Hydrol. Earth Syst. Sci., 17, 1379-1391, 2013 Hydrology and <
www.hydrol-earth-syst-sci.net/17/1379/2013/ S
d0i:10.5194/hess-17-1379-2013 Earth System >
© Author(s) 2013. CC Attribution 3.0 License. Sciences g

Solute transport dynamics in small, shallow
groundwater-dominated agricultural catchments: insights from a
high-frequency, multisolute 10 yr-long monitoring study

A. H. Aubert 12 C. Gascuel-Odou%2, G. Gruau3, N. Akkall2, M. Faucheux'2, Y. Fauvel*2, C. Grimaldi 12,
Y. Hamon'2, A. Jaffr ézicl24 M. Lecoz-Boutnik3, J. Molénat, P. Petitjear?, L. Ruiz12, and P. Merot}2

Ynra, UMR1069, Sol Agro et hydrosysne Spatialisation, 35000 Rennes, France
2Agrocampus Ouest, UMR1069, Sol Agro et hydrosys¢ Spatialisation, 35000 Rennes, France
3CNRS, UMR6118, Universitde Rennes |, 8bsciences Rennes, 35000 Rennes, France
4Universié Eurofenne de Bretagne, France

SInra, UR0388, Laboratoire deéglogie science du sol, 34060 Montpellier, France

Correspondence to: A. H. Aubert (alice.aubert@rennes.inra.fr)

Received: 3 July 2012 — Published in Hydrol. Earth Syst. Sci. Discuss.: 23 August 2012
Revised: 25 February 2013 — Accepted: 17 March 2013 — Published: 11 April 2013

Abstract. High-frequency, long-term and multisolute mea- groundwater connects with the stream during the wet season.
surements are required to assess the impact of human pre€onversely, sulphate as well as organic and inorganic carbon
sures on water quality due to (i) the high temporal and spapatterns are not specific to agricultural catchments. These so-
tial variability of climate and human activity and (ii) the fact lutes do not come from fertilisers and do not accumulate in
that chemical solutes combine short- and long-term dynamsoil or shallow groundwater; instead, they are biogeochemi-
ics. Such data series are scarce. This study, based on an origally produced in the catchment. The results allowed devel-
inal and unpublished time series from the Kervidy-Naizin opment of a generic classification system based on the spe-
headwater catchment (Brittany, France), aims to determineific temporal patterns and source locations of each solute.
solute transfer processes and dynamics that characterise thisalso considers the stocking period and the dominant pro-
strongly human-impacted catchment. cess that limits transport to the stream, i.e. the connectivity

The Kervidy-Naizin catchment is a temperate, intensiveof the stocking compartment. This mechanistic classification
agricultural catchment, hydrologically controlled by shallow can be applied to any chemical solute to help assess its ori-
groundwater. Over 10yr, five solutes (nitrate, sulphate, chlo-gin, storage or production location and transfer mechanism
ride, and dissolved organic and inorganic carbon) were monin similar catchments.
itored daily at the catchment outlet and roughly every four
months in the shallow groundwater.

The concentrations of all five solutes showed seasonal
variations but the patterns of the variations differed from1 Introduction
one solute to another. Nitrate and chloride exhibit rather
smooth variations. In contrast, sulphate as well as organidn the context of global change, evaluating the impact of hu-
and inorganic carbon is dominated by flood flushes. The obman pressures on water quality is a major concern. However,
served nitrate and chloride patterns are typical of an intensivéhis evaluation is challenging, first, because climatic and hu-
agricultural catchment hydrologically controlled by shallow man pressures are highly variable both in time and space, and
groundwater. Nitrate and chloride originating mainly from second, because chemical components are affected by short-
organic fertilisers accumulated over several years in the shaland long-term dynamics. Such impact of human pressures on
low groundwater. They are seasonally exported when uplanavater quality can be identified thanks to the establishment of

long-term data observatories.
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For years, hydrologists have highlighted the need for long-defined as data series of at least 20 yr of water quality moni-
term hydrological data (Betton et al., 1991; Neal, 1997;toring (Burt and Worrall, 2009), mostly sampled at a weekly
Reynolds and Edwards, 1995). Many countries implementedrequency, focus on decadal trends (Gascuel-Odoux et al.,
long-term observatories for water quality. For instance, in2010; Howden et al., 2010; Hrachowitz et al., 2013; Monteith
the USA, the Long-Term Ecological Research (LTER) net-et al., 2000), and (iii) intermediate scale studies focus on
work began as early as 1977 with six sites. Currently, itseasonal variations (Dawson et al., 2008, 2011; Martin et
comprises 26 sites covering the diversity of North Americanal., 2004; Mulholland and Hill, 1997). This intermediate
ecosystems (http://www.lternet.edu/). The Critical Zone Ex-timescale highlights annual variations that repeat themselves
ploration Network (CZEN) provides another example of an from year to year, enabling interannual variability analy-
American network (http://www.czen.org/). Presently, CZEN sis. The annual variations occur at any given period of the
focuses on studying the interface between the atmospherggear, such as flow resuming after the dry season, groundwa-
hydrosphere, soil and ecosystem. It consists of six Criti-ter recharge, snowmelt, etc. In the present paper, these an-
cal Zone Observatories (CZO) and additional affiliated sites.nual variations constitute what is referred to as the hydro-
In Europe, similar networks have been developed, suckchemical signature of a catchment.
as TERENO in Germany (TERestrial ENvironmental Ob-  This paper aims at defining the hydro-chemical signature
servatories, http://www.ufz.de/index.php?en=16350) and thef a typical livestock farming catchment, hydrologically con-
FRECZ in France (French Resources for Exploration of thetrolled by shallow groundwater. It is based on an unpub-
Critical Zone, http://rnbv.ipgp.fr/). All those observatories lished daily multisolute 10 yr-long time series of stream wa-
are complementary as they are located in diverse areas, eter chemistry in an agricultural catchment, Kervidy-Naizin,
compassing different climatic and anthropogenic gradients. located in western France. The hydro-chemical signature is

The existing observatories cover a broad range of ecosysdefined by the concentrations of five water solutes, analysed
tems. Some are located in relatively pristine areas (Bouldein terms of (i) mean concentrations in four water compart-
Creek CZO, Colorado, USA, Draix-Bbne ORE (Environ- ments within the catchment (stream and upland, wetland and
mental Research Observatory), France; etc.), where studiedeep downslope groundwater); (ii) mean annual patterns of
focus mainly on understanding biogeochemical processes istream concentrations; and (iii) year to year variability of
the critical zone with minimum local human disturbance. stream concentrations. The three aspects are presented in the
Most sites (Hubbard Brook, New Hampshire, USA; Maimai, paper and lead to a generic conceptual model of stream water
New Zealand; Plynlimon, UK; Strengbach, France; etc.) arequality signatures.
forested. There, human impact depends on local forest pol-
icy and atmospheric deposition. Very few observatories are
located in areas impacted by other human activities, such ag  Study site and data treatment
urban development (Baltimore Ecosystem Study, Maryland,

USA) or intensive agriculture (Kervidy-Naizin, France). Wa- 2.1 An outstanding study site

ter quality issues differ according to the ecosystem and its

land use. Long-term water quality monitoring is generally The Kervidy-Naizin catchment is located in western France
performed to capture temporal trends and potential differ-(Central Brittany: 48N, 3°W) (Fig. 1). It is a 4.82kr
ences. However, with the exception of the Plynlimon ob- headwater catchment, drained by a 2nd order stream, that
servatory (Neal et al., 2011), very little effort has been de-can occasionally fall dry in summer. The catchment’s obser-
voted to the analysis and publication of the obtained long-vatory (ORE-AgrHys, for AgroHydrosystem) belongs to the
term databases. French network of observatories SOERE-RBV (Long-term

Long-term water quality data exhibit high variability pat- Monitoring and Experimental System for Research in the
terns depending on the timescales at which they are analysdanvironment-Network of Basin Catchments). Data, metadata
(Reynolds et al., 1997). The conclusions that can be drawrand scientific papers about the catchment are available on the
about the impact of human activities on water quality and so-ORE-AgrHys websitehttp://www.inra.fr/oreagrhys). Many
lute transfer mechanisms are influenced by time series lengtkoil, hydrological and biogeochemical studies have been per-
and sampling frequency as they create a temporal filter thaformed. As of January 2012, 21 journal articles based on the
emphasizes some timescales and processes and hides otatchment observations are referenced in the Web of Knowl-
ers (Feng et al., 2004; Halliday et al., 2012; Moatar et al.,edge.

2009). What is the appropriate timescale to identify the water The catchment lies on upper Proterozoic schist covered by
quality response to a specific human pressure? In the literaa layer of weathered material up to 30 m thick. A shallow-
ture focusing on catchment scale responses, three timescalgsoundwater table develops in this unconsolidated layer.
are generally investigated: (i) short-term studies, mostly atThe soils are silty loams. Soils on the hill slopes are well
minute or hour sampling frequency, analyse the variationdrained and consist of Dystric Cambisols and Luvisols.
of water chemical composition during storm or flood events Downslope soils, in the wetland domain, consist of Epistag-
(Morel et al., 2009; Williams, 1989), (ii) long-term studies, nic Luvisols and Epistagnic Abvuvisols, in which Mn and
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Fe-oxyhydroxides are depleted due to seasonal waterloggingottles are filled to the top. Analyses are performed within a
by the rising groundwater and reduction of these oxides bymaximum of a fortnight. Major anion concentrations (nitrate,
heterotrophic bacteria. The topography of the catchment ichloride and sulphate) are measured by ionic chromatogra-
rather subdued, with a few slopes reaching a gradient of 5 %phy (DIONEX DX 100), with an accuracy at2.5%. DOC
Elevation ranges from 98—140 m above sea level. The climateand DIC concentrations are measured using a total organic
is temperate with oceanic influence, with a mean maximumcarbon analyser (Shimadzu TOC 5050A) with a precision of
daily temperature of 11C (1994-2000). Mean annual rain- 5%, based on 10 repeated measurements of freshly prepared
fall is 814 mm, with the maximum and minimum monthly standard solutions (K-phthalate). DOC concentration was de-
mean reached in November (100 mm) and in June (38.5 mm}ermined by the difference between total dissolved carbon
respectively. The annual stream specific discharge is approxand DIC.
imately 350 mmyr?. Deep shallow-groundwater (GW) data were collected
Kervidy-Naizin is an agricultural catchment with intensive from a 4 m-deep downslope piezometer and from an 8 m-
animal farming. Twenty three farms have fields in this catch-deep upland piezometer, set along a topographic transect
ment. Animal production includes pigs (about 35000 head(Gueriniec transect; see Fig. 1) (respectively referred to as
per year), poultry (40500 head) and dairy and beef cowsdeep downslope GW and upland GW throughout the rest of
(3000 head). As early as 1996, a survey pointed out that théhis paper). Shallow GW data were also collected from eight
catchment contained 24 pigs per ha, compared to 5.5 and 0.8hallow (20-40 cm), zero-tension lysimeters set in the wet-
on average, for Brittany and France, respectively. In 2010Jand domain (Mercy wetland; see Fig. 1) (referred to as wet-
20 % of the total surface was covered by cereals, 30% byand GW). Water-table depth in this catchment is measured
maize and 20 % by temporary or permanent pastures. Fivevery 15 min by pressure probes (Orpheus OTT) since 2000.
farm types were identified: dairy-cow, beef-cow, pig, dairy- Water-table chemistry is measured at different frequencies
cow plus pig or poultry, and crop-only (9, 3, 5, 4 and 2 farms, depending on water-table depth. In the deep piezometers,
respectively). N efficiency, defined as N output (sold animalmeasurements are performed roughly every three months,
and vegetal products, exported manure, etc.) divided by N inproviding 24 analyses for each piezometer since 2000. This is
put (mineral fertilizers, bought animal feed, bought animals, justified by the relative chemical inertness of the GW at that
N fixation, imported manure), varied greatly (19—79 %) de- depth. In the 20-40 cm-deep lysimeters, a much higher sam-
pending on the farm types and on the farms within each farnpling frequency was used due to water-table movements and
type. In 2010, a detailed survey estimated the total N surplushanges in redox conditions. Several high-frequency sam-
to be approximately 200 kg N h& of usable agricultural area  pling campaigns were performed during hydrological years

(Akkal, 2010). 2000-2001, 2001-2002, 2007-2008 and 2010-2011, pro-
viding approximately 100 analyses for each lysimeter since
2.2 Data collection 2000.

This study analyses data collected from September 200@.3 Data treatment
to August 2010 (10 hydrological years). Measurements of
stream discharge at the Kervidy-Naizin outlet are availableBased on the concentrations measured in the four studied wa-
since autumn 2000 at a frequency of one measurement peer compartments (upland, deep downslope and wetland GW,
15 min. Discharge is measured at a gauging station includin@nd stream water) and on the mean annual pattern and year
a float-operated sensor and a data logger (Thades OTT).  to year variability of solute concentrations in the stream, we
The weather station at Kervidy (Cimel Enerco 516i) is lo- identify what the hydro-chemical signature of a typical live-
cated approximately 1 km from the outlet. It records hourly stock farming catchment is. While the mean concentrations
rainfall, air and soil temperatures, air humidity, global radia- of the four hydrological compartments depict what is called a
tion and wind direction and speed, which allows the calcula-“static signature”, the annual and interannual variations and
tion of Penman evapotranspiration. variability of the 10 yr-long daily dataset allow us to identify
Solute concentrations, i.e. NOSQq, Cl, dissolved or- what is called a “temporal signature”. The annual patterns
ganic carbon (DOC), and dissolved inorganic carbon (DIC),are observed at two scales: the hydrological year and the
are measured at the outlet at a frequency of one measurdloods. As no specific sampling strategy was implemented
ment per day, except during the hydrological year 2002—to account for floods, we used the following decision rule
2003 when the sampling frequency was reduced to once eadapted from Morel, 2009, and Molenat et al., 2008) to dis-
ery 2—4 days for solute concentrations. Stream water samplesnguish between base-flow and flood-flow periods: if daily
used to determine solutes concentrations are collected manuainfall on the sampling day exceeded 1.5 mm or daily rain-
ally at approximately the same time (17:00 LT (local time)), fall from the previous day exceeded 5 mm or daily discharge
without specific sampling during floods. These instantaneousn the sampling day exceeded 2001 sthen the sample was
grab samples are immediately filtered (pore size: 0.2 um) orconsidered as taken during a flood; otherwise it was consid-
site and stored in the dark af@ in propylene bottles. The ered as taken during base flow. The interannual patterns of
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The mean in-stream chloride concentration was
Qﬁ? 34.0mgL! (CV=10.5%). In upland GW, the concen-
: > Fronce tration was similar (32.7 mgt!) as well as in the wetland
£ i GW (31.6mg LY, but it was lower in the deep downslope
Transect GW (16.2mgL-1). Mean stream chloride concentration
was also high in Kervidy-Naizin compared to that in other
catchments described in the literature. Much lower concen-
# <« Meteo station trations have been reported in forested catchments, such as
B Wetiand areas 0.9mgL™! (range=0.4-8.4) in Oak Ridge (Koirala et al.,
[ Well-drained. upland domains 2010), 3.9mg ! in Hubbard Brook (Lovett et al., 2005),
4-9mg L1 in Plynlimon (Kirchner et al., 2000) and about

PF1
piezometer

Water Table Sirsam

Outlet

2m i 9
B ciay enviched, low-pemability honzon Gauging Station

Piezometric equipements 13mg L1 in Tillingbourne (Hill et al., 2002). High chloride
A Deep wells (40 m) . .
+ Shallowpiézometers (05 3 40m) concentrations may come from the combined effect of dry

deposition of sea salt aerosol and increase of concentrations
Fig. 1. Map of the Kervidy-Naizin experimental catchment and its due to evapotranspiration. However, even if Kervidy-Naizin
location within Brittany, France. is relatively close to the coastline (50 km to the south, 60 km
to the north), stream chloride concentrations seem too high
to originate only from the rain. In a catchment with the
each solute are established by analysing year to year conceBame soil, climate and land-use context as Kervidy-Naizin,
tration variability and concentration variograms. similarly high chloride concentrations were obtained. They
ConSidering the whole dataset, descriptive statistics anqh/ere ascribed to an agricu|tura| Origin, chloride being a
boxplots were computed using R software. Temporal var-component of KCI fertilisers, pig slurry and dairy manure
iograms were plotted using “gstat” and “variogram” func- applied to fields (Martin et al., 2004; Pierson-Wickmann
tions in R (Zhang and Schilling, 2005). Temporal distanceet al., 2009). Since chloride concentration in rainfall is
was given as a number of days. The chosen lag was 30 dayfsw in Kervidy-Naizin (precipitation weighted mean value
and the span 2000 days. 4.75mgL1), we can conclude that mineral and, above all,
organic fertilisation increases water chloride concentration
in this catchment, as it does for nitrate. The high nitrate and

3 Results and discussion chloride concentrations observed in Kervidy-Naizin can be
regarded as the “agricultural signature” of the water com-

3.1 The static signature: mean concentrations in the partments. Data from the Environmental Change Network
water compartments (CEH, 2012) support this interpretation, with the UK and

] ] ) ) Brittany being comparable in terms of rainfall amount and
Both nitrate and chloride were highly concentrated in the ye|gical substrate. Indeed, the two agricultural catchments
stream. Over the 10yr, the mean in-stream nitrate concentrgss ine CEH network (Rothamsted and Wytham) show a shift
tion was 16.9mg N@-N L~ (CV=15.6%) (Table 1). The  toyards high nitrate and chloride concentration as compared
cpncentrauon in upland GW was of the_same order of Magg their forested or more pristine counterparts.
nitude (20.7mgNQ-NL~?) (Table 2, Fig. 2), whereas it The other three solutes (i.e. SO4, DOC and DIC) were
was almost zero in the deep downslope GW (0.2mgNO  conversely not as concentrated as nitrate and chloride. Mean
NL~!) and much lower in the wetland GW (1.5mg§O  in-stream sulphate concentration was 2.6 mgSSL 1,
NL-1). Mean stream nitrate concentration was high com-associated with high variability (CV =41.7%). In-stream,
pared to that in other observatories. In the forested catchupland GW concentrations (1.9 mg $OS L-1) and wet-

ment of Plynlimon (Reynolds et al., 1997), concentrationsjand GW concentrations (2.6 mg%(BL*l) were lower

range from below the detection limit to 0.9 mg NEN L1, than that in deep downslope GW (5.2 mgﬁS@S L1y,
In agricultural catchments such as Rothamsted or Wythamg;ream sulphate concentrations in Kervidy-Naizin were sim-

annual maxima of 10.9 and 4.0 mg NEN L™, respectively, 5y to those found in the forested catchment of Plynlimon
have been observed (CEH, 2012). In Kervidy-Naizin Obser'(range=0.05—3.3 mg ﬁO-S L-1) (Reynolds et al., 1997)
vatory, stream nitrate concentration was high even though

) ST O and in Finland (maximum =3.3mg $0-SL™1) (Lahermo
denitrification was efficient in the deep downs_lope .GW be- t al., 1995). Sulphate concentrations were lower than those
cause of the presence of a pyrite layer reducing nitrate an

) ) .. ... . observed in Rothamsted and Wytham agricultural catch-
in the wetland GW because of heterotrophic denitrification . 1

; . ) . men roximatel nd 20m $O L r -
when soils are saturated. The very high nitrate concentration. ents (approximately 9 and 20mgGSL™, respec

recorded in the Kervidy-Naizin stream is due to the very hightlvely)'

N | enerated by the intensive aariculture taki lace Mean in-stream DOC concentration was 4.4 mgLas-
in frle(;pc:tsc?]mer:t y intensive agricutture taking place,ciated with comparably high variability (CV=70.5%).
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Fig. 2. Time series of daily stream concentrations and quarterly groundwater (GW) concentrations of nitrate, chloride, sulphate, dissolved
organic carbon (DOC), and dissolved inorganic carbon (DIC) from September 2000 to August 2010. Vertical lines represent the start of each
hydrological year. Interflood concentration is plotted in black dots, while flood concentration is plotted in green crosses. Daily discharge
(L s1) is shown in the last line. Purple diamonds represent deep downslope GW and red circles represent upland GW. For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.

DOC concentration in upland GW (1.2 mgt) and in deep  define the static signature. This static signature enabled to
downslope GW (0.8 mgt!) were low, where as it was develop two points: one on solute origins and one on spa-
high in wetland GW (19.8 mgt!). DOC stream concen- tial source patterns. First, we distinguished two origins of so-
tration was low compared to that observed in other streamdutes, anthropogenic and natural (Ouyang et al., 2006; Vega
in Brittany (Morel, 2009) and has the same order of mag-et al., 1998). In the first group, we see nitrate and chloride
nitude as that in Wytham (England) and Scottish catch-whose high concentrations clearly originate from excessive
ments (Dawson et al., 2008). Mean in-stream DIC concen-rop fertilisation. These two solutes, reacting little with the
tration (4.7mgL1; CV=30.5%) was in the same range soil mineral phase, were leached and more or less stored in
in upland GW (3.7mgL?l) and nearly three times higher the GW. Sulphate, DOC and DIC constitute the second group
(17.0mgL1) in deep downslope GW. Contrarily to nitrate of solutes. They have low concentrations in the upland GW
and chloride, concentrations in sulphate, DOC and DIC areand the most concentrated compartment is located downs-
not so different from those found in natural catchments. lope. Solutes from this group depend for a significant part
The concentrations of the four water compartmentson biogeochemical production processes taking place downs-
(stream, upland GW, deep downslope GW and wetland GW)ope (in the wetland for DOC, Morel et al., 2009, and in the

www.hydrol-earth-syst-sci.net/17/1379/2013/ Hydrol. Earth Syst. Sci., 17, 1379-1391, 2013
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Table 1. Summary statistics for 10 yr of daily stream concentrations lowest at the beginning of the hydrological year (Septem-
of nitrate, chloride, sulphate, dissolved organic carbon (DOC) andber), then highest from January to March and finally slightly
dissolved inorganic carbon (DIC) from the Kervidy-Naizin catch- decreased during Spring and summer (F|g 3a) All rain-
ment (@ = 2229). (Std—standard deviation; CV —variation coeffi- f|| events led to a dilution of stream nitrate concentra-
cient). tions (Fig. 2). Mean stream concentration during floods was
15.6 NG;-NL ! as against 17.6 mg NN L~ during in-

terflood periods. Means differed little (Table 1) because in-
terflood concentrations were low at the beginning of each

Stream concentrations (mgt)

Nitrate-N  Chloride  Sulphate-S DOC DIC

Min. 3.8 71 05 08 02 hydrological year and in summer, which decreased the an-
1st Qu. 15.8 32.7 19 25 37 . X .
Median 17.4 33.9 24 33 44 nual !nterf_looq mean. In other words, nitrate concentration
Mean 16.9 34.0 26 44 47 remains high in the stream as long as the latter was hydrolog-
f/lrng“- 2188-5? 5305-f o3 222 e ically connected to the upland GW, which behaves as an infi-
Flow-weighted mean 16.4 32.2 29 54 50  hite nitrate reservoir (Molenat et al., 2008). Then, from June
Interstorm mean 17.6 34.4 23 33 43 to August, nitrate stream concentration decreases slightly
rorm mean Do 34 0 2% 5% as (i) the upland groundwater progressively contributes less
CV (%) 15.6 105 417 705 305 because the catchment is drying and thus reduced nitrate

transport capacity is available (Molenat et al., 2008) and as
(ii) other processes, such as denitrification and plant uptake

wetland and deep downslope GW for sulphate, Pauwels elso contribute to a reduced nitrate concentration (Betton
al., 2010). Second, from this static signature (Tables 1 ant @l 1991). The combination of these processes explains
2, Fig. 2), we identified three spatial sources. Mean streantn€ low concentrations observed in October. Mulholland and

nitrate concentrations were 20 % lower than those in uplandill (1997) also observed a sharp decrease of stream ni-
GW but still much higher than in wetland and downslope trate concentration in autumn in their forested catchment:
GW. Mean stream chloride concentrations were about tha€af input to the stream increased, as well as photosynthet-
same as those in upland and wetland GW and higher thaffally active radiation, leading to more active in-stream de-
in the deep downslope GW. The dominant spatial source ofOMposition. The Kervidy-Naizin stream is bordered by ri-
nitrate and chloride is the upland GW. Nitrate spatial distribu-Parian hedges, which could have the same effect as forest

tion showed that the hill-slopes were not directly connected(T€€S On stream nitrate concentration. In autumn, there is a
to the wetland but rather to the stream. The low wetland ni-transition period when the upland water table progressively

trate concentrations were also due to the absence of fertilliSes (Molenat et al., 2008), thus increasing nitrate transport

isation and to denitrification (Molenat et al., 2008). Mean c@Pacity. o _
sulphate concentrations were similar in the stream and up- W€ Propose anew seasonal conceptualisation for chloride.

land and wetland GW, but higher in deep downslope GW. In The stream chloride pattern was characterised by a flush of
the wetland GW, sulphate reduction to sulphur did not OC_hig_]h concentrations at the be.ginnir?g of the _hydrological year
cur as the reduction chain stops with iron reduction. In deepgFid- 3b), as the catchment is rapidly wetting-up, thus pro-

downslope GW, sulphate is produced by the pyrite layer. picViding increased trgnsport cgpacity. Concen'trations then de-
stream concentration would be in the same case as sulphat%reased and remained relatively stable until the end of the

For sulphate and DIC, a deep downslope GW contribution ighydrological year when again a slight increase occurred. A
not necessary to explain the level and variability in streamS&asonal change concerning the influence of floods on con-
water concentrations: wetland GW concentrations and varicentrations (called hereafter the seasonal flood effect) was

ability are sufficient. Lastly, mean stream DOC concentration0ticéd (Fig. 2), in which only floods occurring at the begin-

had high variability and was much higher than in both upland"n9 of the hydrological year led to an increase in concentra-
GW and deep downslope GW, but not as high as in wetlandion, whereas later floods mostly had a dilution effect. There-
GW: this indicated that DOC or,iginated from the wetland do- fore. floods did not influence annual chloride concentra-

main. The static signature led to solute differentiations basedio" means (Table 1): chloride concentrations were 33.4 and
on origins and dominant spatial sources. 34.4mg L during and between floods, respectively. This

seasonality of flood effects may have two explanations. First,

3.2 The temporal agricultural signature: annual and at the beginning of the hydrological year, the rise of the water
interannual patterns table allows the transport of chloride that was concentrated

by summer evapotranspiration, particularly in the wetland

3.2.1 Annual patterns domain. The second explanation might be that the chloride

signal in rain is seasonal (Hrachowitz et al., 2009; Neal et
Our results confirmed previous results on annual nitrate patal., 1988; Shaw et al.; 2008). However, we think that this sec-
terns and allowed us to extend the conceptualisation based amnd explanation has a minor effect in Kervidy-Naizin where
longer time series. On average, nitrate concentrations wer@) the mean concentration in GW is much higher than that
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Table 2. Summary statistics for 10 yr of deep groundwater concentrations of nitrate, chloride, sulphate, dissolved organic carbon (DOC) and
dissolved inorganic carbon (DIC) sampled from the Kervidy-Naizin catchment. (Std — standard deviation; CV — coefficient of variation).

Upland GW concentrations (mgt) Deep downslope GW concentrations (mgh) Wetland GW concentrations (mgt)
(10 yr monitoring) (10 yr monitoring) (year 2010-2011)

NO;-N CI~ S-S DOC DIC  NG-N CI~ SCGZ-S DOC DIC  NG-N CI- SO -S  DOC

sample size 24 24 24 24 23 19 24 24 24 23 129 129 128 131
Min. 179 28.2 0.5 0.3 1.3 0.02 14.9 5.0 0.0 13.9 0.0 125 0.0 0.8
1st Qu. 19.6 314 1.2 0.6 2.0 0.1 155 5.1 0.0 15.9 0.2 254 1.5 12.9
Median 20.3 32.6 1.7 0.9 29 0.1 16.2 5.2 0.4 16.7 1.0 28.9 2.1 16.2
Mean 20.7 32.7 1.9 1.2 3.7 0.2 16.2 5.2 0.8 17.0 15 316 2.6 19.8
3rd Qu. 216 34.2 2.5 1.5 4.9 0.2 16.6 5.3 1.0 18.3 23 34.1 3.3 25.8
Max 26.0 36.4 4.1 2.8 9.7 0.6 19.9 55 3.5 19.9 59 718 8.1 56.6
Std 1.8 1.9 0.9 0.7 2.3 0.2 1.1 0.1 0.9 1.5 1.4 10.2 1.8 12.0
CV (%) 8.6 5.8 49.5 60.1 615 94.7 6.5 2.6 121.3 8.8 943 324 67.6 60.8
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Fig. 3. Boxplots of monthly concentrations of nitrate, chloride, sulphate, dissolved organic carbon (DOC), and dissolved inorganic carbon
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of rainfall and (ii) rainfall water contributes less than 10 % of that the outputs closely reflect the inputs (Koirala et al.,
the flood flow, the major part coming from soil water. Gather- 2010). However, some authors (Bastviken et al., 2007; Chen
ing nitrate and chloride in the group of anthropogenic solutesgt al., 2002; Viers et al., 2001) have warned that chloride
understanding the nitrate pattern and observing similar anis not systematically a conservative element, i.e. the yearly
nual chloride variations, we propose a new concept describbalance is not null. They reported that adsorption-like pro-
ing the seasonal pattern. Few conceptualisations of seasoneésses in soil organic matter, hydrology and microbial soil
chloride patterns in anthropogenically disturbed catchmentsctivity influence stream chloride concentration. Other stud-
have been described in the literature, partly due to the freies reported local storage of chloride in soils, for instance
guent assumption of chloride acting conservatively, meaningunder hedges due to higher evapotranspiration (Grimaldi et
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al., 2009), and in groundwater (Rouxel et al., 2011). Imbal-connectivity is obvious on nitrate and chloride concentration.
ances of the chloride budgets are also reported in catchments confirmed previous conclusions drawn on Kervidy-Naizin
where land-use changes occurred (Guan et al., 2010; Oda et similar catchments stating that, for nitrate, (i) groundwater
al., 2009). storage is the major control of nitrate concentration in stream
We explained the stream chloride seasonal pattern as folwater (Ruiz et al., 2002); (ii) groundwater concentration dif-
lows. By the end of spring—summer, evapotranspiration confers downslope, where denitrification induces lower nitrate
centrates chloride. At the beginning of the hydrological year,concentrations (Martin et al., 2004); (iii) water-table level dy-
first floods wash away chloride, explaining the October chlo-namics along hill-slope controls annual nitrate concentration
ride concentration peak. The concentration increases quicklyariations in the stream, along with the spatial distribution
after resumption of flow. At this period, the chloride pool of the solutes in groundwater (Molenat and Gascuel-Odoux,
(wetland GW) is more superficial and closer to the stream2002); for DOC, (iv) hill-slope soils are rapidly DOC de-
than the nitrate pool (upland GW). After connection of the pleted when the water table rises upland, whereas wetland
concentrated upland GW with the stream and according toils, from which> 80 % of the stream DOC come from, be-
the seasonality of the chloride signal in rainfall (albeit neg- have as an almost infinite DOC reservoir (Morel et al., 2009).
ligible here), chloride base-flow concentrations remain highOur study questions the connection of wetland GW with up-
but are diluted by floods. land GW and stream. Upland GW must be contributing in
The 10yr-long dataset complemented earlier studies exminor proportions to the wetland during interflood periods,
amining short timescale DOC concentration variations andhaving direct flow pathways to the stream. The wetland GW
enabled us to propose a new seasonal conceptualisation faontributed more to the stream during floods or high flow pe-
sulphate. The pattern observed for DOC, sulphate and DIGiods.
was similar to that of chloride between floods (Fig. 3b—e).
However, flushes occurred during the hydrological year with3.2.2  Interannual patterns
each rainfall event (Figs. 3c—e and 2) leading to concentra-
tion peaks. Mean stream DOC concentration during and beThe temporal signature is also composed of interannual pat-
tween floods was 6.3 and 3.3 mgl, respectively (Table 1). terns: variations from year to year and variograms. All so-
Stream sulphate concentrations were higher during flood$utes present a higher variability in the autumn—winter pe-
(3.0mg SCj‘-S L-1) than between floods (2.3mg %O riod (Fig. 3). The period of lower variability occurred around
SL1). The intensity of peaks decreased as the year proApril. This result emphasised the role of alternating dry and
gressed (Fig. 3). An increase in interflood concentrationwet periods and their consequences on hydrological connec-
was observed during the summer. We were able to broadefivity as well as production processes. The autumn-winter
Morel's (2009) study carried out in a particularly dry year. period is when different hydrological compartments connect
The seasonal DOC pattern in the Kervidy-Naizin catchmentto the stream. Early in the hydrological year following a
was explained as follows: there is a large stock of organicdry summer, the wetland GW and the stream reconnect with
carbon in shallow soil horizons, particularly in the wetlands the first rainfall events. Later, upland GW reconnects to the
where soil organic matter concentration is about 0.1yg stream. These connections seem to determine the concentra-
During winter and spring floods, DOC is flushed and the tion of solutes, particularly the time when nitrate and chloride
magnitude of the release depends on the hydrological state gfoncentration increases. Therefore, variation of the recharge
the catchment and temperature (Dawson et al., 2008, 2011)period (duration, quantity and intensity of rain) and tempera-
From our results, based on 10yr, we concluded that in noriure between years partly explains the high variability in the
mally humid years, the high concentrations of DOC are de-autumn-winter period.
pleted when raining. During summer, DOC concentrations Lastly, the dataset enables the study of variability over the
increase due to biological soil activity and lack of transport. whole time period. The observed interannual patterns rein-
In-stream production contributes to the seasonal increase iforced the previously proposed groups. Plotting variograms
the summer and beginning of autumn. Gathering DOC andver 2000 days with a 30 day time lag (Fig. 4), three groups
sulphate in the group of natural solutes, understanding thavere identified. DOC, sulphate and DIC signals were peri-
DOC pattern and observing sulphate’s similar annual varia-odic, with a 360 day period, and similar to that of temper-
tions, we proposed a new explanation for sulphate seasonature. Chloride constituted a second group. Besides an an-
pattern. The sulphate cycle is of the same type as that ofiual periodicity, it showed a pluriannual variation marked
DOC, except that sulphate production appears seasonal (iby a break in the 36th month (1080 days). An equivalent
summer). Therefore, we did not observe as many flushes dulreak was observed in the discharge variogram. This pointed
ing floods and their stream concentrations decreased rapidlyput the hydrological control on the export of chloride to
Shallow groundwater connectivity plays an important role the stream. The nitrate variogram seemed a mixture of the
in controlling interflood stream concentration, as showntwo previous groups. These observations confirm the group-
in the annual signature. The importance of upland GWing of solutes according to their origins. At the 10yr scale,
DOC, sulphate and DIC production relies mainly on surface
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Fig. 4. Temporal variograms of hydro-climatic parameters and daily in-stream solute concentrations built for 2000 days with a 30 day lag.

biological processes influenced by temperature. Their tem3.3 A generic classification of solutes applied to a

poral dynamic is linked with yearly processes occurring in livestock farming catchment

the soil wetland domain. Nitrate and chloride are less influ-

enced by the own catchment production, because they are ilihe 10 yr-long daily dataset allowed a representative descrip-

excess in the GW, and what is emphasized at the 10yr scalton of the hydro-chemical signature of the catchment. Its

are the transport conditions they depend on. conceptualisation leads to a generic classification of solutes.
Many authors agree that element availability is a factor con-
trolling export to streams (Creed et al., 1996; Hornberger et
al., 1994; Reynolds and Edwards, 1995). Based on this ma-
jor factor, Hornberger et al. (1994, for DOC) and Creed et
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Solutes
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solutes (1) excess catchment
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Upland GW Deep down-slope GW Wetland GW
source (2)
Spatial distributi f Upland >> Wetland >>
patial cistri u' ‘ono pien Upland ~ Wetland > Deep down-slope >> Deep down-slope >> etlan
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fming of concen Seasonal Seasonal + 1st flood Seasonal + floods
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Summary graph

ncentration

Concentration

Concentration
Concentration

Concentration

Co!

From Sept. to Aug. From Sept. to Aug. From Sept. to Aug. From Sept. to Aug. From Sept. to Aug.
Stocking period Many years Summer Inter-flood periods
(past accumulation) (seasonal production) (Continuous production)
Transport-limited Limited by upland GW / stream connectivity Limited by wetland GW / stream connectivity
process i.e. hillslope GW gradient i.e. GW variations in soils
a) b) <) d) e)

Fig. 5. Generic classification of the temporal patterns of elements and their determinants. Thick lines represent stream concentrations betweer
floods throughout a year. Blue lines represent the reaction during a flood. Horizontal (red) dotted lines represent mean upland groundwater
(GW) concentrations, while horizontal dot-dashed (purple) lines represent mean deep downslope GW concentrations and dashed (purple
lines represent mean wetland GW concentration. Criterion (1) is deduced from the bibliography. Criterion (2) is deduced from the comparison
of stream concentrations to GW concentrations. Criterion (3) is deduced from the comparison of GW concentrations. Criterion (4) is deduced
from the temporal patterns. For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.

al. (1996, for nitrate) proposed the “flushing hypothesis”, can be exported. The timing, rate and duration of the con-
which consists of the contribution of a productive area in nectivity are controlling factors of the export. Nitrate differs
the catchment at a given moment. This contribution leadsrom chloride as nitrate production exists, even if it is not the
to a concentration peak in the stream until the supply is deimain source, whereas chloride is not produced in the catch-
pleted, thus leading to a decrease in concentration. The limment. In contrast, sulphate and DOC depend on wetland GW
iting stage is the production. Others consider transport proconnection-limited processes: the exported solutes are pro-
cesses as the controlling factor. The importance of flushingluced in the catchment within the period preceding the ex-
frequency (i.e., hydrological controls) was pointed out while port but exports occur only when the wetland is hydrolog-
studying base cations (Ca, Mg, Na, K) export in a catchmenically connected to the stream, i.e. by floods and when the
in which the solute supply was high (Burns et al., 1998). It quickly reactive groundwater fluctuates in the upper soil or-
was previously noted in an agricultural catchment that (ni-ganic layer. There is little time lag between production and
trate and sulphate) production may take place in a catchexport, even though production can be seasonal (sulphate) or
ment but is not the controlling factor (Schnabel et al., 1993).continuous (DOC). Unlike nitrate for which export is con-
Different annual nitrate patterns from two adjacent catch-tinuous during the rainy period, DOC and sulphate exports
ments are explained by distinguishing “transport-limited” are highly discontinuous: every flood leads to a peak in con-
from “supply-limited” processes (Martin et al., 2004; Ruiz centration. For DOC and sulphate, the wetland domain is
etal., 2002). the main productive compartment close to the stream and
Applying these concepts developed from single solutescontributes mostly during floods. It would be interesting to
(either nitrate or DOC) in several catchments to five solutesanalyse data from other agricultural catchments to corrobo-
in one catchment, and keeping in mind the solute distinctiongate our classification. A longer dataset would provide longer
presented in this paper, allows further classification (Fig. 5).temporal variograms, which may verify the periodicity iden-
First, nitrate and chloride depend on upland GW connection+ified in this catchment.
limited processes: the seasonal pattern of shallow ground-
water connectivity to the stream determines whether they

Hydrol. Earth Syst. Sci., 17, 1379-1391, 2013 www.hydrol-earth-syst-sci.net/17/1379/2013/



A. H. Aubert et al.: Insights from a high-frequency, multisolute 10 yr-long monitoring study 1389

4 Conclusions References

From this original dataset, the hydro-chemical signature of aAkkal, N.: Description des systnes d’exploitation du bassin ver-
livestock farming catchment dominated by shallow ground- —sant de Kervidy-Naizin, NitroEurope IP internal report, 71 pp.,
water flow has been defined. This signature was identified 2010. ]

by analysing (i) mean concentrations in four water compart-Bastviken, D., Thomsen, F., Svensson, T., Karlsson, S.,&ari,
ments in the catchment (stream water, upland, wetland and Shaw: G-, Matucha, M., ardberg, G.: Chloride retention in for-

deep downslope groundwater), considered as a static signa- est soil by microbial uptake and by natural chlorination of or-
P peg ’ 9 ganic matter, Geochim. Cosmochim. Ac., 71, 3182-3192, 2007.

ture, and (i) annual patterns of stream water concentrationgaton c. \Webb. B. W.. and Walling, D. E.: Recent trends ingNO
and their interannual variability, considered as a temporal  concentration and loads in British rivers, Vienna Symposium,
signature. Our results broadened some previously proposed august 1991, IAHS-AISH P., 203, 169-180, 1991.

conceptual models, based on short-term studies, for nitrat@urns, D. A., Hooper, R. P., McDonnell, J. J., Freer, J. E., Kendall,

and DOC. The data enabled us to explain annual patterns for C., and Beven, K.: Base cation concentrations in subsurface flow

chloride and sulphate. Both aspects of the signature, static from a forested hillslope: The role of flushing frequency, Water

and temporal, lead to a generic conceptual model of stream Resour. Res., 34, 3535-3544, 1998.

water quality. Bu_rt, T. P. and Worrall, F.: Stream nitrgte levels in a small catchment
The static signature is defined by average long-term con- N south west England over a period of 35 years (1970-2005),

centrations in the stream and the contributing compartments, 7Ydrol- Process., 23, 2056-2068, 2009.

- . - - CEH: UK Environmental Change Network, available at: https:
Nitrate and chloride concentrations were high in l_)pth _the Jlgateway.ceh.ac.uk/, NERC-Centre for Ecology & Hydrology,
shallow groundwater and the stream due to fertilisation,

: o last access: December 2011.
while sulphate, DOC and DIC were present at similar con-cpen, J., Wheater, H. S., and Lees, M. J.: Identification of processes

centrations as in other catchments. The temporal signa- affecting stream chloride response in the Hafren catchment, mid-
ture was characterised at annual and interannual scales. By wales, J. Hydrol., 264, 12—33, 2002.

analysing the annual patterns observed, we proposed a clasgireed, I. F., Band, L. E., Foster, N. W., Morrison, I. K., Nicolson,

fication of solutes. In-stream nitrate and chloride concentra- J. A., Semkin, R. S., and Jeffries, D. S.: Regulation of Nitrate-
tions depended on the connection of upland shallow ground- N Release from Temperate Forests: A Test of the N Flushing
water with the stream, while in-stream DOC, DIC and sul- _ Hypothesis, Water Resour. Res., 32, 3337-3354, 1996.

phate concentrations were influenced by the connection oPawson. J. J. C., Soulsby, C., Tetzlaff, D., Hrachowitz, M., Dunn,
wetlands with the stream. Interannual patterns emphasised S: M- and Malcolm, 1. A.: Influence of hydrology and season-

that nitrate and chloride in the stream were influenced mostly ality on DOC exports from three contrasting upland catchments,

. ) Biogeochemistry, 90, 93-113, 2008.
by discharge, thus transport, while sulphate, DOC and DICDawsgn 33, C.yTetzIaff D., Speed, M., Hrachowitz, M., and

showed sinusoidal signals, similar to those of temperature Soulsby, C.: Seasonal controls on DOC dynamics in nested up-

and ET. It also showed that solute concentration variabil-  |and catchments in NE Scotland, Hydrol. Process., 25, 1647—
ity was much higher during the re-wetting stage than during 1658, 2011.
other periods. Feng, X., Kirchner, J. W., and Neal, C.: Spectral Analysis of Chemi-

Stream nitrate and chloride concentrations depended on cal Time Series from Long-Term Catchment Monitoring Studies:
the connection of their storage compartment (upland ground- Hydrochemical Insights and Data Requirements, Water Air Soil
water), while sulphate, DOC and DIC concentrations de-  Poll-, 4, 221-235, 2004. _
pended on catchment production and the connection offascuel-Odoux, C., Aurousseau, P., Durand, P., Ruiz, L., and Mole-
the producing compartment (wetland soil) during rainfall nat, J.: The role of climate on inter-annual variation in stream

. . nitrate fluxes and concentrations, Sci. Total Environ., 408, 5657—
events. These hydrological connections control solute trans- 5666. 2010

port. From these hydrological connections of the StOCkingGrimaldi, C., Thomas, Z., Fossey, M., Fauvel, Y., and Merot, P:
compartment, the concept of “transport-limited” processes  jigh chioride concentrations in the soil and groundwater under
was further developed. This classification could be applied an oak hedge in the West of France: an indicator of evapotranspi-
to any chemical solute and could help assess its origin, stor- ration and water movement, Hydrol. Process., 23, 1865-1873,
age, or production location and transfer mechanism in similar 20009.

catchments. Guan, H., Love, A. J., Simmons, C. T., Hutson, J., and Ding, Z.:
Catchment conceptualisation for examining applicability of chlo-
ride mass balance method in an area with historical forest clear-
ance, Hydrol. Earth Syst. Sci., 14, 1233-1245, doi:10.5194/hess-
14-1233-2010, 2010.

Halliday, S. J., Wade, A. J., Skeffington, R. A., Neal, C., Reynolds,
B., Rowland, P., Neal, M., and Norris, D.: An analysis of long-
term trends, seasonality and short-term dynamics in water quality
data from Plynlimon, Wales, Sci. Total Environ., 434, 186—200,
doi:10.1016/j.scitotenv.2011.10.052, 2012.

Edited by: A. D. Reeves

www.hydrol-earth-syst-sci.net/17/1379/2013/ Hydrol. Earth Syst. Sci., 17, 1379-1391, 2013


https://gateway.ceh.ac.uk/
https://gateway.ceh.ac.uk/
http://dx.doi.org/10.5194/hess-14-1233-2010
http://dx.doi.org/10.5194/hess-14-1233-2010
http://dx.doi.org/10.1016/j.scitotenv.2011.10.052

1390 A. H. Aubert et al.: Insights from a high-frequency, multisolute 10 yr-long monitoring study

Hill, T. J., Skeffington, R. A., and Whitehead, P. G.: Recovery from  2009.
acidification in the Tillingbourne catchment, southern England: Mulholland, P. J. and Hill, W. R.: Seasonal patterns in stream water
catchment description and preliminary results, Sci. Total Envi-  nutrient and dissolved organic carbon concentrations: Separating
ron., 282-283, 81-97, 2002. catchment flow path and in-stream effects, Water Resour. Res.,

Hornberger, G. M., Bencala, K. E., and McKnight, D. M.: Hydro- 33, 1297-1306, 1997.
logical controls on dissolved organic-carbon during snowmelt in Neal, C.: A view of water quality from the Plynlimon watershed,
the Snake River near Montezuna, Colorado, Biogeochemistry, Hydrol. Earth Syst. Sci., 1, 743-7580i:10.5194/hess-1-743-
25, 147-165, 1994. 1997, 1997.

Howden, N. J. K., Burt, T. P, Worrall, F., Whelan, M. J., and Neal, C., Christophersen, N., Neale, R., Christopher, J. S., White-
Bieroza, M.: Nitrate concentrations and fluxes in the River head, P. G., and Reynolds, B.: Chloride in precipitation and
Thames over 140 years (1868—2008): are increases irreversible?, streamwater for the upland catchment of river severn, mid-wales;
Hydrol. Process., 24, 2657-2662, 2010. some consequences for hydrochemical models, Hydrol. Process.,

Hrachowitz, M., Soulsby, C., Tetzlaff, D., Dawson, J. J. C., Dunn, 2, 155-165, 1988.

S. M., and Malcolm, I. A.: Using long-term data sets to under- Neal, C., Reynolds, B., Norris, D., Kirchner, J. W., Neal, M., Row-
stand transit times in contrasting headwater catchments, J. Hy- land, P., Wickham, H., Harman, S., Armstrong, L., Sleep, D.,
drol., 367, 237-248, 2009. Lawlor, A., Woods, C., Williams, B., Fry, M., Newton, G., and

Hrachowitz, M., Savenije, H., Bogaard, T. A., Tetzlaff, D., and  Wright, D.: Three decades of water quality measurements from
Soulsby, C.: What can flux tracking teach us about water age dis- the Upper Severn experimental catchments at Plynlimon, Wales:
tribution patterns and their temporal dynamics?, Hydrol. Earth an openly accessible data resource for research, modelling, en-
Syst. Sci., 17, 533-564, doi:10.5194/hess-17-533-2013, 2013.  vironmental management and education, Hydrol. Process., 25,

Kirchner, J. W., Feng, X. H., and Neal, C.: Fractal stream chemistry 3818-3830, 2011.
and its implications for contaminant transport in catchments, Na-Oda, T., Asano, Y., and Suzuki, M.: Transit time evaluation us-
ture, 403, 524-527, 2000. ing a chloride concentration input step shift after forest cutting

Koirala, S. R., Gentry, R. W., Mulholland, P. J., Perfect, E., and in a Japanese headwater catchment, Hydrol. Process., 23, 2705—
Schwartz, J. S.: Time and frequency domain analyses of high- 2713, 2009.
frequency hydrologic and chloride data in an east Tennessee wa@uyang, Y., Nkedi-Kizza, P., Wu, Q. T., Shinde, D., and Huang, C.
tershed, J. Hydrol., 387, 256—264, 2010. H.: Assessment of seasonal variations in surface water quality,

Lahermo, P., Mannio, J., and Tarvainen, T.: The national atmo- Water Res., 40, 3800-3810, 2006.
spheric deposition program, Appl. Geochem., 10, 45-64, 1995. Pauwels, H., Ayraud-Vergnaud, V., Aquilina, L., and Molenat, J.:

Lovett, G. M., Likens, G. E., Buso, D. C., Driscoll, C. T., and Bailey, The fate of nitrogen and sulfur in hard-rock aquifers as shown by
S. W.: The biogeochemistry of chlorine at Hubbard Brook, New  sulfate-isotope tracing, Appl. Geochem., 25, 105-115, 2010.
Hampshire, USA, Biogeochemistry, 72, 191-232, 2005. Pierson-Wickmann, A. C., Aquilina, L., Martin, C., Ruiz, L., Mole-

Martin, C., Aquilina, L., Gascuel-Odoux, C., Molenat, J., Faucheux, nat, J., Jaffrezic, A., and Gascuel-Odoux, C.: High chemical
M., and Ruiz, L.: Seasonal and interannual variations of nitrate weathering rates in first-order granitic catchments induced by
and chloride in stream waters related to spatial and temporal pat- agricultural stress, Chem. Geol., 265, 369—380, 2009.
terns of groundwater concentrations in agricultural catchmentsReynolds, B. and Edwards, A.: Factors influencing dissolved nitro-
Hydrol. Process., 18, 1237-1254, 2004. gen concentrations and loadings in upland streams of the UK,

Moatar, F., Meybeck, M., and Poirel, A.: Daily variability and its Agr. Water Manage., 27, 181-202, 1995.
implication on long term river water quality surveys: the Middle Reynolds, B., Renshaw, M., Sparks, T. H., Crane, S., Hughes, S.,
Loire example, Houille Blanche, 91-99, 2009. Brittain, S. A., and Kennedy, V. H.: Trends and seasonality in

Molenat, J. and Gascuel-Odoux, C.: Modelling flow and nitrate  stream water chemistry in two moorland catchments of the Up-
transport in groundwater for the prediction of water travel times  per River Wye, Plynlimon, Hydrol. Earth Syst. Sci., 1, 571-581,
and of consequences of land use evolution on water quality, Hy- doi:10.5194/hess-1-571-1997, 1997.
drol. Process., 16, 479-492, 2002. Rouxel, M., Molenat, J., Ruiz, L., Legout, C., Faucheux, M., and

Molenat, J., Gascuel-Odoux, C., Ruiz, L., and Gruau, G.: Role of Gascuel-Odoux, C.: Seasonal and spatial variation in groundwa-
water table dynamics on stream nitrate export and concentration. ter quality along the hillslope of an agricultural research catch-
in agricultural headwater catchment (France), J. Hydrol., 348, ment (Western France), Hydrol. Process., 25, 831-841, 2011.
363-378, 2008. Ruiz, L., Abiven, S., Martin, C., Durand, P., Beaujouan, V., and

Monteith, D. T., Evans, C. D., and Reynolds, B.: Are temporal vari- Molénat, J.: Effect on nitrate concentration in stream water of
ations in the nitrate content of UK upland freshwaters linked  agricultural practices in small catchments in Brittany: 1l. Tempo-
to the North Atlantic Oscillation?, Hydrol. Process., 14, 1745— ral variations and mixing processes, Hydrol. Earth Syst. Sci., 6,

1749, 2000. 507-514, doi:10.5194/hess-6-507-2002, 2002.

Morel, B.: Transport de carbone organique dissous dans un bassiSchnabel, R. R., Urban, J. B., and Gburek, W. J.: Hydrologic Con-
versant agricolex nappe superficielle, UMR1069, Soil, Agro- trols in Nitrate, Sulfate, and Chloride Concentrations, J. Environ.
and hydro-systemes, Spatialisation, INRA — Agrocampus QOuest, Qual., 22, 589-596, 1993.

PhD. Agrocampus Ouest, Rennes, 1-208, 2009. Shaw, S. B., Harpold, A. A., Taylor, J. C., and Walter, M. T.: Inves-

Morel, B., Durand, P., Jaffrezic, A., Gruau, G., and Molenat, J.: tigating a high resolution, stream chloride time series from the
Sources of dissolved organic carbon during stormflow in a head- Biscuit Brook catchment, Catskills, NY, J. Hydrol., 348, 245—
water agricultural catchment, Hydrol. Process., 23, 2888-2901, 256, 2008.

Hydrol. Earth Syst. Sci., 17, 1379-1391, 2013 www.hydrol-earth-syst-sci.net/17/1379/2013/


http://dx.doi.org/10.5194/hess-17-533-2013
http://dx.doi.org/10.5194/hess-1-743-1997
http://dx.doi.org/10.5194/hess-1-743-1997
http://dx.doi.org/10.5194/hess-1-571-1997
http://dx.doi.org/10.5194/hess-6-507-2002

A. H. Aubert et al.: Insights from a high-frequency, multisolute 10 yr-long monitoring study 1391

Vega, M., Pardo, R., Barrado, E., and Beb L.: Assessment of Williams, G. P.: Sediment concentration versus water discharge dur-
seasonal and polluting effects on the quality of river water by ing single hydrologic events in rivers, J. Hydrol., 111, 89-106,
exploratory data analysis, Water Res., 32, 3581-3592, 1998. 1989.

Viers, J., Dupre, B., Braun, J.-J., Freydier, R., Greenberg, S., NgouZhang, Y. K. and Schilling, K.: Temporal variations and scaling
payou, J., and Nkamdjou, L.: Evidence for Non-Conservative of streamflow and baseflow and their nitrate-nitrogen concentra-
Behaviour of Chlorine in Humid Tropical Environments, Aquat. tions and loads, Adv. Water Resour., 28, 701-710, 2005.
Geochem., 7, 127-154, 2001.

www.hydrol-earth-syst-sci.net/17/1379/2013/ Hydrol. Earth Syst. Sci., 17, 1379-1391, 2013



