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ABSTRACT: C h lo rophy ll-spec ific  p h o to sy n th e s is - ir ra d ia n c e  (P-E) p a ra m e te r s  of n a tu ra l  p h y to p la n k ­
to n  in  th e  n e a r-sh o re  UK c o a s ta l w a te rs  of th e  N o rth  S ea  w e re  d e te rm in e d  d u rin g  s ix  2 w k  su rveys 
c a rr ie d  o u t from  1993 to  1995. T h e  in itia l s lo p e  of th e  P -E  c u rv e  (aB) v a r ie d  from  0.02 to  2.44 m g  C 
m g -1 ch i a d_1 (pm ol p h o to n s  m~2 s-1)-1 b e tw e e n  w in te r  1993 a n d  O c to b e r  1994; th e  lig h t- sa tu ra te d  
ra te  of p h o to sy n th e s is  (PBmax) ra n g e d  from  8 m g  C m g “1 ch i a d “1 d u rin g  w in te r  su rv ey s  to  332 m g  C 
m g -1 ch i a d “1 d u rin g  O c to b e r  1994. V alues of a u a n d  P Bmax d e te rm in e d  d u r in g  O c to b e r 1994 w e re  s ig ­
n ifican tly  h ig h e r  th a n  in  o th e r  su rv e y  p e rio d s . A lth o u g h  p h y to p la n k to n  ce ll b io m ass w as  s ig n ifican tly  
h ig h e r  d u rin g  th e  J u n e  1995 su rv e y  (due  to  h ig h  a b u n d a n c e  of P h a eo cystis  spp . a t  so m e sites) th a n  in  
O c to b e r  o r w in te r  su rv ey s , th e  O c to b e r  p e a k  in  P -E  p a ra m e te rs  co in c id e d  w ith  a  p e rio d  in  w h ich  
d in o flag e lla te s  a c c o u n te d  fo r a  h ig h  p ro p o r tio n  of p h y to p la n k to n  c a rb o n  b iom ass. M u ltip le  lin ea r 
re g re ss io n  an a ly s is  re v e a le d  th a t  a B co u ld  b e  p re d ic te d  from  th e  to ta l p h o to sy n th e tic a lly  av a ilab le  
ra d ia tio n  (PAR) in c id e n t a t  th e  su rface  d u rin g  th e  d a y lig h t p e rio d , w h ils t P Bmax co u ld  b e  p re d ic te d  
fro m  a lin e a r  co m b in a tio n  of to ta l in c id e n t PAR a n d  s e a -su rfa c e  te m p e ra tu re . T em p o ra l v a ria tio n s  of 
a B a n d  P Bmax d id  n o t re s u lt in  s ig n ific an t te m p o ra l v a ria tio n  of th e  lig h t-sa tu ra tio n  o n se t p a ra m e te r  
(E k) a n d  th e  overa ll m e a n  v a lu e  of E k w a s  176 ± 6 p m o l p h o to n s  m~2 s-1. T h e  h ig h  tu rb id ity  of n e a r ­
sh o re  su rface  w a te rs  of th e  w e s te rn  N o rth  S ea  a p p e a rs  to  re s tr ic t p e n e tra tio n  of ir ra d ia n c e  to  th e  
e x te n t th a t p h y to p la n k to n  a r e  n o t e x p o se d  to  PAR lev e ls  a t w h ic h  p h o to a d a p ta tio n  of th e i r  p h o to s y n ­
th e tic  a p p a ra tu s  is in d u ced .

KEY W ORDS: P rim ary  p ro d u c tio n  • P h y to p la n k to n  • P h o to sy n th es is  • C o asta l • N o rth  S ea
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INTRODUCTION

T h e  re s p o n se  of p h y to p la n k to n  to  th e  h ig h ly  v a ria b le  
c o n d itio n s  e n c o u n te re d  in  n e a r-sh o re  co asta l w a te rs  
su c h  as th o se  of th e  N o rth  S ea  is n o t w e ll u n d e rs to o d . 
In  th e  e s tu a rie s  a n d  n e a r-sh o re  w a te rs  of th e  n o r th e a s t 
UK  N o rth  S ea , leve ls  of im p o rta n t p h y to p la n k to n  n u tr i­
e n ts  su c h  as n itro g e n  a n d  p h o sp h o ru s  a re  o ften  h ig h ,
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w h ils t tu rb id ity  is e x tre m e ly  v a r ia b le  (H olligan  e t al. 
1989, N ERC 1992). L ow  leve ls  of lig h t p e n e tra tio n  in to  
th e  w a te r  co lum n  in  tu rb id  e s tu a rie s  d o  n o t n ecessa rily  
p re c lu d e  th e  o c c u rre n c e  of a p p re c ia b le  ra te s  of p h o to ­
sy n th e s is  (Jo in t & P om roy  1981, F ich ez  e t al. 1992). 
If p h o to sy n th es is  c a n  ta k e  p la c e  a t a p p re c ia b le  ra te s  
w ith in  th e  h ig h ly  tu rb id  w a te r  of th e  H u m b e r e s tu a ry  
a n d  its p lu m e  (M orris 1988, N RA  1993), th e n  th e  h ig h  
c o n cen tra tio n s  of n itro g e n  a n d  p h o sp h o ru s  in  th e s e  
sa m e  w a te rs  (M orris 1988, N ER C  1992, NRA 1993) 
m ay  b e  su ffic ien t to  su p p o r t h ig h  lev e ls  of p h y to p la n k ­
to n  b iom ass. In  co n tras t, su rface  w a te rs  in  o th e r  r e ­
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g io n s  w ith in  UK N o rth  S ea  co asta l w a te rs  h a v e  r e la ­
tiv e ly  lo w  co n cen tra tio n s  of s u s p e n d e d  p a r t ic u la te  
m a te r ia l (H olligan  e t al. 1989), a llo w in g  d e e p e r  p e n e ­
tra tio n  of ligh t. U n d er such  co nd itions , th e  h ig h e r  
av a ilab ility  of lig h t c a n  p o ten tia lly  le a d  to  h ig h  ra te s  
of p h o to sy n th e tic  p ro d u c tio n , b u t on ly  if a v a ila b le  
n u tr ie n ts  a re  su ffic ien t to  su p p o r t th e  sy n th e s is  of n e w  
p h y to p la n k to n  b iom ass. C o n cen tra tio n s  of a v a ila b le  
n it ro g e n  a n d  p h o sp h o ru s  in  th e  UK co asta l re g io n s  of 
th e  N o rth  S ea  te n d  to  b e  low er in  w a te rs  of low  tu rb id ­
ity  th a n  w a te rs  of h ig h  tu rb id ity  (B ro ck m an n  e t al. 
1990, N E R C  1992) a n d  m ay  th e re fo re  n o t b e  su ffic ien t 
to  su p p o r t h ig h  ra te s  of p h y to p la n k to n  g ro w th . In p a r ­
ticu la r, th e  d ilu tio n  of n u tr ien t-rich  a n d  tu rb id  e s tu a r-  
in e  d is c h a rg e  by  c le a re r  co asta l w a te r s -w ith  lo w er 
n u tr ie n t c o n cen tra tio n s  g e n e ra te s  s te e p  a n d  o p p o s in g  
g ra d ie n ts  of lig h t a n d  n u tr ie n t av a ilab ility  w ith in  th e  
p lu m e  of th e  H u m b e r estuary .

H ig h  ra te s  of p h y to p la n k to n  g ro w th  in  n e a r-sh o re  
m a r in e  e n v iro n m e n ts  m ay  b e  a sso c ia te d  w ith  b loom s 
of 'n u isa n c e ' p h y to p lan k to n  (Join t & Pom roy  1981, R eid  
e t al. 1990). If th e  o ccu rren ce  of su c h  b loom s is to  be  
p re d ic te d , it is im p o rta n t th a t  th e  re s p o n se  of p h y to ­
p la n k to n  g ro w th  to  c h a n g e s  in  th e  p h y s ica l a n d  c h e m ­
ical co n d itio n s (e.g. ir rad ia n ce , tu rb id ity  a n d  n u tr ie n t 
availab ility ) is u n d e rs to o d , p articu la rly  in  co asta l w a te rs  
in  w h ic h  c o n d itio n s  a re  h ig h ly  v a riab le . It sh o u ld  a lso  
b e  c o n s id e re d  th a t  th e  q u a n titie s  of d isso lv ed  n u tr ie n ts  
a v a ilab le  to  p h y to p lan k to n  in  m ore  o ffshore reg io n s  can  
b e  re d u c e d  as a  re s u lt  of p h y to p la n k to n  n u tr ie n t a s s im ­
ila tion  in  e s tu a rie s  a n d  n e a r-sh o re  co as ta l w a te rs  (S an ­
d e rs  e t al. 1997a,b, S h aw  e t al. 1998a,b).
D istribu tions of p h y to p lan k to n  b iom ass a n d  
p ro d u c tio n  in  th e  w e s te rn  N o rth  S ea  a re  
k now n  to  b e  ex trem ely  h e te ro g e n e o u s  an d  
te n d  to b e  o b se rv e d  in  d isc re te  a n d  m o b ile  
p a tc h e s  (H orw ood  1978, 1982, H o rw o o d  e t 
al. 1982, H o llig an  e t al. 1989, J o in t & P om ­
roy  1993). G iv e n  th e  v a riab ility  of fac to rs 
su c h  as lig h t a n d  n u tr ie n t av a ilab ility  in  
th e  n e a r-sh o re  UK co asta l w a te rs  of th e  
N o rth  S e a  a n d  th e ir  im p o rta n c e  fo r p h y to ­
p la n k to n , it is lik e ly  th a t  p h y to p la n k to n  
p h o to sy n th e s is  in  th is  reg io n  is co n tro lled  
b y  e n v iro n m e n ta l v a riab les .

C o n s id e ra b le  re s e a rc h  effo rt h a s  b e e n  
d ev o te d  to  quan tify in g  th e  re la tio n sh ip  b e ­
tw e e n  p h y to p la n k to n  p h o to sy n th es is  a n d  
g ro w th  w ith  l ig h t (e.g . P réze lin  & M atlick  
1980, G ils tad  e t al. 1993) a n d  n u tr ie n ts  
(e .g . C u llen  e t  al. 1992). D iffe ren ces in  th e  
re sp o n se s  of p h y to p la n k to n  to  e n v iro n ­
m e n ta l v a ria b le s  h a v e  b e e n  id en tif ied , b u t 
la rg e ly  u n d e r  co n tro lled  la b o ra to ry  c o n d i­
tio n s  a n d  w ith  cu ltu re s  of sin g le  p h y to ­

p la n k to n  sp ec ie s  (e .g . F a lk o w sk i e t al. 1985, L an g d o n  
1988, C u llen  e t al. 1992). S u rv e y -b a se d  s tu d ie s  of 
E u ro p e a n  se a s  h av e  fo c u s e d  o n  a re a l  p ro d u c tio n  ra te s  
(e.g. G iesk es  & K raay  1984, J o in t & P om roy  1993, 
G o w en  & B loom field 1996, T illm ann  e t  al. 2000) ra th e r  
th a n  th e  e n v iro n m e n ta l v a ria b le s  w h ic h  co n tro l o r lim it 
th e  p h o to sy n th e tic  a c tiv ity  of n a tu ra l  p h y to p la n k to n  
assem b lag e s , as h a s  b e e n  sh o w n  in  o th e r  coasta l 
w a te rs  (e.g. H arriso n  & P la tt 1980, C ô té  & P la tt 1983, 
1984).

T h e  a im  of th is s tu d y  w as to  d e te rm in e  th e  v a r ia b il­
ity of p h o to sy n th e s is - irra d ia n c e  [P-E) re la tio n sh ip s  of 
n a tu ra l p h y to p la n k to n  a sse m b la g e s  sa m p le d  th ro u g h ­
o u t UK n e a r-sh o re  N o rth  S e a  co as ta l w a te rs  over 
d if fe re n t-se a s o n s  a n d  to  id en tify  th e  en v iro n m en ta l 
v a ria b le s  c a u s in g  th e  te m p o ra l v a ria tio n s  of P -E  p a r a ­
m eters .

M E T H O D S

S u rv ey  c ru ises  of 2 w k  d u ra tio n  w e re  c o n d u c te d  d u r ­
in g  N o v e m b e r a n d  D e c e m b e r 1993, O c to b e r  1994 a n d  
A pril, J u n e  an d  Ju ly  1995. E x p e rim en ts  to  d e te rm in e  
p rim a ry  p ro d u c tio n  w e re  c a rr ie d  o u t d a ily  a t locations 
w ith in  a  n a rro w  co asta l strip  (30 k m  w ide) e n c o m p a ss ­
in g  n e a r-sh o re  co asta l w a te rs  of th e  N o rth  S ea  from  th e  
S co ttish  b o rd e r  to  E ast A n g lia  (Fig. 1). S am p le s  fo r p ro ­
d u c tio n  ex p e rim e n ts  w e re  co llec ted  from  a  d e p th  of 
5 m  u s in g  G o-F lo  or N isk in  b o ttle s  w ith  T eflo n -co a ted  
sp rin g s m o u n te d  o n  a  C TD  ro se tte .
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C o n c e n tra tio n s  of d isso lv ed  n u tr ie n ts  w e re  d e te r ­
m in e d  sp ec tro p h o to m e tr ic a lly . P h o sp h a te , am m on ium , 
n itra te  a n d  u re a  w e re  d e te rm in e d  in  d isc re te  sam p les  
co llec ted  d ire c tly  from  th e  CTD  sam p lin g  ro se tte . D is­
so lv ed  p h o s p h a te  co n cen tra tio n s  w e re  m e a s u re d  u s in g  
th e  m o ly b d a te  a n d  asco rb ic  ac id  m e th o d  (P arsons e t al. 
1984). A m m o n iu m  co n cen tra tio n s  w e re  d e te rm in e d  by 
th e  so d iu m  n itro c y a n o fe rra te  a n d  p h e n o l m e th o d  (Par­
so n s  e t al. 1984). C o n cen tra tio n s  of u re a  w e re  d e te r ­
m in e d  u s in g  th e  d iace ty lm o n o x im e  a n d  th io sem ica r- 
b a z id e  m e th o d  (M u lv en n a  & S av id g e  1992). N itra te  
w as  d e te rm in e d  b y  sh ip b o a rd  a u to a n a ly se r  (Skalar) 
u s in g  a  su lp h a n ila m id e  a n d  N -(l-n ap h th y l)-e th y len e - 
d iam in e  m e th o d  (P arsons e t al. 1984).

M e a s u re m e n ts  of su rfa c e  w a te r  te m p e ra tu re , s a lin ­
ity  a n d  a tte n u a tio n  w e re  m a d e  u s in g  in s tru m e n ta tio n  
m o u n te d  o n  th e  S h ip 's  CTD  ro se tte  (N eil B row n In s tru ­
m en ts). A tte n u a tio n  w a s  m e a s u re d  a t  660 n m  u s in g  a  
tra n sm isso m e te r  w ith  a  p a th  le n g th  of 10 cm  (N eil 
B row n In s tru m en ts) . S u rface  in c id en t p h o to sy n th e ti-  
ca lly  a v a ila b le  ra d ia tio n  (PAR) w as  co n tin u a lly  m e a ­
su re d  w ith  a sh ip b o a rd  sen so r (4rc), a n d  th e  p osition  of 
th e  sh ip  w a s  re c o rd e d  b y  G PS n a v ig a tio n  eq u ip m en t.

C h lo ro p h y ll a (chi a) w a s  m e a s u re d  o n  w a te r  s a m ­
p le s  f ilte re d  th ro u g h  0.2 p m  p o re  size p o ly ca rb o n a te  
m e m b ra n e  filte rs  (M illipore). T h e  filte rs w e re  s to red  
fro zen  a n d  th e n  su b se q u e n tly  ex trac ted  in  90 % acetone; 
th e  f lu o re sc e n c e  w a s  m e a s u re d  u s in g  a  T u rn e r D esigns 
M o d el 10 flu o ro m e te r  b e fo re  an d  a fte r  a d d itio n  of 
2 d ro p s  of 1 0%  H C l (L o renzen  1966). T he flu o ro m ete r 
w a s  c a lib ra te d  w ith  a  p u re  chi a s ta n d a rd  so lu tion  
(S igm a), th e  c o n c e n tra tio n  of w h ich  w as  d e te rm in e d  
sp ec tro p h o to m e tr ic a lly  (P arsons e t al. 1984). R ep lica te  
sam p le s  of 100 m l s e a w a te r  w e re  p re s e rv e d  w ith  e ith e r  
L ugo l's io d in e  o r b u ffe re d  4 % fo rm alin  (P arsons e t al. 
1984) a n d  r e tu rn e d  to  th e  la b o ra to ry  fo r in v e r te d  
m ic ro sco p e  an a ly s is . S u b -sam p le s  (10 to  25 ml) w e re  
p la c e d  in  se d im e n ta tio n  c h a m b e rs  a n d  left to  s e ttle  for 
a t  le a s t 24 h  p rio r  to  e n u m e ra tio n  a n d  id en tif ica tio n  of 
cells. C o u n ts  fo r in d iv id u a l sp ec ie s  w e re  c o n v e rte d  to 
v o lu m e fro m  m e a s u re m e n ts  of cells (K ovala & Lar- 
ra n c e  1966) a n d  th e n  to  cell ca rb o n  u s in g  th e  cell 
v o lu m e /c a rb o n  re la tio n sh ip s  g iv en  b y  E pp ley  e t  al. 
(1970) as d e sc r ib e d  b y  H o llig an  e t al. (1984). C ell c a r­
b o n  e s tim a te s  of th e  in d iv id u a l sp e c ie s  id en tif ied  w e re  
s u b s e q u e n tly  g ro u p e d  to  e n a b le  q u an tif ic a tio n  of th e  
c o n tr ib u tio n s  of m a jo r g ro u p s  (d iatom s, f lag e lla tes , 
d in o flag e lla te s , co cco lith o p h o res , c ilia tes  o r h e te ro tro - 
p h ic  d in o flag e lla te s) to  to ta l ce ll carbon .

P rim ary  p ro d u c tio n  m e a s u re m e n ts  w e re  m a d e  a t 
1 location  d_1 (Fig. 1) u s in g  th e  o n -d eck  sim u la ted  in  situ  
in c u b a tio n  sy s te m  of J o in t & P om roy  (1993) o r an  a d a p ­
ta tio n  of th is  sy s tem . T h e  a d a p te d  sy s tem  co n sis ted  of 
6 sh a llo w  p la s tic  b o x es  s e c u re d  to  a n  u n sh a d e d  a re a  
of th e  sh ip 's  d e c k . S u rface  s e a w a te r  w a s  p u m p e d

th ro u g h  th e  in c u b a to r  b oxes to m a in ta in  th e m  a t am b i­
e n t se a -su rfa c e  te m p e ra tu re . E ach  of 5 b o x es  w as  cov ­
e re d  w ith  a  P e rsp e x  s h e e t en c lo s in g  a  n e u tra l  f ilte r of 
d if fe re n t d en sity . T h e  s ix th  bo x  w as  le ft u n c o v e re d  to 
g iv e  a se r ie s  of b o x es  w ith  a ra n g e  of lig h t tran sm is­
sions a t 100, 60, 30, 16, 3 a n d  0 .3%  of a m b ie n t light. 
T h e  o rig in a l sy s tem  of Jo in t & Pom roy  (1993) co n sis ted  
of P e rsp e x  tu b e s  w ith  n e u tra l d en sity  filte rs  g iv in g  97, 
75, 36, 2 1 ,6  a n d  1 % of a m b ie n t lig h t w ith  su rfa c e  s e a ­
w a te r  p u m p e d  th ro u g h  to  m a in ta in  su rfa c e  s e a w a te r  
te m p e ra tu re .

F or e a c h  p ro d u c tio n  ex p e rim en t, a  sa m p le  w a s  ta k e n  
1 h  b e fo re  d a w n  from  a  d e p th  of 5 m. A liquo ts of 
60 m l w e re  tr a n s fe r re d  to  60 m l p o ly c a rb o n a te  bo ttles  
a n d  in o c u la te d  w ith  185 kB q  N aH 14C 0 3 (A m ersham  
In te rn a tio n a l) . T h re e  b o ttle s  w e re  p la c e d  in  e a c h  of 
th e  o n -d e c k  in cu b a tio n  un its, an d  3 fu r th e r  bottles 
w e re  p la c e d  in  a  te m p e ra tu re -c o n tro lle d  lig h t-p ro o f 
box . T h e  sam p les  w e re  in cu b a ted  from  d aw n  to 
d u sk  a n d  th e n  tra n s fe rre d  to  a  d a rk  c o n ta in e r  (again  
m a in ta in e d  a t s e a -su rfa c e  te m p e ra tu re )  fo r th e  hours 
of d a rk n e s s . A fte r a  24 h  l ig h t/d a rk  in c u b a tio n , e ach  
s a m p le  w a s  filte red  (0.2 p m  p o re  s ize  p o ly ca rb o n a te  
m e m b ra n e , M illipore), r in se d  w ith  15 m l of filte red  
s e a w a te r  a n d  tra n s fe r re d  to  a  p las tic  sc in tilla tio n  vial. 
T h e  ac tiv ity  of th e  14C a d d e d  to  e a c h  of th e  in c u b a te d  
s a m p le s  w as  d e te rm in e d  b y  p ip e ttin g  s e p a ra te  60 pi 
a liq u o ts  of th e  N a H 14C 0 3 so lu tion  to  e a c h  of 3 p lastic  
sc in tilla tio n  v ia ls  to w h ich  60 p i of e th y l e th y lam in e  
w as  a d d e d  as a tra p p in g  a g e n t. A  4 m l a liq u o t of 
sc in tilla tio n  fluo r w as  a d d e d  (O p tip h ase  H iSafe: W al- 
lac) to  e a c h  v ia l a n d  th e  14C  c o n te n t of th e  f ilte r r e té n ­
ta te  d e te rm in e d  u s in g  a  liq u id  sc in tilla tio n  co u n te r 
(W allac 1411) c a lib ra te d  u s in g  a n  e x te rn a l s ta n d a rd , 
c h a n n e ls  ra tio  m eth o d .

P a ram e te rs  d escrib ing  the  re la tio n sh ip  b e tw e e n  p h o ­
to sy n th e s is  (P ) a n d  irra d ia n c e  (E) w e re  d e te rm in e d  by 
fittin g  e x p e rim e n ta lly  d e riv e d  p ro d u c tio n  ra te s  to th e  
e q u a tio n  of W eb b  e t al. (1974) by  m e a n s  of a n  ite ra tiv e  
n o n - lin e a r  re g re ss io n  p ro g ra m m e  (S igm aPlot: J a n d e l 
Scien tific). A lth o u g h  n u m e ro u s  m a th e m a tic a l m odels 
of th e  P -E  c u rv e  h av e  b e e n  d e v e lo p e d  (Jassby  & P latt 
1976), th e r e  a p p e a rs  to  b e  little  a d v a n ta g e  in  se lec tin g  
a n y  p a r t ic u la r  m o d e l (L ederm an  & T e tt 1981) un less 
in h ib itio n  of p ro d u c tio n  occurs a t h ig h e r  lev e ls  of ir ra ­
d ian ce . P ro n o u n c e d  p h o to in h ib itio n  of p ro d u c tio n  a t 
h ig h e r  lev e ls  of PAR w as n o t e v id e n t in  a n y  of th e  
e x p e rim e n ts , a n d  th e  e q u a tio n  of W ebb  e t al. (1974) 
w as  a p p ro p r ia te  to  m odel th e  P -E  cu rv e s  d e riv ed . T he 
s lo p e  of th e  in itia l p a rt of th e  P -E  c u rv e  is d e n o te d  a  
a n d  in d ic a te s  th e  effic iency  w ith  w h ich  in c id e n t ligh t 
e n e rg y  is c o n v e rte d  into p h o to sy n th e tic  p ro d u c tio n  by 
th e  p h y to p la n k to n  com m unity . T h e  m ax im u m  p h o to ­
sy n th e tic  c a rb o n  p ro d u c tio n  ra te  a tta in e d  (PmQj;) in d i­
c a te s  th e  lig h t- sa tu ra te d  p h o to sy n th e tic  ra te .
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Irrad ian ce  fo r e a c h  of th e  s e p a ra te  in c u b a to r  boxes 
w as ta k e n  as th e  m e a n  of PAR re c o rd e d  d u rin g  th e  
d ay lig h t p a r t  of th e  in c u b a tio n  p e rio d  a n d  sca led  
acco rd in g  to  th e  lig h t tran sm iss io n  of th e  n e u tra l d e n ­
sity  filters p la c e d  o v er e a c h  box. V a lu es of P  d e te r ­
m in ed  d u rin g  in  situ  in c u b a tio n s  u s in g  th e  14C te c h ­
n iq u e  w e re  n o t co rre c te d  fo r d a rk  u p ta k e , b u t 14C 
u p ta k e  ra te s  a t all 7 PAR lev e ls  (d a rk  to  97 o r 100%  
in c id en t PAR) w e re  u se d  to  d e te rm in e  v a lu e s  of a  
a n d  Pmax. D eriv ed  P -E  p a ra m e te rs  w e re  n o rm a liz e d  to 
p h y to p la n k to n  b io m ass to  e n a b le  d ire c t co m p a riso n  of 
p h o to sy n th e tic  ra te s . V a lu es of a  a n d  Pmax n o rm a lized  
to  ch i a a re  d e n o te d  b y  a B a n d  P Bmax, resp ec tiv e ly .

RESULTS 

T em poral variation  of p h otosyn th etic  param eters

V aria tion  of p h o to sy n th e tic  p a ra m e te r s  o n  a  te m p o ­
ra l b asis  w as  in v e s tig a te d  b y  co m p arin g  m e a n  a B a n d  
-P Bmax values . M e a n  ch i a -n o rm a liz e d  p h o to sy n th e tic  
p a ra m e te rs  w e re  h ig h e r  d u r in g  O c to b e r 1994 th a n  in  
o th e r  su rv ey s (Fig. 2A,B). V a lu es of a B w e re  n o t n o r­
m ally  d is tr ib u te d  a n d  s ta tis tic a l co m p ariso n  (K ruskal- 
W allis 1 -w ay A N O  VA on ran k s) in d ic a te d  s ta tis tica lly  
s ig n ifican t d if fe ren ces  b e tw e e n  m e d ia n  a B v a lu e s  for 
th e  d if fe re n t su rv ey s . P a irw ise  m u ltip le  co m p ariso n  
(D unn 's m ethod ) iso la ted  on ly  2 p a ir s  of su rv ey s  (O cto­
b e r  1994 a n d  A pril 1995; O c to b e r  1994 a n d  J u n e  1995) 
as s ign ifican tly  d if fe re n t a t th e  p  < 0.05 level. V alues 
of P Bmax for e a c h  su rv e y  w e re  no rm ally  d is tr ib u ted  
a n d  sta tis tica l co m p ariso n  (1 -w ay  A N O  VA) in d ic a te d  
s ig n ifican t d if fe ren ces  b e tw e e n  th e  su rv e y  m eans . 
S u rface  in c id e n t ir ra d ia n c e  le v e ls  d u rin g  D ecem b er 
1993 w e re  in su ffic ien t for p h o to sy n th e s is  to  re a c h  an  
asy m p to te  in  a ll e x c e p t 1 of th e  6 in c u b a tio n  e x p e r i­
m en ts  c o n d u c te d . T h e  cu rv e -fittin g  p ro c e d u re  u sed  
th u s  p ro d u c e d  on ly  1 re lia b le  e s tim a te  of P Bmax an d  
1 c o rre sp o n d in g  v a lu e  of th e  lig h t-sa tu ra tio n  o n se t 
p a ra m e te r  (Ek) fo r D e c e m b e r 1993 (Fig. 2). Iso la tion  of 
th e  su rv ey s w h ic h  d if fe re d  in  te rm s  of m e a n  P Bmax by  
p a irw ise  m u ltip le  co m p ariso n  (T ukey  test) sh o w ed  th a t 
th e  h ig h  v a lu e s  of P Bmax o b se rv e d  d u rin g  O c to b er 1994 
(Fig. 2B) w e re  s ig n ifican tly  d if fe re n t (p < 0.05) to  th o se  
m e a s u re d  d u rin g  o th e r  su rv ey s . N o o th e r  p a irs  of s u r­
veys w e re  s ig n ifican tly  d if fe re n t in  te rm s  of P Bmax.

P -E  cu rv e s  g e n e ra te d  from  t4C  p ro d u c tio n  m e a s u re ­
m e n ts  w e re  a lso  q u a n tif ie d  b y  c a lc u la tio n  of E k a s th e  
ra tio  of Pmax to  a  (T ailing  1957). M e a n  v a lu e s  of E k d u r ­
in g  th e  su rv ey s  c o n d u c te d  in  J u n e  1994 a n d  N o v em b er 
1993 w e re  re la tiv e ly  h ig h  c o m p a re d  to  o th e r  m on ths, 
an d  th e  s ta n d a rd  e rro r  of th e  m e a n s  in d ic a te d  th a t  Ek 
w as  m ore  v a ria b le  d u rin g  th e s e  p e rio d s  (Fig. 2C ). V a l­
u e s  of Ek for su rv ey s w e re  n o t n o rm ally  d is trib u ted , an d
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Fig. 2. M ean chi a-specific photosynthetic param eters a n (mg 
C m g-1 chi a d_1 [pmol photons m-2 s-1]-1), PBmax (mg C mg“1 
chi a d-1) and light-saturation onset irradiance, Ek (pmol pho­
tons rrr2 s_1) determined in experiments carried out during 
each of the 6 survey cruises. Vertical bars show standard error. 
One value only of PBmax and Ek is shown for December 1993

a lth o u g h  s ta tis tic a l com parison  (K ruskal-W allis 1-w ay  
A N O  V A  on ra n k s )  in d ica ted  s ig n ific an t d if fe re n c e s  in  
th e  m e d ia n  v a lu e s  of Ekl p a irw ise  m u ltip le  co m p ariso n  
(D unn 's  m e th o d ) d id  no t in d ic a te  an y  su rv e y  to  be  
s ig n ifican tly  d if fe re n t to an o th er.

T em poral variation  of phytop lankton  b iom ass and  
com m unity com p osition

T em p o ra l ch an g es  in p h y to p lan k to n  w e re  co n sid e red  
by co m p arin g  m e a n  ce llu lar c a rb o n  b iom ass a n d  co m ­
m u n ity  co m p o s itio n  for e a c h  su rv ey  to g e th e r  w ith  ch i a
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co n c e n tra tio n . P h y to p lan k to n  sam p le s  fro m  th e  su rv ey  
c o n d u c te d  in  D ecem b er 1993 w e re  n o t a v a ila b le  for 
e n u m e ra tio n . M ean  chi a co n c e n tra tio n s  (Fig. 3A) w e re  
h ig h e s t  d u r in g  J u n e  1995 (2.8 ± 0.8 m g  n r 3) a n d  p a r ­
ticu la r ly  lo w  d u rin g  th e  w in te r  su rv ey s  (<0.2  m g  m “3). 
C e ll c a rb o n  co n cen tra tio n s a lso  in d ic a te d  re la tiv e ly  
h ig h  b io m ass d u rin g  J u n e  1995 (Fig. 3B ,C). V aria tions 
of p h y to p la n k to n  ca rb o n  (Fig. 3C) b e tw e e n  su rv ey s 
fo llo w ed  a  s im ila r sea so n a l p a tte rn  to  ch i a (Fig. 3A).
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Fig. 3. (A-C) M ean phytoplankton biomass, (D) m ean ratios 
of chi a to cell carbon and (E) heterotrophic to total cell carbon 
for each of the survey cruises. ND: not determined; vertical 

bars show standard error

V ariations of p h y to p la n k to n  ca rb o n  b iom ass a n d  ch i a 
b e tw e e n  su rv e y s  w e re  a n a ly s e d  u s in g  A N O  VA an d  
pa irw ise  m u ltip le  co m p ariso n  te s ts  (1-w ay A N O V A  an d  
T ukey  te s ts  fo r n o rm a lly  d is tr ib u te d  d a ta ; K ruskal- 
W allis 1-w ay A N O V A  a n d  D u n n 's  m e th o d  fo r d a ta  n o t 
no rm ally  d is tr ib u ted ) . M e d ia n  ch i a c o n c e n tra tio n  in 
su m m er su rv e y s  (Ju n e  a n d  Ju ly  1995) w a s  s ign ifican tly  
d iffe ren t to  m e d ia n  v a lu e s  o b se rv e d  d u r in g  O ctober
1994 a n d  N o v e m b e r a n d  D e c e m b e r 1993 (T able 1). 
A  sig n ifican t d if fe re n c e  b e tw e e n  m e d ia n  ch i a  c o n cen ­
tra tio n  in  A pril 1995 a n d  D e c e m b e r 1993 w as  also 
id en tif ied  (T ab le  1). D e sp ite  th e  a p p a re n t  m a rk e d  dif­
fe ren ce  in  ch i a c o n cen tra tio n , to ta l cell c a rb o n  an d  
p h o to a u to tro p h ic  ce ll c a rb o n  b e tw e e n  J u n e  a n d  Ju ly
1995 (Fig. 3 A -C ), d if fe re n c e s  in  m e d ia n  v a lu e s  w ere  
n o t s ig n ifican t (T ab le  1).

M ean  ra tio s  of ch i a  to  p h o to a u to tro p h ic  ce ll ca rb o n  
w e re  sim ila r th ro u g h o u t m ost of th e  su rv ey s , b u t w e re  
m ark ed ly  h ig h e r  d u r in g  th e  su rv ey  in  A pril 1995 
(Fig. 3D). M e a n  ra tio s  of h e te ro tro p h ic  ce ll c a rb o n  to 
to ta l cell c a rb o n  v a r ie d  little  b e tw e e n  m ost surveys, 
w ith  h e te ro tro p h ic  sp e c ie s  a c c o u n tin g  fo r 11 to  16%  of 
th e  to ta l cell c a rb o n  in  A p ril a n d  J u n e  1995, O cto b er
1994 a n d  N o v e m b e r 1993 (Fig. 3E). In  Ju ly  1995, 
p h o to a u to tro p h ic  p h y to p la n k to n  sp ec ies  a c c o u n te d  for 
only 6 6%  of to ta l cell c a rb o n  (Fig. 3E) d u e  to  h e te ro ­
tro p h ic  sp e c ie s  co m p ris in g  a  m ajo r frac tio n  of th e  to tal 
cell c a rb o n  (71 to  76% ) in  3 of th e  11 p ro d u c tio n  e x p e r­
im en ts  c o n d u c te d .

W hen  te s te d  sta tis tica lly  u s in g  A N O V A  a n d  pa irw ise  
m u ltip le  co m p a riso n  p ro c e d u re s , th e  m e d ia n  ra tio  of 
chi a to  p h o to a u to tro p h ic  ce ll c a rb o n  w as  sign ifican tly  
d iffe ren t b e tw e e n  th e  A pril 1995 su rv ey  a n d  th e  Ju n e
1995 a n d  O c to b e r 1994 su rv ey s  (T able 1). A  sign ifican t 
d iffe ren ce  of th e  m e a n  p ro p o r tio n  of p h o to au to tro p h ic  
cell ca rb o n  w a s  id en tif ied  on ly  b e tw e e n  A p ril a n d  Ju ly  
1995 (T ab le  1).

T he co m position  of th e  p h y to p la n k to n  w as  first 
c o n s id e red  in  te rm s  of th e  m e a n  p ro p o r tio n  of th e  
to ta l b io m ass a c c o u n te d  for b y  m a jo r g ro u p s  (Fig. 4). 
D ia tom s w e re  p re s e n t  a t  a p p re c ia b le  lev e ls  (i.e. 
> 10%  of to ta l ce ll carbon) in  a ll su rveys, w h ils t th e  
m e a n  p ro p o r tio n  of d in o flag e lla te s  v a r ie d  m ark ed ly  
b e tw e e n  su rv ey s , re a c h in g  a  m ax im u m  in  O ctober 
(Fig. 4). F la g e lla te  b io m ass w a s  h ig h e r  th a n  for o th e r 
m ajo r g ro u p s  d u r in g  all su rv e y  p e rio d s  e x c e p t O c­
tober, b u t a c c o u n te d  for a  re la tiv e ly  sm a ll p ro p o rtio n  
(< 30% ) of th e  to ta l p la n k to n  b iom ass in  Ju ly  1995 
(Fig. 4). H e te ro tro p h s  (c ilia tes  a n d  h e te ro tro p h ic  
d in o flag e lla tes) co m p rised  a  sm a lle r p ro p o r tio n  of 
th e  to ta l cell b io m ass th a n  th e  p h o to au to tro p h ic  
p h y to p la n k to n  (Fig. 4). C o cco lith o p h o res  a n d  o th e r 
g ro u p s  a c c o u n te d  fo r n eg lig ib le  p ro p o rtio n s  (<1% ) of 
th e  to ta l p h y to p la n k to n  b io m ass  d u rin g  all su rvey  
periods.
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Table 1. Summary of statistical differences betw een phytoplankton biomass m ea­
sures and ratios. Variables for which differences betw een m eans or m edians were 
significant (p < 0.05) are shown as follows. Upper diagonal: Chlorophyll median 
(Chi), m edian total cell carbon (CT), median photoautotrophic cell carbon (CPH). 
Lower diagonal: m edian ratio of chi a to photoautotrophic cell carbon (ChhCpn), 
m ean photoautotrophic cell carbon as a proportion of total cell carbon (C Ph % )

Apr 1995 Jun  1995 Jul 1995 Oct 1994 Nov 1993a Dec 1993a

Apr 1995 CT Ct 
CPh CPh

- Chi

Jun  1995 Chl.-CpH Chi Chi Chi

J u l 1995 CPH% Chi Chi Chi

Oct 1994 ChhCpH - - -

Nov 1993a ND ND ND ND -

Dec 1993a ND ND ND ND ND

aNo phytoplankton data: significance of differences not determ ined (ND)

A D ia to m s

B D in o flag e lla te s

C  F la g e l la te s

D C il ia te s

E  H e te r o t r o p h ic  d in o f la g e l la te s

T h e  d o m in a n t g ro u p s  a n d  in d iv id u a l 
s p e c ie s  of p h y to p la n k to n  e n u m e ra te d  
in  e x p e r im e n ta l sam p le s  co lle c ted  d u r ­
in g  th e  sp rin g  a n d  su m m er su rv ey s in  
1995 a n d  a u tu m n  1994 a re  sh o w n  in  
T ab le  2. P h y to p lan k to n  sam p le s  w e re  
n o t e n u m e ra te d  from  th e  m a jo rity  of 
e x p e r im e n ta l s ta tio n s  d u rin g  N o v e m ­
b e r  a n d  D ecem b er 1993 su rveys; h o w ­
ever, a  n u m b e r  of ad d itio n a l su rface  
s a m p le s  w e re  c o u n te d  d u rin g  th e  N o ­
v e m b e r  su rvey . T h e se  sam p le s  in d ic a ­
te d  th a t  in  m ost a re a s  of th e  su rv ey  
reg io n , f lag e lla te s  fo rm ed  a h ig h  p ro ­
p o rtio n  of th e  p h o to a u to tro p h ic  ca rb o n  
(30 to  80% ) in  N o v em b er, w ith  d ia ­
tom s a n d  d in o flag e lla te s  a c c o u n tin g  
for 10 to  40%  of th e  p h y to p la n k to n  
c a rb o n . F ew  in d iv id u a l sp ec ie s  of d ia ­

tom s or d in o flag e lla te s  re p re s e n te d  > 1 0 %  of to ta l 
p h y to p la n k to n  b io m ass  a t an y  of th e  s ta tio n s  sa m p le d  
in  N o v em b er. In A pril, p rio r to  th e  sp rin g  b loom , 
p h y to p la n k to n  b io m ass w as  low  (<10 m g  m~3 ce llu la r  
c a rbon ) in  co m p ariso n  to o th e r  m o n th s  (Fig. 3B). 
D ia tom s re p re s e n te d  > 1 0 %  of p h y to p la n k to n  ca rb o n  
a t 7 of th e  9 s ta tions c o u n te d , w ith  d o m in a n t sp ec ie s  
b e in g  C osc inod iscus c o n c in n u s  (2 s ta tions), P leu ro ­
sig m a  sp . (3 sta tions) a n d  T halassiosira  cf. ro tu la  (1 s ta ­
tion) (T able  2). In  A pril, d in o flag e lla te s  w e re  a b s e n t  or 
p re s e n t  in  v e ry  low  a b u n d a n c e  (<5 %  of p h y to p la n k to n  
ca rbon ) a t  a ll sta tions, w h e re a s  f la g e lla te s  re p re se n te d  
b e tw e e n  20 a n d  90%  of th e  to ta l p h y to p la n k to n  b io ­
m ass  a t all 9 s ta tio n s c o u n te d . In ea rly  J u n e  all e x p e r i­
m e n ta l sam p les  w e re  w ith in  th e  re g io n  so u th  of F lam - 
b o ro u g h  H e a d  (Fig. 1). O n e  ad d itio n a l su rface  sam p le  
co llec ted  offshore of B erw ick -u p o n -T w eed  w as  co u n ted  
a n d  re v e a le d  >75 % of th e  p h y to p la n k to n  b iom ass to  b e  
d o m in a te d  b y  d ia tom s (m ain ly  L ep to cy lin d r icu s  m in i­
m u m ), a lth o u g h  th e  to ta l p h y to p lan k to n  ca rb o n  b io ­
m ass w as  low  (14 m g  m -3). S ta tions to  th e  n o rth  of th e  
H u m b e r m o u th  also h a d  low  c a rb o n  b io m ass (<33 m g 
m -3) a n d  chi a  co n cen tra tio n  (<1.4 m g  m '3) b u t w e re  
d o m in a te d  by  d ia tom s, n o ta b ly  A ste r io n e lla  g lacia lis  
a n d  L auderia  annu la ta  (T ab le  2). T h ese  s ta tio n s  also  
h a d  a  h ig h  p ro p o rtio n  of h e te ro tro p h ic  c a rb o n  (14 to  
37% ) a n d  a  h ig h  p ro p o rtio n  of f lag e lla te s , a lth o u g h  
th e s e  w e re  n o t P haeocystis  cells. T his o b se rv a tio n  w as  
in  co n tra s t to  th e  4 s ta tions to  th e  so u th e a s t of th e

Fig. 4. M ean composition of the microplankton for each survey 
cruise shown as the proportion of total cell carbon biomass 
accounted for by each of the major microplankton groups identi­
fied. Vertical bars show standard error. M icroplankton samples 
for D ecember 1993 w ere not available for microscopic analysis
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Table 2, Im portant phytoplankton groups and species con­
tributing to cellular biomass during survey cruises. The num ­
ber of experim ental samples is shown in which cellular car­
bon of each group or species accounts for >10% of total 

photoautotrophic carbon

Survey date: Apr 1995 Jun 1995 Jul 1995 Oct 1994 
Experimental samples: 9a 7 11 8

Diatoms 7 3 5 6
Asterionella glacialis - 1 1 -
Coscinodiscus concinnus 2 - 1 -

Lauderia annulata - 2 - -

Leptocylindricus danicus 
Pleurosigma sp. 3

- 1 -

Rhizoselenia alata - - 1 -
Rhizoselenia delicatula - - 2 -
Thalassiosira cf. rotula 1 - - -
Dinoflagellates - - 7 7
Ceratium furca - - - 3
Ceratium lineatum - - 4 1
Ceratium tripos - - 1 -
Dinophysis acuta - - - 5
Dinophysis acuminata - - 2 -
Katodinium rotundatum - - 3 -

Flagellates 9 7 10 8
Flagellates 4 pm 9 3 8 7
Flagellates 2 pm 6 1 4 2
Cryptomonad 4 1 4 2
Phaeocystis - 4 - -

Coccolithophores - - 1 -

aPhytoplankton sample from 1 station in the Humber plume 
not counted due to amount of sediment present

H u m b e r m o u th  in  th e  o u te r  p lu m e  reg io n , a t  w h ich  
P h a eo cystis  cells d o m in a te d  th e  p h o to au to tro p h ic  
c a rb o n  (80 to  9 5 % ) a n d  ch i a (ca 4.5 m g  n r 3) a n d  s im i­
larly  cell c a rb o n  c o n c e n tra tio n s  (ca 350 m g  m -3) w e re  
e lev a ted . A t a ll s ta tio n s  s a m p le d  in  J u n e , d in o f lag e l­
la te s  fo rm ed  a  v e ry  sm a ll p ro p o r tio n  of 
th e  to ta l p h o to a u to tro p h ic  ca rb o n .

In early  Ju ly , th e  5 s ta tio n s  sa m p le d  
n o rth w es t of th e  H u m b e r  m o u th  h a d  
h ig h  n u m b e rs  of d in o f la g e lla te s , in c lu ­
d in g  C era tium  lin e a tu m , C era tiu m  tri­
pos, D in o p h y s is  a c u m in a ta  a n d  K ato ­
d in iu m  ro tu n d a tu m  (T ab le  2) an d  
re p re s e n te d  > 4 5 %  of th e  p h o to a u ­
to tro p h ic  c a rb o n . A t s ta tio n s  so u th  of 
th e  H u m b e r p lu m e , d ia tom s w e re  m ore  
a b u n d a n t a n d  e a c h  of th e  fo llow ing  
sp ec ie s  r e p r e s e n te d  > 1 0 %  of th e  p h o ­
to a u to tro p h ic  ca rb o n : A s te r io n e lla  g la ­
cialis (1 sta tio n ), C o sc in o d iscu s  co n ­
c in n u s  (1 s ta tio n ), L e p to c y l in d r u s  
d a n icu s  (1 s ta tio n ), R h izo so len ia  d e li­
catula  (2 s ta tio n s) a n d  R h izo so len ia  
alata  (1 sta tion ). F la g e lla te s  w e re  g e n ­

e ra lly  p re s e n t  a t  h ig h  p ro p o r tio n s  c lo se r to  th e  H u m b er 
m ou th . A t o n e  sta tion , e a s t  of F lam b o ro u g h  H ead , coc- 
co lith o p h o re s  c o n tr ib u te d  > 1 0 %  to  p h y to p la n k to n  
carb o n , w ith  S yracosphaera  sp. a n d  Em iliania h u x le y i  
b e in g  m ost a b u n d a n t. A t 9 of th e  11 s ta tions sam p led , 
h e te ro tro p h ic  c a rb o n  r e p re s e n te d  > 1 0 %  of to ta l c a r­
bo n  a n d  a t  3 m o re  n o rth e rly  n e a r-sh o re  s ta tio n s  th is 
p ro p o r tio n  in c re a s e d  to  > 7 0 % .

D u rin g  th e  a u tu m n  su rv e y  in  O c to b e r 1994, a lth o u g h  
6 of th e  8 s ta tio n s  sa m p le d  h a d  >10 % d ia to m  c a rb o n  as 
a p ro p o r tio n  of p h y to p la n k to n  carb o n , no  s in g le  sp e ­
c ies  d o m in a te d  a t an y  sta tio n . C h i a (<0.6 m g  n r 3) a n d  
p h y to p la n k to n  ca rb o n  leve ls  (<35 m g  m~3) w e re  low  
d u rin g  th is  su rvey . H o w ever, d in o flag e lla te s  w e re  p r e ­
s e n t a t  7 o u t of th e  8 s ta tio n s  a t  >10 % of p h y to p la n k to n  
c a rb o n  a n d  a c c o u n te d  fo r > 5 0 %  of p h y to p la n k to n  
c a rb o n  a t 4 s ta tio n s , w ith  d o m in a n t sp ec ies  b e in g  C er­
a tium  furca , C era tiu m  lin e a tu m  a n d  D in o p h ysis  acuta  
(T ab le  2). F la g e lla te  c a rb o n  w a s  v a riab le  (15 to  80 %) at 
th e  d if fe re n t s ta tio n s  d u rin g  O ctober, b u t P h a eo cystis  
cells w e re  n o t p re s e n t  in  an y  of th e  sam p les  co u n ted .

R elation sh ip s of p hotosynth etic  param eters w ith  
en v iron m en ta l variab les

R ela tio n sh ip s  of p h o to sy n th e tic  p a ra m e te rs  w ith  e n ­
v iro n m e n ta l v a r ia b le s  w e re  q u a n tif ie d  u s in g  m u ltip le  
l in e a r  re g re ss io n  analy sis. A  fo rw a rd  se lec tio n  p ro c e ­
d u re  (K le inbaum  e t al. 1998) w a s  a d o p te d  in  w h ic h  co r­
re la tio n  te s ts  (P earso n  p ro d u c t m om en t) w e re  first con ­
d u c te d  to  d e te rm in e  th e  en v iro n m e n ta l v a ria b le  m ost 
h ig h ly  c o rre la te d  (i.e. h ig h e s t r) w ith  e a c h  p h o to sy n ­
th e tic  p a ra m e te r  (T able 3). T h e  sta tis tica l sig n ifican ce  
(p va lu e ) of th e  m o s t h ig h ly  c o rre la te d  v a r ia b le  as a  
p re d ic to r  of e a c h  p h o to sy n th e tic  p a ra m e te r  w as  th e n

Table 3. Correlation coefficients (r) and p values (in parentheses) for relation­
ships betw een photosynthesis param eters and environmental variables (NS: not 

significant, p > 0.05). PAR: photosynthetically available radiation

Variable a B nB1 max

Mean PAR -0.618 (<0.001) -0.610 (<0.001) -0.170NS
Total PAR -0.652 (<0.001) -0.670 (<0.001) —0.131NS
Attenuation -0.234NS -0.270NS —0.191NS
Temperature 0.327ns 0.340 (0.046) 0.074ns
[P 0 43-] 0.020ns -0.014NS -0 .1 3 0 ns
[NH4+] 0.095ns -0 .0 1 2 ns -0 .2 9 4 ns
(n o 3-) -0.147NS -0 .1 7 8 ns -0 .1 5 6 ns
[Urea] 0.354 (0.040) 0.360 (0.040) -0 .0 6 3 ns
Diatom cell C 0.008NS 0.050ns 0.201ns
Dinoflagellata cell C 0.239ns 0.255ns 0.001ns
Flagellate cell C —0.182NS -0.197NS -0 .0 4 8 ns
Ciliate cell C -0 .1 5 4 ns -0.172NS 0.109ns
Heterotrophic dinoflagellata cell C — 0.121NS 0.074ns 0.089ns
N 35 34 34
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Table 4. Linear regression equations relating photosynthesis param eters to environ­
m ental variables and associated statistics. S tandard error of estim ates is expressed in 
the units of the dependent variables (aB and PBmax) and as a percentage of the mean 
values of a B and P Bmax (PARtot is the incident surface PAR sum med over the daylight 

period, mol photons m~2; T  is sea surface tem perature, °C)

Regression equation SE of estimate r2 F P

a B = 1.527 -  (0.0214 xPARtot) 0.433 (75%) 0.425 25.09 <0.001
PBmax = 236.8-(3.515 xPARtot) 68.54 (84 %) 0.450 26.98 <0.001
PBmax = 121.4 -  (3.543 X PARtot) + (11,82 x T) 61.33 (75%) 0.573 21.45 <0.001

d e te rm in e d . If th e  m ost h igh ly  
c o rre la te d  v a riab le  w as  fo u n d  no t 
to  b e  a s ig n ifican t p re d ic to r  of a B,
P Bmax o r Ek (p > 0.05), it  w as  c o n ­
c lu d e d  th a t  n o n e  of th e  re m a in in g  
a n d  le ss  co rre la te d  en v iro n m en ta l 
v a r ia b le s  w e re  s ig n ifican t p re d ic ­
to rs  of a B, P Bmax or Ek. If sign ifican t, 
th e  m ost h igh ly  co rre la ted  v ariab le  
w as  in c lu d e d  in  th e  lin e a r  m o d e l 
a n d  fu r th e r  v a riab le s  c o n tr ib u tin g  
s ig n ifican tly  to  th e  p red ic tio n  of th e  p h o to sy n th e s is  
p a ra m e te rs  w e re  id en tif ied  b y  an  ite ra tiv e  p ro c e d u re , 
in  w h ich  only  sig n ifican t p re d ic to rs  w e re  co n sid e red  
a n d  v a ria b le s  w ith  th e  lo w est p  v a lu e  in c lu d e d  in  th e  
m o d e l a t e ach  ite ra tio n  {K leinbaum  e t al. 1998). E x p e r­
im e n ta l d a ta  w e re  in c lu d e d  in  th is  p ro c e ss  on ly  w h e n  a 
fu ll se t of p h o to sy n th e tic  p a ra m e te rs  a n d  e n v iro n m e n ­
ta l v a r ia b le s  (T able 3) w e re  a v a ilab le .

B oth m e a n  d a y lig h t in c id e n t PAR a n d  to ta l in c id en t 
PAR w e re  s ign ifican tly  c o rre la te d  w ith  a B a n d  P Bmax 
(T able  3). H ow ever, co -lin earity  of m e a n  PAR a n d  to ta l 
PAR w as observed : to ta l in c id e n t PAR w a s  s e le c te d  as 
th e  m e a s u re  of PAR for co n s id e ra tio n  as a  p re d ic to r  of 
a B a n d  P Bmax d u e  to  its  h ig h e r  c o rre la tio n  coeffic ien t 
(T able  3). M u ltip le  lin ea r re g re ss io n  an a ly s is  id en tif ied  
th a t  on ly  to ta l in c id en t PAR c o n tr ib u te d  s ign ifican tly  
to  p re d ic tin g  th e  in itia l s lo p e  of th e  P -E  cu rv e  (a B); 
n o  o th e r  e n v iro n m e n ta l v a ria b le s  c o n tr ib u te d  s ig n ifi­
can tly  in  th is  re sp e c t (T able 4). P Bmax co u ld  a lso  b e  p r e ­
d ic te d  from  th e  to ta l in c id e n t PAR, b u t in c lu s io n  of se a - 
su rfa c e  te m p e ra tu re  in  th e  lin e a r  m o d e l g a v e  a  h ig h e r  
le v e l of e x p la in e d  v a r ia n c e  (r2 = 5 7 % ) a n d  a  lo w er 
s ta n d a rd  e rro r  (T able  4). A lth o u g h  th e  co n cen tra tio n  
of u re a  w a s  a lso  s ig n ifican tly  c o rre la te d  w ith  a B a n d  
P Bm a x  (T able 3), th is  v a ria b le  d id  n o t c o n tr ib u te  s ig n ifi­
can tly  to  th e  p red ic tio n  of ocB or P Bmax w h e n  in c lu d e d  in 
lin e a r  m o d e ls  (T able  4). Ek w as  n o t s ig n ifican tly  c o rre ­
la te d  w ith  any  of th e  e n v iro n m e n ta l v a r ia b le s  c o n s id ­
e re d  b u t w a s  m ost s tro n g ly  c o rre la te d  to  am m o n iu m  
co n c e n tra tio n  (T able  3). A m m o n iu m  w a s  not, h o w ev er, 
fo u n d  to  b e  a  s ig n ifican t p re d ic to r  of Ek w h e n  a sse sse d  
b y  m u ltip le  lin e a r  reg re ss io n .

D ISCU SSIO N

T h e  m e a n  ch i a c o n cen tra tio n s  m e a s u re d  d u r in g  th e  
su rv ey  p e rio d s  (Fig. 3) a re  c o m p a ra b le  to  th o se  of p r e ­
v ious re p o r ts  for s im ila r tim es  of y ear. C h i a c o n c e n ­
tra tio n s  of less th a n  1 m g  m~3 h a v e  p rev io u sly  b e e n  
o b se rv e d  in  UK N o rth  S ea  co as ta l w a te rs  th ro u g h o u t 
w in te r  a n d  early  sp rin g , ris in g  to  1 -2  m g  n r 3 d u rin g  
a u tu m n  a n d  >2  m g  m -3 d u rin g  la te  sp r in g  to  early  
su m m e r (H orw ood 1978, 1982, Jo in t & Pom roy  1993).

L ocalized  chi a p a tc h e s  in  excess of 4 m g  m~3 h av e  a lso  
b e e n  o b se rv e d  a d ja c e n t to  th e  e s tu a rie s  of th e  T ees 
a n d  H u m b er, th e  n o r th  N orfo lk  co as t a n d  F lam bor- 
o u g h  H e a d . T h e se  p re v io u s  s tu d ie s  a lso  sh o w ed  ev i­
d e n c e  th a t  chi a  co n c e n tra tio n s  a n d  p ro d u c tio n  ra te s  
a re  h ig h  d u rin g  la te  A pril, M ay  a n d  ea rly  J u n e  in  th e se  
co as ta l w a te rs . T h e  re s u lts  p re s e n te d  h e re  from  th e  
first 2 w k  of A p ril 1995 d o  n o t in d ic a te  a  c lea rly  d e fin e d  
'sp rin g  b loom ' of ph y to p lan k to n , a lth o u g h  d ia tom s w ere  
d o m in a n t p a rtic u la rly  a t  m o re  n o rth e rly  s ta tio n s a n d  
th e  h ig h  ch i a :p h y to p lan k to n  cell c a rb o n  in  A pril 
(Fig. 3D) su g g e s ts  th e  p o p u la tio n  w as  ac tive ly  g ro w ­
ing . A dd itio n a l d a ta  co lle c ted  in  th is  reg io n  d u rin g  
m id- to  la te  A pril (au th o rs ' u n p u b l. d a ta ) re v e a le d  ch i a 
c o n cen tra tio n s  u p  to  30 m g  m~3 in  su rface  w a te rs  to  th e  
n o rth  of 54° N, in d ica tiv e  of th e  d ia to m  sp rin g  b loom , 
w h e re a s  b e lo w  54° N  c h i a c o n cen tra tio n s  w e re  < 2  m g  
m~3. T h e se  v a lu e s  a re  m u c h  h ig h e r  th a n  th o se  d e te c te d  
by  J o in t & Pom roy  (1993) fo r th is  reg io n , b u t it is likely  
th a t  th e  p e a k  of th e  sp r in g  b loom  in  1989 o c c u rre d  in  
m id - to  la te  A pril, b e tw e e n  th e ir  su rv ey s . By early  M ay, 
chi a co n c e n tra tio n s  n o r th  of 54° N  h a d  d e c re a s e d  
a g a in  to  m ostly  < 2  m g  m~3, w h e re a s  so u th  of 5 4 °N  
v a lu es  u p  to  50 m g  m -3 w e re  re c o rd e d  (au thors ' 
u n p u b l. d a ta ), s u g g e s tin g  th a t  g ro w th  of th e  sp rin g  
b loom  a d v a n c e s  d o w n  th e  coast from  n o rth  to  sou th . 
In J u n e  1995 ch i a v a lu e s  w e re  e le v a te d  in  th e  o u te r 
H u m b e r p lu m e  d u e  to  th e  p re s e n c e  of P h a eo cystis  spp . 
(T able 2). T h is o rg an ism  is w e ll k n o w n  to  p ro d u ce  
ex ten s iv e  b loom s in  the  e a s te rn  a n d  so u th e rn  p a rts  of 
th e  N o rth  S e a  in  M ay (L ancelo t e t  al. 1991, Jo in t & 
Pom roy  1993) b u t w as  n o t re p o r te d  b y  H orw ood  (1982) 
as a  m a jo r co m p o n en t of th e  p h y to p la n k to n  in  UK 
N o rth  S ea  co asta l w ate rs . In  Ju ly , ch i a co n cen tra tio n s 
w e re  lo w  th ro u g h o u t th e  reg io n , a lth o u g h  a t a  s ta tio n  
w ith in  T h e  W ash , levels w e re  e le v a te d  w h e re  R h i­
zo so len ia  de lica tu la  d o m in a ted .

T h e re  h a v e  b e e n  few  p re v io u s  s tu d ie s  of sea so n a l 
c h a n g e s  in  p h y to p la n k to n  sp ec ie s  a b u n d a n c e  in  UK 
co asta l w a te rs  of th e  w e s te rn  N o rth  Sea. H orw ood  
e t al. (1982) fo u n d  th a t th e  n a tu ra l p h y to p lan k to n  
a s se m b la g e s  of th is reg io n  w e re  la rg e ly  d o m in a ted  
b y  e i th e r  d ia tom s or d in o flag e lla te s  d u r in g  su rveys 
in  F e b ru a ry  to  O cto b er 1976 a n d  th a t  d in o flag e lla te s
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w e re  m o s t a b u n d a n t d u rin g  m id -su m m er (Ju n e /Ju ly ) 
a n d  a u tu m n  (S ep tem b er/O c to b e r) . T h e  re s u lts  from  
th e  c u r re n t s tu d y  b ro ad ly  a g re e  w ith  th e i r  o b s e r ­
va tio n s, a lth o u g h  som e d iffe ren ces  in  th e  d o m in a n t 
sp e c ie s  of d ia to m s b e tw e e n  th e  2 s tu d ie s  ex is t. T he 
m e th o d  of co llec tion  of p h y to p la n k to n  u s e d  b y  H o r­
w o o d  e t al. (1982) (nylon filte rin g  n e t w ith  m e sh  a p e r ­
tu re  of 35 pm ) w ou ld  n o t h a v e  c o n c e n tra te d  sm all 
f la g e lla te  sp e c ie s . M ills e t al. (1994) in c lu d e d  som e 
p h y to p la n k to n  d a ta  co llec ted  d u rin g  sp r in g  su rv ey s  
in  1989 from  2 sta tions: CS (5 5 °3 0 'N , 0 ° 5 5 'E )  to  th e  
e a s t  of th e  n o r th e rn  sec to r of th e  c u rre n t su rv e y  re g io n  
a n d  AB (5 2 °4 2 'N , 2 °2 5 ’ E) off th e  e a s t co as t of E ast 
A n g lia , s lig h tly  to  th e  so u th  of th e  c u r r e n t su rv ey  
reg io n . N o v a rin o  e t al. (1997) re p o r te d  th e  p re s e n c e  or 
a b se n c e  of d o m in a n t f la g e lla te s  a n d  d in o f la g e lla te s  
fro m  a  n u m b e r  of s ta tio n s sa m p le d  th ro u g h o u t th e  
N o rth  S ea  b u t o n ly  o n e  (Stn DF e a s t of th e  T ees  e s tu ­
ary ) w as  w ith in  th e  reg io n  sa m p le d  a s  p a r t  of th e  
c u r r e n t s tu d y . T h e  d o m in an t d in o flag e lla ta  sp ec ie s  
re p o r te d  by  N o v arin o  e t al. (1997) a n d  M ills e t al. 
(1994) a r e  g e n e ra lly  in  a g re e m e n t w ith  H o rw o o d  e t  al.
(1982) a n d  re s u lts  from  th e  c u r re n t study . T h e  re s u lts  of 
th is  s tu d y  sh o w  th a t  sm all f la g e lla te  sp e c ie s  in c lu d in g  
P h a eo cystis  a re  a lso  a n  im p o rta n t c o m p o n e n t of th e  
p h y to p la n k to n  in  n e a r-sh o re  co as ta l w a te rs  of th e  
w e s te rn  N o rth  S e a  (Fig. 4).

T h is s tu d y  h a s  sh o w n  th a t ch i a -n o rm a lized  p h o to ­
sy n th e tic  p a ra m e te r s  w e re  n o t s ig n ifican tly  d if fe re n t 
in  th e  n e a r-sh o re  UK co asta l w a te rs  of th e  N o rth  S ea  
th ro u g h o u t m o s t of th e  su rv ey  p e riods, b u t d iffe red  
on ly  d u rin g  th e  O c to b er 1994 su rvey . R an g es  of ccB 
a n d  P Bmax m e a s u re d  d u rin g  su rv ey s from  N o v e m b e r 
1993 to  Ju ly  1995 co m p are  closely  to  th o se  p rev io u sly  
r e p o r te d  fo r o th e r  reg io n s  of th e  N orth  S ea  (e.g . Till- 
m a n n  e t al. 2000) a n d  fall w ith in  th e  ra n g e s  re p o r te d  
fo r a  n u m b e r  of co asta l en v iro n m e n ts  (K eller 1988). 
S tu d ie s  of P -E  p a ra m e te rs  of p h y to p la n k to n  in  n e a r ­
sh o re  c o a s ta l w a te rs  h a v e  id e n tif ie d  th a t  a B te n d s  
to  v a ry  little  o n  a  se a so n a l b a s is  in  th e  n o r th e rn  Irish 
S e a  (G ow en  & B loom field  1996) o r th e  N o rth  F rie s ian  
W a d d e n  S ea  (T illm ann  e t al. 2000). M a rk e d  s e a s o n a l 
v a ria tio n s  of a B hav e , how ever, b e e n  re p o r te d  fo r th e  
B ed fo rd  B asin , N ova Scotia, b y  C ô té  & P la tt (1983). 
W ith  r e g a rd  to  P Bmax, th e  g e n e ra l  la c k  of a m a rk e d  
s e a s o n a l v a ria b ility  o b se rv e d  in  th e  p re s e n t s tu d y  co r­
re sp o n d s  c lo se ly  to  o b se rv a tio n s  of G o w en  & B loom ­
fie ld  (1996) in  th e  n o rth e rn  Irish  Sea. In co n tra st, 
m a rk e d  s e a so n a lity  of P Bmax h a s  b e e n  n o te d  fo r p h y to ­
p la n k to n  in  th e  B edfo rd  B asin  (H arrison  & P la tt 1980, 
C ô té  & P la tt 1983) a n d  in  th e  N o rth  F rie s ian  W a d d e n  
S ea  (T illm ann  e t al. 2000). Ek sh o w e d  no  c o n s is te n t 
s e a so n a l p a tte rn , w ith  a  m e a n  v a lu e  of 176 ± 6 p m o l 
p h o to n s  n r 2 s_1. T his m e a n  is lo w er th a n  th e  m e a n  
s e a so n a l v a lu e  re p o r te d  by T illm an n  e t  al. (2000) of

216 pm ol p h o to n s  m f2 s_1 b u t w ith in  th e  ra n g e  
re p o r te d  for o th e r  c o a s ta l p h y to p la n k to n  p o p u la tio n s  
(P ennock  & S h a rp  1986).

It sh o u ld  b e  n o ted , h o w ev e r, th a t  C ô té  & P la tt's  
(1983) conclusions w e re  b a se d  on  d a ily  m e a su re m e n ts  
of P -E  p a ra m e te rs  r a th e r  th a n  th e  less  f r e g u e n t su rveys 
of th e  p re s e n t s tu d y  or, fo r e x am p le , th a t  of G o w en  & 
B loom field (1996). W e s u g g e s t  th a t  th e  lack  of sea so n a l 
v a riab ility  of a B a n d  P 5max b e tw e e n  th e  d if fe re n t su rv ey  
p e rio d s  o b se rv ed  in th e  p re s e n t  s tu d y  a n d  o th e rs  (e.g. 
G o w en  & B loom field 1996) m ay  b e  d u e  in  p a r t  to  th e  
re la tiv e ly  low  n u m b e r  of in c u b a tio n  ex p e rim en ts  
w h ich  c a n  be  c o n d u c te d  d u rin g  su rv ey  cru ises: m ore 
f r e q u e n t a n d  n u m e ro u s  e x p e rim e n ts  w o u ld  p rov ide  
m o re  ex ten s iv e  d a ta  w h ic h  m ay  id en tify  a s ta tis tica lly  
s ig n ifican t sea so n a l s ig n a l in  P -E  p a ra m e te rs , su ch  as 
h a s  b e e n  o b se rv e d  for a B (C ôté & P la tt 1983) a n d  P Bmax 
(C ôté & P latt 1983, T illm an n  e t al. 2000) w h e n  a  m ore  
f r e q u e n t sam p lin g  p ro g ra m m e  w a s  em p loyed .

L abo ra to ry  c u ltu re  e x p e r im e n ts  h a v e  id en tif ied  se v ­
e ra l en v iro n m en ta l fa c to rs  (e .g . te m p e ra tu re , n u tr ie n t 
av a ilab ility  a n d  ir rad ia n ce ) w h ic h  le a d  to  v a ria tio n  in 
ph y to p lan k to n  p h o to sy n th e tic  ac tiv ity  a n d  m ay  exp la in  
th e  tem p o ra l v a ria tio n s  o f a B a n d  P Bmax o b se rv e d  in  th e  
n a tu ra l en v iro n m en t. F ie ld  s tu d ie s  h av e  a lso  sh o w n  
th a t  tem p o ra l v a ria tio n s  in  a B a n d  P Bmax a re  in f lu en ced  
by  tem p o ra l v a ria tio n s  in  p h y to p la n k to n  co m m un ity  
s tru c tu re  (H arrison  & P la tt 1980, C ô té  & P la tt 1983, T ill­
m a n n  e t al. 2000). T h e  re la tio n sh ip  b e tw e e n  th e  p h o to ­
sy n th e tic  activ ity  of p h y to p la n k to n  a n d  av a ilab le  ligh t 
m ay  b e  d u e  to  spec ific  ch a ra c te ris tic s  of d iffe ren t s p e ­
c ie s  o r g roups . T h e  o p tica l a b so rp tio n  c ro ss-sec tio n  of 
p h o to sy n th e tic  a p p a ra tu s , for e x a m p le , v a rie s  b e tw e e n  
sp e c ie s  (F alkow ski e t al. 1985) a n d  d e te rm in e s  P Bmax 
(S a k sh a u g  e t al. 1997). T h e  e ffic ien cy  w ith  w h ich  a b ­
so rb e d  lig h t e n e rg y  is c o n v e r te d  in to  p h o to sy n th e tic  
c a rb o n  is also a n  im p o rta n t fa c to r w h ic h  u n d e rp in s  the  
re la tio n sh ip  b e tw e e n  p h y to p la n k to n  ac tiv ity  a n d  ir ra ­
d ia n c e  (L angdon  1988) a n d  w h ic h  m ay  v a ry  b e tw e e n  
spec ies.

In th e  p re s e n t study, f la g e lla te s  co m p rised  a  m ajo r 
p a r t  of th e  to ta l ce ll b iom ass in  A pril a n d  J u n e  1995, 
a n d  N o v em b er 1993 (Fig. 4), d u rin g  w h ich  sim ilar m ean  
v a lu e s  of a B a n d  P Bmax w e re  o b se rv e d  (Fig. 2). T his a p ­
p a re n t  co n sis ten cy  of a B a n d  P Bmax m ay  b e  a ttr ib u ta b le  
to  s im ilarities in  th e  p h o to sy n th e tic  a p p a ra tu s  an d  
q u a n tu m  effic iency  of f la g e lla te s  d u r in g  th e  d iffe ren t 
su rv ey  p e riods. A lth o u g h  to ta l c e ll ca rb o n  d u rin g  Ju ly  
1995 d iffe red  in  co m p ariso n  to  o th e r  su rv ey  p eriods 
in  th a t  d ia tom s, flag e lla te s , d in o flag e lla te s , c ilia tes  an d  
h e te ro tro p h ic  d in o flag e lla te s  w e re  p re s e n t in  sim ilar 
p ro p o r tio n s  (Fig. 4), th is sh ift in  th e  p h y to p lan k to n  
co m m u n ity  s tru c tu re  did n o t re s u lt in  s ig n ifican t d iffe r­
e n c e s  in  m e a n  v a lu e s  of a B a n d  P Bmax w h e n  co m p ared  
to  th o se  o b se rv e d  d u rin g  th e  A pril, Ju n e , N o v em b er
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a n d  D e c e m b e r su rv ey s  (Fig. 2). O b se rv e d  v a lu e s  of 
a B an d  P Bmax, h o w ev er, r e p re s e n t th e  co m b in ed  P-E  
re sp o n se  of th e  a u to tro p h ic  p h y to p la n k to n  com m unity . 
D iffe ren ces b e tw e e n  th e  P -E  ch a rac te ris tic s  of d iffe r­
e n t g ro u p s  o r sp e c ie s  do  n o t n ece ssa rily  com b ine  w ith  
c h a n g e s  in  th e  co m m u n ity  s tru c tu re  in  su ch  a w ay  as to 
c h a n g e  th e  o v e ra ll a g g re g a te  P-E  ch a rac te ris tic s  of a 
m ix ed  n a tu ra l p h y to p la n k to n  a ssem b lag e .

T h e  s ig n ifican tly  h ig h e r  a B a n d  P Bmax v a lu e s  
o b se rv e d  d u rin g  O c to b e r 1994 (Fig. 2) co inc ide  w ith  
a  sh ift to w a rd s  re la tiv e ly  h ig h  co n trib u tio n s of d in o ­
fla g e lla te s  to to ta l cell c a rb o n  (Fig. 4). M u ltip le  re g r e s ­
sion  an d  c o rre la tio n  te s ts  c a rr ie d  o u t on  re su lts  from  
all in c u b a tio n  e x p e rim e n ts  sh o w ed  th a t cell c a rb o n  
c o n cen tra tio n s  of m a jo r p h y to p la n k to n  g ro u p s  w e re  
n o t sign ifican tly  co rre la ted  w ith  e ith e r  a B or P Bmax 
(Table 3) a n d  d id  n o t c o n tr ib u te  to  th e  p red ic tio n  of 
P -E  p a ra m e te rs  (T able  4). A lth o u g h  m u ltip le  lin e a r  
re g re ss io n  an a ly s is  (T able  4) d id  n o t confirm  th e  
p o ss ib le  im p o rta n c e  of d in o flag e lla te s  in  in f lu en c in g  
a B an d  P Bmax (Figs. 2 & 4), w e  su g g e s t th a t th e  h ig h  
m e a n  v a lu e s  of a B a n d  P Bmax d u rin g  O c to b er 1994 
(Fig. 2) m ay  b e  a tt r ib u ta b le  to  in te rsp ec ific  d iffe ren ces  
b e tw e e n  th e  P -E  ch a ra c te ris tic s  of d in o flag e lla te s  
a n d  o th e r  m a jo r p h y to p la n k to n  g ro u p s . C ô té  & P la tt
(1983) sh o w e d  v a lu e s  of a B for B edfo rd  B asin p h y ­
to p la n k to n  w e re  lo w er w h e n  d in o flag e lla te s  w e re  
d o m in an t th a n  w h e n  g re e n  fla g e lla te s  o r D inobryon  
sp . w e re  m o re  a b u n d a n t;  th e  p re s e n t s tu d y  show s 
h ig h e r  P -E  p a ra m e te r s  d u r in g  p e rio d s  in  w h ich  d in o ­
flag e lla te s  co m p rise  a  h ig h  p ro p o rtio n  of p h y to p la n k ­
ton . T he re su lts  of th e  p re s e n t  s tu d y  a n d  th o se  of C ô té  
& P la tt (1983) in d ic a te  th a t  th e  P -E  ch a rac te ris tic s  of 
n a tu ra l p h y to p la n k to n  com m un ities  can  b e  m odified  
w h en  d in o flag e lla te s  acco u n t for a  m ajo r p a r t of th e  
p h y to p lan k to n  b iom ass, a lth o u g h  v a lu e s  of a B m ay  b e  
e ith e r  h ig h e r  o r lo w er th a n  w h e n  o th e r  g ro u p s  d o m i­
n a te  p h y to p la n k to n  b iom ass.

M u ltip le  re g re ss io n  an a ly s is  sh o w e d  th a t a B co u ld  be  
p re d ic te d  on  th e  b a s is  of to ta l in c id e n t PAR, w h ils t 
P Bmax cou ld  b e  p re d ic te d  by  a  lin ea r com bination  of to ta l 
in c id en t PAR a n d  se a -su rfa c e  te m p e ra tu re  (T able 4). 
T h e se  re g re s s io n s  d o  no t, h ow ever, o ffer a p a rticu la rly  
go o d  m e a n s  of p re d ic tin g  a B a n d  P Bmax since  th e  lin e a r  
m odels d e riv e d  e x p la in e d  only  43 a n d  57 % of th e  v a r i­
a tio n  in  a B a n d  P Bmax, re sp e c tiv e ly  (T able  4), T he n e g ­
a tiv e  re la tio n sh ip  of a B a n d  P Bmax w ith  to ta l in c id en t 
PAR (T ables 3 & 4) c o n tra s ts  w ith  th e  g en e ra lly  a c c e p ­
te d  p a ra d ig m  th a t  P Bmax d e c re a s e s  as p h y to p lan k to n  
b eco m e  a d a p te d  to  lo w er lig h t leve ls  (e.g. F alkow sk i 
1980). T h e  p o s itiv e  re la tio n sh ip  of P Bmax w ith  te m p e ra ­
tu re  co rre sp o n d s  to  th e  ro le  of te m p e ra tu re -d e p e n d e n t 
en zy m a tic  p ro c e s se s  co n tro llin g  Pmax in  m ic ro a lg ae  
(G e id e r & O sb o rn e  1992). S im ila r positive  re la tio n sh ip s  
b e tw e e n  P BmaX a n d  te m p e ra tu re  h a v e  b e e n  re p o r te d

p rev io u sly  in  a  n u m b e r  of f ie ld -b a sed  s tu d ie s  (e.g. C ôté 
& P la tt 1983, 1984, T illm an n  e t al. 2000).

It is w id e ly  b e lie v e d  th a t th e  p h o to sy n th e tic  activ ity  
of p h y to p la n k to n  is d e te rm in e d  p a r tly  by  ad a p tiv e  
re sp o n se s  to  c h a n g e s  in  th e  leve l a n d  d u ra tio n  of ex p o ­
s u re  of cells to  PAR (e.g . F a lkow sk i 1980, P réze lin  & 
M atlick  1980, S a k s h a u g  e t al. 1997). E k (T ailing  1957) 
is c o n s id e re d  to  in d ic a te  acc lim ation  or co n d itio n in g  of 
p h y to p la n k to n  cells to  av a ilab le  PAR. S a k sh a u g  e t al. 
(1997) su g g e s t th a t th e  v a lu e  of Ek sh o u ld  in c re a se  w ith  
in c re a s in g  PAR as a  re s u lt  of p h y to p la n k to n  cells m a in ­
ta in in g  a n  o p tim u m  b a la n c e  b e tw e e n  lig h t a n d  d a rk  
re a c tio n s  of p h o to sy n th es is .

T h e  la c k  of a  sta tis tica lly  s ig n ifican t d if fe ren ce  in 
v a lu e s  of E k o b se rv e d  b e tw e e n  th e  su rv e y  p e rio d s  in 
th e  p re s e n t  s tu d y  (Fig. 2) in d ica te s  th a t  p h o to sy n th e tic  
a c tiv ity  of th e  p h y to p la n k to n  in  th e s e  co as ta l w a te rs  
d id  n o t re sp o n d  m a rk e d ly  to  th e  s e a s o n a l c h a n g e s  in  
in c id e n t ir ra d ia n c e  com m only  o b se rv e d  in  te m p e ra te  
n o r th e rn  la titu d es . M oreover, v a ria tio n s  in  Ek w e re  n o t 
s ig n ifican tly  c o rre la te d  to  an y  of th e  en v iro n m en ta l 
v a ria b le s  c o n s id e re d  (T able  3) a n d  n o n e  of th e s e  v a ri­
a b le s  w e re  fo u n d  to  co n tr ib u te  s ig n ifican tly  to  th e  
p re d ic tio n  of Ek (T ab le  4). T h ese  o b se rv a tio n s  co n tras t 
to  p re v io u s  re p o r ts  of la b o ra to ry  c u ltu re  ex p e rim en ts  
w h ich  h a v e  iden tified  c h a n g e s  in  th e  P -E  characteristics 
of p h y to p la n k to n  a n d  th e ir  p ig m e n ta tio n  in  re sp o n se  to  
c h a n g e s  in  th e  in ten s ity  of PAR to  w h ic h  th e y  w ere  
e x p o se d  (M arra  1980, P réze lin  & M atlick  1980) a n d  th e  
l ig h t/d a rk  cycle  of ex p o su re  to  PAR (G ilstad  e t al. 
1993). A d a p ta tio n  of th e  p h o to sy n th e tic  a p p a ra tu s  of 
p h y to p la n k to n  a n d  th e ir  P -E  ch a rac te ris tic s  h a s  b e e n  
o b se rv e d  in  ex p e rim e n ts  in  w h ich  c u ltu re s  h a v e  b e e n  
e x p o se d  to  PAR of d if fe re n t in ten s itie s  su s ta in e d  over 
se v e ra l d ay s  (e.g. P réze lin  & M atlick  1980, G arc ia  & 
P u rd ie  1992). T h e  m ix ing  re g im e  w ith in  th e  w a te r  co l­
u m n  ra re ly  re su lts  in  ex p o su re  of p h y to p la n k to n  cells 
to  c o n s ta n t a n d  su s ta in e d  leve ls  of PAR (K irk 1994) an d  
m ay  th e re fo re  p re c lu d e  p h ysio log ica l a d a p ta tio n s  in 
th e  p h o to sy n th e tic  activ ity  o r p h o to sy n th e tic  a p p a ra tu s  
of p h y to p la n k to n  in  th e ir  n a tu ra l e n v iro n m en t. It h as  
b e e n  p ro p o s e d  (U ncles & Jo in t 1982) th a t  sh o r t vertica l 
m ix in g  tim esca le s  co m b ined  w ith  h ig h  lev e ls  of w a te r 
tu rb id ity  le a d  to  cond itions in  w h ich  p h y  to p lan k to n  a re  
e x p o se d  to  h ig h  levels of PAR only  for sh o r t p e rio d s  
w h ich  a re  in su ffic ien t to  in d u ce  th e  physio log ical c h a n ­
g es  o b se rv e d  in  lab o ra to ry  s tu d ie s  of p h y to p lan k to n  
p h o to a d a p tio n  o r ph o to acc lim atio n  (e .g . M a rra  1980, 
P réze lin  & M atlick  1980).

H ig h  lev e ls  of tu rb id ity  in  n e a r-sh o re  m a r in e  e n v i­
ro n m e n ts  co n sid e rab ly  re d u c e  th e  ov e ra ll ex p o su re  of 
p h y to p la n k to n  cells to ir ra d ia n c e  in  w ell-m ix ed  w a te rs  
(U ncles & Jo in t 1982, K irk 1994). In  th e  s tu d y  a re a  
(Fig. 1), th e  n ea r-sh o re  co asta l w a te rs  to  th e  so u th  of 
F la m b o ro u g h  H e a d  a re  m ix ed  th ro u g h o u t th e  year,
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w h ils t m ore  n o rth e rly  re g io n s  te n d  to  b e c o m e  th e r ­
m a lly  s tra tified  from  sp r in g  th ro u g h  to  a u tu m n  (H or­
w o o d  e t al. 1982, H u th n a n c e  1991, T e tt & M ills 1991). 
In  th e  p re s e n t study , th e  a v e ra g e  lev e l of ex p o su re  of 
p h y to p la n k to n  cells to  PAR ra n g e s  from  0.3 to  7 .8%  of 
su rfa c e  in c id en t PAR (E0) if m ix in g  of p h y to p la n k to n  
ce lls  th ro u g h  th e  e n tire  d e p th  of th e  w a te r  co lum n  an d  
u n ifo rm  ve rtica l d is tr ib u tio n  of lig h t-a b so rb in g  p a r t i­
c les a re  a ssu m ed . D u ring  th e  su m m e r p e rio d  in  w h ich  
stra tifica tio n  m ay  occur, th e  su rfa c e  m ix ed  la y e r  is 
com m only  less th a n  10 m  a n d  g ra d u a lly  d e e p e n s  (H or­
w o o d  e t al. 1982). If it is a s s u m e d  th a t  ex p o su re  of 
p h y to p la n k to n  to  h ig h  leve ls  of PAR n e a r  th e  su rface  
is m ax im ized  by  w a te r  co lu m n  s tra tifica tio n  w h ich  
re s tric ts  vertica l m ix ing  to  a  10 m  su rfa c e  layer, m e a n  
e x p o su re  to  PAR ra n g e s  from  0.8 to  16 .5%  of E0. M ean  
in c id e n t PAR d u rin g  th e  sp r in g  a n d  su m m e r su rv ey s 
(A pril to Ju ly  1995) r a n g e d  from  825 to  890 pm ol 
p h o to n s  m~2 s-1 a n d  m e a n  e x p o s u re  of p h y to p la n k to n  
to  PAR is c o n seq u en tly  lim ite d  to  a  ra n g e  of u p  to 
c a  150 pm ol p h o to n s  m~2 s_1 if s tra tif ic a tio n  a n d  a  10 m 
su rfa c e  m ix ed  w a te r  la y e r  a re  a s su m e d . D u rin g  w in te r 
p e rio d s  (N o v em b er to  D ecem b er) th e  w h o le  s tu d y  a re a  
is w ell m ixed  a n d  m e a n  e x p o su re  to  PAR w as co n se ­
q u e n tly  only  u p  to  ca  30  pm o l p h o to n s  m r2 s-1 u n d e r  
th e  cond itions a t th e  tim e  a n d  p la c e  of sam p le  co llec­
tion . S ince  th e  o v e ra ll m e a n  E k v a lu e  fo r th e  s tu d y  is 
176 pm ol p h o to n s  n r 2 s~ \ e x p o su re  to  lig h t of p h y to ­
p la n k to n  cells m ov ing  ra n d o m ly  w ith in  th e  w a te r  co l­
u m n  is un like ly  to  b e  su ffic ien t fo r P max to  b e  a tta in ed , 
e v e n  w h en  th e  in c id e n t ir ra d ia n c e  is h ig h  a n d  sh a llo w  
stra tifica tio n  occurs. In h ib itio n  of p h o to sy n th e s is  d u e  
to  p ro lo n g ed  ex p o su re  to  h ig h  lev e ls  of PAR is e v en  
m o re  im probab le .

O n  th e  basis of th is  study , it c a n  b e  c o n c lu d e d  th a t 
th e  P -E  re la tio n sh ip s  of n a tu r a l  p h y to p la n k to n  a s s e m ­
b la g e s  in  th e  n e a r-sh o re  UK co asta l w a te rs  of th e  
N o rth  S ea  v a ry  little , e x c e p t w h e n  d in o flag e lla te  s p e ­
c ies acco u n t for a  la rg e  p ro p o r tio n  of th e  to ta l ce ll c a r­
b o n . T h e  tu rb id ity  of th e  w a te r  in  th e  s tu d y  a r e a  w as 
a lso  fo und  to  b e  a n  im p o rta n t fa c to r  in  th a t th e  ra p id  
a tte n u a tio n  of lig h t b y  a b so rb in g  p a rtic le s  re d u c e s  
e x p o su re  of p h y to p la n k to n  to  PAR to  th e  e x te n t th a t 
th e r e  is no  e v id e n c e  of p h o to a d a p ta tio n  to  s e a so n a l 
c h a n g e s  in  th e  in ten s ity  of in c id e n t so la r rad ia tio n .
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