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Studies quantifying the impact of climate change have so far mostly examined
atmospheric variables, and few are evaluating the cascade of aquatic impacts that
will occur along the land-ocean continuum until the ultimate impacts on coastal
eutrophication potential. In this study, a new hydro-biogeochemical modeling chain
has been developed, based on the coupling of the generic pyNuts-Riverstrahler
biogeochemical model and the GR4J-CEMANEIGE hydrological model, and applied
to the Seine River basin (France). Averaged responses of biogeochemical variables to
climate-induced hydrological changes were assessed using climate forcing based on 12
projections of precipitation and temperature (BC-CORDEX) for the stabilization (RCP 4.5)
and the increasing (RCP 8.5) CO» emission scenarios. Beyond the amount of nutrients
delivered to the sea, we calculated the indicator of coastal eutrophication potential
(ICEP). The models run with the RCP4.5 stabilization scenario show low variations in
hydrological regimes and water quality, while five of the six models run with the increasing
CO» emissions scenario (RCP8.5) leads to more intense extreme streamflow (i.e., higher
maximum flows, lower and longer minimum flows), resulting in the degradation of water
quality. For the driest RCP 8.5 projection, median biogeochemical impacts induced by
decreasing discharge (until —270 m3 s~ in average) are mostly located downstream
of major wastewater treatment plants. During spring bloom, e.g., in May, the associated
higher residence time leads to an increase of phytoplankton biomass (+31% in average),
with a simultaneous —23% decrease of silicic acid, followed downstream by a —9%
decrease of oxygen. Later during low flow, major increases in nitrate and phosphate
concentrations (until +19% and +32% in average) are expected. For all considered
scenarios, high ICEP values (above zero) lasted, indicating that coastal eutrophication is
not expected to decrease with changing hydrological conditions in the future. Maximum
values are even expected to be higher some years. This study deliberately evaluates the
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impact of modified hydrology on biogeochemistry without considering the simultaneous
alteration of water temperatures, in order to disentangle the causes of climate
change-induced impact. It will serve as a first comparative step toward a more complete
modeling experiment of climate change impacts on aquatic systems.

Keywords: climate change, hydro-ecological modeling, nutrients, coastal eutrophication potential, impacts

INTRODUCTION

Both urban releases and fertilizer spreading have increased and
unbalanced river nutrient fluxes leading to coastal eutrophication
in many regions of the world (Nixon, 1995; Billen et al,
1999; Cloern, 2001; Diaz and Rosenberg, 2008; Erisman et al.,
2013). Coastal eutrophication has been associated with direct
responses, e.g., changes in primary production, nutrient ratios,
phytoplankton community, as well as indirect responses, e.g.,
changes in food web structure, anoxia and fish/invertebrate
mortality (Cloern, 2001). These environmental disturbances are
highly problematic and environmental management strategies
leading to lower nutrient loads and equilibrated N:P:Si ratios are
still needed (Billen and Garnier, 1997; Conley et al., 2009).

If we consider the boundaries defining the safe operating space
for humanity on Earth proposed by Rockstrom et al. (2009), i.e.,
where the Earth system is inside the stable environmental state
of the Holocene, human activities have largely exceeded these
boundaries for the nitrogen cycle, as well as for climate change,
with increasing risks for irreversible climate change situations.
Boundaries for nutrient cycles and climate change are not
isolated from each other but rather interlinked. For example, the
biogeochemical cycle of nitrogen is involved in climate change
through the emission of greenhouse gas N»O, and conversely,
changing climate with increasing floods could increase N
leaching and N fluxes to the coastal zone. It is therefore essential
to evaluate to what extent climate change will have an impact on
nutrient cycles (namely nitrogen, phosphorus and silicon) along
aquatic continuums and on coastal eutrophication potential.

Recent studies suggest that major impacts of climate change
are expected to modify the functioning of marine systems
(Doney, 2010; Henson et al., 2016), e.g., an increase in green tides
(Gaoetal., 2017) and toxic cyanobacteria blooms (Paerl and Paul,
2012; Wood et al, 2017). Many examples suggest that climate
change will exacerbate eutrophication symptoms caused by direct
anthropogenic activities at the coasts and in the river watersheds,
e.g., larger dead zones (Justi¢ et al., 2005; Altieri and Gedan,
2015), increasing DOC export during winter (Huntington et al.,
2016), higher nitrate export (Bouraoui et al., 2004), resulting in
unbalanced nutrient ratios with respect to P and Si. Other case
studies showed an attenuation of these symptoms associated with
climate change, e.g., a decrease in nitrate export (Bussi et al.,
2017).

The main factors explaining these climate-induced changes
are modifications in hydrological regimes (e.g., a flow increase in
winter, a flow decrease in summer, an increase in the intensity
and frequency of extreme events) and a water temperature
increase. However, the induced climate change impacts on coastal

eutrophication are not linear but rather complex, as shown
by its possible opposite responses to a similar perturbation
on different sites, e.g., an increase in eutrophic conditions
during wetter periods in the Northern Gulf of Mexico but
a decrease in the Hudson River (Justi¢ et al., 2005). Part of
this complexity could be explained by the cascade of indirect
impacts that occur along the land-ocean continuum (Billen
et al., 2009), which is rarely accounted for. Most particularly, it
is essential to include the representation of reaction-transport
processes occurring in aquatic systems indirectly impacted
by climate change through a modification of hydrological
conditions.

Few studies have investigated the indirect impacts of climate
change on nutrient transfers and they were generally based
on small catchments (Bouraoui et al.,, 2004; Andersen et al.,
2006; Wilby et al., 2006; Bussi et al., 2017), rarely expanded
to the regional scale. Some authors investigated the combined
effects of modified hydrology and water temperature, e.g., in the
Elbe River basin (Hesse and Krysanova, 2016), which prevented
disentangling the sole effects of modified hydrology. In addition,
the impacts have usually been evaluated on total annual fluxes
(e.g, N, P, C) at the river outlet, without taking into account
the seasonal variability of impacts on multiple nutrient forms
from the head stream waters to the major tributaries (or main
streams).

The main hypothesis of this study was that eutrophication
problems could worsen in the future because of the cascade
of impacts caused by climate-induced hydrological changes.
The aim was thus to evaluate the indirect impacts of climate
change, through the modification of hydrological regimes, on
river water quality along the regional Seine hydrosystem (France)
and at its outlet at the seasonal scale. We implemented a new
hydro-biogeochemical modeling chain, based on the coupling
of a spatialized version of the hydrological GR4J-CEMANEIGE
model (Raimonet et al., 2017b) and the biogeochemical pyNuts-
Riverstrahler model (www.fire.upmc.fr/rive; Desmit et al., 2015).
This allowed evaluating the spatial and temporal impacts
of modified hydrology on multiple biogeochemical cycles
simultaneously (N, P, Si, C) for a large river basin with
strong anthropogenic inputs. We also used an Indicator of
Coastal Eutrophication Potential (ICEP) (Billen and Garnier,
2007) to evaluate the modification of coastal eutrophication
potential under climate-induced hydrological changes in the
future. The sensitivity of the response of biogeochemical
variables was assessed using three GCMs, five RCMs and
two prospective situations for the timeline 2100: (i) the RCP
8.5 extreme IPCC scenario and (ii) the RCP 4.5 stabilization
scenario.
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METHODS

The Seine River Basin

Located in northern France, the Seine River is a seventh-
order stream at the chosen resolution of the study (Figure 1)
and is the second longest French river (776km; 22,400 km
cumulated). The Seine River basin drains a surface of
75,989 km? (65,586 km? at Poses) characterized by intense
anthropogenic pressures. Intensive agriculture is largely present,
mostly in the central part of the basin (Billen et al, 2007),
leading to high nitrate water contamination and eutrophication
symptoms in the downstream coastal waters (Passy et al., 2016).
The population density is high (~220 inhabitants.km=2 in
2016) with 12 million inhabitants concentrated in the Paris
conurbation on only 16% of the basin’s surface area. The
elevation is homogeneous, with less than 1% of the catchment
above 550m, and the climate is temperate with oceanic
influences.

The Hydro-Biogeochemical Modeling

Approach

The modeling chain is based on the coupling of the GR4J-
CEMANEIGE hydrological model and the pyNuts-Riverstrahler
biogeochemical model through 10-day water runoff at the scale
of unitary catchments covering ~10 km?.

The GR4J-CEMANEIGE Hydrological Model

A semi-distributed hydrological model was set up to estimate
daily water surface flow and baseflow on 5,793 catchment units,
from daily climate forcing.

The hydrological model needs three climate variables
as inputs: air temperature, precipitation, and potential
evapotranspiration, which were extracted at the catchment scale
and at a daily time step. In this study, the hydrological model
GR4J (Perrin et al., 2003) was coupled with the CEMANEIGE
snow-accounting module (Valéry et al., 2010) since snowfall may
occur within the upstream part of the catchment (see Raimonet
etal., 2017b for further detail on the description of the coupling).
This model was chosen because it provides relatively good
performance (e.g., Perrin et al., 2003) and is commonly used by
operational services for hydrological predictions in France.

Since the majority of the 5793 CCM catchments were
ungauged, i.e., no flow data were available to calibrate the GR4]J
model parameters, we used the model parameters calibrated on
the gauged catchments (n = 349) in the vicinity of each ungauged
catchment (Oudin et al,, 2008). To apply this approach, we
determined the total upstream catchment areas, i.e., the area
draining to the CCM unit outlet, and computed streamflow using
the GR4J-CEMANEIGE hydrological model. Surface flow and
baseflow contributions were then estimated using the BFLOW
automatic hydrograph separation method (Arnold and Allen,
1999). Finally, 10-day runoft values (combining surface flow
and baseflow) were distributed in each CCM catchment from
upstream to downstream, by computing the difference between
the drained catchment flows and the flows from smaller nested
catchments.

The pyNuts-Riverstrahler Biogeochemical Model

The Riverstrahler model describes benthic and pelagic
biogeochemical processes along the river network, from
headwater streams to large tributaries (Billen et al., 1994, 2007;
Garnier et al.,, 1995, 2002). It enables a fine-scale representation
of the whole drainage network, either by sub-basins, assuming
an average functioning by Strahler (1957) stream order, or with
a more detailed representation of river branches, kilometer by
kilometer. Briefly, Strahler orders are distributed between the
first-order streams located upstream of the catchment (order
1) and the largest-order stream that reaches the outlet (order
7). The model takes into account the dynamics of silicified (i.e.,
diatoms) and nonsilicified phytoplankton and zooplankton
and simulates the biogeochemical cycles of carbon, oxygen,
nitrogen, phosphorus and silica (under different forms). Most
of the processes that are important in the transformation and/or
retention of nutrients during their transfer in streams are
explicitly calculated at a time step smaller than 6 min and the
model outputs are provided at a 10-day resolution.

The pyNuts modeling environment aimed at enabling a large-
scale deployment of the Riverstrahler modeling approach to
multiple regional river basins (www.fire.upme.fr/rive). Setting
up the pyNuts-Riverstrahler model required to gather different
constraints, corresponding namely to morphological properties
of the hydrosystems (depth, width, and length), point sources
(e.g., wastewater treatment plants), diffusive sources (e.g.,
agriculture) and hydro-climatic inputs (light, water temperature
and runoff).

Setting Up the Modeling Chain

Natural Constraints

The pan-European CCM catchment database v2.1 (Vogt
et al,, 2007; http://ccm.jrc.ec.europa.eu) was used to define
elementary catchments (5,793 units) for the Seine basin and
basic morphological information for characterizing the drainage
network. The light followed an annual cycle dependent on the
latitude of the catchment, and water temperature was set by
Strahler order (adapted from Billen et al., 1994).

Anthropogenic Constraints

Domestic point sources were set from the European UWWTD
waterbase (EEA, 2012) using data reported for the year 2010.
Fluxes of N, P, C and suspended solids discharged to the drainage
network were calculated on the basis of a spatially explicit census
of wastewater treatment plants. For each release point, raw
emissions were provided (in inhabitant equivalents), associated
with a wastewater treatment type (including discharge without
any treatment). The corresponding water and nutrient fluxes
were considered constant over the year.

Diffuse sources were estimated for surface runoff and
base flow as nutrient concentrations characterizing each
land use class of the watershed. Data were retrieved from
European databases and regionalized for each land use
class (Bossard et al., 2000; EEA, 2007; Corine Land Cover
database) inside each statistical NUTS region (NUTS level 3).
Particulate sources were estimated from the PESERA model
(Kirkby et al, 2004) combined with land-based estimates
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FIGURE 1 | Map of the Seine River network and basin, and land use in 2006.
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of phosphorus and organic carbon (LUCAS survey; Toth
et al., 2013). Dissolved silica concentrations were determined
according to litho-morphological properties, distinguishing
crystalline and sedimentary rocks. Nitrogen (nitrate) leaching
flux was calculated based on a comprehensive analysis
of the agricultural EUROSTAT databases and N surplus
(Anglade et al., 2015) established with the GRAFS (generalized
representation of agro-food systems) approach (Billen et al,
2014).

Given that the objective of this work was to evaluate
the impact of climate-induced changes, human practices (i.e.,
domestic point sources and agricultural diffuse sources) were set
to conditions characteristic of 2010 and 2006, and kept constant
in future scenarios.

Climate Forcing: Reanalyses and Projections

We used the MESAN reanalyses of air temperature and
precipitation at a daily timescale (Landelius et al, 2016),
as atmospheric inputs for the recent period (2000-2010).
Potential evapotranspiration was calculated from the mean
daily air temperature and latitude of the catchment using
an empirical temperature-based formula (Oudin et al., 2005).
MESAN reanalyses were selected for two reasons: these
reanalyses used a high-density network of precipitation and
temperature observations, making them reliable inputs to
the hydrological model (Raimonet et al, 2017b) and the
resolution of the MESAN grid was relatively high and similar
to the EURO-CORDEX grid (~12 km; http://www.euro-cordex.
net/; Jacob et al, 2014) on which the climate projections

were downscaled at the European scale. The European scale
of the reanalyses and projections was essential because the
objective of the pyNuts-Riverstrahler platform, including the
new developments presented in this paper, is to extend
investigations of climate-induced changes on the West European
domain.

For prospective simulations, we used climate model outputs
from the bias-corrected version of the EURO-CORDEX
projections (BC-CORDEX; see for example, Casanueva et al.,
2016). These products were specific to Europe and downscaled
to a much higher resolution (12km) compared to CMIP
projections (50km). We used the BC-CORDEX projections
that were corrected for bias using the MESAN reanalyses
and the cumulative distribution function (CDF-t; Vrac et al,
2012) with specific processing of precipitation (Vrac et al,
2016). More specifically, we used 12 climate projections
(Table 1) obtained from a partial combination of three global
climate models (GCMs), five regional climate models (RCMs)
and two prospective scenarios of CO, emissions for the
2100 timeline, i.e., the RCP 8.5 extreme IPCC scenario
(+8.5 W/m? in 2100 compared to the preindustrial values)
and the RCP 4.5 stabilization scenario (+4.5 W/m?). Each
climate simulation covered the 1951-2100 period at a daily
timescale.

Note that, in this paper, the term “projection” refers to
any combination of global climate model/regional climate
model/CO; emission scenario leading to one climate situation,
while “scenario” refers to the RCP8.5 or RCP4.5 CO, emission
scenarios, which could include several projections.
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TABLE 1 | List of GCM, RCP and RCM combinations used in this study, as well as the climate variable (precipitation P, temperature T, potential evapotranspiration E) and
associated hydrological variables (Qmean, mean annual 10-day streamflow; Qmin, minimum annual 10-day streamflow; Qmax, maximum annual 10-day streamflow)

change trends for the 1952-2100 period.

Code Institute GCM RCP RCM P T E Qmean Qmin Qmax
ICHEC45_CLMcom ICHEC EC-EARTH 4.5 CLMcom-CCLM4-8-17 0 + + - - 0
ICHEC45_DMI ICHEC EC-EARTH 4.5 DMI-HIRHAMS 0 + + 0 - 0
ICHEC45_KNMI ICHEC EC-EARTH 4.5 KNMI-RACMO22E 0 + + - - 0
ICHEC85_CLMcom ICHEC EC-EARTH 8.5 CLMcom-CCLM4-8-17 - + + - - -
ICHEC85_DMI ICHEC EC-EARTH 8.5 DMI-HIRHAMS + + + 0 - 0
ICHEC85_KNMI ICHEC EC-EARTH 8.5 KNMI-RACMO22E 0 + + - - 0
IPSL45 IPSL IPSL-CM5A-MR 4.5 IPSL-INERIS-WRF331F + + + + 0 +
IPSL85 IPSL IPSL-CM5A-MR 8.5 IPSL-INERIS-WRF331F + + + + + +
MPI45_CLMcom MPI-M MPI-ESM-LR 4.5 CLMcom-CCLM4-8-17 0 + + 0 - 0
MPI45_MPI MPI-M MPI-ESM-LR 4.5 MPI-CSC-REMO2009 0 + + 0 0 0
MPI85_CLMcom MPI-M MPI-ESM-LR 8.5 CLMcom-CCLM4-8-17 0 + + - - 0
MPI85_MPI MPI-M MPI-ESM-LR 8.5 MPI-CSC-REMO2009 0 + + 0 - 0

Trends are determined using the Mann-Kendall nonparametric test (O, no significant trend; +, positive trend; —, negative trend) with the significance threshold at 0.05.

Assessment of the Hydro-Biogeochemical
Modeling Chain and Model Outputs Under

Future Climate Change

The modeling chain simulations were assessed for the 2000-2010
period for hydrology, and for two contrasted years (2001: wet,
2007: dry) for biogeochemistry. The integrative assessment of all
biogeochemical variables is presented at Poses, the outlet of the
Seine River basin before tidal influence.

Future changes in river biogeochemistry were assessed by
comparing the end of the century (2080-2100) to the reference
period (1980-2000) for the two IPCC scenarios, RCP4.5
and RCP8.5 (considering an average of six projections for
each scenario). A first focus on each individual projection
of the RCP 8.5 was provided, to finally conduct a detailed
study of the driest projection ICHEC85_CLMcom and the
wettest projection IPSL85. We evaluated temporal impacts by
investigating seasonal variations of a selection of biogeochemical
properties in the future compared to the reference, and
spatial impacts by investigating variations by Strahler stream
order.

The total export fluxes of N, P, and Si, and the ICEP indicator
(Billen and Garnier, 2007) were estimated at the river outlet.
The ICEP indicator is based on these TN, TP, and TSi fluxes
and quantifies the unbalanced river nutrient inputs compared to
the requirements of diatom growth (Billen and Garnier, 2007).
The N-ICEP and P-ICEP indicators were calculated with the
following equations when N or P is limiting, respectively:

N-ICEP

[NFlux/(14 % 16) — SiFlux/(28 % 20)] 106 % 12

P-ICEP = [PFlux/31 — SiFlux/(28 % 20)] * 106 * 12

NFlux, PFlux, and SiFlux fluxes are expressed in kgN km~2 d~!,
kgPkm™2d™!, and kgSi km 2 d 1, respectively, and N-ICEP and

P-ICEP are in kgC km~2 d~!. Positive ICEP values indicate a
potential for Si limitation for diatom growth and thus for coastal
eutrophication.

RESULTS

Assessment of the Hydro-Biogeochemical

Model Simulations

The spatialized hydrological model developed in this study made
it possible to correctly model streamflow at the river outlet
(Figure 2) and for catchments nested within the Seine River basin
(the simulations on the set of 349 gauged catchments located
within the hydrosystem deemed satisfactory, presenting Nash
and Sutcliffe (1970) criteria € [0.60 0.99] when the MESAN
reanalyses were used as inputs).

Mean streamflow estimations and distributions were
generally consistent using MESAN reanalysis and BC-CORDEX
projections at the Seine River outlet for the 2000-2010 period
(Figure 3), demonstrating the capacity of the hydrological
method to estimate past streamflow climatology using climate
model outputs. Extreme high flow was accurately represented
with most of the climate models, but underestimated with
IPSL45 and overestimated with ICHEC45_KNMI.

The model was able to correctly simulate the dynamics of
biogeochemical variables (suspended solids, nitrate, phosphate,
phytoplankton biomass, dissolved oxygen, silicic acid) for
contrasted wet (2001) and dry (2007) situations (Figure 2).
Considering that the model is a simplification of reality, the
simulations were generally consistent with observations, except
some cases where the model outputs were not represented by
observations, e.g., underestimation of nitrate between June and
August, overestimation of oxygen concentrations in 2001. As
an example, the low oxygen concentrations observed in July
2001 must be related to wastewater treatment plant failure
and associated releases of high ammonium and/or organic
matter concentrations from the 6.5 million equivalent inhabitants

Frontiers in Marine Science | www.frontiersin.org

May 2018 | Volume 5 | Article 136


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles

Raimonet et al. Eutrophication Conditions Under Climate Change

2000

observations 2001
—— model simulation

observations 2007
—— model simulation

PHY-ugChla.L ™!

PHY-ugChla.L™!

T 8 . "“ 8 12 -
= L8 - T 10 ot L~
Z 6 d p=4 - L o o[
o =3 S ° o ° T
g, E £, E.
I5e) o 5] N
i 8 g, 8
0 0 o
os 6 os 6
T o4 o B T o4 wil 8
- = - o
Q. o D a D
0’03 g.i =] g}
£ g £ =
02 :
< w2 < 2
o 2] o @
a o1 o a o
o o

0.0
Jan FebMar AprMay Jun Jul Aug Sep Oct Nov Dec

0.0 ° :
Jan FebMar Apr May Jun Jul Aug Sep Oct Nov Dec Jan FebMar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

FIGURE 2 | Measured and modeled time series of hydro-biogeochemical variables (streamflow, suspended solids, nitrate, phosphate, phytoplankton, dissolved
oxygen, silicic acid) at Poses at the outlet of the Seine River basin during two wet (2001, left) and dry (2007, right) years. Discharge and water quality measurements
were provided by the Banque Hydro (http://www.hydro.eaufrance.fr/) and the French water authority (Agence de I'Eau Seine-Normandie), respectively.

wastewater treatment plant. This type of event has already been
highlighted by Aissa-Grouz et al. (2015). As a consequence, low
oxygen concentrations has been observed in the data in July
2001. However, this was not simulated by the model, as average
wastewater treatment plant loads are used to force the model and
not real-time data.

Impacts of Climate Change on
Hydro-Biogeochemical Dynamics at the
River Outlet
Median Changes for all Climate Projections
Hydrology
Long-term trends of annual climate variables for the Seine
River basin (precipitation, air temperature, evapotranspiration)
and associated annual hydrological indicators at the basin
outlet (average, minimum, and maximum streamflow) were
calculated for the 1952-2100 period for each projection (Table 1).
Temperature and potential evapotranspiration trends were
positive for all projections, while precipitation trends differed
depending on projections (eight projections with no significant
trend, one with a negative trend, three with a positive trend).
This range of climate forcing led to various mean annual
streamflow trends (five projections with no significant trend,
five with a negative trend, and two with a positive trend).
Minimum streamflow trends decreased for nine projections,
while maximum streamflow had no trends for nine projections.
Then we compared the changes in hydro-biogeochemical
variables at the Seine River outlet between the 1980-2000

3000

2500

2000

Flow m*.s~!
=
wn
o
o

1000

500

mesan1lkm

becordex_ipsI85

bccordex_ipsl45

bccordex_mpid5_mpi

becordex_ichecd5_clmcom
bccordex_ichec45_dmi
bceordex_ichecd5_knmi
bceordex_mpid5_clmcom
becordex_ichec85_clmcom
bccordex_ichec85_dmi
becordex_ichec85_knmi
becordex_mpi85_cimcom
bccordex_mpi85_mpi

FIGURE 3 | Mean decadal total streamflow calculated using the MESAN
reanalysis and the 12 BCCORDEX climate projections at the outlet of the
Seine River for 2000-2010.

reference period and the 2080-2100 future period. When only
considering the annual variation in streamflow, we observed a
similar 5% increase in streamflow for both RCP4.5 and RCP8.5.
However, focusing on seasonal variations indicated that the
RCP4.5 stabilization scenario led to lower seasonal hydrological
changes compared to the RCP8.5, which resulted in a much
stronger modification of hydrological regimes (Figure 4). The
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averaged seasonal flow amplitude (between dry and wet seasons)
increased from 620 m> s~! (reference) to 710 m® s~! and up to
almost 1,000 m* s~! when combining the most extreme averaged
values for min-max seasonal RCP8.5 projections. The range
of hydrological responses with the six climate projections was
wider with the RCP8.5 scenario, indicating that more extreme
high and low flows could occur with RCP8.5 compared to the
reference and the RCP4.5 scenario. More precisely, extreme flows
estimated each year (not shown) covered a wider range of values
(from 115 m® s~! in summer to 3,250 m> s~! during winter)
with the scenario RCP8.5 over the period 2080-2100 compared
to 1980-2000.

Biogeochemistry

As for hydrology, the RCP4.5 stabilization scenario led to
small changes in biogeochemical properties, while the RCP8.5
extreme IPCC scenario led to the greatest changes (see Figure 4).
Therefore, only the modifications of biogeochemical properties
induced by hydrological conditions simulated under RCP8.5 are
described hereafter and compared to the reference. Suspended
solid concentrations closely followed the changes in streamflow
and ranged from 36 £ 19mg 17! in winter to 7 £ 4mg 17! in
fall. Compared to the reference period, winter concentrations
were higher (median = +14%) and slightly lower in autumn
(median = —4 %). Nitrate and phosphate concentrations were
the most impacted by hydrological changes, and especially by
a streamflow decrease in summer/fall. Nitrate and phosphate
concentrations increased during this period (from 4.7-6 £ 0.6
mgN 17! to 4.9-6.8 £ 0.6 mgN 17! for nitrate; from 0.18-0.23
4+ 0.4 mgP 17! to 0.20-0.26 + 0.4 mgP 17! for phosphate). The
change in streamflow in spring (slight increase for RCP8.5) led
to a slight lowering in phytoplankton biomass (to 20-48 £13
g Chla 17! instead of 35-56 +12 pug Chla 17! in April). The
bloom was logically followed by less oxygen depletion compared
to the reference situation (9 & 2mg 17! instead of 7 & 2mg 17!
in May). Silicic acid concentrations generally inversely followed
the changes simulated for phytoplankton bloom dynamics,
particularly during the spring and autumn blooms. Silicic acid
decreased more slowly with RCP8.5 but was still completely
depleted by diatom uptake. The fall bloom was still lower than
the spring bloom, but slightly increased with RCP8.5, and oxygen
and silicic acid concentrations varied accordingly.

Changes by Climate Projection

Although the changes described above were relatively limited
when considering the averaged responses of all the projections
merged for a given scenario, more contrasted changes were
observed when we investigated the individual seasonal response
of each projection for the RCP 8.5 most extreme scenario
(Figure 5).

For example, only one projection (IPSL85) showed an
increase in river discharge (up to +500 m® s7%, i.e.,, +40% in
February) and suspended solids (up to +23mg 17!, i.e., +45%
in February). This is due to the increasing modeled rainfall over
the catchment in summer, which is different from the other
models. All five of the other projections rather indicated an
increase in river discharge and suspended solid concentrations

in winter/spring and a decrease in summer/fall ranging between
+20 and —20%, respectively (Figure 5). One of the projections
(ICHEC85_CLMcom) led to the most drastic decrease in river
discharge and suspended solids, especially during fall (up to
—35%).

Nitrate and phosphate concentrations were modified during
the low-flow season. Except for IPSL85, nitrate and phosphate
concentrations increased (up to +2 mgN 17! and +0.12 mgP
17! with ICHEC85_CLMcom in October) in response to the
streamflow decrease.

The increase and decrease in phytoplankton biomass (up to
+15 and —22 g Chla 17! during the fall and spring blooms
depending on the projection) occurred with the decrease and
increase in river discharge, respectively (Figure5). Dissolved
oxygen concentration changes were limited (—2.3 to +2.1 mg
17!) and restricted to post-bloom periods in spring and fall
(Figure 5). Silicic acid concentrations varied in response to
changes in phytoplankton biomass (mostly diatoms, not shown)
in spring and fall.

The above changes are averaged values for each projection for
the period 2080-2100 compared to 1980-2000. However, strong
inter-annual variability (not shown in the figures) indicated
even more extreme values depending on simulated years. For
example, for the driest projection ICHEC85_CLMcom, nitrate
and phosphate concentrations could lead to an absence of change
during some years but reach + 3.5 mgN 17! and +0.22 mgP
17! some other years which could strongly worsen the eutrophic
status of the system.

Spatial Impacts of the Modified Hydrology

on River Biogeochemistry

We investigated the spatial impacts of the modified hydrology
for the driest projection that led to the lowest streamflow
(ICHEC85_CLMcom) during the most sensitive time periods,
e.g., during the spring bloom in May and during the late low-flow
reduction in October/November (see Figure 5). According to
Garnier et al. (1995), we only represented Strahler orders starting
at 4 where phytoplankton growth rate is higher than dilution
by water flow, enabling phytoplankton biomass to increase
(Figures 6, 7).

During the Spring Bloom in May

Streamflow decreased in the whole hydrosystem, especially
for stream orders greater than or equal to 5 (from —10 to
—150 m® s71, ie, > —20%; Figure6). This decrease led to
increasing phytoplankton biomass and associated decreasing
silicic acid concentrations in these orders and decreasing oxygen
concentrations in the 7th order. This is clearly visible along
the main Seine River stream (Figure 8) where phytoplankton
increases and silicic acid decreases mostly occurred between Paris
and Poses, followed by an oxygen decrease further downstream
toward the estuary.

During the Late Low Flow in October/November

Streamflow  strongly decreased in all orders in
October/November (almost —50% in all orders and from 360 to
200 m? s~! in the 7th stream order; Figure 7). This logically led
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FIGURE 4 | Seasonal hydrological impacts of climate change and its consequences on hydro-biogeochemical variables (streamflow, suspended solids, nitrate,
phosphate, phytoplankton, dissolved oxygen, silicic acid) at the outlet of the Seine River basin, averaged for the six climate projections and over 21 years (1980-2000
or 2080-2100). Median (line), minimum, and maximum values (envelopes) of the median projection values of the reference situation (blue) is compared to RCP4.5
(green) and RCP8.5 (red).

to a strong decrease in suspended solid concentrations (between
—30 and —50%) that reached less than 6 mg 1! in the 7th stream
order. This strong decrease in river discharge led to an increase
in nitrate and phosphate concentrations in the 7th stream order
from 6.2 to 7.3 mgN 17! (+19%; Figure 7) and from 0.2 to 0.3
mgP 17! (+44%), respectively. When looking at the distribution
along the main Seine River stream (Figure 8), the decrease
in suspended solid concentrations was intensified downward,
while nitrate and phosphate concentrations clearly increased
downstream of major wastewater treatment plant effluents.

Changes in Eutrophication Potential to the Coastal
Zone

According to the Redfield ratios, both TN and TP fluxes were
in excess compared to TSi fluxes at the Seine River outlet for
the reference period and hence ICEP indicators were always
higher than zero, indicating the sensitivity of this system to
coastal eutrophication (Table 2), as shown previously (Billen and

Garnier, 2007). When comparing annual export fluxes, a slight
increase in TN, TP, and TSi fluxes was observed leading to
constant N-ICEP and P-ICEP indicators in the future compared
to the reference. However, the largest changes were observed
with the wettest projection, IPSL85, and the driest projection,
ICHECS85_CLMcom (Table 2).

The wettest projection, IPSL85, led to annual increases in
TN fluxes (from 3.29 to 3.98kg km? d=1), TP fluxes (from
0.11 to 0.13kg km? d~!) and TSi fluxes (from 1.52 to 2.08 kg
km? d~1). The driest projection, ICHEC85_CLMcom, resulted
in the opposite annual decrease trends in TN fluxes (from
2.93 to 1.87kg km? d~!), TP fluxes (from 0.10 to 0.08kg
km? d~!) and TSi fluxes (from 1.31 to 0.58 kg km? d71). In
both conditions, N-ICEP remained largely positive, N being
in excess to Si; whereas P-ICEP, closer to zero in the wettest
condition, showed better balanced P and Si fluxes. For the low-
flow period in late summer/fall (August-October), the same
trends as for annual values were observed, and N-ICEP and
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P-ICEP indicators remained always above zero, a threshold for
coastal eutrophication potential.

Minimum and maximum values of total fluxes and ICEP
values indicated that more extreme values are expected in
the future compared to the past, for the wettest and driest
projections.

DISCUSSION

Sensitive Seasons to Hydrological
Changes and Magnitude of Extreme Events

in the Future
From a hydrological and biogeochemical point of view, periods
of high flow and low flow are the most sensitive seasons with the

RCP8.5 extreme CO, emission scenario. Hydrological regimes
are characterized by more contrasted seasons between 2080-
2100 and 1980-2000, with larger precipitation and streamflow
in winter/spring and more severe low flows in summer/fall
at the end of the century. This is consistent with previous
findings for the Seine River (Ducharne et al, 2003; Dayon,
2015), while other studies based on different climate projections,
emission scenarios, downscaling methods, hydrological model
and/or periods studied mostly suggested an overall streamflow
decrease (e.g., Boé¢ et al., 2009).

The modifications of the hydrological regime observed with
the RCP8.5 scenario have biogeochemical consequences in the
Seine River hydro-ecosystem, e.g., (i) an impact on water quality
along the hydro-ecosystem through its outlet, as exemplified for
spring and fall (see the section on spatial hydro-biogeochemical
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FIGURE 6 | Spatial impacts of climate change on relative changes in streamflow, phytoplankton, dissolved oxygen and silicic acid concentrations in May in each
Strahler order category of the Seine River basin with the driest scenario, RCP8.5 (ICHEC85_CLMcom). The relative change is the difference between 21-year
averages for 2080-2100 and for the 1980-2000 reference period, averaged by order. The relative decrease in flow is indicated in violet and the relative positive and
negative changes for other variables are indicated in red and blue, respectively. The reference values are represented by the blue line.

impacts) and (ii) an impact on nutrient export and coastal  consequences) are distributed by stream order at the regional
eutrophication potential at the annual scale as well as during low  scale of the Seine River basin. It is well known that stream
flow (see the section on eutrophication potential to the coastal  orders are characterized by distinct morphology, hydrology and
zone). biogeochemical functioning from headwater streams to large
It is worth noting that, even if we do not see drastic  rivers downstream (Garnier et al., 1995; Seitzinger et al., 2002;
changes in median values, there is an increase in the range = Bouwman et al., 2013). Understanding how the spatial impact
of values reached with the different climate projections used,  of the modified hydrology will alter the river biogeochemistry
particularly the wettest projection, IPSL85, and the driest  with climate change is essential in order to detect changes in
projection, ICHEC85_CLMcom, indicating that extreme high  the spatial distribution of biogeochemical properties by stream
values in terms of streamflow (floods and droughts) as well  order, and to anticipate the combined effects of climate change
as biogeochemical water properties (e.g. coastal eutrophication  and anthropogenic pressures.
symptoms) can be expected in the future. These values For the driest climate projection (ICHEC85_CLMcom)
are even expected to be more extreme due to inter-annual  during the most sensitive periods in both May and
variability with some years exhibiting more extreme minimum or ~ October/November, the streamflow decreases in all stream
maximum discharge, as well as much higher potential of coastal ~ orders with increasing visible impacts downstream. The
eutrophication compared to values observed today. biogeochemical modifications occurring with streamflow
changes differ depending on the magnitude of hydrological
Lo . . changes, the season and the biogeochemical variable considered.
Spatializing Hydro-Biogeochemical During the productive season, and particularly in May, these
Impacts Under Future Climate Change changes lead to an increase in the phytoplankton bloom, which
Part of the originality of this study is to identify how the indirect ~ grows in the 5-7th stream orders, with increasing residence time.
impacts of climate change (i.e., modified hydrology and its  This stimulation of phytoplankton growth (mostly diatoms)
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logically leads to a simultaneous silicic acid decrease due to
higher silicic acid uptake by diatoms, as well as an oxygen
decrease downstream in the 7th stream order, where the
phytoplankton biomass is transported to form more abundant
organic matter degraded by heterotrophic activities (decreasing
oxygen). Under the RCP8.5 extreme CO; emission scenario,
the maximum of phytoplankton biomass is still located in the
5th orders, but amplifies in these orders and increases farther
upstream in the 4th orders. This indicates that phytoplankton
grows more upstream in the hydro-ecosystem in response to
the streamflow decrease and the associated increase in water
residence time. These results highlight that climate-induced
hydrological changes will have consequences in terms of
amplitude and localization of phytoplankton blooms and
associated biogeochemical variables, e.g., oxygen and silicic acid,
which are both associated with eutrophication symptoms.
During the low-flow season, when the streamflow decrease
is expected to be substantial and extended, suspended solid
concentrations strongly decrease due to lower erosion
and higher sedimentation in the river. These changes are
known to have consequences on geomorphological river
properties, phytoplankton growth, contaminant accumulation,

benthic recycling, etc. Simultaneously, nitrate and phosphate
concentrations increases during low flow, particularly in
the 7th stream order, are most likely related to the lower
dilution of point sources in the urbanized river basin, as
commonly observed downstream of large sewage treatment
plant effluents. In addition, the increase in nitrate is also related
to higher nitrification rates resulting from higher ammonium
concentrations and higher water residence time, as already
observed in the Seine River (Garnier et al., 2007; Aissa-Grouz
et al, 2015; Raimonet et al., 2017a). The biogeochemical
impacts of river flow decrease are thus expected to be greater
downstream of conurbations with major sewage treatment plant
effluents.

Suspended matter, oxygen, nitrate, and phosphate
concentrations present a similar trend regardless of the
stream order considered and the climate projection used, but
these impacts are often stronger downstream in higher stream
orders (>4th). This result supports the idea that the climate-
induced modified hydrology impacts cascade in all stream orders
for these biogeochemical variables, with cumulative effects
on biogeochemical processes from upstream to downstream.
Stronger spatial heterogeneity could be expected in larger river
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basins characterized by a diversity of climate regimes inside its
watershed as well as in highly impaired river basins.
Interestingly, the absolute increase in nitrate concentrations
expected with the driest RCP85 scenario might locally be
on the same order of magnitude and even higher than the
range of seasonal variability and the spatial variations observed
from stream orders 1-7. This means that the amplitude of
the biogeochemical impact induced by climate change is, for

example, for nitrate, comparable to the impact of direct anthropic
pressures through agriculture and wastewater treatment effluents
on the basin, or to the effect of the retention capacity
associated with the denitrification biological process. This study
demonstrates the adverse impacts on aquatic biogeochemistry
and supports the need for decreasing N and P sources to reduce
coastal eutrophication symptoms (Billen and Garnier, 1997;
Conley et al., 2009).
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TABLE 2 | Annual median values for TN, TP and TSi fluxes, and indicators of coastal eutrophication potential (N-ICEP and P-ICEP), for all projections as well as for the

wettest (IPSL85) and the driest (ICHEC85_CLMcom) projections.

Projections Type Period RCP TN TP TSi N-ICEP P-ICEP
(kgNkm=2d-') (kgPkm=2d-1) (kgSikm=2d-1) (kgCkm=2d~1) (kgC km=2 d~1)
All 1980/2000  Reference  2.94 [1.715.26] 0.10[0.08 0.15] 1.33[0.48 3.20] 14.21 [9.66 22.40] 1.05 [—0.98 1.86]
2080/2100  RCP8.5 2.98[1.49 4.72) 0.11[0.07 0.15] 1.36 [0.27 3.17] 14.42 [7.95 20.85] 1.05[—1.03 2.26]
IPSL85 Wettest ~ 1980/2000  Reference  3.29 [2.08 3.89] 0.11[0.08 0.12] 1.52 [0.63 2.24] 15.30 [10.42 17.45]  1.00 [-0.48 1.70]
2080/2100  RCP8.5 3.98 [2.51 4.71] 0.13[0.09 0.15] 2.08 [0.85 3.00] 17.92 [12.54 20.46]  0.38 [-1.03 1.63]
ICHEC85_CLMcom  Driest 1980/2000  Reference  2.93[2.12 4.50] 0.10[0.08 0.14] 1.31[0.74 2.82] 13.46 [10.20 18.89]  1.08 [~0.48 1.64]
2080/2100  RCP8.5 1.87 [1.49 3.82] 0.08 [0.07 0.13] 0.58[0.27 2.27] 9.23[7.95 16.88] 1.84 [0.56 2.26]

Values are given for the reference period, as well as for the future period (2080/2100) for the extreme CO, emission scenarios (RCP8.5). Numbers between brackets indicate minimum

and maximum annual values.

Eutrophication Potential to the Coastal

Zone Under Future Climate Situations

If we consider median values for the RCP8.5 scenarios (median
of six projections for each scenario) for 21 years at the end of the
century, the eutrophication potential is expected to remain stable
compared to the end of the previous century with unbalanced
nutrient ratios.

Investigating impacts during the wettest and driest projections
individually allows us to better appraise the evolution of coastal
eutrophication potential under changing climate. Logically, total
annual nitrogen, phosphorus and silica exports decrease with
the driest projection (ICHEC85_CLMcom) and increase with the
wettest projection (IPSL85), which is consistent with the change
in nutrient diffuse sources contribution while point sources loads
are estimated independently from hydrological conditions. Our
estimates demonstrate that at the outlet of the Seine River, the
imbalance of nitrogen fluxes will remain in a large excess over
silica fluxes under future climate situations. These high N-ICEP
values tend to increase with the wettest projection and decrease
with the driest one, which is in agreement with the prevalence
of diffuse nitrogen sources for the agricultural Seine basin. In
comparison, the low excess of phosphorus fluxes over silica (P-
ICEP close to zero) is further lowered to zero under the wettest
projection. Increasing runoff conditions under IPSL85 projection
will result in greater exports of silica of diffuse sources, compared
to the phosphorous exports, issued from both diffuse and point
sources (Garnier et al., 2013).

These results suggest that, for a given river basin, ICEP
indicators are expected to increase or decrease in response to the
hydrological changes, the N and P proportion in diffuse vs. point
sources, and the cascade of impacts on biogeochemical processes
in the hydrosystem. The evolution of the coastal eutrophication
potential therefore depends on the climate regime, the internal
catchment properties, and anthropogenic pressures with possible
opposite trends (Romero et al., 2012). Indeed, both streamflow
increase and decrease can potentially lead to more sensitivity
to eutrophication conditions with respect to either the excess
of phosphorus or the excess of nitrogen over silica. In coastal
waters of the anthropized Seine basin where nutrient ratios of
the delivered fluxes are already imbalanced, the predictions of
climate change will not support any decrease of the coastal

eutrophication potential to negative values—except some years
where P-ICEP could reach values slightly below zero. This
indicates that coastal eutrophication could be a burden in the
future, as observed today (Romero et al., 2012; Passy et al., 2016),
and shows the need to implement management strategies.

This study does not consider the transitional estuarine
zone between the river and the coastal systems, which can,
however, modify the expression of eutrophication in coastal
waters (Cloern, 2001; Cloern et al., 2016). Modeling the Seine
estuary already showed its overall minor role in decreasing
—6.8 and —11% of the annual average nitrogen and phosphorus
load, respectively, due to substantial modification of its
geomorphology (Garnier et al, 2010). Despite a phosphorus
reduction up to —40% for a short period in summer, taking into
account the estuary in the modeling chain did not remove current
eutrophication problems in the Seine Bight (Passy et al., 2016).
However, for larger domains, the functioning of the estuarine
filter under future climate change could be required. In particular,
a modeling chain of the entire land-ocean continuum explicitly
representing estuarine zones is clearly lacking (Regnier et al.,
2014).

Recommendations for Further Assessment

of Climate Change Impacts

This study provides reference values of climate-induced
hydrological impacts on biogeochemistry and coastal
eutrophication sensitivity for a highly anthropized system.
We deliberately investigated the hydrological changes induced
by hydrology modifications only. This will serve as a basis for
further comparisons with temperature increase impacts and
for investigations of coupled effects of scenarios of climate and
human management strategies.

Indeed, in addition to the indirect hydrological impacts of
climate change, there will also be climate change impacts on
increasing water temperature that controls most of biological
and biogeochemical reaction rates. For example, increasing
temperature is known to modify phytoplankton growth rates
(Garnier et al., 1995), nitrification and denitrification rates
(Dawson and Murphy, 1972; Laverman et al., 2006, 2007;
Benoit et al., 2015), bacterial respiration (Thamdrup et al., 1998)
and stimulate silica dissolution (Van Cappellen et al., 2002).
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Water warming could superimpose with the effects of changing
hydrological regimes, leading to even more phytoplankton
biomass during the productive season, with a possible shift in
the species composition to more nongrazable and/or harmful
algae (e.g., Paer]l and Paul, 2012), and lower dissolved oxygen
concentrations, as shown in the modeling study of Ducharne
(2008). Future hydro-biogeochemical modeling studies at the
regional scale should integrate spatialized thermal changes
throughout the aquatic system, as developed for example in the
Loire River (Bustillo et al., 2014; Beaufort et al., 2016), in order
to study the effects of synchronous changes in temperature and
hydrology on river water quality.

Here, management strategies are representative of those of the
reference period and future adaptation strategies have not yet
been accounted for. Beside modified hydrology and temperature
increase, associated adaptation management strategies should be
considered in future work (e.g., modified agricultural practices
and systems, water regulation by reservoirs or water withdrawal,
...). Evaluating the cumulative or attenuating impacts on river
water quality is a further challenge in order to limit or decrease
coastal eutrophication symptoms, as already stressed in previous
studies (e.g., Billen and Garnier, 1997; Rabalais et al., 2009;
Romero et al., 2012).

CONCLUSIONS

A spatialized hydrological model has been implemented and
coupled to the existing biogeochemical pyNuts-Riverstrahler
model. This new hydro-biogeochemical model has been
successful in modeling hydro-biogeochemistry in the past-
present, and is useful for the modeling of future hydro-
biogeochemistry under a changing climate.

Our results showed that the RCP4.5 stabilization scenario
resulted in weak variations in hydrological regimes and
water quality, suggesting that moderate indirect impacts of
climate change are expected if CO;, emissions are stabilized.
However, increasing CO, emissions with the business-as-usual
scenario (RCP8.5) would lead to more frequent and intense
extreme streamflow (i.e., higher winter flow, lower minimum
flow, prolonged period of low water flow), leading to the
degradation of water quality in addition to floods, droughts,
water shortages, etc.

At the river outlet, the streamflow decrease during low
flow with RCP8.5 produced modifications of biogeochemical
properties (nitrate, phosphate and phytoplankton increases)
related to lower point source dilution and higher water residence
time, as well as the cascade of modified instream biogeochemical
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