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Technology, Delft, Netherlands

Abstract

Agriculture disturbs the biogeochemical cycles of major elements, which alters the
elemental stoichiometry of surface stream waters, with potential impacts on their ecosystems.
However, models of catchment hydrology and water quality remain relatively disconnected,
even though the observation that dissolved organic carbon (DOC) and nitrate (NO3") have
opposite spatial and temporal patterns seems relevant for improving our representation of
hydrological transport pathways within catchments. We tested the ability of a parsimonious

model to simultaneously reproduce intra-annual dynamics of stream flow, DOC and NOz
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concentrations using 15 years of daily data from a small headwater agricultural catchment
(AgrHyS observatory). The model consists of an unsaturated reservoir, a slow reservoir
representing the groundwater and a fast reservoir representing the riparian zone and preferential
flow paths. The sources of DOC and NOs" are assumed to behave as infinite pools with a fixed
concentration in each reservoir that contributes to the stream. Stream concentrations thus result
from simple mixing of slow and fast reservoir contributions. The model simultaneously
reproduced annual and storm-event dynamics of discharge, DOC and NOs™ concentrations in
the stream, with calibration KGE scores of 0.77, 0.64 and 0.58 respectively, and validation KGE
scores of 0.72, 0.58 and 0.43 respectively. These results suggest that the dynamics of these
concentrations can be explained by hydrological transport processes and thus by temporally
variable contributions from slow (NO3" rich and DOC poor) and fast reservoirs (DOC rich and
NOs™ poor), with a poor representation of the biogeochemical transformations. Unexpectedly,
using the concentration time series to calibrate the model increased uncertainty in the
parameters that control hydrological fluxes of the model. The legacy storage of NOs resulting
from agricultural history in the studied catchment supports the assumption that the main DOC
and NOs sources behave as infinite pools at the scale of several years. Nevertheless,
reproducing the long-term trends in solute concentration would require additional information

about DOC and NOs™ trends within the reservoirs.
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1. Introduction

Stream solutes concentrations result from complex interactions among the

physiographic characteristics of a catchment, anthropogenic and hydroclimatic conditions,



biogeochemical processes and hydrological connectivity (Basu et al., 2010; Davis et al., 2014;
Dick et al., 2014). Past intensification of agriculture during the 20" century resulted in large
nutrient legacy pools in many agricultural catchments (Basu et al., 2011; Haygarth et al., 2014;
Hrachowitz et al., 2015; Dupas et al., 2018) and associated nutrient export to surface water in
Europe (Bouraoui and Grizzetti, 2011; Howden et al., 2011; Graeber et al., 2012) and
elsewhere (Alexander and Smith, 2006; Bartsch et al., 2013; Smith et al., 2013). Such exports
can alter the stoichiometry and lead to degradation of the quality of water bodies (Lee et al.,
2000; Borah et al., 2002; FuB et al., 2017). Reducing nutrient transfer from land to stream
requires knowledge about their sources, and transport and transformation processes (Pettersson

et al., 2001; Ford et al., 2018; Dusek et al., 2019).

Models can be used to test hypotheses about physical and biogeochemical processes
that govern the transfer and transformation of water and solutes (Pettersson et al., 2001; Birkel
et al., 2017; Dusek et al., 2019; Trevisan et al., 2019). Because internal states of a catchment
cannot be observed directly and hydro-chemical properties cannot be measured everywhere, at
least some model parameters need to be calibrated using metrics that compare model outputs to
observed time series (Hrachowitz and Clark, 2017). Calibrating parameters with stream
concentration time series along with stream flow may improve the physical plausibility of
hydrological models because of the biogeochemical and hydrological constraints that need to
be reproduced (Pettersson et al., 2001; Medici et al., 2012; Hrachowitz et al., 2013a; Woodward

et al., 2013; Fovet et al., 2015; Birkel et al., 2017).

Conceptual-type process-based models often distinguish three water storage
components within a catchment — surface, vadose and groundwater hydrology — each of which
is associated with a water flow path: preferential, shallow and groundwater flow, respectively
(e.g. Addiscott and Mirza (1998)). Water in these components differs in its solutes
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concentrations, flow velocity and associated transit times (e.g. Aubert et al. (2013)). Thus, the
relative water flux contributions of multiple individual flow paths influence the chemical
composition of a river (Woodward and Stenger, 2018). These relative contributions vary in time
(Hrachowitz et al., 2013b) depending upon precipitation and catchment wetness state, which
influences intra-annual variations (seasonal, storm and inter-storm conditions) of solute
concentration in the river (Zuecco et al., 2016). Using time series of multiple elements has the
potential to provide further insights into the relative contributions of individual flow
components and the dynamics of different water flow paths. Therefore, they could also increase
the confidence in a model’s parameters and physical plausibility. This is particularly true if the
solutes spatial distribution and stream concentration dynamics differ greatly (Shrestha et al.,
2013; Woodward and Stenger, 2018; Shafii et al., 2019), as is frequently observed for dissolved

organic carbon (DOC) and nitrate (NOz") (Taylor and Townsend, 2010).

Previous studies showed that seasonal variation in DOC and NOs™ are closely related to
water table fluctuations in groundwater-fed catchments (Aubert et al., 2013; Thomas et al.,
2016; Abbott et al., 2018; Strohmenger et al., 2020). In contrast, short-term variations in DOC
and NOz™ have been connected to the activation of subsurface and surface flow paths during
storm events and the subsequent hydrological connection of DOC-rich and NO3™-poor riparian
soils to the stream, especially for near-surface soil layers (Bernal et al., 2002; Outram et al.,

2014; Bowes et al., 2015; Fovet et al., 2018a; Strohmenger et al., 2020).

Several process-based models, including SWAT (Arnold et al.,, 1998), TNT2
(Beaujouan et al., 2002), INCA (Whitehead et al., 1998), and HYPE (Lindstrém et al., 2010)
emphasize on biogeochemical processes to reproduce both DOC and NO3z™ stream concentration
dynamics (Hrachowitz et al., 2016). These models differ in their representation of multiple
biogeochemical processes that control DOC and NOs™ (see e.g. Ferrant et al. (2011)) and
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usually simulate DOC and NOz™ separately in distinct routines or even in different versions of
the model, which leads to different representations of each element and, finally, to a distinct
calibration of hydrological and biogeochemical parameters. Such (semi-)distributed approaches
allow land management scenarios to be compared, since they explicitly represent spatial
dynamics of a solute within the catchment due to differences in land use, agricultural practices
or climate conditions on medium-to-large catchment areas. As Beven (2001) highlighted, each
spatial unit (grid cell or hydrological response unit) in distributed models can have a different
parameter value, which means that many of them must be specified (Kelleher et al., 2017). The
limited amount of information available in observed data sets to quantify these parameters leads
to equifinality (Beven and Binley, 1992; Beven and Freer, 2001). To limit these disadvantages,
there have been recent efforts to design models that build increasingly integrated
representations of catchment processes to simultaneously reproduce the hydrological response
and dynamics of solutes concentrations. By reducing the number of required parameters
controlling spatial resolution and process complexity (i.e. the degree of freedom), while still
exploiting the utility of observations of multiple solutes for parameterizing models, these
approaches have been shown to reduce equifinality and thereby increase the consistency and
physical plausibility of models. For example, Xu et al. (2012), Seibert et al. (2009) and Musolff
et al. (2016) expressed loads of DOC, total organic carbon or NO3™ as a function of groundwater
storage only. Similarly, Birkel et al. (2014), Fovet et al. (2015) and Woodward and Stenger
(2018) successfully applied catchment-scale conceptual models to simulate stream loads of
either DOC or NOs". Using such parsimonious approach for simultaneous modelling of DOC
and NOzs™ is an opportunity to provide new insights on water pathways in catchment and their
role on river water quality, but, to our knowledge, no previous study simulated NO3  and DOC

by a integrative representation of various flow pathways.



The objective of this study was therefore to develop an integrated process-based
conceptual-type model able to simultaneously reproduce hydrological and multiple hydro-
chemical stream signatures, such as seasonal and storm-event dynamics of stream flow, DOC
and NOs™ stream concentrations at a daily time step. More specifically, we tested the following

hypotheses:

i) The model can simultaneously reproduce these intra-annual dynamics of DOC
and NOz™ stream concentrations based only on mixing temporally varying
contributions from functionally distinct systems and thus model components,
which suggests that hydrological transport is the dominant control of stream
solute dynamics.

i) Hydrological parameter values and uncertainties differ when calibrating a
hydrological model using only stream flow and when calibrating a
hydro-chemical model using both stream flow and concentrations, since

concentration time series parameterize the model better.

This study contributes to more integrated understanding of catchments and constitutes
an initial step in strengthening the connection between catchment-scale hydrology models and

water quality models.

2. Methods

2.1. Study site

The Kervidy-Naizin catchment is located in the Brittany region of western France
(48°N, 2°5°W; Figure 1) and forms part of the AgrHyS Critical Zone Observatory (Fovet et al.,
2018b). This 5 km2 headwater catchment is dominated by intensive agricultural activities. Land

use is characterized by intensive mixed crop-livestock farming, with maize (36% of area),
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cereals (32%) and grasslands (13%), and high indoor livestock (dairy production, indoor pig
breeding and poultry) density of five livestock units ha™ (Viaud et al., 2018; Casal et al., 2019b;
Casal et al., 2019a). The topography is relatively flat, and the elevation ranges from 98-140 m
above sea level. Soils have a silty loam texture and are well drained Cambisols in the upslope
domain and poorly-drained Epistagnic Haplic Luvisols and Albeluvisols in the downslope
riparian domain (Figure 1, FAO classification (WRB, 2006)). The underlying parent material is
a variety of Brioverian schists of low permeability, and above it lies a fissured and fractured
weathered layer 1-30 m deep (Molénat et al., 2005). The climate is temperate oceanic, with a
mean (x standard deviation) annual temperature of 11.2 £ 0.6°C. Mean annual precipitation
reaches 810 + 180 mm yr. The catchment is drained by a second-Strahler-order intermittent

stream that frequently dries up from July-October and has mean runoff of 296 + 150 mm yr.

During the 1970s, the intensified agricultural production lead to excessive N inputs
(Cheverry, 1998) that have been reduced by environmental policies following the 1990s (Casal
et al., 2019b). In this landscape, most DOC and NOs accumulate in wetland soils and

groundwater, respectively (Aubert et al., 2013; Strohmenger et al., 2020).
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Figure 1. Map of the Kervidy-Naizin catchment (Brittany, France). Cambisols are well-drained soils, Endostagnic
Luvisols are moderately well-drained, and Epistagnic Haplic Luvisols and Albeluvisols are poorly drained (FAO

classification (WRB, 2006)).

2.2. Data monitoring

We used daily aggregated meteorological and stream flow measurements collected from
2002-2017. Precipitation, air temperature, global radiation and wind speed were recorded
hourly by a weather station (Cimel Enerco 516i) located 1 km east of the outlet. Potential
evapotranspiration (PET) was calculated using the Penman equation (Penman, 1956). Stream
level was recorded at the outlet of the catchment every minute by a float-operated shaft-encoder
level sensor (Thalimedes OTT), then converted to stream flow using a rating curve (Carluer,

1998).

Stream water was sampled manually each day at ca. 17:00 at the outlet station. Samples
were filtered in the field (pore size: 0.22 um) and stored in the dark at 4°C in propylene bottles.
Analyses were performed within two weeks of sampling. NOs™ concentrations were measured
by ionic chromatography (DIONEX DX 100, ISO 10304 (1995), precision: 2.5%). DOC was
estimated as total dissolved carbon minus dissolved inorganic carbon using a carbon analyzer

(Shimadzu TOC 5050A, Petitjean et al. (2004), precision for DOC: 0.7 mg I'%).

3. Model description

3.1.1. Model structure

We used a simple semi-distributed hydrological model based on the FLEX model family
(Fenicia et al., 2006; Fenicia et al., 2014) to represent the hydrological system. We chose the

model structure according to the approach of Hrachowitz et al. (2014). The model structure
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selected (Figure 2) is a customized version of the M6 model from Hrachowitz et al. (2014). It
comprises three reservoirs, similar to those in the conceptual model of Birkel et al. (2010):
unsaturated (Su), slow-responding (Ss) and fast-responding (Sg). Conceptually, the Sy, Ss and
Sk reservoirs represent the unsaturated root-zone of the hillslopes, the groundwater and the
riparian compartments within the catchment, respectively. Water fluxes via the Sr reservoir are
interpreted as preferential and overland flows (Qr and RsF), the flux from Sy to Ss represents
infiltration and groundwater recharge (Rss), and the flux from Ss to the stream is the base flow

sustained by shallow groundwater (Qs).

5 Rsr
£ P E:
& Sy l 1
Rss
Sk
Qr
Ce
QSiI’n
SS C'sim
Qs
S deficit Cs

Qu

Figure 2. Conceptual diagram of the hydro-chemical model. P is precipitation, E; Si and Q; are the ith reservoir’s
evaporative fluxes, water storage and contributions to the modelled discharge Qsim, respectively. Sumax is the storage
capacity of the unsaturated reservoir, and Rss and Rsr are water flows from Sy to Ss and Sk, respectively. Qs and Qr are the
slow and fast contributions to stream flow, respectively. QL. are deep losses. Cs, Cr and Csim are the solute concentrations of

Qs, Qr and Qsim, respectively.



The rainfall-runoff model (Figure 2) uses daily rainfall P [mm d}] and PET [mm d] to
simulate daily specific discharge at the outlet Qsim [mm d']. The unsaturated reservoir Sy
receives water from rainfall (Table 1, Equation 6). The runoff coefficient (Cr) depends on the

volume of water currently stored in Sy (Table 1, Equation 1).

Water that cannot be held in Sy (Ru, Table 1, Equation 2) is redistributed according to
the splitter Cp between the Sk (Cp) and Ss (1-Cp) reservoirs (Table 1, Equations 3 and 4). The

remaining water in Sy is available for transpiration (Eu, Table 1, Equation 5).

The slow reservoir Ss is recharged by Rss (Table 1, Equation 8). This Ss reservoir slowly
drains into the stream flow according to a linear storage-discharge relationship that is controlled
by parameter ks proportionally to its area 1-f, when the current Ss water storage is positive
(Table 1, Equation 7). During the simulation, the Ss reservoir can have a storage deficit (Figure
2), which must be filled to enable activation of slow flow from Ss to reproduce the no-flow
period at the outlet in summer. We attributed a constant draining flow from the Ss reservoir as
calibration parameter Qv (Figure 2), which reproduces the deep losses from shallow

groundwater (Table 1, Equation 8).

The fast reservoir Sr receives water from Sy and direct rainfall (Table 1, Equation 12).
Sr rapidly drains into the stream according to a linear storage-discharge relationship that is
controlled by parameter ke, proportionally to its area f (Table 1, Equation 10). The remaining
water in the Sk reservoir is available for transpiration (Er, Table 1, Equation 11). Total simulated
stream discharge equals the sum of slow and fast contributions from Ss and Sf, respectively

(Table 1, Equation 14).
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Table 1. Water balance, state and flux equations of the models. See Table 2 for a description of the parameters.

Reservoir Process Equation Unit
B PN
Unsaturated Runoff coefficient Cr = ( v <1 - (1)
Sumax

Runoff Ru =CrP mmd?! (2)
Runoff from Sy to S¢ Rgr = RuCp % mmd?! (3)
Recharge from Sy to Ss Rgs = Ru (1 —-Cp) mmd?! (4)
Evaporation Ey = {Zj’i:_: 2<3§5 mmd?! (5)
Water balance dSy/dt =P —Ru—Ey mmd?! (6)

Slow Slow flow Qs =ksSs(1—f)=0 mmd?! (7)
Water balance dSg/dt = Rgs — Qs — Q, mmd?! (8)
Solute flux to stream Fs = QCs mgd®  (9)

Fast Fast flow Qr =kpSef mmd?! (10)
Evaporation Ep = {P;FT: :EETT ;SS: mmd?! (11)
Water balance dSp/dt =P +Rgg —Ep —Qp mmd? (12)
Solute flux to stream Frp = QrCr mgd!  (13)

Stream Total discharge Qsim = Qs + QF mmd?! (14)
Solute concentration Csim = gss i I;FF mg I (15)

Table 2 Uniform prior distributions and descriptions of the parameters of the hydro-chemical model.

Parameter Prior range of the parameter Unit Description

Sumax 1.0 700 mm Maximum storage of the unsaturated reservoir
Cru -1.0 1.0 - Control of runoff generation

Cp 0.0 1.0 - Ratio of runoff flux to the fast reservoir

ks 0.0 0.1 d? Storage coefficient of the slow reservoir

ke 0.1 1.0 d? Storage coefficient of the fast reservoir

Q 0.0 15 mm d* Deep losses from the slow reservoir

f 0.0 0.3 - Proportional area of the riparian zone in the catchment
DOCs 0 30 mg I DOC concentration in the slow reservoir

NOs's 0 100 mg I NOs concentration in the slow reservoir

DOCk 0 30 mg I DOC concentration in the fast reservoir

NOs ¢ 0 100 mg It NOs™ concentration in the fast reservoir

3.2. Chemical model

One objective of the study was to assess whether a simple model based on hydrological

contributions and two different sources of the solutes could reproduce the temporal patterns of
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stream DOC and NOgz™ concentrations. We therefore assumed that the fast and slow reservoirs
are the main sources of DOC and NOs", respectively. The fast reservoir represents flow paths
in riparian soils, which have been identified as the main source of stream water DOC and
contribute mainly during storm events (Morel et al., 2009; Lambert et al., 2014). The slow
reservoir represents the shallow groundwater, which receives NOs leached from the
unsaturated reservoir and contributes subsurface water to the stream that sustain the base flow
and export of NO3z™ (Molénat et al., 2008; Aubert et al., 2013). Thus, we set different and fixed
DOC and NOgs™ concentrations in the Sk and Ss reservoirs (Cs and Cr, Figure 2), so that there
was no need to specify the concentration in Su. By using fixed concentrations, we assumed that
both reservoirs acted like infinite pools of solutes. Because of the larger supply of DOC from
riparian organic soils (Lambert et al., 2013; Humbert et al., 2015) and the legacy mass storage
of NOs™ connected to the stream via groundwater (Molénat et al., 2008; Basu et al., 2010), these
compartments may indeed behave like an infinite source of DOC and NOs", respectively, over
the time scales of model application in this study. We defined the prior range of values of solute
concentrations (maximum concentration of 39.5 and 124.4 mg I* for DOC and NOs,

respectively) based on the observed 2002-2017 time series (Table 2).

The daily stream concentration of a solute (Csim, Figure 2) thus results exclusively from
the complete mixing of two end members: slow and fast flow components (Table 1, Equations
9, 13 and 15). We assumed no additional in-stream processes because we had no information
with which to evaluate them or to distinguish them from mixing processes. This assumption
seemed reasonable since the study site is a small headwater catchment with a short stream

distance (< 2 km) and thus negligible in-stream routing times (Morel et al., 2009).
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3.3. Performance metrics and model calibration

We used the Kling-Gupta efficiency score (KGE, Gupta et al. (2009)) to assess the
goodness of fit between simulated and observed times (Equation 16). As stated by Knoben et
al. (2019), KGE > -0.41 indicates "good" model, while KGE < -0.41 indicates "poor" models

performance.

KGE=1—-Jr—-1)%+(a—-1)2+(B-1)2% (16)

OXsim _ Hxsim

r=corr(X,pe, Xci a =
( obs’ stm) 0Xobs HUXxobs

KGEy =1 — KGE

where u and o are the mean and standard deviation, respectively, of observed and

simulated time series X, which can be stream flow or concentration variables.

KGEx ranges from 0-infinity, and optimal parameter sets tend to minimize KGEx scores.
We assessed the overall goodness of fit (KGEgiosar) Of the model as the Euclidian distance of

equally weighted KGEx scores of discharge, DOC and NOs™ (Equation 17).

KGEg0pa1 = \/KGE(Z) + KGE%, + KGE? o5 (17)

We used global likelihood uncertainty estimation (GLUE, Beven and Binley (1992)) to
estimate parameter values and uncertainties. The calibration period was set to 2013-2017, after

a 2-year initialization period, and the test period was set to 2002-2012. We performed a Monte
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Carlo random sampling strategy (107 iterations) with uniform prior parameter distributions
within given ranges based on expert knowledge and feasible limits (Table 2). The parameter
sets from the prior distribution were assessed using a likelihood measure relative to the
observations. We used an inverse normalized KGEgiobal SO the objective function value would

increase as the goodness of fit of the simulations increased (Equation 18).

_ YnKGER

OF! -
KGEY

(18)

where OF' is the inverse normalized KGEx of the i" parameter set simulation, and n the

total number of parameter sets used to estimate the uncertainty.

We retained the 1000 (0.01%) best simulations (i.e. with the lowest KGEx scores) as
acceptable or “behavioral” parameter sets (Beven and Freer, 2001). Calibrated values and their
associated uncertainty were estimated as the median of the acceptable range and the 10"-90™"
quantiles, respectively. We performed this calibration twice: once for the hydrological

parameters only, using KGEgq, and once for all parameters, using KGEgiobal.
4. Results

4.1. Simulated discharge and concentrations

Overall, the model reproduced daily discharge and solute time-series well after
calibration with KGEgionar (Figure 3). The KGEx scores of the median simulation for the
calibration and test periods were respectively 0.23 and 0.28 for KGEgq, 0.36 and 0.42 for

KGEpoc, and 0.40 and 0.57 for KGEnos". The model performed similarly during the calibration
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and test periods (Figure 3), except for NOz", which showed a constant bias error during the test

period, with an overall underestimation of ca. 10 mg I,

The simulated discharge reproduced well the seasonal dynamics observed during the
recharge, wet and recession periods. Daily peaks of discharge associated with storm events were
captured well for the wet period and slightly overestimated for the recharge and recession
periods. Although the model often simulated zero discharge during the dry period, thus
capturing the main feature of base flow during this period (Supplementary material S1), it also
simulated flow responses after storm events while the discharge measured remained zero during

this period.

The model reproduced the opposite dynamics of stream DOC and NOgz™ at seasonal and
storm-event time-scales (Figure 3). At the beginning of the hydrological year (in Autumn),
median simulated DOC concentration exceeded 10 mg I, and NOs™ concentration laid below
40 mg I't. During the rewetting period, DOC concentration decreased to less than 5 mg I,
while NO3™ concentration increased to more than 70 mg I, and they remained at these levels
during the wet and recession periods. At the end of the recession period, DOC concentration
increased slightly to ca. 5 mg I, while NOs™ concentration decreased to ca. 40 mg I, Storm-
event dynamics of the solutes were also reproduced. During storm events, DOC concentration
increased by ca. 5mg I, and NOs concentration decreased by ca. 20 mg I, though the
increases in DOC concentration were slightly underestimated at the beginning of the rewetting
period and overestimated at the end of the recession period. Simulated dilution of the NO3

concentration during storm events was often underestimated slightly.
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Figure 3. Observed (gray), median (red line) and global likelihood uncertainty estimation (GLUE) (10th-90th
quantiles, orange area) of the simulated times series of discharge (Q), dissolved organic carbon (DOC) and nitrate (NO3')
after calibration with the KGEgiobal 0bjective function for A) the 2010-2016 period, the shaded area covers the calibration

period, while the non-shaded area covers the test period, and B) one hydrological year (2010) during the validation period.

4.2. Hydrological vs. hydro-chemical performances

KGEx scores were lower for simulated discharge than for simulated solute
concentrations (Figure 4): the minimum scores after 107 simulations were 0.05, 0.23 and 0.32
for Q, DOC and NOs', respectively. The best simulations of DOC (KGEpoc from 0.23-0.35)
and NO3z™ (KGEno3™ from 0.32-0.40) were associated with good (but not the best) simulations
of discharge (KGEq from 0.10-1.00). As KGEgq increased from 0.05 to 0.40, KGEpoc decreased
(from 0.50 to 0.23), as did KGEnos™ (from 0.45 to 0.30). As KGEq increased from 0.50 to ca.
0.80, KGEx scores of the solutes did not change. As KGEq increased above 0.80, KGEy scores
of the solutes increased. The 1000 best simulations based on the KGEgibal (purple area, Figure
4) were associated with a wide range of performances for simulated discharge (0.06-0.60) and

solutes (0.23-0.70). The 1000 best KGEno3™ were compatible with the best KGEpoc (Figure 4),
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while the 1000 best KGEq (blue area, Figure 4) barely overlapped the 1000 best KGEgiobal

simulations.
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Figure 4. Log-scaled dot-plots of KGEx scores for discharge (Q), dissolved organic carbon (DOC) and nitrate (NO3
) after 107 simulations. The circled areas include the 1000 best simulations (i.e. with the lowest KGEx scores) based on

discharge-only (KGEq, blue) or overall (KGEgiobai, purple) performance metrics.

4.3. Parameter calibration

DOC concentrations in the Ss reservoir were lower than those in the Sk reservoir, with
a median (10"/90" quantiles) of 1.91 (0.36/4.66) mg I and 11.18 (7.12/17.56) mgI?,
respectively (Table 3). NOs™ concentrations in the Ss reservoir were higher than those in the Sr

reservoir, with 70.82 (48.27/90.95) mg It and 36.13 (11.99/60.26) mg I, respectively.

Calibrating the model with the global objective function tended to yield higher
uncertainties in hydrological parameters than when calibrating with the hydrological objective
function (Table 3), except for Cp, which controls the redistribution of runoff between the
riparian zone and groundwater. Calibrating the model with the global objective function also

changed the median of the behavioral parameter sets (Table 3). The surface of the unsaturated
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zone (1-f) decreased slightly (i.e. surface of the riparian zone increased), while its storage

capacity (Sumax) increased slightly. Parameters that control the slow and fast flowrates (ks and

kr) slightly decreased and increased, respectively. Deep losses remained almost identical for

the hydrology-only and global calibrations.

Table 3. Estimated median (and 10t-90t quantiles) of parameter values after calibration with hydrology-only

(KGEq) and global (KGEgiobal) objective functions.

Parameter (unit)

KGEq

KGEgiobal

Sumax (mm)
Cru (-)

Cp ()

ks (.d?)

ke (.d?)

Q. (mmd?)
f()

DOCs (mg I'!)
NOs's (mg I)
DOCr (mg I'))

NOs r (mg I?)

194.39 (119.29 - 252.43)
0.49 (0.18 -
0.31(0.08 -
0.06 (0.04 -
0.24 (0.13 -
0.19 (0.04 -

0.07 (0.01 -

4.4. Water budgets

0.85)
0.88)
0.09)
0.49)
0.49)

0.18)

269.95 (81.54 - 503.80)
-0.05 (-0.71 - 0.70)
0.23 (0.06 - 0.52)

0.03 (0.01- 0.08)

0.49 (0.21-0.83)

0.18 (0.03 - 0.61)

0.12 (0.02 - 0.25)

1.91 (0.36 - 4.66)
70.82 (48.27 - 90.95)
11.18 (7.12 - 17.56)

36.13 (11.99 - 60.26)

For the 1000 best simulations based on KGEgq only, mean simulated evaporative flux

was 480 mm yr! (Figure 5), with 463 and 17 mmyr? from the Su and S reservoirs,

respectively. Mean simulated annual stream flow at the outlet was 364 mm yr?, with 53% from

Ss (193 mm yrt) and 47% from Sg (171 mm yrt), and annual deep losses from the Ss reservoir

were ca. 57 mm yr? (15.7% of the annual stream flow).
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When calibrated using the KGEgional, mean simulated evaporative flux was lower for Sy
(404 mm yr1) and higher for Sg (24 mm yr!, Figure 5). Stream flow increased to 403 mm yr?,
with a larger contribution from Ss (227 mm yr?, 56.3%) but no change in that from S

(176 mm yrt, 43.7%). Deep losses increased slightly to 63 mm yr ™.

Ey + 1.0
463

miss Q +1.6
57

QF +2.7

Qg+ 2.7
193

miss

QLI

EU +28
404

1.9

QF £2.1

176
Qg % 2.3
227

0 63

Figure 5. Mean annual water budgets * 1 standard error (mm yr-1) for the 1000 best simulations (i.e. with the
lowest KGEx scores) based on (left) KGEq or (right) KGEgiobai. “Miss” equals total outflow minus total inflow, and may reflect

storage deficit in Ss. See Table 1 for definitions.

5. Discussion

5.1. Reproducing DOC and NOz™ dynamics using a simple mixing model

The results suggest that a simple model with three reservoirs is a plausible conceptual
model of the study catchment that simultaneously explains the seasonal, storm and inter-storm
dynamics of Q, DOC and NOs". The performances achieved with our model suggested that an
advanced representation of biogeochemical processes is not required to capture these dynamics
in the studied catchment. The main source of NOs™ in the catchment was modeled in the slow
reservoir (160 kg-NOs™ hat, 72% of NO3™ export in the river), which represents the groundwater
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compartment, with a calibrated constant concentration of ca. 71 mg I, while the NOs
concentration in the fast reservoir, which is mainly related to the riparian compartment, was
calibrated to ca. 36 mg I* (Table 3). Conversely, the main source of DOC of the calibrated
model was the fast reservoir (19.7 kg-DOC ha, 82% of DOC export in the river) (Morel et al.,
2009; Dick et al., 2014; Casson et al., 2019), with a calibrated concentration of ca. 11 mg I
vs. ca. 2 mg I in the Ss reservoir (Table 3). These calibrated concentrations were consistent
with observed DOC and NOg concentrations of 1.2 and 91.7 mg I}, respectively, in deep
groundwater, and 19.8 and 6.7 mg I, respectively, in wetlands for the 2000-2010 period in the

same catchment (Aubert et al., 2013).

The large pool of NOs™ in the groundwater originates from past and, to a lesser extent,
ongoing agricultural activities in the catchment (Molénat et al., 2008; Basu et al., 2010; Aubert
et al., 2013; Dupas et al., 2018; Strohmenger et al., 2020). The N legacy generated by the
conversion of permanent grassland to arable land and from the massive addition of livestock
slurry and manure since the intensification of agricultural in 1970-1976 (Casal et al., 2019b;
Casal et al., 2019a) leached and accumulated in the vadose zone and groundwater (Cheverry,
1998; Casal et al., 2019b; Strohmenger et al., 2020). The lower NO3™ concentration in the
riparian zone is explained by the heterotrophic denitrification that can occur there under anoxic
conditions when the water table reaches the soil surface (Oehler et al., 2009; Montreuil et al.,
2010; Bell et al., 2015; Casson et al., 2019). Conversely, the DOC concentration measured in
groundwater was low (Aubert et al., 2013), while that measured in riparian soils was high, since
they have a high soil organic matter content, especially in near-surface layers, where DOC
produced from decomposing microbial biomass or leaves accumulates (Morel et al., 2009;
Birkel et al., 2014; Humbert et al., 2015). The differences in hydrological reactivity and

chemical composition between these two conceptual reservoirs — which we equate roughly to

20



groundwater and the riparian zone — allowed the contrasting dynamics of DOC and NOz
stream concentrations to be reproduced. The Ss reservoir, which is NO3z™ rich and DOC poor,
contributes to the base flow, which controls seasonal concentration patterns when the water
table is hydrologically connected to the stream (Supplementary material S1). The Sr reservoir,
which is DOC rich and NO3™ poor, contributes mostly during storm events, which drive rapid

increases (decreases) in DOC (NOs) stream concentrations, unlike inter-storm days.

Although the model reproduced seasonal and storm dynamics quite well during the test
period, it always underestimated NOs™ concentration, which had wider uncertainty intervals
than discharge and DOC concentration. This underestimation was likely due to the long-term
trend in NO3™ time series. This multi-annual trend has been related to the gradual decrease in
excess agricultural N that occurred mainly from 1998-2008 and induced a slow and delayed
decrease in groundwater NO3™ concentration, and thus in stream concentrations (Dupas et al.,
2018; Strohmenger et al., 2020). Since our model focused on intra-annual dynamics and
assumed a constant groundwater concentration, it could not reproduce such a long-term trend.
Thus, to model inter-annual dynamics of NOs" in the stream, those in the groundwater need to
be considered, for example by a fitting a trend to Ss concentrations that would reproduce the
gradual decrease in groundwater NOs". Another approach would be to represent explicitly the

net inputs, transport and fate of N through the three reservoirs.

Other authors also made simple mixing assumptions to model DOC at a larger scale,
with a landscape-mixing model (e.g. Agren et al. (2014)) or at similar scales (e.g. Boyer et al.
(1996)). In the literature, concentrations of hydrological reservoirs were often represented as a
function of temperature and water saturation, since these factors control the main
biogeochemical processes that influence DOC and NOs". Temperature and water saturation both
increase the apparent production of DOC via solubilization and desorption (e.g. Birkel et al.

21



(2014) and Birkel et al. (2020)) and the denitrification rate of NO3™ (e.g. Hénault and Germon
(2000)). As an initial investigation, we tested the utility of adding temperature and wetness
effects, using linear functions of air temperature, reservoir storage or both, to the slow and fast
reservoirs of our model, but doing so did not improve model performance (KGEgiobal SCOres)

significantly (results not shown).

5.2. The model’s utility for studying climate effects on water quality

Even though the model reproduced the overall dynamics of Q, DOC and NO3
concentrations, it had difficulty reproducing dynamics during certain periods or successions of
climatic conditions. In the case study, simulated discharge and concentrations had higher
uncertainties and differed more from observations during the rewetting and recession periods
than during the wet period (Figure 3). In addition, the model overestimated NO3™ concentrations
during extreme hydrological years such as 2014. These results suggest that catchment behavior
may change over time, perhaps due to pre-event hydrological conditions (Morel et al., 2009;
Davis et al., 2014) or dry antecedent conditions (Outram et al., 2016). Reproducing such change

in behavior over time would require information about catchment wetness.

Our results suggest that hydrological transport processes and flow paths are the main
drivers of annual and storm-event dynamics of DOC and NOs™ stream concentrations in the
Kervidy-Naizin catchment. This has been reported in different catchments for other solutes,
which displayed chemostatic behavior (Godsey et al., 2009; Basu et al., 2010; Basu et al.,
2011). In the Kervidy-Naizin catchment, where the riparian zone supplies a large amount of
DOC and the past N surplus created a large legacy pool of NOs™ in groundwater, the main DOC

and NOs™ sources behave as infinite pools, at least over several years. For such a near-
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chemostatic case, assuming constant concentrations in each reservoir seems appropriate and
allows the model to test effects of precipitation regime and evaporation, and the subsequent
catchment wetness and water flow paths, on the dynamics of DOC and NO3™ concentrations in
the stream. It would be interesting to test such a simple model in a gradient of catchments with
diverse legacy or natural ecosystem pools (Thompson et al., 2011). Applying such a model to
predict effects of climate variability on any other catchment would require testing its ability to

reproduce water quality in any chemodynamic catchment.

5.3. Advantages of global calibration to better parametrize the hydrological model

The global calibration (i.e. considering in-stream concentrations (using KGEgiobal)),
changed the distribution of simulated water flows within the catchment compared to that with
the hydrological calibration (using KGEg). The higher medians of riparian zone area and
flowrate (f and kr, Table 3) suggest that the global calibration yielded faster flowrate in the S¢
reservoir. Thus, simulations of solute dynamics were optimized with more contrasting
hydrological reactivity for the Ss and Sk reservoirs. When comparing the simulations after the
two calibrations, Qr remained the same, while Er and direct precipitation increased as f
increased, (Figure 5), which implies that the Sk reservoir receives less water from the Sy
reservoir. Indeed, the ratio of runoff from Sy to Sr (parameter Cp, Table 3) decreased with the
global calibration. Thus, when the model was calibrated considering solute concentrations, it
suggested that the hillslope contributes more to vertical flows (i.e. groundwater recharge) than
horizontal flows (i.e. runoff and preferential flows) than when it was calibrated using KGEg.
This result highlights the need to improve the representation of transit times and water flow

paths. Representing and explicitly calibrating transit times within the reservoirs would be
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expected to improve model predictions. Rinaldo et al. (2015) developed a tool to simulate the
distribution of water ages of a reservoir outflow using storage-selection functions, which have
also been used successfully to simulate isotope dynamics (Harman, 2015), in-stream CI

concentration (Benettin et al., 2017) and nitrate removal peaks (Benettin et al., 2020).

Unexpectedly, parameter uncertainties (Table 3) were higher overall when calibrating
with the global objective function (KGEgioba) than with the hydrological objective function
(KGEg). Thus, the simulated concentrations were less sensitive to hydrological parameters than
we expected. Adding concentration time series to the objective function led to more equifinality
overall for several possible reasons: the time series of DOC and NO3" did not compensate for
the additional degrees of freedom of the solute parameters of the hydro-chemical model, or

more DOC and NOgz™ pools are necessary to reproduce catchment functioning better.

6. Conclusions

We developed a simple model to identify the main drivers of annual and storm-event
DOC and NOs stream concentrations in a small headwater agricultural catchment. The model
consists of three reservoirs: an unsaturated reservoir representing root and vadose zones of the
hillslope, a slow reservoir representing groundwater and a fast reservoir representing the
riparian zone and preferential flows. Simulated stream concentrations of DOC and NOs result

from the mixing of two end members: fast and slow reservoirs.

The model reasonably reproduced annual and storm-event dynamics of discharge, DOC
and NOz™ concentrations in the stream, suggesting that the main drivers of these dynamics were
indeed transport processes and the differences in hydrological reactivity and chemical
composition between the two contributing compartments. The main source of stream DOC was

the fast reservoir, with a calibrated concentration of 11 mg It, while the main source of stream
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NO3z was the slow reservoir, with a calibrated concentration of 71 mg I"X. These constant
concentrations support the idea that DOC and NOs™ are spatially distributed in chemostatic
pools (at the scale of several years) in the riparian area and groundwater, respectively, thus that
an advanced representation of biogeochemical processes is not necessarily required to capture
the seasonal, storm and inter-storm dynamics. Using a multi-objective function that included
observed daily DOC and NOs™ concentrations to calibrate the model led to a higher relative
contribution of the slow reservoir to the stream but increased the uncertainty in the hydrological
parameters, which highlight the need for additional hydrological signatures to better constrains
our models. Nevertheless, reproducing the long-term trends in solute concentrations would
require more information about N and C inputs or concentrations in catchment compartments.
In such a chemostatic catchment, a simple model could be used to test or predict the effect of

climate variability on water quality via its effect on transport processes.
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