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How can water quality be improved when the urban waste water
directive has been fulfilled? A case study of the Lot river (France)

Josette Garnier - Antsiva Ramarson’ - Vincent Thieu' - Julien Némery? - Sylvain Théry? - Gilles Billen" -
Alexandra Coynel*

Abstract

The Lot river, a major tributary of the downstream Garonne river, the largest river on the Northern side of the Pyrenees
Mountains, was intensively studied in the 1970s. A pioneering program called “Lot Riviére Claire” provided a diagnosis
of water quality at the scale of the whole watershed and proposed an ambitious program to manage nutrient pollution
and eutrophication largely caused by urban wastewater releases. Later on, the implementation of European directives
from 1991 to 2000 resulted in the nearly complete treatment of point sources of pollution in spite of a doubling of the
basin’s population. At the outlet of the Lot river, ammonium and phosphate contamination which respectively peaked to
1 mg N-NH4 L™" and 0.3 mg P-PO, L™" in the 1980s returned to much lower levels in recent years (0.06 mg N-NH, L™
and 0.02 mg P-PO, L"), a reduction by a factor 15. However, during this time, nitrate contamination has regularly
increased since the 1980s, from 0.5 to 1.2 mg N-NO; L' in average, owing to the intensification of agriculture and
livestock farming. Application of the Riverstrahler model allowed us to simulate the water quality of the Lot drainage
network for the 2002-2014 period. We showed that, with respect to algal requirements, phosphorus and silica are well
balanced, but nitrogen remains largely in excess over phosphorus and silica. This imbalance can be problematic for the
ecological status of the water bodies. Using the model, for simulating various scenarios of watershed management, we
showed that improvement of urban wastewater treatment would not result in any significant change in the river’s water
quality. Even though arable land occupies a rather limited fraction of the watershed area, only the adoption of better
farming practices or more radical changes in the agro-food system could reverse the trend of increasing nitrate
contamination.

Keywords Nutrient fluxes - River water quality - Biogeochemical modeling - Lot river

Introduction

Responsible editor: Philippe Garrigues One of the major water policy tools in Europe, the Urban

Waste Water Treatment Directive (UWWTD 1991, Council
Directive 91/271/EEC), was adopted on 21 May 1991 to pro-
tect the quality of water subject to oxygen depletion, nutrient
pollution, and eutrophication from the adverse effects of urban
and industrial wastewater discharges. The Directive requires
an appropriate collection of sewage and regulates discharges
of wastewater by specifying the minimum type of treatment to
be provided and setting maximum emission limits of the ma-
jor pollutants (organic load and nutrients). Later, the Water
Framework Directive (WFD 2000) was dedicated to provid-
ing coherence to legislation with EU policies in the domain of
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water, and the watershed scale was adopted as a management
scale with the aim of achieving good ecological status of water
masses in 2015. These two directives already considerably
contributed to improving water quality, most particularly by
reducing organic carbon (hence improving oxygenation) and
phosphorus (Passy et al. 2013; Romero et al. 2013, 2016).

The Lot river is a major tributary of the downstream
Garonne river, the largest river on the northern side of the
Pyrenees Mountains, which forms the Gironde Estuary with
the Dordogne river. The Lot river, draining an area of
11,686 km?, has its source in the Massif Central (Mont
Lozére, at 1295 m elevation). The construction of reservoirs
in the upstream watershed, beginning in the 1930s, reached a
current water storage capacity of 560 Mm®, with often unco-
ordinated regulation of water uptake and release, which seri-
ously perturbed the hydrological regime (Maneux et al. 2001).
Another major problem of the Lot river is its historical
polymetallic contamination, notably in a small catchment
(the Riou Mort river), due to former mining and ore-
treatment activities (e.g., Audry et al. 2004a,b; Coynel et al.
2009). The downstream catchment of the Riou-Mort
(150 km?; mean monthly water discharges, ~0.3 to 3 m’/s)
drains former coal mining and waste disposal (mostly indus-
trial waste from the now-abandoned zinc ore treatment) from
the Société des Mines et Fonderies de Zinc de la Vieille-
Montagne mining company, founded in 1837, which in 2001
evolved into Umicore, a global materials technology and
recycling group.

Already two decades before the Waste Water Treatment
Directive, in 1969, a pioneering program (Lot Riviére
Claire), dedicated to the integrated protection of the river,
was launched on the Lot river by a French association for
the development of the Lot Valley (Association pour
I’Aménagement de la Vallée du Lot) with two main objec-
tives: to develop a better understanding of the ecology of the
river and to promote the economic and environmental devel-
opment of the Lot Valley.

At that time, better sharing of the water resources became
necessary (Décamps 1978), because of increasing water use
for hydropower and rising water requirement for drinking wa-
ter, industry, agriculture, and tourism. The development plan
of'the area was designed through the dialog with all concerned
of French administrative institutions (five departments and
four regions) that were willing to adopt an integrative spatial
approach to satisfy the needs of these multiple uses.

The resulting program for land development in 1989 pro-
vided coordinated management of water release during low
summer water beneficial for other economic activities and the
ecological state of the river. Decantation systems were
installed as soon as 1975 by the mining industries to reduced
suspended solid and associated contaminants, and more effi-
cient measures were taken to control the situation (remedia-
tion of polluted soils), significantly reducing contamination

(Lapaquellerie et al. 1995; Blanc et al. 1999; Audry et al.
2004a,b; Coynel et al. 2007; Morin et al. 2008; Shinn et al.
2009; Arini et al. 2011).

Besides the agreement found for regulating water fluxes
and decreasing the pollution resulting from mining industries,
considerable efforts were dedicated to reducing the nutrient
and organic matter released from domestic wastewater and
agro-food industries.

Décamps (1978) evaluated the point sources of urban
wastewater at 232,000 inhabitant equivalents (inh. eq.) plus
96,000 inh. eq. from industrial releases. He projected that the
total wastewater collection could reach 560,000 inh. eq. by the
mid-1980s. An ambitious program of wastewater treatment
was launched, anticipating the obligations later stipulated by
the European Urban Waste Water Directive (UWWD 1991)
and the later Water Framework Directive (WFD 2000). The
success of these measures was manifest, particularly in terms
of ammonium and phosphate contamination.

Although low flow in summer can favor algal development
to a level typical for meso-eutrophic systems, phytoplankton
composition was dominated by diatoms and Chlorophyceae,
and only a small proportion of harmful algae, such as
Cyanobacteria, was found (Capblancq and Dauta 1978).
Despite that eutrophication has not been yet an important en-
vironmental problem in the Lot, it remains a threat in dry
summer when many river reaches tend toward functioning
as stagnant systems characterized by water column stratifica-
tion (Capblancq and Toureng 1978), leading to harmful algal
biomass as was observed in the Tarn river, another major
tributary of the Garonne river (Bertrand et al. 2004). This type
of toxic algae events have indeed killed several dogs in 2011
(http://www.europel .fr/france/des-algues-toxiques-dans-le-
tarn-656657), and alerts are regularly published in local or
national news papers (http://www.leparisien.fr/societe/
attention-aux-algues-tueuses-de-chiens-24-08-2017-
7209819.php; http://www.larep.fr/orleans/environnement/
2017/08/23/cyanobacteries-l-ars-rappelle-les-mesures-de-
prevention 12524110.html).

The aim of the present study was to revisit the ecological
functioning of the Lot river related to nutrients and subsequent
possible eutrophication or toxic algal development after the
wastewater treatment programs had been completed. Indeed,
although wastewater plants have greatly improved their treat-
ments in European countries, decreasing phosphorus and ni-
trogen load (in France: Passy et al. 2013; Romero et al. 2013;
Romero et al. 2016; Minaudo et al. 2015; in other EU coun-
tries: Ulen et al. 2007; Bouraoui and Grizzetti 2011), nitrate
contamination due to intensive agriculture has increased in the
past four decades, or at best has plateaued. Although agricul-
tural measures have been applied to reduce the use of indus-
trial fertilizers, by introducing good agricultural practices
(split application of fertilizers, preventing leaching of bared
winter soils by introducing catch crops, etc.), in most cases,
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these measures have failed to effectively reduce nitrate con-
tamination (Davis et al. 2012; Volk et al. 2009; Garnier et al.
2014).

As a synthetizing tool in this endeavor, we implemented
the Riverstrahler model, an ecological model of drainage net-
work (Billen et al. 1994; Garnier et al. 1995, 2002), embedded
into a GIS-Seneque environment (Ruelland et al. 2007),
which, once validated, allows exploring scenarios of alterna-
tive water quality management. Differently from previous
modeling approaches developed for the main branch of the
Lot (Capblancq et al. 1982; Thébaut and Quotbi 1999), the
Seneque-Riverstrahler model operates at the scale of the
whole watershed and takes other ecological compartments
than phytoplankton explicitly into account.

Material and methods
Study site

The Lot river watershed, located in southwestern France,
covers a surface area of 11,686 km?” (F ig. 1) for a mean annual
water discharge of ~ 150 m*/s. Tributary of the Garonne river
(55,000 kmz) on its right bank, it is divided into three main
geological zones: (i) igneous (basalts and granites) and meta-
morphic (micaschists and gneisses) rocks in the upstream wa-
tershed, (ii) Jurassic calcareous sedimentary rocks in the me-
dian watershed, and (iii) Tertiary and Quaternary alluvium
deposits in the downstream watershed (Audry et al. 2010).
The upstream basin is drained by two major tributaries, the
Truyére and the upstream Lot, accounting for 47% of the total
surface area (Fig. 1a) and 38% of the discharge at the down-
stream station, Temple-sur-Lot (km 305), close to Villeneuve-
sur-Lot (Capblancq and Tourenq, 1978), about 20 km up-
stream of the confluence with the Garonne river, at 22 m
altitude.

Being mostly under the influence of the Atlantic, it is also
impacted by Mediterranean and mountainous conditions,
leading to a complex hydrological regime (Toureng et al.
1978). Reservoirs are mainly located on the Truyere river
(538 out of 560 Mm®) and were impounded from 1933 to
1962 by Electricité de France (EDF), with uncoordinated
management until 1989. Of the nine reservoirs of the
Truyére, the Grandval and Sarrans Reservoirs account for
the largest proportion of the total water stored.

The population of the Lot river currently totals 472,274
inhabitants (INSEE, 2013) (population density, 40.4
inhab. km?), 16% concentrated in the major cities (Fig.
1b). Among the 348 wastewater treatment plants
(WWTPs) located within the basin, 11 treat loads greater
than 10,000 inhabitant equivalents (69% of the total
amount of pollution emitted) and 20 WWTPs above
2000 inh. eq., together totaling 90% of the total inh. eq.

Besides an activated sludge biological treatment, these 33
WWTPs treat 71% of the inh. eq. with nitrification and
denitrification and 62% with an additional chemical
dephosphatation.

Land use (Fig. 1c) is distributed into forest (45%) and
grassland (47%). Arable land (6%) is dominated by intensive
cropping system with short 3-year rotation, alternating soft
wheat, maize (often irrigated), and fertilized artificial grass-
land. Vineyards (Cahors wine) are also important agricultural
activities together with market gardening (plums, apples,
melons, kiwis, etc.) and duck keeping.

The Riverstrahler approach

The Riverstrahler modeling approach was applied to the Lot
river (2002-2014) using existing data (Table 1) and original
data and measurements obtained in the scope of the ANR-
Twin Rivers project (Coynel et al. 2016).

Riverstrahler is a process-based model of nutrient
transfer and biogeochemical functioning of large river
systems (Billen et al. 1994; Garnier et al. 1995; Billen
and Garnier 2000; Garnier et al. 2002) at a seasonal scale.
It is a biogeochemical tool, describing in detail the in-
stream processes affecting nutrients and aquatic microbial
life and related water quality in a drainage network as
constrained by the geomorphology of the basin, its hy-
drology, climate (light, temperature), and human activities
(described in terms of point and diffuse sources). The
originality of the modeling approach lies in the coupling
of a representation of the whole drainage network, partly
based on Strahler’s (1957) stream order classification by
sub-basins, and a detailed (kilometric) representation of
the main river branches. Nine sub-basins have been taken
into account, the largest being the Truyére, the upstream
Lot, and the Cél¢é (3283, 2244, and 1367 km2, respective-
ly). The main branch of the Lot, from the confluence of
the Truyére, is 310 km long and has a direct watershed of
3135 km?®. This geomorphological representation for
which the hydrology is generated (see below) is coupled
with a biogeochemical process model (RIVE). The RIVE
model takes into account the dynamics of three algal
groups (diatom, green algae, and cyanobacteria) and two
groups of zooplankton (cladocerans and rotifers) to calcu-
late their biomass and simulates the biogeochemical cy-
cles of carbon, oxygen, nitrogen, phosphorus, and silica in
the drainage network, also taking heterotrophic and nitri-
fying bacterial communities explicitly into account (see
Garnier et al. 2002). All these processes important in the
transformation, elimination, and/or immobilization of nu-
trients during their in-stream transfer are calculated at the
seasonal scale (at a 10-day resolution). A full description
of the RIVE model is available at www.fire.upme.fr/rive
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Fig. 1 a Situation of the Lot river basin and its drainage network. b Treatment capacity of wastewater treatment plants of the Lot basin, as an indicator of

population density. ¢ land use map
The Riverstrahler model inputs

Morphology and hydrology The hydrographic network GIS
layer is derived from the CarTHAgE® database, combined
with DEM data from NASA/SRTM (Jarvis et al. 2008) to
delineate elementary watersheds. Hydrological data are those
provided by the HYDRO database (Leleu et al. 2014), aver-
aged at a daily time step and then broken down into surface
runoff and base flows, using the Eckhardt recursive filter
(Eckhardt 2008), in order to make possible distinguishing nu-
trient inputs from these two components of the discharge.
Reconstruction of hydrological regimes used 27 gauging sta-
tions for the 2002—2012 period and then 18 stations for 2013—
2014. Specific surface and base flows were thus generated for
each sub-basin and branch considered for the modeling pro-
ject (here nine sub-basins and one main branch). From mid-
2008 to 2014, the discharge at Livinhac was reconstructed
from two other gauging stations (Fig. 2, see details in the
legend). The presence of reservoirs in the upstream basin,
which does not strongly affect the hydrological behavior of
the downstream river (Tourenq et al., 1978), was implicitly

taken into account based on observed discharge
measurements.

Point and diffuse sources Point sources are calculated in terms
of nitrogen, phosphorus, carbon, and suspended solid fluxes
on the basis of a spatial census of wastewater treatment plant
releases (see Fig. 1b) with associated treatment capacity and
treatment type. They also include the inventory of industrial
releases in the basin (data sources in Table 1). Diffuse sources
are estimated as nutrient concentrations characterizing each of
the watershed’s land use classes (Corine Land Cover database:
Bossard et al. 2000; EEA 2007) and multiplied by surface
runoff and base flow. Most of the data are retrieved from
European databases (see Table 1) and regionalized for each
land use class within each statistical NUTS region (NUTS
level 3). Diffuse sources of suspended solids are derived from
PESERA estimates of soil erosion (Kirkby et al. 2004) and
combined with topsoil data from the European LUCAS sur-
vey (Thoth et al. 2013) to estimate land-based emissions of
particulate phosphorus and organic carbon. Dissolved silica
concentrations are assigned according to litho-morphological
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Fig. 2 a Averaged discharge (10 days) and comparison with the daily
observed data (in blue) from 2002 to 2014 for the upstream station
(Livinhac) and downstream station (Temple-sur-Lot) of the main branch
of the Lot. Observations from 2008 to 2014 at Livinhac were
reconstructed by subtracting the daily discharges of the major,
information (European Ecoregions: Wasson et al. 2010) using
a simple dichotomy between crystalline and sedimentary
rocks (5 mg Si L™ for sedimentary rocks or recent alluviums
and 3 mg Si L' for crystalline or metamorphic rocks, in
accordance with the value provided by Meybeck 1986).

The approach used for nitrogen is more sophisticated, be-
cause the diffuse sources of this element are dependent on the
structure of the agro-food system of the areas composing the
watersheds. The GRAFS approach (Generalized
Representation of Agro-Food Systems, Billen et al. 2014)
was used to establish a comprehensive analysis of the agricul-
tural EUROSTAT databases and to define the nitrogen sur-
plus, which is then used to calculate the nitrogen leaching flux
and concentrations (Anglade 2015).

Validation of the model

Kinetic physiological parameters involved in the model de-
scription have been determined through field or laboratory
experiments under controlled conditions and are therefore a
priori defined, so that no calibration procedure is required for
running the model. The comparison between observations and
simulations thus directly indicates the goodness of our knowl-
edge of the forcing functions to the model (morphology, hy-
drology, point and diffuse inputs) as well as of the ecological
processes taken into account. Using the same parameters, the
Riverstrahler modeling approach has already been successful-
ly applied to several river systems across the world (from the
temperate Seine river (Billen et al. 2007) to the monsoon Red
river (Le et al. 2014), from small streams (Garnier et al. 2014)
to large rivers (Garnier et al. 2002), from pristine (Sferratore
et al. 2008) to strongly human-impacted rivers (Billen et al.
2005; Thieu et al. 2009)).
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immediately downstream tributary, the Célé (km 116), from the closest
Lot downstream station (km 143) (in gray). b Seasonal variations of
calculated and observed discharge for 2003 to 2004 for the upstream
station and downstream station of the main branch of the Lot

Water quality data were gathered from the Adour-Garonne
Water Agency surveys (1970-2014) and from the ANR-Twin
Rivers project (2013-2014) and were used for interpreting
long-term trends of water quality and for validating the model.
Whereas water quality (nitrate, ammonium, phosphates and
chlorophyll a) data from the water agency are available at
intervals ranging from monthly to every 2 months, additional
monthly data from the Twin Rivers project were included in
the datasets (the same variables plus dissolved silica). Long-
term (2002—-2014) monitoring of daily suspended solid (SS)
concentrations from the permanent geochemical network of
the Laboratory EPOC (Coynel et al. 2007; Gil-Diaz et al.
2018) was also used.

We chose the Temple-sur-Lot and Livinhac stations to val-
idate the hydrology (Livinhac, km 39, downstream of the
confluence of the upstream Lot and Truyére rivers and
Temple-sur-Lot at km 305, Fig. 2). Regarding the validation
of water quality, the Temple-sur-Lot station at the outlet of the
Lot drainage network was selected.

Ammonium was measured in filtered water (GF/F 0.7-um
porosity) with the indophenol blue method according to
Slavyck and Mclsaac (1972). Nitrate was also measured in
filtered water, after cadmium reduction into nitrite, and nitrite
was measured with the sulfanilamide method according to
Jones (1984). Dissolved ortho-phosphates in water were ana-
lyzed after GF/F filtration (0.7 pwm porosity) using the blue-
molybdate colorimetric method (Eberlein and Kattner 1987).
Dissolved silica (DSi) was determined by spectrophotometry
and analyzed from water samples filtered through Whatman
GF/F filters and stored at 4 °C (Rodier 1984). Values of
suspended solids (SS) were determined as the weight of ma-
terial retained on a Whatman GF/F membrane per volume unit
after drying the filter for 12 h at 50 °C. Chlorophyll a and



Table 2 Evaluation of the Seneque-Riverstrahler performances for the
Lot river. The goodness of fit of the simulations with respect to the
observed concentration values at the downstream station Temple has been
evaluated for the major variables of water quality by calculating the root
mean square error, normalized to the range of the observed data
(NRMSE), according to the formula (NRMSE =100 x SQR(1/n
¥,(Obs;-Sim;)?) / (MAX(Obsi) — MIN(Obs;)) where 7 is the number of
observations Obs;). The NRMSE represents a percentage of variation
whereas the bias is the slope of the regression line the slope of the regres-
sion line between simulated and observed values

Variables Nb of observations % NRMSE  Bias (dimless)
Discharge 4743 3 0.99

Nitrate 90 24 0.88
Ammonium 87 18 0.35

Total P 65 23 0.59
o-phosphate 88 17 0.18
Chlorophyll a 88 37 0.65
Suspended matter 4818 4 12

phaeopigment concentrations were determined according to
Lorenzen (1967).

RMSE normalized to the range of the observations
(NRMSE, i.e., a percentage of variation) and bias (the slope
of the regression line between simulated and observed values)
was used as indexes of the goodness of fit of the model
simulations.

Results
Interannual variations of water flow and quality
Water flow

As shown in Fig. 2a, the 10-day time resolution of our hydro-
logical calculations did not significantly degrade the varia-
tions of the discharge data observed, with the exception of
some very high transient peaks which were not closely
reproduced at either station (Temple-sur-Lot and Livinhac).
The average discharge at the outlet was 127 m® s™' with ex-
treme values of 10.8 m> s ! (August 13, 2014) and
2506 m> s ! (December 5, 2003, a 50-year return flood dis-
charge; Coynel et al. 2007). Focusing on the seasonal scale,
summer and winter averaged 68 and 187 m’ s™', respectively,
for the whole period (Fig. 2b). For certain years (depending on
oceanic and/or Mediterranean floods, or snowmelt), a second
peak can be observed in April, shortening the low-discharge
period. NRMSE and bias for discharge at the two stations over
the period 2002-2014 both showed a good agreement be-
tween simulations and observations (Table 2).

Water quality As a whole, the simulations of major elements
involved in phytoplankton development and eutrophication
(nutrients, suspended solids) used for defining the quality of
water masses show reasonable agreement with the observa-
tions. Although the temporality does not always fully fit with
the measured values, the general levels and the amplitude of
variation of the values are correctly reproduced (Fig. 3).
Regarding modeling performances, for the bias, the model
underestimated P-PO,4 the most, but this might be due in part
to the rather high detection limit of the analysis (0.011 mg P
L"). Underestimation is less pronounced for ammonium,
followed by TP and chlorophyll (Table 2). A good simulated
level of the values is found for nitrate and suspended matter
(as for discharge above). Whereas NRMSE is less than 25%
for all the variables, except for chlorophyll a, it is particularly
low (i.e., high goodness) for discharge and suspended matter
when the number of validation data is high (Table 2).

The nitrate concentrations observed were seasonally vari-
able with slightly higher values in winter (mean, 1.6+
0.4 mgN L") than in summer (mean, 0.9 +0.5 mg N L.
Values of ammonium (NH,4) and phosphates (PO,), indicators
of point sources less diluted by low flow, were also higher in
summer. Total phosphorus (TP) values equaled 0.07 £
0.04 mg TP L ! both in summer and winter (Table 3).

Suspended solids were 17.2+43.7 mg SS L™! in winter,
higher than in summer (12.6 + 16.7 mg SS L"), and showed a
high standard deviation, due to transient peaks related to up-
stream erosion and in-stream or reservoir sediment resuspen-
sion (Maneux et al. 2001) (Fig. 3b).

As expected from biological activity, chlorophyll
(phytoplankton) concentrations were lower in winter than in
summer (average 2.6 +3.8 vs. 8.8+7.5 pg Chla L") (Fig.
3a). Oxygen concentrations followed the saturation higher in
winter than in summer (Table 3).

Nutrient flux and ratios

Once the interannual variability of water quality has been
validated, the model can be used to calculate the average an-
nual fluxes from the simulations (Fig. 4) by summing the
various dominant forms of nitrogen, phosphorus, and silica
represented in the model. TP and total nitrogen (TN) fluxes
were calculated from the sum of the fluxes of inorganic dis-
solved forms (PO4 and NOs, NH,) and the nitrogen and phos-
phorus included in the organic matter compartments. By
adding DSi and biogenic silica (BSi), total silica (TSi) fluxes
can be obtained. These fluxes varied within the range of 3.5—
10.7 kt N yeaufl for NO5 and 3.7-12.8 kt N yearﬁ1 for TN,
nitrate fluxes accounting for a high proportion (85%) in TN.
TP ranged between 0.11 and 0.60 kt P year ' with o-
phosphate flux accounting for a low fraction (11.5%, with
values from 0.034 to 0.061 kt P year ' for phosphates). TSi
fluxes varied from 13.4 to 34.5 kt TSi year ', with mostly DSi
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Fig. 3 Simulation by the Seneque-Riverstrahler model of interannual
variations of the water quality variables and comparison with the
observed data from 2002 to 2014 at the downstream Temple-sur-Lot

(90%). Interannual variations of these fluxes varied along with
average discharge, with 2003, 2008, and 2013 being the wet-
test years.

In addition to their absolute values, the ratios between N, P,
and Si fluxes matter in terms of potential eutrophication. In
particular, excess N or P fluxes with respect to Si can lead to
unbalanced algal growth, favoring non-diatoms, often unde-
sirable species, like toxic dinoflagellates or cyanobacteria. We
calculated the N- and P-ICEP, indicators of potential eutrophi-
cation of nutrient fluxes (Billen and Garnier 2007; Garnier
et al. 2010) (Fig. 5). ICEP is based on the C/N/P/Si ratios of
106:16:1:42 (Redfield et al. 1963; Conley et al. 1989). ICEP
represents the excess (positive value) or deficit (negative

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

2012 2013 2014

station. a Dissolved nutrients (nitrate, ammonium, total phosphorus
[TP] and phosphates [PO4], dissolved silica [silica]). b Total suspended
solids and biomass phytoplankton expressed in chlorophyll a

value) of either N or P over silica, a non-anthropogenic nutri-
ent issued from rock weathering and essential for diatom
growth. Positive P- and N-ICEP values mean that diatoms
are Si-limited with regard to phosphorus and nitrogen, pro-
moting the growth of non-siliceous, potentially toxic algae.
Positive N-ICEP, i.e., with N replenishment, has been sug-
gested to indicate a risk of toxin production by several algal
taxa (Gobler et al. 2007), but no clear results have been ob-
tained yet (Pineda-Mendoza et al. 2016). The results show that
in the Lot river, P-ICEP values were all negative (i.e., silica
was in excess relative to phosphorus) averaging —5.9 kg C
km 2 day ' (from — 8.7 to —2.8 kg C km 2 day '), while N-
ICEP was positive (i.e., nitrogen in excess relative to silica)
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Fig. 3 continued.

averaging 3.8 kg C km 2 day ! (from 1.5 to 9.8 kg C
km 2 day '), with higher values for the last 2 years under
study (7.1 and 9.8 kg C km 2 day ' in 2013 and 2014,
respectively).

Long-term trends in nutrient concentrations

The water quality data used to validate the model simulations
at the Temple and Livinhac stations, at km 305 and km 39,
respectively, along the main branch of the Lot river, can be
placed in a more comprehensive set of available data starting
in the early 1970s (Fig. 6). The success of the wastewater
purification policy implemented since the end of the 1970s
was evidenced by the clear decrease in ammonium (from the
1990s on) and phosphate (after 2000) concentrations, in spite
of the increase of the overall collected population of the wa-
tershed estimated at 232,000 inh. eq. in 1970 (Décamps 1978)
and 530,000 in 2014.

Table 3

2008 2009 2010 2011

2012 2013 2014

In contrast, nitrate concentration regularly increased over
the same period by approximately a factor of two. For
avoiding eutrophication risks (Grizzetti et al. 2011) and
protecting biodiversity of vegetal (James et al. 2005) and an-
imal (Camargo et al. 2005) communities, nitrate values in
surface water should remain in a range of 1.5-2 mg N "',
This threshold is occasionally exceeded in the lower part of
the basin in the recent years (Figs. 3 and 6).

Although fewer data are available, the silica concentration
did not show any significant trend during the last few years of
the reconstruction period (1970-2015), which is expected be-
cause it is mainly caused by rock weathering.

Wastewater treatment and agricultural scenarios

Regarding nutrients and eutrophication, the Lot river does not
show evidence of severe ecological dysfunctioning. However,
as suggested by the increased nitrate concentrations, increas-
ing intensive agriculture could become detrimental for the Lot

Values of water quality variables: average and standard deviation (SD) for summer (May—October), winter periods (November—April), and all

years from 2002 to 2014 (from 6 to 12 values per year, daily values for suspended solids, SS). NO3 nitrate, NH4 ammonium, TP total phosphorus, PO4

phosphates, OXY oxygen, CHLA chlorophyll a, SS suspended solids

Observations NO3 NH4 TP PO4 OXY CHLA SS
mgNL™! mgNL™"' mgPL™"' mgPL™"' mgO2L"! g Chla L™ mgL™!
Summer Average 0.9 0.08 0.07 0.05 8.4 8.6 12.6
SD 0.5 0.08 0.04 0.10 1.5 7.5 16.7
Winter Average 1.6 0.06 0.07 0.02 11.2 2.6 17.2
SD 0.4 0.10 0.04 0.02 1.4 3.8 43.7
Year Average 1.1 0.08 0.07 0.04 92 7.1 14.9
SD 0.6 0.09 0.04 0.08 2.0 7.2 33.6




Fig. 4 Yearly averaged fluxes,
simulated by the Seneque-
Riverstrahler model for water
discharge, total nitrogen (TN) and
nitrate (N-NO3), total phosphorus
(TP) and phosphates (P-POy,), and
total silica (TSi)

TN and N-NO3, ktons N.yr Discharge , m3s-!

TP and P-PO4, ktons P.yr-!

TSi, ktons Si.yr"

N

(=4

o
)

-

[=2]

o
1

-

N

o
L

(<]
o
&

40

0

15 -

12

2007 200% 2004 7005 5008 7007 900% 200% JD AN A2 JOA3 oA

——TN -+ N-NO3

1.0

0.8 -

0.6 -

0.4 -

0.2 1

2002 9003 5004 700 2000 70T 708 2009 9O HIAY A2 JA gA

~-TP -+ P-PO4

0.0

,——0———0———.——-o——-—o——-'-—-o—-———&-_,-_—o---o—--o

200Z 003 9004 100 100 00T 5008 7009 JOAO gAY JOAZ HOA3 A

50 -

40 -

30 -

20 -

10

0

2002 9003 7004 1005 900% 70T 9003 9009 HANO gAY A2 HOAD g



2002
1 2003
1 2004
1 2005
1 2006
1 2007
1 2008

2009
1 2010
1 2011
1 2012

2013
42014

P-ICEP, kgC km-2 day"!
&

o

o
1

-10 4

-15 4

-20 -
o~ [aed < ] ©o ~ © (=2 o - N el <
=3 =3 (=3 =3 (=4 =3 (=3 (=3 - - - - -
o < e = e =< e < o = e = e
~N ~N ~N ~N ~N ~N ~N ~N ~N ~N ~N ~N ~N

T T T T T T T T T T T

N-ICEP, kgC km-2 day"!

.5
Fig. 5 Yearly average of ICEP indicators (P-ICEP and N-ICEP),
calculated from yearly average TP, TN, and TSi fluxes

Temple-sur-Lot

Nitrate, mgN.L-!

0.5 4

Ammonium, mgN.L"!

0 T T T T = T
1970 1975 1980 1985 1990 1995 2000 2005 2010 2015

0.3 4

Phosphates, mgP.L"

Silica, mgSi.L!
»

0 T T T T T T T T "
1970 1975 1980 1985 1990 1995 2000 2005 2010 2015

surface and groundwater quality, as for many other river sys-
tems in France and Europe.

Therefore, we explored three scenarios for representing
possible futures of human activity in the Lot watershed. In
addition to the simple compliance of the EU directive for
wastewater treatment plants (i.e., phosphorus and nitrogen
treatment, called the Urban Wastewater Directive, UWWD),
we tested two contrasted agricultural scenarios. The first, here
called good agricultural practices (GAP), assumes the same
current conventional rotations, with full application of the cur-
rent regulations (balanced fertilization following the
agronomical recommendation with respect to current yield
objectives and catch crop introduction before spring crops;
Justes et al. 2012). The second involves a radical change in
the present agro-food system, with generalization of organic
farming based on long and diversified rotations (no use of
mineral fertilizers), reconnection of livestock and crop farm-
ing following the specification for organic cattle breeding and
the reduction of animal products in the human diet (the
“Organic local demitarian scenario”, OrglocDem) (Billen
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Fig.6 Long-term variations of observed nitrate, ammonium, phosphates, and dissolved silica concentrations at two stations along the main branch of the
Lot river. The solid line is the floating average (12-month increment) over the period covered by the data



et al. 2016; Garnier et al. 2016). Both agricultural scenarios
include the fulfillment of the UWWD prescriptions.

These scenarios were tested based on the situation
established for the year 2014, a recent year with average an-
nual hydrology (149 m® s™") close to the average calculated
for the 13 years (126 m® s~ ') taken into account in the study
and used here as the reference simulation.

As expected, silica fluxes did not change much for all sce-
narios. The UWWD scenario only slightly decreased phos-
phorus flux, which results from the fact that most wastewater
treatment plants are already treating phosphorus in compli-
ance with the EU directive. Regarding the agricultural scenar-
ios, no further decrease in phosphorus fluxes was observed.
Regarding nitrogen, although a 10% decrease of the flux was
obtained for the GAP scenario, the OrgLocDem scenario led
to a 40% reduction compared to the reference scenario
(Fig. 7).

Two additional scenarios were run. The “pristine” scenario
assumed no human activity in the watershed, which was con-
sidered entirely covered by forest. This scenario thus provided
a baseline corresponding to the natural background of nutrient
concentrations. In the “WWTP-LT” scenario, we explored the
effect of a lower level of WWTP treatment: only standard
activated sludge treatment was considered for cities above
2000 inh. eq., while smaller towns were considered to dis-
charge their wastewater without any treatment (Fig. 7).
Silica fluxes were slightly higher in the pristine scenario, be-
cause of lower in-stream consumption by diatoms. Regarding
phosphorus, the pristine scenario showed a 24% lower flux
compared to the reference situation. The WWTP-LT scenario,
which simulated the level of wastewater treatment of the
1980-1990s, led to a 25% increase in phosphorus fluxes.
Regarding nitrogen fluxes, the results for WWTP-LT scenario
were close to the reference scenario, showing again that nitro-
gen originated predominantly from agricultural (Fig. 7). It is
remarkable that scenarios such as the GAP and OrgLocDem,
which only affected the rather limited agricultural area of the
basin (6% arable land, but 47% grassland), had a dispropor-
tionate effect on nitrate concentration and fluxes.

Discussion
Strength and weakness of the approach

The major strength of our study was to update, since the first
works in the 1970s, the analysis of the biogeochemical func-
tioning of the Lot river, in the new context of water quality
directives with a comprehensive modeling approach.

The modeling approach applied here has required
documenting the constraints that drive the biogeochemical
behavior of river system at the scale of the whole basin (mor-
phology and hydrology, diffuse sources from land use and
point sources from all wastewater treatment plants). Data for
the validation of the model had also to be gathered. The
Riverstrahler model revealed to be a good tool for synthesiz-
ing all data available regarding nutrients and eutrophication.

A limitation to the study was data availability. For example,
we used the same WWTP census data from 2002 to 2009,
whereas we obtained data for each year from 2010 to 2014.
Changes in the location of the field measurement stations also
required making various assumptions to take advantage of a
maximum of existing data (see e.g., the reconstruction dis-
charge values for Livinhac at the upstream Lot branch).
Water quality data remained however scarce, except for
suspended solids.

Also, in this study, we did not take into account the model-
ing of reservoirs as is generally done for other Riverstrahler
model implementations (Garnier et al. 2000; Billen et al.
2007; Le et al. 2014). Taking into account the objective of
the study, i.e., nutrient imbalance and eutrophication in the
main branch of the Lot river, we therefore consider our ap-
proach valid once the discharge values, after separation of
surface and base flows, are correctly simulated (see Fig. 2).
Moreover, the modeling approach makes it possible to ade-
quately simulate suspended solids, which can be trapped in the
reservoirs (Vorosmarty et al. 2003; Dang et al. 2010; Quinton
etal. 2010; Le et al. 2014). Although considering reservoirs in
the drainage network continuum would help address new sci-
entific questions, this would imply gathering many data
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Fig. 7 Specific fluxes, simulated by the Seneque-Riverstrahler model of
TN, TP, and TSi for the reference in 2014, compared with five scenarios:
UWWD, improved wastewater treatment; GAP, good agricultural

practices; OrgLocDem, generalized organic farming, reconnected to
local needs, with a lower animal protein diet); Pristine: no
anthropogenic perturbation; WWTP-LTt: poor wastewater treatment



(reservoir morphology, discharge upstream and downstream,
water quality data in the reservoirs) that are not available,
either because they do not exist or because they are
confidential.

Nutrient concentrations and ecological status
of the Lot river

Ammonium concentrations at the Lot outlet plateaued at less
than 0.1 mg N-NH, L' and the simulations agreed reasonably
with most of the observations, except for a few outsider values
at 0.3-0.5 mg N-NH,4 L' that were not well simulated, prob-
ably corresponding to occasional dysfunction of wastewater
treatment plants (WWTPs). These values are rather low (about
0.05 mg N-NH,4 L', and similar to the Garonne river—
Lanoux 2013—or to the Loire river—Gorse et al. 2010;
Minaudo et al. 2015) with population density of 50 inh.
km 2. For comparison with a fourfold higher population den-
sity, the ammonium level in the Seine river still averaged
0.7 mg N 1" downstream Paris conurbation (Aissa-Grouz et al.
2015).

The model closely reproduced the large amplitude of ni-
trate variations attributable to denitrification in the riparian
zones, as already observed in the Garonne river (Pinay et al.,
2000; Sanchez-Pérez et al. 2003; Bernard-Jannin et al. 2017),
rather than to benthic denitrification sediments (Thouvenot
et al. 2007, 2009). This pattern of nitrate elimination in the
riparian zones and flood plains is well documented in litera-
ture (Hill 1996; Pinay et al. 1993; Pinay et al. 2000; Billen and
Garnier 2000; Vidon et al. 2010).

The simulation of phosphates was well within the average
of the scatter, although some high values, especially at the
beginning of the chronicle, were not reproduced by the model.
Similar to ammonium, these high values might stem from
WWTP dysfunction. Also, from 2007 to 2012, it seemed that
the method used had a detection limit at 0.05 mg P-PO, L',
whereas lower values may have occurred. Such an acceptable
simulation would show that PO, adsorption-desorption pro-
cesses, newly reparametrized in the model (Aissa-Grouz et al.
2016), were correctly taken into account. Compared with the
very few values observed, the silica simulation represented the
accurate level, although the decrease in concentration, corre-
sponding to diatom uptake, is sometimes underestimated by
the model.

The available long-term series of data (Fig. 6) showed a
significant gradual decrease in ammonium and phosphate
concentrations all along for the 1971-2010 period as already
observed by Capblancq and Tourenq (1978). Regarding ni-
trate, a regular increase has been observed since the 1970s,
in spite of the rather low contribution of arable land to the total
land use of the watershed. However, nitrate concentrations in
the Lot river remain relatively low compared to rivers with a
high proportion of arable land and intensive agriculture, such

as many other rivers in Europe (Bourraoui and Grizzetti
2011).

The negative values in P-ICEP indicate that diatoms are not
Si-limited with regard to phosphorus, usually the limiting fac-
tor in continental water. The positive N-ICEP value, together
with a N/P ratio averaging 28, well above the value of 7
corresponding to the Redfield et al. (1963) ratio, could favor
non-diatom development and possibly harmful algae (e.g.,
toxic Cyanobacteria or other non-grazed algal colonies, Diaz
and Rosenberg 2008; Justic et al. 1995), especially if the phos-
phorus level increases (from WWTP point sources or diffuse
soil erosion). These ICEP results followed downstream those
found for the Garonne river of 6 and — 1 kg C km ~ day ' for
N- and P-ICEP, respectively, for the 2001-2005 period
(Romero et al. 2013).

Future scenarios for the lot river: agriculture is
the major lever of improvement

Clearly, the lack of a noticeable difference in terms of nutrient
fluxes between the reference situation and the scenario assum-
ing perfect compliance with the urban effluent directive shows
that wastewater treatment policy has already met its goal, and
that no further improvement can be expected from point
source management, both in terms of nitrogen and phosphorus
reduction. This does not mean, however, that the level of
wastewater treatment could be lowered. Indeed, any relaxa-
tion in the domestic effluent treatment (as shown by the low
treatment scenario UWWT-LTt), with a strong development
of tourism activity for example, could enhance algal develop-
ment, especially because tourism activity reaches its maxi-
mum in summer when the water level is low. The Lot river,
with 75 km of navigable river in the downstream section, is
attractive for boating, and the Lot Valley is famous for its
medieval cities (Conques, Figeac, Saint-Flour, Saint-Cirq
Lapopie, Cahors) and its local gastronomy. Many hotels and
campsites are already established along the river and this in-
flux of tourists could increase here. Undersizing of WWTPs
combined with a dry summer could expose the Lot river to
cyanobacteria development and toxin production, as was ob-
served in the nearby Tarn river (Bertrand et al. 2004) and
several other rivers in the south of France as mentioned in
the “Introduction” section.

Major improvement in water quality is expected from mea-
sures taken in the agricultural sector to reduce N losses. Even
though only 6% of the watershed area is covered by arable
land mostly situated in the basin of the Lot’s major branch
(Livihac-Temple-sur-Lot), compliance with good agricultural
practices could reduce N fluxes by 20%. This GAP scenario
would lead to a 40% reduction of N-ICEP (2.3 kg
C km 2 day ™), for which nitrogen would still indicate a risk
for eutrophication, together with phosphorus. More structural
changes in agriculture would reduce nitrogen fluxes by 45%



and N-ICEP even more (— 0.5 kg C km > day ', i.e., nitrogen
no more in excess to silica), showing that agriculture develop-
ment can continue once sustainable practices are adopted.

Conclusion

Despite that wastewater management has considerably re-
duced the eutrophication potential regarding phosphorus (in
absolute levels as well as in terms of ratio regarding silica, cf.
negative P-ICEP), a threat still exists due to nitrogen which
has regularly increased in the main stem of the Lot and is now
in large excess compared to silica and phosphorus. Instead of
forming large algal biomass, and hence oxygen deficit through
organic matter degradation, the main concern of eutrophica-
tion seems to be a development of rather small biomass of
toxic cyanobacteria, leading to domestic animal kills.
Because tourism is an important economic activity of this
region, including recreative water activities (boating, fishing,
bathing), public authorities want preventing any health prob-
lem. However, agriculture (vineyards, market gardening,
maize cropping for duck keeping) is also a major economic
issue. Our scenarios show that a change in agriculture produc-
tion would allow conciliating both tourism and agriculture.
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