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Abstract
The majority of freshwater ecosystems worldwide suffer from eutrophication, particularly
because of agriculture-derived nutrient sources. In the European Union, a discrepancy exists
between the scale of regulatory assessment and the size of research catchments. The Water
Framework Directive sets water quality objectives at the mesoscale (50-500 km²), a scale at
which both hillslope and in-stream processes influence carbon (C), nitrogen (N) and
phosphorus (P) dynamics. Conversely, research catchments focus on headwaters to

of

investigate hillslope processes while minimising the influence of river processes on C-N-P

ro

dynamics. Because hillslope and river processes have common hydro-climatic drivers, the
relative influence of each on C-N-P dynamics is difficult to disentangle at the mesoscale. In

-p

the present study, we used repeated synoptic sampling throughout the river network of a 300

re

km2 intensively farmed catchment, spatial stochastic modelling and mass balance

lP

calculations to analyse this mesoscale conundrum. The main objective was to quantify how
river processes altered C-N-P hydrochemical dynamics in different flow, concentration and

na

temperature conditions. Our results show that flow was the main control of alterations of C-NP dynamics in the river network, while temperature and source concentration had little or no

Jo
ur

influence. The influence of river processes peaked during low flow, with up to 50% of
dissolved organic carbon (DOC) production, up to 100% of nitrate (NO3) retention and up to
50% of total phosphorus (TP) retention. Despite high percentages of river processes at low
flow, their influence on annual loads was low for NO3 (median of -10%) and DOC (median of
+25%) but too variable to draw conclusions for TP. Because of the differing river alteration
rates among carbon and nutrients, stoichiometric ratios varied greatly from headwaters to the
outlet, especially during the eutrophication-sensitive low-flow season.
Keywords: Carbon; Nitrogen; Phosphorus; In-stream processes; Stochastic modelling;
Catchment
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1. Introduction
Human activities have impacted water and nutrient cycles considerably in the Anthropocene
(Galloway et al., 2003; Steffen et al., 2015; Abbott et al., 2019), with the majority of
freshwater and coastal ecosystems worldwide suffering from eutrophication (Le Moal et al.,
2018). Eutrophication threatens biodiversity and human water uses such as drinking water,
bathing and hydropower production. In western countries, most phosphorus (P) and nitrogen

of

(N) in rivers originates from diffuse agricultural sources (Van Drecht et al., 2003; Dupas et

ro

al., 2015). In the European Union, the Water Framework Directive (Water Framework

-p

Directive, 2000) sets an objective of good ecological status in all water bodies, and nutrient
concentrations are often responsible for not reaching this status. Most water bodies range in

re

size from 50-500 km², which is considered “mesoscale” because of its intermediate size

lP

between elementary headwater catchments and large river systems.
In mesoscale catchments, concentration dynamics are influenced by both hillslope and in-

na

stream processes, and their relative effects are difficult to disentangle. Some experimental
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designs focus specifically on hillslope processes, while others, such as river network studies,
focus on in- and near-stream processes.
Research catchments set up in agricultural areas are usually <10 km² (Burns et al., 2019) to
capture hillslope processes, but they ignore in-stream processes. Information consists of
high-frequency water discharge data and nutrient concentration measurements, sometimes
supplemented by soil and groundwater monitoring data. Nutrient dynamics are often
interpreted as the result of water pathways in hillslopes that vary according to hydro-climatic
variability. River network studies consist either of mechanistic modelling (Garnier et al., 2018)
or quantitative estimates of nutrient processing by upscaling results of reach-scale
experiments (Wollheim et al., 2008; Mineau et al., 2015). Processing of a nutrient (or carbon
(C)) in each segment of a hydrographic network depends on in-stream concentration,
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temperature, river stage and water velocity (Mulholland et al., 2008). To calibrate streamprocessing rates, multiple tracer injection experiments are necessary; however, these
experiments are generally performed in small streams (Tank et al., 2008) and/or during lowflow and steady-state conditions. In-situ measurement of processing coefficients is
impractical and uncommon for rivers, although they can have disproportionate impact on
downstream nutrient delivery (Ensign and Doyle, 2006; Ye et al., 2017). For rivers with high
nutrient concentrations, Aguilera et al. (2013) showed that upscaling coefficients and models

of

derived from reach experiments perform poorly. Calibration of nutrient input into streams
relies on correlations between nutrient concentrations and landscape descriptors, such as

ro

the percentage of arable fields for N (Wollheim et al., 2008) or percentage of wetlands for C

-p

(Wollheim et al., 2015). This approach is not feasible for P, as the correlation between

re

landscape composition and P concentration in headwater catchments is weak (Bol et al.,
2018). River network studies often assume that C, N and P are consumed, as most focus on

lP

nutrient removal, especially for N. P and C alterations in river networks are discussed less

na

often, and studies that assess C, N and P are even rarer (Maranger et al., 2018).
Instead of studying hillslope and in-stream processes separately, some studies observed an

Jo
ur

integrated hydrochemical signal in mesoscale and larger catchments. Meybeck and Moatar
(2012) and Moatar et al. (2017) developed a segmented method to analyse the
concentration-discharge (C-Q) relationship, in which they assumed that in-stream
biogeochemical control of the C-Q slope dominated below the median discharge and
hillslope hydrological control dominated above the median discharge. Along the same lines,
Minaudo et al. (2019) divided C-Q relationships into quickflow and baseflow components.
Like in small research catchments, nutrient export patterns at the mesoscale have often been
interpreted in terms of spatial distribution of sources vertically and laterally along hillslopes
(Dupas et al., 2016; Musolff et al., 2016; Musolff et al., 2017; Abbott et al., 2018; Botter et al.,
2019). A positive C-Q slope indicates shallow and/or near-stream sources, while a negative
C-Q slope indicates deep and/or upslope sources. These interpretations of C-Q
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relationships, however, require caution when two processes influence concentration
dynamics in a similar way (Bol et al., 2018; Minaudo et al., 2019). For example,
biogeochemical retention within river networks during low flow can easily be confounded with
decreasing nutrient delivery caused by a lack of hydrological connectivity with terrestrial
nutrient sources.
In this study, we developed a new method to disentangle hillslope from in- and near-stream
controls of C-N-P dynamics in a mesoscale catchment. We addressed both apparent

of

retention and apparent production in the river network of C and nutrients without relying on

ro

relationships derived from reach-scale experiments. We performed repeated synoptic
sampling every two weeks for 18 months, and measured dissolved organic C (DOC), nitrate

-p

(NO3), total P (TP), soluble reactive P (SRP) and chloride (Cl) concentrations in 18

re

headwater streams and at the outlet of an intensively farmed mesoscale catchment. We then

lP

used the headwater catchment data to calibrate a stochastic landscape mixing model to
simulate the integrated hillslope nutrient hydrochemical signal of the catchment (expected

na

nutrient concentrations at the outlet assuming no in-stream processes), which we ultimately
compared to the hydrochemical signal measured at the outlet. The objectives were to i)

Jo
ur

quantify the differences observed between modelled and measured nutrient hydrochemical
signals at the mesoscale catchment outlet for diverse flow conditions, ii) identify the main
control among hydrology, temperature and concentration levels on the observed differences
and iii) assess on a seasonal and annual basis the net impact of river network alterations on
the export of DOC, NO3 and TP and possible consequences for downstream ecosystems.

2. Materials and Methods
2.1. Study area
The catchment studied was the 300–km² upper section of the 375–km² Yvel catchment, an
agricultural catchment of Strahler order 5 in Brittany, western France (Fig. 1). The Yvel river
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is the main tributary of the “Lac au Duc”, a 3–million m3 recreational and drinking water
reservoir downstream of the upper section that has been subjected to cyanobacteria blooms
since the 1970s (ODEM, 2012). Hereafter, the article refers to the Yvel catchment exclusively
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as this 300 km² upper section.

Figure 1. Hydrographic network and land use of the Yvel catchment in 2018. The bold black line
outlines the upper section of the Yvel catchment, whose outlet was monitored for water quality and
discharge. The dashed areas represent the 18 representative subcatchments monitored, 4 of which
lay outside of the upper section of the catchment.
The climate is temperate oceanic, with mean ± standard deviation of annual rainfall,

temperature and runoff calculated from 1998-2017 of 777±132 mm, 11.7±0.5°C and 254±143
mm, respectively. The wettest and coldest months (1998-2017) span from November to

Journal Pre-proof
March (mean temperature: 7.1°C, mean precipitation: 76 mm.month-1) while the warmest
months span from June to September (mean temperature: 17.1°C, mean precipitation: 47
mm.month-1). Almost all precipitation is rain, as freezing temperatures are rare. Elevations
range from 33-297 m above sea level. The centre of the catchment is the flattest zone, with
most slopes <5%, and long and regular hillslopes. In the north and south, the relief is more
uneven, with shorter hillslopes and steeper slopes. The southeast, the forested part of the
catchment, has the steepest slopes (5-15%). The bedrock consists of impervious, locally

of

fractured and fissured Brioverian schists, capped by 1-30 m of weathered material. The
hydrology is controlled by the dynamics of the shallow water table within the weathered

ro

material, as observed in the nearby Kervidy-Naizin research catchment (Molénat et al.,

-p

2002). Mean annual discharge at the catchment’s outlet is 2,200 L.s-1 (19.3 mm.month-1),

re

while mean monthly discharge ranges from 157 L.s-1 (1.40 mm.month-1) in August to 5,600
L.s-1 (45.16 mm.month-1) in February. The Q90:Q10 ratio (the ratio of the 90th percentile to

lP

the 10th percentile of long-term discharge) is 151 (= 6310/41.75). This is consistent with a
mostly shallow/reactive hydrological regime, with pronounced low-flow periods and fast and

na

intense floods, as observed in other similar “flashy” catchments in the region.
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Soils in the catchment are generally shallow, with 70% of them <70 cm deep (Fig. 1S,
Supplementary material). Deeper soils prevail in the north, while thinner soils tend to prevail
in the south. Two soil types dominate the catchment: Two soil types dominate the catchment:
Luvisols in the north and brown soils (Cambisols) in the rest of the catchment (Fig. 2S,
Supplementary material). Shallow undifferentiated soils are found on steep slopes in the
southeast. Soils are well drained in plateau and slope domains, but are often hydromorphic
in valley bottoms and thus define riparian wetlands (22% of the area of the catchment).
Cultivated soils in riparian wetlands are generally tile-drained (Fig. 3S, Supplementary
material). Land use was derived from automatic classification of Sentinel 2 satellite images
taken during 2018 (Inglada et al., 2017). Arable fields (maize and winter cereals) cover 54%
of the catchment (Fig. 1). Grasslands (21%, mostly leys in rotation), forest (18%) and urban
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areas (6%) comprise the rest of the catchment. The density of the hedgerow network is 71
m.ha-1. The north has a larger percentage of grasslands and more hedgerows than the
centre and south. The catchment has a population of ca. 23,100 inhabitants (INSEE, 2015)
(6,200 and 5,200 in the two largest towns), which results in a population density of 77
inhabitants.km-2. Approximately half of the population is connected to one of the seven
wastewater treatment plants (WWTPs), which operate with different technologies (activated
sludge, trickling filter, settling ponds) (section 3.3 and Supplementary material section 2),

of

while the other half relies on individual septic tanks. The climate, soil and agricultural
properties of the Yvel catchment are similar to the 5 km2 Kervidy-Naizin research catchment

ro

(Fovet et al., 2018), our reference site for catchment research in Brittany (Gascuel-Odoux et

-p

al., 2018). With this in mind, the present study can be considered an upscaling exercise from

re

an elementary headwater catchment to a 300 km² mesoscale catchment.

lP

2.2. General methodological approach

Our method to estimate the alteration of the signals of NO3, TP and DOC concentrations by

na

the river network consisted of three main steps (Fig. 2). First, we selected and monitored
representative subcatchments to characterise the diversity of headwater hydrochemical
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signals in the entire catchment. Then, we used a statistical modelling approach, based on
landscape composition attributes, to generalise the observations of the monitored
subcatchments to all subcatchments in the Yvel catchment. After adding point-source loads
from the WWTPs to this signal, we constructed the “source signal” of the Yvel catchment.
This source signal had two components (Eq.3, section 2.4.c): diffuse and point-source. The
diffuse component was based on the monitored subcatchment signals, which included truly
diffuse agricultural sources from fields, small point sources (e.g. leaks from septic tanks or
barns) and retention processes within subcatchments. The “classic” point-source component
represented chemical loads from the WWTPs. The source signal was an estimate of the
hydrochemical signal at the outlet without the in-stream processes in the river network (i.e.
those occurring in the water column and hyporheic zone). The hydrochemical signal
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observed at the outlet of the entire catchment (i.e. “outlet signal”) was monitored on the same
dates as the representative monitored subcatchments. We then estimated in-stream
processes as the outlet signal minus the source signal, using stochastic mass balance
calculations for the river network, as described in the following subsections.

of

ro

Hydrochemical
monitoring
(2.3)

• Synoptic sampling every two weeks covering all flow conditions: carbon,
nutrients and chloride at the outlets of the 18 independent subcatchments of
Strahler order 1-2 and the entire catchment (2.3)
• Specific sampling for point-source contributions (3.3)
• Discharge at the outlet of the catchment (3.1)

lP

na

Source signal
calculation
(2.4)

re

-p

• Clusterisation of representative monitored subcatchments based on export
regimes (2.4.a & 3.2)
• Probabilistic Random Forest algorithm to attribute a cluster to unmonitored
subcatchments based on landscape composition attributes: land use, soil
type, parent material, etc. (2.4.b)
• Random sampling within each cluster to assign a concentration to each
unmonitored subcatchment (2.4.c)
• Landscape mixing model (10,000 runs) to calculate source signals. The
source signal is the expected hydrochemical signal at the outlet of the
catchment assuming conservative transport (2.4.c)

Jo
ur

River network
mass balances
(3. & 4.)

• Comparison of concentration dynamics at the catchment outlet (observed
outlet signal) to the expected concentration (modelled source signal) (3.4)
• Alteration (apparent creation or retention in the river network) as the
difference between the two signals: temporal series (3.5), alterationdischarge relationships (3.5) and relationships among water quality
parameters (3.6)
• Implications at the mesoscale for carbon and nutrients dynamics (4.1),
dominant control of in-stream processes and C-Q relationships (4.2),
annual mass balances (4.3) and nutrient ratios (4.4)

Figure 2. Flowchart of the methodological developed. Numbers in parentheses refer to sections of this
article.

2.3. Hydrochemical monitoring
The monitoring strategy consisted of repeated synoptic sampling of the 18 selected
monitored subcatchments and the outlet of the entire catchment (Fig. 1). The 18
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subcatchments were selected based on their Strahler order (1-2), size (0.8-12.6 km2), lack of
a WWTP, representativeness of the set of subcatchments in the entire catchment and
accessibility. Taken together, these 18 subcatchments covered 28% of the Yvel catchment’s
area (Table S1, Supplementary material).
All 19 monitoring points (monitored subcatchments and outlet of the catchment) were
sampled approximately every two weeks from April 2018 to July 2019 (30 dates in total). The
seven wastewater treatment plants (WWTP) discharging into the river network were also

of

sampled to evaluate their carbon, nutrient and chloride load. This was done by measuring

ro

concentration and discharge immediately upstream and downstream of the plants on two
dates: 24 September 2018 and 11 December 2018. Dimensions of the WWTPs ranged from

-p

150-4,700 population equivalent (Table S2, Supplementary material).

re

All water samples were filtered in situ immediately after sampling. Samples were filtered by

lP

cellulose acetate filters of 0.45 μm pore size for total dissolved P (TDP) and SRP, and 0.20
μm pore size for DOC, dissolved inorganic C (DIC), Cl and NO3 analysis. All filters were

na

rinsed in the laboratory with 20 ml of deionised water before use. We also collected an
unfiltered water sample to analyse TP. All samples were transported to the laboratory in a

Jo
ur

cool box and then refrigerated at 4°C until analysis.
P (TP, TDP and SRP) and C (DOC and DIC) were analysed within 48 h of sampling, while
anions (NO3 and Cl) were analysed within one week. Analytical methods described here are
for all water samples during the whole 18 months campaign and for WWTP sampling. SRP
was determined colorimetrically via reaction with ammonium molybdate (Murphy and Riley,
1962) applied directly to the <0.45 μm filtrates. The same method was used for TDP and TP
after digestion of the samples in acidic potassium persulfate. The precision of SRP, TDP and
TP measurements was ±4, ±13, ±13 μg.L−1, respectively. NO3 and Cl concentrations were
analysed by ionic chromatography (Dionex, DX120), with a precision of ±4%. DOC and DIC
concentrations were analysed with a total organic analyser (Shimadzu TOC-5050A), with a
precision of ±5%, using potassium hydrogen phthalate as the standard solution.
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We used NO3, TP and DOC to characterise the export regimes (section 2.4) and discuss
their alterations in the river network throughout this article. We used Cl to assess
disconnections of the WWTPs from the river network during the low-flow period. We used
alteration of SRP only to interpret that of TP (section 3.6), and TDP and DIC results only to
interpret alteration of the nutrient ratio in the river network (section 4.4).
2.4. Source signal calculation
The objective of the stochastic modelling was to generate the source signal. We first need to

of

generate a hydrochemical signal for each unmonitored subcatchment of the Yvel catchment.

ro

A stochastic model, calibrated with data from the 18 monitored subcatchments (0.8 – 12.6
km2) was applied to the 184 unmonitored subcatchments within the catchment, delineated

-p

with a 5 m resolution Digital Elevation Model (IGN, 2018). This model uses successively

re

three techniques:

lP

a. Clustering of the 18 monitored subcatchments based on export regime metrics
(Hierarchical Clustering on Principal Components - HCPC).

na

b. Probabilistic classification of the unmonitored subcatchments according to the HCPC
clusters, based on landscape composition attributes (Random Forest)

Jo
ur

c. Monte-Carlo simulations of the source signal based on the probabilities computed in
the previous steps and addition of the point source loads (Landscape mixing model)

a. Headwater clustering

We use FactoMineR package (Lê et al., 2008) v. 1.41 of R software v. 3.5.1 (R Core Team,
2019) to cluster the 18 monitored subcatchments into four clusters using HCPC. The six
export regime metrics used in the clustering algorithm were the flow-weighted concentration
(FWC) of NO3, TP and DOC, along with their respective amplitudes of variation. We
calculated FWC for each element as follows:
∑
∑
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where d is the sampling date, cd the concentration and Qd the discharge at the outlet (a proxy
of local discharge, which we did not monitor).
We calculated the amplitude of variation of each element as follows:

where C90, C50 and C10 are the 90th, 50th and 10th percentiles of the concentration,
respectively.

of

We calculated FWC and Amplitude for a one-year period (21 June 2018 to 11 June 2019)

ro

instead of the entire range of sampling dates, as the latter included April-July twice.

-p

We grouped the 18 subcatchments into 4 clusters because this number of clusters provided

re

a good compromise between cluster homogeneity and the number of subcatchments in each

lP

cluster.

b. Classification of unmonitored subcatchments

na

We classified each of the 184 unmonitored subcatchments into the 4 clusters of the 18
monitored subcatchments. To do this, we calculated nine predictors based on landscape

Jo
ur

composition: five land-use types (percentage of agricultural, winter crops and summer crops
in the subcatchment, percentage of semi-natural areas; percentage of grasslands in the
agricultural area), dominant soil and parent material, and percentage of tile drainage and
riparian wetlands in the subcatchment. We ran a Random Forest algorithm (Breiman, 2001)
using the R package RandomForest v. 4.6-14 (Liaw and Wiener, 2002). We chose eight
predictors at each node of the classification tree, performed subsampling with replacement
and generated a total of 10,000 trees. Ultimately, for each of the 184 unmonitored
subcatchments, the algorithm calculated the probability of belonging to each of the four
clusters.
c. Monte-Carlo simulation of the landscape mixing model
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To generate the distribution of the diffuse component of the source signals, we performed
10,000 draws of a stochastic landscape mixing model. For each draw, we performed the
following steps for each sampling date (n = 30):
1. One cluster is assigned to each unmonitored subcatchment (n = 184) following the
probability table obtained through the Random Forest algorithm (Figure 3B)
2. A monitored subcatchment in the selected cluster was randomly assigned to each
unmonitored subcatchment according to a uniform distribution (Fig. 3C).

of

3. The concentration of the diffuse component of each unmonitored subcatchment was
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na
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set to equal that of the monitored subcatchment assigned (Fig. 3D)
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Figure 3. Steps to calculate the diffuse component of the source signal and its associated 90%
prediction interval for one element on one date. The example is based on nitrate (NO 3) concentrations
measured on 24 April 2018. P01 to P29 in the random assignment map identify the monitored
subcatchments. White dots on the maps are the outlet of the catchment. Bold borders outline
monitored subcatchments and the entire catchment; light borders outline unmonitored subcatchments.

For each sampling date, this landscape mixing model generated a stochastic diffuse source
signal for each subcatchment of the catchment. For each date, the source signal Cd was
defined as the sum of its diffuse component and point-source component:
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∑
∑

where Ci,d is the expected concentration at the outlet considering conservative transport in
the river network, i the number of the subcatchment (n=198; 14 monitored and 184
unmonitored), Ai the area of subcatchment i, Lps the measured point-source load (section
3.3), b a stochastic coefficient (0.8-1.2, different for each draw of the model) used to
represent uncertainty in point-source estimates, and k a conversion factor.

of

Because discharge was available only at the catchment outlet, we assumed the same
constant specific discharge throughout the catchment. This assumption is reasonable during

ro

stable flow conditions, due to the relatively flat topography, the homogeneous lithology and

-p

the relatively small catchment size (Aguilera et al., 2013; Czuba et al., 2018), but it can lead

re

to unquantified uncertainty during localised storm events. To specify the discharge regime
condition during sampling we used the baseflow separation algorithm of Nathan and

lP

McMahon (1990) in the Ecohydrology R package of (Fuka et al., 2018). We then calculated a
quickflow index based on the quickflow:discharge ratio on each sampling date. The quickflow

na

index was considered “low”, “moderate” or “high” when it was <0.33, 0.33-0.67 or >0.67,
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respectively. On sampling dates during the low-flow period, 1-14 of the monitored
subcatchments had dried up depending on the drought severity; they were assigned null
concentration and area (Ai = Ci,d = 0) when calculating Cd (Eq. 3). We assumed that total
point-source load to remain constant throughout the sampling period, which is supported by
our observations of NO3, TP, SRP and Cl (section 3.3). However, we also observed complete
disconnect of some WWTPs on the driest dates (discharge <150 L.s-1 at the outlet),
suggesting that a part of point-source loads on these dry dates did not enter the main river
network. We therefore used Cl as a conservative element to estimate the hydrological
disconnect during the summer low-flow periods. The proportion of point-source load entering
the river network on these dry dates was calculated such that the Cl mass balance remained
null at the outlet of the catchment. In order to apply the same methodology in areas affected
by saline intrusions, we suggest combining multiple tracers such as pharmaceutical
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molecules (carbamazepine, gadolinium) or other organic compounds (caffeine, fluorescent
organic matter) (Willams et al. 2013; Richards et al. 2017).
In the mass-balance calculations, alteration signals equalled outlet signals (observed outlet
concentrations) minus source signals (modelled expected concentrations). Positive or
negative alteration signals represented apparent production or retention, respectively, in the
river network. We calculated alteration signals in absolute and relative terms, as a function of
both time and discharge. Discharge has been monitored at the catchment outlet since 1968

of

(gauge J8363110 from DREAL). We used the alteration-discharge (A-Q) relationships for

ro

NO3, TP and DOC to calculate their annual alteration rates (relative mass-balances), as the

3. Results
3.1.

Hydro-climatic conditions

re

-p

flow-weighted mean of daily alteration, from 1998-2017.

lP

The water years 2017-2018 and 2018-2019 were normal and dry compared to local mean
runoff (253 mm.y-1 from 1998-2017), with annual runoff of 238 and 117 mm.y-1, respectively.

na

The dates in our sampling campaigns were representative of each of the 10 deciles defined
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over the 1998-2017 dataset. Of the 30 sampling dates, 13, 13 and 4 had stable, moderately
stable and flood-event hydrological conditions (low, moderate and high quickflow,
respectively) (Fig. 4). Mean annual temperatures in 2018 and 2019 (11.9 and 11.6°C,
respectively) were similar to the long-term mean of 11.7 °C (1998-2017). There was clear
seasonality in discharge and temperature, with the high-flow period from December-April and
the highest temperature from May-September (Fig. 5).
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Figure 4. Discharge variations during the study period. The solid line is the mean daily discharge and

of

dot-dash line is the associated baseflow. Horizontal dotted lines indicate 10th, 25th, 75th and 90th

ro

percentiles of discharge (Q) from 1998-2017. For each sampling campaign (numbers in red), the
shape of the symbol indicates the level of the quickflow index and its colour the mean air temperature

-p

of the previous 15 days. The inset shows discharge fluctuations during the low-flow period from July-

3.2.

lP
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November 2018.

Headwater clustering and classification
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The four clusters identified by the HCPC clearly differed in export regimes for NO3, DOC and
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TP (Fig. 5). Subcatchments in the first cluster (n=3) had low exports of the three elements
and large annual amplitudes of NO3; they corresponded to the forested subcatchments.
Subcatchments in the second cluster (n=4) had moderate NO3 and TP exports but higher
DOC export than other clusters; they corresponded to subcatchments with mixed land-use
(i.e. annual crops plus grassland and/or forest). Subcatchments in clusters 3 (n=7) and 4
(n=4) had higher NO3 exports than other clusters. Although most of their land use was arable
fields, those in cluster 3 had small amplitudes of TP, while those in cluster 4 had low DOC
exports and the highest NO3 exports of all subcatchments, as well as a larger percentage of
tile drainage.
The estimated error rate of the Random Forest algorithm’s assignment of an export regime to
unmonitored subcatchments was 33%, and the confusion matrix showed that only similar
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clusters could be confused (e.g. a cluster 3 monitored subcatchment could be assigned an
export regime from cluster 2 or 4 but not from cluster 1). The five most important predictors
were the percentage of winter crops and tile-drained land in the subcatchment, percentage of
grassland in the agricultural area, dominant soil type and percentage of semi-natural areas in
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the subcatchment.
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Figure 5. Annual flow-weighted mean concentration and amplitude of DOC, NO3 and TP in the 18
monitored subcatchments from 21 June 2018 to 11 June 2019 (22 dates), clustered into 4 clusters that
differed in export regimes of these elements. Amplitude = (C90-C10)/C50, where C90, C50 and C10
are the 90th, 50th and 10th percentiles of the concentration, respectively.

3.3.

Point-source loads

Daily total loads of NO3, TP, SRP and Cl were similar on both point-source sampling dates
(Table 1), despite having completely different flow conditions (Fig. 4). Only DOC loads
differed greatly (by one order of magnitude), perhaps due to differences in temperature and
flow conditions. Most P leaving the WWTPs was SRP, which represented 82% and 62% of
TP load on 24 September and 11 December 2018, respectively.
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Table 1. Estimated daily total loads (kg) of NO3, TP, SRP, DOC and Cl for the two point-source
sampling dates
Date

NO3

TP

SRP

DOC

Cl

Flow condition

24 Sep 2018

53.2

1.97

1.62

18.8

162.8

drought

11 Dec 2018

57.1

2.00

1.25

3.3

168.7

moderate flow

The results indicate that the uncertainty in point-source loads may have been higher than the

of

maximum of 20% assumed in the landscape mixing model (Eq. 3, section 2.4.c), particularly
for DOC. Among the WWTPs, two of the smallest contributed disproportionately to the point-

Comparing source signal and outlet signal concentrations
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3.4.
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ro

source loads of the catchment (Supplementary material).

lP

Modelled source signals and observed outlet signals had similar concentration medians and
ranges for each of the three elements, except during specific events or seasons (Fig. 6).

na

The modelled source signal for NO3 ranged from 4.5-9.5 mg N.L-1, while the observed outlet
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signal ranged from 0.5-9.0 mg N.L-1. Observed concentrations at the outlet followed a clear
seasonal pattern, which the source signal did not, with seasonal maxima during the winter
high-flow period and minima during the autumn low-flow period (Fig. 6A). The outlet NO3
concentration decreased gradually during the summer-autumn recession period but
increased sharply during the winter rewetting period. Temporal dynamics of source and
outlet signals of NO3 concentrations matched closely for most of the study period, but not
during from July-November 2018 and in July 2019, when concentration was much lower at
the outlet (i.e. apparent retention).
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Figure 6. NO3 (mg N.L ), TP (mg P.L ) and DOC (mg C.L ) concentrations measured at the
catchment outlet (outlet signal) on 30 dates and the corresponding modelled expected concentrations
(source signal). Error bars on the source signal represent the 90% prediction interval of source
concentration obtained from 10,000 draws of the stochastic landscape mixing model (Eq. 3).

The modelled source signal for TP (Fig. 6B) ranged from 0.041-0.151 mg TP.L-1, while the
observed outlet signal ranged from 0.051-0.420 mg TP.L-1. Maximum TP concentrations
corresponded to storm events that influenced both the source and outlet signals (sampling
campaign no. 5, June 2018). We observed a seasonal pattern in the source signal during the
low-flow period, arguably due to the degree of dilution of point-source contributions, but this
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seasonal pattern was not clearly visible at the outlet. According to this seasonal pattern in the
source signal, TP concentrations peaked in late summer and were lowest in winter. Although
source and outlet TP concentrations were similar for most of the year, they differed greatly
on specific dates (e.g. campaign no. 5, June 2018) or for entire seasons (e.g. July-October
2018).
The modelled source signal for DOC (Fig. 6C) ranged from 3.6-13.1 mg C.L-1, while the
observed outlet signal ranged from 3.6-19.1 mg C.L-1. Maximum DOC concentrations
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corresponded to a storm event that influenced both the source and outlet signals (i.e. June

ro

2018). We observed no seasonal pattern in either signal. DOC temporal dynamics at the
outlet closely matched those of the source signal, and concentrations were generally similar

Apparent production and retention by the river network
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3.5.
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during winter months while they were higher at the outlet during the rest the year.

lP

Alterations estimated between source and outlet signals in the river network revealed
moments of apparent production, retention or conservative transport. The “hot moments” of

na

retention or production can correspond to either specific events (e.g. TP apparent production
during a flow event, Fig. 7C) or entire periods (e.g. NO3 apparent retention during the low-
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flow period, Fig. 7A).

River network alteration of the NO3 source signal ranged from -98% to +6% (Fig. 7A). Instream transport was nearly conservative (null alteration lay within 90% prediction interval)
on 19 of 30 dates during the study period. We observed net NO3 retention on the remaining
11 dates, especially during the low-flow period, from September-December 2018, when it
exceeded 75% of input. We observed no substantial apparent NO3 production. The quickflow
index did not influence this seasonal retention pattern (e.g. June 2018). There was a linear
relationship between NO3 retention and square-root discharge for discharge <920 L.s-1,
which corresponds to the median long-term (1998-2017) discharge measured in the
catchment (Fig. 7B). Above this discharge threshold, NO3 transport appeared to be nearly
conservative, regardless of temperature. We observed two outliers to this relationship during
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the rewetting period of the catchment in December 2018. Applying the alteration-discharge
(A-Q) relationship to 10 years (2009-2018) of daily discharge yielded annual apparent NO3
retention in the river network of 9-14% (Fig. 7B). We calculated annual alteration of NO3, TP
and DOC based on water discharge data only, as neither temperature nor source-signal
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concentrations (Figs. 4S and 5S, Supplementary material) had an influence.
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Figure 7. River network (RN) alteration of NO3, TP and DOC as a function of (A, C and E) sampling
date and (B, D and F) square-root-transformed mean daily discharge (Q). Error bars represent 90%
prediction interval from 10,000 simulations. Blue lines are linear regressions of the median alteration
for Q less than or greater than median Q (Q50). The shape of symbols indicates the quickflow
proportion at the time of sampling and their colour the mean air temperature of the previous 15 days.

River network alteration of the TP source signal ranged from -50% to +250% (Fig. 7C). Instream transport was nearly conservative (null alteration lay within the 90% prediction
interval) on only 6 of 30 dates during the study period. Of the remaining dates, 17 showed
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apparent production, while 7 showed apparent retention. From September-November 2018,
which was dominated by low to very low flow, we observed apparent TP retention even
during a small storm event on 18 October. Temporal dynamics of river network retention and
production were influenced greatly by flow conditions, with storm events generally resulting in
apparent net TP production (e.g. June 2018 and May 2019 storms; campaigns no. 5 and 25,
respectively). The linear relationship between apparent TP alteration and square-root
discharge had a similar slope below and above median discharge (Fig. 7D). Positive outliers

of

to this relationship corresponded mostly to storm events and rewetting periods (campaign no.
13), while negative ones corresponded to stable hydrological conditions at the end of winter.

ro

When discharge was below or above 500 L.s-1, we usually observed apparent retention or
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production, respectively, in the river network. Like for NO3, we observed no effect of

re

temperature. However, unlike NO3, we observed no prolonged periods of conservative
transport for TP. Assuming that the A-Q relationship during the study period (April 2018 –

lP

July 2019) is a constant feature of the studied catchment, the 10 years (2009-2018) of

na

discharge data yielded annual apparent TP production of 42-174%.
River network alteration of the DOC source signal ranged from -19% to +72% (Fig. 7E). In-
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stream transport was nearly conservative on 11 of 30 dates during the study period. Of the
remaining dates, 16 showed apparent production, while only 3 showed apparent DOC
retention. A clear seasonal DOC production signal was observed from June-November 2018
(Fig. 7E), with maximum apparent production in September followed by a sharp decrease in
October on the two dates when the catchment was the driest (campaigns no. 10 and 11).
Two linear relationships between apparent DOC production and square-root discharge had
different slopes below and above median discharge (Fig. 7F). The main outlier to this
relationship corresponded to a small storm event in May 2019 (campaign no. 25). When
discharge was low, we always observed apparent production except during the driest period,
while for discharge close to median discharge, transport was often conservative. Like for NO 3
and TP, we observed no direct effect of temperature. We observed three types of outliers,
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which corresponded to storm events (like for TP), the driest dates (campaigns no. 10 and 11)
or stable high flow in winter (campaigns no. 16 and 17). Applying the A-Q relationship to the
10 years (2009-2018) of daily discharge data, annual apparent DOC production ranged from
16-49%.
3.6.

Relationships among water quality parameters

As SRP is not the dominant form of P in streams and rivers, it was not included in the
clustering metrics. Nevertheless, we used the same clusters and method to generate the
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source signal of SRP (Fig. 6S, Supplementary material) and relate it to TP alteration. We

ro

hypothesised that SRP has a higher apparent retention rate than TP, which was confirmed
by a strong linear relationship between SRP and TP alterations (Fig. 8A) by the river network

-p

(slope = 1.77, R² = 0.78). The x-axis intercept of the relationship (i.e. conservative TP

re

transport) corresponded to apparent SRP retention of 27%, while the y-intercept of the

lP

relationship (i.e. conservative SRP transport) corresponded to apparent TP production of
48%. This implies that the conservative TP transport and some of the apparent TP

na

production may correspond to retention of SRP in the river network, which suggests
transformation of SRP into non-reactive P in the river network. Whereas TP was retained on

Jo
ur

only 6 of 30 dates, SRP was retained on 18 dates. Although both TP and DOC were altered
at low flow (Fig. 7D and 7F), there was no relationship between TP retention and DOC
production (results not shown). Similarly, no clear relationship emerged between NO 3
retention and DOC production (Fig. 8B), except for a strong NO3 retention episode during
summer/autumn 2018, which corresponded to a period of DOC production. This weak
relationship was due to outliers in the DOC A-Q relationship and because apparent DOC
production occurred during storm events but not apparent NO3 retention.
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Figure 8. River network (RN) alteration of (A) TP as a function of SRP alteration and (B) NO3 alteration
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as a function of DOC alteration. Error bars represent 90% prediction interval from 10,000 simulations.
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In A, the June 2018 storm value is not shown to keep the scale small but was included in the
regression. Blue lines in A and B shows the linear regression between median alterations. The shape

lP

of symbols indicates the quickflow proportion at the time of sampling, their colour the mean air
temperature of the previous 15 days and their size a flow index. The flow index, calculated according

na

to discharge at the outlet and percentiles of long-term discharge, was classified as “drought” for
Q≤Q10, “low flow” for Q10<Q≤Q25, “moderate flow” for Q25<Q≤Q75, “high flow” for Q75<Q≤Q90 and
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“storm flow” for Q>Q90.

4. Discussion
4.1.

In-stream processes influence carbon and nutrient dynamics at the
mesoscale

The results show that in-stream processes can explain much of the temporal variability in C
and nutrient concentrations at the outlet of a mesoscale catchment. The coefficient of
variation for NO3 concentration increased from 0.21 in the integrated source signal to 0.52 at
the outlet of the Yvel catchment. It also increased from 0.35 to 0.65 and from 0.32 to 0.41 for
TP and DOC concentrations, respectively. In-stream processes influenced DOC variations
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less than NO3 and TP variations. For SRP, the coefficient of variation decreased from 0.45 to
0.36, showing that the river network can also buffer concentration dynamics.
This observation contrasts with other studies of headwater and mesoscale catchments, in
which variations were attributed exclusively to the mixing of water from different
compartments (e.g. Abbott et al., 2018; Zhi et al., 2019). In the present study, it seems
unlikely that the alterations observed between the source and outlet signals could have been
due to mixing with another source of water. The only other possible source of water would be

of

deep groundwater, which can feed rivers downstream and whose proportion can increase in

ro

summer (Tiwari et al., 2014). To support this hypothesis, however, the chemical composition
of deep groundwater would need to (1) vary over time, because alterations of NO 3, TP and
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DOC signals were not synchronous, and (2) be poor in NO3 and TP but rich in DOC, to be

re

able to account for the differences between modelled source and measured outlet

lP

concentrations. Low NO3 and TP concentrations match the concentrations in local deep
groundwater, but not the necessary high DOC concentrations, as groundwater both in the

na

region (Aubert et al., 2013) and elsewhere (Dick et al., 2014) are generally poor in DOC. In
addition, the neighbouring research catchment of Kervidy-Naizin (5km²) lying 50 km west of
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the Yvel catchment, with its similar size, soil-climate and land-use conditions to those of the
subcatchments monitored in the present study, has a closed water balance (Fovet et al.,
2018).

Two main processes may be responsible for apparent NO3 retention in the river network at
low flow:

autotrophic primary production and

heterotrophic denitrification

at

the

water/sediment interface. For macrophytes, NO3 retention is temporary because they
decompose in autumn and release dissolved inorganic N (DIN) (Riis et al., 2019). For
suspended algae, apparent NO3 retention actually represents transformation into organic N,
which will transit through the river network. It is generally accepted that heterotrophic
denitrification removes more NO3 than assimilatory uptake (Reisinger et al., 2015), but the
data available in the Yvel catchment do not allow to distinguish the relative influence of
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dissimilatory denitrification and assimilatory uptake to be quantified. Future studies based on
analysing N isotopes and/or biological parameters can be performed to clarify the relative
influence of the two processes.
In-stream

alteration

of

P

dynamics

may

be

controlled

by

assimilatory

uptake,

adsorption/desorption (of dissolved P) and sedimentation/remobilisation (of particulate P). At
the outlet, particulate P represents up to 70% of TP at high flow (Fig. 6S, Supplementary
material). Particulate P is stored temporarily at low flow or during flow recession as
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sediments on the riverbed. This P stock may be remobilised as particulate P during

ro

subsequent high-flow events or released as SRP due to processes such as reductive
dissolution of P-bearing iron oxides in anoxic sediments (Kreiling et al., 2019a). TP alteration
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in the Yvel river network varied greatly over time, with no period of conservative transport
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(Fig. 7D). P load apportionment models often assume conservative and immediate transport

lP

of point-source inputs to the outlet (e.g. (Greene et al., 2011)). However, our results show
that river networks may influence P dynamics greatly, due to high P retention during low flow

na

and P remobilisation during high flow. These mechanisms of temporary retention and
remobilisation may cause load apportionment models to underestimate P point-source loads,
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as also highlighted by Jarvie et al. (2012).
DOC alteration in river network modelling studies often show apparent retention (Wollheim et
al., 2015; Mineau et al., 2016; Czuba et al., 2018), although some studies show apparent
production in forested (Finlay et al., 2011) and agricultural catchments (Fovet et al., 2020).
Our results reveal no DOC retention, but instead show conservative DOC transport or DOC
production, regardless of temperature or flow. Apparent retention can be assumed to be
caused by mineralisation of DOC by photodegradation or heterotrophic respiration. Apparent
production can be due to release of soluble C from living or dead vegetation due to
autotrophic processing of riverbed sediments C by microorganisms. DOC can also be
released by diffusion or remobilisation and desorption of sediments (Fovet et al., 2020). The
apparent production calculated for very high flow could be due to desorption, as it is usually
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synchronous with TP production (Fig. 8B and 8C), while apparent production at very low flow
could be due to a combination of several biotic processes.
4.2.

Hydrological control of river network alterations

Our results show that discharge was the primary control of apparent retention and
remobilisation processes in the river network of the Yvel catchment. Neither temperature nor
input concentration correlated with observed river network alteration rates (Figs. 4S and 5S,
Supplementary material), unlike results from previous studies of nutrient uptake rate in a
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variety of ecological settings (Mulholland et al., 2008; Wollheim et al., 2008). Discharge is a

ro

proxy of residence time in the hydrographic network: the lower the discharge, the longer the
residence time and the higher the alteration rate (apparent retention of NO3 and TP, apparent
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production of DOC). Our observations are thus in line with those of other studies that indicate
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that residence time in the river network is the main control of in-stream processes (Zarnetske

lP

et al., 2011; Abbott et al., 2016; Maranger et al., 2018).
The Yvel catchment has a particularly pronounced low-flow season for the region, due to its

na

schist-dominated geology. Catchments with less pronounced low flow, such as those
overlying granite, would arguably have lower river network alteration rates because of shorter
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residence times in the river network at low flow. Previous studies that compared schist and
granite catchments in Brittany have indeed shown greater seasonal variation in “flashy”
schist catchments than in “damped” granite catchments, which could be related in part to
different in-stream alteration rates (Gascuel-Odoux et al., 2010; Abbott et al., 2018; Dupas et
al., 2018). Our empirical results also confirm results of analytical modelling studies that show
that in-stream processes have more influence in “flashy” streams than in “damped” streams
(Basu et al., 2011).
The strong A-Q relationships observed in this study may help interpret the C-Q relationship
observed in mesoscale catchments, namely the relative influence of hillslope and in-stream
processes (Meybeck and Moatar, 2012). In-stream processes can both amplify and dampen
the C-Q slopes observed in the headwater and point-source signals. In the Yvel catchment,
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the NO3 input signal was nearly flat, and most seasonal NO3 dynamics at the outlet were
explained by in-stream retention, especially below median discharge. This change in
behaviour at median discharge supports the observation of (Moatar et al., 2017) that C-Q
slopes may differ on each side of median discharge. Conversely, for TP, in-stream processes
appear to dampen the expected seasonal increase in concentration due to a lack of dilution
of point sources. However, remobilisation of riverbed sediments amplified the positive A-Q
relationship for the TP already observed in the input signal at high flow. The A-Q pattern for
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DOC is not as clear as those for NO3 and TP, and the alterations are generally weaker.
Nevertheless, it reveals that the increase in DOC concentrations at low flow is an in-stream

ro

process and that the flushing pattern in the headwater catchments at high flow is either
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transferred conservatively or amplified. Overall, in-stream processes determined the outlet C-
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Q pattern of NO3 almost entirely, influenced considerably that of TP and had little influence

4.3.
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on that of DOC.

Impacts on annual mass balances

na

When applying A-Q relationships to the 2009-2018 discharge data, we estimated annual NO3
retention to range from 9-14%, annual DOC production to range from 16-49% and annual TP
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production to range from 42-174%. However, we also observed outliers to the A-Q
relationship during storm events, especially for TP and DOC (Figs. 7D and 7F), which could
have led to high uncertainties in their annual retention/production rates.
Despite high in-stream retention at low flow, our estimate of annual NO3 mass retention from
2009-2018 was relatively low (9-14%). This estimate of apparent removal is of the same
magnitude as that of Wollheim et al. (2008), who observed total DIN removal of 15-33% in a
400 km² suburban catchment with a much lower N source concentration: 1.5 mg DIN.L-1 vs.
4.5-9.5 mg N.L-1 in the Yvel catchment (Fig. 6A). Seitzinger et al. (2002) observed total N
removal of 37-76% for 16 catchments with a Strahler order of 5-8 and size of 475-70,189
km². For the smaller catchments studied by Seitzinger et al. (2002), total removal was 37%
for an estimated TN source load of 644 kg.km−2.y−1, which is smaller than to that our study,
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with an estimated NO3 source load of 1710 kg.km−2.y−1. Relative removal was thus about
one-third as high in our study, but absolute removal was similar (154-209 vs. 238 kg
N.km-2.y-1 for NO3 and TN, respectively). The somewhat lower in-stream N retention rate
estimated in the Yvel catchment compared to that in the literature may thus be due to the
high N inputs in catchments in Brittany and is in line with the recently developed river
network saturation concept (Wollheim et al., 2018).
The A-Q relationship had a moderate influence on DOC loads at the outlet, with total annual

of

apparent production from 2009-2018 of 16-49% (median 25%). This implies that 67-84%

ro

(median 80%) of DOC found at the outlet enters the river network in the headwaters. This
observation contrasts with those of previous studies in the literature, which usually observe
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DOC degradation in river networks (Mineau et al., 2016; Czuba et al., 2018). The main
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reason for this particular behaviour may be that streams that drain agricultural catchments

lP

have different organic matter composition than those that drain forested or peatland
catchments, as suggested recently by Fovet et al. (2020). It is important to note, however,
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that this result is uncertain, because the flushing pattern of the A-Q relationship above
median Q was statistically weak (R2 = 0.10, p = 0.20) but had a disproportionally large
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influence on annual mass balance.

For TP, the A-Q model estimated high annual apparent production that ranged from 42-174%
from 2009-2018. According to Westphal et al. (2019), we should have expected instead a
balanced long-term mass balance for TP. Like for DOC, this estimate must be considered
with caution because most annual TP load can transit in a few storm events each year
(Cassidy and Jordan, 2011), and outliers to the fitted A-Q model often corresponded to storm
events (Fig. 7D). Because increase in concentration during storm events is spikier in
headwaters than at the outlet, our sampling design was more likely to capture storm events
at the outlet than in the headwaters, which may have led to overestimation of in-stream TP
apparent production. As a consequence, the uncertainty in our mass-balance calculation for
each date increases during unstable hydrological conditions. This issue is reflected in our A-
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Q plots, where dates identified as unstable diverge from the regression line for DOC and TP
(Figure 7 D and F). To address this issue, future research would need to include highresolution monitoring equipment (Wollheim et al., 2017; Jarvie et al., 2018), Lagrangian
sampling (Hensley et al., 2019; Ritz and Fischer, 2019) or time-integrated monitoring
techniques (Zabiegala et al., 2010; Knutsson et al., 2013). It is also possible that our
assumption of constant delivery from point sources, which we verified on two sampling dates
upstream and downstream of each of the seven WWTPs in the catchment, did not capture
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episodic TP release from some of the WWTPs during storm events. These episodic releases
can be confused with TP apparent production in the river-network. In order to overcome this

ro

limitation in future research, we suggest performing the WWTP monitoring on the same
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dates as the subcatchment synoptic sampling. Similar to the above proposed methods of
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subcatchment monitoring, an interesting but costly development would be to implement highresolution or time-integrated monitoring techniques. Overall, applying the A-Q relationship to
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infer annual retention/production is likely to provide reliable results for solutes that are
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exported mainly during baseflow periods, such as NO3, but not for DOC and TP, which are
exported mainly during storm events (Cassidy and Jordan, 2011; Humbert et al., 2015).
Consequences for nutrient ratios

Jo
ur

4.4.

In-stream processes influence nutrient concentration dynamics much more (sections 4.1 and
4.2) than they influence annual fluxes (section 4.3). At low flow, while DOC concentration
increases at the outlet due to in-stream production processes, TP and SRP concentrations
remain stable as sedimentation and adsorption processes dampen the point-source loads,
and NO3 concentration decreases sharply because of the development of removal/retention
processes in the river network (section 4.2).
These dynamics have a strong influence on nutrient ratios at the outlet of the mesoscale
catchment studied and thus at the inlet of a sensitive receiving water body (section 2.1).
During the low-flow period, the C:N ratio at the outlet of the study site, calculated as the
molar ratio of (DIC+DOC)/NO3, increased strongly up to 180C:1N (Fig. 7S, Supplementary
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material). Given the Redfield ratio (106C:16N), such a high ratio suggests N limitation for
autotrophic production at the mesoscale outlet when discharge is <100 L.s-1. Regarding the
N:P ratio, calculated as the molar ratio of TDP:NO3, we observed P limitation in the source
signal for all discharge conditions (N:P ratio >147N:1P; Fig. 8S, Supplementary material).
When discharge was <100 L.s-1 at the outlet, the N:P ratio was <16N:1N on two dates,
16N:1P-32N:1P on two dates and >32N:1P on three dates. These ratios suggest that N can
be a limiting or co-limiting nutrient for autotrophic production when it enters a sensitive
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freshwater body such as the Lac au Duc. This P limitation due to apparent N retention was
also observed in other river networks (e.g. Kreiling et al. (2019b). When N is the limiting
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nutrient, certain cyanobacteria can fix atmospheric N and then be favoured by the
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subsequent conditions. N limitation in the water column and the ability of cyanobacteria to fix
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atmospheric N suggests they can gain a competitive advantage over other algae and that
their biomass can be sensitive to P loads. Hence, in-stream processes in rivers that feed
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lakes can contribute to cyanobacterial blooms in lakes by creating N-limiting conditions

Conclusion
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managers.
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during ecologically sensitive periods, a process rarely acknowledged by water quality

An original combination of synoptic sampling campaigns, spatial stochastic modelling and
mass-balance calculations allowed us to show that in-stream processes, even at the
mesoscale, alter C-N-P concentrations strongly, but differently, depending on discharge, and
thus the C and nutrient ratios at the outlet of the river network. At this scale, however, annual
loads are influenced much less than infra-annual concentration dynamics, because
biogeochemical transformations increase during low flow, while loads increase during high
flow.
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The results were observed for a flashy and highly eutrophic mesoscale catchment: river
network alterations are probably weaker in catchments with a more buffered hydrology. Such
flashy catchments can retain large amounts of nutrients during the low-flow period. The
increase in the frequency and intensity of droughts in temperate regions predicted by climate
projections would enhance in-stream dynamics at the mesoscale. The A-Q relationships
observed in the present study are simple proxies to assess river network alterations of
concentration dynamics in mesoscale catchments and could be extrapolated to a non-

ro
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stationary climate.
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Table 1. Estimated daily total loads (kg) of NO3, TP, SRP, DOC and Cl for the two point-source
sampling dates
NO3

TP

SRP

DOC

Cl

Flow condition

24 Sep 2018

53.2

1.97

1.62

18.8

162.8

drought

11 Dec 2018

57.1

2.00

1.25

3.3

168.7

moderate flow
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Graphical abstract

Journal Pre-proof

Highlights
1. Assessment of in-stream alterations of C-N-P dynamics in a mesoscale catchment
2. Repeated synoptic sampling of headwaters and stochastic landscape mixing
modelling
3. In-stream processes influence C-N-P dynamics greatly but annual loads little
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4. Streamflow is the key control of in-stream processes

