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ABSTRACT: A m m onium  an d  n itra te  u p tak e  w as m easu red  in 6 E u ro p ean  tidal e stuaries (Ems, Rhine, 
Scheldt, Loire, G ironde  an d  Douro) using  15N -trace r techn iques. U ptake ra tes of am m onium  and  n itra te  
ran g ed  from  0.005 to 1.56 pm ol N I“1 h"1 and  0.00025 to 0.25 pm ol N r 1 h“1, respectively , and  d iffered 
significantly  b e tw ee n  an d  w ith in  estuaries . A nalysis of n itro g en  u p tak e  using  th e  re la tive  p re fe ren tia l 
index  (RPI) in d ica ted  am m onium  to be  the  p re fe rre d  substra te . T he tu rn o v er tim es of p a rticu la te  n itro ­
g en  (0.7 to 31 d) an d  d issolved am m onium  (0.1 to 27 d) w ere  sim ilar to or sh o rte r th an  estu arin e-w ate r 
re sid en ce  tim es, w h e rea s  tu rn o v er tim es of d issolved n itra te  (19 to 2160 d) w ere  longer th an  residence  
tim es. A ssim ilation of n itra te  in the  w a te r  colum n of e stuaries consequen tly  does not in fluence its d is­
tribution , an d  m ost n itra te  e n te rin g  or p ro d u ced  in estuaries flushes th rough  unless significant d en itri­
fication a n d /o r burial in the  sed im en t occur. As am m onium  and  p a rticu la te  n itrogen  a re  efficiently 
recycled , m ost a lloch thonous organ ic  m atte r is ex tensively  m icrobially m odified before export, burial, 
or consum ption  by h ig h er troph ic  levels.
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INTRODUCTION

Riverine concentra tions of dissolved inorganic nitro­
g en  (DIN) have  b e e n  inc reased  significantly by hum an  
activity, in particu lar  in densely  popu la ted  a reas  of 
N orthern  Europe an d  N orth  America. Anthropogenic  
inputs of n itrogen  to rivers arise primarily from fertilis­
ers, a tm ospheric  deposition in d ra inage  basins and  
d irect se w a g e  d ischarge  (Howarth et al. 1996). E n ­
h an c ed  riverine n itrogen  inputs to estuaries and  
coastal seas may affect n itrogen  cycling in these eco­
systems, and, hence, their  functioning. D ocum ented  
dis tu rbances  include es tuarine  and  coastal eu t roph ica ­
tion, changes  in phy top lank ton  com munity structure, 
a n d  en h a n c e d  production  and  re lease  of nitrous oxide 
(Jickells 1998).

Riverine DIN fluxes to the  coastal zone are  usually 
d ep le ted  during  transit th rough  estuaries, mainly 
th ro u g h  denitrification an d  burial in sedim ents  (Nixon
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et al. 1996). Consequently, removal of DIN from es tu ­
aries th rough  sed im entary  denitrification and  burial 
d epends  strongly on the transfer efficiency from DIN to 
s inking particulate organic nitrogen. Phytoplankton is 
a major agen t  of DIN conversion into biomass. H ow ­
ever, es tuaries are generally  heterotrophic systems, 
with overall respiration (mainly bacterial)  exceeding 
primary production (Heip et al. 1995, Gattuso et al.
1998). Since bacteria generally  have  a lower C:N ratio 
than  algae, it is likely tha t they contribute to DIN 
assimilation also. W heeler  & Kirchman (1986) and 
Hoch & Kirchman (1995) dem onstra ted  the im portance 
of am m onium  up take  by heterotrophic bacteria.

Uptake  of DIN (amm onium and  nitrate) is usually 
m easu red  by the  incorporation of their lsN-labelled 
salts into the filterable particula te  fraction (Dugdale & 
Wilkerson 1986). This techn ique  has  b ee n  applied  to 
C h e sap e ak e  Bay (McCarthy et al. 1977, Fisher et al. 
1992), the N euse  River Estuary (Boyer et al. 1994), 
D elaw are  Estuary (Pennock 1987), N ew  York Bight 
(Garside 1981), C arm ans River es tuary  (Carpenter  & 
D unham  1985), Oslo fjord (Paasche & Kristiansen
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1982), and  the H um ber  estuary (Shaw et al. 1998) (see 
Underw ood & Krom kam p [1999) for a recen t review  of 
this approach  in estuarine investigations). T hese  s tu d ­
ies revealed  that, despite high nitrate concentrations, 
am m onium  is generally  the preferred  nutrient, and 
repor ted  high rates of am m onium  up take  in the dark 
and  high DIN turnover rates.

This study presents rates of am m onium  and nitrate 
up take  and  concentrations of am m onium ,  nitrate and 
particula te  nitrogen in 6 tidal estuaries: the Ems, 
Scheldt,  Loire, G ironde and Douro estuaries w ere  
investigated  during the summer, and  the Rhine estuary 
was s tudied  during spring, au tum n and  summer. These 
estuaries cover a. wide range  of su spended-m atte r  con­
centrations, DIN concentrations and water  res idence 
times. O ur objectives were (1) to test w hethe r  DIN 
up take  in these turbid E uropean  tidal es tuaries con­
forms to the observations reported  in the literature, 
and (2) to com pare  the turnover times of n itrogen pools 
in es tuarine waters with the w ate r  residence times.

MATERIAL AND METHODS

Study areas. The estuaries investigated are situated 
along the E uropean  Atlantic coast and cover a north- 
south grad ien t  (Fig 1). Physical characteristics of the 
estuaries are summ arised in Table 1. E s tuanne-w ate r  
residence times are either based on literature inform a­
tion (Ems, Scheldt,  Gironde, Loire: Relexans et al. 
1988, Heip & H erm an 1995, Soetaert & H erm an  1995), 
or have been  estim ated from w ater  volume and  river- 
d.ischarge data (Rhine and  Duoro). The Ems estuary 
(The Netherlands, Germany) connects the northeast-

RhineScheldt

Gironde

Douro

Fir). I. G e o g r a p h i c  locat ion  of in v e s t ig a te d  e s tu a r ie s

ern  par t  of T he N ether lands  and  the nor thw este rn  part 
of G erm any  with the North Sea. It is a typical well- 
mixed tidal estuary, with long residence times and  
high concentra tions of su sp e n d ed  particu la te  m atte r  
(SPM). T here  are  large in tertidal flats in the lower (the 
W adden  Sea) and  middle reaches  (Dollard) tha t cover 
-5 0 %  of the total surface area. The d ra inage  basin of 
the river Rhine covers large a reas  of Switzerland, G e r ­
m any  and  The N etherlands,  and  smaller a reas  of A u s ­
tria, France, Luxem bourg  and  Belgium. The major part 
of Rhine w ate r  is d ischarged  into the  North Sea 
th rough  the N ieuw e W aterweg, a typical r iver-domi­
nated , sa l t-w edge es tuary  with a short w ate r  residence 
time and  no tidal flats. The river Scheldt,  w hich drains 
w estern  Belgium and  parts  of N orthw est France and 
Southw est Netherlands,  feeds the Scheldt estuary, a 
well-mixed es tuary  with a long w ate r  res idence  time. 
The river Loire drains a major part of central France, 
and  its es tuary is well-m ixed and  very turbid, with 
SPM concentra tions of >1 g T 1 The rivers G aronne  and  
D ordogne that d ram  a large par t  of sou thw estern  
France feed the G ironde estuary, which  is a well- 
mixed, highly turbid es tuary  with SPM concentra tions 
of > 1 g T 1 . The river Douro drains la rge  a reas  of n o r th ­
ern Portugal and  Spain before it flows into the Atlantic 
Ocean  n ea r  the city of Port. It is a typical sa l t-w edge 
type es tuary  with a short w ate r  res idence  time. The 
dra inage  basins of the rivers Rhine and  Scheldt are the 
most densely  populated ,  and  their DIN loading per  unit 
surface area  is consequently  h ighest (Table 1). DIN 
export by the Ems and  Gironde is in te rm edia te ,  and 
tha t by the .Loire and  Douro is relatively low, but still 
significantly h igher  than  that of the majority of the 
world's  rivers (<1 to 1564 kg N k n r 2 y .r ';  Seitz inger & 
Kroeze 1998).

Sam pling. Water samples w ere  collected in the con ­
text of BIOGEST, a. EU-supported  p rog ram m e on bio- 
geochem ical processes and. trace-gas production  in a 
n u m b e r  of E u ropean  tidal estuaries. Samples w ere  
taken  along the spines of the estuaries at selected 
salinity intervals during  cam paigns  typically lasting 3 
to 5 d The Ems, Scheldt, Loire, G ironde and  Douro 
estuaries w ere  s tudied  during  Ju n e /Ju ly  1997, June  
1998, S ep tem ber  1998, Ju n e  1997, and  S ep tem ber  
1997, respectively. The Rhine es tuary  was sam pled  3 
times, in July  1997, N ovem ber  1997 and  April 1998. 
Surface w ate r  |< 2 nr depth) sam ples  w ere  collected in 
20 1 Nishin bottles and su b sa m p le d  within 10 min.
î  r a C c - ï ï i ü i  a î  c l e a n i n g  L t rC im  14 Ufers. w e i t ;  l i u i .  c ipp il fc iU

because  of the polluted n a tu re  ot these  estuaries 
[FrankignouUe. et al 1996).

Concentration m easurem ents. W ater sam ples  were  
filtered i iii medial ely through [ire-w eighted , pre-com- 
busted  glass fibre  filters |GF/F, W hatman), stored  
frozen, and ana lysed within 2 wk for am m onium ,
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Table 1. Physical characte ris tics of inv estig a ted  estuaries

E stuary A rea
(km 2)

D rainage 
basin  

(IO3 km 2)

D ischarge 
(km 3 y r '1)

W ater
residence

(d)

Tidal
ran g e

(m)

Riverine 
DIN input 

(IO9 mol N y r 1)

DIN export 
w a tersh ed  

(kg N km“2 yr“1)

Ems 162 13 2.5 14-70 2 -3 0.71 770
Scheldt 269 22 4 30 -9 0 2 -5 1.8 1170
Loire 41 121 27 1-10 3 -6 1.5 175
G ironde 442 85 21 20 -7 0 3 -5 2.9 485
Douro 2.4 98 20 ± 2 1-3 1.5 214
R hine 71 224 70 ± 2 2 -3 21 1310

nitrate and  nitrite using au tom ated  colorimetric tech ­
niques. M ateria l on filters was w eigh ted  and  u sed  for 
analyses of particu la te  n itrogen  and  carbon  with a 
Carlo Erba NA 1500 e lem enta l  ana lyser  (N ieuw en­
huize et al. 1994).

DIN uptake rates. W ater sam ples  w ere  spiked with 
15N H 4 or 15N 0 3 at <10%  of am bien t concentrations, 
an d  w ere  incuba ted  in 250 ml bottles in on-deck incu­
bators with runn ing  es tuarine  water. Incubations 
lasted  -2  h, and  w ere  perform ed both  in the dark  and 
un d er  am bien t light on the deck  of the ship. 15N incu­
bations w ere  hal ted  by filtration of sam ple  through 
p re -com bus ted  W hatm an  GF/F filters (20 mm). The fil­
ters w ere  immediate ly  p laced  in alum inium  foil and 
stored frozen.

The at.% 15N of freeze-dried  filters was de term ined  
with a Fisons NA 1500 e lem enta l  ana lyser  coupled to a 
F innigan Delta S mass spec trom eter  via a Confio II 
interface. Specific up ta k e  ra te  {V, h_I) was calculated 
according to D ugdale  & Wilkerson (1986), and  was 
multiplied by the  independen tly  m e asu red  particulate- 
n itrogen  concentra tion  (PN) to obtain the  transport or 
absolute up ta k e  rate, U (pmol N I"1 h“'). Uptake rates 
w ere  corrected for isotope-dilution by the model of 
Kanda et al. (1987), w h ereb y  regenera tion  equalled  
uptake.

During sample-processing, the  questions of isotopic 
exchange  in high-turbidity  samples and  the contribu­
tion of bacteria] assimilation to total am m onium  up take  
arose. A b road-spec trum  antibiotic (penicillin-G, 
streptom ycin  and  neomycin: SIGMA, P3664), a cell- 
g row th  inhibitor of Gram-positive and  G ram -negative  
bacteria , w as therefore  a d d e d  to sam ples  from the 
Loire estuary, the  es tuary  last investigated. The an tib i­
otic was ad d e d  2 h before the 15N H 4 tracer at a final 
concentra tion  of 10 mg I"1.

Data analysis. The dep th  of the  euphotic  zone (Zeu) is 
b ased  on the  relation Zeu= -ln(0.01)/Jc. The light extinc­
tion coefficient (k , n r 1) w as ca lculated from SPM con­
centrations as: k  = 0.59+0.038 x SPM (Soetaert et al. 
1994). Analysis of variance (ANOVA), based  on log- 
transform ed data, w as used  to eva lua te  significant dif­

ferences in up ta k e  rates. Variability within estuaries 
was assessed by partitioning the estuaries according to 
salinity: upper  (0 to 10), middle (10 to 20) and  lower 
(>20). The m ed ian  was chosen as the nonparam etric  
statistic of comparison be tw e en  dark /l igh t up take 
because most of the da ta  w ere  skew ed  towards larger 
values. Correlation analysis of up take  rates and  salin­
ity, euphotic-zone dep th  and  nutr ient concentrations 
revealed  relationships for the m ean  of light and  dark  
up take  similar to those for the inde p en d e n t  up take  
rates. The m ean  of the ligh t/dark  incubations is th e re ­
fore p resen ted  in Figs. 2 to 5, thus reducing the n u m ­
ber of figures with minimal loss of information.

RESULTS 

D issolved  inorganic n itrogen concentrations

The es tuarine distributions of dissolved am m onium  
and  nitrate are  shown in Fig. 2, their ranges are Usted 
in Table 2. T here  w ere  significant variations be tw een  
and within estuaries. Concentrations of total dissolved 
inorganic n itrogen w ere  h ighest in the Ems, Scheldt, 
and Rhine estuaries, in te rm edia te  in the Gironde e s tu ­
ary, and  lowest in the Loire and  Douro estuaries. 
Nitrate concentrations w ere  usually 1 order of m agn i­
tude h igher  than those of ammonium, except in the 
river Scheldt and  the marine en d -m em b e r  portions of 
the Ems, Rhine and  Loire estuaries, w here  they w ere  
about equal (Fig. 2).

Amm onium  concentrations in the Loire, Gironde, 
Douro, and  Rhine estuaries displayed no systematic 
relationship with salinity. The high concentrations of 
am m onium  entering  the Scheldt es tuary  dec reased  in 
a non-Unear m an n er  with increasing salinity because 
of am m onium  consumption (Fig. 2). In the lower Ems 
estuary, am m onium  concentrations increased with 
increasing salinity because  of net am m onium  input 
from the extensive tidal-flat areas.

In the lower estuaries, nitrate concentrations d e ­
creased linearly with increasing salinity th rough  m ix­
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T able 2. R anges of am m onium , n itra te, p a rticu la te  n itro g en  (PN), su sp en d ed  p a rticu la te  m atte r (SPM), specific u p tak e  ra tes  of 
am m onium  (UNH,,) and n itra te  (U N C y, m edian  d a rk /lig h t (D/L) u p tak e  ratios of am m onium  an d  nitra te , and  m ed ia n  iso tope- 

dilution (ID) correction-factors for am m onium  (u p tak e /a p p a ren t up take)

E stuary NH„
(pM)

n o 3
(P M)

PN
(pM)

SPM 
(mg r 1)

v n h 4
( f r 1)

VNCp
(h~‘)

D/L
(NH4)

D/L
(N 0 3)

ID
(NH4)

Ems 1.0-16 15-285 5 .2 -240 12-945 0 .0003-0 .016 0.00009-0 .0035 0.61 0.39 1.026
Scheldt 0.15-245 4 7 -3 4 8 4 .5 -67 5 .9 -9 5 0 .007-0 .025 0.00013-0 .0093 0.45 0.51 1.015
Loire 2 .0 -5 .5 4 .0 -6 8 3 .5-154 14-434 0.004-0 .012 0 .00030-0.00275 0.48 0.22 1.046
G ironde 0.39-1 .63 2 6-160 1.3-213 3.4-1151 0.0005-0 .010 0.00025-0.011 0.63 0.44 1.058
Douro 0.22-8 .1 3 .5 -9 3 2 .4 -7 .0 2 .3 -3 2 0.0006-0 .035 0.00015-0 .0096 0.81 0.37 1.028
Rhine, sum m er 3.6-11 4 .9 -208 1 .9-7 .5 1.4-17.2 0.002-0 .055 0.0001-0 .0061 0.86 0.15 1.007
Rhine, au tum n 2.7-13 14-254 1.7-7.5 3 .7 -26 0 .001-0 .058 0 .00008-0.0082 0.97 1.0 1.003
Rhine, spring 0.20-27 18-336 2 .4 -9 .0 2 .0 -23 0.0008-0 .027 0 .00005-0.003 0.77 0.43 1.006

ing with low-nitrate seawater.  Nitrate concentrations 
in the upper  estuaries ei ther  increased (Scheldt) or 
were  fairly stable (e.g. Ems, Gironde) as a result of net 
nitrate input or production.

N itrogen  uptake

Specific up take  rates of am m onium  (VNH4) and 
nitrate ( V N 0 3) ranged  from 0.0003 to 0.058 k f 1 and 
0.00005 to 0.011 h f 1, respectively (Table 2). C oncen tra­
tions of SPM concentrations ranged  from a few mil­
ligrammes per  litre in the Douro and Rhine estuaries to 
hund reds  of milligrammes per  litre in the Ems, Loire 
and  Gironde, with the Scheldt displaying in term edia te  
values. Specific up take  rates of am m onium  w ere  
significantly negatively correla ted with concentrations 
of SPM (p < 0.0001), but the regression explained 
<18%  of the variance. There was no significant re la ­
tionship be tw een  the specific up take  rate of nitrate and 
SPM.

Uptake rates of am m onium  ranged  from 0.005 to 
1.56 pmol N I“1 h‘ \  and  differed significantly be tw een  
estuaries [F = 7.4; p < 0.0001), within estuaries (F = 
33.2; p < 0.0001), and  as a function of light availability 
(F = 8.4; p = 0.005). Betw een-estuaries  differences 
w ere  related to salinity (interaction term: F = 6.6; p < 
0.0001). A post-hoc Tukey-Kramer test revealed  that 
up take  rates in the Gironde es tuary  w ere  significantly 
lower than in the Scheldt and  Loire estuaries. A m m o­
nium up take  rates in the Rhine es tuary  during sum m er 
w ere  significantly h igher  than  during spring and 
au tum n (F = 5.8; p = 0.005). M edian  dark/l ight up take  
r atics varied from 0 15 to 0 48 in the Scheldt and  Loire 
es tuaries to close to 1 during the Rhine au tum n cruise 
(Table 2). M edian correction factors for isotope dilu­
tion, based on the model of Kanda et al. (1987), ranged  
trom 1.003 in the Rhine estuary to 1.058 in the Gironde 
es tu u n  ( T a b l e  2j. The addition of antibiotic inhibitor 
reduced  am m onium  up ta k e  rates in the Loire estuary

on average  by 93%  (F = 21.3; p = 0.00017), indicating 
that isotopic exchange  be tw een  adsorbed  am m onium  
and  ad d e d  15N H 4 w as not significant and  that most of 
the (dark) up take  was effected by bacteria.

Uptake  rates of n itrate ranged  from 0.00025 to 
0.25 pmol N r 1 hf \  and  differed significantly be tw een  
estuaries (F = 18.7; p < 0.0001), within es tuaries  (F = 
31.2; p < 0.0001) and  as a function of light availability 
(F = 34.3; p < 0.0001). B e tw een-estuaries  differences 
were  re la ted  to salinity (interaction term: F  = 2.8; p = 
0.004). A post-hoc Tukey-K ram er test revea led  nitrate 
up ta k e  rates in the Douro and  Rhine estuaries to be 
significantly lower than  in the other estuaries. Nitrate 
up ta k e  rates in the Rhine varied with season (F = 14.1; 
p < 0.0001) and  light (F = 4,1; p = 0.05) and  their in te r­
action (F = 3.3; p = 0.044). Nitrate up ta k e  rates in 
spring w ere  significantly lower than in sum m er  and 
autum n. M edian  dark /l igh t  ratios of n itra te  up take  
w ere  generally  lower than  those of am monium, and  
varied be tw e en  0.22 in the Loire es tuary  and  1 during 
the Rhine au tum n cruise (Table 2). Nitrate up take  rates 
did not require  a correction for isotope dilution b e ­
cause all ratios of corrected  to uncorrec ted  up take  
w ere  <1.0001.

M axim um  am m onium  up take  occurred  in the middle 
part of the Ems, G ironde and  Douro estuaries and  the 
upper  par t  of the Scheldt,  Loire and Gironde estuaries 
(Fig. 2). Nitrate up ta k e  was relatively high  in the  r iver­
ine or up p er  parts  of the Ems, Loire and G ironde and 
the middle par t  of the Scheldt and  Gironde estuaries. 
Absolute am m onium  and  nitrate up ta k e  rates w ere  
significantly positively corre la ted  with their concen tra ­
tions (p = 0.0002 and  <0.0001, respectively), but the

~  ~  ~  ___ 1 1 ......... * L  ■ I O  -1 O  O  n i  _ £  j .1 .  .i c y i c o o iD f ip  c A p i a m c u  iusta u i a i i  i u  a n u  z.z. /o u i  in t i  v a .l i-

ance, respectively. Amm onium  an d  nitra te  up take  
rates w ere  negative ly  re la ted  with the d ep th  of the 
euphoric zone fp < 0.0001), with coefficients of d e te r ­
m ination of 0.35 and  0.44, respectively (Fig. 3).

The relative utilization (Lf) of am m onium  and  nitrate 
is usually expressed  in te rm s of the  rela tive prefer-
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Fig. 3. N itrogen  u p tak e  as a function of d ep th  of euphotic  
zone. E: Ems estuary; S: Scheldt Estuary; L: Loire Estuary; 

G: G ironde Estuary; D: Douro estuary; R: R hine E stuary

ence index (RPI) for nitrate (McCarthy et al. 1977), 
w here

RPI = (CNo/(t/NH4 + L\-o3)] /[N 03/ ( N 0 3 + N H 4)]

A RPI of <1 indicates a p reference for ammonium. 
A m m onium  was the preferred  nitrogen source in all 
samples (RPI < 1; Fig 4). Only at very low levels of 
am m onium  (S2 pM) did nitrate up take  becom e im por­
tant.
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Fig. 4. (A) R elative p referen tia l index, RPI [UN- ,/(U-..n +U-,o3))/ 
[N 0 3/ ( N 0 3+N H 4)j as a function  of salinity. (Bj RPI as a fu n c­
tion of am m onium  concentra tion . A bbrev iations as in Fig. 3

N itrogen turnover

Turnover time of particulate nitrogen (PN divided by 
total DIN uptake) ranged  from 0.7 to 31 d and  differed 
significantly different be tw een  estuaries {F = 5.3; p = 
0.0004). The turnover of particulate nitrogen was simi­
lar or more rapid (Scheldt estuary) than the estuarine 
res idence  time of water  (Fig. 5). Turnover time of 
am m onium  and  nitrate (concentration divided by 
up take  rate) varied be tw een  0.1 and  27 d and  19 and 
2160 d, respectively; that of nitrate varied significantly 
as a function of estuary [F = 4.8; p = 0.001). Nitrate 
turnover was slower than the es tuarine residence time 
of water, w hereas  am m onium  turnover ivas more rapid 
than  (Ems, Scheldt,  Loire, Gironde) or similar to 
i Douro, Rhine) e s tuanne -w a te r  residence time (Fig. 5).

n u T ’ i  l e e i n \ 'L / l . )  V— V/ . ^

N itrogen uptake

Specific up take  rates covered a very wide range 
(Table 2), as they are affected by the am ount of dutri- 
tal, non-living particula te  nitrogen (Dugdale & Wilkin­

son 1986). The quantity  of SPM as well as the relative 
contribution of detrital n itrogen  to the total particula te  
nitrogen pool varied significantly be tw een  estuaries 
(Table 2, Fig. 6). The range  of specific up ta k e  rates is 
best understood  in the context of 2 com ponents  of p a r ­
ticulate matter: an active com ponen t with a C /N  molar 
ratio of 7 (i.e. a n itrogen  content of 6.6 wt%) and  a 
detrital pool with no n itrogen  up take.  Clearly, this 2- 
component model is highly simplistic, but it is consis­
tent with extensive physical mixing of resuspended ,  
detrital and  biological particles by tidal currents. N o n ­
linear regression of the mixing curve revea led  a sp e ­
cific up ta k e  of 0.02 ± 0.002 I r ’ for the active pool and  a 
n itrogen  content of 0.27 ± 0.04 wt% N for the detrital 
pool. These values are rea sonab le  estimates (M iddel­
burg  & N ieuw enhuize  1998, U nderw ood  & Krom kam p
1999), and  the 2-com ponent model is therefore consis­
tent with a rapid inr rease of specific up take  rates t on- 
nec ted  with the presence  ot a small active pool of a lgae
O Ï  O d C [ « u n a .

The up ta k e  rates of DIN recorded  during the su m ­
mer i t  i Ihe investigated  es tuaries  are  similar to those 
observed in ihe Delaware estuary (Pennoek 1987), and 
C h e sap e ak e  Bay (McCarthy et al. 1977, Bronk et al'.
1998). However, they are  lower than those observed  in 
the C arm ans  River es tuary  (C arpenler  & D unham
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1985), the N euse  River es tuary  (Boyer et al. 1994), and 
Oslo fjord (Paasche & Kristiansen 1982), w here  algal 
blooms deve loped  during  summer.

The RPI index for n itra te  (McCarthy et al. 1977) is 
often used  to assess the relative use of am m onium  and 
nitrate. The use  of the RPI has  b ee n  criticised, since 
this complex ratio is difficult to in te rp re t  an d  is rather  
unprec ise  because  of error  p ropaga tion  (Dortch 1990, 
U nderw ood & K rom kam p 1999). Nevertheless,  this 
ratio is useful for com parisons b e tw e en  estuaries. The 
preferen tia l  u p ta k e  of am m onium  over n itra te  (RPI < 1; 
Fig. 4) is consistent with the  results of most other s tud ­
ies (for a rec en t  rev iew  see U nderw ood & Krom kamp
1999). In the  D elaw are  estuary, Pennock  (1987) ob ­
se rved  an  increasing  contribution of nitrate to total 
n i trogen  up ta k e  with  increasing salinity, and  Boyer et 
al. (1994) repo r ted  an  increase  in RPI with increasing 
salinity in the N eu se  River estuary; however, such 
sa lin ity -dependence  w ould  not a p p e a r  to be a general 
characteristic of tidal es tuaries (Fig. 4). Although all

-i£to
Q .3
O
'Ö
®Q.

CO

0.1

0.01

0.001

0.0001
0 2 3 4

Nitrogen (wt%)

Fig. 6. Specific u p tak e  ra te  of am m onium  as a funtion  of n itro ­
g en  con ten t of p a rticu la te  n itrogen . R egression lines (contin­
uous line: best-fit; d ash ed  lines: 95%  confidence in tervals) 
based  on th e  m ixing of an  inert d e trita l pool (0.27 ± 0.04 w t%  
N, no up take) and  an  active pool (6.6 w t%  N, specific u p tak e  

of 0.02 ± 0.002 h f '). A bbreviations as in Fig. 3
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RPI values w ere  <1 and am m onium  was always the 
p referred  inorganic nitrogen source, this p reference 
was less strong w hen  am m onium  was S 2  pM, as 
observed earlier by M cCarthy et al. (1977), Paasche & 
Kristiansen (1982), Pennock (1987) and  C arpen te r  & 
D unham  (1985).

A n u m b e r  of studies have shown that transfer of DIN 
to the PN pool is not only effected by phytoplankton, 
but that a (heterotrophic) bacterial com ponent also 
plays a part (e.g. W heeler  & Kirchman 1986, Hoch & 
Kirchman 1995). It is likely that this is also the case in 
the estuaries investigated in the p resen t study: (1) The 
significant en h ancem en t  of nitrate and  am m onium  
up take  in the light relative to the dark  (Table 2) indi­
cates a significant phy toplankton  contribution, (2) Bac­
teria account for the majority of the am m onium  up take  
in the dark, at least in the Loire estuary, since addition 
of an antibiotic resulted  in almost complete cessation of 
up take  (93%). (3) In these turbid, nitrogen-rich es tu a r ­
ies light limits primary production (Heip et al. 1995, 
Krom kamp & P eene 1995, Irigoien & Castel 1997), and 
since the depths  of these estuaries are similar, n itrogen 
up take rates by algae would be expected  to increase 
with increasing dep th  of the euphotic zone (Kromkamp 
& P eene 1995). However, in our study areas  nitrogen 
up take  rates were  negatively correla ted  with the dep th  
of the euphotic zone (Fig. 3). Partitioning algal and 
microbial DIN assimilation in turbid estuarine systems 
is difficult: size-partit ioning is not feasible because  of 
the high concentrations of SPM that clog collection-fil- 
ters and the tight association of bacteria with these 
particles (Heip et al. 1995). Application of bacterial or 
algal inhibitors m ight be useful (Wheeler & Kirchman 
1986, and presen t study), but could be h am p ered  by 
the specificity of the inhibitor (Orem land & C apone 
1988) Moreover, bacterial N dem an d  may be met 
by dissolved free amino acids, as observed in the 
D elaw are  estuary and  C h esap eak e  Bay (Kirchman 
1994, Hoch & Kirchman 1995).

N itrogen turnover

In considering n itrogen turnover it is important to 
distinguish be tw een  estimates based  on 15N-tracer 
experiments restricted, to the transfer from DIN to 
SPM, and estimates derived from m ass-balance studies 
oi ecosystem models lor the entire ecosystem (includ­
ing ihe seiiimcntsi N itrogen turnover unies based  on 
the Litter approach  are mainly governed  by denitr i­
fication and sedim ent burial (Nixon el al. 1996): they 
reflect n itrogen turnover in relation to external losses. 
Nitrogen turnover times based on 15N-tracer exper i­
m ents  clearly do not cover such external losses: they  
reflect the dynamics of assimilation processes vf ithin

the estuary. It is therefore useful to com pare  turnover 
rates with the residence time of w ater  in the estuaries 
(Fig. 5). N itrogen tu rnover  times tha t are  m uch  longer 
than  the w ate r  residence time imply: (1) tha t pa r t icu ­
late n itrogen  will not accum ulate  in the es tuarine  sys­
tem or be extensively modified during transport, and  
(2) that DIN is not limiting nitrogen up take  and  is not 
consum ed to a significant ex ten t by assimilation p ro ­
cesses. Conversely, n itrogen  turnover times shorter 
than the w ate r  residence time imply (1) extensive m o d ­
ification of particula te  matter, (2) possible n itrogen  lim­
itation of primary or bacterial production and  (3) a close 
coupling of production and  consumption processes.

Nitrate turnover times re la ted  to assimilation are 
always longer and  usually 1 order of m agn itude  h igher  
than  the residence time of w ate r  in these estuaries 
(Fig. 5). Nitrate assimilation does not influence its dis­
tribution since it is p resen t in h igh  am bien t co n c en tra ­
tions (Fig. 2). Most of the nitrate entering or p roduced  
in these  es tuaries  flushes th rough  them  and  is exported  
to the sea, unless a significant par t  of the dissolved 
nitrate is lost to denitrification and /o r  burial in the s e d ­
iments. The turnover times for am m onium  are  shorter 
than the residence times of w ate r  in well-mixed e s tu ­
aries (Scheldt, Loire, G ironde and  Ems estuaries), and 
are similar to the res idence  time of w ater  in river-dom ­
inated, salt-stratified estuaries (Douro and  Rhine). 
A m m onium  is consequently  efficiently recycled within 
these estuaries, as observed in other regions; e.g. 
C h e sap e ak e  Bay (Fisher et al. 1992), Oslo Fjord 
(Paasche & Kristiansen 1982), C arm ans  River es tuary  
(Carpenter  & D unham  1985). The total particu la te  
nitrogen pool has  a turnover time similar to or shorter 
(Scheldt estuary) than  that of the residence time of 
water, and  particles are consequently  extensively 
modified during transit th rough  the estuary.

N itrogen  cycling in heterotrophic estuaries

Most estuaries are heterotrophic, i.e. respiration 
dom inates over production (Heip et al. 1995, Gattuso  et 
al. 1998). H etero trophic  estuaries are  character ised  by 
a bacterial production that is h igher  than  prim ary  p r o ­
duction (Relexans et al. 1988, Findlay et al. 1991, Hoch 
& Kirchman 1993, Goossen et al. 1997), h igh  organic 
loading (Heip et al. 1995), high d eg re e  of sa tura tion 
and effluxes of carbon dioxide (Frankignoulle et al. 
1996, 1998), re lease  of g reenhouse  gases (Jickelii 
1998) and  extensive denitrification (Nixon et al. 1996, 
Trimmer et al. 1998). In hetero trophic  systems organic 
carbon-cycling controls nitrogen-cycling ra ther  than  
the other w ay round  (Smith et al. 198$).

In a cross-system com parison study, H eip  et al.
(1995) recognised  2 different types of heterotrophic
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estuaries, b ased  on a prim ary production  level of 160 g 
C m ' 2 y r 1. The h igh-production  type (above this level) 
d isplayed a significant relationship b e tw e en  primary 
production  and  net organic input (calculated as the dif­
ference be tw e en  respira tion and  prim ary production of 
the  system). The recycling efficiency of nitrogen in 
such  high-production  systems w as es tim ated  as b e ­
tw ee n  0.7 and  0.8 (per step in the  production-con- 
sum ption  cycle), implying a 3- to 4-fold re-utilization of 
n itrogen  en ter ing  such estuaries. The low-production 
type (<160 g C m“2 y r 1) exhibited  no correlation b e ­
tw ee n  prim ary  production  and  ne t  organic input b e ­
cause  of light limitation of prim ary  production. H eip  et 
al. (1995) w ere  not able to assess the recycling effi­
ciency of n itrogen  in these  latter turbid systems. The 
results of our study clearly indicate tha t am m onium  
and  particu la te  organic n itrogen  en ter ing  these turbid 
estuaries are  also efficiently recycled (Fig. 5), but that 
n i trogen  assimilation is effected not only by algal, but 
also by bacterial production.

This efficient recycling of particu la te  organic n itro­
gen  in heterotrophic  estuaries has  im portan t ecological 
and  b iogeochem ical consequences .  Any riverine or 
terrestrial organic m atte r  t ransferred  th rough  the  e s tu ­
ary is extensively modified by microbial respiration 
and  production  processes. Riverine particu la te  n itro­
gen  can consequently  constitute a significant source of 
n itrogen  to es tuarine  systems (Mayer et al. 1998). H e t­
erotrophic m icro-organisms assimilate DIN, and  can 
thus contribute significant quantities of organic n itro­
gen  to es tuar ine  ecosystems (Caraco et al. 1998). 
Microbial n i trogen  assimilation can also enrich the 
particula te  n itrogen  fraction with 15N (Caraco et al. 
1998, M ayer  et al. 1998, M idde lburg  & N ieuw enhuize  
1998), and  consequently  complicate in terpretations of 
es tuarine  food w ebs based  on s table isotope studies. 
Bacterial assimilation of n itrogen  lowers the C /N  ratio 
a n d  en hances  the  nutritional value  of particula te  m a t­
ter, which is an  im portan t food source for pelagic and  
benth ic  consumers.

To conclude, up ta k e  pa t te rns  of am m onium  and  
nitrate in turbid estuaries a long the  E u ropean  Atlantic 
coast a re  similar to those repor ted  for the Atlantic coast 
es tuaries of the  USA (e.g. M cCarthy  et al. 1977, Gar- 
side 1981, P ennock  1987, Fisher et al. 1992, Boyer et al. 
1994), w ith  am m onium  being p referred  over nitrate, 
an d  significant DIN u p ta k e  in the dark, most of which  
is at tr ibutable to bacteria.

A ck n o w led g e m e n ts .  We th an k  th e  cap ta ins an d  crew s of the  
RVs 'Luctor', ‘B elg ica’ an d  'M estre  C oste iro ' for th e ir hosp ita l­
ity, a n d  our BIOGEST co lleagues for sh a rin g  w a te r  sam ples 
an d  p rov id ing  a p leasan t, stim ulating  scientific clim ate. We 
th an k  P e ter H erm an , K arline Soetaert, Jacco  K rom kam p, 
M ichel F rank ignou lle  an d  4 anonym ous rev iew ers for con­
struc tive  rem arks. This is con tribu tion  no. 114 of th e  pro ject

BIOGEST to the  E U -supported  ELOISE p ro g ram m e (ENV4- 
CT96-0213) an d  pub lication  no. 2580 of T he N etherlands 
Institu te  of Ecology, Y erseke.
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