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ABSTRACT: The distribution of nitrification has been measured with the H'*CO," incorporation method in the Seine
River and its estuary during summer conditions. The Seine River below Paris receives large amounts of ammonium
through wastewater discharge. In the river itself, this ammonium is only slowly nitrified, while in the estuary nitrification
is rapid and complete. We show that this contrasting behavior is related to the different hydrosedimentary conditions of
the two systems, as nitrifying bacteria are associated with suspended particles. In the river, particles and their attached
bacteria either rapidly settle or have a sestonic behavior. Because of the short residence times of the water masses, the
slow growing nitrifying population has no time to develop sufficiently to nitrify the available ammonium. The estuary is
characterized by strong tidal dynamics. Particles settle and are resuspended continuously with the strong current inver-
sions of ebb and flood. As a result of these dynamics, particles and their attached nitrifying bacteria experience longer
residence times in a temporary suspended state than the water masses themselves, providing to slow growing nitrifying
bacteria the opportunity to develop a large population capable of nitrifying all the available ammonium.

Introduction

In river systems, nitrification plays an important
role in the nitrogen cycle but is also an important
oxygen consuming process (e.g., Déri 1991). This
is particularly true in wastewater contaminated riv-
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ers which receive directly or indirectly (through or-
ganic N mineralization) large amounts of ammo-
nium favorable to the development of nitrification.
In rivers, ammonium can be nitrified in the sedi-
ments and the water column, the relative signifi-
cance of each being a function of the surface to
volume (S:V) ratio of the river. In small rivers, am-
monium is mostly nitrified by the benthic com-
munity (Cooper 1984). In larger rivers, because of
the smaller S:V ratio, benthic nitrification is insig-
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670 N. Brion et al.

nificant and most of the oxidation of ammonium
takes place in the water column (Billen 1975; Lip-
schultz et al. 1986; Chestérikoff et al. 1992; Be-
rounsky and Nixon 1993).

The capacity of large streams to oxidize ammo-
nium is strongly related to their capacity to main-
tain a large nitrifying population. Nitrifying bac-
teria are characterized by their very slow growth
(maximum growth rate between 0.035 and 0.06
h-!, Gould and Lees 1960; Skinner and Walker
1961; Boon and Laudelout 1962; Helder and De
Vries 1983; Brion and Billen 1998); they need long
residence times to develop a significant biomass in
the water column. It is commonly known that ni-
trifying bacteria have the capacity to attach to sur-
faces and this capacity is largely used in wastewater
treatment technologies (Bovendeur et al. 1990). In
aquatic systems, this can represent an advantage
for those slow growing organisms by allowing them
to stay longer at one site without being flushed out.
Déri (1991) showed that in the Hungarian stretch
of the River Danube, very rapid and frequent dis-
charge variations led to alternate resuspension and
settling periods, with the periods of maximum tur-
bidity coinciding with the maximum nitrifying ac-
tivity. In the same way, Admiraal and Bottermans
(1989) showed that in the three branches of the
Rhine estuary, the most turbulent and turbid
stretch characterized by the most intense shipping
was also the site of the most intense nitrification.
Finally, Owens (1986) compared the functioning
of the nitrifying Tamar estuary to a fluidized bed
reactor, with the tidal movements maintaining at-
tached bacteria in suspension.

For the Seine River below Paris, Chestérikoff et
al. (1992) showed that the very large amounts of
ammonium brought by the wastewater treatment
plant of Paris (10 million inhabitants) were only
slowly nitrified even in summer low water condi-
tions because of the slow growth of nitrifying or-
ganisms. The nitrifying population requires several
days (more than the residence time) to reach den-
sities able to induce a measurable ammonium de-
pletion in the river. In contrast, when entering the
estuary, separated from the upstream section of
the river by a navigation dam, ammonium is almost
totally nitrified under favorable summer tempera-
ture conditions.

This paper shows that the contrasting expression
of nitrification in the riverine and estuarine parts
of the Seine is related to the different hydrological
conditions prevailing in those two systems. While
the hydrodynamic behavior of the river is charac-
terized by the unidirectional river discharge, the
estuary is also influenced by strong tidal dynamics.
We investigated the interactions between nitrifying

bacteria and suspended particles, and their impli-
cations on the nitrifying population dynamics.

SITE DESCRIPTION

The study area corresponds to the downstream
part of the Seine River and its estuary (Fig. 1a). It
extends over 355 km from Paris to Honfleur. The
sampling sites along the stream are referenced as
distance (km) from the Marie bridge, located in
the center of the city of Paris, and increasing down-
stream according to a convention of the Service de
la Navigation de la Seine (SNS). The Seine River
below Paris is a large regulated 7th order river ac-
cording to the Strahler (1957) classification (the
confluence of two rivers of order n gives a river of
order n + 1, with n = 1). A few kilometers down-
stream from Paris, the river receives the effluents
of the wastewater treatment plant of Achéres, treat-
ing the sewage of the 10 million inhabitants of the
Parisian metropolitan areas. The confluence with
River Oise comes immediately after this wastewater
discharge. The mean discharge of the river is 420
m3 s~1. The river runs over 100 km to Poses, the
beginning of the estuary, where a navigation dam
prevents the tidal wave from penetrating farther
upstream. The estuary extends over 150 km and is
strongly channelled, with a width of a few hundred
meters and a mean depth of about 4 m from Poses
to Rouen, and 10 m downstream from Rouen. It
has a mean residence time of about 8 d. The ma-
crotidal hydrodynamic behavior of the estuary is
controlled by the combination of river discharge
and tide, which can successively join or be opposed
during ebb and flood. During a lunar cycle, the
tidal amplitude varies with the alternation of neap
and spring tides. The maximum tide amplitude at
the mouth of the estuary is 7.5 m, and the tidal
wave is gradually dampened and distorted when
entering the estuary, reaching only 30 cm in the
front of the Poses dam. The intrusion of salinity
never extends beyond Caudebec, 40 km from the
river mouth in the Seine Bay. In the largest part of
the estuary, there is no dilution of freshwater with
marine waters.

Methods

PHysICcAL, CHEMICAL, AND BIOLOGICAL
MEASUREMENTS

Ammonium (NH,), nitrate (NO;), and nitrite
(NO,) analyses were carried out on 0.45-pm fil-
tered water, directly after collection. NH, was mea-
sured with the indophenol blue method according
to Slawyk and Mclsaac (1972). NO; was measured
after cadmium reduction in NO,. NO, was mea-
sured with the sulphanilamide method according
to Jones (1984). River discharges (Q) were given
daily at the Poses dam (198 km) by the SNS. Ox-
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Fig. 1. A) Schematic representation of the Seine River below Paris. Black circles are the sampling stations; the name of the stations
and their position (distance from the Marie Bridge in Paris) are pointed out with arrows. WWTP: Wastewater treatment plant of
Acheéres (75 km). B) Schematic representation of the cross section of the estuary at station Moulineaux (258 km). Circles represent
the sampling sites.

TABLE 1. Hydrologic and climatic characteristics of the 10 cruises and linear regression of potential nitrifying activity (pNA, pmol
1-! h-1) versus suspended matter (SM, mg 1-!) concentrations for 7 tidal profiles. Q = river discharge (m3 s~!). tc = tide coefficient
(relative tidal range in % of the mean spring equinox tidal range, 6.7 m, given for the Brest Harbour on the French Atlantic coast).
T = temperature (°C). A and B are coefficients of the linear regression pNA = A X SM + B. R is the regression coefficient. p is the
probability that the regression coefficient R is zero. n = number of observations. ns = no significant correlation between pNA and
SM (p > 0.05).

Date Q tc T A B R p n
Longitudinal Profiles
July 34, 1995 290 68 22 — — — — —
September 12-13, 1995 296 89 18 — — — — —
July 34, 1996 141 106 19 — — — — —
Tidal Profiles

July 21, 1993 205 101 20 0.037 —0.34 0.82 0.003 10
November 4, 1993 450 68 9 —0.003 0.21 -0.13 0.71 10
March 17, 1994 680 71 10 0.0032" —0.04" 0.45 0.36 6
May 20, 1994 500 55 16.5 0.0055 0.016 0.89 0.003 8
June 15, 1994 500 67 18 0.0075 —-0.070 0.84 0.035 6
July 17, 1994 150 71 22.5 0.043 -1.19 0.85 0.007 8
September 27, 1996 140 108 16 0.015 0.11 0.82 <0.001 36
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Fig. 2. Longitudinal variations from Maison-Laffitte (62 km) to Honfleur (355 km) of A) ammonium (NH,), nitrate (NO), total
dissolved inorganic nitrogen (DIN), suspended matter (SM), chlorinity (Cl'); B) oxygen (O,) concentrations and potential nitrifying
activity (pNA) and simulated in situ nitrifying activity (sNA) for July 1995, September 1995, and July 1996. For station locations, see

Fig. 1a.

ygen concentrations (O,) were determined using
a specific probe (OXY 96, WIW). Suspended mat-
ter concentrations (SM) were determined by filter-
ing 100 to 300 ml of water immediately after col-
lection through a 0.45-um dried pre-weighed glass
fibre filter (GFF, Whatmann). The filter was then
put in a drying oven at 80°C for 4 h, and weighed
again. Suspended matter concentration was deter-
mined by the difference.

Nitrifying activities were measured on water sam-
ples immediately after collection with the H*CO;~
incorporation method according to Brion and Bil-

len (1998). The method involves measuring the
difference in dark H'*COj;~ incorporation rates be-
tween a control sample and a sample treated with
specific inhibitors of chemoautotrophic nitrifica-
tion: N-serve ( = 2-chloro-6-trichloromethyl pyri-
dine = Nitrapyrine) at a final concentration of 5
mg 17! and chlorate at a final concentration of 10
mmol 1. The carbon incorporation rates were
converted into ammonium oxidation to nitrate
rates by using a conversion factor of 0.11 (umol
oxidized N)X (pmol incorporated C)~! which was
considered to be constant in the standardized in-
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Fig. 3. Current velocity and water column height during a
typical tidal cycle measured at Moulineaux (258 km).
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cubation conditions (Brion and Billen 1998). Po-
tential nitrifying activities (pNA) were measured at
saturating ammonium (2 mmol ') and oxygen
(shaking of the sample on a rotary table) concen-
trations and at a constant temperature of 20°C. Un-
der these conditions, nitrifying activity is directly
related to nitrifying biomass (Belser and Mays
1982). Simulated in situ nitrifying activities (sNA)
were measured by incubating the samples in Wink-
ler bottles without a headspace and at in situ tem-
perature.

SAMPLING AND CRUISES
Longitudinal Profiles

Longitudinal profiles of nitrifying activity were
established during three cruises conducted under
low river discharge conditions in July and Septem-
ber 1995 and in July 1996. Each sampling cruise
ran over 2 d. On the first day, upstream stations
between 62 and 230 km were sampled from bridg-
es during the ebb. On the second day, downstream
stations between 250 and 355 km were sampled
from a small ship of the SNS during the flood ex-
cept for the most downstream stations at 355 and
337 km, which were sampled at the end of the ebb.
All samples were taken in the middle of the river
in the first 3 m of the water column, either with a
bucket (upstream samples) or with a peristaltic
pump (downstream samples). The river discharge,
water temperature, and tide coefficient of each
cruise are given in Table 1.

Tidal Profiles

The tidal variability of potential nitrifying activ-
ities and suspended matter concentrations were as-

20 July 1993 4 November 1993 20 May 1994
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Fig. 4. Typical suspended matter concentration (SM) and potential nitrifying-activity (pNA) variations on surface samples at station

Moulineaux (258 km) during

3 tidal cycles.
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Fig. 5. Tidal variation of (A) suspended matter concentration (SM) and (B) potential nitrifying activity (PNA) on a cross-section at
station Moulineaux (258 km). Diamonds represent the measurements. Concentrations were extrapolated from the measurements over
the entire river section using the Kriging method (Surfer version 4 Reference manual) of computer program SURFER (Golden Software).

sessed for seven cruises conducted at a station lo-
cated around the middle of the estuary: Mouli-
neaux, 258 km (Fig. 1a). Cruises followed 12 h tid-
al cycles and covered different seasonal and tidal
situations. Water temperature, river discharge, and
tide coefficients of each cruise are summarized in
Table 1. Between July 1993 and July 1994 (six cruis-
es), samples were taken of the surface water with
a bucket from a small pier on the left bank (Fig.
1b). On September 27, 1996, samples were taken

from a ship (Cote d’Aquitaine, C.N.R.S.) with 51
Niskin’s bottles at three depths (bottom, center,
and surface of the water column) and at three sta-
tions across the river (left bank, middle, and right
bank) (Fig. 1b).

SEDIMENTATION OF PNA AND SM

To illustrate the inter-relationship between sus-
pended particles and nitrifying bacteria in estua-
rine waters, the settlement of pNA and SM were
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Fig. 5. Continued

followed in parallel over time in a mesocosm ex-
periment. At station Moulineaux (258 km), on July
23, 1997, seven plastic cylinder tubes were gently
immersed side to side in a vertical position under
the water surface, closed at their bottom end, and
carefully brought up to the river bank where they
were placed with minimal disturbance in an incu-
bator at in situ temperature. Immediately, the up-
per 20 cm of the first cylinder were siphoned and
homogenised. The others were allowed to settle for
5, 15, 30, 60, 120, and 240 minutes respectively
before being siphoned and homogenised. pNA

and SM were determined on each collected sam-
ple.

Results
LONGITUDINAL PROFILES

The 3 sets of longitudinal profiles cover summer
situations; a situation with a river discharge of
about 300 m3 s~! and a mean water temperatures
of 18°C (September 1995) and 22°C (July 1995),
and a situation with a lower river discharge (141
m? s7') and a mean water temperature of 19.5°C
(July 1996) (Table 1). Suspended matter concen-
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trations are rather low and constant in the river
(10 to 20 mg 17'), while in the upper part of the
estuary, they are more variable and generally high-
er (40 to 50 mg 1"') (Fig. 2a). The downstream
part of the estuary is characterized by the presence
of a turbidity maximum (up to 2 g 17! of SM) as
previously described by Avoine et al. (1981). This
turbidity maximum is particularly evident in Sep-
tember 1995 and July 1996.

Ammonium concentrations vary between 0 and
350 pwmol 17! (Fig. 2a). The discharge of the Ach-
éres wastewater treatment plant at 75 km causes a
sudden increase. Between 75 and 202 km, concen-
tration decreases in July 1995 while it increases in
September 1995 after the dilution with the River
Oise (85 km). From 202 km and downstream, in
the estuary, ammonium concentrations decrease
until they reach undetectable limits. Nitrate con-
centrations vary between 200 and 500 pmol 1! and
increase downstream (Fig. 2a). Total dissolved in-
organic N concentrations (DIN = NH, + NO, +
NOs) vary between 300 and 650 pmol 17! (Fig. 2a).
An increase follows the discharge of wastewater at
75 km (Acheéres) and is immediately followed by a
slight decrease at 85 km after the dilution with the
River Oise. After this confluence, DIN increases
downstream until 202 km (Poses), showing an in-
flux coming from organic N mineralization. Be-
tween 202 km and 243 km (Rouen), DIN decreases
slightly. Below 340 km, the concentrations of all
DIN species decrease suddenly due to dilution of
river with seawater, as shown on the chlorinity pro-
files (Fig. 2a).

Oxygen concentrations decrease drastically just
below the wastewater discharge of Achéres (75 km)
(Fig. 2b). Along its travel to the estuary, the water
is then re-oxygenated by mixing with the River
Oise (85 km) and by the waterfalls at several nav-
igation dams. In the estuary, a second severe oxy-
gen decrease is observed, with minimum values be-
low 1 mg 17! located around 300 km (Fig. 2b). Re-
oxygenation of the water masses only occurs at the
most downstream stations by the mixing with ma-
rine waters.

Potential nitrifying activity varies from 0.05 to
2.75 pmol 1! h™! and profiles show a slow but reg-
ular increase of the nitrifying population from 75
(Achéres) to 202 km (Poses) (Fig. 2b). In the es-
tuary, pNA reaches very high values except in July
1995. Simulated in situ nitrifying activity measure-
ments vary from 0 to 0.7 pmol 17! h~! with one
value of 1.4 pmol 17! h~! and show the same vari-
ation pattern as pNA, with almost no difference in
the upstream part of the river before 202 km. In
the estuary, sNA values are lower than pNA values,
especially in the downstream part of the estuary
where low ammonium and oxygen concentration

strongly limit the activity of the nitrifying popula-
tion. Spatial patterns in sSNA and pNA at the most
downstream stations indicate the dilution of river
with marine waters.

TIDAL PROFILES

A typical example of the tidal wave is shown in
Fig. 3 (258 km, Moulineaux). It presents the suc-
cession of ebb and flood. During the 4 h of flood,
the water column height increases rapidly to a
maximum depending on the tide coefficient, and
during the 8.5 h of ebb, it decreases slowly to a
minimum. A very rapid flow inversion follows the
ebb-flood succession and a much more progressive
inversion follows the flood-ebb succession as seen
on the velocity profiles (Fig. 3).

On surface samples, suspended matter concen-
trations (Fig. 4) measured at 258 km (Moulineaux)
during several tidal cycles vary strongly during the
tide. In general, concentrations are maximum in
the first 2 h of the flood, following the current
inversion (¢ = 0 h) and then decrease during the
flood and at high tide together with current veloc-
ity (2 h < ¢t < 4 h). Depending on the situation,
SM starts to increase from the ebb current inver-
sion (¢ = 4 h) when current velocity increases, and
reaches a smaller maximum 2 to 4 h later (6 h <
t < 8 h). It is followed again by a decrease at the
end of the ebb (¢> 8 h). Potential nitrifying activ-
ity profiles measured during the same tidal cycles
show a similar variation pattern as suspended mat-
ter profiles (Fig. 4).

On a cross section, measurements of SM and
pPNA as determined in September 1996, show a
strong spatial and tidal variability (Fig. 5a,b) with,
again, a similar pattern for pNA variations as for
SM. The six cross-section profiles correspond to 6
characteristic moments of the tidal cycle. At the
end of the ebb, concentrations are relatively ho-
mogenous and low. At the beginning of the flood,
concentrations increase, beginning from the bot-
tom, as a result of the resuspension of particles
following the current inversion. At the middle of
the flood, a severe stratification results from the
sinking of particles from surface waters and con-
sequent accumulation of particles in the bottom
layers. At high tide a strong sedimentation of SM
and pNA in all parts of the water column follows
the zero flow velocity. At the beginning of the ebb,
SM concentrations increase beginning from the
bottom as a result of the second current inversion,
although to a lesser extent than for the flood in-
version. Finally, at the middle of the ebb, concen-
trations become again relatively homogenous and
low after sedimentation. There is also a strong
asymmetry between the left bank and the right
bank. This is related to the fact that the river at
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Fig. 6. Sedimentation kinetics of suspended matter (SM)
and potential nitrifying activity (pNA).

this station (258 km) forms a loop (see Fig. 1a)
with the left bank at the outer side. Particles ac-
cumulate more at the inner side of the loop (right
bank), where current velocities during the ebb are
more reduced.

SEDIMENTATION OF PNA AND SM

Results of this experiment (Fig. 6) show that SM
and pNA have a very similar sedimentation profile
with a 3040% fraction non-decantable after 90
min.

Discussion
Di1SSOLVED INORGANIC NITROGEN BUDGET

DIN fluxes in the river and estuary are present-
ed in Fig. 7, in five successive stretches: 62—-114 km,
where the Seine receives the wastewater discharge
of Achéres (75 km) and the River Oise (85 km);
114-186 km, the last river stretch before the estu-
ary; 186-230 km, the upstream part of the estuary
(with a little portion of the river as no samples
were taken just at the end of the riverine section,
198 km); 230-251 ki, where the Seine receives the
wastewater of the city of Rouen (249 km); and 251~
310 km, the downstream part of the estuary before
the dilution with seawater. The incoming, outgo-
ing, and internal N-fluxes in each stretch are cal-
culated from the measured DIN, NH,, and NO; at
its upstream and downstream limits, and from the
river discharge. Our calculations assume steady-
state conditions and neglect phytoplanktonic N up-
take as blooms in this season only occur in the
upstream part of the river network (Garnier et al.
1995). Indeed, a recent review by Nedwell et al.
(1999) came to the conclusion that phytoplankton-
ic N-uptake in estuaries receiving high loads of ni-
trogen is of limited importance as a sink for nitro-
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gen. In the long stretches without tributaries or
wastewater inputs (stretches 2, 3, and 5), we con-
sider that an increase of DIN only comes from an
apparent mineralization of organic N in NH, and
that a decrease of DIN is only the result of an ap-
parent NO; denitrification. In these stretches, ap-
parent nitrification is calculated by comparing the
input and output concentrations of ammonium
and taking into account the contribution of NH,
from apparent mineralization. In the short stretch-
es with external inputs (stretches 1 and 4), we con-
sider that a DIN increase is only the result of this
point source taking into account the water dis-
charge of the tributary and/or wastewater. By de-
sign, stretches submitted to external N inputs were
defined as short as possible. In this way, biological
process fluxes can be neglected because of the
short residence times.

Calculated fluxes show that DIN dynamics in the
river itself are dominated by the inputs of ammo-
nium from wastewater discharge and from organic
matter mineralization. Some nitrification also oc-
curs but the major part (63% to 90%) of the initial
+ brought + produced ammonium is delivered to
the estuary without transformations. In the estuary,
the dominant process affecting DIN dynamics is
clearly nitrification with all the ammonium enter-
ing the system being oxidized. Some denitrifica-
tion also occurs in the most downstream part of
the system. Intense nitrification in estuaries of
large rivers receiving important NH, inputs is a
general observation. Caspers (1981) identified a
large zone of the freshwater section in the Elbe
estuary where intense nitrification was correlated
with a depletion of the oxygen concentration. In
an earlier study, Billen (]1975) also showed that,
when oxygen concentrations were not limiting, ni-
trification was a major process in the Scheldt es-
tuary. In the Delaware River estuary, Lipshultz et
al. (1986, p. 701) also found that “quantitative as-
sessment of nitrogen metabolism of a sewage im-
pacted river clearly identified NH, -oxidation as
the major process affecting observed distributions
of NO,~, NO;~ and NH,*”.

In accordance with the observed N-dynamics,
the nitrifying activities measured in the Seine are
relatively low in the river itself but much higher in
the estuary. Our recorded sNA values (0.07 to 0.73
pmolN 17! h-1) are comparable to those found in
summer in the Providence River estuary (Rhode
Island, U.S.) (0.17 to 0.46 pmolN 1! h™') which
also receives large amounts of treated wastewater
(Berounsky and Nixon 1993).

CONSISTENCY OF DIN BUDGETS AND MEASURED
NITRIFICATION RATES
We attempted to check the correspondence be-
tween our nitrifying activity measurements and the
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Fig. 7. Dissolved inorganic nitrogen (DIN) flows from 62 km (Maison-Laffitte) to 310 km (Caudebec, before the dilution with
seawater) for the 3 longitudinal cruises. Flows are calculated as described in the text in five stretches of the river: 62-114 km, 114-

186 km, 186-230 km, 230-251 km, and 251-310 km (see Fig. 1a).

above-described DIN budgets. Knowing the river’s
geometry (water sections given every 4 km for a
given river discharge), it was possible to calculate
the freshwater volume of the river and of the es-
tuary. For the estuary the sections were integrated
means taking into account the tidal variability of
the water level over a neap-spring tide period. By
multiplying those volumes with the corresponding
nitrifying activities measured under in situ condi-
tions, we obtain the N-flux related to nitrification.

This flux derived from our sNA measurements is
compared to the nitrification flux derived from
our DIN budget (Fig. 7) in Table 2. In the river
part of the Seine, fluxes derived from the sNA val-
ues are in good agreement with calculated fluxes
although there is an underestimation of the mea-
sured nitrifying activities for July 1995. This is prob-
ably linked to the sampling strategy that didn’t fol-
low the real water mass travel for the concentration
measurements. Chestérikoff et al. (1992) who did
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TABLE 2. Comparison of nitrification fluxes derived from sNA
measurements and from DIN budgets in the river and estuarine
stretches of the Seine River. V = volume of freshwater in the
stretch (10% m3). NITmeas = nitrification flux derived from the
sNA measurements calculated by multiplying the integrated av-
erage of measured in situ nitrifying activity in the stretch by V
(T-N d'). NITcalc = nitrification flux calculated from the DIN
budget as in Fig. 7 (TN d~!). June 1989-April 1990 data are
from Chestérikoff et al. (1992).

River Estuary

\'% 1.31 1.90
June 1989-April 1990 NITmeas 0.3-0.7 —
NITcalc 0.3-0.9 —
July 1995 NITmeas 10 17
NITcalc 18 78
September 1995 NITmeas 7 27
NITcalc 8 75
July 1996 NITmeas 3 25
NITcalc — 43

their experiments following the same water mass
along its travel downstream from Paris to the Poses
dam, found agreement between sNA values (mea-
sured with the same method) and DIN profiles. In
the estuary fluxes derived from the sNA show a
clear discrepancy with the calculated nitrification.
It is obvious that there is an underestimation of
the nitrifying activity measurements with regards to
the observed ammonium decrease. To explain this
discrepancy, we reconsidered our sampling strate-
gy. Indeed, in the river, as well as in the estuary,
samples were taken in the upper part of the water
column. In the river, as the water column is known
to be well mixed (Chestérikoff et al. 1992), surface
samples are representative and sNA measurements
do agree with measured DIN profiles. In the es-
tuary we saw that there was a severe and variable
vertical stratification of nitrifying activities, as well
as of suspended matter. Consequently, surface sam-
ples taken at a given time of the tidal cycle are not
likely to be representative of the water column.
To quantify this unrepresentativeness of our sur-
face samples in the estuarine environment, we
have to consider the close relationship between ni-
trifying bacteria and particulate material. We saw
that they vary in the same way during tidal cycles
and that they settle at similar rates, suggesting that
most of the nitrifying bacteria are not free-living,
but attached to the particles. Correlations between
pNA and SM were established for each of our tidal
profiles (Table 1) by linear regression. We see that
a good relation generally exists as long as the range
of the SM (and pNA) variation is large enough
(Table 1). This is the case for the cruises of July
1993, May, June, and July 1994, and September
1996 which are characterized by a relatively low riv-
er discharge. In that case, the slope of the linear
regressions gives an index of colonization of par-
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ticles by nitrifying bacteria. This pNA associated to
particles vary seasonally from 5.5 to 43 umolN g~!
h~1. Owens (1986) extensively discusses the same
kind of correlation for the small Tamar estuary. He
found a particle-associated pNA of 0.4 to 0.9
pmolIN g-! h~! which is less than our values but
not surprising as we consider the small size of the
Tamar River estuary (34 m® s~1, Grabemann et al.
1997) in comparison with the Seine River estuary.
In estuarine systems with frequent and sometimes
rapid current changes, the result of the attachment
of nitrifying bacteria to particles is that the distri-
bution of sNA, like SM, is extremely heteroge-
neous within the water column, but also within the
tidal cycle (Figs. 4 and 5). The representativeness
of surface measurements in such a system is pre-
sented in Fig. 8 which shows the spatial variability
of suspended material and pNA within a cross sec-
tion of the estuary during the tidal cycle of Sep-
tember 27, 1996.

Except at the end of the ebb, surface measure-
ments are always at the extreme lower limit of the
distribution. For this situation we can calculate that
surface measurements of SM and pNA are approx-
imately 2 times lower than the corresponding cross
section balanced means (ratio 1 to 5 according to
the moment of the tidal cycle). Only at the end of
the ebb, the water column is homogenous and sur-
face samples are representative of the whole water
column. So in this particular case, surface pNA
measurements underestimate by a mean factor of
two the actual cross section average. Although it
was only determined at one station and for one
tidal and seasonal situation, we see-that applying
this factor to our longitudinal sNA measurements
in the estuary, results in a better agreement be-
tween nitrifying activity measurements and DIN
budgets (Table 2).

CONSEQUENCE OF THE COUPLED SUSPENDED
PARTICLES-NITRIFICATION DYNAMICS

A consequence of the coupled SM-pNA tidal dy-
namics is that the resuspension of particles during
the flood’s flow inversion, and their upstream
transportation by the flood, followed by a signifi-
cant sedimentation at high tide, could lead to a
net accumulation of particles in some estuarine
segments during low river discharge conditions.
The seasonal variations of SM in the estuary (sta-
tion Moulineaux, 258 km) in comparison with the
seasonal variations of SM in the river (Poses dam,
198 km) illustrate this point (Fig. 9). Seasonal var-
iations of SM at the estuarine station (258 km)
show maximum concentrations when river dis-
charge is minimum. The opposite pattern is ob-
served at the riverine station (198 km) where max-
imum concentrations usually coincide with maxi-
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Fig. 8. Variability of the suspended matter (SM) and potential nitrifying activity (pNA) measurements on a cross section at station
Moulineaux (258 km) along a tidal cycle on September 27, 1996. Crosses represent the surface measurements, dotted lines with open
circles are the minimum and maximum values on the cross section, and the full line with filled circles is the integrated average value

on the cross section.

mum river discharges. SM measurements per-
formed twice monthly by the SNS at 198 km and
at 260 km, from 1990 to 1995, show that during
high discharge periods, SM concentrations in the
river are higher than at the estuarine station, while
during periods of low discharge, the opposite is

observed (Fig. 10). It seems clear that there is an
accumulation of particles in the estuary through-
out the low water flow period, when the residence
time of particles in the estuary is probably longer
than the water residence time.

Although our description of the particle dynam-
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Fig. 9. Seasonal variations of suspended matter concentration (SM) at stations Poses dam (198 km, in the river) and Moulineaux
(258 km, in the estuary), and potential nitrifying activity on these particles (pNA:SM) at station Moulineaux (258 km). Mean surface
suspended matter concentration is calculated by integrating the tidal profiles of Figs. 4 and 5. Some supplementary data were given
by the Service de la Navigation de la Seine (SNS) pNA:SM. Potential nitrifying activity associated with suspended matter is calculated
as the slope of the linear regression during tidal variations of SM and PNA (see Table 1) or as the simple single pNA divided by SM

measurements. River discharge is presented as a dotted line.
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Fig. 10. Suspended matter (SM) measured at Moulineaux
(258 km, in the estuary) versus suspended matter measured at
Poses dam (198 km, before the estuary) for 2 discharge cate-
gories, between 1990 and 1995. (Service de la Navigation de la
Seine unpublished data).

ics in the Seine estuary may be simplistic, a recent
detailed hydro-sedimentary study on particle trans-
port in the Seine estuary made by Guézennec et
al. (1999) came to the same conclusions. The ac-
cumulation of particles in the estuary during sum-
mer could have important implications for the
growth of the nitrifying population. The slope of
the regression lines of potential nitrifying activity
versus suspended matter given in Table 1 provides
a measure of the nitrifying biomass associated to
those particles. Additional data were obtained by
dividing single measurements of pNA made at sta-
tion Moulineaux (258 km) with SM, making the
simplifying hypothesis that all nitrifying bacteria
are associated with all the particles. The seasonal
variations of this pNA:SM ratio (Fig. 9) show that
particles are progressively colonized by nitrifying
bacteria with a very sharp and high peak corre-
sponding to the summer minimum river discharg-
es. This maximum also occurs during peak sum-
mer temperatures which are particularly favorable
to the growth of nitrifying bacteria, but the sharp-
ness of the peak suggests that the long residence
times of the particles to which nitrifying bacteria
are attached are favorable to the development of
important biomasses. The association of nitrifying
bacteria to particles with longer residence times
than water masses represents thus a benefit for the
development of these slow growing organisms. A
physiological study of nitrifying bacteria in the
Ems-Dollard estuary by Helder and De Vries
(1983) also came to the conclusion that it was only
by association with suspended matter accumulating
inward by the tides, that the nitrifiers can maintain
themselves in the water. In another study made on

Nitrification in the Seine River and Estuary 681

the small Tamar River estuary, Owens (1986) came
to the same conclusions by comparing estuarine
nitrification to a fluidized bed reaction.
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