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ABSTRACT: Ecological processes driving the oxygen budget were investigated in the downstream part of the Seine
River and its estuary. Phytoplankton and bacterioplankton production were measured along longitudinal profiles (11 to
17 stations) in a range of low discharges from 300 m3 s21 in 1993 and 1995 to 140 m3 s21 in 1996. Values representative
of the water column were based on investigations carried out during two tidal cycles. Net primary production was
invariably greatest in the freshwater estuary, from Poses to Rouen (from 500 to 1,000 mg C l21 d21 between PK 202 and
240) and decreased sharply downstream (from 10 to 25 mg C l21 d21 between PK 250 and 310). This decrease was mainly
due to the deterioration of the light conditions with the increase in depth and suspended matter concentrations. Het-
erotrophic activity was maximum in the reach where primary production declined. Judging by the production:respiration
ratio (P:R), the system appeared clearly heterotrophic in the Seine River immediately downstream of the Paris region
due to high allochthonous organic pollution by the incompletely treated Parisian effluents and in the part of the estuary
characterized by intense degradation of autochthonous material. Because the effluents are not treated by a nitrification
step, the oxygen consumption due to nitrification was much higher than expected from the P:R ratio. Oxidation of
ammonium represented an oxygen consumption of between 1 and 14 g O2 m22 d21, almost equalling the sum of hetero-
trophic respirations that were barely balanced by photosynthesis. The reaeration flux at the water-atmosphere interface
was deduced from the calculations and a reaeration coefficient was estimated.

Introduction

The functioning of estuarine systems, which de-
pends largely on inputs from rivers and coastal ma-
rine waters as well as on complex internal hydro-
dynamic sedimentological and microbial process-
es, is sometimes difficult to understand from field
studies (Cloern and Nichols 1985; Nowicki and
Oviat 1990). Estuaries have for too long been stud-
ied as separate entities of high primary production
providing an abundant food supply, where nutri-
ents are transformed and possibly trapped (Nixon
and Pilson 1984; Nowicki and Oviatt 1990; Jordan
et al. 1991). The awareness of the problems of
coastal zone eutrophication has prompted devel-
opment of a new approach which considers the
entire river network and its estuarine zone as an
interconnected whole including all systems from
the headwaters to the coastal zone. Nutrient deliv-
ery to the marine system is seen as the result of
transfers and transformations along the entire
aquatic continuum. A hypothetical river was mod-
eled in order to explore the chronological succes-
sion of human impacts on the basin, from pristine
to present conditions, and to reproduce the main
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trends of coastal eutrophication (Billen and Gar-
nier 1997).

With these problems in mind, comprehensive
programs were launched on the Seine River in
1989 (PIREN-Seine: see Meybeck et al. 1998) and
on the Seine estuary in 1995 (Seine-Aval: this vol-
ume). In its downstream part, the Seine is greatly
affected by the discharge of treated effluents by
the Achères wastewater treatment plant (using the
activated sludge process and treating 7.5 million
inhabitants-equivalent from Paris and its suburbs).
A typical feature of the ecological functioning of
the Seine system is a strong summer deficit in ox-
ygen immediately downstream of the Achères ef-
fluent outlet, due to degradation of organic matter
(Garnier et al. 1992; Servais and Garnier 1993),
and another deficit in its fluvial part due to nitri-
fication of ammonium also contained in the efflu-
ents (Romana et al. 1992). The extensive knowl-
edge gained on phytoplankton development and
nutrient transfer (Garnier et al. 1995, 1998; Billen
and Garnier 1999), as well as of heterotrophic or-
ganic matter degradation (Garnier et al. 1992; Ser-
vais and Garnier 1993) and nitrification (Brion
1997; Brion et al. 2000) was used to quantify all
the major ecological processes involved in the ox-
ygen budget in the Seine River and its estuary.
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Fig. 1. Map of the investigated site in the Seine River. The
sampled stations are indicated by their PK values.

The study was carried out in the summer mainly,
along the course of the Seine River and its fluvial
estuary from Paris to the coastal zone (Honfleur)
to quantify the contribution of the different pro-
cesses responsible for the oxygen deficit. Large-
scale investigations of estuaries that include the riv-
er upstream are still scarce. Another objective was
to improve our knowledge of the production ver-
sus respiration equilibrium in such human impact-
ed ecosystems. Resulting data concerning the eco-
logical processes and observations of the main var-
iables of water quality were used in developing and
validating a general ecological functioning model
(Billen et al. 2001).

Study Site
The Seine estuary is the outlet of a drainage ba-

sin, characterized by high population density,
heavy industrial activity, and intensive agriculture.
This shallow estuary is rich in nutrients and organ-
ic matter. The weir at Poses, PK 202, 202 km from
Paris (the Seine River is set at PK 0 in the center
of Paris), represents the upstream limit of tidal
propagation and of the estuary (Fig. 1). The fresh-
water part of the estuary extends down to Caude-
bec (PK 310), which represents the upstream limit
of saline intrusion. From Caudebec to Honfleur
(PK 350), the mouth of the estuary, there is a con-
tinuous salinity gradient influenced mainly by tides
and river flow. In the oligohaline part (PK 310–
320) salinity ranges from 0‰ to 10‰, in the po-
lyhaline part (PK 320–337) salinity ranges from
5‰ to 20‰, and salinity reaches 33.2‰ in the
euhaline part. Seasonally, the temperature rises to
208C in summer with differences of less than 18C
along a longitudinal profile and with no vertical
gradient. Oxygen conditions vary widely, from
nearly full saturation to a state of strong depletion
in summer (, 2 mg l21), mainly in the freshwater
part of the estuary. The turbidity maximum (up to
2 g l21 of suspended matter) moves between Tan-

carville (PK 337) and the open sea, depending on
the river discharge and the tide intensity.

Sampling
All sampling programs were carried out during

stable meteorological periods. Both spatial and
temporal variability of phytoplankton production
and bacterial heterotrophic activity were investi-
gated.

Vertical heterogeneity in the large meander of
La Bouille (Fig. 1) was studied during two tidal
cycles on April 3 and September 27, 1996 (river
discharge of 260 and 180 m3 s21 in April and Sep-
tember and tide coefficient, i.e., relative tidal
range in % of the mean spring equinox tidal
range, 6.7 m, given for the Brest Harbor on the
French Atlantic Coast, of 87 and 108, respectively
for the two campaigns). In April, samples were
pumped from a pier from three different depths
on one bank. In September, samples were taken
from a ship at three different depths, in the middle
of the estuary and close to the two banks.

Sampling along longitudinal profiles was carried
out at low water in the spring and the summer of
1993 (300 m3 s21) and in the summers of 1995 (300
m3 s21) and 1996 (140 m3 s21). Seventeen stations
were sampled from Paris (PK 0) to the coastal zone
at Honfleur (PK 350; Fig. 1). Each longitudinal
profile was completed in 3 d. On days 1 and 2,
samples of surface water were taken from bridges
with a bucket in the river and in the upstream part
of the estuary (from PK 0 to 229), going down-
stream; on day 3, samples were collected 1 m below
the surface (with a peristaltic pump) from a ship,
going upstream in the estuary from PK 355 to PK
260. Samples were taken during the flood, except
at the three downstream stations where they were
taken at the end of the ebb (Fig. 1). The residence
time was about 10–15 d under these stationary con-
ditions. Results therefore represent snapshots of
the spatial variability of the water quality and me-
tabolisms.

Methods
Oxygen was measured with a YSI probe in the

river and with Winkler’s method in the estuary
during sampling. The fluxes were calculated as the
product of river discharge and concentrations that
were measured during the sampling. The oxygen
budget, excluding the reaeration at the air-water
interface, was calculated as the difference between
oxygen inflowing into the considered reach and
the flux at the outlet of the same reach. Oxygen
inflow is represented by the sum of the fluxes at
the inlet of the reach and the tributaries if any,
those of the wastewater effluents discharging into
the sector, and the reaeration at the weirs calcu-
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lated according to Holler’s empirical formula, as
calibrated by Hervé and Falguière (1982):

(satO 2 upstreamO )/(satO 2 downstreamO )2 2 2 2

5 1 1 0.21H

where satO2 is the oxygen concentration at satu-
ration and H is the height (m) of the waterfall.

Phosphate, dissolved silica, and ammonium were
determined spectrophotometrically on glass-fiber
membrane (Whatman, GF/F) filtered water (Eber-
lein and Katter 1987; Rodier 1984; Slawyck and
MacIsaac 1972, respectively). Nitrate was assessed
spectrophotometrically on filtered water after cad-
mium-reduction to nitrite (Rodier 1984). Suspend-
ed matter was weighed on a GF/F (dried filter).
Organic carbon concentrations were measured on
water samples preserved with HgCl2. Particulate or-
ganic carbon determination was performed on sus-
pended matter harvested on a 12 mm diameter
filter GF/F (ignited at 5508C). Dissolved organic
carbon (DOC) and particulate organic carbon
(POC) concentrations were measured using a total
organic carbon analyzer (Dohrmann DC-180, Bel-
gium) which uses UV-promoted persulfate oxida-
tion. Biodegradable DOC (BDOC) concentrations
were estimated as the difference of DOC concen-
trations measured before and after a 30 d incuba-
tion at 208C with indigenous bacteria (Servais et al.
1989).

Chlorophyll a (chl a) concentration was deter-
mined according to Lorenzen (1967). Photosyn-
thesis parameters were measured with a method
derived from Steemann-Nielsen (1952) in an in-
cubator with controlled light intensity and temper-
ature. About 10 samples of 20 ml of water inocu-
lated with 14C (0.5 mCi ml21, Amersham 50–60 mCi
mmol21) were incubated in a light gradient (from
10 to 1,000 mEinst m22 s21) at in situ temperature
for 1 h. The initial slope in limiting light (a) and
maximum rate of specific photosynthesis (PBm)
were estimated by best fitting of Platt et al.’s equa-
tion (1980) to the data.

From these parameter values, in situ rates of
photosynthesis, growth, and respiration were cal-
culated according to the formulation by Lancelot
et al. (1991), which distinguishes between photo-
synthesis controlled by light intensity and algal
growth, controlled by nutrient availability (the
Aquaphy model). The module was adapted to two
groups of algae (diatoms and non-diatoms) and a
formulation for losses by excretion and grazing was
added (Garnier et al. 1995, 1998). Growth is reg-
ulated by the size of an intracellular pool of carbon
precursors formed either directly by photosynthe-
sis or by remobilization of reserves. The size of the

precursor pool is also controlled by excretion and
respiration, the latter being represented by the
sum of a term related to the energetic cost of
growth (new macromolecules synthesis) and a
term of maintenance of the biomass (Lancelot et
al. 1991). The model calculates the daily values of
these activities after integration over time and
depth of the water column, assuming no stratifi-
cation of phytoplankton biomass. Water tempera-
ture values, mean irradiance, and photoperiod are
represented by sine functions (Billen et al. 1994)
validated on a long-term series of data collected at
the meteorological station of Trappes in the low
Seine River watershed. The following relationship
between the extinction coefficient (K, m21), inor-
ganic suspended matter (SM, g m23), and chl a
concentration (mg m23) was established empirical-
ly based on more than 50 observations in the es-
tuary and the river and was taken constant over
the water column.

K 5 0.32 1 0.03 SM 1 0.03 chl a

The mean value of suspended matter over the
tidal cycle is considered for the integration over 24
h. Oxygen production by photosynthesis and con-
sumption by respiration were estimated from these
calculations, by means of a simple 1:1 molar stoi-
chiometric coefficient between carbon and oxygen
for both processes.

Bacterial production was estimated on the basis
of leucine incorporation rates (Kirchman et al.
1985). Incorporation of 3H-leucine (Amersham
165 Ci mmol21) was measured at four leucine con-
centrations which ranged from 2 to 77 nM (2 nM
of tritiated leucine in each case with 0, 25, 50, and
75 nM non-radioactive leucine). Four 5-ml subsam-
ples were incubated in the presence of the differ-
ent concentrations of leucine for 30 min in the
dark at in situ temperature. After incubation, cold
trichloroacetic acid (TCA) was added (final con-
centration of 5%) and the samples were filtered
through a 0.2 mm pore size cellulose acetate mem-
brane (cold TCA procedure). Radioactivity associ-
ated with the filters was estimated by liquid scintil-
lation. In some cases, duplicates were performed
and heated to 858C for 30 min after acidification
following the procedure proposed by Kirchman et
al. (1985) to specifically measure the incorporation
into the proteins (hot-TCA procedure). The aver-
age ratio between the hot and the cold-TCA pro-
cedure was 0.93 6 0.03 indicating that on average
7% of the radioactivity was not incorporated into
proteins but into other macromolecules. This ratio
is in agreement with other values mentioned in the
literature for various aquatic systems (Servais
1995). When only the cold-TCA procedure was
performed, incorporation rates were corrected ac-
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cordingly. The maximum incorporation rates were
estimated by best fitting of a hyperbolic function
to the experimental data by means of a software
based on the least squares criterion (Servais 1995).
Bacterial production estimated from leucine incor-
poration (BPL) was calculated by multiplying the
maximum incorporation rate into proteins by a
conversion factor of 900 gC mol21 experimentally
determined in the Seine River (Servais and Gar-
nier 1993). Bacterial carbon demand was calculat-
ed by dividing bacterial production by the growth
yield. A value of 0.3 was considered for the bacte-
rial growth yield as previously determined for
Seine River bacteria (Barillier and Garnier 1993).
Oxygen consumption by heterotrophic activity was
estimated with a carbon to oxygen molar ratio of
1. As the heterotrophic bacterial activity did not
show any significant difference when measured in
homogenized water samples and in the water after
decanting of particulate matter, bacterial produc-
tion was considered to be evenly distributed within
the water column at any moment of the tidal cycle.

Bacterial abundance was determined by epiflu-
orescence microscopy at 1,0003 magnification, fol-
lowing the procedure proposed by Porter and Feig
(1980). During the microscopic observations, bac-
teria were classified into 24 size classes by compar-
ison to an eye-piece graticule, and the cell volume
(V; mm3 cell21) in each class was calculated (Gar-
nier 1989). Biomass was estimated from abun-
dance and biovolume distribution using the rela-
tionship determined from Simon and Azam’s data
(1989). A statistical study showed that the variation
coefficient of the bacterial biomass estimates, fol-
lowing this protocol, was on average about 20%.

Nitrification was estimated by the difference be-
tween the ammonium flux entering in any reach
and that at the outlet of the considered reach.
These fluxes were all calculated as the product of
the values of water discharge and concentrations.
The N-NH4 flux entering the reach has been cal-
culated as a sum of the fluxes at the inlet of the
reach, of the tributaries if any, and of those of the
effluents located within the sector. The corre-
sponding oxygen consumption rate was calculated
by considering that 2 moles of oxygen are con-
sumed for 1 mole of ammonium oxidized. The
contribution of nitrification to the carbon budget
was estimated on the basis of the growth yield (ra-
tio of incorporated C to oxidized N) of 0.11 (mol
mol21) found by Brion and Billen (1998) for pure
cultures of nitrifying bacteria.

Results
HETEROGENEITY DURING TWO TIDAL CYCLES

Results of investigations carried out during two
tidal cycles in April and September 1996 are shown

in Fig. 2. The two situations differed strongly re-
garding both the particulate and the dissolved
phases, not only because hydrological conditions
were different (260 and 180 m3 s21 in April and
September, respectively), but also because Septem-
ber represented the end of the summer season
during which suspended matter had accumulated
in the estuary (Brion 1997; Brion et al. 2000).

The distribution of SM, POC, and chl a showed
similar patterns, i.e., higher values in September
than in April as well as greater heterogeneity with-
in the water column (average values of SM of 26
and 200 mg l21, average values of POC of 5 and 8
mg C l21, in April and September, respectively; Fig.
2). Average concentrations of chl a within the wa-
ter column were, however, quite similar at both
times (70 and 80 mg chl a l21 in April and Septem-
ber, respectively).

As the water column is well mixed, dissolved ma-
terial was almost homogeneous over depth and
time both in April and September (Fig. 2). Con-
centration of PO4 was much lower in April, due to
a dilution of point sources by higher discharge
rates. Regarding silica, originating from rock
weathering in the watershed, the lower April values
were due to the development of spring diatoms.

LONGITUDINAL PROFILES OF WATER QUALITY

The longitudinal profiles, observed in similar
summer conditions, all showed a similar pattern.
Values were therefore averaged and are shown with
error bars. The longitudinal variations of oxygen
concentrations clearly showed two sectors of oxy-
gen depletion. The first one, of limited extent, in
the Seine River, is immediately downstream from
the discharge point of the treated effluents of 7.5
million inhabitants-equivalent from Paris agglom-
eration, while the other one is in the freshwater
part of the estuary, with much slower recovery (Fig.
3).

Phytoplankton biomass, given by chl a concen-
trations, was rather low (30 mg chl a l21) compared
to the value obtained in the spring of 1993 (180
mg chl a l21; Fig. 4). The specific rate of maximum
photosynthesis (PBm, mg C mg chl a21 h21) showed
little variation along the longitudinal profile, al-
though smaller values were observed in the estua-
rine part. Net depth integrated primary produc-
tion, calculated by the model (expressed in mg C
l21 d21 for the whole water column), showed a
sharp decrease in the Rouen sector when depth,
particulate organic matter as well as total SM con-
centration increased, light being the major limit-
ing factor (Fig. 5).

Heterotrophic bacterial biomass and production
in the water column increased according to efflu-
ent discharges, coinciding with the sectors of oxy-
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Fig. 2. Variations of suspended matter (SM; mg l21), particulate organic matter (POC; mg C l21), chlorophyll a (mg chl a l21),
phosphate (mg P l21), and dissolved silica (mg SiO2 l21) concentrations during two tidal cycles (Val-des-Leux (VL) and Moulineaux
(M) in April and September 1996, respectively (see location in Fig. 1). Representation as isocurves by the SURFER software. The
reference time (0 h means low tide) on x-axis, depth (m) on y-axis.

Fig. 3. Longitudinal variations of oxygen concentrations
from Paris (PK 0) to Honfleur, the mouth of the estuary (PK
350).

gen depletion: the first increase occurred down-
stream of the Parisian zone and the second, small-
er one, in the estuary (Fig. 6). Comparisons with
data gathered from 1989 to 1991 (Garnier et al.
1992; Servais and Garnier 1993), showed that the
impact of the Achères treatment plant appeared
much stronger when samples were taken at shorter
distance intervals in this organically polluted sec-
tor. The impact of the plant was greatly attenuated
below the confluence with the Oise River (PK 72).
The increase of bacterial production and biomass
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Fig. 4. a) Longitudinal variations of chlorophyll a concen-
trations (mg chl a l21) and b) specific maximum photosynthetic
rate (PBm, mg C mg chl a21 h21) from Paris (PK 0) to Honfleur,
the mouth of the estuary (PK 350).

Fig. 5. a) Longitudinal variations of net primary production
(net PP, mg C l21 h21) from Paris (PK 0) to Honfleur, the mouth
of the estuary (PK 350). b) Suspended matter (mg l21), partic-
ulate organic matter (mg C l21), and c) mean depth (m) of the
water column are shown in comparison. Note that suspended
matter and particulate organic matter are represented accord-
ing to two scales (0–100 and 0–1,200 mg l21 and 0–10 and 0–
40 mg P l21, respectively).

previously observed just downstream the Achères
treatment plant effluent outfall was much more
important (Servais and Garnier 1993). Regarding
DOC, a general decrease was observed from the
Parisian effluent discharge point to the mouth of
the estuary, its biodegradable fraction representing
about 40% of the total (Fig. 6).

CARBON BUDGET IN THE WATER COLUMN: ORGANIC
MATTER PRODUCTION AND DEGRADATION

The balance of the carbon budget of any eco-
system can be characterized by the ratio between
autotrophic production (P) and gross respiration
(R) of organic matter. In a closed system at equi-
librium, the P:R ratio equals 1; autotrophy is reg-
ulated by the supply of nutrients from the miner-
alization of autochthonous organic matter. When
the system is supplied by external sources of nu-
trients, autotrophic metabolism can exceed respi-
ration (P:R . 1); conversely with an input of al-
lochthonous organic matter, heterotrophic pro-
cesses can dominate (P:R , 1).

In the Seine River and estuary, we calculated au-
totrophic production as the sum of phytoplankton
net primary production and the autotrophic pro-
duction of nitrifying bacteria. Heterotrophic activ-

ity is calculated from net production of bacterial
biomass divided by growth yield, thus assuming
that heterotrophic production is completely con-
sumed and respired by predators (protozoa, zoo-
plankton). Benthic heterotrophic activity, not mea-
sured in this study, was evaluated from oxygen con-
sumption in bell jars deposited on bottom sedi-
ments in 1991 and 1992 at PK 65 and 202 (Garban
et al. 1995; Garban and Ollivon personal commu-
nication). A mean sediment oxygen consumption
of 117 mg O2 m22 h21 (from 60 to 300 mg O2 m22

h21) was calculated on the basis of 9 experiments
(Garban et al. 1995; Garban and Ollivon personal
communication). Assuming a respiration quotient
of 1, this value corresponds to a respiration of
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Fig. 6. a) Longitudinal variations of bacterial biomass (mg C
l21) and b) net production (mg C l21 h21) from Paris (PK 0) to
Honfleur, the mouth of the estuary (PK 350). c) Dissolved or-
ganic carbon and biodegradable dissolved organic carbon con-
centrations (DOC and BDOC respectively, mg C l21) are shown
in comparison.

Fig. 7. Longitudinal variations of the P:R ratio, from Paris
(PK 0) to Honfleur (km 350), the mouth of the estuary.

TABLE 1. Organic carbon uptake by bacteria in the fluvial es-
tuary (Poses-Heurtauville, PK 202–297). Comparison with the
sources of biodegradable carbon in this sector and with the up-
stream river inputs. Units are given in t C d21. C uptake: mean
bacterial production measured for the sector (mg C l21 h21) 3
24 h/bacterial growth yield taken at 0.3 (Barillier and Garnier
1993) multiplied by the volume of the sector (154.637 3 106

m3). C effluents: daily carbon flux brought by the wastewater
treatment plant (data from the Service de Navigation de la
Seine). Net PP: mean net primary production for the sector,
calculated with the Aquaphy model from 14C measurements
multiplied by the volume of the sector (154.637 3 106 m3).
Phyto: phytoplanktonic carbon calculated from chl a (mg l21)
values and a C:chl a ratio 5 40 multiplied by the water discharge
at Poses (m3 d21). BDOC: Biodegradable organic matter (mg C
l21) multiplied by the water discharge at Poses (m3 d21). Detrit
BPOC: difference between POC and phytoplanktonic carbon,
calculated from chl a (mg l21) values and a C:chl a ratio 5 40,
taking the biodegradable fraction at 25% (i.e., detrital fraction
at 75%). nd 5 not determined.

Poses-Heurtauville

C
Uptake

C
Effluents Net PP

Upstream River Inputs

Phyto BDOC
Detrit
BPOC

March 1993
May 1993
July 1995
Sept. 1995
July 1996

31
48
81
35
51

13
13
13
13
13

22
17
31
16
25

187
21
41
29
13

44
52
35
71
15

nd
nd
9
5
4

about 1 g C m22 d21. The same value was assumed
for the whole investigated sector and was included
in the calculation of R.

In the Seine River, the sector downstream from
the Achères wastewater treatment plant was highly
heterotrophic, judging from its P:R ratio (Fig. 7).
Balanced conditions were restored below the con-
fluence of the Oise River, and became autotrophic
around Poses. Along all the sectors of the lower
Seine and upstream estuary, nitrification represent
less than 6% of the total autotrophic metabolism.
Downstream, the increase in depth (and decrease
in net primary production) together with the min-
eralization of organic matter from domestic and
industrial effluents and the nitrification of ammo-

nia rendered the system heterotrophic as far as the
mouth of the estuary. In this sector, nitrification
amounted to 30–70% of the total autotrophic me-
tabolism.

The total uptake of organic carbon by bacteria
in the fluvial part of the estuary (PK 202 to 297)
can be compared to the total amount of biode-
gradable organic matter originating from the same
sector (net local production of biomass by phyto-
plankton, inputs of effluents and upstream river
inputs such as phytoplankton biomass, biodegrad-
able dissolved and particulate organic matter, Ta-
ble 1). Bacterial uptake (demand) of organic mat-
ter was generally far lower than the amount avail-
able from these inputs, implying that a significant
amount of carbon was exported downstream from
this sector (Table 1).
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Fig. 8. Longitudinal variations of ammonium and nitrate
concentrations (mg N l21) from Paris (PK 0) to Honfleur (PK
350), the mouth of the estuary.

TABLE 3. Comparison between the oxygen budget of the mi-
crobial processes and the in-out oxygen budget for each of the
reaches. Standard deviation are given in parentheses. Proc bud-
get: budget of the microbial processes (t O2 d21) expressed from
Table 2 for each entire sector. In-out budget: budget calculated
by the difference between oxygen inflow and outflow (t O2 d21)
for the considered reach (see the text). Reaeration: calculated
by the difference between the in-out and process budgets, di-
vided by the surface area (in Table 2) of the considered reach,
average value from 1993 to 1996 (mg O2 m22 d21). Csat-O2:
average deficit of oxygen saturation (mg O2 l21), i.e., difference
between the oxygen concentration at saturation and the mean
oxygen value for each reach.

Reaches
Proc

budget
In-out
budget Reaeration Csat-O2

Mais L–Conflans
PK 48–70

Conf–Porch
PK 70–101

Porch–Poses
PK 101–202

Poses–Oissel
PK 202–229

Oissel–Dock
PK 229–251

Dock–Heurt.
PK 251–297

237 (22)

2141 (5)

296 (19)

269 (63)

268 (48)

2150 (35)

226 (18)

27 (10)

246 (33)

234 (17)

249 (16)

251 (43)

127

195

98

217

149

252

5.4

4.7

4.2

3.1

4.7

6.9

TABLE 2. Average oxygen budget calculated from microbial processes within the six reaches of the downstream Seine River and
fluvial estuary along longitudinal summer profiles from 1993 to 1996. Units are given in g O2 m22 d21 for a comparison between the
different reaches. Photosynth: photosynthesis or gross primary production. Phyto resp: phytoplankton respiration as calculated by the
Aquaphy model (see Methods). Bac min: bacterial oxygen mineralization, considering that the biomass produced is also mineralized
by bacterial predators. Benth resp: benthic respiration (see the text). Nitrif: oxygen consumption by nitrification (see the text). Proc
budget: budget of the microbial processes, i.e., sum of oxygen production and the respirations.

Reaches
Length
(km)

Volume
(103 m3)

Surface
(103 m2) Photosynth

Phyto
resp

Bac
min

Benth
res Nitrif

Proc
budget

Mais L–Conflans
PK 48–70

Conf–Porch
PK 70–101

Porch–Poses
PK 101–202

Poses–Oissel

22

31

101

27

16,188

28,558

101,883

26,247

3,745

28,658

21,451

5,708

6.8

1.5

9.6

11.9

21.9

20.4

22.7

23.6

210.8

22.1

24.0

23.4

22.8

22.8

22.8

22.8

21.2

21.1

24.6

214.3

29.9

24.9

24.5

212.2
PK 202–229

Oissel–Dock
PK 229–251

Dock–Huert.
PK 251–297

22

46

37,770

90,620

4,773

12,694

13.1

4.9

23.9

22.0

26.8

26.2

22.8

22.8

213.7

25.7

214.2

211.8

OXYGEN BUDGET IN THE SEINE ESTUARY

Whereas primary production and heterotrophic
bacterial degradation can be considered as the
main processes involved in the carbon budget, the
oxygen budget is much more influenced by the
nitrification of ammonium. As shown in Fig. 8, am-
monium brought in by the Achères wastewater
treatment plant is nitrified downstream. A regular
decrease in ammonium and increase in nitrate ap-
peared from PK 202. Nitrification was completed
at Caudebec (PK 310), the limit of the freshwater
part of the estuary.

The median value of benthic oxygen consump-
tion was 117 mg O2 m22 h21, a value that was used
for the whole of the investigated longitudinal pro-
file.

The values of the processes along the longitu-
dinal profiles were converted into oxygen fluxes
within 6 reaches (Tables 2 and 3): Maison Laffitte
PK 48–Conflans PK 70, Conflans PK 70–Porche-
ville PK 101, Porcheville PK 101–Poses PK 202, Pos-
es PK 202–Oissel PK 229, Oissel PK 229–Docks PK
251, and Docks PK 251–Heurteauville PK 297.

In order to compare the intensity of the pro-
cesses within each of the reaches, values are first
given in g O2 m22 h21 in Table 2, that quantify the
trends shown in the longitudinal profile figures
(note that the trends are the same whether the
values are given as g O2 m22 d21 or as g O2 km21

d21). The oxygen balance of the processes was in-
variably negative within all the investigated reaches
(consumption terms exceeding the production
term). Consumption is high in the first reach
downstream of the Achères treatment plant (about
10 g O2 m22 d21) and mainly due to planktonic
heterotrophic activity; it is maximum in the up-
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Fig. 9. Estimates of the reaeration coefficient in different
reaches of the downstream Seine River (from Paris to the
mouth of the estuary).

stream part of the estuary due to nitrification,
where oxygen consumption by respiration is al-
most balanced by oxygen production through pho-
tosynthesis (Table 2).

In Table 3, the oxygen budget of the microbial
processes in all reaches, in metric tons O2 d21, is
compared to the difference between the oxygen
fluxes coming in and out each reach. The oxygen
influxes accompanying the 25 m3 s21 of treated ef-
fluents from Achères and the other wastewater
treatment plants along the downstream course of
the river and estuary, the discharge of the tribu-
taries (Oise River in the reach Conflans-Porcheville
and Eure River in the reach Poses-Oissel), and the
reaeration at weirs calculated by the Holler’s for-
mula (see Methods) are also taken into account.

If we consider that the budget of all processes
and influxes discussed above is balanced by reaer-
ation through the air-water interface, the latter can
be estimated for each reach and each documented
situation. These estimates, converted into mg O2

m22 h21 are plotted against the average deficit in
oxygen concentration with respect to saturation for
each reach (Fig. 9). These data indicate a reaera-
tion coefficient in the range of 0.02 to 0.06 m h21,
in good agreement with the estimates made by Thi-
bodeaux et al. (1994) for the fluvial part of the
Seine River (0.02 to 0.07 m h21).

Discussion
ECOLOGICAL PROCESSES

Phytoplankton determines a major part of pri-
mary production in estuaries and is fundamental
to the ecosystem functioning and the local econ-
omy. Besides oxygen production, phytoplankton is
at the root of energy flow through the food web.
Primary production in the Seine freshwater tidal
estuary, reaching 3.4 g C m2 d21 (2.3 g C m2 d21

as a summer average in the more productive reach-
es) was in the upper range of the many values
found in literature (see Flint 1984 and Pennock
and Sharp 1986 for selected estuaries in the

world). In the lower deeper estuary, where turbid-
ity is higher, net primary production may be neg-
ative, with phytoplankton respiration exceeding
net production. In such cases, phytoplankton stock
would be fed by inputs at the boundaries (Cole et
al. 1992). Light is therefore a critical variable con-
trolling phytoplankton production and distribu-
tion, especially in the nutrient-rich waters of the
Seine River and estuary. Whereas integral produc-
tivity throughout the water column strongly de-
creased with increasing depth and turbidity in the
lower reaches, a concomitant overall decrease in
the specific rate of photosynthesis (PBm: from 8 to
6 mg C mg chla21 h21 and higher variability) was
also observed. Algal respiration, representing up to
50% of the net production, became a real sink for
photosynthetically assimilated carbon, important
to take into account in primary production studies
( Joint and Pomroy 1981; Cloern et al. 1985; Jensen
et al. 1990; Cole et al. 1992). Phytoplankton in es-
tuaries may, however, be controlled by many other
factors such as physical-chemical ones (mixed cur-
rents, tide and wind, salinity, nutrients) or biolog-
ical ones (parasitism, grazing). Concentrations of
dissolved inorganic nutrients (nitrogen, phospho-
rous, silicon) generally exceeded the rate-limiting
level, except during spring phytoplankton bloom
when silica may be depleted in the drainage net-
work (Garnier et al. 1995). Similar to the situation
in the San Francisco Bay, invaded by Potamocorbula
amurensis (Alpine and Cloern 1992), the biological
control by the invasive Dreissena polymorpha was
shown to be strong in the upper Seine estuary, as
estimated through the flux of the larvae (Akopian
et al. 2001).

Within the Seine estuary, high autochthonous
production supplemented by discharge of waste-
water together with large riverine input of organic
matter supported a bacterial production of 3 to 5
mg C l21 h21 and 2 to 3 mg C l21 h21, respectively,
in the upper autotrophic and lower heterotrophic
estuary, which is in the upper range of values
found in other systems (Painchaud and Therriault
1989; Ducklow and Carlson 1992; Pomeroy et al.
1995; Murrel et al. 1999). Bacterial production did
not increase in the turbidity maximum zone but
decreased along with BDOC concentrations. Re-
garding the values of bacterial production where
treated effluents are discharged into the river
(about 15 and up to 50 mg C l21 h21, see Servais
and Garnier 1993), labile organic molecules might
be a limiting factor in the turbidity maximum. In
the turbidity maximum, organic carbon accounted
for 3 mg C l21 of DOC (30% of BDOC) and about
30 mg C l21 of POC (representing quite a high
fraction, 4% in average but up to 10%, of suspend-
ed particulate material). Most of our results are
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based on summer investigations and since partic-
ulate organic matter ages as the season progresses,
it might become unavailable for bacteria (Murrel
et al. 1999). This explanation is supported by the
large fraction of bacterial biomass (70%) and an
even larger fraction of bacterial production (98%)
that were not decantable (i.e., not attached to par-
ticles). Alternatively adsorbed micropollutants may
become toxic to bacteria in such a polluted system
(Guézennec et al. 1999).

Besides being a source of organic matter, the
treated effluents discharged into the Seine River
are rich in ammonia. After having been diluted by
the Oise River, ammonia was transported 100 km
down to the estuary without any noticeable change
in concentration. Transformation of ammonium
into nitrate was accelerated in the freshwater sec-
tion of the estuary as soon as the population of
nitrifers, present in low quantities (they originate
from both effluent waters [Servais et al. 1999] and
the upstream network), can build up a large bio-
mass. These conditions were mostly met in the
summer, when temperature was high, hydraulic
residence time is sufficiently long, and SM concen-
trations are relatively high. The attachment of ni-
trifying bacteria to particles is well documented
(Owens 1986; Admiral and Bottermans 1989;
Brion 1997). The fact that the residence time of
the particles is longer than that of the water (Gué-
zennec et al. 1999) amplifies the nitrification pro-
cess. In order to estimate the oxygen consumption
from ammonium disappearance within each of the
reaches, we assumed that the mineralization of or-
ganic nitrogen along the established longitudinal
profiles was balanced by biological uptake, and we
calculated that these fluxes were low compared to
nitrification.

OXYGEN BUDGET

Summer oxygen depletion in the fluvial estuary
of the Seine River is a constant feature of the eco-
logical functioning of the system and represents a
major disturbance for aquatic life. Hypoxia (below
2–3 mg O2 l21) is a common estuarine phenome-
non (see references in Ritter and Montagna 1999).
As opposed to many situations where low summer
oxygen levels are, besides flushing time, related to
stratification (temperature, salinity), or decompo-
sition of organic matter in the turbidity maximum,
the oxygen budget in the Seine estuary revealed a
large contribution of both nitrification and respi-
rations (planktonic bacterial, benthic, as well as
phytoplanktonic). Oxygen depletion dominated by
nitrification could be a constant feature in large
systems strongly impacted by domestic/industrial
effluents not treated through a nitrification step,
as is still often the case in Europe.

The calculation of the oxygen budget appears to
be a very useful way of checking the coherence of
separate measurements. Unfortunately, whereas
the values of the ecological processes and fluxes at
the boundaries of the reaches can be given with
small variations, other components of the budget,
such as point sources along the reaches and reaer-
ation at the navigation weirs, introduce uncertain-
ties so that cumulative errors may become large
when all values are combined. If such budgets were
not estimated, a general view of the system could
not be obtained. We produced an average oxygen
budget representative of summer situations, with
standard deviations. The values found by differ-
ence for the reaeration at the water-atmosphere in-
terface seem to be realistic (Thibodeaux et al.
1994) and to validate our approach. Although sev-
eral earlier attempts have been made, with a variety
of approaches, to measure major metabolisms in
estuaries (Nixon and Pilson 1984 and cited refer-
ences; Relexans et al. 1988; Kemp et al. 1997; Caf-
frey et al. 1998), examples are still too scarce and
net ecosystem metabolism only refers to primary
production and total system respiration. They do
not consider the river-estuary as one connected sys-
tem. Compared to the cases mentioned above, the
Seine system has the specificity to receive the efflu-
ents of a huge sewage treatment plant in the lower
part of its course, strongly influencing the estuary
functioning through the nitrification of ammonia.

CARBON BUDGET

Vannote et al. (1980), in their river continuum
concept, proposed a general scheme of an up-
stream-downstream succession of P:R status (pro-
duction versus respiration) of undisturbed rivers.
Large rivers are particularly affected by human im-
pacts (organic pollution, hydraulic management)
to the extent that the P:R sequences may be strong-
ly modified (Garnier et al. 1999). A previous study
of the upstream part of the Seine River showed
that eutrophication led to heterotrophic condi-
tions in the main branch of the major sub-basins
(the Marne, upstream Seine, the Oise), when phy-
toplankton declined sharply and consumed more
oxygen than it produced (Garnier et al. 1998).
Many studies related to autotrophic versus hetero-
trophic metabolisms are reported in the literature
but most of them concern phytoplankton and bac-
terial production coupling in oceans or lakes, an-
alyzed on the basis of the microbial loop concept.
In the Seine River and estuary, P:R represented the
ratio between the sum of autotrophic metabolisms
(net primary production and nitrification) and the
sum of benthic and planktonic respirations. Plank-
tonic respirations were estimated by total uptake
by bacteria, which was supported by small varia-
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tions in bacterial biomass between the investigated
situations. Benthic sediment was considered as an
oxygen sink over the whole sector, which is sup-
ported by the results of Rizzo et al. (1992) and
Caffrey et al. (1998), showing enhanced benthic
metabolism at summer temperature, for deep and
organic carbon-rich water column. Regarding net
ecosystem metabolism, we can identify three zones
in the lower Seine River and estuary. The system
shifts towards heterotrophy due to the input of or-
ganic matter by the Achères wastewater effluents.
Autotrophy recovered again in the downstream
branch of the river, due to phytoplankton devel-
opment in nutrient-rich waters, light availability,
and low grazing pressure (Akopian 1999). Down-
stream, in the deepest reach of the estuary, where
the photic zone was considerably reduced, respi-
ration once more exceeded autotrophic produc-
tion by a factor of between 3 and 6. Due to the
downstream position of the turbidity maximum,
the estuary remained heterotrophic as far as its
mouth. Like the Seine estuary, the Hudson estuary
(Finlay et al. 1991), the Loire estuary (Relexans et
al. 1988), the Scheldt estuary (Hermann personal
communication), and many others affected by an-
thropogenic sources of carbon and by high phy-
toplankton biomass imported to deeper and more
turbid areas have all been shown to be heterotro-
phic.

Riverine carbon inputs to coastal zones can be
quantitatively very large and may contribute to sus-
taining the trophic chain depending on the quality
of the inputs. Among the studied systems, the dom-
inant contribution to the organic load has been
shown to vary qualitatively between rapidly usable
phytoplankton exudates, phytoplankton lysates,
sewage effluents, and more refractory soil leach-
ates (Aminot et al. 1990; Zweifel et al. 1995; Relex-
ans et al. 1998).

We can compare the carbon uptake by plankton-
ic heterotrophic bacteria in the estuary with the
sources of biodegradable organic matter in the
same sector (Table 1). The sources are those orig-
inated within the considered sector from local phy-
toplankton production and biodegradable organic
carbon brought by effluent point discharges, and
from the river upstream in the form of phytoplank-
ton biomass and dissolved and particulate biode-
gradable organic matter. Table 1 shows that bac-
terial uptake could be entirely sustained by local
carbon sources only. A large amount of biodegrad-
able organic matter, equivalent to that originating
from upstream sources, is exported downstream.

Conclusions
Oxygen and carbon balances in the lower Seine

River and estuary are the result of a dense popu-

lation density (195 inhab km22), with wastewater
effluents being treated incompletely. In the ab-
sence of nitrogen limitation due to intensive agri-
culture in the watershed, phosphorus is at the or-
igin of eutrophication responsible for large auto-
chtonous production of organic matter which, par-
adoxically, consumes more oxygen than it
produces in the estuary. Besides algal respiration,
bacteria also represent an important component in
the oxygen consumption. The secondary treat-
ment of wastewater leads to large input of inorgan-
ic nutrients, especially ammonium which leads to
oxygen consumption in the estuary. While waste
management efforts have mainly focused on or-
ganic pollution, the main purpose mandated by
the European Community Directive is now the re-
moval of inorganic nutrients. In 2005, the waste-
water treatment plant of Achères will be equipped
with a nitrification treatment step, but no denitri-
fication step will be implemented before 2015.
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Université Paris, Paris.

AKOPIAN, M., J. GARNIER, P. TESTARD, AND A. FICHT. 2001. Esti-
mating the benthic population of Dreissena polymorpha and its
impact in the lower Seine River, France. Estuaries 24:1003–
1014.

ALPINE, A. E. AND J. E. CLOERN. 1992. Trophic interactions and
direct physical effects control phytoplankton biomass and
production in an estuary. Limnology and Oceanography 37:946–
955.

AMINOT, A., M. EL-SAYED, AND R. KEROUEL. 1990. Fate of natural
and anthropogenic dissolved organic carbon in the macroti-
dal Elorn estuary (France). Marine Chemistry 29:255–275.

BARILLIER, A. AND J. GARNIER. 1993. Influence of temperature
and substrate concentration on bacterial growth yield in Seine
River water batch cultures. Applied and Environmental Microbi-
ology 59:1678–1682.

BILLEN, G. AND J. GARNIER. 1997. The Phison River plume:
Coastal eutrophication in response to changes in land use
and water management in the watershed. Aquatic Microbial
Ecology 13:3–17.

BILLEN, G. AND J. GARNIER. 1999. Nitrogen transfers through the
Seine drainage network: A budget based on the application
of the Riverstrahler model. Hydrobiologia 410:139–150.

BILLEN, G., J. GARNIER, A. FICHT, AND C. CUN. 2001. Modelling



C and O2 Budgets in the Seine Estuary 975

the response of water quality in the Seine River estuary to
human activity in its watershed over the last 50 years. Estuaries
24:977–993.

BILLEN, G., J. GARNIER, AND P. HANSET. 1994. Modelling phyto-
plankton development in whole drainage networks: The RIV-
ERSTRAHLER model applied to the Seine River system. Hy-
drobiologia 289:119–137.

BRION, N. 1997. Etude du processus de nitrification à l’échelle
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parisienne). Production, Fonctionnement, Evolution. Dr. ès
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l’eau aux barrages de navigation de la Seine à l’aval de Paris.
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