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ABSTRACT: The ecological functioning of estuarine environments is greatly influenced by human
activity. One of the most important perturbations lies in the increased inputs of nutrients, mainly
nitrogen (N), to these systems. This N is submitted to various biogeochemical processes leading to
recycling, retention and export to the sea. In this article we present results from 15N-incubation
experiments allowing the simultaneous determination of NH4+ and NO3– uptake, nitrification and
ammonification rates in the waters of a eutrophic temperate macrotidal estuary (the Scheldt in Belgium and The Netherlands) for different seasons. These are compared to whole estuarine nitrogen
budgets. Results showed that nitrogen cycling in this system is dominated in all seasons by the mineralization of organic matter leading to a supply of dissolved inorganic nitrogen (DIN) exceeding
river inputs. During winter, summer and fall seasons, only 6 to 10% of this DIN is recycled by microorganisms and most is eliminated (50 to 60%), probably by denitrification in the sediments, and
exported (30 to 40%) to the sea. In spring, a larger fraction of DIN (around 70%) is recycled by
microorganisms, while only 2% is eliminated and 26% is exported. Overall, we conclude that turbid
eutrophic temperate estuaries as the Scheldt may have low DIN recycling efficiencies because of low
in situ primary production except in spring.
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INTRODUCTION
Estuaries are important transition zones between
freshwater and marine ecosystems. They are subject to
major chemical, biological and physical gradients and
concentrate, over relatively small areas, the influence
of large watershed surfaces. Because of their location
at the interface between land and sea, they often represent important economic regions with high population densities. Human pressure on these environments
is thus very large and, consequently, perturbation of
the natural functioning of these systems is extreme.
One of the most important perturbations lies in the
increased inputs of nutrients (mainly nitrogen and
phosphorus) to rivers. In particular, nitrogen loads,

linked to human activities and population growth,
have increased dramatically over the past century (e.g.
Hulth et al. 2005).
A large fraction of the nitrogen delivered to estuaries
is removed primarily by nitrogen gas formation by
denitrification and anammox (anaerobic ammonium
oxidation), and by burial of organic nitrogen in sediments (Heip et al. 1995). This nitrogen removal has
major consequences for the transfer of riverine nitrogen to the sea and the functioning and eventual
eutrophication of downstream coastal ecosystems. The
important self-purification role of estuaries regarding
the nitrogen loads has been well documented by whole
ecosystem nitrogen budget studies, and it has been
shown that the estuarine filter function depends
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cycles while transiting through the estuary. This can
mainly on the water residence time (e.g. Seitzinger et
then be considered in a global perspective by comal. 2006). However, these studies often do not distinparison to recycling numbers in streams (Ensign &
guish nitrogen species (organic nitrogen [orgN], NH4+,
Doyle 2006).
NO3–), nor do they provide information on how this
estuarine filter function responds to changes in nutrient loadings or riverine discharge. For instance, shortMATERIALS AND METHODS
ening residence time because of enhanced river discharge might cause less retention with consequences
Study site: the Scheldt estuary. With an average
for coastal ecosystem functioning. Additionally, recent
population density of 425 ind. km–2 in its watershed,
retrospective analysis has shown that the estuarine filter function is subject to change as well (Soetaert et al.
the estuary of the Scheldt River (Belgium and The
2006), complicating any predictive study of coastal
Netherlands, Fig. 1) represents a characteristic case of
ecosystem response to enhanced or reduced anthroa large temperate macrotidal estuary under the influpogenic nitrogen loading. It is therefore imperative to
ence of human activities. The studied section of the
unravel within-estuarine recycling processes such as
estuary is limited upstream by the maximum salt
orgN mineralization to NH4+ (ammonification), uptake
intrusion (around the confluence with the Rupel
and assimilation of dissolved inorganic nitrogen (DIN =
River). The Scheldt estuary is a broad (from ~500 m
NH4+ and NO3–), nitrification and nitrogen exchanges
near Antwerp to ~6 km near Vlissingen), relatively
with the sediments and lateral ecosystems such as tidal
shallow (10 m mean depth), and rather short (100 km)
marshes.
funnel shaped macrotidal estuary with a medium
Some studies report DIN uptake by pelagic microbes
average freshwater discharge of 104 m3 s–1 and a sigin estuaries (e.g. Andersson et al. 2006b), ammonificamoidal type salinity gradient covering a distance
tion (e.g. Miller et al. 1995) or nitrification rates (e.g.
between 80 and 100 km (Soetaert et al. 2006) accordAndersson et al. 2006a), but there are very few estuaring to tide coefficient and freshwater flow rates.
ine systems (Lipshultz et al. 1986) where all these proTwenty-five percent of the area of the estuary is covcesses have been measured during the same period
ered by large intertidal flats (Kromkamp et al. 1995).
and in a systematic, consistent way. These studies indiIts hydrology has been largely described by Baeyens
cate that processes are of similar magnitude but might
et al. (1998). The water column is homogenous for disexhibit differential seasonality. The coupling between
solved species but strong gradients are displayed for
regeneration (ammonification and nitrification) and
particulate matter due to re-suspension and reworkassimilation processes indicates that nitrogen cycling
ing of bottom sediment by tidal currents (Chen et al.
is intense and that each nitrogen molecule may be
2005).
recycled many times before it is transferred to the sea.
The objectives of this paper are to
The Netherlands
(1) present results from 15N-incubation
experiments allowing the simultaneous
Vlissingen
determination of pelagic NH4+ and
–
North Sea
NO3 uptake, nitrification and ammonification rates in the waters of a
macrotidal estuary for different seasons; and (2) derive a whole estuarine
nitrogen budget for the same periods.
When considered within the overall
estuarine nitrogen cycle, these internal
nitrogen cycling processes will allow a
better understanding of how the estuarine nitrogen filter will function under
changing conditions. Moreover, we
will report both (1) the relative contribution of various nitrogen cycling processes to estuarine retention, and (2)
estimates for nitrogen recycling efficiencies, by considering the number of
times a nitrogen-containing molecule

Terneuzen
Antwerp

Canal G-T

Belgium

10 km

Scheldt
Rupel

Fig. 1. The Scheldt estuary. (d) Fixed sampling stations; medium-grey areas: shallow areas or intertidal mud flats; Canal G-T: Ghent-Terneuzen canal; dashed line:
Belgian–Dutch border; black bars: up- and down-stream limits (Rupelmonde
and Breskens respectively) of the estuary considered for budgeting purposes
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Nitrogen budgets have been studied in detail for
the 1970s (Billen et al. 1985), the 1980s (Soetaert &
Herman 1995), 1995 (Regnier & Steefel 1999), and
finally for the 1970s to the early 2000s (Soetaert et al.
2006). These studies documented that the Scheldt
estuary has been subject to large changes since the
1970s. Indeed, gradual implementation of wastewater
purification plants in the upstream basins was
responsible for the restoration of water-column oxygen concentrations. In the 1970s, a large part of the
estuary was subjected to anoxic conditions during
most of the year while in the 1990s and 2000s, low
oxygen conditions only lasted for a few days during
warm low river water discharge conditions (Soetaert
et al. 2006). Accordingly, because of higher water column oxygen levels, for similar hydrological conditions, the amount of N removed during transport to
the sea decreased from 40−50% of inputs in the
1970s (Billen et al. 1985) to 20% in the 1990s
(Soetaert et al. 2006).
Sampling. Surface (2 m depth) water samples were
collected with a 20 l Niskin bottle from a ship (RV
‘Luctor’) during 4 d cruises in January, April, July
and October 2003. For each cruise, 16 fixed-location
(Fig. 1) and 4 fixed-salinity (2, 4, 18 and 28) stations
were sampled for respectively DIN and orgN determinations and incubation experiments with 15N tracers.
All water samples were immediately processed on
board after retrieval. Temperature and salinity were
recorded at all stations using specific probes and freshwater discharges were 195, 80, 90 and 51 m3 s–1 for the
sampling periods of January, April, July and October,
respectively.
Concentration measurements. Methodologies for
the estimation of NH4+, NO3– (represents nitrate +
nitrite throughout this article), and particulate organic
nitrogen (PON) concentration are described in Andersson et al. (2006a). Total dissolved nitrogen (TDN)
was measured as NO3– with a persulfate digestionoxidation method (Dafner et al. 1999). Digestion occurred in 50 ml Teflon sample vessels in a microwave
sample preparation system (CEM, model Mars 5) for
2 h at 600 W with temperatures and pressures ranging
from ambient to a maximum of 170°C and 100 psi.
Finally, NO3– was measured after reduction on a cadmium column with an automated colorimetric method
using a Technicon auto-analyzer 2 (Strickland & Parsons 1972). Dissolved organic nitrogen (DON) was
computed by subtracting NH4+ and NO3– concentrations from TDN measurements. The relative standard
deviation on laboratory replicate measurements was
2, 2, 5 and 10% for NH4+, NO3–, PON and DON
respectively.
Incubation experiments. Isotope dilution and enrichment incubation experiments were performed
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using 15N-labelled DIN (NH4+ or NO3–). For these
experiments, we used seven 250 ml aliquots of the
water samples in transparent plastic polycarbonate
bottles submerged in an open deck incubator with continuously flowing water to ensure ambient temperature and light intensities. For each sample, 3 parallel
incubation series were performed. In the first series of
incubations, aliquots were spiked with 15N-NH4+
(between 2 and 10% final 15N abundance), incubated
for 2 or 6 h, and filtered on combusted GF/F glass-fiber
filters (Whatman). The filters were dried at 50°C for 8 h
prior to analysis of PON and 15N-PON abundance.
Additionally, for the aliquots incubated for 6 h, the filtrate was frozen until analysis of final NH4+ concentration (Koroleff 1969) and 15N-NH4+ abundance (Diaconu
et al. 2005). In the second series, aliquots were spiked
with 15N-NH4+ (between 2 and 10% final 15N abundance), incubated for approximately 3, 6, or 9 h and filtered on combusted GF/F filters (Whatman). The filtrate was frozen until analysis for the final 15N-NH4+
and 15N-NO3– (Andersson et al. 2006a). Finally, in the
last series, aliquots were spiked with 15N-NO3–
(between 2 and 5% final 15N abundance), incubated
for 2 or 6 h, and filtered on combusted GF/F membranes (Whatman). The filters were dried at 50°C for
8 h prior to analysis of PON and 15N-PON abundance.
Additionally, for the aliquots incubated for 6 h, the filtrate was frozen until analysis of final NO3– concentration (Strickland & Parsons 1972).
In all cases, 15N abundances and PON concentration
were measured using an elemental analyzer (CarloErba C/N analyzer) coupled via a conflo-interface to
an isotope ratio mass spectrometer (Finnigan DeltaPlus XL) (Nieuwenhuize et al. 1994). The relative
standard deviation on replicate 15N measurements was
less than 5%.
Initial and final 15N-abundance and concentration
data for the NH4+, NO3– and PON pools obtained from
the 3 incubation experiments were used simultaneously in an isotopic mass-balance model in order to
compute NH4+ and NO3– uptake rates, nitrification
rates and ammonification rates. The model is a 3 compartment open model allowing the assessment of
exchange rates between the considered compartments: NH4+, NO3– and PON. This model assumes that
exchange between compartments is governed by first
order differential equations with constant coefficients
of the general type:
n
n
d pX i
= ∑ k ji ⋅ pX j − ∑ kij ⋅ pX i
dt
j ≠i
j ≠i

where Xi is the nitrogen concentration of isotope p (14N
or 15N) within compartment i at time t, kij is the rate
constant for exchange from compartment i to compartment j (in reciprocal time units) and n represents the
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number of compartments (3 in this case: NH4+, NO3–
and PON).
The equation above states that the net content in
any compartment i equals the sum of all inflows
from the other compartments minus the sum of all outflows towards the other compartments. These mass
balance differential equations have been solved
numerically as described in Elskens et al. (1988). Values for the rate constants were obtained using
weighted least squares techniques as described in
Elskens et al. (2005). Rates for initial conditions were
then obtained by multiplying rate constants with the in
situ concentrations of NH4+ or NO3–.
Nitrogen budget for the Scheldt estuary. Inputs of N
by the Scheldt River and tributaries, as well as output
of N to the sea, were calculated for the 4 major forms of
N: NH4+, NO3–, PON and DON.
Input from the Scheldt River and output to the
sea: The water column of the Scheldt River is well
mixed with regard to dissolved species. Daily inputs
of dissolved N by the Scheldt River upstream were
calculated by multiplying the daily freshwater discharge with the concentration measured at Rupelmonde, just after the confluence of the Scheldt with
the Rupel River (Fig. 1). At this station, salinity (0.4,
0.5, 1.0 and 0.9 for January, April, July and October,
respectively) showed only a limited marine influence.
Daily outputs of dissolved N to the sea were estimated from the calculation of the ‘effective zero
salinity end-member concentration’ (Officer 1979).
This method is based on the assumption that the
estuary is in steady state and there is a chemical
continuity between the river and the sea water, or,
that mixing processes in estuaries and freshwater
plumes are chemically conservative. Practically, the
effective concentration that reaches the marine endmember is determined by fitting a linear regression
line through the data points in the high-salinity
region of the estuary. Extrapolation of the regression
lines to salinity 0 allows the calculation of the freshwater end-member concentrations, while multiplication by the daily freshwater discharge at the mouth
allows estimation of the daily output of dissolved
nitrogen from the estuary.
Daily inputs and outputs of PON were estimated
using the same methods, although measured surface
PON may not be representative of the whole water column (Chen et al. 2005). Estimated inputs and outputs
are thus minimum estimates only taking into account
surface suspended particulate matter (SPM). PON
associated with SPM from bottom waters, mainly originating from sediment re-suspension (Chen et al.
2005), was thus not taken into account in our estimates.
Lateral inputs: Between Rupelmonde and Breskens,
the estuary receives several effluents from canals,

mainly the Ghent-Terneuzen canal, and cities,
mainly the Antwerp agglomeration and its harbor
(940 700 inhabitants in January 2003 according to
the National Institute of Statistics, Belgium;
www.statbel.fgov.be/figures/d21_fr.asp#2). These effluents contribute ∼30% (20% from canals and 10%
from the city and harbor; Soetaert et al. 2006) to the
freshwater discharge at the mouth of the estuary,
and are also N sources. The contribution of the
canals to the N inputs was roughly estimated using
mean annual concentrations of NH4+, NO3– and total
nitrogen for the Ghent-Terneuzen canal and for several other smaller canals and polder effluents given
in the OSPAR (Oslo and Paris Commissions) reports
(OSPAR Commission 2005). These concentrations
were 52 µmol NH4+ l–1, 436 µmol NO3– l–1 and
116 µmol orgN l–1 in 2003. Mean concentrations were
multiplied by the water discharge calculated as 20%
of the freshwater discharge at the mouth of the
estuary (Soetaert et al. 2006).
The contribution of the Antwerp agglomeration was
estimated as a function of the population (940 700
inhabitants) and taking into account that in 2003,
90% of the produced sewage was treated with a secondary treatment technology leaving 10% untreated
(AQUAFIN pers. comm.). The associated NH4+, NO3–,
DON and PON loads were estimated using specific
loads per inhabitant (inh.) determined for the Paris
agglomeration (France; Servais et al. 1999) which can
be considered as typical for large West-European
cities. These were for treated sewage: 9.0 g N-NH4+
inh.–1 d–1, 0.1 g N-NO3– inh.–1 d–1 and 1.95 g orgN inh.–1
d–1; and for untreated sewage: 8.8 g N-NH4+ inh.–1 d–1,
0.17 g N-NO3– inh.–1 d–1, and 3.97 g orgN inh.–1 d–1
(Servais et al. 1999).

RESULTS
Longitudinal profiles
The temperature, NH4+ and NO3– profiles have
already been reported by Andersson et al. (2006a)
and thus they are only briefly discussed here. Water
temperature varied with season averaging 4, 10, 20
and 14°C in January, April, July and October,
respectively. NH4+ concentrations (Fig. 2) were highest in the freshwater section of the estuary (≤150 µM)
and decreased with increasing salinity. NO3– concentrations (Fig. 2) in the freshwater section were
around 300 µmol l–1. They increased or were uniform
until salinity reached ~10, and from there decreased
throughout the estuary. PON (Fig. 2) was the least
abundant N form in surface waters of the Scheldt
with highest concentrations in the freshwater part
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Fig. 2. Longitudinal profiles of ammonium (NH4+), nitrate + nitrite (NO3–), dissolved organic nitrogen (DON) and particulate
organic nitrogen (PON) in the Scheldt estuary in January, April, July and October 2003

(60 to 100 µmol l–1) decreasing to <10 µmol l–1 downstream. DON (Fig. 2) displayed high concentrations
in the freshwater part (120 to 390 µmol l–1) with levels comparable to those of NO3– in some cases.
Downstream, DON generally decreased rapidly until
salinity reached 10. In July and October, there was a
small increase in DON around salinities of 15 to 20
before a general decrease at the mouth of the estuary.

Pelagic N transformation rates
NH4+ and NO3– uptake and regeneration (ammonification, nitrification) rates are presented in Fig. 3.
Uptake rates were highest in April (spring) and especially for NH4+ in the upper estuary (up to 2 µmol l–1
h–1). Nitrification rates were highest in April and October (up to 0.6 µmol l–1 h–1) and generally decreased
with increasing salinity. Ammonification rates were
highest in January and October (up to 0.3 µmol l–1 h–1).
Ammonification, nitrification and ammonium uptake
contributed significantly to estuarine nitrogen transformations and could each dominate during certain periods. NO3– uptake rates, however, were in general
lower than the other N transforming processes (< 0.2
µmol l–1 h–1).

Nitrogen budget
Daily NH4+, NO3– and orgN (DON+PON) inputs and
outputs are presented in Fig. 4. Highest nitrogen
inputs are recorded for the winter period (205 tN d–1
in January) and there is a decrease towards October,
concomitant with the decrease of river discharge.
Upstream retention of the high N loads received in the
Scheldt watershed is inversely linked to water discharge and directly linked to temperature (Billen et al.
2005). Thus, in winter, upstream retention is lower, and
larger amounts are exported to the estuary while the
opposite is observed in summer. Most of the nitrogen
coming in the estuary is in the form of NO3– (between
43 and 57% of total N inputs), followed closely by orgN
(between 25 and 43%, mostly as DON) and finally
NH4+ (between 14 and 22%). The agglomeration of
Antwerp is an important additional NH4+ source for the
estuary (20 to 60% of total NH4+ inputs) while canals
are important additional NO3– sources (20 to 30% of
total NO3– inputs). Lateral orgN sources were generally of a more limited importance (less than 10% of the
total orgN inputs).
Total N outputs vary between 39 and 131 tN d–1
and are mostly in the form of NO3– (86 to 90%). NH4+
and orgN almost totally disappear showing the importance of ammonification and nitrification pro-
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Fig. 3. Pelagic N transformation rates at the 4 salinity stations in the Scheldt estuary: ammonium and nitrate uptake (U-NH4+
and U-NO3–), ammonification (R-NH4+) and nitrification (NIT). nd: not done

cesses. Moreover, there is a small net production of
NO3– (Fig. 4) indicating that nitrification (in the water
column and sediments) outbalances NO3– sinks (uptake by microorganisms and denitrification). Overall,
there is a net retention of total fixed nitrogen in January (37%), April (25%), July (33%) and October
(33%).
DISCUSSION
Pelagic N transformation rates
Pelagic nitrogen transformation processes (Fig. 3)
showed the relative importance of NH4+ and NO3–
uptake, nitrification and ammonification for different
seasons and at different locations of the estuary. Many
studies report information about N-transformation process rates for different locations of the Scheldt estuary,
mostly in the surface water column. Pelagic nitrification was studied by de Bie et al. (2002) using 14C incubation techniques and by Andersson et al. (2006a)
using 15N and 14C incubation techniques. Our results
on nitrification rates were in accordance with both
studies, reporting the highest rates in the oligohaline

part of the estuary. DIN uptake was studied by Middelburg & Nieuwenhuize (2000), and more recently by
Andersson et al. (2006b). Our measured uptake rates of
NH4+ are maximal in spring in the oligohaline zone
with much lower NO3– uptake rates confirming the relative preference of microorganisms for NH4+ (Middelburg & Nieuwenhuize 2000). NH4+ uptake in the
Scheldt estuary can be done by both phytoplankton
and bacteria (Middelburg & Nieuwenhuize 2000). As
was shown by Dijkman & Kromkamp (2006), in spring,
both bacterial and phytoplankton biomass are high in
the lowest salinity region of the Scheldt estuary and
there are high amounts of NH4+ available. More downstream, uptake rates decrease, probably as a result of
decreasing NH4+ and NO3– concentrations as observed
by Middelburg & Nieuwenhuize (2000). Ammonification rates have never been measured directly in the
Scheldt estuary, but the short NH4+ and PON turnover
times reported by Middelburg & Nieuwenhuize (2000),
compared to the water residence time, imply that NH4+
is efficiently recycled within the estuary. Accordingly,
measured NH4+ regeneration rates largely exceeded
the other processes especially during winter and fall
periods.
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Estuarine nitrogen transformation and removal
processes
From the general nitrogen budget in the Scheldt
estuary we have seen that nitrogen arrives as NO3–,
orgN and NH4+ and leaves the system mainly as NO3–
with a general loss of total nitrogen of 25 to 37% of
the inputs. We can compare this net whole ecosystem
N budget to our pelagic process measurements by
estimating the daily N transformation fluxes due to
pelagic ammonification, NH4+ and NO3– uptake and
nitrification.
To this end we assume that ammonification rates are
independent of the light intensity and are constant
over the whole water column, and over a 24 h period.
Nitrification, NH4+ uptake and NO3– uptake rates are
all light dependent with median ratios between dark
and light rates (D/L) in the Scheldt estuary equal to
0.45 for NH4+ uptake, 0.51 for NO3– uptake (Middelburg & Nieuwenhuize 2000) and 2.3 for nitrification
(Andersson et al. 2006a). Measured nitrification and
uptake rates were used in the photic layer of the estuary (0.4 to 2 m, J. P. Vanderborght pers. comm.) for the
daylight period (8.5 to 16 h), while for the dark layer
and night period, the reported D/L factors were
applied to our measured rates. N transformation fluxes
were then calculated using the rates and the volume of
water. Rates measured at 4 fixed salinities (Fig. 3) were

extrapolated linearly with salinity and related to the
distance. The 92 km long estuary was divided in 920
boxes of 100 m in length with a known cross-sectional
area (taken from Soetaert et al. 2006) and, in each of
the boxes, daily N transformation fluxes were calculated by multiplying the corresponding rates with the
corresponding volumes and cumulated for the whole
estuary (Table 1).
With the in- and outputs and measured pelagic
transformation processes we can establish a mass balance for each of the N pools (NH4+, NO3– and orgN)
considering that the system is at steady state (sum of all
inputs and sources = sum of all outputs and sinks) and
introducing exchange fluxes with a ‘black box’ compartment to balance the measured fluxes. This black
box represents all estuarine compartments able to
Table 1. Daily N fluxes (rounded to 5 tN d–1) associated with
NH4+ and NO3– uptake (U-), ammonification (R-NH4+) and
nitrification (NIT) in the Scheldt estuary between Rupelmonde and Breskens
Month
January
April
July
October

U-NH4+

U-NO3–

R-NH4+

NIT

10
165
15
10

20
30
5
0

215
25
140
40

30
150
20
40
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Fig. 5. N mass balance for the Scheldt estuary in January, April, July and October 2003. Fluxes in tN d–1 (rounded to 5). Black
arrows: measured fluxes; grey arrows: calculated fluxes by closing the mass balance. Widths of arrows are proportional to
the flux. IN: inputs from the river and lateral effluents; OUT: to the North Sea. The box at the bottom represents all possible
estuarine compartments that can exchange N with the pelagic environment: sediments, SPM rich bottom waters and intertidal
areas. (?): hypothetic transformation pathways

exchange N with the pelagic system like the sediments, the deeper water column and intertidal areas
(including marshes).
A clear contrast appears between the N cycling in
summer, fall and winter (Fig. 5A,C,D) and that in spring
(Fig. 5B). For summer, fall and winter (Fig. 5A,C,D),
pelagic ammonification transforms large amounts of
orgN to NH4+ (40 to 215 tN d–1), representing the most
important pelagic transformation pathway inside the N
pool. However, this is not balanced by orgN inputs
from upstream (20 to 65 tN d–1) or in situ production by
DIN assimilation (5 to 30 tN d–1), therefore an additional orgN source is needed. This source is largest in
January (130 tN d–1) and lowest in October (20 tN d–1).
In the studied system, this source can be linked to the
input of PON from the deep water layers of the river
upstream, not quantified in our N-budget (see ‘Materials and methods’), and to resuspension of sediments

(Chen et al. 2005). Besides being a source of PON,
resuspension can also bring amino acids to the water
by desorption from sediments (Fitzsimons et al. 2006).
Ammonification represents the largest source for the
NH4+ pool (70 to 90% of the total NH4+ inputs and
sources). Nitrification and NH4+ uptake remove between 15% (January) and 80% (October) of the total
NH4+ inputs and sources. An additional external
NH4+ sink is thus needed to maintain the balance (10 to
205 tN d–1, 6 to 7 times higher than the measured
pelagic nitrification, Fig. 5). Nitrifying bacteria are
often attached to particulate material (e.g. Brion et al.
2000) and nitrification occurring inside the SPM-rich
bottom water layers of the Scheldt could explain this
missing sink. Our unpublished nitrification rates measured for the bottom water of the Scheldt show that
these exceed surface nitrification by a factor of 2 to
70 and can thus largely explain our missing sink.
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Sediment surface layers have also been recognized as
sites of intense nitrification (Gribsholt et al. 2005).
Another possibility is the transfer of NH4+ to the PON
pool in the SPM-rich bottom waters, either by assimilation by microorganisms (primarily bacteria as there is
no light in the bottom waters) or even by adsorption,
but very few studies document vertical variations in
estuarine N transformation rates. Rosser & Thompson
(2001) reported lower NH4+ uptake rates in bottom
than in surface waters for a shallow Australian estuary.
Recently, an intertidal area from the Scheldt estuary
was proven to be a sink for NH4+ (e.g. Gribscholt et al.
2006) with 30 to 200 µmol m–2 h–1 retained in the vegetation and 250 to 600 µmol m–2 h–1 lost by coupled nitrification-denitrification. Extrapolated over the entire
intertidal area (67.25 km2) of the estuary this would
result in a NH4+ sink of 8 to 25 tN d–1 — much lower
than our missing NH4+ sink. Finally, anammox occurring in anoxic areas of the Scheldt could potentially
also play a role but the quantitative importance of this
process has never been investigated. For NO3–, nitrification is an important additional source (20 to 55% of
the total NO3– inputs and sources). Export to the sea
and uptake almost balance these inputs and sources,
however, a small additional NO3– sink is needed to
close the mass balance in July and October (5 to 30 tN
d–1). Nitrate and nitrite can be consumed in sediments
by anoxic processes as denitrification, dissimilatory
nitrate reduction and even anammox. Very few studies
report sediment water exchange of nitrate in the
Scheldt and all were made on intertidal mudflats,
which may not be representative of the entire estuarine bottom. In 1995, Middelburg et al. found that sediments from intertidal mudflats were a sink of NO3– of
0.5 mol m–2 yr–1, while a more recent study by Andersson (2007) reported a sink between 7 and 34 mmol m–2
d–1. Extrapolated over the entire bottom area of the
Scheldt estuary (269 km2, Middelburg & Nieuwenhuize 2000), this could represent a daily NO3– sink of 5
to 126 tN d–1. In theory, these rates largely explain our
observed NO3– sink, even when considering that our
missing NH4+ sink is due to nitrification. However, it is
clear that representative measurements of sediment−
water exchanges of nutrients in the Scheldt are missing a robust interpretation.
In spring, the situation is clearly different (Fig. 5B): the
transfer of N from the NH4+ pool to the orgN pool (165 tN
d–1) dominates, reflecting a period of intense microbial
growth. NH4+ and NO3– uptake represent 90% of the total orgN inputs and sources. A small part of this orgN is
mineralized in the water column (25 tN d–1) and an
additional sink of 190 tN d–1 is needed to maintain the
balance. This sink is likely linked to the settling of biomass to sediments. Nitrification (150 tN d–1) is of similar
importance as NH4+ uptake. There is a very efficient
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consumption of NH4+ in the water column (315 tN d–1)
which is not compensated by the NH4+ brought by the
river and lateral inputs nor by pelagic ammonification.
An additional NH4+ source (275 tN d–1), very similar in
size to the orgN sink, is thus needed to maintain the
balance. This might indicate that settled biomass is readily mineralized in the sediments and that sediment
regeneration accounts for this additional NH4+ source.
For NO3–, nitrification is the most important source (75%
of total inputs and sources). Export to the sea and uptake
cannot balance these inputs and sources and an
additional NO3– sink (probably by sedimentary processes as discussed above) is needed to close the mass
balance (110 tN d–1).
In summer, fall and winter, the Scheldt estuary is
characterized by high pelagic mineralization rates of
allochthonous organic matter, largely exceeding in situ
production of orgN by microorganisms. In contrast, in
spring there is a very efficient transfer from the DIN
pool to the orgN pool, most markedly in the upstream
section of the estuary (see NH4+ uptake rates in Fig. 3).
As was shown by Dijkman & Krompkamp (2006), at
that period, both bacterial and phytoplankton biomass
are high in the lowest salinity region of the Scheldt
estuary, and there are high amounts of NH4+ available.
However, the produced PON pool is very rapidly recycled, probably after sedimentation of the biomass, in
the deeper water layers and in the sediments.
Gazeau et al. (2005) studied the net autotrophicheterotrophic status of the Scheldt estuary for the same
period of observation as in the present study based on
planktonic net community production measurements.
For January, July and October, they concluded that the
estuarine system varied overall from net heterotrophic
around a salinity of 2 to balanced or slightly autotrophic at the mouth of the estuary. The most heterotrophic situation was reported for October and the
least for July. Unfortunately, no estimates were available for April, but values given for March and May
indicate a situation close to balance (respiration = production). Overall, Gazeau et al. (2005) showed that the
pelagic system is net heterotrophic in January, July
and May, consistent with our findings showing the
dominance of pelagic orgN mineralization processes
compared to uptake rates. The present study found
that pelagic uptake rates dominate the mineralization
processes in April, although the large missing NH4+
source indicates that mineralization occurred deeper
in the water column or in the sediments.

Nitrogen recycling efficiencies
Traditional biogeochemical approaches are based
on nitrogen distributions within estuaries and these
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are interpreted in terms of conservative versus nonconservative mixing. Natural abundance stable isotope studies (e.g. Kuuppo et al. 2006), deliberate in
situ stable isotope labeling studies (e.g. Mulholland
et al. 2004), in-stream nitrogen enrichment studies
(e.g. Payn et al. 2005) and nitrogen transformation
studies (e.g. Torres-Valdes & Purdie 2006) have
shown that traditional biogeochemical approaches
have their limits because nitrogen molecules may be
recycled many times between entering and leaving
the estuary. Our combined nitrogen budget and
nitrogen transformation study allows us to estimate
the cycling efficiency for the 3 forms of nitrogen distinguished in this study, and hence, estimate the
number of cycles undergone.
Nutrients entering an ecosystem (by import and in
situ production) undergo a chain of transformation processes resulting in recycling (from the original pool,
back to the original pool), elimination (from the original pool to an unreactive pool — for example nitrogen
gas) or export (from the original pool to outside the system, i.e. the sea). In this context, the cycling efficiency
(E) is defined as the fraction of nutrients entering a system (by external and internal processes) that are recycled back to their original pool. A cycling efficiency
may vary between 0 (no recycling, all entering
NH4+/NO3–/orgN exported or eliminated) to 1 (all
entering NH4+/NO3–/orgN reused and recycled) and
values between 0.5 and 1 indicate active recycling in
the estuary. Additionally, the number of times a molecule of NH4+, NO3– and orgN is recycled in the estuary
before being exported to the sea can be obtained by
E/(1 – E) or in other words, the ratio between the recycled fraction and the lost fraction.
Considering our results, the cycling efficiency of
NH4+, NO3– and orgN in the whole Scheldt estuary can
be estimated from the fluxes given in Fig. 5. Since several missing source and sink fluxes were not identified
in this study, the recycling and loss fluxes only apply
under given assumptions and inferences as discussed
above: (1) for winter, summer and fall, the missing
NH4+ sink is attributed to coupled nitrification–denitrification occurring in the bottom waters and sediments
and the missing orgN source is the result of an external
input of material produced outside the studied zone;
(2) for spring, the missing orgN sink and NH4+ source
are due to the sedimentation and mineralization of
microbial biomass in the bottom waters and/or sediments. The missing NH4+ source is thus attributed to
the recycling of in situ produced orgN.
Under these assumptions and inferences, E was
calculated for NH4+ (ENH4), NO3– (ENO3) and orgN
(EorgN). For NH4+, in situ regeneration in the water
column (as measured in January, July and October)
and/or sediments (as deduced from the missing NH4+

source in April) largely exceeded uptake of DIN. Part
of the NH4+ produced from mineralization processes is
thus based on the degradation of allochthonous organic
material and should thus be regarded as an external
source of NH4+ and not a recycled source. The recycling of NH4+ is thus given by the DIN uptake flux and
ENH4 can be calculated as the ratio of DIN uptake over
all NH4+ inputs and sources. For NO3–, in situ regeneration (nitrification) exceeds NO3– uptake. Part of the
NO3– produced from nitrification is thus based on the
oxidation of allochthonous ammonium and should thus
be regarded as an external source of NO3– and not a
recycled source. NO3– recycling is thus given by the
NO3– uptake flux and ENO3 can be calculated as the
ratio of NO3– uptake over all NO3– inputs and sources.
For orgN, in situ regeneration by DIN uptake was
lower than mineralization. The recycling of orgN is
thus given by the DIN uptake flux and EorgN can be calculated as the ratio of DIN uptake over all orgN inputs
and sources. Below, we will briefly discuss what happens with E when we choose other assumptions.
For NH4+ (Table 2), we saw that in winter, summer
and fall, only a small fraction of the incoming flux was
recycled within the water column of the estuary, and E
is around 10% (9 to 13%). Most of the NH4+ was actually removed from the system probably through the
combined processes of nitrification-denitrification occurring in the bottom waters and sediments as discussed previously. In these cases the number of cycles
undergone by one NH4+ molecule is between 0.1 and
0.15 and recycling is thus of very limited importance.
The spring situation was clearly different with a
cycling efficiency of 61% and the number of cycles
undergone by one NH4+ molecule being 1.6. NH4+ is
Table 2. Cycling efficiency (E) and number of cycles (n)
undergone for NH4+, NO3– and orgN in the Scheldt estuary.
For winter, summer and fall, under the assumptions explained
in the text
Winter

Spring

Summer

Fall

NH4+
Recycled (tN d–1)
Total IN (tN d–1)
ENH4
nNH4

30
255
0.12
0.13

195
320
0.61
1.56

20
155
0.13
0.15

5
55
0.09
0.10

NO3–
Recycled (tN d–1)
Total IN (tN d–1)
ENO3
nNO3

20
130
0.15
0.18

30
205
0.15
0.17

5
70
0.07
0.08

0
65
0.00
0.00

orgN
Recycled (tN d–1)
Total IN (tN d–1)
EorgN
norgN

30
225
0.13
0.15

195
220
0.89
7.80

20
150
0.13
0.15

5
45
0.11
0.13
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actively taken up and regenerated in the estuarine
water column and probably sediments.
For NO3– (Table 2), the cycling efficiency decreases
from 15% in winter to 0% in fall and shows again that
most of NO3– produced in this system is not recycled
(number of cycles are 0 to 0.18) but lost as export to the
North Sea (winter and summer) and probably as denitrification in the sediments (spring and fall).
Finally, for orgN (Table 2), in winter, summer and
fall, E varies between 11 and 13% with a low number of cycles (0.13 to 0.15). Recycling is thus of very
limited importance, mostly because of the very low
DIN uptake rates, and orgN is thus mostly lost and
probably exported after mineralization−nitrification−
denitrification in sediments. As for NH4+, the spring
situation was clearly different with a very efficient
recycling (E close to 90%) and each orgN atom recycled 7.8 times.
We can also estimate E in case our inferences about
sources and sinks do not hold. For winter, summer and
fall, if the NH4+ sink and orgN sources are linked to an
in situ production of biomass in an unaccounted estuarine compartment, then, the recycling efficiencies
increase to around 60% for NH4+ and to around 70%
for orgN, but stay rather low in fall (~30% for both
NH4+ and orgN).
The Scheldt estuary is a turbid, nutrient-rich, macrotidal system, with low autochthonous production
(because of the high turbidity) and high allochthonous
organic matter inputs. The ecosystem is net heterotrophic during most of the year and in a balanced condition in spring (Gazeau et al. 2005). This has large
consequences on the N recycling efficiency. We have
shown that although large amounts of inorganic N
nutrients are generated in the system by mineralization of organic matter, these are not reused but rather
eliminated and exported to the sea. This was previously reported for other turbid estuaries (including the
Scheldt) by Heip et al. (1995), who reported that
‘because of light limitation, any nutrient produced by
the mineralization of allochthonous material remains
unused and does not contribute to autochthonous production’. Recycling efficiencies for inorganic N are
thus low throughout most of the year. High primary
production in the most upstream part of the estuary
balances the high mineralization fluxes only in the
spring, and recycling efficiencies increase for NH4+
and orgN.
For non-turbid temperate tidal estuaries which are
not light limited, Heip et al. (1995) estimated the
potential recycling efficiency using total system production-respiration estimates and reported an acrosssystem, long-term average efficiency of 70 to 80%,
similar to that calculated in the present study for NH4+
and orgN in the spring. In this case inorganic N recy-

cling and uptake are closely coupled and recycling
efficiencies increase.
In river networks, the number of spirals, comparable
to cycling numbers, are generally calculated as the ratio
between the length of the stream and the ‘average distance traveled by a nutrient molecule in inorganic
phase prior to uptake’ (Sw) (Ensign & Doyle 2006). It
thus considers a close coupling between uptake and regeneration processes. For a hypothetical river network
with increasing stream orders (Ensign & Doyle 2006),
spiraling numbers for NH4+ increase slowly in streams
from orders 1 to 4, mainly because of increasing stream
length and rather constant Sw, but decrease strongly in
order 5 streams because of a very large increase in the
Sw. NO3– spiraling numbers increase from order 1 to order 5 streams, mostly because of increasing streamlength and decreasing Sw. Reported spiraling numbers
for 5th order rivers (like the Scheldt) are around 10 for
NH4+, and around 100 for NO3–. These values are much
higher than our recycling times, but Ensign & Doyle
(2006) emphasize that the absolute values of cycling
numbers should be considered with care as they are
highly dependent on the watershed geomorphology
(stream length, water depth, current velocity, etc.).

CONCLUSIONS
Nitrogen transformation and recycling in a temperate macrotidal turbid estuary such as the Scheldt are
dominated by the mineralization of organic matter
(OM) for all seasons. The large supply of DIN from
pelagic and benthic OM mineralization exceeds inputs
from river and lateral influents and in all seasons
except in spring, only a small fraction (around 10%) is
reused by microorganisms. Most of the incoming and
produced DIN is thus eliminated (between 50 and
60%) probably by anoxic reduction processes in the
sediments while the remaining (30 to 40%) is exported. Overall, the estuary has a very low recycling
efficiency for DIN but is a very efficient DIN filter. Only
the spring situation differs significantly from this general pattern: high phytoplankton and bacterial numbers are responsible for an increased biomass production leading to the fixation of NH4+ into orgN. In this
period, we have a larger fraction of DIN (around 70%)
that is reused by microorganisms. Overall, in spring,
the estuary is thus an efficient DIN recycling reactor
with a much lower filtering efficiency (only 2% of all
incoming and produced DIN).
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