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Abstract

Nitrate contamination in ground- and surface wier persistent problem in countries with intense
agriculture. The transition zone between rivers thwd riparian aquifers, where river water and
groundwater interact, may play an important rolengdiating nitrate exports, as it can facilitate
intensive denitrification, which permanently remsvetrate from the aquatic system. However, the
in-situ factors controlling riparian denitrificaticare not fully understood, as they are often gfion
linked and their effects superimpose each othehifstudy, we present the evaluation of
hydrochemical and isotopic data from a 2-year sarggderiod of river water and groundwater in the
riparian zone along d%order river in Central Germany. Based on bi- anttirariate statistics
(Spearman’s rank correlation and partial least megugegression) we can show, that highest rates for
oxygen consumption and denitrification in the riparaquifer occur where the fraction of infiltrated
river water and at the same time groundwater teatpes, are high. River discharge and depth to
groundwater are additional explanatory variablestose reaction rates, but of minor importance.
Our data and analyses suggest that at locatiahe inparian aquifer, which show significant river
water infiltration, heterotrophic microbial reacat®in the riparian zone may be fueled by bioavéglab
organic carbon derived from the river water. Weabtade that interactions between rivers and riparian
groundwater are likely to be a key control of rtgreemoval and should be considered as a measure to

mitigate high nitrate exports from agriculturalaanents.

Keywords
riparian zone, nitrate contamination, nitrate stdbbtopes, river-groundwater interaction,

denitrification
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1. Introduction

Nitrate (NQ) contamination in European groundwater bodies imereasing threat to drinking water
production and ecosystem health in receiving serfaaters (Grizzetti et al., 2007) with implications
for agricultural and water management as wellzes niestoration (Gift et al., 2010). Riparian zgnes
that link the terrestrial and the aquatic environmbave been shown to have a significant potential
for the natural attenuation of N@ollution and to function as a N@uffer zone along rivers (Hill,
1996; Puckett, 2004; Ranalli and Macalady, 2010)révkpecifically, in the riparian zone various
nitrogen (N) species can be efficiently assimilatemhsformed or permanently removed by
denitrification (Clément et al., 2003; Harvey anehBala, 1993; Hill et al., 1998; Rivett et al., 200
Vidon and Hill, 2004a). However, denitrificationtea in groundwater are not constant in space and
time and are controlled by a multitude of factdrevétt et al., 2008). Of key importance is the
availability of reactants, namely NGnd labile carbon for heterotrophic denitrificati@ift et al.,
2010; Kaplan and Newbold, 2000; Rivett et al., 2008 netske et al., 2011) and reduced sulfur and
iron(11) in the aquifer sediments for chemolithgihic denitrification (Kndller et al., 2005; Schwtek

et al., 2008). Availability of reactants in theaijan zone is facilitated by mixing of waters from
different sources and of different chemical compasj namely river water with high carbon
concentrations and groundwater with highJNédncentrations (Baker and Vervier, 2004; Hill let a
2000; Vervier et al., 1993). As solute transporbas the river-aquifer interface is mainly adveetiv
and controlled by the direction and the magnituidih® water fluxes across the river-groundwater
interface (Vidon and Hill, 2004b), which in turniifluenced by river channel morphology and
aquifer properties (Duval and Hill, 2006; Heeremlet2014; Wondzell and Swanson, 1999). This
exchange flux of water and solutes typically vageasonally a well as on shorter temporal scalgs (e
flood events) (Heeren et al., 2014; Sawyer eR@l9; Trauth and Fleckenstein, 2017; Vidon et al.,
2017). Since low dissolved oxygen (DO) concentretiare a prerequisite for high denitrification sate
(Hedin et al., 1998; Rivett et al., 2008; Stumm Muatgan, 2012), DO depletion by aerobic reactions
can control efficiency of the denitrification pr@se(Brunke and Gonser, 1997; Diem et al., 2013a).
Finally, temperature is a crucial control on the\dty of both, aerobic and anaerobic bacteria.FHBot
the seasonal variability of temperature as welieet exchange across the river-groundwater ineerfac
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may either stimulate or suppress reaction ratesnft al., 2013b; Rivett et al., 2008; Vieweg et al

2016).

In riparian zones, water flux, nutrient supply dechperature variability are often interlinked irasp
and time (Balestrini et al., 2016; Ranalli and Madg, 2010). For instance high river discharges and
high groundwater level often occur during the cs#dson, which in turn coincides with specific solut
mobilization and changed river solute concentratidusolff et al., 2015). Consequently,
disentangling these factors and their impact oarN-over in riparian zones is challenging. Durihg t
last decades, this problem has been addresseddesngptive methods at different riparian zone
types (Balestrini et al., 2016; Jacobs et al., 18&halli and Macalady, 2010). The methods used in
studies to date include endmember mixing modelsgusbth, reactive and conservative solutes
(Balestrini et al., 2016; Mengis et al., 1999; Risaal., 1998) and the use of stable isotopebeof t
NO;” molecule (Bohlke and Denver, 1995; Bottcher etl®90; Denk et al., 2017; Hoffmann et al.,
2006; Hosono et al., 2013; Mariotti et al., 1983nitrification causes an enrichment of the heaMier
and oxygen isotopes in the remainingJ\ia»ol. In riparian zones this technique has be@hegpwith
focus on the effect of different hydrogeologicatisgs and land use patterns (Clément et al., 2003;
Deuvito et al., 2000; Peter et al., 2012; Vidon &tiitl 2004b), on the implications of seasonal chesg
in temperature and hydrology (Cey et al., 1999;délaket al., 2003; Grischek et al., 1998; Pfenning
and McMahon, 1997) and availability of electron dian(carbon source) and acceptors {N(Hedin

et al., 1998; Ostrom et al., 2002).

The studies summarized above mainly used des@iptid bivariate statistics to conclude on the main
factors controlling N-transformation in the ripariaone in a morqualitative way. Studies with a

more mechanistically amgliantitative approach focusing on factors controlling denitefion (Bu et

al., 2017; Kellogg et al., 2005) and typically dut nonsider hydrochemical and hydrological variable

at the same time providing only a limited perspextn the problem.

In this study, we present a unique two-year obgsiemval data set of spatially and temporally resdlve
hydrologic, isotopic and river- and groundwaterlgyaariables, which allows a more comprehensive

assessment of the interlinked processes and cemgekrning riparian denitrification. Samples were

4
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analyzed for stable isotopes of the ;N@olecule as well as for major ions, DO and dissdlerganic
carbon (DOC) concentration. Simultaneously, rivisclklarge, and river and groundwater levels were
measured. We applied bi- and multivariate staigi8pearman’s rank correlation and partial least
squares regression) to the data to evaluate akdharkey factors that control denitrification adfy

in riparian groundwater at different distances fribw@ river. By doing so, we were able to disentang|
the mixed effects of seasonal temperature varigtipotential hydraulic controls such as river-
groundwater mixing, river discharge, and groundwiateels. This way we can provide a detailed and
more comprehensive view with the focus on the egatinporal variations of aerobic respiration and

denitrification and their mechanistic controls i triparian zone.
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2. Materials and Methods

2.1. Field site
Our field site is located at the Selke river intcehGermany (51°43'37.79”N, 11°18'51.0"E) which is
an intensive test site within the TERENO Harz/CalrBerman Lowland Observatory operated by the
Helmholtz Centre for Environmental Research-UFZ ((@éblager et al., 2017) (Figure 1a) . The
Selke river is part of the Bode catchment which pas of studies on catchment-scale solute export
(Musolff et al., 2015) and N dynamics (Mueller ef 2016, 2015). At the site, a 2 km long riveraiea
of the lower Selke River, the mean annual discharde5 ni/s. During summer base flows can be
below 0.1 m3/s. Highest discharge is typically otsed during the spring snow melt season, when

bankfull discharge at about 15 m3/s and associddinent movement can occur.

The Selke catchment covers a total area of 456 korests dominate the upper parts of the catchment
(35% of the total area) while the lowland parts@ominated by agriculture used (53% of the aref). A
the field site, which marks the transition from theuntainous upper catchment to the flatter,
groundwater controlled lower catchment, the 2 kngldver reach is lined by a strip of riparian
vegetation up to 50 m wide, consisting of willowdareech trees interspersed with pasture. This strip

of riparian vegetation is directly bounded by agiftieral fields to the North and South of the river.

Geologically, the field site is located in the tamn Harz foreland, where sandstones and limestbne
the late Palaeozoic era Permian (regional nametieBend and Zechstein) and the early Mesozoic
era Triassic (regional names: Buntsandstein ancchalkalk) were deposited (Bachmann et al.,
2008). During the Early and Late Cretaceous the Mars uplifted and these older sedimentary layers
were eroded and steeply tilted, dipping towardsitrgh, forming the Northern Harz Boundary Fault.
At the field site the Selke river has incised ititese geological units during the Plio- and Pleste

and coincidentally deposited alluvial sedimentsstsiing of mainly greywacke and slate stone

originating from the central-east Harz mountainadfmann et al., 2008).

Core samples from the riparian zone obtained fr@omic Drill Direct Push device enabled a

characterization of the shallow sedimentary seguénthe riparian zone. Here, an alluvial loam, up
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to 1.2 m thick, covers an alluvial aquifer up tm&hick. The aquifer is built up of alluvial fillgs that
show a very heterogeneous grain size distributimiging from silt to cobble fraction, with the main
fraction of coarse sand to fine gravel. The bagd@fquifer forms a clay-silt layer that actsas a
aquitard. Geophysical surveys at the site (Elegt@onductivity Logging, Direct Push Injection
Logging, Electrical Resistivity Tomography (Kirs@(08)) revealed that the thickness of the alluvial

aquifer steadily decreases with distance from #lkeSriver.

Hydraulic conductivity (K) of the aquifer materiahs determined by three repeated salt traceritests
the riparian zone, and sieve analysis of freezesctatken from the riverbed. The resulting K values

are in the range of 1.7E-3 to 1.2E-2 m/s (geometgan: 3.72E-3 m/s).

Selke catchment
® Gauges

— Selke

~——— Main feeder

Stream network
[ ] selke lower reaches

| Selke middle reaches

[ selke upper reaches

Settlement

10 Kilometers data source: LHW - Gewdsserkundiichen Landesdienst 2009
N N T N VA S0 . editor: S. Musolff, Dep. of Hydrogeology

Figure 1: a) Location of the field site in the Setker catchment in central Germany. b) Detailed
aerial view of the field site and the groundwat@nitoring wells. Their colors depict the distance t
the Selke river, shown in the legend. The wellselt the river are furthermore grouped into three
transects close to the river (A-B-C). River flowatition is from southwest to northeast.

2.2. Groundwater wells
In total 30 wells (GWM) with an inner diameter 062 and 5.05 cm were drilled with by Direct Push
Sonic-Drill Technology. The wells next to the riwgere screened in depths between 2 and 5 m for

sampling of the shallow groundwater. The wellstfartaway from the river were drilled to depth of



155  up to 10 m below ground. All wells were thorougtbwveloped by intense pumping. The geodetic
156 location (longitude, latitude, elevation above les@l) of the sampling points were surveyed by a

157  differential GPS in combination with a laser tacleger (Trimble GPS R8).

158  We classify the 30 wells into three distance-catiegdn order to characterize their spatial locaiio
159  relation to the river. These categories are basdtiree buffer zones covering areas with i) leas th
160 25 m distance to the river, ii) a distance of 28®0 m to the river and iii) a distance of morentha
161 100 m to the river. The three zones are denoté@Wasnear”, “GW intermediate”, and “GW distant”

162  (Figure 1b).

163

164 2.3. Groundwater and river water sampling

165  During the sampling period, in total 596 groundwated 94 river water samples were taken.

166  Groundwater was sampled every four weeks from A4 until April 2016. A peristaltic pump was
167  used to extract groundwater from the wells. Dugngundwater pumping water was continuously
168 analyzed for DO, electrical conductivity (EC) artd py a portable multi-parameter meter (find

169  specifications and uncertainties on these devit@sible 1). Groundwater samples were taken when

170 those field parameters were steady in time.

171  Surface water samples of the Selke River were takegrab samples at two locations, upstream of the
172 field site and downstream of the intensive field .sHere, field parameters were measured directly i

173  the river water.

174  Both groundwater and river water samples wereréittevith a 0.45um cellulose acetate membrane
175  syringe filter and stored in a cool and dark plé&amples for major cations were acidified withiaitr
176  acid to prevent cation precipitation and adsorptimalysis of the samples was conducted within 48

177  hours after sampling.

178  Groundwater levels were measured at each sampditeg lbefore installing the pump. A LTC logger

179  (Solinst LTC Levellogger Junior) was fixed at tinerbed at the field site and was recording river
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stage, temperature and electrical conductivityOaminute intervals, enabling a construction of a

stage-discharge relationship for calculating cardgirs river discharge.

Meteorologic data was available from a federal Wweastation of the German Meteorological Service

15 km upstream of the site (Harzgerode, DWD-Sta#ipd44).

2.4. Chemical analyses and Isotope Measurements

2.4.1Major anions and cations, DOC
Anions (CI, NO,, NOy, SQ%, PQ*) were analyzed using ion-chromatography (DX50@n2k),
while HCGy™ (alkalinity) was measured in the field by Gramatiion with a Hach digital titrator with
0.16 N HSQ,. Cations (Nj K*, NH,", C&*, Mg*, F&*) concentration were measured inductively-
coupled plasma optical emission spectrometry (IESQArcos; Spectro). Dissolved organic carbon
was measured using a Shimadzu TOC-5050 analyzeruiitertainties of the applied methods are

listed in Table 1.

2.4.2Stable nitrate isotopes
The isotopic signature of the N@nolecule can be used to delineate differeng¥Gurces and to
assess the impact of denitrifying activity on th@sNpool. The N and oxygen isotope analyses o NO
were conducted on a Gasbenchll/delta V plus conibm&Thermo) after using the denitrifier method
to convert N@ to N,O, which enabled the simultaneous determinatioh'd@f ands'®0 in the NO
produced (Casciotti et al., 2002; Sigman et al0120Nitrogen and oxygen isotope results are replort
in delta notationd**N, 5'%0) as part per thousand (%.) deviation relativehodtandards AIR for N
and VSMOW for oxygen (Eq. 1), where R is the rafithe heavy to light isotopes (e’g\N/*N;

180/160) )

8)( (%0) = [(Rsample' Rstandara / Rstandarl x 1000 Eq 1
For calibration of N and oxygen isotope values réference N@ IAEA-N3 (5 °N: +4.7 %o AIR; &

%0: +25.6 %0 VSMOW), USGS3B({°N: +180 %o AIR;3 *%0: +25.7 %o VSMOW), USGS 34 (*N: -
9
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1.8 %o AIR; 5 *°0: -27.9 %0 VSMOW), and USGS 35 '0N: +2.7 %o AIR;8 *%0: +57.5 %0 VSMOW)

were used.

Isotopic enrichment during denitrification occuia Winetic fractionation that can be described by a

modified Rayleigh equation:

§=8+ ¢ -1 < NOs )
= € in —
° (NO3)o

Eq. 2

wheree is the enrichment factof, and(N03 ), describe the isotopic composition and thesNO
concentration of the educt, respectively, &mhdNO3 and are the isotopic composition and thesNO

concentration of the product.

Table 1: measurement errors of the used methods

Parameter Method Error

Temperature (T), pH, Multi-parameter meter T:£0,1K
dissolved oxygen (DO) WTW 3430 with probes: pH: £ 0.01
SenTix 950, TetraCon 925, DO: +0.5 %

FDO 925.

Anions ion-chromatography DX500,< 3%
Dionex

Cations inductively-coupled plasma < 3%

optical emission
spectrometry (ICP-OES;
Arcos; Spectro)

Stable nitrate isotopes Denitrifier method N:.4 %o
O: £ 1.6 %o
DOC Shimadzu TOC analyzer <1%
5050

2.5. Statistical methods

2.5.1.Linear mixing model
In order to calculate the fraction of river wateithe riparian groundwater, a linear mixing modabw
used, assuming chloride (Chs a conservative solute. Mixing occurs betwaenihdependent
endmembers (Mengis et al., 1999; Pinay et al., 1@®8h are in our case, the river water and the

groundwater distant from the river that is not etiéel by infiltrating river water (in red color code

10
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Figure 1b). The fraction of river water in the nilga groundwatefy;,, in each well for each sampling

date was calculated by

Foo — [CU" gw] — [CU pist] Eq. 3
R [Cl_Riv] - [Cl_Dist]

where[Cl™ qw], [Cl™ rip]and[Cl™ pis:] are the Clconcentrations in the groundwater wells in-between

the endmembers, in the river water and in the giauater distant from the river, respectively.

In contrast to the conservatively transported KOs is a reactive solute. Comparison of With

NOs concentration has been a common tool in ripatiagias to investigate potential removal
pathways of N@ (Altman and Parizek, 1995; Mengis et al., 1999akiet al., 1998)). A deviation of
the NG concentration from the concentration expected fitoeninear mixing model could be related
to NO;” consumption or production by microbial reactioder(trification, assimilation, nitrification)
(Hill, 1996). To calculate the NQOdeficit or surplus, i.e. the deviation from thepegted mixing
concentration in each groundwater sample, firsthireretical N@ concentration in the groundwater

that would be expected by pure conservative mignNgs;, . ...1) can be calculated by using the

calculated river water fraction from Eq. 3:

[NO3 o] = ([NO3 i, ] = [NO3 i ]) X Friv + [NO3 ] Eq. 4
where[NO3 . | and[NO3 . ] are the N@ concentrations in the endmembers river water and

groundwater distant from the river, respectively.

Subsequently, the difference between the theoligti®; concentration from Eq. 4 and the

measured N© concentration in each well is calculated by

A[NO3 4y ] = [NO3 o] = [NO3 g Eq.5
Values higher than zero indicate a netsN@nsumption or removal, whereas values below zero
indicate a N@ production. Furthermore, the N@eficit as a fraction of theoretical NO

concentration can be calculated as:

11
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vino- - ANOTG,)
36w — —

[N03 mixGW] Eq. 6

The method assumes that &d NQ follow the same flow paths into the hydrologicgstem.

Furthermore, only data sets of @d NQ' concentrations (both theoretical and measuredpean

used that lie between the measured concentratfadhs dwo endmembers.

2.5.1Statistical analysis
Correlation analysis was used to characterize dimparametric relationships between responding
("N, DO) and predicting variables (e.g. water tempeeg discharge) and among the predicting
variables. Here, we used Spearman’s rank corralasaconcentration and discharge data are often
exhibits non-normal distributions and non-linedatiens to each other (Jawitz and Mitchell, 2011).
Based on the rank correlation a subset of predjstariables were used in a multivariate regression
approach based on partial least squares regrg$di&) (Wold et al., 2001)). By using the covariance
structure between the variables this method issbagainst collinearity among predicting variables.
The regression model is evaluated in terms“&Ranking of predicting variables (defining the
magnitude of influence) and by the coefficient afle predicting variable (defining the direction of
influence). For the variable ranking, the VIP vaisi@sed (variable importance in projection): Only
predicted variables with VIP above 1 are considaieinportant (see also (Musolff et al., 2015)). Fo
the PLS regression variables were log-normalizégsnbivariate relations showed a clear non-linear

behavior. For rank correlation and PLS the softveamagronment R was used.
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3. Results

3.1. Hydraulic conditions
Discharge of the river Selke responds quickly &cppitation in the catchment and intense rain falls
induce strong river discharge events (Figure 2&keherally, river discharge is highest in the winte
and spring season, whereas lowest discharges aalvsbeved during late summer with base flow
discharges around 0.2 m3/s. The warm season (M@gtimber) of the year 2015 was dryer than the
warm season of 2014, which is also reflected irhibber frequency of river discharge events in the
year 2014. During the study period, five dischaggents with peakflows exceeding 4 m3/s were

observed.

Groundwater levels in the vicinity of the river aenerally shallow with lowest levels during late
summer, up to 2 m below ground, and highest leshating winter, 0.5 m below ground. In response
to intense rain fall and river discharge eventsugdwater levels respond quickly in the near and
intermediate groundwater zone (Figure 2c). Thisabdity decreases with distance from the riverg an
at some distance groundwater levels do not showigersinduced variations. Since depth to
groundwater is different at each well location heseaof the land topography, we normalized
groundwater levels in each well to the maximum agimum groundwater levels, resulting in
groundwater level variations between 0 and 1. Téreetpl direction of groundwater flow is parallel to
the river in a north-easterly direction, with Etthange over the year (Figure 2d). Hydraulic head
differences between river stage and groundwateldamdicate, that sections with river-water losses
to the aquifer and sections with groundwater galtesnate along the studied 2 km river reach.
Detailed information on the groundwater-surfaceewaitteraction is provided by the linear mixing

model in 3.5.
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Figure 2: a) precipitation 15 km upstream of tleédfisite within the Selke catchment (weather statio
Harzgerode), b) Selke river discharge (blue) amdpliag dates (grey vertical lines), c) average kdept
to groundwater below surface over time for eaclugdwater zone, d) interpolated groundwater
elevations above sea level at two individual sangptiates during winter (brown) and summer
(green).

3.2. Spatio-temporal variation of physicochemical paramters
River temperature and river discharge are negatrathted at the field site (see supporting
information Figure S1a) due to seasonal variatiniemperature, evapotranspiration and
precipitation. The seasonal variation in tempeggtaan also be observed in the groundwater, but the
amplitude is dampened and lagged with increasisigudce from the river (Figure 3a). However, mean
temperatures are similar between river water aad goundwater and only increase slightly with
increasing distance from the river (Table 2). I12@he warm season was on average warmer than the
warm season of 2014 indicated by an average ris¢entemperature of 13.16 °C of 2014 compared

to 14.05 °C during 2015.

Dissolved oxygen concentration in river water ismawonly at saturation, but varies over the year due
to temperature dependent solubility of oxygen itewand hence, DO is lowest during summer
(Figure 3b). This inverse relation of DO and tenapene is also visible in the near groundwater and

the intermediate groundwater, but shows only dshgriation in the more distant groundwater
14
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(Figure 3b). Beside this seasonal signal, DO irsgeavith distance from the river, from < 2 mg/L
next to the river during summer, to up to 9 mg/lthima groundwater distant from the river (Table 2).
However, as the mean temperatures in river watkigasundwater are similar, the decreased DO in
the near-river groundwater cannot be explainechbytemperature dependent solubility of oxygen in

the river water and is presumably consumed by &erehctions.

The measured pH of the samples did not show afisigni temporal variation. River water was
generally at pH 8 while all groundwater samplesashalightly lower pH of around 7, independent of

the distance from river (Figure 3c, Table 2).

3.3. Spatio-temporal variation of chloride, NO; and DOC concentrations
Mean values of Cland NQ' in river and groundwater indicate a general ineega concentration
from the river towards the distant groundwater (Fég3d/e, Table 2). In the river water samples, a
clear relationship between river dischargé,a@d NQ™ concentrations can be observed: FoytGe
concentration decreases with increasing dischaigeto dilution (see supporting information Figure
S1b). In contrast, N9concentration increases with discharge (Figur§.Slince the highest base
flow discharges occur during the cold season (Nderto April) and also because most of the
discharge events occur during late winter and gpthre Clconcentration is lowest during winter,
whereas N@ is lowest during summer (Figure 3d/e). These tiana in Cl and NQ' are also visible

in the groundwater next to the river but diministimncreasing distance from the river (Figure 3d/e

DOC concentrations are highest in river water camegb#o the groundwater concentrations (Table 2).
Variability of DOC concentrations is lower in gralwater compared to the river water. Similar to the
NOs concentration, DOC in river water increases wititldarge (Figure S1d) and is highest during

the cold season (Figure 3f).

15



328
329

330

Table 2: Mean and standard deviation (STD) of twameters measured in river water and the three
zones of groundwater

Parameter river water GW near GW intermediate GW distant
Mean+ STD Mean+STD Mean = STD Mean £ STD

temperature [°C] 9.68 £4.82 9.45 £+ 3.63 9.86 £ 2.54 10.35+1.71
DO [mg/L] 11.15+1.83 2.61 +2.36 3.4+181 7.13+2.09
pH [-] 7.99+0.26 6.97 £ 0.26 6.84 £0.44 6.88 £ 0.17
CI" [mg/L] 32.45 +6.36 35.73+£8.93 48.98+13.34 67.23 824.
NOz [mgl/L] 7.41 +4.69 8.48 +4.94 15.28 + 10.36 65.3 £ 36.49
DOC [mg/L] 3.9+0.86 2.04 £ 0.64 1.82+0.7 1.67 £0.86

16
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332 Figure 3: Physicochemical parameters over time oredsn the field: a) temperature, b) dissolved
333  oxygen (DO) and c¢) pH, and concentrations of dpiitie, ) N@ and f) dissolved organic carbon
334  (DOC). Number of wells in near groundwater (lightd): 17; in intermediate groundwater (orange):
335  8;in distant groundwater (red): 6.

336
337 3.4. Isotopic signature of the NQ molecule

338 In general, highest™N and3'0 values in the N@molecule occur in the near and intermediate

339  groundwater zone during the warm season (Figuil® 4la/ contrast, the distant groundwater shows a
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constant and unenriched isotopic signature. Alger water has very lo&"°N and3'°0 values, but
shows a moderate enrichment during the warm seasaner water and both in the near and
intermediate groundwater a higher enrichmeri'df and'®0 can be observed during the warm
season of the year 2015, compared to the year\®Q&#e average air and river water temperatures
were lower.

The dual fractionation factor 6f%0 /5'°N is 0.87 (R=0.80) for all groundwater samples in the near
zone and 0.95 #0.77) in the intermediate zone (Figure 4c). THastors are in the range of
observed dual fractionation factors that indicarittification activity (Kendall and McDonnell,
1998) and have been observed in the many studieg NS isotopic signatures (Aravena and
Robertson, 1998; Boéttcher et al., 1990, 1990; G&y.£1999; Fukada et al., 2003; Mengis et al.,
1999; Peter et al., 2012).

For the river water samples and each single welfitid based, apparent enrichment factors were
derived using equation Eg. 2.

The apparent N-isotope enrichment factors aredandhge of -14.5 to -2.0 %o in the near groundwater
and -6.1 to -0.73%o in the intermediate zone. Aatdk prediction of the actual enrichment factors at
the field site is not possible without a properemmental calibration by column or batch experinsent
However, N-isotope enrichment factors for denitéfion by groundwater denitrifying bacteria under
controlled laboratory conditions have been repoiteok in the range of -20 to -15 %o (Bottcher et al
1990; Kndller et al., 2011). As the highest obsdrapparent enrichment factor at the field site of -
14.5 %o is within that proposed range, we assumigtthzay represent denitrification without much
interference of secondary processes. Any deviatidhe observed apparent enrichment factors from
this value indicates that additional processes asgamixing, nitrification, and N-assimilation byapks
influence the isotopic signature (Kendall and Mcbelhy 1998; Mariotti et al., 1988).

The observed apparent enrichment factor in thamligiroundwater of around -1 %o indicates that
denitrification does not have a significant implaete. However, in the river water, small apparent
enrichment factors were observed, presumably cetatéhe inflow of denitrified groundwater into the

river.
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Isotopic data of the groundwater shows no evidehagtense nitrification (the production of NGy
microbial oxidation of reduced inorganic N), whisbould lead to depletedf°N values (Kendall and
McDonnell, 1998) . The mineralization of organididm decaying plants and the subsequent
nitrification may add an amount of N@omparable to catchments not affected by agricalltand

use. A higher extent of nitrification can be expelkin the unsaturated zone below the agricultural
fields, because here inorganic reduced N origigdtiom manure and fertilizer can be oxidized to
NOs (Choi and Ro, 2003; Cook and Herczeg, 2000; Kérmdal McDonnell, 1998), which in turn can

act as the N@ end-member when reaching the saturated zone iistent groundwater.
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3.5. River water fractions in groundwater and NOs deficit calculations based on mixing
model
For 73 % of all groundwater samples the mixing nhedes applicable. The rest of the samples were
excluded because here; ®@hs temporally lower in the groundwater than i fiver water (see

section 2.5.1).

In general, the fraction of river water in the gndwater suggests, that river water is lost to the
southern riparian zone across the entire rivertlenfour field site (Figure 5a). In contrast, thes

river water fractions and elevated €bncentrations observed at the northern trang€ctiiggest that
here the river is gaining groundwater from the Inem bank at this location. In the northern part of
the meander shaped site at transect “B”, the flomditions are alternating from losing to gaining
conditions, depending on the proximity of the welthe river. Those alternating river-groundwater
exchange conditions are closely linked to the Nbise signatures and the magnitude of the apparent
enrichment factors: The higher the river watertiat; the higher is th&"°N value and also the
magnitude of the apparent enrichment factors (Eigarb/c). For example at transect “C” the river is
strongly losing water to the aquifer on both sideading to very high river water fractions in the
groundwater and concurrently show highi#aN values and highest magnitudes of apparent
enrichment factors. In contrast, at sites whereithee is gaining groundwater, the low@StN and

lowest magnitudes of apparent enrichment factansbesobserved.

The theoretical N@ concentrations that would be expected by pureeroative mixing

(INO3;xewls Ed. 4) are given in Figure 6a. A strong N@ficit is visible, for the bulk of the
samples in both the near and the intermediate gwater. Nevertheless, for some sampling points, a
slight enrichment in N@ concentrations was calculated, especially for ¢ concentrations,

which could indicate some nitrification activityolwever, due to the fact that neither the isotopiad
show signs of and the fact that ammonia conceatrativere most of the time too low to be detected

in groundwater, it is unlikely that nitrificatios of great importance at our field site.
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ACCEPTED MANUSCRIPT

406  In general, the absolute values of the;Nf@ncentrations and the N@eficits are larger in the
407 intermediate groundwater zone, than in the nearrgtwater. Furthermore, the deficit is larger during

408 the warm season than during the cold season, dgginting a strong seasonal effect.

409  Thed"™N values show an increasing enrichment with inéreallO;” deficit calculated by the mixing
410 model for both groundwater in near and intermediéttance from the river (Figure 6b). However,
411  correlation between the data derived by the twizdiht methods is only on a fair level. Please ,note
412 that for the fit with an Rof 0.37 the three samples wihN values above 25 (hollow circles in Figure
413 6b) were excluded. If these three data points therdinaryd**N enrichment taken during the late

414  summer 2015, are included goodness of fit is loatd¥ = 0.20.

415  The reason for the deviation between the;Mi@ficit calculated by the mixing model and &N
416  enrichment may be due to other processes besidésfitation, such as N assimilation by plants or
417  ANAMMOX (Burgin and Hamilton, 2007; Canfield et a22010) which may lead to subordinated N-

418  depletion in the riparian zone compared to deigatfon (Naeher et al., 2015; Wang et al., 2012).
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420 Figure 5: a) Mean river water fraction calculatgcHg. 3 in the groundwater calculated from the
421  mixing model. Arrows are showing the local direntmf groundwater-river exchange (losing or
422 gaining). b) Maximund"N values for each well c) apparent enrichment faatierived by Eq. 2
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Figure 6: a) Measured NQconcentrations versus calculated theoreticad M@nhcentration based on
mixing model for near and intermediate groundwasenples during summer and winter period. The
black line represents the 1:1 line. b) Comparisetwben N@ deficit fraction and*®N composition.
The black line represents a linear fit throughdalia points of both near and intermediate grounelwat
Hollow circles in b) are excluded from the linegr f

3.6. Correlation analysis and PLS model results
Lowest DO and highe$t®N compositions can be found primarily in the nezd mtermediate
groundwater when temperature is higher than apprataly 10°C (Figure 3a/b, Figure 4a and Figure
7a/b). In the river near groundwater the enrichnaét®N is directly related to anaerobic conditions
(Figure 7c) which are required for denitrificatidn.contrast, similar temperatures in the distant
groundwater did not affect DO adtPN greatly and**N composition is insensitive to DO
concentration. Thus, the proximity to the riveaisadditional important factor that controls both
aerobic respiration and denitrification. The franotof river water in the groundwatdix(, ), calculated
by the linear mixing model provides additional: Btengly enriche@™N isotopic signatures mostly
occur wherfy;, is high (Figure 7d). During high river dischargles enrichment o3"°N is lower
(Figure 7e). This is in line with the slight negatirelationship between groundwater levels and the
3"N enrichment, indicating that under high groundwégeels the5'>N enrichment is less intense

(Figure 7f).
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Spearman’s rank correlation (Table 3) revealsttrmtlynamics of DO and 6f°N are negatively
correlated with each otherft,= -0.59) and show strong similarities with a septbfer variables as
well. For DO, groundwater N{Oconcentrations (positive), water temperature (tvegpand discharge
(positive) are most important{£.0.5). We also note weak correlationg0.3-0.5) with distance
of the well from the river (positive), Eh (positlygotassium (K) (negative) and normalized
groundwater levels (positive). F8°N, groundwater temperature (positive), river disgeanegative)
and groundwater NOconcentrations (negative) are most important. \Weag&rrelations were found

with potassium (positive), hormalized groundwaesel (negative) and pH (negative).

distance norm. | GW apparent

to river river Q| GWL | temp. EC | pH | Eh [ca® | Mg* | Na" | K* S0,7|HCOs| cr | Fe?* |PO,*| DOC| NO, | NH," | NO3 | Feiy . 5'°N
DO
distance to river 0.45
river Q 0.49| 0.00
norm. GWL 0.32| -0.04 | 0.58
GW temperature - 0.10 -0.48
EC 0.10] 058 |[-0.22| -0.23 | 0.35
pH 0.24| -028 | 037 | 0.21 -0.43
Eh 035 0.13 0.52 | 0.33 | -0.42| 0.03]| 0.14
ca** 0.07| 056 [-0.20| -0.20 | 0.37 -0.45| 0.08
Mg?* 0.12] 062 |[-0.24| -0.23| 0.41 -0.48| 0.01
Na* 0.02] 050 (-0.32|-0.27 | 0.51 -0.44| -0.04
K" -0.32| 015 |[-0.46] -0.33 | 0.64 | 0.61(-0.46|-0.18 | 0.66 | 0.60 | 0.77
s50,% 0.00| 049 |-022|-022| 033 -0.50| 0.12 0.84 | 0.81| 0.65
HCO3 0.04] 057 |[-0.27| -0.26 | 0.48 -0.45| -0.04 0.63 | 0.79
cr 0.12] 058 [-0.26 | -0.27 | 0.43 -0.45| -0.04 0.60 | 0.81
Fe?* 0.00( 0.08 0.28 | -0.18 | 0.05 |-0.04|-0.07| 0.15 | -0.08 | 0.05 | -0.11|-0.17 | -0.08 | 0.00 | 0.05
POAs' 0.09| 015 |[-0.10| -0.11 | 0.00 | 0.13]|0.05| 0.05 | 0.15| 0.15| 0.09 | 0.08 | 0.12 [ 0.20 | 0.07 | -0.24
DOC -0.19| -0.22 | -0.08 | -0.04 | 0.16 |-0.06| 0.10|-0.13 | -0.03|-0.07 | -0.01 | 0.15 | -0.07 | -0.02 | -0.05] -0.19 | 0.01
NO, -0.13| 024 |-0.16] -0.11 | 0.28 | 0.06 -0.33- 0.15| 0.18 | 0.17 | 0.16 | 0.14 | 0.20 | 0.16 | -0.50| 0.03 | 0.43
NH," 0.00| -0.08 0.00 | 0.09 | -0.27 |-0.17| 0.05| 0.27 | -0.16 | -0.08 | -0.20 | -0.17 [ -0.09 | -0.15 | -0.14 | -0.08 | 0.31 | 0.10 | 0.59
NOg” 0.71] 0.59 0.38 | 0.23 | -0.36 | 0.49| 0.01| 0.29 | 0.47 | 0.51 | 0.33 | -0.09 [ 0.37 | 0.41 | 0.44 | 0.08 | 0.16 |-0.17 | 0.26 | 0.11
Friv -0.18 -0.02 | 0.07 —0.17-0.35 -0.20 -0.31 -0.39 | -0.13| 0.07 | -0.11| 0.05 | -0.40
apparent € 0.19| 0.30 0.00 | -0.09 | 0.09 | 0.69|-0.29| 0.27 | 0.68 | 0.65 | 0.59 | 0.49 [ 0.68 | 0.64 | 0.62 | 0.08 | 0.14 [ 0.04 | 0.36 | 0.03 | 0.44
5°N -0.13 -0.37 | 0.59 | 0.19|-0.34| -0.27| 0.18 | 0.20 | 0.25 | 0.43 | 0.21 | 0.27 | 0.22 | -0.25 | 0.01 | 0.18 | -0.18| -0.02 | -0.50| -0.03| 0.02

Table 3: Spearman’s rank correlation matrix betwaeasured and derived variables. Dark colors
indicate higher absolute correlations. Green indaegative, blue positive correlations. “Distattce
river” stands for the shortest distance betweeth avel river, “river Q" is the river discharge dugin

the sampling time, “norm GWL” means the normaligedundwater level as described in section 3.1 ,
“Fri.” stands for the fraction of river water in thegndwater.

To investigate the effect of proximity to the rivermore detail, we put only those groundwater
samples into a partial least square (PLS) regressmdel, where river water was above 80% (please

find further information to that threshold in thagporting Information (Figure S2). For the PLS
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regression, groundwater temperature, river disehargrmalized groundwater heads and pH were
taken as predictors, DO astiN as responding variables. The model explained @@ DO

variance and 67.2 % 6f°N variance. Groundwater temperature only was ifledtas the most
important predictor with a variable importance megiction (VIP) of > 1 (see Table 4). Although nive
discharge and groundwater temperature are cordefateach other {f..~ -0.73, Table 3), the PLS
model reveals that groundwater temperature is dheircant control of DO and™N. Groundwater
temperature alone can explain 67.8% of the varianB and 66.2% of the variancedhN using a

simple exponential model in the groundwater sampidsa river water fraction of more than 80%.

Table 4: PLS model regression parameters and sdsulthe prediction of dissolved oxygen (DO) and
8"°N. Only samples with a river water fractibgr,> 80% were taken into account (n=116). VIP
(variable importance in prediction), coeff (coeifiat) defining the direction of influence on
responding variable. Variables marked with an &itevere log-normalized prior to analysis.

DO* 5N
VIP coeff VIP coeff
Groundwater temperature 1.97 -0.30 1.96 0.12
River discharge* 0.34 -0.13 0.36 -0.02
pH 0.12 -0.11 0.05 0.00
normalized groundwater level 0.08 -0.04 0.09 -0.01
R® 0.683 0.672
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4. Discussion

4.1. Key controlling factors for NO3 removal
Our results suggest an increase of denitrificagictivity with a growing influence of infiltratingver
water on the riparian groundwater, but with temperaas a key constraint. The strong temperature
effect on both DO concentration and denitrificati@s frequently been observed in other studies (Bu
et al., 2017; Clément et al., 2003; Dhondt et241Q3; Diem et al., 2013a; Peter et al., 2012; Viper
al., 2016). Low DO concentrations are presumablysed by intense heterotrophic aerobic respiration
caused by a river-borne carbon source (Diem e2@l.3a) and secondly by high temperature during
the warm season. In turdl’N composition increases with decreasing DO conatiatr (Figure 7€)
which is related to the inhibition effect of DO anaerobic heterotrophic denitrification (Rivetaét
2008; Vidon and Hill, 2004a). Many studies haveorggd a threshold in DO concentration of around
2 mg/L, below which denitrification activity strolygncreases (see review of (Rivett et al., 2008)),

which is in line with our results (Figure 7c).

We found, that at losing river sections, the higl&® values and apparent enrichment factors match
the highest river water fractions in the groundwéfégure 5). These results clearly indicate that i
denitrification activity is highest at losing riveections as indicated by significantly elevai&il

values, and ii) at losing river sections, our cklted apparent enrichment factors are close to the
enrichment factors observed for denitrifying baeténan at gaining sections. This indicates that at

losing river sections denitrification is the maprocess for N@ depletion.

This positive effect of river proximity on deniightion activity in groundwater has also been
observed in other studies (Addy et al., 2002; [egital., 2000; Mayer et al., 2007; Ostrom et al.,
2002). They hypothesized that this effect was eelad the generally higher organic carbon content i
the near riparian aquifer compared to the grounemattincreasing distance from the river. At our
field site, this hypothesis can be further corraived by the strong depletion of DO by heterotrophic
aerobic respiration of bioavailable carbon fromtiwer in the near-stream groundwater zone.
However, further clarification of the potentialagbnship between bioavailable carbon and

denitrification activity is difficult on the bas@f our bulk DOC concentration data, which does not
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capture the bioavailability of carbon sources m tiparian zone (Brugger et al., 2001; Brunke and
Gonser, 1997; Hedin et al., 1998; Leenheer andé€;12003). Furthermore, the carbon may also be
exposed to a potential consumption by aerobic raspn at an unknown rate.

For an improved evaluation of the relationship tewcarbon quality and denitrification carbon
quality could be analyzed using methods such asAF¥ (Eimers et al., 2008; Kothawala et al.,
2015) and isotopic signature G€ in the dissolveihorganic carbon , which decreases during
heterotrophic denitrification (Aravena and RobemtstP98; Hosono et al., 2015; Lambert et al.,

2011).

4.2. Effects of river discharge and groundwater level
Based on the PLS-model, we observe a weak negafiuence of river discharge on DO depletion as
well as of river discharge on enrichmen8bN (Table 4, Figure 7e). This suggests that reactive
activity is lower during high discharges. Thisndine with previous studies (Ostrom et al., 2002;
Peter et al., 2012), where this effect was attebub the higher groundwater flow velocities during
events, leading to a shorter contact time to tklévsnt containing aerobic and anaerobic bacteria
(Findlay, 1995; Peter et al., 2012; Valett et H896). Our data is in line with this hypothesisttaes
magnitude of hydraulic gradients between river gruindwater show a negative effectsdN
enrichment. We argue that an additional mobilizatbcarbon during events that may fuel aerobic
respiration and denitrification is of only minorpartance. Although a significant mobilization of
carbon occurs during events (Eimers et al., 20@8¢cking et al., 2015; Meybeck, 1982; Musolff et al.
2015) it does not necessarily contain a higherazantf bioavailable carbon consisting of lower
molecular weights like amino acids and organic a¢iRbheke et al., 2017).
Interestingly, the PLS model further reveals tregitles river discharge, groundwater levels alswsho
a slightly negative correlation witi>N enrichment (Table 4, Figure 7f). This is in castrto several
other studies, which have suggested that during d¢pigundwater levels additional carbon and;NO
sources may be mobilized by groundwater tappingipper soil layers (Biron et al., 1999; Creed et

al., 1996; Hill et al., 2000) which can result ntieased denitrification activities (Burt et abD02;
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539 Gift et al., 2010; Hefting et al., 2004; Simmonskf 1992). However, groundwater level fluctuasion
540 at our field site in the near and intermediate gdwater zone are relatively small (< 0.6 m) andthu
541  additional mobilization of solutes from the uppeil fayer is limited.

542

543 4.3. Nitrate removal potential of the riparian zone

544  The fraction of N@ removed from the mass reflected in the initial;N€@ncentration for each well in
545 the near and the intermediate zone was calculatseldon the linear mixing model (Figure 8a, section
546  2.5.1) and the isotopic composition combined wlid apparent enrichment factor (re-arranging Eq. 2)
547  (Figure 8b, section 3.4). A strong seasonality lmawbserved over time, especially for the calcdlate
548  NOj; deficit fraction by the linear mixing model (Figu8a). Here, the highest fractions of removal
549  occur during the summer months (July to Octobed)iarthe near groundwater with varying NO

550 removal fractions between 15 % and 75 %. In thermédiate zone, only 20 % to 45 % variation can
551  be observed. In estimates of N@moval based on the isotopic data, this seaspimliess evident.

552  However, highest NOremoval fractions were also observed in the modiifsand August in 2015.
553  The lower removal fractions during the year 2014 loa explained by the low8tN values during

554  this time period (Figure 4a). Furthermore, compadeeithe linear mixing model results, the isotopic
555  method yields generally higher removal fractionstfe intermediate zone, which at certain times

556  were higher than in the near groundwater zone. Bathods yield removal fractions that are on the

557  order of NQ removal fractions found by other studies e.g. {@@p1990; Puckett and Hughes, 2005).

558  Average NQ@ removal rates over the entire period of in the raea the intermediate groundwater
559  zone were on the order of 1.0 mg-N/L/d and 3.1 migidN respectively. These values indicate that in
560 the intermediate zone the absolute amount of K€ng removed is about three times higher than in
561 the near groundwater zone, whereas the percentagmoval is slightly lower in the intermediate
562  zone, which is related to the higher Nncentrations in the intermediate groundwaters€éhalues
563  are within the large range of observed denitrif@matates for riparian zones (Addy et al., 2002k&a
564  and Vervier, 2004; Kellogg et al., 2005). We emjggshat based on our mixing model, thesNO

565  which is consumed in the near GW zone consistsilgf20 % NQ (0.2 mg-N/L/d) originating from
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566 the distant GW. Conversely, in the intermediate @GMve 60 % of the denitrified NO(1.9 mg-N/L/d)
567  originate from the distant GW. Therefore, the intediate GW zone is more important in terms of the
568 absolute rate of removal of groundwater borneyNédmpared to the near groundwater zone, where

569 mainly river borne N@ is removed.
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571  Figure 8: a) Nitrate deficit calculated by the Anenixing model over the sampling period for the
572  groundwater samples next to the river and withnéerimediate distance to the river. b) Denitrified
573  fraction of NQ based on the calculated apparent enrichment fadashed lines show the 25 and
574  75-Quantiles.

575
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576 5. Conclusions
577  River and groundwater hydrological, hydrochemical &otopic data from a four-weekly sampling
578  campaign over a two year period were statisticaligluated to quantitatively rank the factors that

579  control NG concentrations and denitrification efficiency vretriparian zone.

580 Close to the river, groundwater hydraulics and bgtemistry are strongly affected by river water
581 infiltration. Here, consumption of DO and the ehrieent ofs*°N and'®0 of the N@Q molecule

582  provide evidence for denitrification, especiallyidg the late summer months. In groundwater with a
583  river water fraction larger than 80%, temperatwe explain 67.8% of the variance in DO and 66.2%
584  of the variance "N using a simple exponential model. These highr nivater fractions occur at

585 locations where river water infiltrates into thpaiian aquifer (losing conditions), which presumgabl

586 is a key driver for the supply of bioavailable aamtfueling microbial activity.

587  On average, we estimated a N@epletion on the order of 40 % of the N€@oncentration in the

588 riparian aquifer within a zone of 100 m from theeri. In contrast to other studies, our data suggest
589 that hydrological factors that have been linkedndncreased mobilization of carbon sources, e.qg.
590  during high river discharges or high groundwateelg play a minor role for both consumption of DO

591 and denitrification.

592  Expanding on previous research on denitrificatioriparian zones, our study emphasizes that besides
593  temperature, the interactions between river andrgfevater and the resulting water and solute fluxes
594  play a crucial role in controlling reaction rat&sis knowledge could provide valuable guidance for
595 the design of river restoration measures, whicluhensure high connectivity between river and

596  groundwater to maximize denitrification potentials.

597

598
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1. Hydrochemical and isotopic data of 2-year sampling period in ariparian zone
2. Temperature can explain 67.8% of the variance in DO and 66.2% in *°N
3. Thehigher theriver water content in groundwater the higher is >N enrichment

4. Reactions depend on bioavailable carbon delivered by infiltrating river water



