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A B S T R A C T

The European Water Framework Directive (EWFD) aims to achieve a good chemical status for the
groundwater bodies in Europe by the year 2015. Despite the effort to reduce the nitrate pollution from
agriculture within the last two decades, there are still many groundwater aquifers that exceed nitrate
concentrations above the EWFD threshold of 50 mg L�1. Viticulture is seen as a major contributor of
nitrate leaching and sowing of a green cover was shown to have a positive effect on lowering the nitrate
loads in the upper 90 cm of the soil. However, the consequences for nitrate leaching into the subsoil were
not yet tested. We analyzed the nitrate concentrations and pore water stable isotope composition (d 2H)
to a depth of 380 cm in soil profiles under an old vineyard and a young vineyard with either soil tillage or
permanent green cover in between the grapevines. The pore water d 2H data was used to calibrate a soil
physical model, which was then used to infer the age of the soil water at different depths. This way, we
could relate elevated nitrate concentrations below an old vineyard to tillage processes that took place
during the winter two years before the sampling. We further showed that the elevated nitrate
concentration in the subsoil of a young vineyard can be related to the soil tillage prior to the planting of
the new vineyard. If the soil was kept bare due to tillage, a nitrate concentration of 200 kg NO3

�-N ha�1

was found in 290–380 cm depth 2.5 years after the set-up of the vineyard. The amount of nitrate leaching
was considerably reduced due to a seeded green cover between the grapevines that took up a high share
of the mineralized nitrate reducing a potential contamination of the groundwater.

ã 2016 Published by Elsevier B.V.

6 1. Introduction

7 At least since the EU council adopted the Nitrates Directive over
8 two decades ago the members of the European Union commit
9 themselves to reduce the nitrate pollution of European water

10 bodies by agricultural sources (European Council, 1991). This goal
11 was affirmed by the EU Water Framework Directive, whose
12 integrated river basin management aimed to get the groundwater
13 in Europe into a “good chemical status” by 2015 (European Council,
14 2000). The upper limit of 50 mg L�1 for nitrate in groundwater was
15 confirmed by the Groundwater Directive (European Council,
16 2006). However, despite the efforts in the last two decades, many
17 groundwater aquifers do not meet the quality standard of the EU
18 due to elevated nitrate concentrations. In agriculturally intense
19 catchments in the southwest of Germany, several groundwater
20 monitoring wells show nitrate concentrations that exceed the

21threshold of 50 mg L�1 and at some sampling locations, there is
22even an increasing trend (LUBW, 2009). The situation of the
23groundwater quality only improves slowly around the Kaiserstuhl
24located west of Freiburg i. Br., Germany, even though the average
25nitrate surplus decreased between 1980 and 2005 from 24 to
2611 kg N ha�1 and the average nitrate loads of leaching water
27declined from 57.9 mg L�1 in 1980 to 29.8 mg L�1 in 2005 (LUBW,
282008). Nevertheless, vine farming is seen as a relevant factor
29influencing high nitrate concentrations (Erhardt and Riedel, 2011).
30Under old vineyards in the study area, the nitrate-N concentrations
31in the upper 90 cm of soil are on average far below the control value
32of 90 kg N ha�1 defined by the Umweltministerium (2001). The
33concentration in the topsoil shows a decreasing trend for the
34monitoring period between 2001 and 2013 (LTZ, 2013). However,
35under young vineyards the nitrate-N concentrations are on average
36above the threshold in the first year (Erhardt et al., 2012). The
37elevated nitrate-N concentrations result from high Nitrate
38mineralization rates of organic matter developed in the previous
39vineyard and deeper soil tillage (e.g., land clearing and soil
40modification) as well as shallow soil tillage before and after
41planting (Erhardt et al., 2012; Rupp, 1988). These values decrease
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42 over the following years and approach the nitrate concentrations
43 of old vineyards after about four years (Erhardt and Riedel, 2013).
44 Thus, a possible nitrate leaching from vineyards is most likely
45 within the first year after planting the grapevines. The concentra-
46 tion of nitrate under young vineyards can considerably be reduced
47 by sowing a mixture of Phacelia tanacetifolia and Fagopyrum
48 esculentum and Sinapis alba in between the rows of grapevines
49 instead of keeping a bare soil due to tillage (Erhardt and Riedel,
50 2013). The green cover, sown in every second interrow one month
51 after planting, did not have any consequences regarding the
52 growth of the young vine plants in the first year (Erhardt and
53 Riedel, 2012; Erhardt et al., 2013).Q4
54 These studies dealing with an optimal nitrate supply of the
55 grapevines in the topsoil, while keeping the contamination of
56 groundwater by nitrate leaching low are promising. However, it is
57 yet unknown if the lowered nitrate concentration in the upper
58 90 cm due to sowing in the interrows on a vineyard also positively
59 influences the leaching of nitrate into the deeper soil eventually
60 reaching the groundwater. Soil physical modeling, including pore
61 water stable isotope data (d 2H) as a natural tracer for calibrating
62 the soil water balance and travel times, was shown to enable
63 tracing the water movement into deeper soil layers (Sprenger et al.,
64 2015). Though, a practical application and a validation with
65 another tracer have not been done so far. Based on the above
66 mentioned experiences and knowledge gaps we test the following
67 hypothesis in this study:

i.)68 The timing of the nitrate mineralization can be traced back by
69 pore water d 2H data.

ii.)70 The risk of nitrate leaching into the subsoil is higher under
71 young vineyards than under old vineyards

iii.)72 A permanent green cover reduces the nitrate loads in the
73 subsoil.

iv.)74 Soil tillage in winter increases the risk of nitrate leaching.

75 Our objective is to investigate the nitrate-N concentrations in
76 parallel with pore water d 2H data in the soil down to a depth of
77 380 cm. The pore water d 2H measurements will be used to infer
78 the water age in the soil to potentially relate an elevated nitrate
79 signal at a certain depth to the time the isotopic signal of the water
80 was introduced by the rainwater.

81 2. Methods

82 2.1. Study site

83 The study was conducted in the catchment of the groundwater
84 aquifer Freiburger Bucht in the west of Freiburg i. Br., Germany,
85 where the groundwater body showed a nitrate concentration
86 above the legal limit of 50 mg L�1. Vineyards are holding a
87 relatively high share of 12% of the catchment area and are often
88 established on terraces. The prevailing climate is temperate and for
89 the years 2008–2013, the annual average air temperature was
90 10.5 �C and the annual rainfall was 722 mm. With about 17 frost
91 days per year, snow does only occur occasionally. The studied soils
92 are silty Pararendzina on deep Pleistocene loess. The soil profile is
93 divided into a humus plowingQ5 horizon (Ap) in the upper 30 cm and
94 a relatively uniform parent material below. Investigations were
95 conducted in an old and a young vineyard, which are located in
96 about 3 km distance from each other. The old vineyard was
97 established in 1998. 70 kg N ha�1 of N-fertilization was applied by
98 sulfate of ammonia in the years 2011–2013. Two different
99 management practices were investigated: on the one hand, a

100 permanent green cover in between the grapevines (OldGC), and on
101 the other hand green cover with surface tillage and seeded green
102 cover in every 2nd interrow, which shifted every other year

103(OldST). The young vineyard was planted in May 2011. No
104fertilization was done in 2011, but sulfates of ammonia were
105applied to add 30 kg N ha�1 in 2012 and 50 kg N ha�1 in 2013.
106Similar to the old vineyards, the management practice at young
107vineyards was studied. At one site, a permanent green cover with a
108mixture of P. tanacetifolia and F. esculentum and S. alba was sown in
109every second interrow one month after planting the vineyards
110(NewGC). In every other row a green cover was seeded four months
111after the planting of the grapevines. In this study, the latter
112interrows were not considered. At the other study site in the young
113vineyard, the soil was kept bare with surface tillage in the first year
114(NewST). An overview of the management practice and schedule
115for the years 2010–2012 at the four different sites is given in
116Table 1.

1172.2. Soil sampling

118Soil sampling was conducted on the 4th and 5th of November
1192013 at the young and old vineyards, respectively. At each of the
120four study sites, soil cores with a diameter of 8 cm to a depth of
121380 cm were drilled. Soil sampling was done in approximately 5 cm
122intervals and of each sample of approximately 265 cm3 volume
123about 40 g were taken for the nitrate analysis and the remaining ca.
124250 g were used to determine the d 2H of the pore water. The soil
125samples for the nitrate analysis were cooled after the sampling and
126stored frozen at �20 �C until analysis. The nitrate analyses were
127done according to LTZ (2001) and values of kg NO3

�-N ha�1 were
128obtained by assuming a bulk density of 1.3 in the upper 30 cm and
1291.5 below 30 cm. Since a green cover was sown only in every second
130interrow, but only the interrow of the green cover was sampled in
131NewGC, an upscaling of the point sampling into space is not
132possible. The pore water d 2H analyses were done according to
133Wassenaar et al. (2008) as described in more detail by Sprenger
134et al. (2015). The measured isotopic signal is given as d 2H in [m]
135relative to the Vienna Standard Mean Ocean Water (VSMOW). The

Table 1
Overview of the different management practices at the studied vineyards for the
years 2010–2012.

Year Date Management practice OldGC OldST NewGC NewST

2010 Oct. Vineyard removal X X
8th Nov. Plow (25 cm) X X

2011 27th April Disc harrow (3 cm) X X
29th April Power harrow (7 cm) X X
3rd May Planting of vineyards X X
3rd May Mulching X X
4th May Rotary hoe X
21st May Power harrow (7 cm) X X
31st May Sowing X X
15th June Mulching X X
20th June Power harrow (7 cm) X
4th July Mulching X X
11th Aug. Power harrow (7 cm) X
2nd Sept. Power harrow (7 cm) X
24th Sept. Mulching X X
29th Dec. Disc harrow X

2012 26th April Mulching X X
30th April Power harrow (2 cm) X X
2nd May Power harrow (6 cm) X
3rd May Sowing X
23rd May Mulching X
6th June Mulching X X
15th June Mulching X
20th June Power harrow (6 cm) X
26th June Power harrow (6 cm) X
17th July Mulching X X
18th July Mulching X X
5th Sept. Mulching X X
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136 precision for the pore water d 2H analyses is 1.16m and defined here
137 as the average standard deviation during two-minute long
138 measurements of the headspace that was in isotopic equilibrium
139 with the pore water. The vapor was directly sampled with a
140 wavelength-scanned cavity ring down spectrometer (WS-CRDS,
141 Picarro, Santa Clara, USA).

142 2.3. Pore water age dating

143 In order to infer the water age of the pore water sampled in the
144 early November 2013, we used the soil physical model HYDRUS-1D
145 (Šimu�nek et al., 2012). The transient water flow was simulated by
146 numerically solving the Richards equation. The required soil
147 hydraulic parameters that describe the water retention and
148 hydraulic conductivity function in according to the Mualem–van
149 Genuchten model are (van Genuchten, 1980): the residual and
150 saturated volumetric water contents (ur [L3 L�3] and us [L3 L�3],
151 respectively), the inverse of the capillary fringe thickness (a [L�1]),
152 two shape parameters (n [�], and m [�], where m = 1 � 1/n), and
153 the saturated hydraulic conductivity (Ks [LT�1]). We simulated the
154 transport of d 2H according to the advection–dispersion model,
155 which requires the dispersivity parameter l [cm]. Since d 2H is
156 usually negative in rainwater and pore water, an arbitrary offset
157 (+100m) was added to get positive values. The potential
158 evapotranspiration was estimated by the Hargreaves Formula,
159 partitioning of the evapotranspiration was done according to the
160 estimated surface cover fraction of the vineyards (Beers law,
161 Ritchie (1972)), and the root water uptake was simulated according
162 to the Feddes model (Feddes et al., 1978), with parameters for
163 grapevines given by Wesseling (1991). The surface cover fraction of
164 the vegetation on the study sites was assumed to be 0.1 for the
165 dormant season (1st November–1st of March) and 0.7 for the
166 growing season (1st of May–1st of September). In the transition
167 period, a linear increase and decrease, respectively, of the surface
168 cover fraction was assumed. The maximum rooting depth was
169 estimated from the soil cores to be 100 cm for the old vineyards. For
170 the time period between November 2010 and May 2011, the
171 rooting depth was set zero for NewST and NewGC, because ofQ6 the
172 demolition of an established vineyard and the set-up of a new
173 vineyard at these sites. Rooting depth was assumed to increase to
174 60 cm by September 2011, to 80 cm by June 2012, and to be at
175 100 cm fromQ7 August 2012 onwards. The root distribution was
176 assumed to decrease exponentially in accordance to Hoffman and
177 van Genuchten (1983). Snow fall was considered and the snow
178 melt was modeled by a degree-day method. The upper boundary of
179 the model was defined by the precipitation input and evapotrans-
180 piration output, while the d 2H data was represented by flux
181 concentrations in the precipitation (Fig. 1) and evapotranspiration.
182 Since solute flux concentrations in the evaporating water are
183 usually not accounted for in the HYDRUS code, we used a modified
184 code according to Stumpp et al. (2012) in this study. The lower
185 boundary was defined as a free drainage including flux concentra-
186 tion of d 2H. As initial conditions, we chose a soil moisture of
187 0.15 cm3 cm�3 as sampled in the soil core for the subsoil and a d 2H
188 of �57m, which is the weighted average of the precipitation input.
189 The isotopic composition of the precipitation was sampled in a
190 vineyard in ca. 12 km distance in Eichstetten between June
191 2011 and July 2013. Isotope data from rainfall at the Schauinsland
192 was taken for the period September 2008–June 2011. Since the
193 Schauinsland is at about 1000 m higher altitude than the study
194 sites, the isotope data was corrected for elevation effects by linear
195 regression with data from Eichstetten (r2 = 0.77). The precipitation
196 and the air temperature were measured at a meteorological station
197 ca. 3 km away (Opfingen). For the simulation, the 380 cm soil
198 profile was discretized into 101 nodes with higher node density at
199 the top of the soil profile. Since the soil survey showed no

200pronounced differences of the texture over depth, no horizontation
201was done for the model setup. Thus, the number of required soil
202hydraulic parameters was 6.
203These six parameters were calibrated by fitting the simulated to
204the observed pore water d 2H profiles. The objective function
205describing the model efficiencies of each parameter set was
206defined according to the Kling–Gupta-efficiency (Kling et al., 2012).
207The best parameter set was searched within a defined parameter
208space by the Shuffled Complex Evolution algorithm (Duan et al.,
2091994). For more details regarding the model setup and calibration,
210the reader is referred to (Sprenger et al., 2015).
211In order to determine the fate of the rain water in the simulation
212period between 2009 and 2013, we tracked the precipitation of
213each rainy day with a virtual tracer as proposed by Sprenger et al.
214(2015). The transport of the virtual ideal tracer was simulated in a
215forward mode with the site specific calibrated HYDRUS-1D model.
216In accordance to Sprenger et al. (2016), the median of the tracer
217breakthrough curves at 100 cm depth was calculated for every
218precipitation input, which defines the time variable median travel
219time of the recharge (mTT), as this depth is the maximum root zone
220in the model. The maximum of the cumulative tracer breakthrough
221curves gives for each rainy day the partitioning between recharge
222and evapotranspiration of the input water (Q/P). For selected rainy
223days, we traced the fate of the rain water in the profile to show the
224distribution of the water over the soil depth at the beginning of
225November 2013, when the nitrate profiles were taken. In Fig. 1, we
226show exemplary the timing of the first rain event after the sowing
227of the green cover was done a month after the set-up of the young
228vineyards (31st of May 2011) and of the first rain after soil tillage at
229the old vineyards (30th of December 2011). The precipitation of
230these two dates was traced for the young vineyards (NewST and
231NewGC) and the old vineyard where soil tillage was done (OldST),
232respectively.

2333. Results

2343.1. Nitrate-N concentrations

235The total nitrate concentrations of the upper 90 cm for all study
236sites was clearly below the threshold of 90 kg NO3

�-N ha�1 as
237defined for the upper 90 cm by the Umweltministerium (2001). At
238all sites, except OldGC, the nitrate concentrations decreased within
239the first 50 cm to values below 0.5 kg NO3

�-N ha�1 for the 5 cm

Fig. 1. Time Q12series of daily rainfall and its monthly or bi-weekly deuterium
composition d 2H. The arrows show the timing of the set-up of the young vineyards
(red, 24th of May 2011), the timing of the soil tillage at one of the old vineyards
(blue, 30th of December 2011), and the timing of the sampling of nitrate
concentrations and water stable isotopes of the pore waters (4th and 5th of
November 2013). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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240 intervals and stayed that low until 200 cm depth (Fig. 2). Between
241 200 and 350 cm, OldST showed elevated nitrate concentrations,
242 peaking at 270 cm depth with 1.8 kg NO3

�-N ha�1. From 250 cm on,
243 the nitrate concentrations of both NewST and NewGC rose over the
244 depths and peaked at the lower end of the profiles. The increase in
245 nitrate started higher in the profile and the increase was more
246 pronounced for NewST than for NewGC. At NewST, the nitrate
247 concentration reached a maximum of 14 kg NO3

�-N ha�1 and the
248 nitrate concentration peaked for NewGC at 4.3 kg NO3

�-N ha�1. For
249 both sites under young grapevines, it was not clear if the nitrate
250 concentration increased further below the maximum sampling
251 depth of 380 cm. There were in each of the four sampled profiles

252peaks of nitrate concentrations that had elevated values compared
253to the same depths at the other sites.

2543.2. Stable isotope composition

255The pore water d 2H profiles showed all a sinusoidal variation
256(Fig. 3). One peak of depleted d 2H of �70 to �80m was present for
257all four sites between �100 and �120 cm. The peaks of enriched

d 2H of �30 to �43m were less pointed, but wider than the first one
258and was between �220 and �270 cm. Another peak of depleted

d 2H was between 330 and 380 cm depth, where the d 2H values
259were about 10m higher than for the upper peak (�60 to �70m).
260NewGC showed generally a slightly more dampened signal than

Fig. 2. Nitrate-N depth profiles on the 4th and 5th of November 2013 under
vineyards in yield with permanent green cover in between the rows of grapevines
(OldGC) or periodical soil tillage in the rows (OldST) and new established vineyards
with permanent green cover in between the rows of grapevines (NewGC) or bare
soil due to soil tillage in the rows (NewST). Sampling interval was approx. 5 cm.

Fig. 3. Isotopic signal d 2H in pore waters for the four different studied soils on the
4th and 5th of November 2013. The accuracy of the d 2H analyses as the average
standard deviation is shown with error bars below the legend.

a) b)

c) d)

Fig. 4. Observed (points) and simulated (lines) deuterium composition in the pore waters of the four different study sites. For the site NewST (a), also the simulation using a
pedotransfer function is shown (grey line). The accuracy of the d 2H analyses as the average standard deviation is shown with error bars below the legend.
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261 the other isotope profiles. NewST had a peak of depleted values in
262 the top 30 cm, which was not present for the other isotope profiles.
263 Beside these anomalies, in most of the depths, the d 2H values of
264 the different sites did not differ more than the precision of the
265 analysis of the pore water d 2H analysis (d 2H = 1.13m).

266 3.3. Calibration of the model

267 The inverse modeling procedure found soil hydraulic param-
268 eters that can reproduce the observed pore water d 2H data (Fig. 4).
269 The KGE ranged between 0.83 and 0.89 and indicated a good fit
270 between simulations and observations (Table 2). The first peak of
271 depleted d 2H was in the simulated isotope profiles in the correct
272 depth, but the isotopic composition was slightly enriched
273 (max. + 8m) compared to the observations. The depth of the
274 second peak was also well represented in the simulations and the
275 deviation between observation and simulation exceeded only for
276 OldGC the accuracy limit of the pore water d 2H analyses (Fig. 4d).
277 Toward the profile bottom, the pore water d 2H data were well
278 reflected for the sites NewST and OldST, while for the other two
279 sites, the simulations were enriched compared to the observations.
280 The simulations for NewGC tended generally to be enriched and
281 the dampening of the signal was overestimated (Fig. 4c). The
282 simulation for OldGC showed at the bottom of the soil profile an

283offset toward increased percolation rates compared to the
284observations (Fig. 4d). An application of soil hydraulic parameters
285derived from the pedotransfer function by Schaap et al. (2001) for a
286silty soil showed that these parameters underestimate the
287percolation into the subsoil. In the simulation with pedotransfer
288functions, the precipitation input has even not reached the 200 cm
289depth plane after 5 years (grey line in Fig. 4a), while the inversely
290estimated parameters indicate faster percolation rates.

2913.4. Water tracking

292The simulations with the site specific calibrated soil hydraulic
293parametersshowedthatthewaterflowand solutetransportdoes not
294differ a lot between the study sites (Fig. 5). The evapotranspiration
295was between 430 and 580 mmyear�1over the simulationperiod and
296varied at most by 110 mmyear�1 between the sites in 2011 (Fig. 5a).
297The maximum differences between the sites for the recharge were
298given in 2012 with 140 mmyear�1. Generally the recharge amount
299varied considerably between 55 and 290 mmyear�1 within the
300simulation period (Fig. 5b). The temporal dynamic of the mTT to pass
301the 100 cm depth plane was mainly driven by the precipitation
302pattern and ranged between 45 and 450 days (Fig. 5c). The ratio
303between the amountof the precipitation thatendedupin recharge to
304the amount of evaporated water was governed by the seasonal

Table 2
Soil hydraulic parameters derived by inverse modeling and the goodness of fit, given as the Kling–Gupta-efficiency (KGE).

Study site ur
(cm3 cm�3)

us
(cm3 cm�3)

a (cm�1) n
(�)

Ks

(cm d�1)
l
(cm)

KGE (�)

NewGC 0.116 0.343 0.0025 1.793 134.5 5.33 0.83
NewST 0.138 0.393 0.0010 2.307 327.5 3.28 0.86
OldGC 0.141 0.354 0.0013 2.068 393.3 4.61 0.87
OldST 0.106 0.545 0.0011 2.369 395.3 3.48 0.89
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Fig. 5. Annual cumulative fluxes of evapotranspiration (a) and recharge (c), median travel time through the upper 100 cm (b), and the ratio between recharge and
evapotranspiration (d). The vertical lines show the timing of the set-up of the young vineyards (dark grey, 24th of May 2011) and the timing of the soil tillage at one of the old
vineyards (light grey, 30th of December 2011). The last year of the simulation (2013) is not shown for the travel time simulations (b and d), because the virtual tracer did not
fully pass the 100 cm depth plane, which makes a calculation of the mTT and Q/P impossible.
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305 pattern of evapotranspiration (Fig. 5d). Up to 87% of the rain water
306 that fell at the end of 2010 or 2012 became recharge, while water that
307 entered the soil at the beginning of the years was more likely to leave
308 the soil via evapotranspiration (Q/P < 0.1). The rain water that fell in
309 January needed relatively long to percolate through the upper
310 100 cm soil (mTT is between 250 and 400 days) and in the
311 meantime, water could get transpired since it was still in the root
312 zone.
313 In order to estimate the age of the pore water in the depths
314 where elevated nitrate concentrations were found at the beginning
315 of November 2013, we computed the distribution of water of
316 several rainfall events (Fig. 6). For NewST, the precipitation input
317 after the set-up of the vineyard (31st of May 2011) was traced. The
318 simulation showed that the rainfall from the end of May
319 2011 reached after 2.5 years soil depths between 250 cm and
320 >380 cm (Fig. 6a). The peaks of the traced precipitation water and
321 the nitrate concentrations coincided at about 350 to 380 cm depth.
322 For NewGC, where the fit between observed and simulated pore
323 water d 2H was not as good as for the other three sites, also the fit
324 between observed elevated nitrate concentration and the distri-
325 bution of the precipitation input after the set-up of the vineyard
326 did not match very well (Fig. 6b). The peak in the distribution of the
327 rainwater from the 31st of May 2011 was located above the peak of
328 the nitrate concentration. Thus, the simulated percolation process
329 seemed to be slower than the observed nitrate displacement.
330 At OldST, elevated nitrate concentrations was between 220 and
331 350 cm. Tracing of the water of a precipitation event just after soil
332 tillage at the end of 2011 showed that the rainfall of that time has
333 reached exactly the depths of elevated nitrate concentrations
334 (Fig. 6c). At OldGC, no tillage took place, but still, an elevated
335 nitrate concentration was found between 80 and 130 cm depth.
336 The pore water in these depths was mainly rainwater from May
337 2013 according to our simulations (Fig. 6d). However, no tillage
338 was reported for May 2013 and thus, the origin of the nitrate
339 cannot be referred to a certain management practice.

3404. Discussion

3414.1. Water stable isotopes

342The observed pore water d 2H profiles show how the isotopic
343signal of the rain water over time is preserved in the unsaturated
344soil profile. However, the input signal is dampened due to mixing
345processes. For example, the depleted d 2H values from the winter
3462012/2013 that reached values as deep as �100 to �120m are not
347present in the isotope profiles. Therefore, the percolation does not
348follow piston flow processes, but mixing of newly introduced
349water with “old” water takes place. The isotope profiles seem to
350directly reflect the seasonal variation of the isotopes in the rainfall.
351However, due to the dry and warm winter 2011/2012, it is not
352possible to simply refer the peak of isotopic enriched water to a

a) b)

c) d)

Fig. 6. Comparison between observed nitrate concentrations and simulated travel time distributions of water across the profile on the 4th of November 2013. The rainfall that
was traced for the two young vineyards was from the 31st of May 2011, just after their set-up (a and b). For OldST, a rainfall from 30th of December 2011 was traced, which was
just after soil tillage at that site (c). For OldGC, a rain event from the 19th of May 2013 was traced (d).
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Fig. 7. Nitrate in the topsoil in June 2011 and in the subsoil in November 2013 at the
newly established vineyards with soil tillage (red) and green cover (brown) and the
vineyards in yield with soil tillage (light blue) and green cover (dark blue). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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353 summer and the depleted peak of isotopic depleted water below to
354 the subsequent winter. During the winter of 2011/2012, little
355 precipitation occurred and the rainwater was relatively enriched
356 compared to the other winters in the simulation period (Fig. 1).
357 Consequently, a peak of depleted water did not establish in the
358 isotope profiles. Instead, pronounced rainfall in spring and
359 summer introduced water with an enriched isotopic signal into
360 the profile. As a result, the peaks of isotopic enriched pore waters in
361 about 250 cm depth are wider, since they do not consist of water
362 that fell within one summer, but water between the summer
363 2011 and the summer 2012.
364 The isotope profiles of 380 cm depth hold high information
365 contents, because they are shaped by the hydrological processes of
366 the last 3 years. Thus, the applied inverse modeling approach,
367 which made use of the isotope profile data, has a solid base. The
368 fact that the deviation between observed and simulated data is
369 relatively small indicates that the major processes were reflected
370 in the soil physical modeling. Nevertheless, the results for the site
371 NewGC show the limits of the approach, since the simulated pore
372 water d 2H data is shifted toward more isotopic enriched water
373 compared to the observations. The isotope profile at NewGC differs
374 from the other sites by less pronounced isotopic peaks and also the
375 soil hydraulic parameters derived by inverse modeling differ from
376 the other sites. However, it seems that the parameter set for
377 NewGC does not reflect adequately the water flow and transport
378 processes, but underestimates the percolation rates. The deviation
379 between observed and simulated pore water d 2H data in the upper
380 50 cm at all sites is due to missing isotopic input data for the last
381 four month of the simulation period. The assumed constant
382 concentration does not reflect the isotopic composition of the
383 rainfall. However, compared to the long simulation period of over
384 five years, the information of the upper 50 cm does not play a big
385 role for the inverse modeling approach.
386 The water balance simulations show that the model parameters
387 result generally in a realistic representation of the vadose zone
388 processes. The annual evapotranspiration of around 500 mm are
389 close to evapotranspiration estimates with the aerodynamic
390 profile method based on measured turbulent heat fluxes in a
391 nearby scots pine forest (Imbery, 2005). Regarding the recharge
392 fluxes, average values of 300 mm per year are reported for the
393 study region (LUBW, 2008), which is in line for our simulated
394 recharge fluxes for wet years (2012 and 2013). However, in
395 relatively dry years like 2009 and 2011, the recharge flux is likely to
396 be lower according to our simulations. The application of
397 pedotransfer functions does not capture the hydrological process-
398 es, since it failed to simulate the observed pore water d 2H data.
399 AlsoQ8 the common approach to infer travel times through the vadose
400 zone by lumped transport models (e.g., Maloszewski et al., 2006),
401 would not have been applicable, since these models require time
402 series of flow concentrations of tracer data. Such data are difficult
403 to collect in the field at depths deeper than 300 cm.

404 4.2. Nitrate-N below vineyards

405 The nitrate sampling showed clearly that there are elevated
406 nitrate concentrations under young vineyards compared to old
407 vineyards. The elevated nitrate concentrations at NewST can be
408 referred to water input into the soil profile that happened just after
409 the set-up of the vineyards. For NewGC, the simulation result
410 cannot directly relate the high nitrate concentration to the time of
411 the set-up of the vineyards. The mismatch for NewGC is due to a
412 representation of the soil hydraulic parameters that cannot reflect
413 properly the water flow and solute transport processes. For OldST,
414 the fit between elevated nitrate concentrations and the distribu-
415 tion of the rainwater that fell just after soil tillage in winter shows
416 the impact of soil tillage for nitrate leaching. Even though the

417nitrate loads are relatively low, they clearly show higher values
418compared to OldGC, where no tillage was applied. In contrast,
419OldGC shows elevated nitrate concentrations at about 100 cm
420depth, which cannot be referred to soil tillage, but stems from
421nitrate mineralization in May 2013 according to our simulations.
422The applied method, where the rainwater was traced through
423the soil profile, cannot tell us directly about the fate of nitrate
424under vineyards. We follow the water flow with an ideal tracer.
425Thus, we do not consider any turnover processes that might
426happen with nitrate and uptake by the vegetation follows one-to-
427one with the water uptake. Nevertheless, the simulations of tracing
428rainwater show at what time the soil water of elevated nitrate
429concentrations in the subsoil was mineralized in the topsoil. The
430successful relation between age dating of the pore water and the
431mineralization of nitrate in the topsoil shows the potential of pore
432water stable isotope data for investigating vadose zone travel
433times.
434We can infer that nitrate does not only get mineralized in the
435topsoil, but also leaches downwards over the years, because the
436elevated nitrate-N concentration in the subsoil coincides with the
437water distribution of the rain after the set-up of the vineyard for
438NewST. Although nitrate was already mineralized at the sites
439NewST and NewGC due to plowing about 6 months before the set-
440up of the young vineyard, the differences in management practice
441between the two study sites started with the sowing a green cover
442in every second interrow at NewGC after the set-up of the young
443vineyards. Therefore, we chose to trace the rainwater of that
444moment. Since nitrate has passed the rooting zone, the observed
445nitrate will reach the groundwater. A comparison between the
446nitrate concentrations in the upper 90 cm after the set-up of the
447young vineyards (Erhardt and Riedel, 2013) in June 2011 with the
448nitrate concentrations in the lowest 90 cm of the profile
449(290–380 cm) in November 2013 shows that the same amount
450of nitrate was leached down into the subsoil under NewST (Fig. 7).
451Thus, the nitrate concentration in the subsoil exceeds by far the
452control value of 90 kg NO3

�-N ha�1 for the upper 90 cm soil depth
453as defined by the Umweltministerium (2001). In contrast, under
454NewGC, much of the nitrate that was mineralized in the top soil
455before and during the set-up of the vineyards was taken up by the
456seeded green cover before it could leach toward the subsoil. In
457addition, in contrast to NewST, no further nitrate mineralization
458due to tillage took place at NewGC. Consequently, in the profile of
459NewGC, there are no nitrate concentrations that reach the
460threshold. Also the soils under old vineyards are always below
461the control value of 90 kg NO3

�-N ha�1 for 90 cm soil depth.

4625. Conclusion

463The sampling of nitrate in soil down to 380 cm below old and
464young vineyards showed that the differences of soil tillage practice
465to permanent green cover are not limited to the usually sampled
466upper 90 cm. The pore water d 2H data could be reproduced with
467the soil physical model for three out of the four considered sites.
468The application of the model for the three sites to date the origin of
469the nitrate supported the hypothesis regarding the implication of
470management practices in viticulture. The nitrate that is mineral-
471ized due to soil tillage in the topsoil leaches into the subsoil where
472it eventually enters the groundwater. This is true for old vineyards,
473were elevated nitrate concentrations can be related to tillage
474during the winter, the dormant season, when the vegetation does
475not use nitrate. However, the nitrate loads are generally relatively
476low under old vineyards and the groundwater contamination
477seems to be little from these sites. Though, below young vineyards,
478where the interrows between the grapevines were kept free of
479vegetation after the set-up of the vineyards, the nitrate concen-
480tration in the subsoil indicates a pollution of the groundwater.
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481 However, new established vineyards amounted to only 2.4% of the
482 area under vines in Baden in 2012 (Bärmann et al., 2013).
483 Nevertheless, this impact can be significantly lowered due to
484 sowing of a green cover after the set-up of the vineyards. This way,
485 much of the mineralized nitrate is taken up before it can leach into
486 the subsoil. Thus, we confirm with our study the current
487 recommendations of sowing a green cover, at least every second
488 interrow after planting, between young grapevines. Since green
489 cover can also have devigorating effects on vines (Guerra and
490 Steenwerth, 2012) and young vines do not wide spread root system
491 like in old vineyards, winegrowers must respond to dry conditions
492 during the growing season. However, in winter, the soil of new
493 established vineyards must be covered with vegetation. Not only to
494 reduce the impact on groundwater, but also to prevent soil erosion.
495 Furthermore, the periodical soil tillage can have an impact on
496 nitrate leaching and should therefore be applied in periods, where
497 travel times in the root zones are likely to be long and vegetation is
498 active. That way, nitrate that is mineralized is likely to travel long
499 time within the rooting zone and can potentially be used by the
500 vegetation before it leaches toward the groundwater.
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