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Abstract Large rivers are important components of the glob-
al C cycle. While they are facing an overall degradation of
their water quality, little remains known about the dynamics of
their metabolism. In the present study, we used continuous
multi-sensors measurements to assess the temporal variability
of gross primary production (GPP) and ecosystem respiration
(ER) rates of the anthropized Seine River over an annual cy-
cle. Downstream from the Paris urban area, the Seine River is
net heterotrophic at the annual scale (−226 gO2m

−2 year−1 or
−264 gC m−2 year−1). Yet, it displays a net autotrophy at the
daily and seasonal scales during phytoplankton blooms occur-
ring from late winter to early summer. Multivariate analyses
were performed to identify the drivers of river metabolism.
Daily GPP is best predicted by chlorophyll a (Chla), water
temperature (T), light, and rainfalls, and the coupling of daily
GPP and Chla allows for the estimation of the productivity
rates of the different phytoplankton communities. ER rates are
mainly controlled by T and, to a lesser extent, by Chla. The
increase of combined sewer overflows related to storm events

during the second half of the year stimulates ER and the net
heterotrophy of the river. River metabolism is, thus, controlled
at different timescales by factors that are affected by human
pressures. Continuous monitoring of river metabolism must,
therefore, be pursued to deepen our understanding about the
responses of ecosystem processes to changing human pres-
sures and climate.
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Introduction

Freshwater ecosystems are undergoing increasing anthropo-
genic pressures through growing population density, land use
conversion, and associated global climate change (Millenium
Ecosystem Assessment 2005). While management policies
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are developed throughout the world to assess the quality of
these ecosystems, most studies of ecosystem functioning are
based on structural descriptive metrics such as water chemis-
try or biological community composition (Bott et al. 2006).
The importance of ecosystem function in assessing the eco-
logic status of aquatic ecosystems (Vighi et al. 2006) is stated
within the European Water Framework Directive (WFD, EC
2000/60/CE) but the implementation of functional indicators
in monitoring programs remains scarce (Young et al. 2008).

Among functional metrics, the components of ecosystem
metabolism (i.e., GPP and ER) provide direct metrics to assess
the balance of allochtonous and autochtonous organic matter
sources, C fluxes, and the trophic structure of aquatic ecosys-
tems (Dodds and Cole 2007). Initially conceptualized from
diel dissolved oxygen (DO) variations of flowing waters
(Odum 1956), this approach has later been adapted to different
types of aquatic ecosystems. Most of the scientific studies
have focused on lakes (Staehr et al. 2010) and streams
(Aristegi et al. 2009; Bernot et al. 2010). Yet, our knowledge
on large river metabolism remains limited (Hall et al. 2015).
Rivers, but also lakes and wetlands, are largely contributing to
the global C cycle. Recent references reported overall esti-
mates of 1.2 to 1.8 PgC year−1 released to the atmosphere as
CO2 and 0.9 PgC year−1 transported to oceans as organic and
inorganic C (Aufdenkampe et al. 2011; Raymond et al. 2013).
Even though rivers and streams only represent 0.47 % of the
Earth’s surface (Raymond et al. 2013), the amount of C emit-
ted to the atmosphere or buried in sediments in these systems
is of the same order of magnitude as the fluxes assigned to
marine and terrestrial sequestration, respectively (Battin et al.
2009; Tranvik et al. 2009). In the case of rivers, these obser-
vations support the River Continuum Concept (RCC) in the
fact that these systems are heterotrophic on an annual basis
(Vannote et al. 1980). However, the RCC also states that phy-
toplankton communities are important actors in high-order
river (>5th order) metabolism and that autotrophy may be
significant at shorter time scales. To date, few references sup-
port this statement (e.g., Dodds et al. 2013; Hall et al. 2015),
and most of the lotic ecosystem metabolism studies are per-
formed from short-termmeasurements during stable discharge
conditions in one or two seasons (Mulholland et al. 2001;
Bernot et al. 2010).

Recent improvements in sensor technology allow continu-
ous measurements of ecosystem metabolism over large spatial
and temporal scales. Despite this significant technological
breakthrough, references on the use of these methods for the
monitoring of lotic ecosystems remain scarce (Roberts et al.
2007; Beaulieu et al. 2013), particularly for rivers (Vink et al.
2005; Uehlinger 2006). The challenges mainly lie in the com-
plexity of river ecosystems and the confounding effects of
hydraulic and physical processes on the variations of DO. To
overcome these limitations, Bayesian statistical approaches
have been applied in a few rivers and estuaries studies

(Holtgrieve et al. 2010; Riley and Dodds 2013). However,
the results remain dependent on the uncertainties associated
to a proper mathematical forward modeling of ecosystem
processes.

Albeit large river systems process large carbon fluxes and
are very often subject to significant anthropogenic pressures,
continuous data that permit to estimate their metabolism are
usually missing. The urban stream syndrome has recently
been proposed to summarize the impacts of urban areas on
stream water quality (Walsh et al. 2005). Yet, no clear consen-
sus has emerged regarding the corresponding effects on func-
tional metrics such as ecosystem metabolism (Wenger et al.
2009). Further investigations are, therefore, required to assess
these effects, particularly in the context of large flowing
systems.

In this study, we focus on the downstream part of the Seine
River, which is impacted by upstream agricultural practices on
its watershed and the immediate influence of effluents from
the Paris urban area (Garnier and Billen 2007). Multi-
parameter monitoring stations were deployed in the river,
and the corresponding continuous measurements were ana-
lyzed to address the following objectives:

(1) to show that multi-sensor monitoring stations are appro-
priate to estimate the metabolism of large rivers under
high urban pressures;

(2) to identify the drivers of the different components of the
river metabolism and determine their relative timescales
of influence;

(3) to compare the identified patterns with the predictions of
the RCC and with the results reported for other types of
lotic ecosystems, in order to highlight the specificities of
such large anthropized river system.

Material and methods

Study area

The drainage area of the Seine River watershed covers an area
of 78,600 km2, that mainly corresponds to the Paris Basin
(Fig. 1). Its hydrological regime is pluvio-oceanic, with an
average rain precipitation of 750 mm year−1. The Seine basin
is divided into major Hydro-Eco-Regions (HER) based on the
lithology (mainly calcareous), the land-use and the population
density (Garnier and Billen 2007). The study area is integrated
in the Ile-de-France HER, whose surface area of 18,478 km2

hosts a mean population density of 977 inhabitants km−2.
This work addresses the Seine River in its urban part,

downstream from the Paris area. According to Strahler’s ordi-
nation (Strahler 1957), the Seine River is classified as a
seventh-order stream from its confluence with the Marne
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River, upstream from Paris, to its confluence with the Oise
River, 70 km downstream from Paris (Fig. 1). The mean dis-
charge of the river in Paris is about 330 m3 s−1. The river bed
has been channelized and constrained since the nineteenth cen-
tury. The construction of specific reservoirs upstream Paris in
the second half of the twentieth century allowed regulating the
flood effects and sustaining the summer flow around
100 m3 s−1 in Paris (Garnier et al. 1995). The Greater Paris area
concentrates two thirds of the Seine basin population (i.e., 11
million inhabitants), whose domestic effluents are treated in
four waste–water treatment plants (WWTP) monitored by the
institution in charge (Syndicat Interdépartemental pour
l’Assainissement de l’Agglomération Parisienne, SIAAP).
Actually, during severe rainy events, the transport capacity of
the sewer system may be insufficient and combined sewer
overflow (CSO) water, composed of urban runoff and waste-
water, are discharged directly into the Seine River. The Clichy
and La Briche outlets (Fig. 1) account for about 30 to 60 % of
the annual discharge of such storm events.

The continuous data used in this study were recorded dur-
ing the year 2011 at the Bougival monitoring station of the
CarboSeine network, which is deployed downstream from the
main WWTP and CSO outlets of the area (Fig. 1). At this
location, the Seine’s water depth is about 4.3 m.

Continuous multi-parameter measurements

The CarboSeine station at Bougival is composed of vari-
ous sensors, which record water stage, T, pH, turbidity,
specific conductivity (C25), DO concentrations (multi-pa-
rameter Mp6 probe, Nke Instrumentation, France), total
phytoplanktonic Chla (FluoroProbe series 2, bbe
Moldaenke GmbH, Schwentinental, Germany), solar irra-
d iance (CMP 11 ser ies , Kipp & Zonen, Del f t ,
Netherlands) and meteorological parameters (WXT-520
series , Vaisala , Vantaa, Finland) every 15 min.
Additional sensors are also deployed punctually to per-
form complementary high-frequency sampling, such as
soluble-reactive phosphate (SRP) by in situ colorimetric
assessment every 2 h (Cycle P, Wetlabs, Philomath, OR,
USA). The data are collected and stored by an automated
central datalogger (Abin Series, Nke Instrumentation,
Hennebont, France) and subsequently GPRS-transmitted
towards a specific database (http://carboseine.ipgp.fr).
Adapted filtering procedures are used for partial
automatic validation of the data, which can further be
processed and exported by operators. The dataset
considered in this study was recorded from 1st of
January to 31st of December 2011.

Fig. 1 The Seine River watershed, the study area downstream Paris and locations of Suresnes, Bougival and Andrésy stations of the CarboSeine
network. WWTP: wastewater treatment plant, KP: kilometric point from source of the Seine River
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Dissolved oxygen and physico-chemical parameters

DO was measured using a nke-Mp6 probe with optical DO
sensor (Optode 4830 series, Anderaa Instruments, Nesttun,
Norway). Prior to the deployment of the sensor, DO calibra-
tion was performed using the water-saturated air method. Zero
percent saturation was calibrated in 10 g L−1 Na2SO3 solution.
In situ metrology of DO, T, C25, and pH was verified monthly
to bi-monthly during field campaigns, by comparison with the
data provided by an independent multi-parameter probe
(Multi-3430, set WTW). Additionally, DO concentrations
were measured on discrete field samples by theWinkler meth-
od (Winkler 1888), with an average precision of 1%. Potential
DO calibration drifts were thus cautiously checked, but no
data correction was necessary. DO theoretical saturation was
calculated from T, salinity, and barometric pressure (Benson
and Krause 1984).

Chlorophyll a

Chla concentrations were measured using an in situ multi-
wavelength fluorometer. The FluoroProbe (FP) measures total
phytoplanktonic biomass (expressed in microgram of Chla
per liter) and parses it among four algal groups (i.e., Bgreen^
(Chlorophyta and Euglenophyta), Bblue^ (Cyanophyta),
Bbrown^ (Bacillariophyta, Dinophyta, Chrysophyta) and
Bred^ (Cryptophyta)) on the basis of their fluorescence exci-
tation spectra (Catherine et al. 2012). Prior to its deployment,
the FP was calibrated with two species of Bacillariophyta and
Chlorophyta (i.e., Nitzschia palea (Kützing) W. Smith and
Pediastrum boryanum (Turpin) Meneghini) representative of
the phytoplankton communities of the Seine River. Spectral
fluorescence signatures (SFS) were defined for the two spe-
cies and activated within the device after verifying their linear
independence towards other activated SFS (Escoffier et al.
2015). In order to assess the device’s calibration, grab samples
were collected at a monthly to bi-monthly frequency to mea-
sure Chla concentrations and perform phytoplankton cell enu-
merations and biovolume measurements.

Discharge and CSO inputs

The discharge data was provided by the DIREN–Ile-de-
France and recorded every 10 min at the Austerlitz bridge in
Paris. This data was used to back-calculate discharge and wa-
ter velocities at Bougival according to the relationships imple-
mented in the ProSe numerical model. This model simulates
the hydraulic and biogeochemical processes in the Seine River
from the Paris urban area to the entrance of the estuary (Even
et al. 2004; 2007; Vilmin et al. 2015). Daily CSO inputs at the
main outlets were provided by the SIAAP.

River metabolism assessment

Metabolism assessment was based on the single station diel
oxygen approach (Odum 1956) and adapted according to re-
cent improvement procedures (Staehr et al. 2010; Needoba
et al. 2012). Metabolism estimates were calculated from con-
tinuous DO, T, irradiance, water and wind velocity data. The
mass balance equation governing instantaneous DO rate of
change is written as follows:

dC

dt
¼ GPP tð Þ þ F tð Þ−ER tð Þ � A tð Þ

The advection term A(t) integrates changes in the water
body due to transport from external sources (Cox 2003), such
as hyporheic surface-groundwater exchange (Hall and Tank
2005). Due to channelization of the river bed, such processes
are unlikely to happen in this river stretch. A(t) is therefore
neglected. In case of significant lateral inputs, the compliance
of corresponding metabolic estimates to the single station hy-
pothesis of water masses homogeneity was cautiously
checked. F(t) is the rate of DO exchange with the atmosphere,
also called piston velocity, and is calculated as:

F tð Þ ¼ K
h

Cs tð Þ−C tð Þð Þ

where C(t) is the instantaneous DO concentration, Cs(t) is the
saturating DO concentration, K is the reaeration coefficient (in
meter per hour) and h is water depth (in meter).K is calculated
from the empirical equation developed by Thibodeaux et al.
(1994) for the specific case of the Seine River:

K ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Dm � Vwa

h

r

þ kwind � V2:23
wi � D

2
3
m

� �

where Dm is the molecular diffusivity of DO (in square meter
per second), Vwa is the water velocity (in meter per second),
kwind is an empirical coefficient relating to wind aeration
(3.3 × 10−4 m s−1), and Vwi is the wind velocity (in meter per
second).

For each time interval, the instantaneous DO rate of change
corrected for F corresponds to the instantaneous DO net pro-
duction rate, also called net primary production (NPP(t)) dur-
ing light period. Instant Ecosystem Respiration (ER(t)) is cal-
culated from average night time DO net production. ER(t) is
assumed to be constant during the night and light periods, and
daily ER is extrapolated from the instantaneous rates to 24 h.
The instant gross primary production (GPP(t)) is computed as
the sum of NPP(t) and ER(t) for each time interval and inte-
grated during the light period to obtain daily GPP. The daily
net ecosystem production (NEP) is calculated as the difference
between daily rates of ER and GPP, and daily P/R as the ratio
of GPP/ER. The volumetric estimates (in gram of O2 per cubic
meter per day) are converted to areal units (in gram of O2 per
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square meter per day) by multiplying by the effective water
depth.

Conversions from carbon to oxygen are calculated assum-
ing photosynthetic and respiratory quotients of 1.2 and 0.85,
respectively (Bott et al. 2006).

Discrete sampling and analytical procedures

Grab water samples were collected every two weeks or
monthly during field campaigns, in order to perform comple-
mentary analyses at the laboratory. These samples were inte-
grated at the depth of sensor measurements, i.e., 1 m, using a
Niskin bottle (KC-Denmark, Silkeborg, Denmark).

Samples collected for dissolved organic carbon (DOC)
concentration measurements were filtered through pre-
weighted and pre-combusted (525 °C) glass fiber filters
(0.7μmGF/FWhatman®,Maidstone, UK) and acidified with
concentrated H3PO4 (85%) in pre-cleaned and pre-combusted
glass vials and then stored in the dark at 4 °C. After filtration,
filters were dried at 105 °C and weighted to determine total
suspended matter (TSM) content. After 12 h acidification un-
der concentrated HCl acid vapor, each filter was cut in eight
parts, four of which were weighted (±0.001 dry weight) and
used for particulate organic carbon (POC) and particulate ni-
trogen (PN) concentration determination. Measurements were
performed using a Thermo Scientific Flash 2000 organic ele-
mental analyzer (Thermo Scientific, Waltham, MA, USA).
DOC concentrations were measured with a Shimadzu TOC-
VCSH analyzer (Shimadzu Corp., Kyoto, Kyoto Prefecture,
Japan).

Samples collected for nutrients and alkalinity analyses
were filtered on the field through 0.2-μm-pore size cellulose
acetate filters (Sartorius Minisart, Sartorius AG, Goettingen,
Germany) and stored at 4 °C in the dark. Nutrient concentra-
tions (NO3

−, NO2
−, NH4

+, SiO2, and SRP) were determined
by colorimetric titration using a Seal Quaatro Microflow ana-
lyzer (Seal Analytical, Hampshire, UK). Alkalinity was mea-
sured by the Gran method using an automated acid–base titra-
tor (809 Titrando series, Metrohm, Herisau, Switzerland) with
a precision of 1 %.

Chla was extracted using neutralized methanol/water (90/
10 v/v) by homogenization and resting for 16 h at 4 °C. Chla
concentrations were then measured using spectrophotometry
according to Catherine et al. (2012). Samples for phytoplank-
ton microscopic analyses were fixed in buffered formaldehyde
(2 % v/v final concentration, pH 6.9; Merck, Darmstadt,
Germany) and stored at 4 °C in the dark. Species identifica-
tions were performed using an Optiphot 2 light microscope
and specific mean biovolumes were estimated from at least 30
individual measurements using a Digital Sight DS-L1 image
acquisition system (Nikon Instruments Inc., Melville, NY,
USA). Phytoplankton enumerations were realized according
to Utermöhl method (1958), using an Eclipse TS100 inverted

microscope (Nikon Instruments Inc.). Counts were then con-
verted to biovolume by applying the mean biovolume deter-
mined for each species.

Data analyses

The DO and Chla continuous time series were smoothed by a
running average of one hour window to reduce estimate un-
certainties in metabolism rates and productivity calculations
(Staehr et al. 2010). Metabolic rates were also assessed at the
seasonal scale. Therefore, seasons were delimited as periods
of three months (i.e., winter (January–March), spring (April–
June), summer (July–September) and autumn (October–
December).

Some periods of malfunction of the CarboSeine station
lead to a few gaps in the time series for the year 2011.
During severe rain episodes, strong CSO water pulses yielded
questionable estimates of metabolism rates, associated with
rapid discharge increases and strong C25 variations. These
observations did not comply with the single station hypothesis
of water masses homogeneity (Needoba et al. 2012).
Corresponding results were therefore excluded from the data
analysis.

All statistical analyses were performed on log10(x)
transformed data, with the addition of a constant when
needed, in order to increase variance stability and improve
normality (Hunt et al. 2012). Variance analysis of the
seasonal metabolic rates was performed using Kruskall–
Wallis test and post hoc multiple comparison was carried
out with Tukey’s test. Multicollinearity of metabolism and
independent variables (daily integrals of global light radi-
ation (GLR), rainfall and CSO events, daily mean of T,
Chla, C25, and turbidity) was tested using Pearson’s cor-
relation matrix. The correlation-based ordination of me-
tabolism and independent variables was also assessed
through principal components analyses (PCA) on stan-
dardized variables. The relationships between GPP or
ER and independent variables, considered as important
environmental regulators, were further investigated by
pairwise linear regressions, using Sigmaplot© (2010
Systat Software Inc.).

Multiple linear regression analyses (MLR) were used
to assess the combinations of independent variables that
explain the highest variance in daily metabolism rates. A
parsimony analysis was performed through the stepwise
forward selection procedure to avoid spurious fit of
models and explained variance inflation. MLR models
were fitted to standardized independent variables to elim-
inate unit scale effects and determine which predictor had
the largest effect on the response variable. MLR analyses
were conducted with the Bstepwisefit^ function in Matlab
environment (2012, The MathWorks, Inc.).
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Results

Continuous hydrological and biogeochemical time series

Mean daily discharge of the Seine River at Bougival was
characterized by a clear seasonal pattern with the highest
baseflows of 300–350 m3 s−1 range during winter, and the
lowest baseflows (i.e., 75 m3 s−1) in summer (Fig. 2a).
These maximum and minimum discharge values correspond
to water velocities of 1.02 and 0.21 m s−1, respectively. Water
T exhibited an inverse seasonal pattern with a minimum value
of 5 °C observed duringwinter and amaximum value of 24 °C
during late summer (Fig. 2a). This trend is mainly driven by
GLR received in this part of the river, which is not shaded by
forest canopy. Daily GLR maximum values (i.e., up to
8,000 W m−2) were observed during summer, whereas mini-
mum values (i.e., 110 W m−2) occurred during cloudy winter
days (Fig. 2b). Due to cloudy episodes, instantaneous GLR
values displayed more variability than water T, whose varia-
tions are buffered by the large volume of the river. The year
2011 was quite dry compared to average precipitation statis-
tics in Paris (i.e., 370 and 650 mm, respectively), and showed
a bimodal pattern. The first half of the year was characterized
by low rainfalls and the second half (June–December) exhib-
ited large summer storm events, with maximum daily precip-
itations of 18 mm (Fig. 2b). These storm events may have
been associated to CSO pulses to the river. Such CSO pulses
can induce an increase of daily discharge up to two fold and
severe C25 variations, as observed on the 19th of July during
low flow periods (Fig. 2a).

Three main episodes of phytoplankton blooms, which were
all composed of species from the Bbrown^ spectral group,
were recorded during 2011 (Fig. 2c). These episodes were
characterized by maximum DO concentrations that were
maintained above the saturation level (i.e., 130%) during both
dark and light periods. The first bloom was observed during
late winter, mainly in March, reaching the maximum value of
55 μg Chla L−1 during several days. The second bloom
reached a lower maximum value (i.e., 20 μg Chla L−1) and
was observed during spring, in May. This bloom was charac-
terized by two main phases of Chla increase and a transition
period during which DO concentrations were below the satu-
ration level. Finally, the third episode occurred during the first
days of summer and led to the maximum value of 45 μg Chla
L−1. These blooms showed distinct patterns of community
compositions, according to biovolume measurements (see
Electronic supplementary material (ESM) Fig. S1). Thewinter
bloom was dominated by the diatoms species Nitzschia spp.,
Synedra ulna, and Cyclotella spp. A different genus of dia-
toms (i.e., Cyclotella spp) dominated the summer bloom, dur-
ing which it accounted for approximately 100 % of the total
biovolume. Interestingly, the spring bloom was also com-
posed of diatoms, but was dominated by the dinoflagellate

Peridinium sp., with respective contributions of 27 and 73 %
to the total biovolume.

Water chemistry

Average total alkalinity and pH values were found to be
3,820 ± 326 μM (range, 3,330–4,321) and 7.89 ± 0.24
(range, 7.47–8.23), respectively, and displayed maximum
values during winter (Table 1). TSM and POC concentra-
tions were on average 16.9 ± 14.1 mg L−1 (range, 3.1–
32.7) and 1.2 ± 0.6 mg L−1 (range, 0.5–2.1), respectively,
with maximum values in autumn and winter, when dis-
charge was high (Table 1 and Fig. 2a). Maximum values
of the C/N ratio were measured concomitantly, whereas
lower ratios were obtained in spring and summer, when
high values of Chla were registered. On average, DOC
concentrations equaled 3.4 ± 1.1 mg L−1 (range, 2.2–6.7)
and did not vary seasonally. Dissolved inorganic nitrogen,
mainly present as NO3

−, did not display any distinct sea-
sonal pattern and its average concentration was 329
± 81 μM (range, 192–462). Ammonium concentrations
ranged from 3.3 to 17.2 μM, but often remained below
a value of 10 μM (Table 1). SRP and SiO2 concentrations
averaged 1.9 ± 1.3 μM (range, <d.l .–4) and 113
± 31.8 μM (range, 46.8–156), respectively, and exhibited
minimum values during late winter and early spring, when
Chla concentrations were high. Interestingly, maximum
values of SRP and NH4

+ concentrations were measured
on the 16th of June, after an important storm event char-
acterized by daily precipitations of 18 mm.

Temporal patterns in river metabolism

Daily rates

Overall, 218 values of daily GPP, ER, NEP, and P/R rates were
obtained from January to December 2011 (Fig. 3). The gaps
corresponded to periods of malfunction of the station (n = 64)
and to days, for which the metabolism quantification was not
applicable (i.e., GPP < 0 and/or ER < 0, n = 50). Some ques-
tionable estimates, obtained during transient events, were also
discarded from the data analysis (n = 33) due to the permanent
state assumption.

According to the analytical solution of Reichert et al.
(2009), and based on water velocities and K values (i.e., rang-
ing from 0.037 to 0.078 m h−1) at Bougival, the single station
estimates were supposed to be influenced by processes occur-
ring from 35 to 80 km upstream from the CarboSeine moni-
toring station. This corresponds to the distances separating
Bougival from the previous station of Suresnes or the conflu-
ence between the Seine and Marne Rivers upstream from
Paris, respectively (Fig. 1).
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GPP and ER rates ranged from 0.04 to 15.7 and from 0.03
to 17.6 gO2 m

−2 day−1, respectively. Their estimates largely
mirrored each other throughout the year (Fig. 3a). Minimum

rates of GPP and ER were observed during high flow periods
(in autumn and winter). Maximum rates occurred from late
winter to early summer during phytoplankton blooms.

Fig. 2 CarboSeine’s continuous hydrological and biogeochemical time
series recorded at Bougival in 2011. a–b Parameters correspondence
given by color code on respective y-axis. c DO measurements and

theoretical DO saturation in dark and light blue, respectively. Total
Chla and relative contributions of Bbrown^ and Bgreen^ spectral groups
in dark green, brown, and light green, respectively

Environ Sci Pollut Res (2018) 25:23451–23467 23457



Although being characterized by strong day-to-day variability,
these events coincided with periods of net autotrophy of the
ecosystem (i.e., NEP > 0 and P/R > 1; Fig. 3b).

Seasonal rates

Rates of GPP and ER were, on average, higher (p < 0.01)
during spring (4.8 ± 2.7 and 5.2 ± 2.9 gO2 m

−2 day−1, respec-
tively) and summer (4.2 ± 3.4 and 5.9 ± 2.8 gO2 m−2 day−1,
respectively). Comparable maximum estimates were obtained
during phytoplankton blooms in the spring and summer
(Fig. 4a, b).

The relative magnitude of GPP and ER conditioned differ-
ent typologies of net ecosystem production. Indeed, if the
NEP rate gives information about the net C flux being proc-
essed throughout the ecosystem, the P/R ratio provides com-
plementary insight on the trophic imbalance (Fig. 4c, d). On a
seasonal basis, net autotrophy of the ecosystem was only ob-
served during winter. Average P/R and NEP values reached
1.4 and 0.9 gO2 m−2 day−1, respectively, and were mainly
controlled by the phytoplankton bloom in March
(Fig. 4c, d). Thus, even though the winter bloom was charac-
terized by lower rates of GPP and ER compared to the spring
and summer blooms, it was associated with a higher autotro-
phy of the ecosystem and maximum Chla levels (Fig. 2).
Maximum and minimum NEP rates (i.e., 7.27 and
−6.16 gO2 m

−2 day−1) were observed during the onset of the
spring bloom and the decline of the summer one (Fig. 3b),
respectively. The corresponding seasonal average values of
NEP and P/R indicated a progressive shift of the river metab-
olism towards heterotrophy all along the year (Fig. 4c, d).
Spring NEP and P/R values (−0.4 ± 2.2 gO2 m

−2 day−1 and
1.0 ± 0.5, respectively) indicated quasi equilibrium between

competing C production and consumption processes, whereas
summer and autumn values suggested a dominance of respi-
ration during the end of the year. Based on average P/R esti-
mates, the ecosystem displayed higher heterotrophy in au-
tumn, although minimum average NEP rates were observed
during summer (Figs. 3b and 4c, d).

Annual estimates

At the annual scale, daily GPP and ER rates averaged 3.5 ± 2.9
and 4.1 ± 2.9 gO2 m

−2 day−1, respectively. As a result, average
daily NEP rates (−0.6 ± 2.1 gO2 m

−2 day−1) indicated an an-
nual net heterotrophy of the river ecosystem, associated with
mean daily P/R ratio (0.9 ± 0.7) below the equilibrium thresh-
old value (Fig. 4c, d).

Average daily metabolic rates were used to extrapolate an-
nual rates. This approach yielded an annual GPP rate of
1,277 gO2m

−2 year−1 or 399 gC m−2 year−1, and an annual
ER rate of 1,504 gO2 m

−2 year−1 or 663 gC m−2 year−1.
Overall, these calculations yielded an annual NEP rate of
−226 gO2m

−2 year−1 or −264 gC m−2 year−1.

Drivers of river metabolism

GPP displayed significant correlations with all the indepen-
dent variables considered (Table 2). More specifically, GPP
was positively correlated with Chla (r = 0.57), T (r = 0.43),
and GLR (r = 0.66), and negatively correlated with rainfalls
(r = −0.23) and CSO pulses (r = −0.15). ER was positively
correlated with Chla (r = 0.16), T (r = 0.70), and GLR
(r = 0.59), but the correlation with Chla was weaker than the
one with GPP. NEP was significantly correlated with GPP and
ER, with a higher correlation for the latter.

Table 1 Mean (±1 SD) of Seine water chemistry analyses performed on grab samples

Date Alkalinity pH TSM POC PN C/N Chla DOC SiO2 SRP NO3
− NH4

+ NO2
−

(μM) (mg L−1) (mg L−1) (mg L−1) ratio (μg L−1) (mg L−1) (μM) (μM) (μM) (μM) (μM)

January 6, 2011 4,245 8.20 32. 7 1.79 ± 0.05 0.28 ± 0.01 7.49 4.27 ± 0.17 – 131.6 a.d.l. 423.6 6.67 6.91

February 3, 2011 4,196 8.06 27.6 1.84 ± 0.03 0.25 ± 0.01 8.73 4.08 ± 0.04 2.89 139.0 2.14 426.1 4.44 3.52

March 3, 2011 4,322 8.20 19.1 1.59 ± 0.08 0.25 ± 0.01 7.53 20.48 ± 0.37 3.59 102.6 a.d.l. 462.2 6.67 2.95

March 24, 2011 4,130 8.23 11.6 1.32 ± 0.09 0.23 ± 0.01 6.61 29.78 ± 0.24 3.54 46.8 a.d.l. 411.3 3.33 3.11

April 13, 2011 4,014 – 12.2 0.80 ± 0.10 0.14 ± 0.01 6.45 8.71 ± 0.27 3.18 59. 9 a.d.l. 399.5 4.44 0.14

April 28, 2011 3,900 7.89 – – – – 9.97 ± 0.37 – 64.6 1.00 343.0 9.44 3.24

May 26, 2011 3,618 7.66 8.3 0.89 ± 0.06 0.15 ± 0.01 6.90 7.46 ± 0.37 3.06 118.1 2.88 336.8 5.56 4.76

June 16, 2011 3,604 7.47 5.9 0.54 ± 0.00 0.11 ± 0.01 5.74 4.15 ± 0.20 3.12 156.7 4.00 298.6 15.00 5.07

July 7, 2011 3,804 7.97 3.8 1.18 ± 0.01 0.23 ± 0.01 5.93 34.99 ± 0.33 2.17 111. 9 2.20 232.5 3.33 3.01

July 27, 2011 3,367 7.62 17.5 0.93 ± 0.03 0.15 ± 0.01 7.15 5.03 ± 0.09 2.63 133.1 3.97 191.9 7.78 4.52

September 16, 2011 3,330 7.68 5.2 0.53 ± 0.05 0.10 ± 0.01 6.29 3.17 ± 0.14 6.72 132.5 2.26 255.8 17.22 4.67

October 5, 2011 3,506 7.70 9.9 0.77 ± 0.01 0.12 ± 0.01 7.31 2.95 ± 0.07 3.57 121.7 3.28 296.1 12.22 5.56

November 17, 2011 3,615 7.80 3.1 0.46 ± 0.02 0.08 ± 0.01 6.44 1.23 ± 0.58 2.68 129.4 2.29 258.9 5.00 4.63

December 14, 2011 3,599 7.98 26.0 2.11 ± 0.10 0.26 ± 0.01 9.57 2.70 ± 0.06 4.21 110.7 2.21 264.0 6.67 4.81
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Several independent variables displayed significant
multicollinearity. This was also assessed through ordi-
nation on two principal components, which explained
61 % of the overall variance (see ESM Fig. S2). For

instance, turbidity was significantly correlated with
Chla and GPP, but the correlations were partly biased
by biofouling and confounding effects of phytoplankton
cells on the sensor’s optics.

Fig. 3 Daily rates of (a) GPP (grey line), ER (negative values, black line), (b) NEP (black circles) and P/R ratio (grey bars) calculated at Bougival in 2011
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The MLR analyses through stepwise forward selection
resulted in a four-parameter model for GPP (Table 3) that
explained nearly 62 % of the daily rates’ variations by

Chla, T, GLR, and rainfalls. Based on standardized re-
gression coefficients, Chla was the most influential de-
scriptor, accounting for 32 % of the variations in daily
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Fig. 4 Seasonal and annual variability of daily GPP (a), ER (b, as
negative values), P/R (c), and NEP (d) rates (n = 54, 73, 63 and 28 days
for winter, spring, summer, and autumn, respectively). Bottom box lines
indicate the 25th percentile, internal black and red lines indicate median

and mean values, respectively, and top box lines represent the 75th
percentile. The bottom and top whiskers indicate the 10th and 90th
percentile and dots indicate values that fall outside this range
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Table 2 Pearson’s correlation matrix on log10(x) transformed daily metabolism rates and daily values of independent variables. Bold values indicate
significant correlation (r, p < 0.05) among variables

GPP ER NPP NEP Rain Chla CSO T° water Turbidity C25 GLR

GPP 1.00

ER 0.72 1.00

NPP 0.79 0.20 1.00

NEP 0.30 −0.41 0.80 1.00

Rain −0.23 −0.05 −0.27 −0.21 1.00

Chla 0.57 0.16 0.63 0.48 −0.08 1.00

CSO −0.15 −0.06 −0.13 −0.09 0.70 0.02 1.00

T° water 0.43 0.70 −0.02 −0.37 −0.05 −0.13 −0.18 1.00

Turbidity 0.20 −0.03 0.33 0.30 0.12 0.48 0.18 −0.27 1.00

C25 0.27 −0.13 0.43 0.47 −0.11 0.62 −0.05 −0.31 0.23 1.00

GLR 0.66 0.59 0.37 0.04 −0.28 0.32 −0.32 0.68 0.00 0.06 1.00



rates. Although GPP was better correlated with GLR than
with T (Table 2), the MLR model suggested a higher
influence of the latter (Table 3).

The MLR resulted in a two-parameter model for ER
explaining 55 % of the variation in daily estimates by T and
Chla (Table 3). The former descriptor explained almost 49 %
of the observed variance. The MLR model for ER displayed a
lesser influence of Chla, as compared with GPP. It is also
worth noting that the MLR model did not include rainfall as
a significant descriptor of daily ER rates variations, while it
did for GPP (Table 3).

NEP was predicted by a five-parameter MLR model, con-
taining the variables that significantly contribute to GPP and
ER models, but also C25. This model explained only 38 % of
the variations in daily NEP rates, and Chla was confirmed as
the most influential descriptor, explaining around 23 % of the
observed variance.

Productivity of phytoplankton communities

The control on river metabolism by phytoplankton was par-
ticularly noticeable during the three seasonal blooms, when
DO and Chla concentrations displayed related dynamics
(Fig. 5a–c). At the daily scale, Chla values were characterized
by diel oscillations, nearly synchronized with the DO varia-
tions. The corresponding maximum Chla amplitudes were
mostly related to maximum Chla levels, particularly for the
late winter and summer blooms (Fig. 5a, c).

Based on the results of grab sample analyses (Table 1),
concomitant FP measurements (as y, hereafter) consistently
estimated cellular Chla concentrations (as x, hereafter) deter-
mined by spectroscopic analysis (y = 1.13x − 0.22, R2 = 0.96,

p < 0.001). Thus, daily GPP rates were standardized by mean
daily Chla values, to assess the phytoplankton productivity
rates associated with the different blooms (in gram of O2 per
gram of Chla per day, Fig. 5d–f). Productivity rates ranged
from 3 to 340 gO2 gChla

−1 day−1. Productivity rates were sig-
nificantly higher (p < 0.01) during spring and summer blooms
(i.e., 153 ± 61 and 169 ± 108 gO2 gChla

−1 day−1), compared
to the winter ones (35 ± 15 gO2 gChla

−1 day−1), even though
the spring bloom displayed lower Chla levels (Fig. 5d–f).
Each bloom was also characterized by an important day to
day variability, with coefficients of variation of daily produc-
tivity rates ranging from 40 % during spring to 63 % during
summer. Minimum rates were mostly associated with low
GLR during cloudy days, as observed during the winter bloom
(e.g., March 17, 2011 and March 30, 2011). The temporal
pattern of daily productivity rates in March was significantly
correlated with daily GLR values (r = 0.79, p < 0.01; log10
transformed values), while the relationship was not significant
for the two other blooms.

Interestingly, additional SRP measurements, performed
during the summer phytoplankton bloom, illustrated a con-
comitant significant decline in SRP concentrations and pro-
ductivity rates (r = 0.80, p < 0.01; log10 transformed values),
associated with an increase in Chla (Figs. 5c, f and 6).

Discussion

The results presented in this study highlight the temporal dy-
namics of the metabolism of the highly anthropized Seine
River and provide information about the associated environ-
mental drivers. Based on multivariate analyses, several

Table 3 Multiple linear
regression (MLR) model outputs
for daily GPP (p < 0.001), ER
(p < 0.001), and NEP (p < 0.001)
as functions of daily values of
independent variables

MLR models
Dependent variable Coefficient Independent

variable
β p value Cumulative

adjusted R2

log10(GPP) 0.217 log10(Chla) 0.084 <0.001 0.322

0.321 log10(T° water) 0.053 <0.001 0.581

0.090 log10(GLR) 0.036 0.002 0.611

−0.060 log10(rain) −0.017 0.018 0.619

−0.623
log10(ER) 0.663 log10(T° water) 0.110 <0.001 0.489

0.100 log10(Chla) 0.038 <0.001 0.553

−0.600
log10(NEP) 0.052 log10(Chla) 0.020 0.001 0.227

−0.213 log10(T° water) −0.035 <0.001 0.323

−0.040 log10(rain) −0.011 0.015 0.359

0.041 log10(GLR) 0.017 0.025 0.372

0.408 log10(C25) 0.012 0.032 0.382

−0.605

β = standardized partial regression coefficient
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controls of river metabolism are identified and exert variable
influences, depending on the metabolic processes considered.
These drivers act at various timescales, and lead to different
typologies of net metabolism along the considered annual
cycle.

Controls on GPP

Daily GPP rates are best described by a combination of
Chla, T, GLR, and rain, with Chla being the most influen-
tial descriptor, just as for NEP rates (Table 3). The Seine
river metabolism is, indeed, influenced by phytoplankton
blooms, occurring from late winter to early summer
(Figs. 2 and 3). Even though we did not investigate the
potential contribution of the benthic component to GPP,
the large depth of the river in the studied reach and the
tight coupling between DO and Chla time series (Figs. 2

and 5) likely suggest that GPP is pelagic rather than ben-
thic. This result is in agreement with previous data obtain-
ed on the fourth-order Grand Morin stream, which is an
affluent of the Seine River upstream from Paris area (Flipo
et al. 2007). Regarding the metabolism of the dominant
periphytic communities, Flipo et al. (2007) documented
lower GPP and ER rates (three to six times, respectively),
than those obtained in our study. However, they also evi-
denced that the net photosynthetic activity of the phyto-
plankton was higher than the one of the periphyton and
that periphyton scouring was accounting for 7 % of the
phytoplankton enrichment downstream. This is consistent
with the predictions of the RCC regarding the dominance
of pelagic processes in high order rivers. To our knowl-
edge, the data presented in our study are the first
documenting this control at such a resolution for a large
human-impacted river. The relation between Chla concen-
trations and GPP rates is however not straightforward.
Maximum Chla values are not related to maximum GPP
rates, but rather coincide with the seasonal net autotrophy
of the ecosystem (Fig. 4). This observation confirms the
dependence of GPP upon other conditional drivers.

Indeed, T and GLR are also identified as significant predic-
tors of GPP (Table 3), and higher GPP rates are associated
with maximum values of T and GLR in spring and summer
(Figs. 2 and 3). Surprisingly, MLR analyses identify a higher
influence of T, compared to GLR, although GPP is better
correlated with the latter (Table 2). Several studies of stream
metabolism have failed to detect such a direct effect of T
(Roberts et al. 2007; Beaulieu et al. 2013), whereas it has been
confirmed in other studies on large rivers (Uehlinger 2006;

Fig. 5 a–c Continuous DO (black line) and Chla (grey line) concentrations measured at Bougival during seasonal phytoplankton blooms. d–f Daily
GLR (white bars) and productivity rates (grey dots) calculated from continuous measurements. Note different y-axis scales on d

Fig. 6 High frequency (every 2 h) measurements of SRP concentrations
at Bougival during summer phytoplankton bloom
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Hunt et al. 2012). This may be explained by the different
buffering capacities of the water volumes of these studied
ecosystems. Moreover, considering large rivers, a stable pro-
gressive increase of Tmay enhance the photosynthetic activity
at a seasonal scale (Townsend et al. 2011). GLR may exert a
seasonal control on GPP through the length of the photoperi-
od. However, as observed during cloudy days in March (e.g.,
March 17, 2011; Fig. 5a), GLR can also have a significant
influence at the daily scale, since it determines the amount
of energy available for photosynthesis. A deterministic inter-
pretation is difficult to provide with a statistical tool such as
MLR, because T and GLR display collinearity in our dataset
(Table 2). Such a limitation was already reported (Hunt et al.
2012). Beaulieu et al. (2013) using alternative methods (i.e.,
generalized least squares model), suggested a synergistic in-
teraction of both parameters, with T that may enhance the
capacity of autotrophs to use available light. Finally, rain pre-
cipitation is identified as the last driver of GPP (Table 3), with
a negative influence, probably acting through the immediate
reduction of received GLR (e.g., March 30, 2011; Fig. 5a) and
the potential dilution effect of river water (Even et al. 2004).

Overall, albeit being highly significant (p < 0.001), the
MLR model obtained for GPP is also characterized by a rela-
tively important unexplained variance (Table 3). In this sense,
further analyses of the CarboSeine’s continuous measure-
ments and discrete field data provide complementary informa-
tion. Discharge is not investigated as a controlling factor, due
to its use for the back calculation of water velocities, which are
used for the estimation of the reaeration and metabolic rates. It
is, however, very likely that the decrease in discharge and
TSM concentrations after February (Fig. 2 and Table 1) has
favored phytoplankton growth by increasing light availability
within the water column. This cannot be confirmed by turbid-
ity measurements, because of the sensor’s malfunction at this
time. Yet, this control of discharge and TSM on GPP has
already been emphasized for the Seine River (Garnier et al.
1995) and other lotic systems (Acuna et al. 2004; Izagirre et al.
2008).

The composition of phytoplankton communities and the
associated productivity rates constitute another important
piece of information. The FP used in this study is specifically
calibrated with diatoms species of the Seine River that belong
to the Bbrown^ spectral group (Escoffier et al. 2015). Based on
this specific SFS, the FP measurements are consistent with the
cellular Chla concentrations determined with the spectroscop-
ic reference method. Therefore, the estimated productivity
rates are in the close range of those estimated by Oliver and
Merrick (2006) regarding the contribution of pelagic diatoms
to the metabolism of the seventh-order Murray River in
Australia. Considering the spring and summer blooms, our
estimates are, however, slightly higher than their reported
values (i.e., 2–180 gO2 gChla

−1 day−1). This may originate
from the composition of communities. Indeed, the specific

SFS used does not allow for the differentiation between the
diatom and dinoflagellate species constituting the winter/
summer and spring communities, respectively (ESM
Fig. S1), and interspecific differences in photosynthetic capac-
ities have long been recognized (Falkowski and Raven 2007).
However, other factors may also induce confounding effects.

The role of nutrient concentrations in controlling metabolic
performances must particularly be considered. Due to agricul-
tural practices on the watershed and the urban influence of the
Paris conurbation, the Seine River displays a eutrophic status
associated with high concentrations of N and P (Garnier and
Billen 2007). Despite not being completely recorded by con-
tinuous measurements, the temporal pattern of nutrient con-
centrations (partly described through discrete sampling) pre-
sents complementary insights. The winter bloom is mainly
composed of pennate diatoms. Although productivity rates
are correlated with GLR (Fig. 4d), depleted concentrations
of SiO2 and particularly SRP are noticed in March (Table 1).
This seasonal depletion of SiO2 following the winter develop-
ment of diatoms has already been reported in the Seine River
(Garnier et al. 1995). It likely explains the succession towards
the dominance of dinoflagellates, observed during the spring
blooms. The spring and summer productivity rates of phyto-
plankton are, on the contrary, not significantly correlated with
GLR (Fig. 5e, f). Considering the summer bloom, productivity
rates are significantly correlated with average daily SRP con-
centrations calculated from continuous measurements
(r = 0.80, p < 0.01, Fig. 6). This result suggests a significant
uptake of SRP by phytoplankton, as previously reported
(Roberts et al. 2007; Bernot et al. 2010). Using a C/Chla ratio
of 30 (Flipo et al. 2007), during the period of Chla increase
and SRP decrease in early July, we estimate a C/P molar ratio
of 63, which is lower than the theoretical Redfield ratio (i.e.,
116). Therefore, the growth of phytoplankton is likely not
limited by P-availability, even though the enhanced diel
Chla fluorescence oscillations observed at the end of the
bloom may characterize nutrient limitation (Kruskopf and
Flynn 2007; Escoffier et al. 2015).

Controls on ER

Regarding the MLR model results, ER is best described by a
combination of Chla and T (Table 3). Chla accounts for a
relatively small amount of ER variance, and the correlation
between daily Chla values and ER rates is also lower than
with GPP (Tables 2 and 3). This observation may be explained
by the fact that the ER rates estimated from the used open
water method do not allow the relative estimation of autotro-
phic and heterotrophic respirations (AR and HR, respectively;
Hall and Beaulieu 2013).

Indeed, GPP is not included in the MLR model given the
use of ER light rates for its calculation. GPP and ER rates are
however strongly correlated (Table 2) and their maximum
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estimates co-occur during phytoplankton blooms in the first
part of the year. At these periods, it is therefore very likely that
GPP, and most specifically AR, is contributing significantly to
ER. For instance, Beaulieu et al (2013) estimated that around
70 % of newly fixed carbon was respired by autotrophs and
closely associated heterotrophs in a low order urban stream. In
the case of the Seine River, a recent modeling approach that
allows for the distinction between the different respiration
components (Vilmin et al. 2016) indicate that, in periods of
low flow that coincide with periods of high productivity
(P/R = 0.9), AR accounts for 19 % of ER. During high-flow
periods (P/R = 0.3), even though the primary producer bio-
mass is limited, its respiration still accounts for 15 % of ER.

Nevertheless, T is shown to be the main descriptor of ER,
explaining 49% of the observed variance (Table 3). ER is also
significantly correlated (p < 0.001) with GLR but the MLR
model sorts out the cross-correlation between T and GLR
(Table 2) and shows that T has a greater effect. Such a control
of temperature on respiration and photosynthesis is predicted
by metabolic theory (Brown et al. 2004) and has been previ-
ously verified in other large river metabolism studies (Hunt
et al. 2012; Dodds et al. 2013). A recent study using meta-
analysis also demonstrates a similar sensitivity of ER to sea-
sonal variations in temperature across terrestrial and aquatic
ecosystems and confirms that this dependence propagates
from the cellular to the ecosystem level in flowing waters
(Yvon-Durocher et al. 2012). This control, however, is not
systematically confirmed in whole ecosystem studies, since
ER is also dependent on significant organic matter inputs that
do not necessarily coincide with higher temperatures.

With regard to the Seine River, it must be underlined that
both rain precipitation and CSO events are not correlated with
ER and, therefore, they are not included in the MLR model
(Tables 2 and 3). This may be related to the time lag between
rain events and potential consecutive CSO pulses into the
river, and also questions the reliability of MLR models to
describe non-linear or non-instantaneous processes.
Moreover, even though these events are clearly impacting
DO concentrations (Fig. 2b, c), most of the corresponding
days are eliminated from the dataset. Therefore, this prevents
to assess the corresponding anthropogenic impact on river
metabolism at the daily scale.

Nevertheless, the influence of rainfalls and CSOs is im-
plied at the seasonal scale through the enhancement of ER
rates and net heterotrophy of the river (i.e., NEP < 0 and
P/R < 1, Figs. 3 and 4) from June to December 2011, when
storm events are more frequent and associated with warmer
temperatures (Fig. 2). During these periods of low discharge,
CSOs represent the main allochtonous supply to the river and
can induce a twofold increase of the river discharge (e.g., 19th
of July; Fig. 2). According to previous investigations involv-
ing discrete sampling and modeling approaches, these CSO
pulses deliver large inputs of POC, DOC, heterotrophic

bacteria, and nutrients to the river that may stimulate respira-
tory processes in different ways (Servais et al. 1999; Even
et al. 2004). The method used in our study does not allow
partitioning the contributions of pelagic and benthic compo-
nents but, at low flow, benthic respiration may account for one
third of the overall respiration of the river (Vilmin et al. 2016).
Due to rapid settling and low hydrolysis rates, discharged
POC may have an indirect impact on oxygen deficit and
may induce a delayed benthic oxygen demand, which depends
on deposition–erosion processes occurring at low flow
(Vilmin et al. 2015). Also, the discharge of highly labile
DOC (up to 40% of total DOC concentrations of CSO pulses,
Even et al. 2004) and heterotrophic bacteria may enhance
directly both pelagic and benthic respiration (Vilmin et al.
2016) and, as a consequence, the observed net heterotrophy
in summer (Fig. 4). Several studies have confirmed this link
between microbial respiration and DOC availability in
flowing waters, especially in the context of human-
dominated landscapes (Stanley et al. 2012). However, this
control is not evident in our results given the low variability
displayed by the DOC concentrations measured on discrete
samples (Table 1). Inversely, grab sample analyses describe
increased concentrations of SRP and DIN after the important
storm event and associated CSO on the 5th June (Fig. 2b, c
and Table 1). This nutrient enrichment is likely to enhance
heterotrophic activity during the second half of the year
through processes such as denitrification. At shorter time
scales, it may also likely promote the phytoplankton bloom
observed in July (Figs. 2 and 5). However, even though pho-
tosynthesis represents an important counter balancing factor
for Seine River’s oxygenation, the release of DOC and the
settling of phytoplankton dead cells at the end of algal blooms
may also constitute an additional organic supply for bacterial
activity brought by the sewer system (Even et al. 2007).

Comparison with other lotic ecosystems

The continuous measurements of the CarboSeine station high-
light the dynamics of the interplay between phytoplankton
ecology, urban pressures and ecosystem functions at short
timescales. At longer timescales they, additionally, allow for
the calculation of annual estimates which are scarce for large
river metabolism. These estimates are extrapolated from the
calculated 218 daily rates and provide a consistent overview
of the functioning of the ecosystem over an annual cycle.

These estimates also depend on an accurate parameteriza-
tion of the diffusive exchange of O2 with the atmosphere,
which is a critical point in metabolism studies (Aristegi et al.
2009). As performed for other large rivers (Dodds et al. 2013;
Demars et al. 2015), we use an empirical formula that was
specifically developed for the Seine River (Thibodeaux et al.
1994). The range of estimated reaeration coefficients (i.e.,
0.037 to 0.078 m h−1) is consistent with estimates obtained
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from reach-scale budgets in the downstream part of the Seine
River (Garnier et al. 2001) and is representative of the values
reported for large slow-moving waters (Maynard et al. 2012).

Annual estimates describe an overall net heterotrophy of
the Seine River (NEP = −226 gO2 m

−2 year−1 or
−264 gCm−2 year−1) within the study area (Fig. 4). This result
reinforces the common assumption of overall prevalence of
net heterotrophy for inland waters (Duarte and Prairie 2005),
even though it may be associated with varying magnitudes of
GPP and ER rates. Based on average daily GPP and ER rates
calculated for 2011, our results (1.10 ± 0.92 and 1.82
± 1.31 gC m−2 day−1, respectively) are comparable, although
slightly higher for GPP, with the average conservative esti-
mates published by Battin et al. (2008) for rivers. More spe-
cifically, our estimates are higher than rates in low nutrient
streams and rivers in the tropics (Townsend et al. 2011; Hunt
et al. 2012) or higher latitudes (Mulholland et al. 2001; Vink
et al. 2005) and similar to rates reported for nutrient-enriched
temperate streams (Bott et al. 2006). Expressed in terms of
annual rates, our GPP and ER estimates (399 and
663 gC m−2 year−1, respectively) fall again in the upper range
of the few estimates available for rivers and recently synthe-
sized by Dodds et al. (2013); (GPP range [50–356]
gC m−2 year−1, ER [73–588] gC m−2 year−1, NEP [−588–
90] gC m−2 year−1).

These differences may, in part, be explained by the differ-
ent methodologies used (e.g., continuous/discrete samplings,
chambers/open-water techniques) and by the representative-
ness of the corresponding datasets. In our study, annual esti-
mates are extrapolated from about 60 % of the days of the
annual cycle. From a temporal perspective, most of the ex-
cluded days are grouped during autumn when the river is net
heterotrophic and characterized by lower seasonal rates of
GPP and ER. Another part of these days also correspond to
summer storms and transient CSO events that violate the per-
manent state assumption. Therefore, it is likely that our ap-
proach may have slightly overestimated GPP rates and
underestimated the net heterotrophy of the ecosystem. This
statement confirms the necessity of acquiring nearly complete
continuous time series to yield accurate estimates. According
to the few references available for continuous monitoring of
metabolism over annual cycles, our estimates are similar to
rates reported for human-impacted streams or rivers
(Uehlinger 2006; Izagirre et al. 2008; Beaulieu et al. 2013)
and slightly higher than estimates obtained in a forested head-
water stream (Roberts et al. 2007).

Besides these uncertainties in annual estimates, the high
GPP and ER rates that are documented in this study may
also reflect the influence of human pressures on the Seine
River. Finlay (2011) investigated functional responses of lotic
systems to resource enrichment at annual scales and demon-
strated increased metabolic rates in streams, whereas this ef-
fect was not significant regarding rivers. Therefore, even

though further work is required to investigate this impact in
rivers with large watershed areas, it is most likely that nutrient
enrichment from agricultural practices and waste water treat-
ments (Garnier and Billen 2007) is enhancing the metabolism
of the Seine River. N-pollution, in particular, is likely to in-
crease GPP rates by favoring phytoplankton growth during
stable discharge periods. On the other hand, N pollution stim-
ulates the heterotrophic activity and associated ER rates
through processes such as denitrification (Raimonet et al.
2015).

Regarding the present results, further work is required to
assess their representativeness of the metabolism of the Seine
River. Our estimates are in agreement with those previously
obtained in reach-scale and modeling studies of the Seine
River (Garnier et al. 2001; Garnier and Billen 2007; Vilmin
et al. 2016), which also document a strong longitudinal vari-
ability of biogeochemical processes from Paris to the entrance
of the estuary. These spatial heterogeneities are notably related
to different WWTP influences (Vilmin et al. 2016) and they
must be accounted for in order to better understand the control
that anthropogenic and environmental drivers exert on river
metabolism. For instance, CSOs impact has not been directly
evidenced at the daily scale but still its influence is perceptible
at the longer timescales. Despite improvements in wastewater
treatments and land use exploitation, the Seine River remains
eutrophicated and displays patterns of the Burban stream
syndrome^ (e.g., high-nutrient regimes, regulation of dis-
charge, and input of episodic storm outflows). Thus, continu-
ous monitoring of the Seine River metabolism at larger spatial
and temporal scales should help to deepen our knowledge on
the relative impacts of these controls. Furthermore, it should
improve our understanding of the relationship between this
functional indicator and structural metrics of water quality,
as previously highlighted in rivers (Garnier and Billen 2007;
Uehlinger 2006).

Conclusions

In this study, we were able to estimate the Seine River eco-
system metabolism over an annual cycle from continuous
multi-sensor measurements. Our results provided evidence
that as for most inland waters, the river was net heterotrophic
at the annual scale. This implies that respiratory organic matter
consumption exceeds photosynthetic production and thus as-
signs to flowing waters an important role to the lateral ex-
change of carbon between ecosystems. However, our esti-
mates also confirmed that autotrophy may dominate over sea-
sonal time scales. Even though they were consistent with
those found for other type of rivers, they exhibited relatively
high rates of GPP. The tight coupling between Chla and DO
confirmed that GPP was mainly pelagic, as suggested by the
RCC, and related to the river phytoplankton blooms.
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Temperature was shown to have a strong control on both GPP
and ER while storm events were suspected to exert a control
on ER at the seasonal scale through inflows of organic matter
and nutrients released by CSOs. These inflows most probably
have stimulated ER in both the water column and the benthic
layer, even though the method used did not allow partitioning
the roles of these two compartments. Coupled to less favor-
able conditions for photosynthetic production during the sec-
ond half of the year, these human pressures enhanced the net
heterotrophy of the river. Continuous monitoring proved to be
a promising tool to improve our knowledge of the processes
driving river metabolism at different time scales. Such an ap-
proach should, therefore, be maintained in the long term and
extended in terms of spatial resolution, in order to consider
this type of results in the context of changing human pressures
and climate.
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