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ABSTRACT: Rates of p rim ary  p roduction  w ere  m easu red  in  2 es tu arie s  (Randers Fjord, D enm ark, 
an d  th e  S cheldt estuary , B elgium /T he N etherlands) u sing  3 d iffe ren t incubation  m ethods: (1) th e  oxy­
g e n  lig h t-d a rk  m eth o d  ( 0 2-LD), (2) 14C incorporation  an d  (3) 180  labeling . E stim ates b a se d  on th e  14C 
incorporation  tech n iq u e  w ere  not significantly  d iffe ren t from  those  o b ta in ed  u sing  th e  0 2-LD te c h ­
nique . T he 180  ap p ro ach  p rov ided  ra tes significantly  low er th a n  th e  2 o ther techn iques. Ratios of 
0 2-LD to 180 -b a s e d  ra tes  (range: 0.99 to 3.54) w ere  often  statistically  significantly  h ig h e r th a n  1 an d  
in c re ase d  w ith  d ec reas in g  salin ities an d /o r low er oxygen  concentra tions. T he u n d erestim a tio n  of 
gross prim ary  p roduction  by th e  180  m ethod  m ay b e  du e  to an  in tracellu la r recycling  of labe led  
oxygen  w hich  in c re ase d  in  m ag n itu d e  w ith  d ec reas in g  ex te rn a l oxygen  conditions. T hese  resu lts 
suggest th a t the  180  m e thod  m ust b e  u sed  w ith  ex trem e ca re  in  nu trien t-rich , low  oxygen  system s.
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INTRODUCTION

C oncerns abou t rising  atm ospheric  C 0 2 h av e  in iti­
a ted  re se a rch  on th e  role of the  ocean  as a sink  for 
an th ropogen ic  C 0 2. S ab ine e t al. (2004), b a se d  on  a 
h igh -reso lu tion  ino rgan ic-ca rbon  da tab ase , es tim ated  
th e  ocean  sink  as accoun ting  for nearly  half of the  total 
C 0 2 em issions from  fossil fuel b u rn in g  an d  cem ent 
m anufac tu ring  du rin g  the  period  1800 to 1994. The 
capac ity  of the  oceans to store an th ropogen ic  ca rbon  is 
g o v ern ed  by chem ical, physical an d  biological p ro ­
cesses, th e  la tte r partly  d ep e n d in g  on th e  ba lance  
b e tw e en  gross prim ary  p roduction  (GPP) an d  com m u­

nity  resp ira tion  (CR), i.e. n e t ecosystem  production . 
P rim ary p roduction  in  the  oceans rep re se n ts  abou t 
50%  of g lobal p rim ary  p roduction  (Field et al. 1998) 
an d  it is th e re fo re  essen tia l to u n d e rs ta n d  its govern ing  
factors an d  to accu rate ly  quan tify  its m agn itude .

Historically, th is process w as first in v estig a ted  on 
reg iona l scales u sing  th e  oxygen  lig h t-d a rk  ( 0 2-LD) 
m ethod  (Riley 1939). In the  1950s, S teem ann-N ielsen  
(1952) in tro d u ced  th e  14C incorporation  m ethod  w hich, 
at th e  tim e, w as m uch  m ore p rec ise  th a n  the  0 2-LD 
m ethod  an d  allow ed shorter incubation  tim es. This 
m ethod  has b e e n  ex tensively  u sed  an d  has becom e the 
m ost com m on w ay  for m easu rin g  prim ary  production ,
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a lthough  th e  sensitivity  of th e  0 2-LD tech n iq u e  has 
since b ee n  considerably  im proved (H ow arth & M ichaels 
2000). M oreover, several p roblem s w ith  th e  use of the 
14C m ethod  h av e  b e e n  iden tified  an d  it is adv isab le  to 
b e  carefu l w h en  in te rp re tin g  d a ta  b ased  on it (Peterson 
1980).

T here  is still a  strong  d eb a te  as to w h e th e r  th e  14C 
m eth o d  m easu res  GPP, n e t p rim ary  p roduction  (NPP = 
GPP -  au to troph ic  resp ira tion), n e t com m unity  p ro d u c­
tion  (GPP -  CR) or som eth ing  inbe tw een . O ne of the 
shortcom ings of the  14C tech n iq u e  is th a t th e  14C incor­
p o ra te d  in  th e  a lgal cell can  b e  resp ire d  or ex c re ted  as 
d isso lved  o rgan ic  ca rbon  (DOC) an d  th e n  incorporated  
an d /o r resp ire d  by  bac teria . This fraction is generally  
not accoun ted  for, b u t som e of it can  b e  ta k e n  into 
account by  m easu rin g  D 0 14C re lease . T hese  p rocesses 
in troduce a b ias an d  can  m ak e  th e  resu lts difficult to 
in te rp re t. N um erous stud ies have  focused  on th e  com ­
parison  b e tw e en  GPP estim ates b ased  on the  0 2-LD 
tech n iq u e  (0 2-GPP) an d  prim ary  p roduction  m easu red  
by  th e  14C m ethod  (14C-PP). Several s tud ies su g g ested  
th a t th e  14C m ethod  w ith  incubations la sting  from  12 to 
24 h  prov ides a  ra te  closer to NPP (e.g. E ppley  1980) 
w hile  o thers found  a reaso n ab le  co rresp o n d en ce  b e ­
tw ee n  the  2 m ethods in  o ligotrophic an d  eu troph ic  
env ironm en ts (Williams et al. 1983, D avies & W illiams 
1984, B ender e t al. 1987, L angdon e t al. 1995).

T he 0 2-LD m ethod  also has its p roblem s. In o rd er to 
estim ate  the  inc rease  of 0 2 d u e  to GPP in the  light, 
add itiona l sam ples n e e d  to b e  in c u b a te d  in  th e  d a rk  to 
quan tify  th e  0 2 u p ta k e  d u e  to CR an d  o th e r p o ten tia l 
0 2-consum ing  processes such as nitrification. T h e re ­
fore, this m ethod  m akes the  im plicit assum ption  tha t 
th ese  processes a re  constan t over 24 h  an d  are  not 
in fluenced  by light. N evertheless, several stud ies have  
show n e n h a n ce d  CR rates in  the  ligh t (B ender e t al. 
1987, G ran d e  e t al. 1989b, 1991, K ana 1990, M artinez 
1992), su g g estin g  th a t GPP ra tes  m e asu red  by  the 
0 2-LD m ethod  are  underestim ated .

G rande  et al. (1982) d ev e lo p ed  a m eth o d  b ased  on 
180  trac ing  in vitro. P hotosynthesis inc ludes th e  sp lit­
tin g  of H20  to form  0 2 H ence, a w a te r sam ple sp iked  
w ith  H 2180  an d  in c u b a te d  in  the  ligh t allow s estim ation  
of GPP (hereafte r re fe rre d  to 180-G P P ) as the  inc rease  
in  5180  in  d isso lved  0 2 assum ing  th a t th e  am b ien t 0 2 
pool is la rg e  co m p ared  to resp ira to ry  0 2 u p ta k e  du ring  
th e  incubation . This m ethod  is considered  to g ive r e a ­
sonab le estim ates of GPP an d  usually  prov ides h igher 
ra te s  of GPP th a n  th e  0 2-LD an d  th e  14C m ethods (Ben­
d e r e t al. 1987, 1992, 1999, G rande  et al. 1989a, 1991, 
K iddon e t al. 1995).

T he aim  of the  p re se n t study  w as to com pare  th ese  3 
m ethods for th e  first tim e in  n u trien t-rich  coasta l en v i­
ronm ents. Rates of GPP w ere  m e asu red  by  th e  0 2-LD 
a n d  180  m ethods in  2 es tu a rin e  system s: th e  R anders

F jord (Denm ark) an d  th e  S cheldt e s tu a ry  (Belgium / 
T he N etherlands). In the  la tte r  system , add itional 
m easu rem en ts  by th e  14C m eth o d  w ere  perform ed.

MATERIALS AND METHODS

Study sites. This study  w as conduc ted  in  the  fram e­
w ork  of th e  EUROTROPH pro ject (w w w .u lg .ac .be/ 
o ceanb io /eu ro troph /) w hich  a im ed  to d e te rm in e  the 
m etabolic  sta tus of 3 E u ro p ean  coasta l ecosystem s 
u sing  several tech n iq u es an d  to com pare  th e  estim ates 
at several tim e scales.

T he R anders Fjord is the  longest D anish  es tu a ry  on 
th e  east coast (Fig. 1). T he river an d  fjord d ra in  an  a re a  
of 3260 km 2 an d  receive  tre a te d  sew ag e  w a te r  from  
600 000 inhab itan ts. T he es tu a ry  is 27 km  long  and  
covers an  a re a  of 23 km 2. T he m ain  fre sh w ate r inpu t 
com es from  th e  river G udenâ , w hich  d rains 80 % of the 
ca tchm en t a re a  an d  en ters  th e  innerm ost p a rt of R an­
ders  F jord (N ielsen et al. 2001). T he tida l ran g e  is sm all 
(0.2 to 0.3 m) an d  h ig h est in  the  inner es tu a ry  (N ielsen 
e t al. 2001). T he m ean  an n u a l w a te r resid en ce  tim e 
w ith in  th e  es tu a ry  is abou t 13 d  (N ielsen e t al. 2001). 
A pycnocline is p rese n t th ro u g h o u t the  y ea r in  alm ost 
th e  en tire  es tu a ry  (N ielsen e t al. 1993).

T he Scheld t e s tu a ry  (Fig. 1) is one of the  m ost 
eu troph ic  es tu arie s  in  E urope as a resu lt of u rb an  
w astew ate r  d ra in a g e  an d  runoff from  agricu ltu re  
(Wollast 1988). T he river Scheldt, w ith  a ca tchm en t 
a re a  of 19 500 km 2 (Heip 1989), is the  m ost im portan t 
fresh w ate r source for th e  estuary . T he fresh w ate r re s i­
d en c e  tim e is long  in  this m acro tida l estuary , ran g in g  
from  70 d  in  the  inner to 10-15  d  in  the  ou te r e s tuary  
(Soetaert & H erm an  1995). D ue to strong  tidal cu rren ts  
(up to 1.5 m  s~4) an d  low  fresh w ate r d ischarges, the 
w a te r  colum n is w ell m ixed  th ro u g h o u t the  es tuary  
(Wollast 1988).

Sam pling. P lanktonic prim ary  p roduction  w as m e a ­
su red  u sing  the  0 2-LD an d  the  180  m ethods d u rin g  a 
cam p aig n  in  R anders Fjord (21 to 28 A ugust 2001) and  
u sing  the  0 2-LD, the  180  an d  th e  14C m ethods d u rin g  2 
cru ises in  th e  S cheldt e s tu a ry  (6 to 12 N ovem ber 2002 
an d  2 to 9 A pril 2003, re fe rre d  to h e re afte r as S cheldt 
1 an d  2, respectively). In R anders Fjord, sam ples w ere  
ta k e n  an d  in c u b a te d  in situ at 4 d ep th s  from  sunrise to 
sunse t (incubation  tim e -1 5  h). As the  w a te r colum n 
w as w ell m ixed, only surface sam ples w ere  ta k e n  in 
th e  S cheldt e s tu a ry  an d  in c u b a te d  in  a 5 -com partm en t 
o n -deck  incubato r from  sunrise to sunse t (incubation 
tim e -9  h  in  N ovem ber an d  -13  h  in  April). Sam ples 
w ere  kep t at in situ te m p era tu re  by flow ing w ater, and  
irrad ian ce  w as contro lled  in  each  com partm en t by 
m eans of filters (100, 19, 13, 8 an d  0%  of surface irra d i­
ance). In o rd er to avoid sed im en tation  of p articu la te
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Fig. 1. (A) Randers Fjord (Denmark) and (B) Scheldt estuary (Belgium/The 
N etherlands), show ing sam pling stations of p resen t study. Scheldt 1 and 2: 

16 to 12 Novem ber 2002 and 2 to 9 April 2003 cruises, respectively

m ateria l in  the  sam ples, the  in cu b ated  
bo ttles w ere  fixed on a ro ta tin g  device 
(1 rpm ). Concom itantly , sam ples w ere  
ta k e n  for salinity  an d  p igm en t analysis.
For p igm ent analysis, 500 to 1500 ml 
sam ples w ere  filte red  th ro u g h  G F/F 
m em branes, w hich  w ere  sto red  frozen 
p en d in g  ex traction  an d  analysis by 
h igh -perfo rm ance  liqu id  ch ro m ato g ra ­
phy  u sing  th e  sam e tech n iq u e  as 
d esc rib ed  in  B arranguet e t al. (1998).
Irrad iance in  th e  w a te r colum n w as m e a ­
su red  on  3 to 4 occasions du rin g  the 
course of th e  incubations u sing  a LI-COR 
LI-193SA spherical q u an tu m  sensor co n ­
n ec te d  to a LI-COR LI-1400 datalogger.

0 2-GPP m ethod. In R anders Fjord, at 
ea ch  dep th , sam ples (5 replicates) w ere  
in c u b a te d  in  bo th  tran sp a ren t an d  dark  
60 ml b iological oxygen  d em an d  (BOD) 
bottles; in  th e  Scheld t estuary , 5 re p li­
ca te  sam ples w ere  in c u b a te d  in  each  
of th e  5 com partm en ts of the  incubato r 
(4 light, 1 dark). C oncen tra tions of d is ­
solved 0 2 w e re  m e asu red  at th e  b e g in ­
n in g  an d  e n d  of th e  incubations u sing  an  
au to m ated  W inkler titra tion  techn ique  
w ith  po ten tiom etric  end -p o in t detection .
A nalyses w ere  p erfo rm ed  w ith  an  Orion 
redox  e lec trode  (9778-SC) an d  a custom  
built titrator. R eagen ts an d  s ta n d a rd iz a ­
tions w ere  sim ilar to those  describ ed  by 
K nap e t al. (1996). In R anders Fjord, 
sam ples in c u b a te d  in  the  d a rk  w ere  used  
to estim ate  CR. In the  Scheld t estuary , 
th e  0 2 consum ption  d u e  to CR an d  n itr i­
fication w as es tim a ted  by in cu b atin g  sam ples in  the 
dark , w ith  an d  w ithout add ition  of n itrification 
inhibitors. T he follow ing inhibitors w ere  used: N -serve 
(nitrapyrine, 5 m g L 1 in  ethanol) an d  sodium  ch lorate  
(10 m m ol L 1). As the  N -serve inh ib ito r w as d isso lved  in 
ethano l, its add ition  m ight en h a n ce  b ac te ria l re sp ira ­
tion; therefo re , contro l sam ples w ere  also in cu b a ted  in 
th e  d a rk  w ith  add ition  of e th an o l only (-0 .8  ml L 1). 
N itrification an d  CR ra tes  w ere  e s tim a ted  as:

N itrifica tion  = A° 2d_eth ~ A 0 2d inh x AQ^  (1)
A02d_eth

CR = A 0 2d -  nitrification  (2)

w h ere  A 0 2di A 0 2d_eth an d  A 0 2d inh are  0 2 varia tions d u r­
ing  the  incubations (sunrise to sunset) in  th e  d a rk  an d  
w ith  add ition  of e thano l (eth) an d  inhibitors (inh), 
respectively  (mmol 0 2 n r 3 in cubation  tim e-1). A 02d_eth 
w as, on  average, 3 an d  1.3 tim es h ig h e r th a n  A 0 2d, d u r­

ing  Scheld t 1 an d  2, respectively , illu strating  the  n ee d  
for contro l incubations. At each  d ep th  or irrad iance 
level, n e t com m unity  p roduction  du rin g  th e  day  (NCPd 
in  m m ol 0 2 m -3 incubation  tim e-1) w as es tim a ted  as the 
v aria tion  in  th e  0 2 concen tra tion  du rin g  the  course of 
th e  incubations. P lanktonic 0 2-GPP ra tes  (mmol 0 2 
m -3 d -1) w ere  th en  ca lcu lated  as th e  d ifference b e tw een  
N C Pd an d  A 0 2d. T he com bined  e rro r w as ca lcu la ted  as:

S E x_j, =  V S E X2 + S E j,2 (3)

14C-PP m ethod. In th e  S cheldt estuary , sam ples w ere  
first filtered  th ro u g h  a 63 pm  sieve, an d  th e n  im m ed i­
a te ly  in cu b a ted  in  bo ttles iden tical to the  ones u sed  for 
th e  0 2-LD m ethod, afte r sp ik ing  w ith  83.25 kBq of 
sodium  [14C] bicarbonate. Sam ples incubated  in  the dark  
w ere  u sed  to quantify  d a rk  14C u p ta k e  an d  for s ta n ­
dard iza tio n  of the  initial 14C activity. Light- an d  dark - 
in c u b a te d  sam ples w ere  filte red  on  g lass fiber filters 
(W hatm ann GF/F) u n d e r g en tle  vacuum . W et filters
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w ere  th e n  tre a te d  w ith  200 pi HC1 (0.01 N) to rem ove 
excess H 14C 0 3- an d  d eep -fro zen  on b o ard  ship. 14C ac ­
tivity rem ain ing  on the  filters w as m easu red  in  the  shore 
labora to ry  u sing  a liqu id  scintillation  co u n ter (Packard  
T ri-C arb 1600TR) after add ition  of 10 ml scintillation 
cocktail (Beckman Ready-Safe) to the unfrozen filters. pH  
an d  to ta l a lkalin ity  w ere  d e te rm in ed  in  all sam ples an d  
w ere  u sed  to com pute dissolved inorganic carbon  (DIC) 
concentrations. T he rela tive 14C u p tak e  w as de term ined  
by  refe ren ce  to the  initial 14C activity (5 replicates).

Total ca rbon  u p ta k e  w as com pu ted  as the  p roduct of 
re la tive  14C u p ta k e  an d  an  isotopic d iscrim ination factor 
eq u a l to 1.05 (IOC-SCOR 1994). Finally, these  values 
w ere  co rrec ted  for d a rk  u p ta k e  for 14C-PP estim ation.

In April 2003, add itiona l m e asu rem en ts  of D 0 14C 
re le ase  w ere  perfo rm ed  in  th e  1 0 0 % ligh t co m p art­
m ent. T he D 0 14C ex c re ted  by th e  p h y top lank ton  d u r­
ing  the  course of th e  incubation  w as ev a lu a ted  by 
d e term in a tio n  of th e  14C activity  in  the  filtrated  sam ­
ples, after rem oval of DIC (including the  rem ain ing  
DI14C). This w as d one  by  acidification of the  filtrates 
w ith  H 3PO4 Suprapur® (0.87 M) to pH  3 -4  an d  air 
b u b b lin g  for 30 m in. D 0 14C activity  w as m easu red  as 
d esc rib ed  above for a 1 m l aliquot.

180-G PP m ethod. S am ples w ere  in cu b a ted  in  27 ml 
transparen t g lass bottles, sp iked  w ith  25 p i of 95 % H2180  
w hich resu lted  in  a final isotopic com position (5180 -H 20 ) 
of 300 to 500 %o tha t w as substantially  enriched  relative to 
the natu ra l isotopic com position in  the 2 estuaries (-7.1 to 
-2 .3  an d  -6 .7  to 0.4 %o in  R anders Fjord an d  th e  Scheldt 
estuary , respectively). T he bo ttles w ere  im m ediate ly  
closed after sp ik ing  to p rev e n t air con tam ination . The 
isotopic com position is d efined  as:

5180  =
3o/16o,sam ple
18 o/16o. - 1 X1000 (4)

w h ere  std  co rresponds to V-SM OW  (V ienna s tan d ard  
m ean  ocean  w ater).

At each  station, trip licate sam ples w ere  ta k e n  to m e a ­
su re  initial 5180 - 0 2 values, im m edia te ly  po isoned  w ith  
H gC l2 (~1 ml I-1), an d  c losed  to lim it air contam ination . 
Incubations (in triplicate) took p lace at 4 d ep th s  in  the 
Randers Fjord an d  in  the  4 light com partm ents of the  on- 
d ec k  incubato r in  the  Scheld t estuary . A fter incubation, 
sam ples w ere  po isoned  w ith  H gC l2 an d  sto red  upside  
dow n in th e  d a rk  p en d in g  m easu rem en t. In the  la b o ra ­
tory, 500 pi of h ea d sp a ce  w as c re a te d  by ex tracting  
w a te r  w ith  a  helium  flow an d  allow ed to eq u ilib ra te  at 
room  te m p era tu re  for 24 h  (180 - 0 2 m easurem ents). The 
ex trac ted  w ate r w as in jec ted  in  he lium -flushed  vials 
(180 - H 20); 100 pi of p u re  C 0 2 w as th e n  a d d e d  an d  the 
sam ples w ere  allow ed to equ ilib ra te  at room  te m p e ra ­
tu re  for 24 h. 5180 -H 20  w as therefo re  m easu red  as 5180 -  
C 0 2. D eterm inations of 5180 - 0 2 an d  5180 - C 0 2 w ere  c a r­
ried  out u sing  an  e lem en ta l ana lyzer in te rfaced  w ith  a

F inn igan  D eltaplus iso tope ratio  m ass spectrom eter 
(IRMS). A gas volum e of 500 pi w as m anually  sam pled  
from  th e  vials w ith  a syringe an d  d irectly  in jec ted  w hile 
a  helium  overflow  tech n iq u e  w as u sed  to lim it air co n ta ­
m ination  of th e  needle . G as chrom atographic separation  
w as ach ieved  w ith  a  m olecu lar sieve 5À  GC colum n (60 
to 80 pm  m esh, le n g th  2 m, d iam ete r 6.35 mm) an d  a 
H aysep-Q  GC colum n (60 to 80 pm  m esh, le n g th  2 m, 
d iam ete r 6.35 mm) for 5180 - 0 2 an d  5180 - C 0 2, re sp e c ­
tively. Before separation , a t a te m p era tu re  of 60°C and  
u n d e r a helium  flow of -6 0  ml m in-1, residua l w a te r w as 
rem oved  using  m agnesium  perch lo ra te , an d  residua l 
C 0 2 w as rem oved  by  m eans of sodium  hydroxide for 
5180 - 0 2 de term ination . For 5180 - 0 2, ca lib ra tion  w as 
done w ith  ex terna l air an d  w as checked  regularly  (every 
10 sam ples). An analy tical s ta n d a rd  dev ia tion  of 0.16%o 
w as ach ieved  d u ring  the  ca lib ra tion  process. B ased on 
in itial trip licate  5180 - 0 2 va lues o b ta in ed  in  the  2 e s tu a r­
ies, th is tech n iq u e  allow ed a s ta n d a rd  dev ia tion  of 0.3 
to 0.4 %o. For 5180 - C 0 2, ca lib ra tion  w as done w ith  V- 
SM OW  an d  ch eck ed  w ith  IAEA-GISP (G reen land  ice 
sheet precipitation) an d  -SLAP (standard light arctic p re ­
cipitation); abso lu te  d iffe rences b e tw e en  th e  certified  
an d  an a ly zed  values w ere  less th a n  0.5 % o.

GPP ra tes  (mmol 0 2 m -3 d -1) w ere  ca lcu la ted  using  
th e  follow ing (Kiddon e t al. 1995):

5180  -  GPP =
5180 - 0 , -5180 - 0 ,
5180 - H ,0  -  5180 - 0 ,

- - 1 x[02 (5)
i 2 w  u  w  ^-^2init

w h ere  5180 - 0 2init an d  5180 - 0 2final a re  m e asu red  5180 -  
0 2 before an d  afte r incubation  (%o), respectively , 
5180 - H 20  is the  final isotopic com position of the  sp iked  
w a te r  (%o), an d  [0 2]init is th e  oxygen  concen tra tion  
befo re  incubations (mmol 0 2 m -3). T he overall erro r 
w as b ased  on p ro p ag a tio n  of errors, as for 0 2-GPP.

Statistical analysis. In o rd er to com pare  th e  ra tes  o b ­
ta in ed  by  th e  3 m ethods, an d  as ea ch  m eth o d  is sub ject 
to m easu rem en t error, M odel II reg ressions w ere  used. 
Slopes and  in tercep ts w ere  te sted  using S tudent's t-tests.

RESULTS AND DISCUSSION

Rates o b ta in ed  u sing  the  0 2-LD, th e  180  an d  14C 
(w hen applicable) m ethods in  the  R anders Fjord and  
in  th e  Scheld t e s tu a ry  are  show n in  T ables 1 & 2, r e ­
spectively. F unctional (M odel II) reg ressions b e tw e en  
ra tes  b a se d  on  th e  14C an d  the  0 2-LD m ethods in  the 
Scheld t e s tu a ry  are  p re se n te d  in  Fig. 2 an d  T able 3. 
S tatistically  significant rela tions w ere  found  in  bo th  
seasons; the  0 2-GPP to 14C-PP ratio  w as 1.62 in 
N ovem ber an d  1.24 in  A pril an d  th e  in te rcep ts  w ere  
not significantly  d iffe ren t from  zero  (t-test, p > 0.05).

Follow ing th e  eq u a tio n  of ca rb o h y d ra te  p roduction  
u sing  n itra te  as a n itro g en  source:
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Table 1. Date, geographical location and characteristics of incubation stations in 
Randers Fjord. S: salinity; E: m ean irradiance (pmol photons r r r2 s~4); Chi a: concen­
tration of chi a (mg r r r3); 0 2-CPP, lsO-GPP: gross prim ary production (mmol 0 2 r r r3 
d~4) m easured by the 0 2 light-dark (0 2-LD) and lsO methods, respectively, w here 

data are m eans ± SD (N = 5 and 3 for 0 2-LD and lsO m ethods, respectively)

Date
(2001)

Stn Lat.
r  N)

Long.
TO

D epth
(m)

S E Chi a o 2-g p p lsO-GPP

24 Aug 2 56.61 10.30 0.5 16.3 400.1 2.0 13.7 ± 1.7 14.8 ± 1.9
1.5 18.3 228.5 2.2 9.7 ± 0.6 8.4 ± 0.5
3 19.8 98.7 2.4 5.6 ± 0.4 3.1 ± 1.0
7 21.8 10.5 1.5 0.2 ± 0.4 1.2 ± 0.2

28 Aug 4 56.52 10.23 0.5 11.3 294.9 3.1 47.8 ± 1.9 34.5 ± 2.5
1.5 11.6 101.5 3.6 14.3 ± 0.8 14.9 ± 1.8
3 13.6 20.5 3.0 2.0 ± 0.8 2.0 ± 0.2
5 19.8 2.4 2.2 -0 .8  ± 0.3 0.4 ± 0.0

30 Aug 4a 56.52 10.23 0.5 6.9 324.5 4.2 80.0 ± 3.3 50.3 ± 1.3
1.5 8.0 131.9 5.7 35.5 ± 3.5 26.3 ± 1.9
3 13.2 34.2 4.7 6.1 ± 0.8 5.9 ± 0.5
6 20.2 2.3 2.7 -0.1 ± 0.3 0.4 ± 0.1

26 Aug 5 56.47 10.21 0.5 2.7 113.2 3.0 17.3 ± 1.3 8.8 ± 1.2
1.5 8.7 43.1 2.9 4.0 ± 0.9 3.3 ± 0.6
3 13.5 10.1 2.7 0.4 ± 0.4 1.2 ± 0.2
6 16.1 0.6 2.9 -0 .6  ± 0.4 0.2 ± 0.1

21 Aug 6 56.46 10.04 0.5 0.2 375.2 4.7 27.1 ± 2.3 13.4 ± 0.1
1 0.2 239.2 4.7 20.6 ± 1.1 11.4 ± 0.5
1.5 0.3 152.5 3.8 11.7 ± 1.5 6.4 ± 0.4
3.5 11.4 25.2 1.8 -0 .5  ± 1.7 0.5 ± 0.1

IO6H C O 3-+  I 6N O 3-+  H P 0 42-+  16H20  + 124H+ 
(CH2O )106 (NH3)16H 3P 0 4+ 1 3 8 0 2 (6 )

one can  com pute a pho tosyn thetic  quo tien t (PQ, 
defin ed  as the  am ount of 0 2 p ro d u ced  p e r  C 0 2 co n ­
sum ed  [in m olar units]) of 1.3. If th e  n itrogen  source is 
am m onium , the  am ount of 0 2 p ro d u ced  is less (the 
n itro g en  source is a lread y  in  a  m ore red u c ed  form) an d  
a theo re tica l PQ of 1 is expected :

10 6 H C O 3- + 16N H 4+ + H P 0 42- + 16H 20  +124H + 
(CH2O )106 (NH3)16H 3P 0 4 + 106O2 (?)

T herefore, in  th e  case of ca rb o h y ­
d ra te  production , the  theo re tical PQ 
can  vary  b e tw e en  th ese  2 v a lues and  
will b e  h ig h e r w h en  n itra te  is the 
prim ary  n itro g en  source (Williams et 
al. 1979). D issolved organ ic  n itrogen  
can  b e  an  im portan t n itro g en  source 
for p h y top lank ton  (Anfia e t al. 1991, 
V euger e t al. 2004); th is im plies a 
fu rthe r reduc tion  in  th e  am ount of 
0 2 p roduced . T he PQ is also d e p e n ­
d en t on the  n a tu re  of the  te rm inal 
o rgan ic  ca rbon  p roduct (Rabinovitch 
1945), w ith  m ore red u ced  com pounds 
such  as lipids induc ing  a h ig h e r PQ 
an d  m ore ox idized p roducts (organic 
acids) im ply ing  a low er PQ.

T herefore, w h en  com paring  p r i­
m ary  p roduction  by the  0 2-LD and  
th e  14C m ethods, one can  ex p ect a 
ratio  close to PQ (betw een  -1  and  
1.6: W illiams e t al. 1979) if b o th  te c h ­
n iques m easu re  ra tes  of GPP. U sing 
th e  w hole d a ta  set d u rin g  the  2 
cruises, th ese  ratios d id  not s ta tisti­
cally differ from  this (Table 3). C o n ­

side ring  ea ch  sta tion  separate ly , aga in  th e re  w as no 
reaso n  to believe  th a t th e  14C m ethod  u n d eres tim a ted  
GPP in our system . A lthough  th e  slopes o b ta in ed  at the 
d iffe ren t stations w ere  not statistically  significantly  d if­
fe ren t from  each  o ther d u rin g  each  cruise, th e re  is n e v ­
e rth e less  a tre n d  of in c reasin g  0 2-GPP: 14C-PP ratios as 
a  function  of d ec reas in g  salinity. This suggests  (1) a 
h ig h e r recycling  of lab e led  o rgan ic  m a tte r in  the 
b rack ish  p a rt of the  estuary , w ith  h ig h  resp ira tion  ra tes 
(G azeau  e t al. 2005) an d  h ig h  bac te ria l p roduction  
ra tes  (Boschker et al. 2005), an d /o r (2) a  h ig h e r ra te  of 
D Q 14C re le ase  by prim ary  p roducers w hich  w as not
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Fig. 2. Relationships betw een  gross prim ary production m easured by 0 2 light-dark m ethod (0 2-GPP) and by 14C m ethod (14C-PP) 
in (A) Scheldt estuary in Novem ber 2002 (Scheldt 1) and (B) April 2003 (Scheldt 2). Continuous line: functional regression fit

using whole datase t; dashed line: 1:1 line
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Table 2. Date, geographical location and characteristics of incubation stations in  the Scheldt estuary during 2 cruises. S: salinity; 
%E0: percen t of am bient irradiance; E: m ean  irradiance (pmol photons n r 2 s~4); Chi a: concentrations of chi a (mg nT3); 14C-PP: 
prim ary production m easured by 14C m ethod (mmol C n r 3 d~4); 0 2-GPP, lsO-GPP: gross prim ary production m easured by the 0 2 
light-dark m ethod (mmol 0 2 nT 3 d~4) and by lsO m ethod (mmol 0 2 nT3 d~4), respectively. For 0 2-GPP and lsO-GPP, data are

m eans ± SD (N = 5 and 3 for 0 2-LD and lsO methods, respectively)

Date Stn Lat. (°N) Long. (°E) S %E0 E Chi a 14C-PP o 2-g p p lsO-GPP

Scheldt 1
10 Nov 2002 H answ eert 51.41 4.04 19.7 100 72.9 1.7 2.7 3.1 ± 0.4 2.7 ± 0.4

19 13.8 0.9 1.1 ± 0.3 1.3 ± 0.3
13 9.5 0.4 0.8 ± 0.3 0.6 ± 0.3

8 5.8 0.2 0.4 ± 0.4 0.7 ± 0.3
12 Nov 2002 Prosperpolder 51.39 4.21 6.0 100 98.0 2.3 3.3 3.9 ± 0.2 2.9 ± 0.7

19 18.6 1.1 2.2 ± 0.3 1.5 ± 0.3
13 12.7 0.6 1.0 ± 0.4 1.0 ± 0.3

8 7.8 0.4 0.6 ± 0.2 0.8 ± 0.5
08 Nov 2002 A ntw erpen 51.23 4.40 3.0 100 47.5 6.1 3.2 4.4 ± 0.2 3.5 ± 0.9

19 9.0 1.3 -0 .7  ± 0.2 1.5 ± 0.4
13 6.2 0.4 -0 .2  ± 0.2 0.4 ± 0.8

8 3.8 0.4 -0 .2  ± 0.2 0.6 ± 0.7
06 Nov 2002 Ruppel 51.13 4.31 0.6 100 75.8 17.4 3.6 5.9 ± 0.7 2.8 ± 0.4

19 14.4 1.4 1.5 ± 0.7 1.8 ± 0.3
13 9.9 0.7 1.4 ± 0.5 1.1 ± 0.3

8 6.1 0.4 0.5 ± 1.4 1.0 ± 0.3

Scheldt 2
08 Apr 2003 H oek van Ossenise 51.38 3.93 20.9 100 601.6 3.6 13.7 19.0 ± 0.8 17.7 ± 2.0

19 114.3 6.1 7.3 ± 1.0 9.2 ± 1.5
13 78.2 1.8 7.1 ± 0.7 6.7 ± 0.7

8 48.1 -0.5 5.5 ± 0.9 4.3 ± 0.4
09 Apr 2003 Overloop 51.37 4.09 12.9 100 369.9 3.2 12.7 15.0 ± 0.5 12.2 ± 1.2

19 70.3 9.2 6.8 ± 0.6 6.0 ± 1.4
13 48.1 7.3 3.6 ± 0.5 4.5 ± 0.9

8 29.6 2.1 3.3 ± 0.5 3.2 ± 0.6
04 Apr 2003 Doei 51.35 4.25 7.6 100 160.4 5.2 4.8 8.9 ± 0.4 4.1 ± 2.3

19 30.5 2.2 4.5 ± 0.3 2.4 ± 0.7
13 20.9 1.2 2.7 ± 0.3 1.3 ± 0.4

8 12.8 -0.3 1.9 ± 0.3 1.5 ± 0.9
06 Apr 2003 O esterweel 51.24 4.37 2.9 100 270.3 3.8 6.2 8.6 ± 0.9 3.3 ± 0.9

19 51.4 - 3.6 ± 1.0 1.7 ± 0.6
13 35.1 2.0 2.9 ± 1.0 1.5 ± 0.0

8 21.6 0.4 0.7 ± 1.1 1.0 ± 0.8
02 Apr 2003 Temse 51.12 4.30 1.2 100 199.8 4.7 3.6 11.9 ± 0.8 4.1 ± 0.9

19 38.0 2.3 4.1 ± 1.0 1.9 ± 0.8
13 26.0 2.6 1.6 ± 1.0 1.6 ± 0.5

8 16.0 1.2 1.6 ± 0.9 0.7 ± 0.8

Table 3. Relationships betw een  prim ary production m easured by the 14C m ethod (14C-PP, mmol C n r 3 d~4; x  variable) and gross 
prim ary production m easured  by the 0 2 light-dark m ethod (0 2-GPP, mmol 0 2 n r 3 d~4; y  variable) in the Scheldt estuary, calcu­
lated  according to functional regressions, show ing 95 % confidences limits (CL) of slopes and y-intercepts (95 % CL), num ber of 

data points (N), and significance levels (p). ns: slope of regression not significantly different from 0 (p > 0.05)

Stn Slope 95 % CL Intercept 95 % CL N P

Scheldt 1
Entire data set 1.62 1 .19,2 .06 -0 .5 2 -1 .2 8 , 0.24 16 <0.0001
H answ eert 1.07 0.73, 1.40 0.24 -0.24, 0.72 4 0.0053
Prosperpolder 1.10 0.21, 2.00 0.43 -1.17, 2.02 4 0.0340
Antw erpen 1.90 -0 .63 ,4 .44 -1.70 -6.13, 2.75 4 0.0841ns
Ruppel 1.71 0.80, 2.62 -0.29 -2.09, 1.51 4 0.0150

Scheldt 2
Entire data set 1.23 0.77, 1.69 1.10 -1 .5 7 , 3.76 19 <0.0001
H oek van Ossenise 1.00 -0.10, 2.10 4.45 -3.86, 12.8 4 0.0601ns
Overloop 1.27 -1.10, 3.64 -2.76 -23.36, 17.84 4 0.1469ns
Doei 1.48 0.64, 2.32 1.60 -0.67, 3.87 4 0.0171
O esterweel 1.34 1.33, 1.35 0.25 0.22, 0.29 3 0.0004
Temse 6.14 -8.09, 20.37 -10.09 -46.65, 26.47 4 0.2044ns
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ta k e n  into account in  th is com parison  b e tw e en  0 2-LD 
an d  p articu la te  14C fixation. Irrespective, it ap p ears  
th a t d u rin g  th e  course of our incubations, the  recycling  
of incorporated  14C an d /o r exu d a tio n  of DOC d id  not 
induce  statistically  significant u n d erestim a tio n  of GPP. 
It shou ld  b e  stressed  that, a lthough  not significantly  
d iffe ren t from  0 , a  h ig h  ratio  (~6 ) w as ob se rv ed  at the 
u p stream  sta tion  in  April. D uring this cru ise, p ro d u c­
tion  of D 0 14C in th e  100%  ligh t com partm en t of the 
incubato r w as also m easu red , an d  is show n in Fig. 3. 
W hile D 0 14C p roduction  w as low  (<10%  of to tal p ro ­
duction) at m ost stations, a h ig h  v a lue  (65 % of to ta l 14C 
up take) w as o bserved  in  the  m ost u p stream  station. 
M uylaert e t al. (2000) show ed that, in  th e  o ligohaline 
S cheld t estuary , phy top lank ton ic  species o rig ina ting  
from  the  river suffer from  a strong  saline stress an d  tha t 
fre sh w ate r ta x a  a re  u n ab le  to ad ap t to h ig h  salinities. 
M oreover, B oschker e t al. (2005) p re se n ted  isotopic 
ev idence  for lack  of g row th  of riverine a lg ae  in  the 
u p p e r  estuary . This could  exp la in  th e  h ig h  D 0 14C p ro ­
duction  ra te  found  at the  o ligohaline station, although  
M uylaert e t al. (2005) show ed th a t phy top lank ton ic  
bloom s in  the  sam e a re a  m ay not p roduce  la rge  
am ounts of DOC. As w e are  not aw are  of sim ilar resu lts 
for o the r estuaries, the  rea so n  for th e  o bserved  la rge  
DOC p roduction  at th is sta tion  rem ains unclear.

F unctional reg ressions b e tw e e n  ra tes  b ased  on  the 
180  an d  th e  0 2-LD m ethods in  th e  R anders Fjord an d  
th e  S cheldt e s tu a ry  are  show n in Fig. 4 an d  T able 4. In 
R anders Fjord an d  in  the  S cheldt e s tu a ry  in  N ovem ber, 
GPP es tim a ted  u sing  th e  2 m ethods w as statistically
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Fig. 3. Variation in  rates of 14C-dissolved organic carbon 
(D 014C) production and percen tage of D 0 14C production 
w ith regard  to total 14C up take as a function of salinity in 

the Scheldt estuary, April 2003 (Scheldt 2)

significantly  d iffe ren t w h en  using  th e  en tire  d a ta  set, 
w ith  h ig h e r ra tes  o b ta in ed  u sing  th e  0 2-LD techn ique . 
In th e  S cheldt e s tu a ry  in  April, u sing  th e  w hole d a ta  
set, no statistically  significant d iffe rence w as found  b e ­
tw ee n  ra tes  o b ta in ed  by  th e  2 m ethods. M oreover, a 
tre n d  of in c reasin g  0 2-G P P :180 -G P P  ratio  w as o b ­
se rv ed  w ith  d ec reas in g  salinity  in  bo th  es tuaries  (see 
below). T hese  resu lts  w ere  q u ite  surprising  an d  co u n ­
terin tu itive , since w e w ould  h av e  ex p e c ted  h ig h e r 
ra tes  u sing  the  180  m ethod  as rep o rted  in  m ost stud ies 
(B ender e t al. 1987, G ran d e  e t al. 1989a) an d  as 
d em o n stra ted  in  a  com pan ion  study  ca rried  out in  2 
oligotrophic coasta l bays (Bay of Palm a, Spain, and

Table 4. Relationships betw een  gross prim ary production m easured by the lsO m ethod (lsO-GPP, mmol 0 2 nT3 d% x  variable) 
and gross prim ary production m easured by the 0 2 light-dark m ethod (0 2-GPP, mmol 0 2 nT3 d-1; y  variable) calculated according 
to functional regressions, show ing 95 % confidences limits (CL) of slopes and y-intercepts, num ber of points (N) and significance 

levels (p). ns: slope of regression not significantly different from 0 (p > 0.05)

Stn Slope 95 % CL Intercept 95 % CL N P

Randers
Entire data set 1.95 1.68,2 .23 -2 .0 0 -5 .5 0 , 1.50 24 <0.0001
2 0.99 0.09, 1.89 0.53 -7.15, 8.22 4 0.0423
4 1.64 0.64, 2.64 -3.04 -19.59, 13.51 4 0.0195
4a 2.17 1.10, 3.25 -6.22 -30.43, 17.99 4 0.0132
5 2.39 0.67, 4.12 -2.94 -10.63,4.76 4 0.0269
6 2.33 1.52, 3.13 -1.76 -8.55, 5.02 4 0.0065

Scheldt 1
Entire data set 2.04 1 .40,2 .70 -1 .4 9 -2 .6 5 , 0.32 16 <0.0001
H answ eert 1.22 0.39, 2.04 -0.23 -1.53, 1.07 4 0.0248
Prosperpolder 1.54 0.83, 2.25 -0.51 -1.77, 0.76 4 0.0145
Antw erpen 1.75 -0 .74 ,4 .23 -1.82 -6.70, 3.07 4 0.0948ns
Ruppel 3.01 0.04, 5.98 -2.70 -8.11, 2.72 4 0.0492

Scheldt 2
Entire data set 1.13 0.83, 1.43 1.02 -0 .8 0 ,2 .8 4 20 <0.0001
H oek van Ossenise 1.07 0.28, 1.86 -0.43 -8.93, 8.08 4 0.0284
Overloop 1.36 0.89, 1.83 -1.63 -5.06, 1.80 4 0.0063
Doei 2.50 1.29, 3.70 -1.23 -4.30, 1.83 4 0.0124
O esterweel 3.40 2.65, 4.16 -2.47 -4.04, -0.91 4 0.0027
Temse 3.54 0.62, 6.46 -2.60 -9 .68 ,4 .49 4 0.0349
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Bay of V illefranche-sur-M er, France; N. G onzález e t al. 
unpubl.) u sing  the  sam e techn iques. As a lread y  d is­
cussed , the  0 2-LD m ethod  is b ased  on th e  assum ption  
th a t CR is the  sam e in  the  ligh t an d  in  th e  dark . It is 
gen era lly  accep ted  th a t CR is h ig h e r in  th e  ligh t th an  
in  the  d ark  b ecau se  of e n h a n ce d  m itochondrial re sp i­

ration  an d /o r pho to resp ira tion  in  the  form er (B ender et 
al. 1987). It seem s th e re fo re  very  un like ly  th a t the  GPP 
ra tes  b ased  on 0 2-LD w ere  o v erestim ated  b ecau se  of 
an  overestim ation  of CR m easu red  in  th e  dark . In the 
Scheld t estuary , w e m e asu red  nitrification  ra tes  in  the 
d a rk  b ased  on th e  u se  of inhibitors (n itrapyrine and  
chlorate). T he resu lts  show ed  th a t nitrification  r e p re ­
se n ted  up  to -7 0 %  of oxygen  consum ption  (Fig. 5A), 
an d  th e re fo re  is an  im portan t process in  0 2 dynam ics. 
In con trast to CR, nitrification  is in h ib ited  by a factor of 
40 to 50 % in the  ligh t (H orrigan & S pringer 1990, W ard 
2005, A ndersson  e t al. 2006). T herefore, as n itrification 
ra tes  in c reased  u p strea m  (as also show n by  G azeau  et 
al. 2005 an d  A ndersson  e t al. 2006), inh ib ition  in  the 
ligh t m ight h av e  in d u ced  an  overestim ation  of GPP 
using  the  0 2-LD m ethod  an d  thus exp la in  the  d isc re p ­
ancies b e tw e en  the  2 m ethods. H ow ever, ev e n  after 
co rrec tion  assum ing  a 50 % inhib ition  of n itrification in 
th e  100%  ligh t com partm en t, th e  0 2-LD m ethod  n e v ­
e rth e less  usually  estim ates still h ig h e r ra tes  th a n  the 
180  tech n iq u e  (Fig. 5B).
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0 2-GPP rates corrected assum ing that nitrification rates w ere 
underestim ated by a factor of 50% in the light, see 'Results 

and discussion' for details
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T he re la tionsh ips b e tw e e n  th e  14C an d  the  180  
m ethods a re  show n in Fig. 6 an d  T able 5. S u rp ris­
ingly, th e  14C-PP ra tes  w ere  h ig h e r th a n  ra tes of GPP 
es tim a ted  u sing  th e  180  techn ique . O n theore tical 
g rounds, 14C-PP ra tes  a re  ex p ec ted  to be low er th an  
180 -G P P  ra te s  b ecau se  of pho to resp ira tion  an d  the 
M eh ler reaction , w hich  do not affect th e  0 2 an d  c a r­
bon  fluxes to the  sam e ex ten t. W hen oxygen  levels 
(Burris 1981) an d  ligh t in tensities (B eardall & Raven 
1990) a re  high, photorespiration  (oxygenase activity 
of RuBisCO) allows the  oxidation  of ribu lose 1,5- 
b ip h o sp h a te  to p ro d u ce  g lyco late an d  g lycerate  
(Falkow ski & Raven 1997). If the  g lycolate is 
excreted , th e n  pho to resp ira tion  is linked  to D 0 14C 
production; o therw ise , the  glycolate is fu rther 
m etabo lized  an d  u se d  for b iosynthesis or (mainly) 
resp ire d  (Falkow ski & R aven 1997). T herefore, this 
p rocess consum es 0 2 an d  does not involve C 0 2 fixa­
tion  (B ender et al. 1999). Similarly, th e  M ehler re a c ­
tion  (pseudocyclic e lec tron  transport) is th e  d irect 
pho to reduc tion  of 0 2 by  Photosystem  I (PSI). It 
involves an  e lec tro n  transpo rt seq u en ce  from  the 
donor side of Photosystem  II (PSII) to the  reduc ing  
side of PSI, w h ere  th e  0 2 g e n e ra te d  by the  oxidation  
of w a te r is red u ced , u ltim ately  lead in g  to the  p ro ­
duction  of H20  (Falkow ski & R aven 1997). The 
M eh ler reaction  does not involve any  n e t 0 2 
exchange , b u t it inc reases the  5180 - 0 2 in  th e  su r­
ro u n d in g  w a te r  b ecau se  a  m olecu le of lab e led  0 2 is 
p ro d u ced  (PSII) an d  a m olecu le of u n la b e le d  0 2 is 
consum ed  (Laws e t al. 2000). T herefore, th e  M ehler 
reac tion  should  le ad  to an  overestim ation  of GPP as 
m e asu red  by  th e  180  m ethod. It should  also provide 
h ig h e r ra tes  th a n  the  0 2-LD tech n iq u e  as th e  la tte r 
assum es th a t ligh t resp ira tion  equa ls d a rk  resp ira-
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Fig. 6. Relationships betw een  prim ary production m easured 
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ary in  (A) Novem ber 2002 (Scheldt 1) and (B) April 2003 
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Table 5. Relationships betw een  gross prim ary production m easured by the lsO m ethod (lsO-GPP, mmol 0 2 nT3 d~4; x  variable) 
and prim ary production m easured by the 14C m ethod (14C-PP, mmol C nT3 d~4; y  variable) in  the Scheldt estuary, calculated 
according to functional regressions, showing 95 % confidences limits (CL) of slopes and y-intercepts, num ber of points (N) and 

the significance levels (p). ns: slope of regression not significantly different from 0 (p > 0.05)

Stn Slope 95 % CL Intercept 95 % CL N P

Scheldt 1
Entire data set 1.22 1.04, 1.40 -0 .5 4 -0 .8 7 ,-0 .2 1 16 <0.0001
H answ eert 1.14 0.72, 1.55 -0.44 -1.09, 0.22 4 0.0072
Prosperpolder 1.40 0.92, 1.88 -0.85 -1.70, 0.00 4 0.0062
Antw erpen 0.92 0.80, 1.04 -0.07 -0.30, 0.16 4 0.0009
Ruppel 1.71 0.98, 2.44 0.78 -2.67, 0.01 4 0.0098

Scheldt 2
Entire data set 0.94 0.63, 1.25 -0 .1 7 -2 .0 9 , 1.75 19 <0.0001
H oek van Ossenise 1.07 0.68, 1.46 -4.88 -9.10, -0 .66 4 0.0072
Overloop 1.12 -0.66, 2.91 0.56 -12.52, 13.65 4 0.1139ns
Doei 1.73 -0.07, 3.53 -2.01 -6.58, 2.56 4 0.0537ns
O esterweel 2.54 0.55,4.53 -2.09 -6.43, 2.24 3 0.0393
Temse 0.69 -0.13, 1.51 1.00 -0.99, 2.99 4 0.0692ns
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tion  a lthough  m itochondrial resp ira tion  can  be 
e n h a n ce d  in  the  ligh t an d  pho to resp ira tion  (only in  the 
light) can  b e  an  im portan t 0 2 pathw ay. In sum m ary, 
bo th  the  180  an d  0 2-LD tech n iq u es a re  ex p e c ted  to 
g ive h ig h e r ra tes  th a n  the  14C m ethod  m ainly  b ecau se  
of (1) possib le resp ira tion  of 14C lab e led  o rgan ic  m atte r 
in  the  cell to an  ex ten t th a t d ep e n d s  on incubation  
tim e, (2) possib le excretion  of D 0 14C (which is rare ly  
ta k e n  into account), (3) stoichiom etric rela tionsh ips 
b e tw e en  0 2 an d  C 0 2 (PQ) (which d ep e n d s  on the 
n a tu re  of the  n itro g en  su b stra te  an d  of th e  o rgan ic  c a r­
bon  product), an d  finally (4) pho to resp ira tion  an d  the 
M eh ler reac tion  (with re g a rd  to 180 -G P P  only) w hich  
involve 180  fluxes b u t no ca rbon  fluxes.

W hile nu m ero u s stud ies have  rep o rted  h ig h e r 180 -  
GPP ra tes in  various types of env ironm ents (B ender et 
al. 1987, G ran d e  e t al. 1989b, 1991, K iddon et al. 1995, 
B ender e t al. 1999, Laws e t al. 2000, Luz e t al. 2002, 
Ju ra n e k  & Q uay  2005), only 3 prev ious studies, to the 
b es t of our know ledge , rep o rted  d isc repanc ies sim ilar 
to those in  our study  (G rande et al. 1989a, O strom  e t al. 
2005, Yacobi e t al. in  press). G rande  e t al. (1989a) 
su g g ested  th a t the  180  te ch n iq u e  m ay u n d erestim a te  
GPP d u e  to consum ption  of la b e le d  0 2 by a lgal cells. 
M oreover, th ey  su g g ested  th a t g lycolate p ro d u ced  by 
pho to resp ira tion  an d  ex c re ted  m ay lead  to a PQ <1, 
w h ich  could  exp lain  th e  h ig h e r values o b ta in ed  w ith  
th e  14C m ethod. O strom  e t al. (2005) p roposed  th a t the 
h ig h e r ra tes th ey  o b ta in ed  by the  14C m ethod  th a n  by 
th e  180  m e thod  could  b e  d u e  to the  consum ption  of 
la b e le d  180 2 w ith in  the  cells an d /o r by  th e  re lease  of 0 2 
from  su p e rsa tu ra te d  p h y top lank ton  cells. C onsidering  
th e  low  ligh t availability  in  our system s (high tu rb id i­
ties) an d  th e  rela tively  low  0 2 concen tra tions (all sites 
w ere  u n d e rsa tu ra te d  w ith  resp ec t to 0 2), an  im portan t 
0 2 p a th w ay  v ia pho to resp ira tion  seem s unlikely. Fig. 7 
show s the  varia tion  in  0 2-GPP: 180 -G P P  ratios as a 
function  of salinity, an d  its re la tion  to 0 2 concen tra tion  
(w ater colum n averages in  R anders Fjord). T here  is a 
strong  co rre la tion  b e tw e e n  0 2 concen tra tion  an d  the 
0 2-GPP: 180 -G P P  ratio  (r2 = 0.8; p < 0.01). It is the re fo re  
possib le th a t d u e  to the  re la tive ly  low  oxygen  co n cen ­
trations in  the  u p p e r estuary , in tracellu lar 0 2 cycling 
becom es increasing ly  im portan t tow ards the  u p p er 
es tu a ry  an d  resu lts in  an  u n d erestim a tio n  of th e  ra tes 
d e te rm in e d  from  th e  in c rease  of 5180 - 0 2 in  the  w ater.

In conclusion, th e  14C an d  0 2-LD m ethods gave co n ­
sisten t resu lts  in  bo th  estuaries. T he d iffe rence b e ­
tw ee n  th e  2 m ethods seem s to inc rease  w ith  inc reasing  
h e tero troph ic  m ineralization , lead in g  to an  in c reased  
recycling  of 14C -lab eled  o rgan ic  m atter. In th e  most 
b rack ish  sta tion  of the  S cheldt e s tu a ry  in  April, the 
p roduction  of D 0 14C re p re se n te d  65 % of the  to ta l 14C 
p roduction  an d  ex p la in ed  the  strong  d isc repancy  b e ­
tw ee n  th e  2 m ethods at th is station. Surprisingly, the
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Fig. 7. (A) Ratio betw een  gross prim ary production m easured 
by the 0 2 light-dark m ethod (0 2-GPP) and by the lsO m ethod 
(lsO-GPP) along the salinity gradient in  the 2 estuaries. (B) 
Relationships betw een  0 2-GPP: lsO-GPP and 0 2 percentages 

of saturation for Randers Fjord and the Scheldt estuary

180  m ethod, w h ich  w as ex p e c ted  to prov ide th e  h ig h ­
est ra tes  of p rim ary  production , p rov ided  ra tes th a t 
w ere  often  low er th a n  those o b ta in ed  u sing  th e  0 2-LD 
m ethod  an d  ev en  low er th a n  the  14C -b ased  rates. This 
d isc repancy  can  be a ttr ib u ted  to in tracellu la r 0 2 rec y ­
cling  in  low  oxygen  w aters. O ur resu lts a re  consisten t 
w ith  those  o b ta in ed  in  2 lakes th a t show ed  an  u n d e r ­
estim ation  of th e  180  tech n iq u e  (Ostrom  e t al. 2005, 
Yacobi e t al. in  press) an d  suggest th a t the  180  m ethod  
m ust b e  u sed  w ith  ex trem e ca re  in  nu trien t-rich , low 
oxygen  system s.
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