  p h y to p la n k to n  co m in g  d o w n  th e  r ivers  
S c h e ld e  a n d  R up e l  e n c o u n te r  m o re  sa l in e  condit ions ,
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Fig. 8. Daily  n e t  p r o d u c t io n  for th e  4 s e l e c t e d  s ta t io n s  (as in 
Fig. 7). ■  G ro s s  p r o d u c t io n  (no resp i ra t io n ) ;  ( • )  R = 2 .5 %  

O f P flmas; ( A )  P  = 5 %  Of P«mos

w h ic h  a re  like ly  to s t im u la te  th e i r  ra te  of re sp ira t io n  
(F lam el in g  & K ro m k a m p  1994). H en ce ,  re sp ira t io n  
ra te s  a r e  likely  to b e  h ig h e r  in th e  lim nic  p a r t  th a n  in 
th e  o th e r  p a r t s  of th e  es tua ry ,  a n d  as a c o n s e q u e n c e ,  
th e  c a lc u la te d  n e t  P /B  ra t ios  a r e  p ro b a b ly  u n d e r e s t i ­
m a t ion s .
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P h o to sy n th e t ic  p a ra m e te r s

P h o to sy n th e t ic  c ap ac i t ie s  w e re  low  in w in te r  an d  
n o rm ally  r e a c h e d  th e i r  m a x im u m  in s u m m e r  (T able  1). 
M in im u m  v a lu e s  w e re  lo w e r  in  th e  l im nic  re g io n  th a n  
in th e  m a r in e  r eg io n  (not show n).  T h e  a v e r a g e  s u m m e r  
v a lu e s  ( Ju n e  to S e p te m b e r )  in c r e a s e d  from  8.1 ( ± 2 .0 )  

in th e  in n e r  e s tu a ry  (1 to 3 psu) to 10.7 (±0.9) in the 
m id d le  e s tu a ry  (3 to 20 psu) to 12.2 (± 1.0 m g  C m g ' 1 
chi h ' 1) in th e  o u te r  e s tu a ry  (20 to 30 psu). L ike  the  
p h o to s y n th e t ic  capaci ty ,  a B s h o w e d  a  c le a r  se a s o n a l  
cycle. In co n tra s t  to P ßmax no sp a t ia l  d i f fe re n c e s  w e re  
o b s e r v e d  in th e  s u m m e r  v a lu e s  of a B, T h e  m in im u m  
va lu es ,  h o w e v e r ,  w e re  lo w e r  in th e  lim nic  r eg io n  
(Table  1). In th e  limnic r e g io n  th e  s t a n d a r d  dev ia t io n s  
of P Bmax a n d  a B a r e  h igh .  This  w a s  d u e  to so m e  v e ry  low 
v a lu e s  of b o th  p a ra m e te r s ,  m os t  likely  c a u s e d  by  an  
a m o u n t  of chi a from  'u n h e a l th y '  or d y in g  p h y to p l a n k ­
ton  p o p u la t io n s  w h ic h  h a d  d iff iculties  w i th  th e  in c r e a s ­
in g  sa lin ity  u p o n  e n te r in g  th e  e s tua ry .  B e c a u se  d a rk  
f ixation  ra te s  w e re  s u b t r a c te d  from  th e  l igh t  bott les ,  
th e  h ig h  s t a n d a r d  d ev ia t io n s  in  th e  p h o to s y n th e t ic  
p a r a m e te r s  P ßmax a n d  a B in the  low sa lin ity  r a n g e  w e re  
no t  c a u s e d  by c h e m o s y n th e t ic  in co rp o ra t io n  of UC 0 2.

E ffect of d ifferen t estim ates of resp ira tion  on  
net prim ary p rod u ction

It is no t poss ib le  to m e a s u r e  p h y to p la n k to n  r e s p i r a ­
tion ra te s  (R) w ith  th e  MC m e th o d .  T h e re fo re ,  w e  
a s s u m e d  th a t  re s p ira t io n  w a s  a f ixed p ro p o r t io n  of 
P B\max- W e also  a s s u m e d  th a t  th e  m e a s u r e d  ra te s  of p r i ­
m a ry  p ro d u c t io n  w e r e  g ro ss  ra te s  (RG), w h ic h  s e e m s  a 
fair a s s u m p t io n  c o n s id e r in g  th e  shor t  
in c u b a t io n  t im es  u s e d  (Will iams, 1993).
H e n c e ,  n e t  p ro d u c t io n  (PN) is c a lc u la te d  
as  P N = P G -  R.

Fig. 8a  to d  sh o w s  th e  n e t  da i ly  ra te s  of 
p ro d u c t io n  c a lc u la te d  for 4 s e le c te d  s t a ­
tions. At S tn  12 (Fig. 8d), n o  n e t  a r e a l  p r o ­
d u c t io n  cou ld  b e  c a lc u la te d  w h e n  R  w as  
t a k e n  as 5 % of PBmax. T h e  s a m e  w a s  t ru e  
for th e  o th e r  sta tions, w i th  th e  ex c e p t io n  
of 2 s a m p l in g  d ay s  a t  th e  m a r in e  S tn  1 
(Fig. 8a). W h e n  th e  r e s p ira t io n  ra te  w as  
t a k e n  as 2.5 % of P emax, i.e. on ly  d u r in g  th e  
sp r in g  b lo o m  period ,  n e t  p r im a ry  p r o d u c ­
tion w a s  c a lc u la te d  a t  S tn  12, d u r in g  th e  
re s t  of th e  y e a r  R  w a s  > P6. T h e  p e r io d  a n d  
th e  m a g n i tu d e  of th e  posi t ive  n e t  p r o d u c ­
tion w ith  this  a s s u m e d  r e s p ira t io n  ra te  
in c r e a s e d  to w a rd s  th e  sea ,  re f le c t in g  th e  
im p ro v e d  l igh t  co n d it ion s  (Fig. 9). A n n u a l  
p ro d u c t io n  w a s  n e v e r  p osi t ive  w h e n  R
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Fig. 9. N e t  a n n u a l  p r o d u c t io n  a t  t h e  d i f f e r e n t  s ta t io n s .  ( ■ )  
G ro s s  p ro d u c t io n ;  (▼) n e t  p r o d u c t i o n  w h e n  R = 1 .5 %  of PBmax; 
¡m  n e t  p r o d u c t io n  w h e n  R =  2 .5 %  of  P smox; (▲) n e t  p r o d u c ­
t ion  w h e n  R = 5 %  of PBmax. In c a l c u l a t i n g  a n n u a l  p r o d u c t io n  
w e  i n t e r p o la te d  l in e a r ly  b e t w e e n  s a m p l i n g  po in ts .  T h is  g a v e  
sm a ll  d i f f e r e n c e s  for t h e  g ro ss  p r o d u c t io n  (R = 0) w h e n  

c o m p a r e d  to t h e  d a t a  p r e s e n t e d  in Fig. 6

w a s  t a k e n  as 5 %  of P Bmàx. Also, w h e n  R  w a s  t a k e n  as 
2 .5 %  of th e  p h o to s y n th e t ic  capac i ty ,  n e t  a n n u a l  p r o ­
d u c t io n  for th e  in n e r  e s tu a ry  w a s  on ly  o b s e r v e d  in  th e  
f r e s h w a te r  S tn  13, ju s t  u p s t r e a m  of A n tw e r p e n .  In th e  
sa l in i ty  r a n g e  of 2 to 15 psu, no  p h y to p la n k to n  g ro w th  
w a s  po ss ib le .  At m o re  sa l in e  cond it ions ,  g ro s s  p r o d u c ­
tion w a s  sl igh t ly  h ig h e r  th a n  c a lc u la te d  re sp ira t io n .  
E v en  w h e n  R  is 1 .5 %  of PBmax, n o  n e t  p ro d u c t io n  ta k e s  
p la c e  in  th e  in n e r  W e s te r sc h e ld e .  O n e  m ig h t  d o u b t  
th o u g h  th a t  re s p i ra t io n  ra te s  b e lo w  5 %  of th e  p h o to ­
s y n th e t ic  c a p a c i ty  a r e  p h y s io log ica l ly  fea s ib le  (see 
L a n g d o n  1993 for a  r e c e n t  r e v ie w  on  re s p i ra t io n  rates).

T a b le  1. M i n i m u m  a n d  m a x i m u m  p h o to s y n th e t i c  c a p a c i t i e s  a s  w e l l  a s  th e  
a v e r a g e  (Avg) a n d  s t a n d a r d  d e v ia t i o n  in  P Hmax a n d  a B for  D a y s  150 to 257 

(n = 7 or 8) a t  s e v e ra l  s ta t ions .  A v e r a g e  sa l in i ty  a t  e a c h  s t a t io n  is g iv e n

Salin ity  S tn  P Bmax P Bmax a B a B
(psu) M i n - m a x  A v g  (SD) M i n - m a x  A vg  (SD)

0.8 15 0.7--18.8 CO Ö (6.2) 0 .005--0 .080 0 .032 (0.026)
1.0 14 0.9--15.0 8.1 (5.1) 0 .006--0 .070 0 .033 (0.023)
1.2 13 0.7--13.0 5.8 (5.2) 0 .006--0 .059 0 .024 (0.022)
2.6 12 0.6--14.3 10.6 (4.3) 0 .005--0 .055 0 .042 (0.017)
6.1 11 0 .9 - - 9.7 9.7 (2.0) 0 .005--0 .054 0 .036 (0.010)
9.7 10 0.9--16.2 10.3 (2.7) 0 .007--0.051 0 .037 (0.008)

11.2 9 0.6--15.7 11.2 (2.1) 0 .006--0 .055 0 .037 (0.009)
14.5 8 0.5--15.4 11.7 (2.4) 0 .002--0 .055 0 .038 (0.011)
17.9 7 1.4--16.4 12.5 (2.5) 0 .008--0 .052 0.041 (0.009)
21.5 6 1.5--18.1 12.9 (4.0) 0 .009--0 .060 0 .042 (0.011)
21.9 5 1.7--12.8 10.3 (1.9) 0 .012--0 .048 0 .034 (0.005)
23.9 4 2.3--17.9 12.5 (3.1) 0 .012--0 .064 0 .039 (0.002)
24.0 3 2.1--16.2 12.4 (2.3) 0 .014--0 .053 0 .038 (0.004)
25.7 2 1.9--16.2 12.7 (2.8) 0 .012--0 .053 0 .042 (0.008)
29.2 1 3.1--15.9 12.6 (2.6) 0.021--0 .066 0 .043 (0,010)
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T h u s ,  f ro m  th e  c a lc u la t io n s  s h o w n  so far  it a p p e a r s  th a t  
th e  a lg a e  r e s p i re  m o re  c a rb o n  th a n  th e y  p ro d u c e  by 
m e a n s  of p h o to s y n th e s is .  A l te rn a t iv e  v ie w s  will, h o w ­
ever ,  b e  d is c u s s e d  below .

D ISC U SSIO N

T h e  in i t ia t io n  of th e  s p r in g  b lo o m  in a q u a t i c  e n v i r o n ­
m e n t s  is g e n e ra l ly  e x p la in e d  by  th e  cri tical d e p th s  
h y p o th e s is  (S v e rd ru p  1953 in  S m e t a c e k  & P a sso w  
1990, T e t t  1990). In  m o s t  e s tu a r ie s ,  th e  se s to n  c o n te n t  is 
h ig h  w h ic h  c a u s e s  p o o r  l igh t  con d it io ns .  In  a n  an a ly s is  
of p h y to p l a n k to n  p r im a ry  p ro d u c t io n  in  S a n  F ra n c isco  
B ay  (C alifo rn ia ,  USA), it w a s  c o n c lu d e d  th a t  w h e n  the  
ra t io  of th e  m ix in g  d e p t h  to t h e  e u p h o t i c  d e p t h  { Z ^ /Z ^u) 
is sm a l le r  t h a n  6, n e t  p r im a ry  p ro d u c t io n  is p oss ib le  
a n d  a b lo o m  c a n  b e  in i t ia te d  (Cole & C lo e rn  1984, 
A lp in e  & C lo e rn  1988). O th e r  a u th o r s  o b ta in e d  th e  
s a m e  ra t io  (G ro b b e la a r  1985, T e t t  1990), a l t h o u g h  
G r o b b e la a r  a r g u e d  th a t  th e  ra tio  c a n  b e  m u c h  h ig h e r  
( G ro b b e la a r  1990). In th e  p r e s e n t  study , th e  m ix in g  
d e p t h  is t a k e n  as th e  a v e r a g e  w a te r  d e p th  of e a c h  c o m ­
p a r tm e n t .  It is c le a r  from  Fig. 2 th a t  w h e n  a  Zm/Z eu ratio  
of 5 to  6 is u sed ,  h a rd ly  a n y  p h y to p l a n k to n  g ro w th  
w o u ld  b e  p o ss ib le  in  th e  W e s te r sc h e ld e .  O u r  e s t im a te s  
of n e t  p r im a ry  p ro d u c t io n  also  s e e m  to in d ic a te  th a t  n e t  
p h y to p l a n k to n  g r o w th  is n o t  po ss ib le :  P /B  ra t io s  b a s e d  
o n  n e t  p r im a ry  p ro d u c t io n  e s t im a te s  w i th  a low  r e s p i ­
ra t io n  ra te  (R  = 5 %  of P Bmax) w e r e  g e n e ra l ly  n e g a t iv e ,  
a n d  n e t  a n n u a l  p ro d u c t io n  ra te s  w e r e  also  n e g a t iv e .  
T h e  C /c h l  a ra t io  is k n o w n  to b e  d e p e n d e n t  on  e n v i ­
r o n m e n ta l  co n d i t io n s  (G e id e r  e t  al. 1986). H o w ev e r ,  
c h a n g in g  th e  C /c h l  a ra t io  to  20 to 50 d id  n o t  l e a d  to a 
d i f fe re n t  c o n c lu s io n  for ca lc u la t io n s  of n e t  p r im a ry  p r o ­
d u c t io n  b a s e d  on  th e  a s s u m p t io n  th a t  R = 5 %  of P Bmax, 
as  th e  C /c h l  a ra t io  d o e s  n o t  e n te r  th e  ca lc u la t io n s  on 
n e t  p ro d u c t io n .  A d i f fe re n t  C /c h l  a ra t io  on ly  c h a n g e d  
th e  d y n a m ic s  in  th e  P /B  rat ios: i.e. a  n e g a t iv e  n e t  P /B  
ra t io  b e c a m e  m o re  n e g a t iv e ,  w h e r e a s  a  p o s i t iv e  P/B  
ra t io  in c r e a s e d  m o r e  u p o n  lo w e r in g  th e  C /c h l  a ratio; a 
h ig h e r  C /c h l  a ra t io  s e e m s  to d a m p e n  o u t  th e  s e a s o n a l  
c h a n g e s  (not sho w n ) .  U n rea l is t ica l ly  low  re sp ira t io n  
ra te s  w e r e  n e c e s s a r y  for n e t  p r im a ry  p ro d u c t io n  to b e  
c a lc u la te d .  Still it is h a r d  to b e l i e v e  th a t  no  p h y to ­
p l a n k to n  g ro w th  o c c u r r e d ,  s in ce  th e  c h lo ro ph y ll  
d y n a m ic s  s t ro n g ly  s u g g e s t  th a t  p h y to p la n k to n  g ro w th  
d id  h a p p e n .  In d e e d ,  in  a g e n e r a l  e c o sy s te m  m o d e l  for 
th e  W e s t e r s c h e ld e  w e  fo u n d  th a t  im p o r t  of a lg a e  
ac ro s s  th e  f r e s h w a t e r  a n d  m a r in e  e n d  m e m b e r s  cou ld  
n o t  e x p la in  th e  o b s e r v e d  d y n a m ic s  in  p h y to p la n k to n  
b iom ass ,  a l t h o u g h  it d id  sh o w  th a t  im p o r t  p ro c e s se s  
w e r e  im p o r t a n t  (S o e ta e r t  e t  al. 1994). F ro m  this  w e  
m u s t  c o n c lu d e  th a t  th e  cri tical Zm/Z eu ra t io  in  th e  W est-  
e r s c h e ld e  m u s t  b e  l a r g e r  th a n  5 a n d  th a t  c o n s e q u e n t ly

n e t  p r im a ry  p ro d u c t io n  d id  occur. G enera l ly ,  th e  w a te r  
la y e r  u p  to th e  1 % l igh t leve l  is t a k e n  as th e  e u p h o t ic  
d e p th  (du r ing  th e  ph o to p e r io d ) .  This  is p ro b a b ly  no t  
co rrec t .  W e h a v e  m e a s u r e d  n e t  p h o to s y n th e t ic  o x y g e n  
e v o lu t io n  f r e q u e n t ly  b e lo w  this l igh t  leve l  in cu l tu re s  
(not show n), a n d  th e  c o m p e n s a t io n  l igh t  level is t h e r e ­
fore  o f ten  sm a l le r  t h a n  1 % of th e  su r face  i r ra d ia n c e .  If 
w e  t a k e  th e  0 .1 %  d e p th  as  th e  c o m p e n s a t io n  d e p th  
a n d  r e c a lc u la te  th e  m e a n  Z ^ / Z ^  ra t ios  (and  a s s u m e  
th a t  th is  g ives  a  b e t t e r  in d ic a t io n  of th e  critical dep th ) ,  
w e  s e e  th a t  n e t  p ro d u c t io n  is p oss ib le  d o w n s t r e a m  
fro m  S tn  9 (salinity  of >11 psu) .  T h e  s a m e  conc lus ion  
c a n  b e  d r a w n  w h e n  th e  n e t  a n n u a l  p r im a ry  p ro d u c t io n  
is c a lc u la te d  a s s u m in g  r e s p ira t io n  to b e  1.5 % of P smax. 
Th is  h y p o th e s is  is c o r r o b o ra te d  by  th e  re su l ts  of the  
W e s te r s c h e ld e  e c o sy s te m  m o d e l  (S o e tae r t  e t  al. 1994), 
w h ic h  also s u g g e s t  th a t  n e t  p h y to p la n k to n  p r im a ry  
p ro d u c t io n  o c c u r r e d  d o w n s t r e a m  from  Stn  9.

C o le  e t  al. (1992) c o n c lu d e d  th a t  p h y to p la n k to n  n e t  
p r im a ry  p ro d u c t io n  w a s  n o t  po ss ib le  in  th e  tu rb id  
f r e s h w a te r  R h o d e  R iver E s tu a ry  a n d  th a t  p h y to p l a n k ­
ton  b io m a ss  w a s  ' im p o r te d '  b y  ad v e c t io n  from  sh a l lo w  
a r e a s  in  th e  e s tuary .  In th e  W e s te r s c h e ld e  r e s u s p e n ­
sion  of b e n th ic  a lg a e  from  th e  in te r t id a l  m u d f la t s  m ig h t  
b e  r e s p o n s ib le  for p a r t  of th e  o b s e r v e d  b iom ass ,  b u t  
th e  m a x im a l  su r face  a r e a  of th e  in te r t id a l  flats is 
a p p ro x im a te ly  2 5 %  of th e  to tal su r fac e  a r e a  in  th e  
W e s te r s c h e ld e  (De J o n g  & d e  J o n g e  in  p ress).  B en th ic  
m ic ro a lg a l  p r im a ry  p ro d u c t io n  c a n  b e  an  im p o r ta n t  
p a r t  of to ta l  a lg a l  p r im a ry  p ro d u c t io n  in  e s tu a r ie s .  S u l ­
l ivan  & M o ncre if f  (1988) e s t im a te d  b e n th ic  m ic ro a lg a l  
p r im a ry  p ro d u c t io n  to b e  3 0 %  of to ta l  p r im a ry  p r o d u c ­
tion  in  a  M iss iss ipp i  (USA) sa l t  m a r sh .  Colijn  (1983) 
fo u n d  th a t  p r im a ry  p ro d u c t io n  b y  m ic ro p h y to b e n th o s  
w a s  2 0 %  of to ta l  p ro d u c t io n  in  th e  E m s-D o l la rd  E s tu ­
ary. K ro m k a m p  e t  al. (in p ress)  a n d  D e J o n g  & d e  
J o n g e  (in p ress )  a r g u e  th a t  m ic ro p h y to b e n th o s  p r o ­
d u c t io n  in th e  W e s te r s c h e ld e  is less  th a n  15 % of p h y to ­
p l a n k to n  p ro d u c t io n ,  a n d  it is th e r e fo re  u n l ik e ly  th a t  
m ic ro p h y to b e n th o s  re s u s p e n s io n  a lo n e  c an  e x p la in  
th e  o b s e r v e d  ch lo ro p h y l l  d yn am ics .

O u r  m o d e l  to c a lc u la te  n e t  p ro d u c t io n  is v e ry  m u c h  
d e p e n d e n t  u p o n  th e  r e s p ira t io n  ra te  a n d  th e  specific  
p h o to s y n th e t ic  p a ra m e te r s .  All of o u r  p h o to s y n th e s i s  
l igh t  d a ta  w e r e  f i t ted  w i th  th e  i te ra t iv e  m e th o d  of Eil- 
ers  & P e e te r s  (1988) b e c a u s e  th e y  g a v e  th e  b e s t  fit. We, 
h o w ev e r ,  a lso  u s e d  th e  fit m e th o d s  of P latt  & J a s s b y  
(1976) a n d  P latt  & G a l le g o s  (1980). U s in g  th e  3 fits, th e  
g ro ss  p r im a ry  p ro d u c t io n  w a s  c a lc u la te d  t a k in g  the  
b a s in  m o r p h o lo g y  in to  co ns id e ra t io n .  D if fe re n c es  in 
c a lc u la te d  a re a l  p ro d u c t io n  w i th  th e  d i f fe re n t  fit m e t h ­
od s  w e r e  n o t  s ig n if ican tly  d if fe ren t .  In g e n e ra l ,  th e  Eil- 
ers  & P e e te r s  m e th o d  g a v e  sl igh t ly  h ig h e r  P Bmax-values,  
b u t  th e  d i f fe ren ce s  w e r e  sm all  a n d  n o t  s ign if ican t  
(T ab le  2). T h e  P latt  & G a l leg o s  fit g a v e  th e  h ig h e s t  a B-



K r o m k a m p  & P e e n e :  P h y to p la n k to n  net  p r o d u c t io n  in th e  S c h e ld e  E s tu a ry 257

T a b le  2. A n n u a l  a v e r a g e  r a te s  of P Hmaz a n d  c o m p a r i s o n s  
b e t w e e n  P Bmax a n d  a B b e t w e e n  th e  f i t -m e th o d s  (in %) of Eilers 
& P e e te r s  (EP, 1988), P la t t  & J a s s b y  (PJ, 1976) a n d  P lat t  & G a l ­

leg o s  (PG, 1980) for 4 s e l e c te d  s ta t ions

Stn

EP
n , „ x
P J /E P P G /E P P J /E P

a R

P G /E P

12 6.91 100.0 96.8 104.4 118.2
8 7.73 93.7 90.7 103.8 118.5
4 8.95 97.6 95.6 104.1 116.8
1 9.70 99.0 98.1 104.9 116.2

v alues :  th e y  w e re  on  a v e r a g e  1 7 %  h ig h e r  th a n  w h e n  
c a lc u la te d  u s in g  th e  E ilers & P e e te r s  m e th o d .  T he  
h ig h e r  p h o to s y n th e t ic  e ff ic ienc ies  c a lc u la te d  w i th  the  
P latt  & G a l leg o s  m e th o d ,  h o w ev e r ,  d id  no t  le a d  to 
h ig h e r  a re a l  p ro d u c t io n  v a lu es .  A p p a ren t ly ,  the  g a in  in 
c a rb o n  fixation a t  low  ligh t  in tens i t ie s  is lost a t  h ig h e r  
i r r a d ia n c e s  b e c a u s e  this fit m e th o d  g a v e  rise to h igh  
ra te s  of p ho to inh ib i t io n .  T h e  p h o to s y n th e t ic  e f f ic ie n ­
cies w e  re p o r t  a r e  a t  th e  h ig h  e n d  of th e  r a n g e  as 
r e p o r te d  for s e le c te d  coas ta l  a r e a s  a n d  e s tu a r ie s  in 
N o r th  A m e r ica  (Keller 1988). If w e  t a k e  5 0 %  of our 
m e a n  a s-va lu e s  [i.e. f rom  ca  0.034 to 0.017 m g  C 
m g ' 1 chi h 1 (pm ol m ' 2 s ' 1) ' 1], th e  a re a l  p ro d u c t io n  
d e c r e a s e s  b y  4 0 % .  H e n c e ,  th e  n e t  p r im a ry  p ro d u c t io n  
will b e  v e ry  m u c h  d e p e n d e n t  on  la rg e  c h a n g e s  in the  
p h o to s y n th e t ic  effic iency. T h is  is c o n tra ry  to resu lts  
fo u n d  for th e  tu rb id  H u d s o n  River E s tu a ry  by C o le  et 
al. (1992): th ey  a r g u e d  th a t  in  sha l lo w  w a te r s  (or in 
r a th e r  t r a n s p a r e n t  w a te rs )  h ig h e r  v a lu e s  of a B w o u ld  
l e a d  to h ig h e r  n e t  p ro d u c t io n  ra tes ,  b u t  th a t  in d e e p e r  
w a te r s  th e  n e t  a r e a l  p ro d u c t io n  is n o t  v e ry  sens i t ive  to 
th e  v a lu e  of a B. If c h a n g e s  in a B c a n  h a v e  su ch  la rg e  
effects,  th e n  sp e c t ra l  c h a n g e s  w ith  d e p th  m ig h t  be  
im p o r ta n t .  In th e  S c h e ld e  E s tu a ry  (K ro m k a m p  u n p u b l .  
results) ,  b lue  l ig h t  is r a p id ly  a b s o r b e d  a n d  th e  pho to -  
sy n th e t ica l ly  u s a b l e  rad ia t io n  m ig h t  d e c r e a s e  by  as 
m u c h  as  4 0 %  in th e  first m e te r .  This  m e a n s  th a t  th e  
p h o to s y n th e t ic  eff ic iency  will d e c r e a s e  ( a 8 = a ' phi>, 
w h e r e  a ' ph is the  a lg a l  a b so rp t io n  p e r  m g  ch lo rophy ll  
a n d  i> th e  q u a n tu m  e ff ic iency  of ph o to sy n th e s is )  
b e c a u s e  th e  ab so rp t io n  of l igh t  by  p h y to p la n k to n  will 
d e c re a s e .  T hus ,  a c c o rd in g  to th is  re a s o n in g ,  ou r  c a lc u ­
la te d  n e t  p ro d u c t io n  ra te s  a r e  poss ib ly  too h igh .  W h e n  
w e  c o m p a r e d  ou r  P smax-v a lu e s  w ith  th o se  r e p o r te d  in 
th e  l i te ra tu re ,  no in d ica t io n s  of m e th o d o lo g ic a l  e rro rs  
w e re  o b se rv ed :  o u r  m e a n  a n d  m a x im u m  v a lu e s  c o r r e ­
s p o n d  v e ry  close to m e a n  v a lu e s  fo u n d  for co as ta l  a n d  
e s tu a r in e  sy s tem s  in  N o r th  A m e r ic a  (Keller 1988) a n d  
E u ro p e  (Coli jn 1983, W e ts te y n  & K ro m k a m p  1994).

It is p ro b a b ly  b e t t e r  to d iv id e  re s p ira t io n  in to  a 
c o n s ta n t  m a i n t e n a n c e  r e s p ira t io n  (n e e d e d  for cell 
in tegrity ,  o sm otic  b a la n c e ,  etc.) a n d  a v a r ia b le  r e s p i r a ­

tion d e p e n d e n t  on th e  g ro w th  ra te  (Laws & B a n n is te r  
1980, F a lk o w sk i  e t  al. 1985, G e ld e r  & O s b o r n e  1986). 
U s ing  th is  in fo rm at io n ,  L a n g d o n  (1993) d e v e lo p e d  a  2- 
c o m p o n e n t  m o d e l  of a lg a l  re sp ira t io n ,  w h ic h  also 
a l lo w e d  r e s p ira t io n  in th e  l igh t  to b e  d i f fe re n t  f rom  r e s ­
p ira t io n  in th e  d a rk ,  as w a s  s h o w n  to b e  th e  c a se  for 
s e v e ra l  a lg a e  by  G r a n d e  e t  al. (1989) a n d  W e g e r  et al.
(1989). T h e  re s p i ra t io n  o v e r  th e  e n t i r e  w a te r  co lu m n  
(Rzl) c a n  b e  m o d e l le d  as:

Rzl = B Z \ 2 4 D R 0 + ( 2 4 - D ) R 0 P Bzl + D  R DR LP Bzl] (2)

w h e r e  B  is th e  b io m a ss  (m g  chi m “3), Z  is th e  m ix in g  
d e p th ,  D R 0 is th e  b io m ass - sp ec if ic  m a i n t e n a n c e  r e s p i ­
ra t io n  (mg 0 2 m g ' 1 chi h ' 1), D  th e  d a y le n g th ,  P D is th e  
g r o w th  ra te  (or b e t te r :  p h o to s y n th e s is )  d e p e n d e n t  l in ­
e a r  co e ff ic ien t  of d a r k  re s p i ra t io n  (m g  0 2 m g " 1 chi h ' 1 ), 
P Bzt is Pzt/ ( D B Z ) ,  P2, is th e  p r im a ry  p ro d u c t io n  m  th e  
w a te r  c o lu m n  (mg C m “2 d " 1), a n d  R L th e  ratio  of l ig h t  
to d a r k  re s p i ra t io n  (L a n g d o n  1993). U s in g  th is  m o d e l  
a n d  v a lu e s  of th e  coe ff ic ien ts  as  s u g g e s t e d  b y  L a n g d o n  
(see  l e g e n d  Fig. 10), w e  c a lc u la te d  w h ic h  p ro p o r t io n  of 
th e  g ro ss  p h o to s y n th e s i s  w a s  r e s p i r e d  a t  th e  m a r in e  
S tn  1. T h e  m a i n t e n a n c e  r e s p ira t io n  (DR0) w a s  t a k e n  as 
0.048 m g  Cri m g ' 1 ch i h ' 1, a v a lu e  typ ica l  for d ia to m s  
(L a n g d o n  1993). W h e n  th e  re s p i ra t io n  coeff ic ien t 
r e l a te d  to g ro w th  (PD) w a s  t a k e n  as  t h a t  s u g g e s t e d  to 
b e  r e p r e s e n ta t iv e  for d ia to m s  (1.024 m g  Cri m g ' 1 chi 
h ' 1; L a n g d o n ,  1993), th e  ra t io  R z, /P z, w a s  sm a l le r  th a n  
w h e n  it w a s  a s s u m e d  th a t  R  w a s  1 .5%  of P Bma>:- H o w ­
e v e r  w h e n  RD w a s  d o u b le d  to 2.048 m g  0 2  m g “ 1 chi 
h " \  th e  a m o u n t  r e s p i r e d  so m e t im e s  m a t c h e d  th e  
a m o u n t  c a lc u la te d  w i th  th e  a s s u m p t io n  th a t  R w a s  
1 ,5%  of P Brnax (Fig. 10), a l t h o u g h  in  m o s t  cases ,  it 
r e m a in e d  low er. W h e n  v a lu e s  w e r e  c h o s e n  th a t  w e re  
r e p r e s e n ta t iv e  of P ry m n e s io p h y te s ,  th e  Rz, /P zl rat io  
b e h a v e d  m o re  or less  th e  s a m e  as  w h e n  R  w a s  t a k e n  as 
1 .5%  of P Bmax. T h e  fac t  th a t  m o d e l  v a lu e s  t a k e n  as r e p ­
re s e n ta t iv e  for P ry m n e s io p h y te s  g a v e  th e  b e s t  re su l ts  
c o r r e s p o n d s  to th e  fac t  t h a t  a  l a r g e  p a r t  of th e  s p r in g  
a n d  la te  s u m m e r  b lo o m  a t S tn  1 w a s  c a u s e d  by  th e  
P ry m n e s io p h y te  P h a eo cys t is  p o u ch e t i i .

W e tr ied  to e s t im a te  r e s p i ra to ry  losses  in  2 w a y s  in 
o rd e r  to c a lc u la te  n e t  p r im a ry  p ro d u c t io n .  O u r  re su l ts  
s h o w  th a t  th e  a p p r o a c h  to c a lc u la te  n e t  p ro d u c t io n  
f rom  g ro ss  p ro d u c t io n  b y  a s s u m in g  th a t  th e  re s p ira t io n  
is a  f ixed  p e r c e n t a g e  of th e  p h o to s y n th e t i c  c a p a c i ty  d id  
le a d  to h ig h e r  v a lu e s  (ov e re s t im a te s )  of r e s p ira to ry  
losses  (w h e n  n o rm a l ly  a s s u m e d  v a lu e s  for th e  r e s p i r a ­
tion a r e  u se d ,  i.e. b e t w e e n  5 a n d  2 0 %  of P Bmax) th a n  
w h e n  u s in g  L a n g d o n 's  (1993) 2 - c o m p a r tm e n t  m o d e l  
(w h ich  also u ses  p u b l i s h e d  d a t a  from  c u l tu re  s tud ies) .  
R esp ira t io n  ra te s  b e lo w  5 % of th e  p h o to s y n th e t ic  
c a p a c i ty  a re  c o n s id e r e d  v e ry  lo w  a n d  it is d o u b tfu l  
w h e t h e r  th e y  a r e  ph ys io lo g ica l ly  m e a n in g fu l .  O n e  
m ig h t  a rg u e ,  h o w e v e r ,  t h a t  a lg a e  in  tu rb id  e s tu a r ie s
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Fig. 10. C o m p a r i s o n  of r e s p i r a t i o n  (Rz() to g ro ss  p ro d u c t io n  
(Pzl) for  t h e  w h o le  w a t e r  c o lu m n  a t  S tn  1 u s in g  2 d i f fe r e n t  
m o d e l s  to  c a l c u l a t e  r e s p i r a t io n .  For  t h e  firs t m o d e l ,  Eq. (2) (in 
tex t)  is u s e d :  ( ■ )  b io m a s s - s p e c i f i c  m a i n t e n a n c e  r e s p i r a t io n  
(D R0) = 0 .048  m g  0 2 m g " 1 ch i  h " \  t h e  p h o t o s y n t h e s i s - d e p e n ­
d e n t  l in e ra l  co e f f ic ie n t  of d a r k  r e s p i r a t i o n  (RD) = 1.024 m g  0 2 
m g " 1 ch i  h “ 1 a n d  th e  ra t io  of l ig h t  to d a r k  r e s p i r a t i o n  (RL) = 2, 
v a l u e s  t y p ic a l  for  d ia to m s :  ( • )  s a m e  v a lu e s  e x c e p t  t h a t  RD is 
d o u b l e d  to 2.048; ( O )  D R0 = 0.272, RD -  1.872 a n d  RL = 1, v a l ­
u e s  ty p ic a l  for P r y m n e s io p h y te s .  For  t h e  s e c o n d  m o d e )  (▼) 

w e  a s s u m e d  th a t  R = 1 .5 %  of

h a rd ly  e v e r  p h o to s y n th e s iz e  a t  th e i r  m a x i m u m  ra te  for 
a p e r io d  lo n g e r  th a n  a f e w  m in u te s .  H o w ev e r ,  u n p u b ­
l i sh e d  P /I  c u rv e s  m a d e  from  s a m p le s  of c u l tu re s  of 
l ig h t- l im i ted  a lg a e  n e a r ly  a lw a y s  sh o w  th a t  r e s p ira t io n  
ra te s  a r e  m o re  t h a n  4 to 5 %  of th e  p h o to s y n th e t ic  
capac i ty ,  e v e n  w h e n  th e  P/1 c u rv e  is m a d e  a t  th e  e n d  of 
th e  d a r k  p e r iod .  H e n c e ,  th e  re su l ts  f rom  c u l tu re  s tu d ie s  
c o n tr a d ic t  th e  re su l ts  d i s c u s s e d  in  this  p a p e r .  O n e  r e a ­
so n  for th is  m ig h t  b e  th a t  c u l tu re s  a r e  s e ld o m  a x e n ic  
a n d  th a t  b a c te r ia  c o n t r ib u te  to th e  d a r k  re sp ira t io n .  
B ac te r ia l  b io m a ss  in  a lg a l  c u l tu re s  is n o rm a l ly  in s ig n i f ­
ic a n t  in  c o m p a r is o n  to a lg a l  b io m a ss  a n d  c o n se q u e n t ly ,  
b a c te r ia l  re s p i ra t io n  will only  b e  a  sm all  p ro p o r t io n  of 
th e  to ta l  d a r k  r e sp ira t io n .  A m o r e  l ike ly  e x p la n a t io n  
m ig h t  b e  th a t  a lg a l  c u l tu re s  a r e  a d a p t e d  to th e  c o n s ta n t  
co n d i t io n s  u n d e r  w h ic h  th e y  a r e  g ro w n .  It w a s  sh o w n  
by  L o o g m a n  (1982) a n d  Post e t  al. (1986) th a t  c o n t i n u ­
ous c u l tu re s  of th e  c y a n o b a c te r iu m  Oscillatoria a g a r d ­
h ii  a n d  th e  g r e e n  a lg a  S c e n e d e s m u s  p r o tu b e r a n s  
g r o w n  w ith  d i f f e re n t  l i g h t /d a rk  cycles  a d a p t e d  the  
ra te s  a t  w h ic h  th e y  in c r e a s e d  th e i r  c a rb o h y d r a te  c o n ­
te n t  d u r in g  th e  d a y  a n d  r e s p i r e d  it d u r in g  th e  fo l low ing  
d a r k  p e r io d  a c c o rd in g  to th e  l e n g th  of th e  l igh t  per iod .  
H en c e ,  th e s e  a lg a e  w e r e  ' t r a in e d '  to th e i r  e n v i r o n m e n ­
tal co n d it io ns  a n d  th e  re s p i ra t io n  ra te s  w e r e  a re f le c ­
tion of th e s e  con d it ion s .  A lg a e  in  th e  n a tu r a l  e n v i r o n ­
m e n t ,  e sp e c ia l ly  in tu rb id ,  w e l l -m ix e d  t e m p e r a t e  
es tu a r ie s ,  will s e ld o m  e x p e r i e n c e  c o n s ta n t  cond it ions .  
H e n c e ,  th e y  a r e  in a co n d i t io n  of u n b a la n c e d  g ro w th ,

in  co n tra s t  to m o s t  a lg a e  in  cu ltu res ,  e sp ec ia l ly  c o n t in ­
u o u s  cu ltu res ,  w h e r e  a lg a e  a r e  in  a co n d it ion  of b a l ­
a n c e d  g ro w th .  It m ig h t  b e  th a t  u n d e r  cond it io ns  of 
u n b a l a n c e d  g ro w th ,  re s p ira t io n  will d e c r e a s e  as  soon  
as th e  a lg a e  e n te r  d a rk n e s s .  Also, p h y to p la n k to n  c u l ­
tu r e s  e x p o s e d  to a f lu c tu a t in g  l igh t  c l im a te  m ig h t  
in c r e a s e  the i r  P Bmax, as s h o w n  for th e  m a r in e  d ia to m  
S k e le to n e m a  co s ta tu m  (K ro m k a m p  & L im b e e k  1993), 
in c o n tra s t  to cu l tu re s  g ro w n  w ith  a  s im p le  l ig h t /d a rk  
cycle  or w ith  c o n t in u o u s  light. B e c a u se  n a tu r a l  p h y to ­
p la n k to n  e x p e r i e n c e  f lu c tu a t in g  l igh t  as  th e y  c i rcu la te  
th r o u g h  th e  l igh t  g ra d ie n t ,  th is  m ig h t  b e  a n o th e r  r e a ­
so n  for th e  fac t th a t  w h e n  r e s p ira t io n  is e s t im a te d  by 
a s s u m in g  it is e q u a l  to 5 % of P Bmax, r e s p ira to ry  losses 
m ig h t  b e  o v e re s t im a te d .

R e se a rc h  is n e e d e d  on th e  r e g u la t io n  of re sp ira t io n  
a n d  th e  g ro w th  k ine t ic s  of a lg a e  u n d e r  c o n d it ion s  of 
u n b a l a n c e d  g ro w th .  T h e  d a ta  g a t h e r e d  by  L a n g d o n  
(1993) in his re v ie w  co m e  from  a lg a l  cu l tu re s  a n d  a re  
p a r t ly  b a s e d  on m a s s  b a la n c e s .  U se  of th e  d a ta  p r e ­
s e n t e d  b y  L a n g d o n  in  c o m b in a t io n  w ith  g ross  p r im a ry  
p ro d u c t io n  ra te s  d e te r m in e d  by us m a k e s  it m o re  likely  
th a t  re sp ira t io n  ra te s  b e lo w  5 % of PBmax do  in d e e d  
occur.

A c k n o w le d g e m e n ts .  W e l ike  to t h a n k  th e  c r e w  of th e  RV 
'L uc to r '  for a s s i s ta n c e  in  t h e  field,  J a n  S in k e  for th e  d e t e r m i ­
n a t io n s  of th e  p ig m e n t s  th e  s taff  of th e  'b o d e m i a b '  for se s to n  
a n a ly s e s  a n d  th e  r e f e r e e s  for th e i r  u se fu l  c o m m e n ts ,  w h ic h  
h e l p e d  to im p ro v e  th e  m a n u s c r ip t .  T h is  is c o m m u n ic a t io n  753 
of th e  N I O O -C E M O .
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