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ABSTRACT: T he m etabolic status, th e  d iffe rence b e tw e en  o rgan ic  m a tte r p roduction  an d  co n su m p ­
tion  of an  es tu a ry  (Randers Fjord, D enm ark) has b e e n  assessed  b ased  on  2 field  cru ises in  A pril an d  
A ugust 2001 an d  a n u m b er of approaches: (1) th e  oxygen  ( 0 2) incubation  m ethod , (2) d isso lved  in o r­
gan ic  ca rbon  (DIC) budgets , (3) the  response  su rface  d ifference (RSD) m ethod  b ased  on  die l 0 2 
ch an g es an d  (4) la n d -o c e a n  in teraction  in  the  coasta l zone (LOICZ) b u d g e ts  b a se d  on d isso lved  in o r­
gan ic  p hosphorus (DIP). A lthough each  m ethod  has its ow n associa ted  lim itations an d  u ncerta in ties , 
th e  above ap p ro ach es co n v erg ed  m ost of th e  tim e in  consisten t m etabolic estim ates, b o th  in  sign  an d  
m agn itude , an d  rev e a le d  th a t th is system  w as n e a r  m etabolic b a lan ce  in  sp ring  (net ecosystem  p ro ­
duction: NEP ~ 0) an d  ne t h e tero troph ic  in  sum m er (NEP — 50 m m ol C n r 2 d_1). In th is shallow  e s tu ­
ary  (m ean d ep th  = 1.6 m), th e  ben th ic  com partm en t w as very  active an d  re p re se n te d  70 an d  30%  of 
th e  to ta l g ross prim ary  p roduction  in  A pril an d  A ugust, respectively . NEP ra tes  m easu red  du rin g  this 
study  a re  in  th e  ran g e  of prev iously  rep o rted  ra te s  in  estuaries.
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INTRODUCTION

T he coasta l zone covers an  a re a  of 26 x 10® km 2 (7 % 
of th e  su rface  of th e  g lobal ocean) an d  is one of the 
m ost b iogeochem ically  active reg ions of th e  b io sphere  
(G attuso et al. 1998). A lthough  it com prises 30 to 50%  
of calcium  ca rb o n ate  an d  abou t 80 % of o rgan ic  carbon  
accum ulation  of th e  w hole ocean  (Wollast & M a ck e n ­
zie 1989, M orse & M ackenzie  1990, W ollast 1991, 1998, 
M illim an 1993, Sm ith & H ollibaugh  1993), th e re  is no

consensus on w h e th e r  th e  coasta l ocean  acts as a n e t 
source or sink for atm ospheric  ca rbon  d ioxide (C 0 2; 
B orges 2005). This d ep e n d s  m ainly  on 2 m ajor p ro ­
cesses: o rgan ic  m a tte r p roduction /m inera lization  and  
calcium  ca rb o n ate  (C a C 0 3) p recip ita tion /d isso lu tion . 
Indeed , C 0 2 is re le a se d  d u ring  o rgan ic  m a tte r p ro d u c ­
tion  an d  C a C 0 3 p rec ip ita tion  (Wollast e t al. 1980), 
w h ile  prim ary  p roduction  an d  C a C 0 3 d issolution  are 
C 0 2-consum ing  processes. Two m ajor reasons can  
exp la in  th e  lack  of consensus on the  ro le of the  coastal
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ocean  in  the  g lobal ca rbon  cycle: (1) the  n e t ecosystem  
p roduction  (NEP), d e fin ed  as th e  d iffe rence b e tw e en  
o rgan ic  m a tte r p roduction  an d  m ineralization  in  an  
ecosystem , an d  n e t calcification, d efined  as the  d iffe r­
en ce  b e tw e e n  calcium  ca rb o n ate  p rec ip ita tion  an d  
dissolution, a re  still poorly d o cu m en ted  an d  (2) the 
la rg e  physiograph ic an d  en v ironm en ta l d iversity  of 
coasta l ecosystem s com plicates any  upscaling  p ro ce ­
d u re  (G azeau  e t al. 2004).

E stuaries a re  particu larly  com plex cases of coasta l 
ecosystem s, as they  are  in h eren tly  variab le  an d  
dynam ic w ith  la rg e  tem poral (from daily  to seasonal 
tim e scales) an d  spa tia l g rad ien ts  (Heip et al. 1995). 
Thus, to estim ate  th e  m etabolic  s ta tus of such  system s 
a fully in te g ra te d  m ethod  bo th  in  space  an d  tim e is 
requ ired .

A n ecosystem  is d ee m e d  n e t au to troph ic  w h en  
p roduction  of o rgan ic  m a tte r by  prim ary  p roducers 
exceeds th e  consum ption  of this m a tte r by  bo th  
au to troph ic  an d  h e tero troph ic  organism s. S uch sys­
tem s are  po ten tia lly  ne t sinks for atm ospheric  C 0 2, 
a lthough  im port of w a te r  w ith  a h ig h  p artia l p ressu re  
of C 0 2 (p C 0 2), such  as in  p roductive  upw elling  areas  
or estuaries, can  resu lt in  the  re lease  of C 0 2 to the 
a tm osphere  (G attuso e t al. 1998). By contrast, an  
ecosystem  is h e tero troph ic  w h en  consum ption  exceeds 
gross p rim ary  production , lead in g  gen era lly  to h igh  
p C 0 2 an d  low  oxygen  ( 0 2) concen tra tions in  th e  w ate r 
colum n.

A w ide ra n g e  of tech n iq u es h as b e e n  u sed  to e s ti­
m ate  th e  m etabolic sta tus of coasta l ecosystem s. E ach 
tech n iq u e  relies on  one or several assum ptions an d  
covers d iffe ren t spatia l an d  tem poral scales. For 
instance, m etabolic  p rocess ra te  m e asu rem en ts  b ased  
on  incubation  m ethods (m ainly 0 2 an d  14C) or open- 
w a te r  0 2 m e asu rem en ts  (O dum  1956, K em p & Boynton 
1980, H ow arth  e t al. 1992, C affrey  2004) have b ee n  
u se d  on local scales in  nu m ero u s studies, b u t the ir 
ex trapo lation  to la rg e r a reas  rem ains problem atic .

T he d irec t m easu rem en t of C 0 2 fluxes across the 
a ir -w a te r  in te rface  h as  b e e n  only recen tly  ap p lied  at 
la rg e  spa tia l an d  tem poral scales in  a nu m b er of 
coasta l ecosystem s (F rankignoulle e t al. 1998, Tsuno- 
g a i e t al. 1999, C ai e t al. 2000, R aym ond e t al. 2000, 
F rank ignou lle  & Borges 2001b, Borges & F ran k ig ­
noulle  2002, B orges 2005, H ales e t al. 2005).

W ithin the  In ternational G eosphere-B iosphere  P ro­
g ram  (IGBP), th e  Land O cean  In teraction  in  the 
C oasta l Zone (LOICZ) sto ichiom etry  b u d g e tin g  
a p p ro ach  has b ee n  ap p lied  to m ore th a n  170 sites 
a n d  can  prov ide system -scale estim ates (G ordon et 
al. 1996). This m ethod  is b ased  on  the  estim ation  of 
NEP from  non -conserva tive  fluxes of e ith e r dissolved 
inorgan ic  ca rbon  (DIC) or d isso lved  inorgan ic  p h o s­
pho rus (DIP).

In o rd er to assess th e  m etabolic sta tus of th e  coastal 
zone on a g lobal scale, th e re  is a g rea t n e e d  to perform  
estim ates on  a w ide ran g e  of ecosystem s. As m e n ­
tioned  above, several tech n iq u es a re  ava ilab le  for such 
an  objective, b u t very  few  stud ies h av e  focused on 
com paring  d iffe ren t m ethods (Kemp e t al. 1997) and  
te stin g  th e ir  valid ity  in  a varie ty  of ecosystem  types.

T he p u rpose  of the  EUROTROPH pro ject (w w w .u lg . 
ac .b e /o cean b io /eu ro tro p h /)  w as to d e te rm in e  the 
m etabolic  sta tus of 3 E u ro p ean  coasta l ecosystem s 
(Randers Fjord, Scheld t e s tu a ry  an d  Bay of Palma) 
u sing  several tech n iq u es an d  to com pare  th e  estim ates 
at several tim e scales. H ere, w e  estim ate  th e  m etabolic 
s ta tus of th e  R anders Fjord (Denm ark) d u rin g  2 field 
stud ies in  2001 (April an d  A ugust). T he follow ing 
m ethods w ere  u sed  an d  com pared : in teg ra tion  and  
ex trapo lation  of ch a n g es  in  0 2 du rin g  incubations, d is ­
solved inorgan ic  ca rbon  (DIC) budgets, the  RSD 
(response surface d ifference) m ethod  b ased  on  d ie l 0 2 
ch a n g es  an d  LOICZ b iogeochem ical budgets.

MATERIALS AND METHODS

Study area. R anders Fjord is th e  longest D anish e s tu ­
ary  located  on the  east coast (Fig. 1). T he river and  
fjord d ra in  an  a re a  of 3260 km 2 an d  receive  tre a te d  
sew ag e  w ate r from  600 000 inhab itan ts. T he es tu a ry  is 
27 km  long  an d  covers an  a re a  of 23 km 2. T he m ain  
fresh w ate r inpu t com es from  the  river G udenâ , w hich  
d ra in s 80 % of th e  ca tchm en t a re a  an d  en ters  th e  in n e r­
m ost p a rt of R anders F jord (N ielsen e t al. 2001); the 
tida l ran g e  is sm all (0.2 to 0.3 m) an d  h ighest in  the 
in n e r e s tu ary  (N ielsen e t al. 2001). T he m ean  annua l 
w a te r  res id en ce  tim e w ith in  th e  es tu a ry  is -13  d 
(N ielsen e t al. 2001). A pycnocline is p rese n t th ro u g h ­
out th e  y ea r in  alm ost the  en tire  es tu a ry  (N ielsen e t al. 
1993). T he top layer of sed im ent varies from  soft m ud 
w ith  a h igh  o rgan ic  con ten t (10 to 14 % ign ition  loss) in 
th e  in n e r p a rt to fine/m ed ium -sized  silt w ith  low 
o rgan ic  con ten t (1 to 2 % ign ition  loss) in  the  o u te r a re a  
(N ielsen e t al. 2001). S easonal anoxic conditions in  b o t­
tom  w ate rs  h av e  b ee n  rep o rted  in  th e  innerm ost p art 
of the  e s tu a ry  du rin g  sum m er (Somod e t al. 1999). In 
th e  1970s, reg u la to ry  m easu res  w ere  im p lem en ted  in 
o rd er to d ec rease  th e  load ing  of nu trien ts  an d  organic 
ca rbon  from  poin t sources an d  cities. A dditionally, 
villages w ith  m ore th a n  200 in h ab itan ts  w ere  req u ired  
to bu ild  sew ag e  trea tm e n t p lan ts w ith  C, N an d  P 
rem oval capabilities.

Experim ental schedule. T he m etabolic  perfo rm ance 
of th e  R anders Fjord w as e s tim a ted  d u rin g  2 field 
cru ises in  A pril to M ay 2001 (re ferred  h e re a fte r  as the 
A pril cam paign: 22 A pril to 2 M ay) an d  A ugust (20 to 
31 A ugust) 2001 by m eans of 0 2 incubations, DIC, RSD

http://www.ulg


G azeau  e t al.: N e t ecosystem  m etab o lism  in  a  m icro-tidal estu ary 25

10°5’ 10°10’ 10°15’ 10°20’

Outer box
Randers
Fjord Kattegat

0 - 2 m

2 - 4  m

4 - 7 m
4a

Navigation channel (7 m)

56°30’ Randers city
3 km

5 a  Inner box

Fig. 1. M ap  of th e  R anders F jord  a n d  loca tion  of sam p lin g  sta tions in  th e  n a v i­
ga tion  ch an n e l (O) a n d  on th e  b an k s  (■). P lank ton ic  oxygen  incu b a tio n s w e re  
p e rfo rm ed  a t Stns la ,  2, 2a, 5 a n d  6 in  A pril a n d  at Stns 2, 4, 4a, 5 a n d  6 in  
A ugust. B enthic oxygen  incu b a tio n s w e re  p e rfo rm ed  in  th e  n av ig a tio n  c h an ­
ne l at Stns 2, 3, 4, 5 a n d  6 an d  on th e  3 b a n k  sta tions (b lack sq u ares) du rin g  
b o th  cruises. See tex t for sta tions sam p led  for th e  re sp o n se  su rface  d ifference  
(RSD) m eth o d  as w ell as for d isso lved  ino rg an ic  carb o n  (DIC) a n d  l a n d -  

ocean  in te rac tio n s in  th e  coasta l zone (LOICZ) b u d g e ts

a n d  LOICZ approaches. 0 2 incubation  
a n d  RSD m ethods co n sid ered  the  es tuary  
from  Stn 6 to th e  m outh  (Fig. 1), w h ile  the  
DIC an d  LOICZ b u d g e tin g  p ro ced u res  
u se d  d a ta  from  Stn  6 as ex te rn a l (riverine) 
conditions an d  th e re fo re  covered  an  a re a  
from  d o w nstream  to this sta tion  to the  
m outh  of the  estuary . T em poral scales 
en co m p assed  by the  d iffe ren t m ethods as 
w ell as sam pling  d a te s  a re  show n in 
Fig. 2. T he RSD m ethod  w as ap p lied  d u r­
ing  1 day  at each  period, w hile  o ther 
m ethods covered  several days. N ote tha t 
th e  DIC m ethod  w as only ap p lied  to the  
m ixed  layer of this e s tu a ry  (see below).

O xygen incubations. Planktonic gross 
p rim ary  p roduction  (GPP) an d  com m unity  
resp ira tion  (CR) w ere  m e asu red  at sev ­
era l sta tions (on d ifferen t days; see Fig. 2) 
in  th e  es tu a ry  du rin g  th e  2 cru ises (Stns 
la ,  2, 2a, 5 an d  6 in  April; Stns 2, 4, 4a, 5 
an d  6 in  A ugust; Fig. 1). S am ples w ere  
ta k e n  an d  in cu b a ted  in  situ  a t 4 dep th s 
(see T able 1; 5 rep lica tes  at each  depth) 
from  sunrise to sunse t in  bo th  tran sp a ren t 
an d  d ark  60 ml b iochem ical oxygen  d em an d  (BOD) 
bottles. 0 2 concen tra tions w ere  m e asu red  before an d  
afte r incubation  u sing  an  au to m ated  W inkler titra tion  
tech n iq u e  w ith  a po ten tiom etric  end -p o in t detection . 
A nalyses w ere  perfo rm ed  w ith  an  O rion redox  e lec ­
trode  (9778-SC) an d  a  custom -built titrator. R eagents 
an d  standard izations w ere  sim ilar to those  describ ed  
by  K nap et al. (1996). H ourly p lank ton ic  CR (expressed  
as a  n eg a tiv e  value) an d  hourly  n e t com m unity  p ro ­
duction  du rin g  the  day  (NCPd) w ere  es tim a ted  as the 
d iffe rence b e tw e en  the  0 2 concen tra tion  at the  en d  
an d  the  b eg in n in g  of the  incubations d iv ided  by  the 
tim e of incubation , in  th e  d a rk  an d  tran sp a ren t bottles, 
respectively . H ourly p lank ton ic  GPP w as ca lcu la ted  as 
th e  d iffe rence b e tw e en  N C Pd an d  CR.

T riplicate sed im en t cores (d iam eter = 8 cm) w ere  col­
lec ted  w ith  a  box corer at 5 stations along  th e  es tuary  
in  th e  nav igation  channel. A dditionally, 2 sets of trip li­
ca te  sed im ent cores w ere  co llected  m anually  at 3 s ta ­
tions located  on  th e  shallow  b an k s (Fig. 1). C ores col­
lec ted  in  the  nav igation  ch an n e l an d  one set of cores 
from  th e  b an k s w ere  in c u b a te d  in  the  labora to ry  at in  
situ  te m p era tu re  in  d ark n ess  for a ro u n d  6 h; the  o ther 
se t of b a n k  cores w as in cu b a ted  ou tside th e  laboratory  
u n d e r  in  situ  ligh t conditions for 3 to 6 h. Before 
th e  sta rt of the  incubations, the  overly ing w ate r w as 
rem oved  an d  cores w ere  filled w ith  in  situ  w ate r 
(height = 0.2 m). C ores w ere  closed w ith  airtigh t lids 
carefu lly  to avoid  trap p in g  air bubb les. T he overly ing 
w a te r  w as stirred  d u ring  the  w hole incubation  period,

avoid ing  sed im en t pertu rbation . W ater sam ples w ere  
co llected  w ith  syringes before an d  afte r incubation , 
an d  0 2 concen tra tions w ere  d e te rm in ed  by the  W in­
k ler m ethod  using  po ten tiom etric  end -p o in t de tec tion  
an d  a M ettle r titra to r (DL21). H ourly b en th ic  CR and  
GPP ra tes w ere  ca lcu la ted  w ith  th e  sam e m ethod  as 
th a t for th e  p lank ton ic  com partm en t ou tlined  above.

Daily p lank ton ic  an d  ben th ic  CR w ere  ca lcu la ted  by 
m ultip ly ing  th e  hourly  ra tes  by  24. H ourly GPP ra tes 
w ere  m ultip lied  by the  day ligh t du ration  (14 an d  15 h 
in  A pril an d  A ugust, respectively) to estim ate  daily  
p lank ton ic  an d  ben th ic  GPP.

At ea ch  sta tion  an d  incubation  dep th , sam ples w ere  
ta k e n  for chlorophyll a an d  n u trien t analysis. For 
chlorophyll a de term ination , w a te r  (1000 to 1500 ml) 
w as filte red  th ro u g h  G F/F  filters, w h ich  w ere  sto red  
frozen  p en d in g  p igm en t ex traction  an d  analysis by 
h ig h -p erfo rm an ce  liqu id  ch rom atog raphy  (B arranguet 
e t al. 1997). A u tom ated  colorim etric tech n iq u es w ere  
u se d  for o rthophosphate , n itra te , n itrite an d  am m o­
nium  (Van d en  M eersche e t al. 2004).

L ight p en e tra tio n  in  th e  w a te r colum n w as m easu red  
u sing  an  LI-COR spherical sensor (LI-193SA) an d  a 
d a ta lo g g e r (LI-1400) tw ice d u rin g  each  incubation  
period. Surface irrad ian ce  w as m e asu red  every  15 m in 
d u rin g  th e  first cru ise u sing  an  LI-COR cosine co r­
rec ted  sensor (LI-192SA) an d  a d a ta lo g g e r (LI-1400). 
H ourly surface irrad ian ce  d a ta  d u rin g  th e  second  
cru ise m e asu red  at Folum, abou t 25 km  from  the  city 
of R anders, w ere  p rov ided  by the  D anish  Institu te  of
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A gricu ltura l Sciences. Light a tten u a tio n  in  th e  w ate r 
co lum n w as es tim ated  u sing  th e  form ulation:

K  = - In ( 4 / I 0 ) ( 1)

w h ere  J iis  the  light a ttenuation  coefficient (m J), Iz is the 
irrad ian ce  m e asu red  at d ep th  z  (pmol pho tons n r 2 s-1),

Stations sampling dates

April
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[ I 0 2 incubations 

! 1
¡ ¡ DIC budgets

RSD

1600 

~ 1400-
tn

51 1 2 0 0 -  

»  1 0 0 0 -  
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-  600 -I0
1  400- 

2 0 0 -

0

4b 1 2

ÿ ÿ {}
2a 3b & 4 5

0 ÿ

I0 is surface irrad iance  (pmol pho tons m  s ) an d  z  is 
d e p th  (m).

P rim ary p roduction  is la rge ly  d e p e n d e n t on  irra d i­
ance, an d  since (1) sam ples for ben th ic  GPP m e a su re ­
m en ts w ere  ta k e n  at only one d ep th  w ith  incubations 
p erfo rm ed  u n d e r a 0.2 m  w a te r  he ig h t an d  (2) in c u b a ­
tions w ere  co n d u c ted  for only 3 to 6 h  a ro u n d  noon, a 

p ro ced u re  to ex trapo la te  th ese  d a ta  to the 
w hole d ep th  g rad ie n t an d  to th e  w hole 
day  len g th  w as used. D uring bo th  cruises, 
re la tionsh ips b e tw e en  daily  ben th ic  GPP

Mixed layer

Water column

August
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Fig. 2. S chedu le  of m easu rem en ts  u s in g  th e  d ifferen t m eth o d s co n sid ered  in  
th is s tu d y  d u rin g  th e  2 cru ises (see Fig. 1). S tations w h e re  0 2 in cubations 
(both p lan k to n ic  an d  ben th ic) as w ell as d issolved ino rg an ic  phosp h o ru s 
(DIP) m ea su re m e n ts  (LOICZ m ethod) w e re  p e rfo rm ed  a re  also p re sen ted . 
S urface irrad ian ce  varia tions over th e  course of th e  2 cru ises a re  show n.

D ates a re  d /m o

irrad iance  (I) d u rin g  incubations w ere  
d eriv ed  for each  sta tion  u sing  the  m odel 
of P latt e t al. (1980):

GPP = GPPmax [1 -  exp (-1/4-)] (2)

Mixed layer

Water column

w h ere  GPPmax is th e  m axim al GPP ra te  
(mmol 0 2 n r 2 d_1), Ik is the  irrad ian ce  at 
w h ich  th e  in itial slope an d  GPPmax in ­
te rsect (pmol pho tons n r 2 s_1), es tim ated  
from  irrad ian ce  an d  ligh t a tten u a tio n  
coefficients. G arg as (1970) e s tim a ted  sa t­
u ration  irrad iance  (Ik) on  an  an n u a l scale 
in  sed im ents of N ivâ bay  (O resund) and  
rep o rted  va lues of a ro u n d  100 and  
300 pm ol pho tons n r 2 s_1 in  A pril and  
A ugust, respectively . Thus, for each  s ta ­
tion w e ad o p ted  th ese  pa ram ete rs  and  
ca lcu la ted  GPPmax (mmol 0 2 n r 2 d_1) v a l­
ues to fit our d a ta  u sing  Eq. (2). This p ro ­
ced u re  allow ed us to estim ate  GPP du ring  
the  day ligh t du ration  an d  to account for 
the  d ec rease  of ben th ic  GPP w ith  dep th .

T he fjord w as d iv ided  into 2 boxes 
(inner an d  ou te r boxes, see  Fig. 1), and  
3 d ep th  in te rvals w ere  considered  (0-2  m , 
2 -4  m  an d  4 -7  m, the  la tte r co rresp o n d ­
ing  to the  nav igation  channel). The 
surface a re a  an d  the  p e rc en ta g e  covered  
by  ea ch  d ep th  layer w ere  e s tim a ted  at 
each  sam pling  sta tion  u sing  a d ig itized  
m ap (INT 1381) an d  A rcview  8.3 softw are 
package .

P lanktonic volum etric ra tes (GPP and  
CR) w ere  d ep th -in teg ra ted  u sing  a sim ple 
trapezo ida l p ro ced u re  over the  3 d ep th  
in tervals. U sing Eq. (2), ben th ic  GPP co l­
lec ted  on th e  b an k s  w ere  ex trapo la ted  
over 0 an d  2 m  an d  e ith e r  0 an d  4 m  or 0 
an d  the  d ep th  of the  eupho tic  zone w h en  
this la tte r  w as less th a n  4 m. B enthic CR 
m easu red  on the  b an k s w ere  assum ed  to 
rep rese n t th e  first 2 d ep th  in tervals, w hile 
ben th ic  CR m e asu red  in  th e  nav igation
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ch an n e l w ere  u sed  for th e  0 -7  m  d ep th  interval. 
W eigh ted  av e rag es of bo th  p lank ton ic  (in tegrated) an d  
ben th ic  ra tes  w ere  e s tim a ted  for each  sta tion  acco rd ­
ing  to th e  bathym etric  profile. It m ust b e  s tressed  tha t 
ben th ic  GPP w as assum ed  to b e  nil in  the  in n e r box of 
th e  e s tu ary  (w here no m e asu rem en ts  w ere  perform ed) 
th a t m ainly  consists of th e  nav igation  ch an n e l (dep th  = 
7 m) w ith  a n eg lig ib le  surface a re a  covered  by banks. 
Finally, th ese  p lank ton ic  an d  ben th ic  m etabolic  ra tes 
w ere  sim ply av e rag ed  to estim ate  m etabolic ra tes  in 
th e  2 boxes considered .

P lanktonic an d  ben th ic  m etabolic  ra tes  w ere  co n ­
v e rte d  to ca rbon  un its assum ing  a pho tosyn thetic  q u o ­
tien t (PQ) of 1.3 b ased  on  th e  C:N:P m olar e lem en ta l 
com position of p h y top lank ton  rep o rted  by Redfield 
(1963) an d  a resp ira to ry  quo tien t (RQ) of 1 as u se d  in 
m ost stud ies (H opkinson & Sm ith 2005). Daily p la n k ­
tonic an d  ben th ic  NCP w ere  ca lcu la ted  as the  sum  of 
daily  GPP an d  CR, an d  the  ne t ecosystem  production  
(NEP) of each  box w as e s tim a ted  by  sum m ing ben th ic  
an d  p lank ton ic  N C P rates.

D issolved  inorganic carbon (DIC) budgets. In April, 
subsu rface  (0.5 m) p C 0 2, to ta l alkalin ity  (TA) an d  0 2 
d a ta  w ere  o b ta in ed  at 2 sta tions w hich  w ere  occupied  
d u rin g  24 h  (Stns 2 an d  4, respectively , on  2 5 -2 6  an d  
2 8 -2 9  A pril 2001) an d  along  a tran sec t ab o a rd  the 
G ene tica  from  the  city of R anders to th e  m outh  of the 
es tu a ry  (30 April 2001). In A ugust, th e  sam e variab les 
w ere  o b ta in ed  at 3 stations occup ied  du rin g  24 h 
(Stns 2, 4 an d  6, respectively , on  23 -24 , 27 -2 8  an d  
20 -21  A ugust 2001) an d  along  2 transects ab o a rd  the 
Tyrfing from  the  city of R anders to th e  m outh  of the 
es tu a ry  on  30 an d  31 A ugust 2001. S am ples for TA an d  
0 2 w ere  co llected  hourly  du rin g  th e  24 h  cycles an d  
every  2 salin ity  un its d u rin g  the  sh ip b o ard  transects. 
S am ples for TA determ in a tio n  w ere  filtered  u sing  
G F/F  filters.

p C 0 2 w as m easu red  every  m inu te  by equ ilib ra tion  
u sing  the  F loating  E quilib ra tor System  (FES) describ ed  
by  F rank ignou lle  et al. (2003). Briefly, th e  FES is a 
buoy  con tain ing  an  equilib rator, a non-d ispersive  in ­
fra red  gas an a ly se r (IRGA), w a te r  an d  air te m p era tu re  
probes, an  anem om eter, a  d a ta lo g g e r (1 m in reco rd ing  
interval) an d  air an d  w a te r  pum ps. D uring th e  24 h 
cycles, the  FES w as d ep lo y ed  an d  an ch o red  before 
12:00 h  UT (U niversal Time). For th e  sh ip b o ard  tra n ­
sects, it w as ad a p te d  for u n d erw ay  m easu rem en ts  from  
th e  subsu rface  w a te r supply  of th e  ship. T he IRGA (LI- 
COR 6262) w as ca lib ra ted  daily  u sing  p u re  n itrogen  
a n d  3 gas s tan d ard s w ith  a  C 0 2 m olar fraction  of 365, 
810 an d  4000 ppm . All g ases  w ere  supp lied  by  Air 
L iquide, Belgium . T he es tim ated  accuracy  of th e  p C 0 2 
m e asu rem en ts  is ±3 ppm . p C 0 2 in  th e  air w as m e a ­
su red  u sing  a non-d ispersive  in fra red  gas ana lyser 
(IRGA) d u rin g  the  24 h  cycles at the  sta rt of each  float­

ing  dom e m easu rem en t, ca rried  out hourly, to estim ate 
th e  g as  transfe r velocity  (Borges e t al. 2004). TA w as 
m e asu red  by  G ran  e lec tro -titra tion  on 100 ml sam ples 
w ith  a rep roducib ility  of ±2 pm ol kg -1 an d  an  e s ti­
m a ted  accuracy  of ±3 pm ol kg -1. DIC w as com puted  
from  p C 0 2 an d  TA (acquired  du rin g  the  transects  and  
th e  24 h  cycles) u sing  the  therm odynam ic constan ts  of 
M eh rb ach  e t al. (1973); th e  accuracy  is ±5 pm ol kg -1 
(for fu rth e r details refer to F rank ignou lle  & Borges 
2001a). 0 2 w as m e asu red  by  the  W inkler m ethod  using  
a po ten tiom etric  end -p o in t de term ination , w ith  an  
es tim a ted  accuracy  of ±2 pm ol kg -1. Salinity  w as 
m e asu red  w ith  a po rtab le  sa linom eter (Orion 125) w ith  
a  precision  of ±0.1.

A m ass b a lan ce  of DIC in  th e  m ixed  layer w as co n ­
s tru c ted  u sing  estim ates of fluvial DIC input, ou tpu t of 
DIC to th e  Baltic S ea an d  a ir -w a te r  C 0 2flux. NEP w as 
com p u ted  to b a lan ce  th e  bud g et. T he fluvial DIC inpu t 
(FIdic in  m m ol n r 2 d -1) w as com pu ted  accord ing  to:

Fir
pDICoQ

(3)

w h ere  DIC0 is th e  m ean  v a lue  of DIC m e asu red  at 
S tn  6 (mmol kg-1), p is th e  w a te r  density  (kg m -3), Q 
is th e  av e rag e  fre sh w ate r flow du rin g  ea ch  cam paign  
(m3 d -1) an d  S  is th e  su rface  a re a  of th e  Fjord (m2). The 
o u tp u t of DIC to the  Baltic Sea (OBSDIC in m m ol m -2 
d -1) w as com pu ted  accord ing  to:

OBSr
pDICAZEQ

(4)

w h ere  DICAZE is th e  ap p a re n t zero  en d -m em b er of 
DIC (mmol kg -1), p is w a te r  density  (kg m -3), Q  is 
th e  av e rag e  freshw ate r flow  du rin g  ea ch  cam paign  
(m3 d -1) an d  S  is the  surface a re a  of th e  Fjord (m2). 
D ata of fresh w ate r flows d u rin g  the  investiga ted  
periods w ere  p rov ided  by  the  N ational E nvironm ental 
R esearch  Institu te, D epartm en t of F reshw ate r E co­
logy, D enm ark. DICAZE is th e  in te rcep t at zero  sa l­
inity  of a line ta n g en t to th e  ob se rv ed  curve of DIC 
(from transec ts  an d  24 h  cycles) aga in st salin ity  in 
th e  low er es tu a ry  (Kaul & Froelich 1984). T he in te r­
cep t at zero  salin ity  w as com pu ted  by lin ear re g re s ­
sion from  DIC d a ta  at salin ities above 9, since DIC 
show ed  a close to conservative  beh av io u r in  the 
low er estuary.

T he a ir -w a te r  C 0 2 flux w as com pu ted  accord ing  to:

F  = a  k  A p C 0 2 (5)

w h ere  F  is the  a ir -w a te r  C 0 2 flux (mmol m-2 d -1), a  is 
th e  C 0 2 solubility coefficient (mmol m -3 ppm -1), k  is 
th e  gas transfe r velocity  (m d-1) an d  A p C 0 2 is the 
a ir -w a te r  g rad ien t of C 0 2 (p C 0 2air -  p C 0 2water in  ppm ). 
T he C 0 2 solubility coefficient (a), d e p e n d e n t upon  
salin ity  an d  tem p era tu re , w as com pu ted  accord ing  to
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W eiss (1974). T he av e rag ed  atm ospheric  p C 0 2 w as 
e s tim a ted  for ea ch  cru ise as its variab ility  is neg lig ib le  
co m p ared  to th e  ra n g e  of varia tion  of p C 0 2 in  the 
w ater. A positive flux co rresponds to a  transfe r of C 0 2 
from  the  w a te r to th e  a tm osphere . W e e s tim a ted  the 
flux of C 0 2 in  th e  in n e r box (from dow nstream  to S tn 6 
to S tn 5 u sing  th is m ethod) an d  in  th e  ou te r box (see 
Fig. 1) an d  com pu ted  a w e ig h ted  av e rag e  v a lue  for the 
w hole es tu a ry  considering  th e  surface a re a  covered  
by  th ese  2 boxes.

T he gas  transfer velocity  w as com p u ted  accord ing  
to a p a ram ete riza tion  as a function  of w ind  speed  
es tab lish ed  from  floating  ch am b er in te rfacia l C 0 2 flux 
m easu rem en ts  carried  out du rin g  the  2 cru ises (Borges 
e t al. 2004):

i 600 = 0.3 (± 0.2) + 0.536 (± 0.026) u10 (6)

w h ere  i 600 (m d_1) is the  gas transfe r velocity  of C 0 2 
norm alized  to a Schm idt nu m b er (Sc) of 600 an d  u10 is 
w ind  sp eed  re fe ren c ed  at a  h e ig h t of 10 m  (m s4 ). ¿ 600 
w as co n v erted  to in  situ  te m p era tu re  conditions assu m ­
ing  a k  d ep e n d en c y  p roportional to S c-0,5:

S c  w as com pu ted  for a g iven  salinity  an d  te m p e ra ­
tu re  from  th e  form ulations for salin ity  0 an d  35 g iven  
by  W anninkhof (1992) an d  assum ing  th a t S c  varies 
linearly  w ith  salinity.

R esponse surface difference (RSD) m ethod. The 
RSD m ethod  d ev e lo p ed  by S w aney  e t al. (1999) is 
deriv ed  from  th e  in  situ  d ie l 0 2 ap p ro ach  app lied  to 
flow ing w aters. It is b ased  on  th e  com parison  of 0 2 
concen tra tions at an  initial tim e an d  sta tion  w ith  0 2 
concen tra tions at a second  sta tion  dow nstream , after 
th e  tim e in terval es tim ated  for w a te r to flow from  the 
u p stream  to the  dow nstream  sta tion  (O dum  1956). In 
tidal e s tu arin e  system s, this p ro ced u re  is difficult to 
app ly  b ecau se  of non-un id irec tiona l flows an d  of the 
in trusion  of m arine  w ate rs  resu lting  in  w a te r colum n 
stratification. S w aney  e t al. (1999) u sed  in  the ir m ethod  
salinity  as a conservative  trace r to p rovide inform ation 
on  m ixing an d  advection . This p ro ced u re  is b ased  on 
th e  hypo thesis  th a t th e  concen tra tion  of 0 2 in  an  
es tu a ry  varies linearly  w ith  dep th , salinity  an d  time, 
follow ing th e  equation :

O 2 = b0 + bzz  + bsaISa l + b tt + e (8)

w h ere  0 2 is the  o bserved  0 2 concen tra tion  (mmol n r 3), 
b0 is th e  ra te  of 0 2 concen tra tion  varia tion  associa ted  
w ith  a  un it ch an g e  in  each  of th e  in d e p en d e n t v a ri­
ab les (z  = d e p th  in  m, Sa l = salin ity  an d  t = tim e in 
hours), an d  e rep re se n ts  th e  random  com ponen t of 0 2 
concen tra tion  varia tion  not ex p la in ed  by th e  in d e p e n ­
d en t variables.

In April, 8 sta tions w ere  in v estig a ted  along the  e s tu ­
ary  (Stns la , 2, 2a, 3, 4, 5, 5a an d  6; see Fig. 1) at m id ­
day, sunse t (1 M ay 2001) an d  sunrise (2 M ay 2001). 
S even  stations w ere  in v estig a ted  in  A ugust (Stns 2, 2a, 
3, 4, 5, 5a an d  6; see  Fig. 1) at sunse t (19 A ugust 2001), 
sunrise, m idday  an d  sunse t (20 A ugust 2001). At each  
station, vertical profiles of 0 2, te m p era tu re  an d  salinity 
w ere  m ade  u sing  a YSI 556 m ultip robe. T he 0 2 sensor 
w as ca lib ra ted  in  w ate r-sa tu ra te d  air befo re  each  
transect. W ind sp eed  w as m e asu red  w ith  a h an d -h e ld  
anem om eter.

T he varia tion  of oxygen  over tim e du rin g  the  day 
(btd  in  m m ol 0 2 n r 3 I r 1) w as th e n  es tim ated  by 
m eans of a  m ultip le  reg ression  follow ing Eq. (8), 
u sing  d a ta  acq u ired  at m idday  an d  at sunse t in  April 
an d  at sunrise, m idday  an d  sunse t in  A ugust. The 
sam e p ro ced u re  w as u sed  to estim ate  th e  varia tion  of 
oxygen  over tim e du rin g  the  n igh t (bt n ) by  co n sid er­
in g  d a ta  acq u ired  at sunse t an d  sunrise in  A pril and  
A ugust (first sunset). T he sam e division of the  es tuary  
w as u sed  as for th e  0 2 incubation  m ethod, an d  com ­
pu ta tions of m etabolic p a ram ete rs  w ere  perfo rm ed  
for th e  in n e r an d  ou te r boxes as w ell as th e  w hole 
estuary .

H ourly d ep th -in teg ra ted  NEP d u rin g  th e  day  (NEPd) 
w as es tim ated  as:

NEPd = b t d z  + Fo2_d (9)

w h ere  z  is the  m ean  d ep th  of th e  es tu a ry  (1.6 m) and  
Fq2 d is th e  es tim ated  a ir -w a te r  0 2 ex ch an g e  du ring  
th e  day  in  m m ol 0 2 n r 2 h-1.

H ourly d ep th -in teg ra ted  CR w as es tim ated  from  the 
0 2 d ec rease  overnight:

CR = bt n z  + Fq2 n (10)

w h ere  z  is the  m ean  d ep th  of the  es tu a ry  (1.6 m) and  
Fo2_ n is th e  es tim ated  a ir -w a te r  0 2 ex ch an g e  du ring  
th e  n igh t in  m m ol 0 2 n r 2 h -1. Positive 0 2 fluxes c o rre ­
spond  to a transfe r from  th e  w ate r to th e  atm osphere .

T he a ir -w a te r  0 2 fluxes, a t each  in v estig a ted  station, 
d u rin g  th e  day  an d  n ight, w e re  com pu ted  u sing  w ind  
sp e ed  values m e asu red  d u ring  th e  transects, th e  sam e 
p ro ced u re  as d esc rib ed  for C 0 2 fluxes (Eq. 5 above) as 
w ell as an  0 2 solubility coefficient an d  an  0 2 co n cen ­
tra tion  at sa tu ra tion  (0 2air) com pu ted  accord ing  to B en­
son & K rause (1984). T hese a ir -w a te r  0 2 fluxes e s ti­
m a ted  at ea ch  sam pled  station, du rin g  the  day  and  
nigh t, w ere  th e n  av e rag ed  over the  in v estig a ted  a re a  
(inner, ou te r an d  w hole  estuary). H ourly GPP w as ca l­
cu la ted  as the  d iffe rence b e tw e en  hourly  N C Pd and  
CR. C om putations of daily  ra tes as w ell as conversions 
to ca rbon  un its w ere  perfo rm ed  as previously  
d escrib ed  in  the  section on oxygen  incubation .

LOICZ budgeting procedure. Stoichiom etrically  
linked  w ate r-sa lt-n u trien t b u d g e ts  w ere  construc ted
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u sing  d a ta  co llected  d u ring  the  2 cru ises as describ ed  
by  G ordon  e t al. (1996). A 2 b o x -2  layer m odel w as 
considered , as strong  vertical stratifications w ere  
o bserved  in  the  fjord. W e co n sid ered  th e  sam e d iv i­
sion of th e  es tu a ry  as th a t u se d  w ith  the  prev ious 
m ethods (inner an d  ou te r box, see Fig. 1), although, 
as w as a lread y  m entioned , th e  in n e r box covered  the 
a re a  dow nstream  to S tn  6. T he d ep th  of the  m ixed 
layer w as es tim ated  for ea ch  sam p led  sta tion  u sing  
d a ta  of salinity  an d  tem p era tu re . D ata of freshw ate r 
flows d u ring  the  periods in v estig a ted  w ere  p rov ided  
by  th e  N ational E nv ironm ental R esearch  Institute, 
D epartm en t of F reshw ate r Ecology, D enm ark. V erti­
cal profiles (4 dep th s, sam e as 0 2 incubation  depths) 
of salinity  an d  DIP w ere  perfo rm ed  at th e  b eg in n in g  
of each  0 2 incubation  ex p erim en t as describ ed  above 
(Stns la , 2, 2a, 5 an d  6 in  April; S tns 2, 4, 4a, 5 an d  6 
in  A ugust). V ertical profiles acq u ired  at Stns 1 an d  6 
d u rin g  bo th  cru ises w ere  u se d  as m arine  an d  riverine 
end -m em bers, respectively . Salinity  an d  DIP co n cen ­
trations in  each  b u d g e te d  box w ere  e s tim a ted  by 
av e rag in g  d a ta  in  the  vertical an d  horizontal d im e n ­
sions.

R esidual an d  ex ch an g e  w a te r  fluxes (Fig. 3) b e tw e en  
ea ch  box an d  b e tw e en  th e  es tu a ry  an d  th e  K attegat 
w ere  e s tim a ted  from  fre sh w ate r flow an d  salinity  (con­
servative param eter), considering  th a t over a  tidal 
cycle salinity  is at s teady  state:

df

in  ea ch  com partm en t (see G ordon  e t al. 1996 and  
LOICZ b iogeochem ical m odeling  W eb site at h ttp :// 
d a ta .eco logy .su .se /M N O D E /M ethods/T O C .H T M  for 
deta ils  of the  calculations). A pply ing  th ese  residua l 
an d  ex ch an g e  fluxes to a p a ra m ete r w hich  can  be 
in fluenced  by  biotic or abiotic p rocesses (non-conserv­
ative param eter) allow s the  estim ation  of no n -co n se rv ­
ative fluxes in  each  b u d g e te d  box (basically, dev iation  
from  the  d ilu tion /m ix ing  line).

NEP (p-r in  LOICZ term inology) w as ca lcu la ted  from  
th e  non -conserva tive  fluxes of DIP in  each  box, assu m ­
ing  th a t (1) th ese  DIP fluxes a re  only re la ted  to b io log­
ical activity (i.e. o rgan ic  m a tte r p roduction  an d  m in e r­
alization) an d  (2) d isso lved  o rgan ic  phosphorus (DOP) 
cycling  is neg lig ib le , follow ing the  equation :

NEP = -ADIP • (C:P)part (11)

w h ere  NEP is th e  ne t ecosystem  p roduction  (mmol C 
n r 2 d_1), ADIP is the  non -conserva tive  flux of DIP 
(mmol P n r 2 d_1) an d  (C:P)part is th e  p a rticu la te  C:P 
ratio. As no in form ation on  the  com position of organic 
m a tte r w as availab le for th is system , a v a lue  of 106:1 
(Redfield ratio) w as assum ed. T hen, a  system  w ith  
ADIP > 0 is in te rp re ted  as p ro d u cin g  DIP v ia n e t 
o rgan ic  m a tte r m ineralization  (NEP < 0), w h ile  a n e g a ­
tive ADIP is re la te d  to an  o rgan ic  m a tte r p roduction  in 
excess (NEP > 0).

Error estim ates. E rror p ropaga tions for each  m ethod  
d escrib ed  above w ere  perfo rm ed  using  th e  M onte 
C arlo p ro ced u re  in  M atlab  6.5. E ach  p a ra m e te r  w as 
c h a n g e d  w ith in  rea so n ab le  bou n d aries  (95% confi-

Stn. 6 Stn. 5 April: Stns. 1a, 2 ,2a Stn. 1
August: Stns. 2, 4, 4a
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Fig. 3. L a n d -O c e a n  In teraction  in  th e  C oasta l Zone (LOICZ) b u d g e tin g  p ro c ed u re  for th e  R anders F jord  d u rin g  th e  2 cruises. 
D a ta  of sa lin ity  a n d  d issolved ino rg an ic  p h o sp h o ru s (DIP) concen tra tions at Stns 6 a n d  1 w e re  u se d  as riverine  a n d  m arin e  end- 

m em bers, respectively . See G ordon  e t al. (1996) for calcu lations deta ils
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d en c e  in te rva l in  case  of av e rag ed  values), an d  a 
th o u san d  iterations w ere  perform ed.

U sing th e  0 2 incubation  m ethod, analy tical an d  
rep lication  erro rs  (5 an d  3 rep licates in  the  p lank ton ic 
an d  ben th ic  com partm en t respectively , see  above) an d  
erro rs a ttr ib u ted  to the  av e rag in g  of several stations to 
com pute ra tes  for th e  inner, ou te r an d  w hole es tuary  
w ere  considered .

U sing th e  DIC m ethod, the  u n ce rta in ty  on  th e  DIC 
fluvial inpu t w as es tim ated  assum ing  an  analy tical 
e rro r on  DIC0 of ±0.005 m m ol kg -1 an d  an  erro r on  Q 
of ± 5% . U ncertain ty  on the  DIC o u tpu t to th e  Baltic 
S ea w as e s tim a ted  from  the  s ta n d a rd  erro r on  the

y-in te rcep t of th e  reg ression  line of DIC vs. salinity 
(DICaze) an d  assum ing  an  e rro r on  Q  of ± 5% . U ncer­
ta in ty  on th e  C 0 2 atm ospheric  flux w as com puted  
assum ing  an  e rro r on A p C 0 2 of ± 3 ppm , an  erro r on u10 
of ±10%  an d  considering  th e  erro rs a ttr ib u ted  to the 
p aram ete riza tio n  of i 600 (see Eq. 6) as w ell as th e  erro rs 
re la te d  to th e  av e rag in g  of the  fluxes over space.

For th e  RSD m ethod, un certa in ty  of the  tim e-d ep e n ­
d en t 0 2 ra te  of ch an g e  (bt) w as e s tim a ted  assum ing  an  
erro r on  0 2 m e asu rem en ts  of ± 5 % as w ell as from  the 
s ta n d a rd  e rro r of the  m ultip le  reg ressio n  on th is p a ra ­
m eter. M oreover, u n ce rta in ty  on  th e  0 2 atm ospheric  
flux w as com pu ted  assum ing  an  erro r on  u10 of ±10% ,

T able  1. D ate, g eo g rap h ica l loca tion  a n d  characteris tics of in cu b a ted  sta tions d u rin g  b o th  cruises. I0 is th e  av erag e  su rface  
irrad ian ce , K  is th e  ligh t a tten u a tio n  coefficient, SPM is th e  con cen tra tio n  of su sp en d e d  p a r ticu la te  m atte r  a n d  chi a is th e

chlorophyll a co ncen tra tion

Stn D ate
(d/mo)

L ongitude
°E

L atitude
°N

D epth
(m)

Sal T em p
(°C)

I0 (pmol 
p h o to n s n r 2 s_1)

K
( n r 1)

SPM 
(g n r 3)

C hi a 
(m g n T 3)

April
O uter estu ary l a 1/05 10.32 56.61 0.5 12.1 9.9 737.8 0.72 5.2 1.7

1.5 12.3 9.9 3.9 1.2
3 12.5 9.9 4.0 1.1
6 19.6 9.0 5.3 0.8

2 26/04 10.30 56.61 0.5 6.7 8.5 472.2 0.60 5.3 1.8
1.5 6.8 8.5 5.3 2.1
3 6.9 8.5 3.9 1.5
7 29.5 7.7 6.5 1.6

2a 28/04 10.26 56.58 0.5 4.9 8.8 454.9 0.64 43.1 6.1
1.5 5.3 8.9 5.2 4.6
3 14.5 8.5 5.8 2.1
6 19.2 8.1 3.0 1.2

Inner estu ary 5 29/04 10.21 56.47 0.5 1.4 9.1 678.2 1.13 9.7 20.9
1.5 2.5 9.0 12.4 18.3
3 14.2 8.3 8.0 11.1
6 15.9 8.2 35.3 9.5

6 22/04 10.04 56.46 0.5 0.2 7.0 723.2 1.28 10.2 16.0
1 0.2 7.0 9.9 17.5

1.5 0.2 7.0 9.6 16.0
4 8.2 6.6 9.5 7.7

August
O uter estu ary 2 24/08 10.30 56.61 0.5 16.3 19.8 529.4 0.67 2.6 2.0

1.5 18.3 19.8 3.2 2.2
3 19.8 19.8 2.5 2.4
7 21.8 19.6 2.4 1.5

4 28/08 10.23 56.52 0.5 11.3 17.4 502.8 1.35 6.3 3.1
1.5 11.6 17.4 6.1 3.6
3 13.6 17.8 7.3 3.0
5 19.8 18.1 5.1 2.2

4a 30/08 10.23 56.52 0.5 6.9 17.2 508.9 1.30 5.3 4.2
1.5 8.0 17.6 5.1 5.7
3 13.2 17.1 4.5 4.7
6 20.2 16.6 9.4 2.7

Inner estu ary 5 26/08 10.21 56.47 0.5 2.7 19.9 183.5 0.89 3.6 3.0
1.5 8.7 20.3 3.8 2.9
3 13.5 20.2 4.6 2.7
6 16.1 20.0 8.2 2.9

6 21/08 10.04 56.46 0.5 0.2 18.8 588.4 0.84 4.1 4.7
1 0.2 18.8 4.5 4.7

1.5 0.3 18.8 4.1 3.8
3.5 11.4 18.0 4.9 1.8
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considering  th e  erro rs a ttr ib u ted  to th e  p a ra m e te riza ­
tion of ¿goo (see Eq. 6) an d  considering  the  errors re la ted  
to th e  av e rag in g  of th e  fluxes over tim e an d  space.

Finally, u n ce rta in ty  in  com pu ted  NEP values u sing  
th e  LOICZ p ro ced u re  w as es tim ated  assum ing  the 
s ta n d a rd  dev ia tion  of Q  over ea ch  cam paign  du ration  
as w ell as erro rs a ttr ib u ted  to th e  av e rag in g  over 
several d ep th s  an d  stations for salinity  an d  DIP values 
in  each  b u d g e te d  box.

In the  follow ing sections, th ese  e rro r estim ates will 
b e  p re se n te d  as s ta n d a rd  deviations (SD) of all p a ra ­
m eters com pu ted  u sing  each  m ethod.

th a n  in  th e  river, su g g estin g  a DIN re le ase  in  this area. 
T he DIP concen tra tions w ere  h ig h e r in  A ugust th a n  in 
A pril an d  w ere  h ig h est in  m id -estuary  (2.9 m m ol P n r 3; 
S tn  4).

O xygen incubations

Rates of p lank ton ic  com m unity  m etabolism  (GPP 
an d  CR) are  show n in T able 2. S im ilar CR volum etric 
ra tes  w ere  o bserved  in  surface w ate rs  in  A pril and  
A ugust ran g in g  from  -1 .2  ± 5.1 to -11  ± 1.9 m m ol C

RESULTS

In April, th e  m ean  w ate r te m p era tu re  w as 
8.1 ± 1.0°C (Table 1); it w as low est in  the 
fre sh w ate r a re a  (Stn 6; 6.6°C) an d  h ighest 
at th e  m outh  of the  es tu a ry  (Stn la ; 9.9°C). 
In A ugust, th e  low est w a te r  tem p era tu res  
w ere  o bserved  m id -estuary  (Stns 4 an d  4a), 
w hile  the  h ighest va lues  w ere  o bserved  in 
th e  in n e r a re a  (Stn 5), an d  th e  m ean  value  
d u rin g  this cru ise w as 18.5 ± 1.2°C. The 
w a te r  colum n w as stratified  du rin g  bo th  
cruises, espec ia lly  in  the  in n e r p a r t of the 
estuary . In April, th e  ligh t a tten u a tio n  coef­
ficient (K) w as h ig h est in  the  in n e r es tuary  
w h ere  re la tive ly  h ig h  su sp en d ed  p a rticu ­
la te  m a tte r (SPM) concen tra tions w ere  m e a ­
sured . In A ugust, th e  m ost tu rb id  w aters 
w ere  located  m id-estuary . L arge ch an g es 
of m ean  surface irrad ian ce  w ere  observed  
d u rin g  bo th  cruises. T he to ta l ran g e  w as 
184 to 738 pm ol pho tons n r 2 s-1.

0 2 p e rc en ta g e  of sa tu ra tion  w as h ig h e r in 
A pril th a n  in  A ugust (Fig. 4). T he low est 
va lues w ere  m e asu red  du rin g  bo th  cruises 
in  th e  in n e r es tu a ry  w ith  a m inim al v a lue  in 
A ugust at the  bo ttom  of Stn 6 (36.8% ). 0 2 
supersa tu ra tions w ere  only m e asu red  in  the 
K attega t (Stn 1) in  April. C hlorophyll a co n ­
cen tra tions w ere  sim ilar in  the  ou te r es tuary  
in  A pril an d  A ugust w ith  va lues low er 
th a n  3 m g n r 3. In th e  b rack ish  area , values 
w ere  h ig h e r in  A pril th a n  in  A ugust w ith  a 
m axim al concen tra tion  in  surface at Stn 5 
(21 m g n r 3).

T he DIN concen tra tions w ere  h ig h e r in 
A pril th a n  in  A ugust w ith  a m axim al value  
in  th e  fre sh w ate r a re a  (135 m m ol N n r 3). 
It gen era lly  d ec reased  seaw ard , excep t in 
A ugust w h en  surface concen tra tion  w as 
h ig h e r in  the  inner p a rt of the  es tuary  (Stn 5)
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Fig. 4. V ertical profiles of th e  p e rc e n ta g e  of oxygen  sa tu ra tio n  a n d  of th e  
concen tra tions of chlorophyll a (chi a|, d issolved in o rgan ic  n itro g e n  (DIN) 
an d  d issolved in o rgan ic  p h o sp h o ru s (DIP) a t e ach  sta tio n  w h e re  incu b a tio n  

of th e  p lan k to n ic  com m unity  w as c a rried  out
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T able  2. P lank ton ic  m etabo lic  ra te s  m ea su re d  b y  th e  oxygen 
in cu b a tio n  m eth o d  d u rin g  b o th  cruises. R ates a re  ex p ressed  
in  m m ol C rrT3 d_1, a  PQ (photosynthetic  quotient) of 1.3 a n d  a 
RQ (resp ira to ry  quotien t) of 1 w e re  assu m ed  to convert 0 2 
ra te s  to carb o n  u n its  (see tex t for details). D a ta  a re  m e a n  ± SD. 
GPP: g ross p rim ary  p roduction ; CR: com m unity  resp ira tio n

D ep th  GPP CR
(m) (mmol C rrT3 d_1) (mmol C rrT3 d_1)

April
Stn l a 0.5 4.2 ±0.5) -2 .8 ±0.5)

1.5 7.8 ±1.1) -2 .8 ±1.6)
3 2.2 ±0.5) -3 .9 ±0.5)
6 1.2 ±0.8) -1 .4 ±1.1)

Stn 2 0.5 6.0 ±2.9) -2 .2 ±2.1)
1.5 5.0 ±1.5) -5 .8 ±1.4)
3 2.9 ±2.2) -7 .0 ±2.9)
7 0.3 ±0.7) -7 .1 ±0.6)

Stn 2 a 0.5 5.4 ±0.5) -5 .3 ±0.5)
1.5 4.8 ±0.6) -6 .6 ±0.7)
3 3.8 ±0.6) -4 .1 ±0.6)
6 0.2 ±0.8) -4 .0 ±0.5)

Stn 5 0.5 34.1 ±1.8) -9 .4 ±1.9)
1.5 7.1 ±1.1) -5 .6 ±2.1)
3 7.2 ±0.6) -2 .3 ±1.0)
6 0.0 ±1.5) -1 .5 ±0.4)

Stn 6 0.5 26.3 ±2.2) -1 1 .0 ±1.9)
1

0000 ±0.8) -6 .2 ±1.0)
1.5 6.0 ±1.2) -5 .6 ±1.0)
4 7.2 ±3.5) -1 .2 ±5.1)

August
Stn 2 0.5 10.5 ±1.5) -7 .3 ±0.6)

1.5 7.5 ±0.6) -7 .5 ±0.8)
3 4.3 ±0.5) -7 .7 ±0.4)
6 0.2 ±0.5) -7 .3 ±0.5)

Stn 4 0.5 36.8 ±2.1) -9 .9 ±2.0)
1.5 11.0 ±0.8) -8 .2 ±0.5)
3 1.5 ±0.8) 9° 00 ±1.2)
7 0.0 ±0.4) -2 .4 ±0.5)

Stn 4a 0.5 61.5 ±3.2) -7 .9 ±1.5)
1.5 27.3 ±3.1) -8 .2 ±0.9)
3 4.7 ±0.8) -5 .4 ±0.7)
6 0.0 ±0.2) -7 .4 ±0.2)

Stn 5 0.5 13.3 ±1.6) -2 .4 ±1.5)
1.5 0.0 ±1.3) -10 .1 ±0.6)
3 0.3 ±0.3) -1 1 .2 ±0.5)
6 0.0 ±1.0) -1 0 .5 ±1.5)

Stn 6 0.5 20.8 ±2.3) -7 .3 ±1.5)
1 15.8 ±1.1) -4 .0 ±0.9)

1.5 9.0 ±1.6) -3 .5 ±2.0)
4 0.0 ±1.8) -3 .5 ±2.0)

m~3 d_1, w h ile  h ig h e r ra tes  w ere  gen era lly  m easu red  
in  bo ttom  w ate rs  d u rin g  th e  second  cruise. S tronger 
varia tions w ere  o bserved  for GPP volum etric ra tes 
d u rin g  bo th  cruises. In April, th e  h ighest ra tes  w ere  
m e asu red  in  th e  fresh w ate r an d  in n e r p a rts  of the 
es tu a ry  (max: 34.1 ± 1.8 m m ol C n r 3 d_1 at S tn 5 at 
0.5 m) w hile  low  values w ere  ob se rv ed  in  the  ou ter 
estuary . In A ugust, Stns 4 an d  4a p re se n te d  h ig h  GPP

volum etric ra tes (max: 61.5 ± 3.2 m m ol C n r 3 d_1 at 
S tn  4a at 0.5 m).

In April, ben th ic  GPP m e asu red  on the  b an k s (black 
sq u a res  in  Fig. 1) w as h ig h est at S tn 2 (157 ± 19 mm ol 
C n r 2 d -1; Fig. 5) d ec reas in g  upstream . In A ugust, the 
m axim al GPP ra te  w as m easu red  at S tn  3 (98 ± 
12 m m ol C n r 2 d_1). D uring bo th  cruises, ben th ic  CR 
ra tes  w ere  gen era lly  h ig h e r on th e  b an k s th a n  in  the 
nav igation  ch an n e l w ith  a m axim al ra te  in  April at 
S tn  4 (-80 ± 1.3 m m ol C m -2 d -1).

In teg ra ted  an d  ex trap o la ted  ra tes  in  the  inner, ou ter 
an d  w hole es tu a ry  are  p re se n te d  in  T able 3. In April, 
th e  p lank ton ic  com partm en t w as au to troph ic  and  
rough ly  b a lan c ed  in  th e  in n e r an d  ou te r estuary , 
respectively , w hile  th e  b en th ic  com partm en t w as h e t­
ero troph ic  in  th e  en tire  estuary . A NEP (sum of p la n k ­
tonic an d  ben th ic  NCP) of - 8  ± 3 m m ol C n r 2 d_1 w as 
es tim a ted  d u rin g  th is cruise. In A ugust, the  p lank ton ic 
com partm en t w as significantly  au to troph ic  in  the  ou te r 
a re a  w hile  a n eg a tiv e  NCP w as found  in  th e  in n e r e s tu ­
ary. As in  April, the  ben th ic  com partm en t w as h e te ro ­
trophic in  A ugust in  th e  en tire  estuary . C om bined, 
th ese  estim ates led  to a NEP in th e  estuary , p ro n e  to a 
la rg e  u n ce rta in ty  du e  to strong  varia tions especially  in 
th e  ou te r estuary , of - 6  ± 21 m m ol C n r 2 d -1. It should
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Fig. 5. B enthic gross p rim ary  p ro d u c tio n  (GPP) an d  com m unity  
re sp ira tio n  (CR) ra te s  m ea su re d  in  (A) A pril a n d  (B) A ugust. 
Both GPP an d  CR w ere  m easu red  on th e  b a n k  (b) stations, w hile 
only CR w as m ea su re d  in  th e  n av ig a tio n  ch an n e l (c). R ates a re  
ex p ressed  in  m m ol C m~2 d A  A PQ (photosynthetic  quotient) 
of 1.3 a n d  a RQ (resp ira to ry  quotien t) of 1 w e re  assu m ed  to 

convert 0 2 ra te s  to carb o n  emits. D a ta  a re  m ean s + SD
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T able  3. In teg ra te d  m etabo lic  ra te s  b a se d  on oxygen  incu b a tio n s d u rin g  b o th  cruises. P lank ton ic  vo lum etric  ra te s  a re  dep th- 
in te g ra te d , a n d  all ra te s  a re  ex p ressed  in  m m ol C n T 2 d_1. A PQ  (photosyn thetic  quo tien t) of 1.3 a n d  a  RQ (resp ira to ry  quotient) 
of 1 w e re  assu m ed  to  convert 0 2 ra te s  to carb o n  emits. D a ta  a re  m ea n  ± SD. See Fig. 1 for defin ition  of in n er a n d  o u ter areas. 
GPP: g ross p rim ary  p roduction ; CR: com m unity  resp ira tion ; NCP: n e t com m unity  p roduction ; NEP: n e t ecosystem  p ro d u c tio n

A rea
(km 2)

NEP
GPP CR NCP GPP CR N C P

April
Inner 6.3 47 (±1) -2 5  (±6) 22 (±7) 0 (±0) -2 3  (±0) -2 3  (±0) -1  (±7)
O uter 16.7 15 (±1) -1 6  (±1) -1  (±1) 57 (±3) -6 7  (±0) -1 0  (±3) -1 1  (±3)
W hole estu ary 23 22 (±1) -1 7  (±2) 5 (±2) 45 (±2) -5 8  (±0) -1 3  (±2) - 8  (±3)

August
Inner 6.3 23 (±9) -4 7  (±16) -2 4  (±19) 0 (±0) -1 8  (±1) -1 8  (±1) -4 2  (±19)
O uter 16.7 55 (±21) -2 2  (±1) 33 (±21) 24 (±11) -5 2  (±12) -2 8  (±17) 5 (±27)
W hole estu ary 23 48 (±17) -2 8  (±4) 20 (±17) 19 (±9) -4 5  (±10) -2 6  (±13) - 6  (±21)

b e  no ted  th a t ben th ic  GPP re p re se n te d  -7 0  an d  30%  
of th e  o rgan ic  m a tte r p roduction  in  A pril an d  A ugust, 
respectively . Similarly, ben th ic  resp ira tion  accoun ted  
for -77  an d  62 % of total resp ira tion  in  April an d  
A ugust, respectively.

D issolved  inorganic carbon (DIC) budgets

T he d istribu tion  of p C 0 2, DIC an d  TA du rin g  bo th  
R anders cru ises is show n as a function  of salinity  in 
Fig. 6. p C 0 2 w as significantly  low er in  the  in n e r e s tu ­
ary  in  April th a n  in  A ugust (Fig. 6A). T he la rg e  v a ri­
ability  of p C 0 2 (2243-3906 ppm ) at salin ity  0.2 in 
A ugust w as m e asu red  d u rin g  a 24 h  cycle. TA an d  
DIC show  strong  non-conserva tive  b ehav iou r aga inst 
salinity  d u ring  bo th  cruises, w ith  a distinct inc rease  at 
salin ities from  0 to 9 (Fig. 6B,C).

T he a ir -w a te r  C 0 2 fluxes (Table 4) exh ib ited  strong  
spa tia l varia tions d u ring  bo th  cruises. T he inner p art 
of the  es tu a ry  w as a source of C 0 2 d u ring  b o th  cruises, 
57 ± 19 an d  196 ± 29 m m ol C n r 2 d_1 in  A pril an d  
A ugust, respectively . T he ou te r p a rt of th e  e s tu a ry  w as 
a C 0 2 sink  in  sp ring  an d  a source in  sum m er (-10 ± 14 
an d  42 ± 21 m m ol C n r 2 d_1).

T he m ixed-layer DIC b u d g et of the  R anders Fjord d u r­
ing  bo th  cru ises is show n in T able 4. NEP com puted  
using  this m ethod  reveals a h igher ne t hetero trophy  d u r­
ing  th e  second  cru ise w ith  v a lues  of -1 0  ± 13 an d  -7 9  ± 
20 m m ol C n r 2 d_1 in  A pril an d  A ugust, respectively .
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R esponse surface d ifference (RSD) m ethod

T he estim ates of tim e-d ep e n d en t ra tes of oxygen  
ch an g e  (bt) resu lting  from  Eq. (8) a re  com piled  in 
T able 5. D uring bo th  cam paigns, b t es tim ates w ere  
significantly  d iffe ren t from  0 a lthough  r2 va lues  w ere  
h ig h e r in  April th a n  in  A ugust. S tronger 0 2 d ec rease

— i---------------1----------- 1--------- 1----------- 1------- 1--------------- 1------- 1—

0 3 6 9 12 15 18 21 24 27

Salinity

Fig. 6. D istribution  a long  th e  sa lin ity  g rad ien t of th e  p a rtia l 
p re ssu re  of C 0 2 (p C 0 2; ppm ), dissolved inorgan ic  carbon 
(DIC; m m ol kg -1) a n d  to ta l a lkalin ity  (TA; m m ol k g -1) com piled  
from  th e  24 h  cycle m ea su re m e n ts  a n d  sh ip -b o rn e  tran sec ts  
in  A pril a n d  A u g u st (2 5 -3 0  A pril a n d  2 3 -3 1  A u g u st 2001)
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T able  4. D issolved in o rgan ic  carb o n  (DIC) b u d g e t for th e  m ix ed  lay er of th e  R an­
ders F jord  in  A pril a n d  A ugust. N e t ecosystem  p ro d u c tio n  (NEP) w as com puted  
to b a la n ce  th e  b u d g e t. Positive C 0 2 atm ospheric  flux co rresponds to a  tran sfe r of 

C 0 2 from  th e  w a te r  to  th e  a tm osphere . D a ta  a re  m e a n  ± SD

m m ol C m  2 d  1 2 5 -3 0  April 2 3 -3 1  A ugust

DIC fluvial in p u t 265 (±27)a 167 (±9)b
DIC ou tp u t to th e  Baltic Sea -2 7 9  (±29)c -1 9 3  (± U )d
C 0 2 atm ospheric  flux Inner: 57 (±19) 

O uter: -1 0  (±14) 
W hole: - 5  (±13)

Inner: 196 (±29) 
O uter: 42 (±21) 
W hole: 53 (±20)

NEP -1 0  (±13) -7 9  (±20)

aDIC0 = 2.075 ± 0.005 m m ol k g -1; bDIC0 = 2.063 ± 0.005 m m ol k g -1; 
cDIC aze = 2.205 ± 0.044 m m ol k g -1; dD ICAZE = 2.424 ± 0.012 m m ol k g -1

overn igh t (i.e. h ig h e r resp ira tion) an d  low er 0 2 in ­
c rease  d u ring  day ligh t (i.e. low er N C Pd) w ere  e s ti­
m a ted  in  A ugust th a n  du rin g  the  first cruise.

As th e  w a te r  colum n w as alw ays u n d e rsa tu ra te d  in 
te rm s of 0 2r fluxes across the  a ir -w a te r  in te rface  w ere  
d irec ted  from  th e  a tm osphere  to th e  w a te r w ith  h ighest 
transfe r velocities (k) in  A pril d u e  to s tronger w ind  
speeds. N evertheless, b ecau se  of low er w ate r colum n 
0 2 p e rc en ta g e  of sa tu ra tion  d u rin g  the  second  cru ise 
(<80%  vs. > 90%  in  April), h ig h e r 0 2 fluxes across the 
in te rface  w ere  estim ated . C om putation  of m etabolic 
pa ram ete rs  y ie lded  a GPP of 85 ± 23 m m ol C n r 2 d_1 
an d  a CR of -102  ± 34 m m ol C n r 2 d -1 in  April. NEP 
value du ring  this cru ise w as estim ated  at -1 7  ± 2 5  mmol 
C n r 2 d -1, w hich, d u e  to th e  h ig h  cu m u la ted  error, is 
not significantly  d iffe ren t from  0. In A ugust, GPP, 
CR an d  NEP w ere  es tim ated  at 78 ± 16, -1 6 3  ± 19 an d  
-8 5  ± 17 m m ol C n r 2 d -1.

LOICZ budgets

Salinity, DIP concentra tions, non-conserva tive  fluxes 
of DIP an d  d erived  NEP values a re  show n in T able 6 
for each  box b u d g e ted . DIP concen tra tions w ere

h ig h e r du rin g  bo th  cam paigns in  the 
inner d ee p  com partm en t th a n  in  the 
inner u p p e r com partm en t. C o n c en tra ­
tions of DIP w ere  significantly  h ig h e r in 
sum m er th a n  in  spring. F reshw ate r 
flows av e rag ed  over ea ch  period  of 
investiga tion  w ere  significantly  h ig h e r 
in  A pril th a n  in  A ugust (3.1 vs. 1.9 x 10fa 
m 3 d_1; not show n in T able 6). N on-con­
servative fluxes of DIP w ere  ex trem ely  
low in sp ring  w ith  a  w hole es tu a ry  n e t 
re lease  of 0.01 ± 0.01 m m ol P n r 2 d_1. It 
is no tew orthy  th a t d u ring  th is period  
the  u p p e r com partm en ts w ere  n e t sinks 
or n eu tra l an d  the  d e e p e r  co m p art­

m en ts w ere  n e t sources of DIP. C onsequently , NEP 
calcu lations led  to a n e t h e te ro tro p h y  in  d ee p  sections 
an d  a n e t au to trophy  or b a lan c ed  m etabolism  on  the 
surface. In April, th e  es tu a ry  w as rough ly  in  m etabolic 
b a lan ce  (NEP = -0 .8  ± 0.7 m m ol C n r 2 d -1). In A ugust, 
a  h ig h e r DIP re le a se  w as o bserved  (0.35 ± 0.14 m m ol P 
n r 2 d -1), le ad in g  to a strong  n e t h e tero tro p h y  (-36.8 ± 
14.7 m m ol C m ^ d - 1).

DISCUSSION  

Comparison and evaluation of the different approaches

A com parison  b e tw e en  resu lts  of the  d iffe ren t m e th ­
ods (Tables 2 to 6) m ust b e  perfo rm ed  w ith  cau tion  as 
th ese  ap p ro ach es do not cover the  sam e spa tia l and  
tem poral scales (see Fig. 2). O nly the  DIC b u d g e tin g  
p ro ced u re  w as ap p lied  to the  m ixed  layer d u rin g  bo th  
cruises; therefo re , for com parison  purposes, w e com ­
p u te d  m etabolic estim ates only for the  m ixed  layer 
u sing  th e  o th e r ap p ro ach es as well. M oreover, the  RSD 
estim ates w ere  b ased  on  d a ta  co llected  d u rin g  one day 
in  A pril an d  A ugust, an d  th ese  shou ld  b e  com pared  
w ith  cau tion  to NEP estim ates com pu ted  w ith  th e  o ther

T able  5. N igh ttim e a n d  day tim e volum etric  0 2 ra te s  of c h an g e  |b tm  m m ol 0 2 n T 3 IT 1) u s in g  th e  re sp o n se  su rface  d ifference  (RSD) 
m eth o d , m u ltip le  re g re ss io n  d e te rm in a tio n  coefficient (r2) a n d  p ro b ab ility  v a lu e  (pi, fluxes across th e  a ir -w a te r  in te rface  |F02 in  
m m ol 0 2 nT 2 d_1), as w ell as d e riv ed  m etabo lic  param ete rs: g ross p rim ary  p ro d u c tio n  (GPP), com m unity  re sp ira tio n  (CR) a n d  n e t 
ecosystem  p ro d u c tio n  (NEP). All m etabo lic  ra te s  a re  ex p ressed  in  m m ol C nT 2 d_1. A PQ  (photosyn thetic  quotient) of 1.3 a n d  a  RQ 
(resp ira to ry  quotient) of 1 w e re  assu m ed  to convert 0 2 ra te s  to carb o n  units. Positive 0 2 a tm ospheric  flux co rresp o n d s to a

tran sfe r of 0 2 from  th e  w a te r to th e  a tm osphere . D ata  a re  m e a n  ± SD

D ate bt estim ate r2 P Fq2 GPP CR NEP
(±SD) (±SD) (±SD) (±SD) (±SD)

A pril (Stns l a - 6 )  
N igh ttim e 
D aytim e

-2 .7  (±0.2) 
3.9 (±0.5)

0.62
0.66

<0.0001
<0.0001

-1 7  (±14) 
-1 .1  (±0.7) 85 (±23) -1 0 2  (±34) -1 7  (±25)

A ugust (Stns 2 -6 ) 
N igh ttim e 
D aytim e

-3 .6  (±0.6) 
1.6 (±0.4)

0.35
0.35

<0.0001
<0.0001

-2 6  (±7) 
-4 8  (±10) 78 (±16) -1 6 3  (±19) -8 5  (±17)
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m ethods w hich  cover at least a w eek . For instance, 
th e re  w as a  strong  p rec ip ita tion  even t on  26 A ugust 
2001 (see Fig. 2) w hich  m ay h av e  significantly  m odi­
fied  th e  env ironm en ta l se tting  in  the  estuary . Follow ­
ing  th is p rec ip ita tion  event, surface te m p era tu re  w as 
2°C low er (Table 1) an d  DIP concen tra tions at Stns 4 
an d  4a w ere  alm ost tw ice the  o bserved  concen tra tions 
at stations sam pled  befo re  th a t d a te  (see Fig. 4). Thus, 
in  A ugust, in  o rd er to com pare  resu lts w ith  the  RSD 
m ethod, ap p lied  at th e  b eg in n in g  of th a t cruise, only 
resu lts  o b ta in ed  at S tn 2 w ere  u p sca led  to the  w hole 
ou te r e s tu a ry  an d  d a ta  acq u ired  afte r 26 A ugust 2001 
(see Fig. 2) w ere  not ta k e n  into account u sing  the  0 2 
incubations or the  DIC an d  LOICZ budgets. It is n o te ­
w orthy  th a t this d ec reased  th e  spa tia l reso lu tion  u sing  
th ese  m ethods, an d  th e re fo re  in  o rd er to com pare  co n ­
sistently  the  resu lts from  all m ethods, w e es tim ated  
NEP using  th e  RSD m ethod  w ithout considering  p ro ­
files of Stns 3 an d  4 du rin g  th a t cru ise. Results ob ta in ed  
w ith  th e  d iffe ren t m ethods (m odified as p reviously  
d esc rib ed  in  A ugust), bo th  in  th e  w hole w a te r  colum n 
an d  th e  m ixed  layer, a re  sum m arized  in  T able 7.

In April, all ap p ro ach es ap p lied  to the  w hole w ate r 
co lum n in th e  inner, ou te r an d  w hole es tu a ry  p rov ided  
consisten t NEP estim ates, bo th  in  sign  an d  m agn itude , 
a lthough  the  LOICZ m ethod  seem ed  to p red ic t slightly 
h ig h e r NEP values. E stim ates of NEP in A pril su g ­
g es ted  a slight h e tero tro p h y  in  th e  en tire  estuary , bu t 
th e  e rro rs  associa ted  w ith  each  m ethod  d id  not allow  
us to d raw  a statistically  unam biguous conclusion on

th e  m etabolic s ta tus of th e  es tu a ry  at this tim e of year. 
In A ugust, es tim ates b ased  on  the  d iffe ren t m ethods 
g en e ra lly  p rov ided  m ore variab le  results, w ith  th e  0 2 
incubations an d  th e  RSD m ethods p red ic tin g  th e  low ­
est an d  th e  h ighest h e te ro tro p h y  (in the  w ho le  estuary: 
-3 2  ± 13 an d  -7 8  ± 18 m m ol C n r 2 d -1, respectively). 
N evertheless, it is im portan t to stress th a t all m ethods 
in d ica ted  on a d ec rease  of NEP in R anders F jord b e ­
tw ee n  A pril an d  A ugust, consisten t w ith  m easu red  
p C 0 2 inc rease  an d  0 2 d ec rease  in  surface w ate rs  as 
w ell as w ith  inc reases in  b ac te ria l a b u n d a n ce  and  
activity  (R ochelle-N ew all e t al. 2004) b e tw e en  the 
2 cruises.

E stim ates for the  m ixed  layer of the  es tu a ry  rev ea led  
fairly consisten t resu lts u sing  th e  LOICZ, DIC an d  RSD 
ap p ro ach es du rin g  bo th  cam paigns, a lthough , as for 
th e  w hole w ate r co lum n (see above), th e  LOICZ p ro ce ­
d u re  p red ic ted  a slightly  low er h e tero tro p h y  in  April. 
As for the  en tire  w a te r colum n, all m ethods ag re e d  on 
a NEP d ec rease  b e tw e en  th e  2 cam paigns. N e v e rth e ­
less, it is no tew orthy  th a t the  0 2 incubation  m ethod  
y ie lded  th e  h ighest NEP in th e  m ixed  layer, especially  
in  A ugust.

As n o ted  above, the  RSD m ethod  p red ic ted  signifi­
can tly  low er NEP va lues in  A ugust, espec ia lly  in  the 
in n e r estuary . It m ust b e  stressed  th a t in  A ugust, e s ti­
m ates of 0 2 ra tes  of ch an g e  (bt) a re  sub ject to la rge  
u n ce rta in ties  as th e  d e te rm in a tio n  coefficients of the 
m ultip le  reg ressions (see Eq. 8) a re  m uch  low er th an  
in  A pril (-0.3 vs. 0.6). This m ethod  has b e e n  d e v e l­

T able  6. S urface  a rea , sa lin ity  a n d  d issolved ino rg an ic  p h o sp h o ru s concen tra tions (DIP) in  each  b u d g e te d  box  (see Figs. 1, 2 & 3) 
as w ell as in  th e  river a n d  in  th e  K attegat. U pper a n d  d e ep  co m partm en ts co rresp o n d  to  th e  sections above a n d  b e low  th e  m ixed- 
lay e r d ep th . C o m p u ted  n o n -co n serv a tiv e  fluxes of DIP (ADIP) a n d  n e t ecosystem  p ro d u c tio n  (NEP) are  also p re sen ted . D ata

a re  m ea n  ± SD

Com partm ent Area
(km2)

Salinity DIP 
(mmol m-3)

ADIP 
(mmol P m-2 d_1)

NEP 
(mmol C m -2 d-1)

April
River - 0.2 (±0.0) 0.20 (±0.0) - -

Inner upper 6.3 2.0 (±0.8) 0.20 (±0.0) -0.01 (±0.01) 0.6 (±0.8)
Inner deep 6.3 15.1 (±1.2) 0.29 (±0.1) 0.01 (±0.01) -0 .9  (±0.7)
O uter upper 16.7 8.4 (±3.3) 0.18 (±0.0) 0.00 (±0.01) 0.0 (±0.9)
O uter deep 1.4 20.7 (±6.3) 0.14 (±0.0) 0.11 (±0.07) -11.9  (±7.2)
Kattegat - 21.4 (±0.0) 0.05 (±0.0) - -

Inner 6.3 0.00 (±0.00) -0 .3  (±0.5)
O uter 16.7 0.01 (±0.01) -1 .0  (±0.9)
W hole estuary 23 0.01 (±0.01) -0 .8  (±0.7)

August
River - 0.2 (±0.0) 1.5 (±0.0) - -

Inner upper 6.3 5.7 (±4.3) 1.8 (±0.2) -0 .05 (±0.14) 5.8 (±14.8)
Inner deep 6.3 14.8 (±1.8) 2.5 (±0.2) 0.17 (±0.15) -17.7  (±15.9)
O uter upper 16.7 13.2 (±4.4) 2.6 (±0.4) 0.28 (±0.21) -29.2  (±22.0)
O uter deep 1.4 20.6 (±1.1) 1.8 (±0.9) 1.84 (±2.11) -195.2 (±223.6)
Kattegat - 24.1 (±2.8) 0.2 (±0.2) - -

Inner 6.3 0.11 (±0.09) -11.9  (±9.3)
O uter 16.7 0.44 (±0.19) -46.2  (±20.3)
W hole estuary 23 0.35 (±0.14) -36.8  (±14.7)
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T able  7. A rea l m etabo lic  ra te  estim ates, d u rin g  b o th  cru ises, in  th e  w ho le  w a te r  colum n of th e  inner, o u ter a n d  w ho le  e stu a ry  u s ­
in g  0 2 in cubations, re sp o n se  su rface  d ifferen ce  (RSD) m eth o d  a n d  la n d -o c e a n  in te rac tio n  in  th e  coasta l zone  (LOICZ) b u d g e ts  as 
w ell as in  th e  m ix ed  lay er of th e  e stu ary  u s in g  all m ethods (includ ing  d issolved in o rgan ic  carb o n  bud g e ts). G ross p rim ary  p ro d u c ­
tio n  (GPP), com m unity  re sp ira tio n  (CR) an d  n e t ecosystem  p ro d u c tio n  (NEP) a re  ex p ressed  in  m m ol C n T 2 d_1. D ata  a re  
m e a n  ± SD (based  on  M onte  C arlo  approach). In A ugust, in  o rder to co m pare  m etabolic  p a ram ete rs  com p u ted  u s in g  th e  RSD 
m eth o d  w ith  th o se  o b ta in ed  w ith  0 2 in cubations, DIC a n d  LOICZ b u d g e ts , d a ta  a cq u ired  after th e  ra in  ev en t (26 A ugust 2001)

w e re  no t included ; see  tex t for details

GPP
A pril

CR NEP GPP
.I \  L Í (  j  L Í ,  s  1

CR NEP

Water column estimates
Inner estu ary

0 2 in cubations 47 (±1) -4 8  (±6) -1  (±7) 23 (±9) -65  (±17) -42 (±19)
LOICZ b u d g e t - - 0 (±0) - - -25 (±10)
RSD 96 (±15) -9 0  (±12) 6 (±16) 70 (±13) -162 (±15) -92 (±16)

O u ter estu ary
0 2 in cubations 73 (±3) -83  (±1) -10  (±3) 46 (±11) -7 6  (±13) -30 (±16)
LOICZ b u d g e t - - -1  (±1) - - -69 (±34)
RSD 98 (±28) -108 (±43) -10  (±31) 108 (±16) -177 (±12) -68 (±17)

Whole estuary
0 2 in cubations 67 (±2) -75  (±1) -8  (±3) 41 (±9) -73  (±11) -32 (±13)
LOICZ b u d g e t - - -1  (±1) - - -57 (±25)
RSD 85 (±23) -102 (±34) -17  (±25) 77 (±17) -155 (±20) -78 (±18)

Mixed layer estimates 
Whole estuary

0 2 in cubations 65 (±2) -5 6  (±1) 10 (±2) 44 (±1) -51 (±1) -7 (±2)
LOICZ b u d g e t - - 0 (±1) - -53 (±22)
RSD I l l  (±23) -121 (±34) -11 (±25) 100 (±16) -169 (±17) -69 (±18)
DIC b u d g e t (AZE) - - -10  (±13) - - -52 (±5)

o p ed  for th e  partially  m ixed  H udson  River, w hile  the 
R anders Fjord, as ou tlined  above, is alm ost p e rm a ­
nen tly  stratified. W ater colum n stratification  w as 
strongest (data not show n) in  A ugust in  the  inner 
estuary , w h ich  com plicated  th e  u se  of th is ap p ro ach  in 
th is a re a  an d  m ay h av e  led  to th e  o bserved  NEP 
underestim ation . M oreover, GPP an d  CR es tim ated  
u sing  th e  RSD m ethod  a re  abou t tw ice th e  va lues e s ti­
m a ted  from  th e  0 2 incubation  m eth o d  d u rin g  bo th  
cruises. S im ilar d isc repanc ies b e tw e en  open  system  
an d  bo ttle  incubation  m e asu rem en ts  h av e  b ee n  
rep o rted  in  several stud ies (Pom eroy 1960, B ender & 
Jo rd a n  1970, K em p & Boynton 1980, H ow arth  e t al. 
1992). Usually, o p en -w ate r tech n iq u es p rov ide e s ti­
m ates  1.5 to 3 tim es h ig h e r th a n  incubation  m ethods. 
As th e  d iffe rence b e tw e e n  GPP an d  CR is m uch  low er 
in  A pril an d  not significantly  d iffe ren t from  0, th e  d is­
crep an cy  b e tw e en  0 2 incubations an d  RSD NEP e s ti­
m ates  is less ev ident, a lthough  the  RSD m ethod, as in 
A ugust, p rov ided  an  av e rag e  h e tero tro p h y  tw ice as 
la rg e  as 0 2 incubations. Incubations strongly  dim inish  
m ixing an d  tu rbu lence, w hich  m ay have strong  effects 
on  bo th  prim ary  p roduction  an d  resp ira tion  (Kemp & 
Boynton 1980, H ow arth  e t al. 1992). M oreover, in cu ­
bation  ap p ro ach es can  le ad  to an  und erestim atio n  of 
to ta l system  m etabolic pa ram ete rs  as som e ecosystem  
com ponen ts such  as m acrophy tes an d  la rg e  g razers 
are  not ta k e n  into account.

In A ugust, as m en tioned  above, resu lts o b ta in ed  after 
the  strong  ra in  even t w ere  not considered. A lthough this 
m odification w as ap p lied  to all m ethods, it m ight have 
th e  g rea tes t im pact on  NEP estim ates u sing  th e  0 2 in cu ­
bation  m ethod  as this m ethod  involves upscaling  in s tan ­
tan eo u s m etabolic ra tes  m e asu red  at several stations to 
a  re la tive ly  la rg e  area . T herefore, th e  exclusion of d a ta  
acq u ired  in  m id -estuary  (Stns 4 an d  4a) m ay h av e  led  to 
an  overestim ation  of th e  NEP in the  ou te r e s tu a ry  using  
th is m ethod . As all o the r in teg ra tive  m ethods basically  
consist in  th e  estim ation  of NEP from  the  d ec rease  of a 
p a ra m e te r  (DIP, DIC or 0 2) along  th e  salin ity  g rad ien t, 
rem oving  d a ta  from  1 or several stations m ay not h av e  a 
significant im pact. This, of course, h igh ligh ts the  im por­
ta n ce  of an  a d e q u a te  spa tia l reso lu tion  w h en  apply ing  
incubation  m ethods.

A no ther source of un certa in ty  of the  0 2 incubation  
an d  RSD m ethods is th e  p roduction  of o rgan ic  m atte r 
by  chem oau to troph ic  b ac te ria  such as nitrifiers, w hich  
a re  rep o rted  to b e  very  active in  eu troph ic  es tuaries  
(Heip e t al. 1995). N itrification, w hich  has a g re a te r  
im pact on  0 2 th a n  on C 0 2, w as not m e asu red  du ring  
our study. Ignoring  th is oxygen-consum ing  process 
m ay h av e  led  to an  overestim ation  of CR. H ow ever, 
th is p rocess is un like ly  to b e  significant in  th e  w a te r 
colum n b ecau se  am m onium  concen tra tions w ere  low 
d u rin g  bo th  cru ises (3.5 an d  2.7 m m ol N n r 3 in  April 
an d  A ugust, respectively).
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T he incubation  an d  RSD m ethods are  b a se d  on 0 2 
variations, an d  conversion factors a re  req u ired  to 
ex p ress  the  resu lts in  ca rbon  units. H ere, w e assum ed  
a gross PQ an d  a RQ of 1.3 an d  1, respectively . T he PQ 
is w ith in  th e  ran g e  1.0 to 1.36 g iven  by W illiams & 
R obertson (1991). A RQ of 1 co rrespond ing  to the 
ox idation  of ca rbohydra tes (R ichardson 1929) is com ­
m only u se d  to convert m ineralization  ra tes  into carbon  
un its  in  es tuaries  (H opkinson & Sm ith 2005). U sing 
d iffe ren t m etabolic  factors leads to varia tions in  our 
estim ates. H ow ever, PQ an d  RQ, e s tim a ted  at S tn  6 
u sing  a 24 h  cycle of 0 2 an d  DIC, respectively , of 
1.26 an d  1 (A. V. Borges unpub l. data), a re  very  close 
to the  ones assum ed  in  th e  p re se n t calculations.

T he ap p a re n t zero  en d -m em b er (AZE) m ethod  used  
for the  DIC b u d g e ts  has b ee n  criticized (e.g. R egnier & 
S teefel 1999) b ecau se  non -conserva tive  b ehav iou r can  
a p p e a r  in  th e  profile of DIC vs. salinity  th a t is u n re ­
la ted  to a rea l rem oval or p roduction  te rm  if th e re  is a 
la rg e  an d  rap id  ch a n g e  of fresh w ate r DIC d u rin g  a 
tim e in te rva l shorter th a n  th e  flush ing  tim e of th e  e s tu ­
ary  (for instance, see the  tim e series in  the  A m azon 
River rep o rted  by Devol e t al. 1995). This holds tru e  for 
m acro tida l es tuaries  w h ere  the  flush ing  tim e is of the 
o rd er of m onths, b u t the  m icro tidal R anders F jord is 
ch arac terized  by  a rela tively  short w a te r residence  
tim e (-13 d  annually  averaged).

A nother im plicit assum ption  u sing  the  DIC b u d g e t­
ing  p ro ced u re  is that, bes ides DIC in p u ts /o u tp u ts  an d  
a i r - s e a  C 0 2 fluxes, only o rgan ic  m a tte r p roduction  
a n d  m ineralization  are  supposed  to have  an  im pact 
on  DIC concentra tions. This effectively assum es tha t 
th e re  is no p rec ip ita tion  an d  dissolution  of C a C 0 3. 
A lthough th e re  is no in form ation on  th e  im portance of 
calcification in  R anders Fjord, th e  neg lec t of th is p ro ­
cess m ay have in tro d u ced  a b ias in  our calculations 
u sing  th is approach .

A n im portan t source of u n ce rta in ty  in  the  RSD 
m eth o d  as w ell as in  the  DIC b u d g e ts  is th e  p a ra ­
m eterization  of th e  g as  transfe r velocity  to com pute 
a ir -w a te r  0 2 an d  C 0 2 fluxes, respectively . W e ev a lu ­
a ted  th ese  2 m ethods u sing  a ir -w a te r  0 2 or C 0 2 flux 
ca lcu la ted  from  several p u b lish ed  gas transfe r velocity 
param ete riza tions (W anninkhof 1992, R aym ond & Cole 
2001, K rem er e t al. 2003, Borges e t al. 2004) an d  the 
param ete riza tio n  u sed  in  this study  an d  es tab lish ed  in 
th e  R anders Fjord (Borges e t al. 2004). T he W ann ink ­
hof (1992) an d  R aym ond & Cole (2001) form ulations 
w ere  considered  as they  h av e  b e e n  w idely  u sed  in  the 
o p en  ocean  an d  estuaries, respectively ; the  Borges et 
al. (2004) an d  K rem er e t al. (2003) p aram ete riza tions 
w ere  in c lu d ed  b ecau se  they  p red ic t the  h ighest an d  
low est k  v a lues for estuaries, respectively . Results of 
C 0 2/ 0 2 fluxes an d  NEP com putations u sing  th ese  v a r ­
ious k  param ete riza tions a re  p re se n te d  in  T able 8. G as

flux estim ates an d  co n seq u en t NEP resu lts (especially 
w ith  th e  RSD m ethod) strongly  d e p e n d  on  th e  p a ra ­
m eterization  used . For instance, in  April, com putations 
u sing  th e  param ete riza tions of W anninkhof (1992), 
K rem er e t al. (2003) an d  R aym ond & Cole (2001) revea l 
an  au to trophic ecosystem . In contrast, the  u se  of 
B orges e t al.'s (2004) form ulation  for R anders Fjord and  
T ham es es tu a ry  resu lts in  low  an d  h ig h  hetero troph ic  
ecosystem  estim ates, respectively . M oreover, it is n o te ­
w orthy  th a t the  form ulation of Borges e t al. (2004), the 
nom inal se tting  in  our study, w as the  only one to p ro ­
v ide sim ilar NEP values u sing  th e  RSD an d  DIC m e th ­
ods d u rin g  bo th  cam paigns. This illustrates th a t the 
eva lua tion  of the  gas transfe r velocity  is of the  u tm ost 
im portance in  m easu rin g  ecosystem  m etabolism  using  
o p en -w ate r app roaches, especially  in  es tuaries  w h ere  
p aram ete riza tions as a  function  of w ind  sp e ed  have 
recen tly  b e e n  show n to b e  site specific (Krem er e t al. 
2003, B orges e t al. 2004).

As no ted  above, the  LOICZ ap p ro ach  p rov ided  
slightly  h ig h e r NEP estim ates in  April. A source of 
u n ce rta in ty  u sing  the  LOICZ b u d g e tin g  approach , also 
app licab le  to the  DIC budgets , is la te ra l inpu ts of DIP 
an d  DIC. T he LOICZ p ro ced u re  assum es th a t all n o n ­
conservative  DIP fluxes in  a system  are  only re la ted  
to ecosystem  GPP an d  CR (G ordon e t al. 1996). This 
assum ption  m ay not b e  valid  in  system s receiv ing  h igh  
loads of p articu la te  su sp e n d ed  m a tte r or shallow  sys­
tem s b ecau se  adsorp tion  an d  d eso rp tion  of phosphorus 
to an d  from  partic les an d  sed im en ts (the so-called 
p h osphorus buffer m echanism ) can  occur along  the 
salin ity  g rad ien t (Sharp e t al. 1982, E dm ond e t al. 1985, 
F roelich 1988, Fox 1990, Z w olsm an 1994). S u sp en d ed  
p articu la te  m a tte r concen tra tions in  th e  R anders Fjord 
a re  m uch  low er th a n  those rep o rted  in  th e  la tte r  s tu d ­
ies w ith  va lues ran g in g  from  3.9 to 43.1 g  n r 3 in  April 
an d  2.4 to 9.4 g  n r 3 in  A ugust (see T able 1), but, as 
a lread y  m entioned , th e  b en thos is a key com partm en t 
in  th is shallow  system . T herefore, th e re  is no ev idence 
th a t abiotic non-conserva tive  fluxes do not p lay  a 
significant ro le in  th is system .

A nother assum ption  re la ted  to th e  LOICZ app roach  
is the  use of a 'R edfield ' C:P ratio  to convert DIP n e t 
varia tion  ra tes  to ca rbon  units. A lthough  this a ssu m p ­
tion  can  b e  realistic in  p lan k to n -d o m in ated  system s 
(Smith e t al. 1991), biom ass p roduction  an d  m in e ra liza­
tion  m ay not b e  w ell re p re se n te d  by  this ratio  in  sites 
affec ted  by  ben th ic  o rganism s such as seagrasses, 
m icrophy toben thos or salt m arsh  p lan ts. H illeb rand  & 
Som m er (1999) p ro p o sed  a ben th ic  a lg ae  C:P ratio  of 
159:1. U sing this ratio  led  to a d ec rease  of the  NEP e s ti­
m ate  from  -1  ± 1 to -1 .5  ± 1 .5  m m ol C n r 2 d_1 in  April 
(w hen GPP in dom ina ted  by ben th ic  organism s) and  
th u s d id  not significantly  a lter our conclusions re g a rd ­
in g  a slight overestim ation  of NEP.
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T able  8. E stim ates of daily  av erag e  C 0 2 a n d  0 2 gas tran sfer velocities l i i n  m  d-1), C 0 2 a n d  0 2 a ir - s e a  fluxes IF  in  m m ol r r r 2 d_1) 
as w ell as com p u ted  m ix ed -lay er n e t ecosystem  p ro d u c tio n  ra te s  (NEP in  m m ol C r r r 2 d-1), in  A pril a n d  A u g u st 2001, u s in g  th e  
DIC (dissolved ino rg an ic  carbon) a n d  RSD (response su rface  d ifference) m eth o d s (both m odified  in  A ugust; see  tex t for details) 
w ith  d ifferen t p a ram ete riza tio n s of th e  gas tran sfer velocity. A positive  flux co rresponds to  a  tran sfer of C 0 2 or 0 2 from  th e  w a te r

to th e  a tm o sp h ere

RSD metho<

Fo2

j

k c o 2
April
Fco2 NEP k c o 2

A ugust
Fco2 NEP esO¿i

April
Fo2 NEP

A ugust
Fo2 NEP

B orges e t al. (2004) -  R anders Fjord 2.5 -5 - 9 1.7 24 -5 3 3.1 -1 -1 1 1.3 -2 -6 9
W anninkhof (1992) 1.7 -4 -11 0.3 4 -3 3 3.2 0 6 0.5 0 -3 1
K rem er e t al. (2003) 0.7 -1 -1 3 0.5 7 -3 6 1.0 0 4 0.6 -1 -5 1
R aym ond & C ole (2001) 1.5 -3 -1 2 0.7 9 -3 8 3.4 0 10 0.8 -1 -5 5
B orges e t al. (2004) -  T h am es estu ary 5.3 -1 1 -3 3.9 53 -8 2 6.5 -2 -4 7 4.0 - 8 -2 1 6

Finally, non-conserva tive  DOP fluxes w ere  assum ed  
n eg lig ib le  u sing  th e  LOICZ approach . At the  sam e s ta ­
tions as those u se d  in  our b udget, DOP concen tra tions 
w ere  es tim ated  as the  d iffe rence b e tw e en  to ta l d is­
solved phosphorus (TDP; d a ta  not shown) an d  DIP. 
DOP re p re se n te d  a la rg e  p a r t of th e  TDP pool in  April 
(55 ± 32 %), w hile  a low er fraction  w as found  in  A ugust 
(15 ± 12% ). Then, DOP b u d g e ts  w ere  perfo rm ed  (not 
m odified  in  A ugust) an d  ADOP values of 0.17 ± 0.04 
an d  0.03 ± 0.07 m m ol P n r 2 d_1 w ere  d erived  (whole 
w a te r  colum n) in  April an d  A ugust, respectively . C om ­
p arin g  th ese  values w ith  those  of ADIP (see T able 6) 
suggests  th a t non-conserva tive  DOP fluxes m ay be 
significant in  April b u t th a t th ese  fluxes can  b e  igno red  
in  A ugust. A ssum ing th a t DOP is p ro d u ced  by au to ­
trophic o rganism s an d  consum ed  v ia  hetero troph ic  
processes, NEP ra te s  w ere  reco m p u ted  follow ing the 
equation :

NEP = (ADOP-AD IP) (C:P)part (12)

This eq u a tio n  leads to a NEP of -1 9  ± 5 an d  -5 4  ± 
33 m m ol C n r 2 d -1, respectively , for A pril an d  A ugust, 
a n d  th e re fo re  to an  im portan t d ec rease  of NEP b ased  
on  DIP alone in  April. H ow ever, th ese  calculations 
are  only ind icative since DOP m igh t also serve as an  
im portan t P source for a lgal p roduction  w h en  DIP co n ­
cen tra tions a re  low, as w as the  case in  April. Indeed, 
V euger e t al. (2004) show ed  th a t d isso lved  organic 
n itro g en  (DON) se rved  as an  im portan t n itrogen  
source in  th is estuary , especially  in  A ugust w h en  d is­
solved inorgan ic  n itrogen  (DIN) concen tra tions w ere  
re la tive ly  low. N evertheless, it seem s th a t the  observed  
overestim ation  of NEP ra tes  u sing  th e  LOICZ p ro ce ­
d u re  in  A pril can  b e  a ttr ib u ted  m ostly to th e  la rge  
im portance of non-conserva tive  DOP fluxes in  this 
e s tu a ry  du rin g  th a t period.

T able 9 sum m arizes th e  ad v a n ta g es  an d  d isa d v an t­
ag es of ea ch  m ethod . T he 0 2 incubation  m ethod  led  
to a strong  u n d erestim a tio n  of th e  h e tero tro p h y  in 
A ugust b ecau se  of an  insufficient spa tia l resolution.

M oreover, this m eth o d  clearly  g ives low er m etabolic 
ra tes  th a n  those  p red ic ted  by  th e  open-system  a p ­
p roach  (RSD), sug g estin g  arte facts  of the  bo ttle  in c u ­
b a tion  m ethods or th e  neg lec t of som e active com po­
n en ts  of the  ecosystem . This tech n iq u e  is also qu ite  
tim e consum ing  d u e  to long  incubations, analy tical 
p ro ced u res  an d  d a ta  p rocessing  (bathym etric study 
an d  upscaling), w h ich  restric t its u se  on  la rg e  spatia l 
an d  tem poral scales. T herefore, in teg ra tive  m ethods 
such  as those  te s te d  in  th is study  a re  strongly  reco m ­
m ended , ev e n  th o u g h  they  also involve assum ptions 
w h ich  m ay not b e  m et.

Com parison of m etabolic param eters 
w ith other studies

P lanktonic GPP is h igh ly  v ariab le  in  es tuaries  and  
m ostly d ep e n d s  on  physical pa ram ete rs  such  as re s i­
den ce  tim e an d  light clim ate (as g o verned  by  turbid ity  
an d  vertical m ixing) ra th e r  th a n  on  n u trien t co n cen ­
trations (Boynton e t al. 1982, H eip  e t al. 1995). In 
E uropean  estuaries (see rev iew  by  G azeau  et al. 2004), 
p lank ton ic  GPP w as found  to ran g e  b e tw e en  1.7 
(Em s-D ollard estuary ; V an  Es 1977) an d  153.3 mm ol 
C n r 2 d_1 in  th e  h ighly  p roductive  U rdaibaï es tuary  
(Revilla e t al. 2002). In th e  ex tensive  rev iew  of Hop- 
k inson  & Sm ith (2005), p lank ton ic  CR ra tes  in  e s tu a r ­
ies w ere  found  to ran g e  b e tw e en  -1 .7  in  th e  Gulf 
of F in land  to -8 4  m m ol C n r 3 d_1 in  th e  Fly River 
delta , w ith  a m ean  value  of -1 9 .6  m m ol C n r 3 d -1. 
R ates m e asu red  d u ring  this study  (-1.2 to -11 .2  mm ol 
C n r 3 d_1 w ith  a  m ean  value  of -5 .8  m m ol C n r 3 d_1) 
a re  thus in  th e  low er e n d  of the  ra n g e  rep o rted  by 
H opkinson  & Sm ith (2005).

In th is shallow  estuary , the  ben th ic  com partm en t 
p lays a significant role in  th e  p roduction  an d  m in ­
era liza tion  of organ ic  m atter. B enthic GPP w as 45 ± 2 
an d  19 ± 9 m m ol C n r 2 d_1 in  April an d  A ugust (see 
T able 3), respectively , or 70 an d  30%  of th e  to ta l GPP.
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T able  9. S um m ary  of th e  ad v an tag e s  a n d  possib le  w e ak n e sse s  of th e  d ifferen t m ethods te s te d  in  th is study. DIC: d isso lved  in o r­
gan ic  carb o n  RSD: re sp o n se  su rface  d ifference, LOICZ: la n d -o c e a n  in te rac tio n  in  th e  coasta l zone; DIP: d isso lved  in o rgan ic

p h osphorus; DOP: d issolved o rgan ic  phosp h o ru s

M ethod A d v an tag es W eaknesses

0 2 incubations
D irect p rocess m ea su re m e n t Tim e a n d  m ate ria l consum ing  (long incubations)

O ther p ro cesses th a t can  affect 0 2 concentra tion : e.g. n itrifica tion  
E xtrapo lation  n e ed s  a  d e ta iled  ba th y m etric  study  
B enthic p ro d u c tio n  m ea su re m e n ts  over th e  d e p th  g rad ien t 
H ow  to convert 0 2 b a se d  ra te s  to carb o n  un its 
All ecosystem  com ponents ta k e n  in to  account

DIC budgets
E asy to  app ly  
L arge  tem p o ra l an d  

spa tia l scales

C 0 2 a ir - s e a  fluxes
n e e d  for a  specific gas tran sfer velocity  p a ram ete riza tio n  
la rg e  errors 

L atera l in pu ts
Im portance  of calcification /d isso lu tion

RSD
E asy to  app ly 0 2 a ir - s e a  fluxes

n e e d  for a  specific gas tran sfer velocity  p a ram ete riza tio n  
la rg e  errors 

P rob lem s w ith  stra tified  system s
O ther p ro cesses th a t can  affect 0 2 concentra tion : e.g. n itrifica tion  
H ow  to convert 0 2-b a sed  ra te s  to carbon  un its 
Difficult to  ap p ly  in  la rg e  system s

LOICZ (DIP) budgets
E asy to  app ly
L arge  tem p o ra l a n d  spa tia l scales 
L arge  DIP d a ta b ase  in  

coasta l ecosystem s

DIP abio tic  p ro cesses th a t can  affect DIP fluxes in  tu rb id  system s 
L atera l in pu ts 
Im portance  of DO P cycling
C:P ra tio  (planktonic- vs. b e n th ic -d o m in a ted  ecosystem s)
Salinity  g rad ien t n e e d e d  to estim ate  tran sp o rt p ro cesses

This is not su rp rising  du e  to th e  shallow ness of the 
es tu a ry  (average dep th : 1.6 m) an d  th e  re la tive ly  low 
SPM  concen tra tions (m ean of 4 to 9 g  n r 3) th a t en ab le  
ben th ic  p rim ary  p roduction  on a la rg e  portion  of the 
estuary . T hese ra te s  of b en th ic  GPP are  w ith in  the 
ran g e  of 16 to 72 m m ol C n r 2 cL1 g iven  by  V an Es 
(1982) an d  Colijn & d e  Jo n g e  (1984) for in te rtida l flats 
in  th e  Em s-D ollard estuary . B enthic CR am o u n ted  to 
-5 8  ± 0 an d  -4 5  ± 1 0  m m ol C n r 2 d_1, w ith in  th e  ran g e  
-3 0 .2  to -6 2 .9  m m ol C n r 2 d_1 in  N orsm inde Fjord 
(Denm ark; A n d ersen  & K ristensen 1988). B enthic CR 
ra te s  m e asu red  d u rin g  th is s tudy  (-17 to -6 9  m m ol C 
n r 2 d_1) fall in  th e  ran g e  of -3  to -1 1 5  m m ol C n r 2 d_1 
of p u b lish ed  b en th ic  CR ra tes  com piled  by H opkinson 
& Sm ith (2005).

In a  rec en t paper, C affrey  (2004) rep o rted  an n u a l 
NEP estim ates b a se d  on th e  in  situ  d ie l 0 2 m ethod  for 
42 es tu arin e  sites in  the  USA. All sites w ere  h e te ro ­
trophic in  te rm s of ca rbon  w ith  NEP ran g in g  from  -11  
to -2 7 8  m m ol C n r 2 d_1 an d  a m ean  value  of -1 1 0  ± 
66 m m ol C n r 2 d -1. U sing the  0 2 incubation  m ethod, 
Sm ith & K em p (1995) e s tim a ted  a NEP in C h e sap e ak e  
Bay ran g in g  from  - 6  to 65 m m ol C n r 2 d_1. R aym ond et 
al. (2000) e s tim a ted  an  an n u a l NEP in the  York River 
es tu a ry  b ased  on  a DIC b u d g e t of -2 3  m m ol C n r 2 d_1.

T he LOICZ b u d g e tin g  p ro ced u re  ap p lied  to 70 coastal 
sites p rov ided  NEP ra tes  of b e tw e en  -4 2  an d  32 mm ol 
C n r 2 d_1 (dow nloaded  20 M ay 2004 from  the 
LOICZ environm ental d a tab ase  http ://w w w .kgs.ku .edu/ 
hexacoral/envirodata/envirodata.h tm l). NEP rates m e a ­
su red  in  th e  R anders F jord u sing  4 m ethods du rin g  the 
2 cru ises fall w ith in  th e  ran g e  of th ese  prev ious studies.

A ck n o w led g e m e n ts .  This p a p e r  is d e d ic a te d  to  th e  m em ory  of 
our frien d  a n d  co-author, M ichel F rank ignou lle , w ho  is sorely  
m issed . This re se a rc h  w as su p p o rted  by  th e  E u ro p ea n  U nion 
in  th e  fram ew o rk  of th e  EUROTROPH pro jec t (C ontract # 
EVK3-CT-2000-00040) a n d  b y  a  C N RS/CG RI/FN RS co o p era ­
tion. W e grate fu lly  ack n o w led g e  S. V. Sm ith  for h is h e lp  con­
c e rn in g  th e  im p lem en ta tio n  of th e  LOICZ b u d g e tin g  p ro c e ­
d u re  a n d  4 anonym ous rev iew ers for p e r tin e n t com m ents on  a 
p rev ious version  of th e  m anuscrip t. We w o u ld  like  to th a n k  
th e  cap ta ins a n d  crew s of RV 'G en e tica  an d  T yrfing ', R. 
Biondo, J.-M . T h éa te  a n d  E. L ibert for tech n ica l su p p o rt an d  
D. Conley, K. N ie lsen  a n d  N. O v esen  (N ational E n v iro n m en ­
ta l R esearch  Institu te , D ep artm en t of F re sh w ate r Ecology, 
D enm ark) for p ro v id in g  river flows. Irrad ian ce  d a ta  w e re  col­
lec ted  b y  th e  D an ish  Institu te  of A gricu ltu ra l Sciences (Folum, 
D enm ark). A.V.B. w as a  post-doc to ra l re se a rc h  associate  at 
th e  FNRS. C.B. w as fu n d e d  by  a  scho larsh ip  from  th e  g o v e rn ­
m en t of th e  B alearic Islands. This is MARE con tribu tion  65 
a n d  N IO O  pu b lica tio n  3719.

http://www.kgs.ku.edu/
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