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Abstract Deterioration of groundwater quality due
to nitrate loss from intensive agricultural systems can
only be mitigated if methods for in-situ monitoring of
nitrate leaching under active farmers’ fields are avail-
able. In this study, three methods were used in paral-
lel to evaluate their spatial and temporal differences,
namely ion-exchange resin-based Self-Integrating
Accumulators (SIA), soil coring for extraction of
mineral N (Nmin) from O to 90 cm in Mid-October
(pre-winter) and Mid-February (post-winter), and
Suction Cups (SCs) complemented by a HYDRUS
1D model. The monitoring, conducted from 2017
to 2020 in the Giu Valley in the Swiss Central Pla-
teau, covered four agricultural fields. The crop rota-
tions included grass-clover leys, canola, silage maize
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and winter cereals. The monthly resolution of SC
samples allowed identifying a seasonal pattern, with
a nitrate concentration build-up during autumn and
peaks in winter, caused by elevated water percolation
to deeper soil layers in this period. Using simulated
water percolation values, SC concentrations were
converted into fluxes. SCs sampled 30% less N-losses
on average compared to SIA, which collect also the
wide macropore and preferential flows. The differ-
ence between Nmin content in autumn and spring was
greater than nitrate leaching measured with either STA
or SCs. This observation indicates that autumn Nmin
was depleted not only by leaching but also by plant
and microbial N uptake and gaseous losses. The posi-
tive correlation between autumn Nmin content and
leaching fluxes determined by either SCs or SIA sug-
gests autumn Nmin as a useful relative but not abso-
lute indicator for nitrate leaching. In conclusion, all
three monitoring techniques are suited to indicate N
leaching but represent different transport and cycling
processes and vary in spatio-temporal resolution.
The choice of monitoring method mainly depends
(1) on the project’s goals and financial budget and
(2) on the soil conditions. Long-term data, and espe-
cially the combination of methods, increase process
understanding and generate knowledge beyond a pure
methodological comparison.
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Introduction

Problems with deteriorating water quality have
emerged worldwide during recent decades. This issue
is partly linked to intense agriculture that plays a
crucial role in environmental pollution (Rockstrom
et al., 2009) and, specifically, in the degradation of
groundwater quality (Bohlke, 2002). One critical
compound in this context is nitrate (NO;~) originat-
ing from crop nitrogen (N) fertilisation. N is added to
soil as it is the main limiting factor for crop growth
in agricultural production (Kanittel et al., 2012). How-
ever, excess quantities of N are leached in the form
of NO;™ due to its negative charge and subsequently
transported from the soil compartment through the
vadose zone into the aquifers (Cameron et al., 2013).
Consequently, NO;™ is the most common pollutant of
aquifers, resulting in failure to meet quality criteria in
18% of the European groundwater body areas (Euro-
pean Environment Agency, 2018). A certain loss of
N is inevitable in agricultural systems (Adesemoye
et al., 2008; Jabloun et al., 2015). More specifically,
the NO;™ leaching rate increases with fertiliser input
(Cameron et al., 2013; Steinshamn et al., 2004).
Several studies specified that this nitrate leaching
responds exponentially rather than linearly to the fer-
tiliser load (Wang et al., 2019) or the N surplus (Zhao
et al.,, 2016). Besides the N application rate, addi-
tional leaching factors in agriculture are crop rotation,
field management including ploughing activities, fer-
tiliser type and timing of application, irrigation, as
well as soil type and climatic conditions (Cameron
et al., 2013).

To protect groundwater and drinking water quality,
nutrient management in agricultural systems gained
prominence since the early 1990s (EU Commission,
1991). Several governments on national and regional
levels have implemented nitrate abatement strategies
in vulnerable catchments, ideally in close collabora-
tion with farmers. These mitigation programs need
close and case-specific monitoring to guarantee their
effectiveness and efficiency. Typically, groundwater
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monitoring includes measuring the NO;~ concentra-
tion in drinking water pumping stations, piezometers,
wells, drainage pipes, or natural springs. The moni-
toring enables the identification of long-term trends
in nitrate concentration, observations of the impact of
the regional mitigation strategy, and data acquisition
for comparison of nitrate concentrations to regula-
tory limits. However, the spatial and temporal reso-
lution of such groundwater monitoring is low. This
fact leads to several drawbacks for evaluating nitrate
mitigation strategies realised on specific fields (Singh
et al., 2017). First, many fields and their individual
nitrate remediation strategies are spatially integrated
into one single measurement. It is thus only possible
to see the mixed effect of all fields and all mitigation
measures. Second, as there is a flow path distance
between the entry and the outlet of the system, i.e.,
a given field and the monitoring well, there is a lag
of months up to several years between activity on
the surface and a visible effect at the monitoring site
(Bohlke, 2002; Vero et al., 2018; Wang et al., 2013).
This delay needs to be considered in all stages of
remediation, e.g., developing and assessing suitable
policy and adjusting an existing nitrate mitigation
strategy.

Results obtained at groundwater monitoring points
are always subject to a multitude of influences. It is
thus effectively impossible to trace a specific signal
like a “hot spot” or a “hot moment” in NO;~ leach-
ing with monitoring in the pumping well or spring
capture zone only (McClain et al., 2003, Gabriel
et al., 2016), or to draw conclusions about the effect
of a nitrate remediation strategy applied on a single
field. Such large-scale monitoring alone may thus be
insufficient to understand the behaviour of nitrate in
an agricultural system. To make rational decisions,
specific data is often required on the field or sub-field
scale, i.e. the scale at which farmers act.

Several techniques are known for soil and vadose
zone monitoring at or beneath individual agricul-
tural fields, but no standard method has been defined.
Lysimeters can be used to develop an understanding
of processes. With these installations consisting of a
large vessel filled with a disturbed or undisturbed soil
monolith from a field, water flow and solute transport
can be investigated (Abdou & Flury, 2004). However,
for monitoring the in-situ processes and the heteroge-
neity in the field, other instruments are needed.
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Suction cups (SCs) are versatile and can easily
be installed directly in the field. A continuous suc-
tion is applied to the tubing system to transport the
water from soil pores to the collection unit. In gen-
eral, SCs allow for continuous pore water sampling
in the soil under a specific field (Barbee & Brown,
1986; Grossmann & Udluft, 1991). However, SCs
have been criticised for only sampling the soil matrix
(Barbee & Brown, 1986; Grossmann & Udluft, 1991;
Webster et al., 1993; Fares et al., 2009; Wang et al.,
2012, Singh et al., 2017).

In contrast, passive sampler methods based on ion
exchange resins (Skogley, 1992) were able to sample
bromide transport in macropores under unsaturated
flow conditions (Li et al., 1993; Yang & Skogley,
1992). In this method, nutrients are adsorbed to the
resin from the percolating soil water until the device
is retrieved. The resin is subsequently analysed in
the laboratory by desorption. The method is suited
for monitoring over an extended period, whereas
frequent sampling with subsequent temporal aggre-
gation becomes redundant. The result is related to a
specific area and can be scaled up to a time-integrated
leaching flux per hectare. Bischoff (2007) developed
and validated a specific methodology, resulting in a
device called Self-Integrating Accumulator (SIA).

A completely  different  approach  based
on soil sampling and extraction of mineral N
(N-NO;~ +N-NO,”+N-NH,*) is often used for nutri-
ent monitoring on the field level. The Nmin value indi-
cates how much plant-available N is currently stored in
the soil (Wendland et al., 2018). For soil samples col-
lected in spring, Nmin values are widely used to cal-
culate or adjust the fertiliser level in the upcoming sea-
son. In autumn, however, the Nmin value describes the
amount of mineral N that was not incorporated into the
plant or microbial biomass during the growing season
(Klages et al., 2018) and thus is prone to relocation into
deeper soil layers (Wendland et al., 2018). Therefore,
this Nmin value is regarded as an indicator for the N
loss potential during the winter months (Haberle et al.,
2009), when leaching is generally higher due to higher
precipitation, less evaporation, and limited plant growth
and water uptake. In the German federal state of Baden-
Wiirttemberg, the direct payments for each farmer even
depend on the autumn Nmin value (Umweltministerium
Baden-Wiirttemberg, 2001).

The examples described above show that sev-
eral monitoring systems for nitrate leaching from

agriculture are available. All these methods allow
measurement in fields under active cultivation, but
they differ regarding spatial and temporal resolution
as well as workload and financial expenditure. While
a few qualitative reviews and partial comparisons
exist (Webster et al., 1993; Ramos & Kucke, 2001;
Anger, 2002; Fares et al., 2009; Wang et al., 2012,
Singh et al., 2017), no systematic comparison has
so far been made with a data set acquired in a sin-
gle field study. Furthermore, a complete compilation
and comparison of advantages and disadvantages for
nitrate monitoring at field-scale are needed.

The study aimed to compare the spatial and tempo-
ral resolution of the chosen monitoring methods and
evaluate advantages and disadvantages in the instal-
lation, maintenance, and costs to suggest a suitable
technique for efficient and effective nitrate groundwa-
ter monitoring. Thus, the focus is on a methodological
comparison rather than discussing the reasons for dif-
ferences in leaching itself. The methods selected for
this study were suction cups (SCs), Self-Integrating
Accumulators (SIA), and Nmin soil coring (Nmin).
With this research approach, the nitrate leaching on
four agricultural fields was quantified, including cur-
rent management practices as well as implemented
leaching mitigation measures.

Methodology
Study site

This study was conducted on four agricultural fields
(H1, H2, H3, H4) in the G&u Valley in the Swiss Cen-
tral Plateau. The region is characterised by intense
agricultural production with silage maize, winter
cereals (wheat, barley, and spelt), canola, and pas-
ture (mostly grass-clover leys) as primary crops in
the rotation. Irrigation is currently not used for these
crops. Fodder is used for local milk and meat produc-
tion. The crops are fertilised with mineral fertilisers,
liquid manure, compost and digestates in amounts
following the national recommendations (Richner
etal., 2017).

The terrain is flat, with the Jura Mountains bor-
dering the region in the North and the Mittelgdu hill
chain in the South. The underlying aquifer used for
drinking water production consists of large alluvial
terraces of gravel, deposited after the Aare glacier
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Table 1 Temporal overview of the investigation period, the
crop rotation and sampling frequency on the four experimental
fields. The sampling methods include Self-Integrating Accu-
mulators (SIA), Suction Cups (SC), and Nmin Soil Coring

(Nmin). Grey shading of a box indicates the temporal integra-
tion of a given sample. In contrast, a cross represents a snap-
shot

2017 2018 2019 2020
33O 3338338853383 33/3/3/38/385333S 233833483853
H1 maize
SIA
Nmin X X X X X X
SC
H2 maize
SIA
Nmin X X X X X
SC
H3 maize
SIA
Nmin X X X X X
H4
SIA
Nmin X X X X X X
SC

* sown in July 2015
** sown in September 2016

retreat during the Wiirm Ice Age (Pasquier, 1986;
Swisstopo, 2020). In the study area, the aquifer has
a thickness of 40-60 m with a water table at 6-10 m
below ground (Hunkeler et al., 2015). The predomi-
nant soil type is classified as Cambisol (IUSS Work-
ing Group WRB, 2015).

The nitrate concentration in the closest drinking
water well (in 0.1 to 6.1 km distance to the fields)
has been monitored for almost 30 years (Kantonales
Amt fiir Umwelt (AfU) Solothurn, 2020). Values

exceeding the legal target concentration (25 mg
NO;~ L7!) and almost reaching the legal limit for
drinking water (40 mg NO;~ L™!) continue to occur
in several pumping stations in the region, even
though nitrate mitigation measures in the form of
voluntary contracts with farmers have been imple-
mented since the year 2000. These contracts include
the partial transformation of agricultural land into
extensive grassland and regulations regarding soil
coverage in winter, crop rotation, sowing date, and

Table 2 Soil characteristics of the four experimental fields. Numbers are given for the three horizons of 0-30 cm, 30-60 cm, and

60-90 cm depth

Field Texture class 2 Stones [vol.%]  Clay Silt Sand Bulk density pH Corg
[%] [%] [%] [gem™] -1+ gkg™'*
H1 Silty loam /loam  4/4/9 17/11/11  57/51/55  25/38/34  NA* 6.5/6.4/6.6  23/19/10
H2/H3 !  Silty loam/loam 0/0/0 11/10/10 ~ 54/53/61  36/37/29  1.68/1.76/1.78  6.1/5.9/5.9  13/6/4
H4 Silty loam 0/0/0 12/12/14  65/66/71  23/21/16  1.55/1.65/1.66  6.3/5.9/5.9  14/6/5

! For H2 and H3, the soil properties were determined jointly since the fields are adjacent

2 The texture was determined with Laser Diffractometry, including ultrasound treatment

3 In H1, it was not possible to take cylinder samples due to stones

4 pH was measured in 0.01 M CaCl, in ratio 1:2.5 W/V

3> The Corg was determined from the difference of Ctot and carbonate by direct combustion in a CN Analyser (Vario Max Cube C/N

Analysator)
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tillage. However, these measures’ impact is not vis-
ible in the pumping stations, which may be due to
the long lag time in the aquifer or to the potential
ineffectiveness of the implemented measures.

The annual mean temperature (1981-2010) is
9.0 °C, and the yearly precipitation is 1129 mm. How-
ever, during the years of this study (2017-2020), the
temperatures were above average. Two winter storms
accompanied by heavy precipitation happened at the
beginning of 2018. February 2018 was a relatively
cold month with a mean temperature of —0.5 °C. The
summer periods of 2018 and 2019 were both charac-
terised by dry periods. More precisely, the summer
months of 2018 were abnormally dry, and in June/
July 2019, two heatwaves crossed the country. A
stable high-pressure weather system resulted in an
abnormally dry and warm period in April 2020.

General experimental design

The monitoring activities took place from October
2017 to July 2020. Four farmer-managed fields (H1,
H2, H3, H4) within a distance of 6 km were selected.
H2 and H3 are neighbouring fields and managed by
the same farmer. The first selection criteria concerned
soil properties, namely no hydromorphic conditions
and low stone content in the subsoil. Second, every
crop (grass-clover leys, maize, cereal, and canola)
was to be present at least twice during the study
period. The third condition was the willingness of the
farmer to participate in the research project.

Of the three methods, SIA and Nmin were tested
in each field, while SCs were only installed in H1, H2
and H4 (Table 1).

Field properties

The texture of the soils was silty loam (Table 2).
Only HI1 had stones throughout the soil profile, with
an estimated volumetric stone content of 4-9%. The
soil bulk density, measured with cylinders (g =5 cm),
varied between 1.55 and 1.78 g cm™. The pH was
acidic. The soil organic carbon (Corg) contents in the
upper soil layer (0-30 cm) are 23 g kg™! in H1 and
13-14 g kg™! in the other fields.

Fertilisation and nitrate leaching mitigation strategies

Until 2019, each field was managed and fertilised as
one entity. For the cropping periods 2019 and 2020,
each field was divided into three strips to test different
nitrate leaching mitigation strategies. Here, we use
the values obtained in the different strips to illustrate
differences between methods rather than to evaluate
the mitigation measures.

The nitrate leaching mitigation strategies on each of
the three strips per field concerned the fertilisation of the
crops (Table 3). On the first strip, the farmer continued
the usual fertilisation (N). On the second strip (M1), the
farmer was asked to reduce fertilisation to the recom-
mended level (H2, H3, H4) or to realise split fertilisation
(H1). On the third strip (M2), an alternative fertiliser
type was used (H4), or the fertiliser amount was further

Table 3 Fertilisation on field

strip

applied fertiliser units (kg N ha'')

the experimental fields
H1, H2/3, and H4. From
2019 onwards, normal
fertilisation (N) and
mitigation measures (M1
and M2) were implemented H2/H3 *
on separate strips. Where N

H1

2017/2018

organic fertiliser was used, M1 281
total N rather than available M2
N was taken into account Ha4
N
M1 66
M2

2018/2019 2019/2020

139 63
36 110 45
64 18
canola
229 149
198 126
189 * Kk 134 % %k %k

* H2 and H3 were neighbouring fields and managed identically by the same farmer.

** applied in two splits compared to one split in strip N

*** applied with the CULTAN method in one split compared to M1 with ammonium nitrate applied in two splits
****original fertilisation plan not realised because of farm management issues
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plan view

cross section

9-12m

Fig. 1 Overview of the installed instruments for monitoring of nitrate leaching with three techniques in parallel

reduced (H1, H2, H3). Due to farm management issues,
however, the realised applications did not always fully
correspond to the foreseen fertiliser plans.

For the calculation of total N input via organic fer-
tiliser, N concentrations were available either from
a manure sample taken by the farmer at the applica-
tion, from the purchase documentation, or replaced
by standard values (Richner et al., 2017), assuming a
dilution factor of 1:1 for liquid manure. Total N con-
centration (Kjeldahl) rather than plant-available N
was taken into account.

Monitoring techniques
The three monitoring techniques used in this study

— the Self-Integrating Accumulators (SIA), Nmin
soil cores (Nmin), and suction cups (SCs) — differ in

the resulting unit (Table 4). While the outcome of the
SIA method is a time-integrated flux, i.e. the leached
amount of N per area and period, the result of the SC
system is a time-averaged concentration. These meth-
ods contrast with Nmin soil coring, which gives a
snapshot of the soil’s Nmin content at a specific time.
Sampling frequency in this study ranged from yearly
(SIA) to monthly (SCs), while Nmin samples were
taken twice a year (October and February, i.e. pre-
and post-winter).

The techniques also differed regarding spatial res-
olution (Fig. 1). While Nmin soil coring was evenly
distributed along a straight trajectory in the entire
strip, leaving out the potentially compacted headland
used for turning tractors, SIA devices were installed
on a diagonal line across the field. Due to physical
restrictions in vacuum transport in the piping system,

Table 4 Overview of the specifications of the monitoring techniques used in this study

SIA Nmin soil coring Suction Cups
Description flux of leached N Nmin content in the soil concentration of leached N
Unit kg N ha™! period™! kg N ha™! mgNL™!
Temporal resolution Yearly 2x/year Monthly
Temporal specification Time-integrated Snapshot Time-averaged

Comments -

Autumn value can be interpreted as
leaching potential

Conversion to [kg N ha™]
with water flux model

@ Springer
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SCs were installed close to the field border right after
the headland.

SIA measurements

The SIA is a patented passive sampler method devel-
oped by the German company TerrAquat (Bischoff,
2007). Field installation, extraction and analysis were
performed according to the guidelines, in cooperation
and under the guidance of TerrAquat. A single device
consists of a plastic cylinder (z=h=10 cm) filled
with sand held by a mesh at the bottom of the instru-
ment. This moistened sand mixture is of predefined
hydraulic conductivity and contains an adsorbing
resin. The water penetrating the soil by convection
flows vertically through the passive sampler. Nitrate
is adsorbed to the resin and immobilised.

Three soil pits with four devices each were exca-
vated diagonally across each strip. This approach was
already chosen in the first period, when no mitigation
measures were in place, aiming at capturing soil het-
erogeneity (Fig. 1). The instruments were installed
under the root zone in 80-100 cm depth inside side
tunnels. The devices were thus located under undis-
turbed soil to maintain the pore structures essential
for water flow (Bischoff, 2007).

After recovery, the devices were brought to the
laboratory. A subsample of the resin-sand mixture of
15 g was extracted for 30 min with 0.1 1 of 1 M NaCl,
desorbing the nitrate from the passive sampler resin
(Bischoff, 2007). The nitrate concentration was meas-
ured via colourimetry using a “Smartchem 450 Dis-
crete Analyser” calibrated for saline solutions. The
concentration was transformed into a flux with the
following formula:

N flux kg N ha™']

=C ® V % msample

% ms‘ulbsample # 12 % ! ox 1072
with ¢ being the measured nitrate concentration of
the extraction solution [mg N L1, v the volume
of the extracting solution [0.1 L], mg,,. the sand-
mixture weight [g], Mgpemple the sand weight of the
subsample [15 g], and r the radius of the SIA device
[0.05 m].

The devices were recovered and replaced using
the same side tunnels after harvest but before sowing
the next crop to limit crop damage in the field, thus
in summer (after cereals and canola) or in autumn
(after maize and grass-clover ley). In the case of
continued multi-annual grass-clover leys, SIAs were
exchanged on an annual basis, with the change taking
place in autumn. When maize was sown in May after
a grass-clover ley, devices were also changed in pre-
vious autumn. This approach results in an integrated
measurement of a period of 10-13 months (Table 1).
Since leaching during summer months contributes
very little to the annual loads, SIA results are shown
as approximate annual fluxes in kg N ha™!.

Nmin measurements

A soil sampling campaign was carried out twice a
year, namely in February and October (Table 1). This
way, the Nmin concentration at the beginning and end
of each vegetation period was measured. Samples
from February 2018 are missing, as the soil was too
wet for sampling before the first fertiliser application.

Ten single samples per strip were taken along at
least one trajectory with constant distances (13-20 m,
depending on field length) between the subsam-
ples to capture soil heterogeneity (Fig. 1). The sam-
ples were taken with an automated sampler down to
90 cm depth, divided into three horizons of 0-30 cm,
30-60 cm and 60-90 cm. Subsequently, the single
samples of a given layer were mixed to create one
composite sample per field and horizon, frozen, and
later analysed in the laboratory (Agroscope, 1996).
The steps included a homogenisation using a 4 mm
sieve or, where clay content was too high, an 8 mm
sieve. 150 g of moist soil was extracted with 600 ml
of 0.01 M CaCl, solution for 60 min. The solution
was then filtered, frozen, and analysed as described
above with a “Smartchem 450 Discrete Analyser” for
nitrate, nitrite, and ammonium and, as the sum of it,
Nmin.

Simultaneously, 100 g of each sample was dried in
the oven at 120 °C for 24 h to determine the gravi-
metric water content. The following formula allowed
transforming the Nmin concentration to a Nmin con-
tent per hectare:

@ Springer
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Nmin content [kg N ha™'|

_ -1 -6
- [ckorr * (Vsolution +vwater) * mdrysoil * 10

# [l = BD = St % 10°]

with ¢, [mg N L™!] being the measured Nmin con-
centration minus the Nmin background concentration
in the solvent, v ., the volume of the CaCl, solu-
tion [0.6 L], v, the gravimetric water content of the
sample [L], my,, o the mass of the dried soil sample
[kg], 1 the length of the soil core [30 cm], BD the bulk
density of the soil [g cm™>] and St the stone factor [-]
calculated by 1-(stones [vol.%]/100) (Table 2).

The difference between Nmin content in 0-90 cm
depth in spring and autumn, in the following anno-
tated as ANmin, was calculated to estimate the Nmin
loss during the winter months. With the presented
dataset, the calculation was possible for winters
2018/2019 and 2019/2020, with 24 pairs of autumn
and spring Nmin data being collected.

Suction cup measurements

Suction cups (SIC20 from UMS Meter, ceramic cup
head composed of silica carbide, pore size 2 pum
(UMS GmbH, 2010) were installed for soil pore
water sampling. Per strip, eight suction cups were
installed at a distance of 8 m to the field border
(Fig. 1). This way, border effects in the headland were
omitted, and small-scale soil heterogeneity was repre-
sented. SCs and the related tubing system were buried
at a minimal depth of 50 cm to allow all agricultural
management practices, including tillage, without the
research installation being an obstacle for machin-
ery operations (Ramos & Kucke, 2001), and without
destroying any material. Thus, the shaft of the SCs
was buried below the level of cultivation (Talbot,
2016). The instruments were installed in the walls of
excavated pits in previously drilled holes (30° angle
to soil surface). This small angle prevents preferen-
tial flow along with the instruments (Fares et al.,
2009). A body length of 1 m was chosen to position
the ceramic cup under undisturbed soil. The drilling
holes were filled with a native soil suspension before
inserting the cup to guarantee direct contact with
soil (Hendrickx et al., 2002, Fares et al., 2009, Singh
et al., 2017). The bottles were attached to two bat-
teries and a pump holding a continuous and constant

@ Springer

vacuum (—200 hPa compared to atmospheric pres-
sure) (Hendrickx et al., 2002).

The suction cup’s ceramic tip finally lay approxi-
mately in a total depth of 1.20 m, in other words,
below the root zone. Water entering the SCs is
thought to be “lost” from the soil compartment and
would finally reach the groundwater table, as the
plant roots cannot take it up anymore and transport it
back to the surface.

The water samples were automatically trans-
ported to bottles arranged in a concrete chamber at
the border of the field, where the vacuum pump was
connected. After the installation in autumn 2017,
monthly samples were taken between April 2018 and
July 2020 (Table 1). All samples were stored frozen
without previous acidification, then filtered (“sim-
plepure” syringe filter, 0.45 um), and analysed for
nitrate with ion chromatography (anion analysis with
ThermoScientific ICP-1600).

Finally, the SC nitrate leaching flux was calcu-
lated by multiplying the NO;~ concentration in the
SC samples with the simulated leaching volume
during the same period (van der Laan et al., 2010,
Singh et al., 2017). The simulated water flux was also
used for calculations in H1, even though the model
had not been calibrated for this soil explicitly. The
SCs were installed in autumn 2017, but sampling
started only in spring 2018. In H1, H2, and H4, it
was thus impossible to calculate a SC leaching flux
for the entire period 2017/2018. In H3, where no SCs
were installed, no information on leaching fluxes is
available.

Water flux model

A soil model is useful for better understanding sub-
surface hydrological processes and for numerical
transformation and comparison of results (van der
Laan et al.,, 2010). With HYDRUS 1D, the water
content and water flow were calculated using a
one-dimensional, finite element, and single poros-
ity model proposed by van Genuchten—-Mualem
(Simiinek et al., 2013). This approach of soil water
transport is based on Richard’s equation that is eluci-
dated elsewhere (e.g. Doltra and Muiioz (2010)).

The 150 cm deep soil profile was split into two
regions (0-30 cm and 30-150 cm); thus, the horizon
influenced by ploughing was distinguished from the
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remainder. The spatial discretisation (Az=1 cm) was
uniformly distributed over the soil profile. The mod-
el’s total period was from September 2017 to Decem-
ber 2020, but only data from January 2018 onwards
are shown to account for model initialisation time.
The initial time step was At=0.0005 d, with time
steps being limited between 107 and 10~ d. No hys-
teresis was allowed in the model.

The input variables were daily precipitation and
evapotranspiration (both obtained by MeteoSuisse).
The evapotranspiration had been derived with the
FAO-56 method, and no separation into evaporation
and transpiration was simulated in HYDRUS 1D (e.g.
by FAO crop coefficients or the measured Leaf Area
Index) due to its complexity (§im1°1nek et al., 2008).
The default initial water content was set at WC=0.2
in the entire profile. Free drainage was selected as
the lower boundary condition, as the water table was
approximately 6 m below the surface. The upper
boundary condition was set at “atmospheric” with
surface runoff.

The Van Genuchten parameters (®,, O, «, n, K,
1) were first estimated by supplying the Rosetta data-
base internally available in HYDRUS 1D with tex-
ture and soil density data from cylinder samples in
H2 (Table 5). Subsequently, a manual sensitivity test
suggested that only n and K, were the decisive factors
for variation in water content. Thus, these parameters
were refined for both soil layers by an inverse solution
using daily water content data from two capacitance
sensors (Sentek Drill&Drop, Sentek Sensor Technolo-
gies (2020)) installed in H2, which is adjacent to H3
and H4 and has a similar soil type. The data consid-
ered for the calibration was from 10 cm depth for the
first Sentek instrument, from 50/70/100/120/150 cm
depth for the second one, and a time horizon from I
of January to 14" of April 2019 (104 days). Thus, win-
ter and spring months were covered, when soil cover,
plant growth, plant transpiration, and plant water
uptake were negligible. Differences in water uptake
among crops and root effects were not considered.

Statistical analysis

All data management and processing were done in R
Studio (version 1.3.1056). Linear regression was cal-
culated for data comparison and statistics. The signifi-
cance level o was generally set at 0.05. The coefficient

of determination (R?) and the 95% confidence inter-
val for the slope (m) and the intercept on the y-axis
(q) were calculated. Where the data set allowed it, the
standard error of the mean was computed.

For the SIA data, an analysis of variance was calcu-
lated with the stats package considering the field, the
year, and the interaction between them. For the com-
parison of SIA leaching fluxes between fields, the Tuk-
eyHSD post hoc test was used for the evaluation of pair
means. Generally, the logarithm of the SIA flux meas-
urement was taken to fulfil the underlying assumptions
of homoscedasticity and normality of residuals.

The statistical index “root mean square error”
(RMSE) was used to assess the goodness of fit of the
water flux model (Doltra & Muiioz, 2010; Willmott,
1982). This index shows the average difference between
modelled (M,) and observed values (O;) among n pairs.
It is computed as follows:

/f‘o.—M.2
RMSE = Zl(‘%

Results
SIA measurements

The field HI showed significantly higher SIA leach-
ing fluxes than the other three fields (Fig. 2). Gener-
ally, the statistical analysis showed that the specific
year, field and the interaction of these two vari-
ables significantly affected SIA fluxes. The highest
annual fluxes were observed under cereal crops
(44-219 kg N ha™!), while fluxes under the other
crops varied between fields and years. For exam-
ple, nitrate leaching under canola ranged from 77 to
166 kg N ha™' in H1 in the third year of the study,
while it was only about 15 kg N ha™' in H4 in the
second year.

The minimum and the maximum leaching
flux both occurred in the measurement period
2018/2019, with 7 and 219 kg NO,™-N ha™! in H2_
M1 and H1_M2, respectively. The two neighbour-
ing fields H2 and H3 showed similar leaching fluxes
under grass-clover ley (2017/18) and subsequently
under maize (2018/19). In the following year under
cereal, the leaching in H2_N was much smaller
than in H3_N (47 versus 109 kg NO;™-N ha™!) and

@ Springer



4 Page 10 of 20

Environ Monit Assess (2022) 194:4

smaller than the observed values in strips M1 and
M2 with reduced fertiliser application.

Also, in other cases, the applied mitigation strate-
gies did not show the targeted reduction in NO;™ leach-
ing. For example, though no fertiliser was applied to
H1_M2 in 2019/2020 to canola (Table 3), leaching in
this strip was higher than in the N part with the farm-
er’s usual fertilisation (166 versus 77 kg NO;™-N ha ).
However, this pattern had already been visible the year
before, when the strips had been fertilised equally.

Nmin measurements

As expected, Nmin values in a given strip were
consistently higher in October than in the follow-
ing February, thus after the winter leaching period
(Fig. 3). Except for H1, autumn and spring values
were lower in 2018/2019 than in 2019/2020, with
the mean Nmin level (without H1) in spring 2019
being about 24 kg N ha™!, and in spring 2020 around
64 kg N ha™!. The difference between autumn and
spring (ANmin) was larger in 2019/2020 than in
2018/2019.

As for the SIA, field H1 had generally higher
values than the other three fields. For example, the
spring Nmin content in H1 (130 kg N ha~!) was much
higher than in the other fields. This value was similar
in both years, even though autumn levels were much
higher in 2018. Indeed, the overall maximum total
Nmin value of 540 kg N ha~! was found in H1_M2 in
autumn 2018.

The NO;~ mitigation strategies in strips M1 and
M2, applied during the cropping season 2019 in
all fields, were not reflected in the Nmin values of
autumn 2019.

Autumn Nmin values were predominantly in the
form of nitrate, with a mean share of ammonium of
4.6% of total Nmin. Due to these low values, ammo-
nium is not displayed and discussed separately.

Water flux model fit

By calibrating the previously estimated Van Genuchten
parameters o and K, a clear difference between the
upper plough layer and the rest of the profile became
visible, with the top layer showing a higher K, and
higher a (Table 5). The simulated water content (WC)
visually followed the measured WC pattern in all six
depths (Fig. 4). The Root Mean Square Error (RMSE)
was 6.7%, describing the average deviation from meas-
ured values, and considering all six depth levels and
data from 01.01.2018 to 16.07.2020. Water infiltration
was seen after precipitation events and especially dur-
ing the winter months (Fig. 4, Table 6).

Suction cups measurements

The extracted water volume per sampling campaign
and the NO;™ concentrations showed large variability
with time and field (Fig. 5). For all fields, there were
dry periods when no samples were extracted, mostly
in summer.

Fig. 2 Nitrate leaching 2017 /2018 2018/2019 2019 /2020
fluxes for the SIA method
for each strip and per crop H1_N —+
for the periods 2017/2018, H1_M1 I+
2018/2019 and 2019/2020. H1_M2 —
Error bars indicate standard
error of the mean. The H2 N TH
colour of the column illus- H2_M1 %‘
) X H2_M2
trates the main crop during
a given period, with the W3 N =
transition from grass-clover H3 WA o
ley to maize shown by a H3 M2 E
mixed pattern with both - I O maize
colours. Mitigation strate- Ha_N B grass-clover ley
gies were implemented only Ha_M1 : 22?:;?
gf;r&:g)m 2019 onwards Ha_M2 | | . [ ‘ standarc? error oT mean | ‘ ‘ |
0 50 100 150 O 50 100 150 200 250 O 50 100 150 200

SIA leaching flux
[ kg nitrate-N ha™]
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Fig. 3 Nmin content of

Autumn 2017 Autumn 2018 + Spring 2019

Autumn 2019 + Spring 2020

the soil layer 0-90 cm
per strip and sampling H1_N _
campaign. Autumn values H1_M1
are displayed with bars, H1_M2
while diamonds indicate the
corresponding Nmin value H2 M
in the following spring. The H2 M2
actual crop at sampling time -
is shown in colour Ha_N [

H3_M1

H3_M2

H4_N - M grass-clover ley
M cereal
H4_M1
M canola
H4_M2 4 Nmin spring
T ; \ \ \ \ \ \ ‘ ‘
0 50 100 0 50 100 150 450 500 550 O 50 100 150 200 250
Nmin 0-90cm Nmin 0-90cm Nmin 0-90cm
kg N ha] kg N ha] kg N ha']

The ammonium concentration was below the
detection limit in most cases, except for a few cases
when ammonium levels rose to 0.5 mg L™!. Due to
these overall low values, we neglected N coming
from ammonium for the SC data and present only
nitrate concentrations.

Nitrate peaks typically showed a build-up and
decline over several months. The largest peak in
NO;~ concentration was seen in HI_N in win-
ter 2019 after the maize harvest, reaching almost
500 mg NO;~ L', In the other two strips (M1 and
M2), this peak reached about 300 mg NO;~ L! each.

Simultaneously, NO;~ concentrations in the other
two fields remained stable at a relatively low level.
In H4_N, the concentration even dropped to values
close to zero, while the mean extracted water vol-
ume was rising.

Additional concentration peaks were visible in
winter 2019/2020 in all fields, with 200 mg NO,~ L™
in H2_N and around 150 mg NO,~ L™! in HI_N and
H4_N. Thus, a similar concentration pattern with
high NO;™ concentrations after maize harvest was
observed in H2_N and H1_N, which had an identi-
cal crop rotation shifted by one year. After the canola

el e L d bl .

| o |
A L b T R VAT . T

SN P

AL

YU g i
P~ -

Fig. 4 Daily precipitation .. 40
values (MeteoSuisse), and piﬁ;’r'ﬁ'tgﬂ‘]m ]
measured (Sentek) and

simulated (HYDRUS 1D)

; -10cm 351
volumetric water contents 201
in six depths from Sep-
tember 2017 to June 2020. -50cm ggg
The bottom figure shows
the simulated water flux _ | -70em 35%
as daily values and in the = 20
aggregated form per suction O | -100em 35;
cup period % 20

A20cm 27

20-

35

] -150cm 20-

daily water flux 121
[mm d" 8-
aggregated water flux 4 -
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——measurement
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Fig. 5 Nitrate concentra-

a) H1

tions and volume of water
extracted from suction

cups for the neutral strips
(N) of fields H1, H2 and
H4. The standard error of
the mean is given as grey
background. Note the differ-
ent scale of the first y-axis
for H1
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150+

100+

50

concentration [mg NO; L]

volume [ml]
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100+

50+

grass-clover ley
maize
canola
cereal

EECE

harvest (H4_N), the increase in concentration was
somewhat smaller.

These concentration patterns were reflected in the
calculated leaching fluxes, i.e., multiplying the SC con-
centrations with the simulated water fluxes (Fig. 6).
Aggregated to an entire cropping period, the build-up
under cereal in H1_N transforms into a leaching loss
of 193 kg NO;™-N ha™!, whereas in H2 and especially
H4, the losses were much lower. In 2019/2020, the
losses were more balanced among fields. Looking at
the fields under cereals, the losses were smaller in H2
and H4 than in the previous year in Hl. In all fields,
the strip with the highest fertilisation (N) consistently
showed the highest nitrate loss (Fig. 6).

Additionally, the flow-weighted nitrate concentra-
tions for the periods 2018/2019 and 2019/2020 were
calculated (Supplementary Information).

@ Springer
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Discussion

The three in situ methods to quantify nitrate leach-
ing in arable fields generally showed positive lin-
ear correlations with each other, while absolute
values differed (Fig. 7, Fig. 8). In the following
sections, we first discuss the mechanistic under-
standing that can be derived from comparing the
temporal (“Nitrate leaching occurs mainly dur-
ing winter months”) and spatial (“Preferential
flow is an important leaching factor”)variation
of the different approaches before concluding with
an overall assessment on practical aspects (“The
choice of methods depends mainly on project
goals”) and data quality (“Long-term datasets
are essential”).
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2019 /2020

maize

grass-clover ley

canola

cereal

standard error of mean

| mmmO

SC leaching flux

Fig. 6 Nitrate leaching 2018/2019
as measured by suction
cups and converted into HIN
kg N ha™! per period and H1_M1
strip using simulated water H1_M2
leaching fluxes. The stand- _
ard error was derived from H2_N =
SC concentrations. As SCs H2_M1 |
were installed only in spring H2_M2
2018, it was not possible to
calculate a SC leaching for H4_N
the entire period 2017/2018 H4_M1

H4_M2

0 50 100
[ kg nitra

Nitrate leaching occurs mainly during winter months

The monthly SC nitrate concentrations showed a sea-
sonal pattern (Fig. 5). The build-up during autumn
and a peak in winter suggest a main nitrate loss
between October and February. Initially, we approxi-
mated the extent of this winter leaching by ANmin,
i.e., the difference between Nmin values in autumn
and in the following spring. However, this procedure
assumes no significant N loss other than leaching
during the winter months. The approximation indi-
cated that 70% of the autumn content above a specific
amount of 19.4 kg N ha~! was lost (m=[0.65, 0.79],
q=[—33.9,—5.00]). These values are similar to a
study on farmers’ fields in the Czech Republic, where
a winter loss of 74% of autumn Nmin measured in

Fig. 7 Comparison

T

T T r T T
150 200 250 0 50 100 150 200

SC leaching flux

te-N ha' ] [ kg nitrate-N ha™]

0—60 cm was observed above 25 kg N ha™! (Haberle
et al., 2009).

When plotting the Nmin autumn value against the
leaching measured with SIA devices, the percentage
of autumn Nmin lost by leaching in the following sea-
son was 40% (m=[0.32, 0.48], R?=0.81 in Fig. 7a).
As the ANmin period only includes 4r months (mid-
October to mid-February) compared to a full agricul-
tural season in the SIA method, it was expected that
ANmin values would be smaller than the SIA leach-
ing fluxes. Surprisingly, this comparison (Fig. 7b)
showed the opposite trend, especially for three outli-
ers in 2018/2019 (H1). The monthly SC data allowed
us to approximate losses between autumn and spring
Nmin by aggregating SC fluxes between October and
February, even though SC and Nmin sampling dates

between the Nmin and SIA 250 250
datasets. ANmin refers
to the difference between  — 200 . 2007
spring and autumn Nmin 2"z =
values 2= 150+ 2Z 150
< o 9
8¢ g
9 = 100 L= 100
< 5 <5
0 X n X
50 2 0.81 50
R“=0.
a y=04x+13.6
0_ T T T T T T T 0_ T T T T T
0 100 200 300 400 500 60 0 100 200 300 400
Nmin autumn value ANmin
kg N ha™ kg N ha™]
EHIN ®BH2N ®BH3N ®mH4AN O 20182019 — linear
HI M1 ® H2_M1 ® H3 M1 ® H4 M1 2\ 2019/2020 —— linear without outlier
H1_M2 ® H2_M2 = H3_ M2 ® H4 M2 O outlier 1:1
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Fig. 8 Comparison of the

b)

SC dataset with SIA and 250 140
Nmin data. a Comparison @ 120
between the directly meas- w o 200 e
ured SIA and the computed =g S = 1007
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B HI_N ® H2 B H4_N O 2018/19 11
B H1_M1 B H2_M1 B H4_ M1 A\ 2019120 — linear
0 H1_M2 H2 B H4_M2

did not coincide completely but were generally a few
days apart. The comparison between the aggregated
SC flux and ANmin indicates that 30% of ANmin
was detected as SC leaching (Fig. 8b).

Together, these observations indicate additional N
sinks within the measurement period of ANmin, e.g.,
incorporation of Nmin into the plant and/or micro-
bial biomass in late autumn or gaseous loss (N,O
and N,) due to denitrification (Ramos & Kucke,
2001). The dry meteorological conditions would not
facilitate major denitrification processes. The high
autumn temperatures (mean values of above 10 °C in
October 2017-2019) support the hypothesis of late
N incorporation, as microbial N cycling and plant
growth continue after the autumn sampling. In HI,
high Corg values could have further promoted late N
assimilation (Table 2). Thus, the required conditions
for a proper Nmin autumn campaign, namely low
temperatures while winter precipitation has not yet
started, were only partially met due to exceptionally
high temperatures during the study time (Osterburg

et al.,, 2007; Niedersichsischer Landesbetrieb fiir
Wasserwirtschaft, 2012).

Preferential flow is an important leaching factor

The comparison of the directly measured SIA leach-
ing fluxes (Fig. 2) with the ones derived from SC
concentrations and simulated water leaching fluxes
(Fig. 6) suggests a linear relationship (Fig. 8a), with
a tendency for higher SIA compared to SC leach-
ing fluxes (m=[0.39, 0.98]). The SIA devices prob-
ably partially measured preferential flow, which also
explains the large standard error of the means (Fig. 2).
Preferential flow is represented in SC concentrations
only to a limited extent, as they mainly sample from
the soil matrix, which leads to selective sampling
(Barbee & Brown, 1986; Grossmann & Udluft, 1991;
Webster et al., 1993; Fares et al., 2009; Wang et al.,
2012, Singh et al., 2017). Specifically, the ceramic
cup material is of a very specified pore size, which
determines the suction limit. Consequently, only a
small range of pores can be sampled effectively, i.e.

Table 5 Soil hydrological parameters of the HYDRUS 1D model using the Rosetta database and a calibration

Field parameters

Averaged Van Genuchten parameters according to
Rosetta database

Matrix parameters
after calibration

Depth [cm]  Clay Silt Sand Density Or Bs o n K, o K,

% 1% (% lgem™] [] ] [em™] [ [emd™]  [em™]  [emd™]
0-30 11 54 36 1.68 0.0576 ~ 0.4701  0.0039  1.7405 177.8 0.041 200.0
30-60 10 53 37 1.76 0.024 12.7
60-150 13 61 26 1.78
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those close to the same suction as the cup material.
In fast flows, the hydraulic conductivity in the SCs is
too low. Also, the connectivity to the surrounding soil
medium is usually not complete. Preferential flow in
soil cracks, earthworm and root channels (macropo-
res) is therefore not represented in the SC samples,
as during percolation events, the cup does not take
up the fast-moving water. On the other hand, the suc-
tion of the SCs is too low to capture slow flow, e.g.
in inter-clay pores. In brief, fast and slow flows are
underestimated with the SC method.

Preferential flow might be responsible for 1/3 of
the total leaching flux, visible in the regression slope
in Fig. 8a. In other words, leaching increases by 50%
when preferential flow is considered in addition to
matrix flow, but with large differences among fields.
In simulations of Larsson and Jarvis (1999), N leach-
ing in clay soil in southwest Sweden was 34% higher
with macropore transport. However, the authors
emphasise that this observation is only valid for
short-term data. For longer periods, macropore flow

Table 6 Monthly and yearly measured precipitation data
(MeteoSuisse) and percolation values simulated with
HYDRUS 1D for the years 2018, 2019 and 2020. For com-
parison, the precipitation norm data for the Wynau station for

even reduced leaching, as, during winter, the NO;
~ concentration in the bypassing water is lower than
in the soil water.

The choice of methods depends mainly on project
goals

Project goals should inform the choice of the moni-
toring methods. Factors such as the prevalent soil
type, the extent of the catchment, previous knowledge
about regional hydrological processes and agricul-
tural management, as well as financial and temporal
constraints of the research project must be taken into
account (Table 7).

Not every method can be used on every site. For
example, a high stone content can bias the results of
Nmin soil coring, as field samples at these specific spots
can hardly or not at all be collected (Niederséchsischer
Landesbetrieb fiir Wasserwirtschaft, 2012). When soil
water is moving upwards, e.g. with a high water table,
the use of SIA devices and SCs is not recommended,

1961-1980 is given (MeteoSuisse), as well as the estimated
direct groundwater recharge in the Géu based on tracer experi-
ments (Gerber et al., 2018)

For comparison 2018 2019 2020

Precipitation  Percolation Precipitation Percolation Precipitation Percolation Precipitation Percolation

[mm] * [mm] ** [mm] [mm] [mm] [mm] [mm] [mm]
January 76 - 199 185 73 89 41 71
February 72 - 52 81 39 56 135 59
March 70 - 75 41 90 41 77 110
April 69 - 16 29 22 28 32 27
May 95 - 177 17 133 15 86 19
June 108 - 70 38 58 22 138 21
July 94 - 107 33 103 16 36 23
August 104 - 48 17 132 22 128 13
September 79 - 34 9 54 28 60 15
October 76 - 31 145 44 123 33
November 84 - 20 5 77 67 32 67
December 87 - 190 58 115 77 89 45
Annual sum 1013 380—460 1017 519 1040 504 975 503

* Precipitation norm data from Wynau station for 1961-1980 (MeteoSuisse)

** Estimated direct groundwater recharge in the Géu valley based on tracer experiments (Gerber et al., 2018)
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as nitrate from lower soil layers may end up in the
instruments. Therefore, the soil profile must be exam-
ined for reducing properties before installation. His-
torical drawings of river systems, official pedological
maps, and farmers’ knowledge can help to find current
and past water accumulation trends in the subsurface.
Additionally, stagnant water induces soil denitrification,
and thus the analysis of NO;™ as the only target compo-
nent would generally not adequately picture the N loss
processes.

Temporal dynamics can only be identified with
SCs, thanks to the method’s high temporal reso-
lution (Table 7). Knowing the seasonal timing of
leaching events is helpful when process understand-
ing is needed, e.g., for identifying mitigation strate-
gies of maximum efficacy. Also, SC concentrations
from below the root zone can directly be compared
to groundwater legislation specifying a nitrate con-
centration limit. A soil model calibrated with WC
measurements can complement the observations for
simulation of water percolation. On the other hand,
the SC system has the drawback of high initial labour
and material costs (Table 7). Additionally, the spatial
coverage is low, as instruments have to be installed
close to the field border due to physical constraints in
vacuum transport.

For the monitoring and comparison of mitigation
strategies, the SIA method seems to be the preferred
approach, despite its lower temporal resolution. The
method convinces through high and versatile spatial
coverage and low material costs. On the other hand,
expertise for correct material preparation and instal-
lation is required. A long-term regional dataset allows
identifying the main influencing leaching factors like
soil type, annual meteorology, crop, and fertilisation.
The SIA leaching flux can be compared directly with
fertiliser application rates, as results are area-related
and can thus be spatially upscaled.

The Nmin approach is similar to the STA method in
its advantages of being low-cost and versatile regard-
ing temporal and spatial resolution. However, the
autumn method does not measure leaching but rather
indicates a loss potential. In this study, autumn Nmin
and actual leaching showed a satisfying relationship
(Fig. 7b). However, this statistical regression has to
be confirmed by future data.

A combination of methodological approaches
is preferred or even required to crosscheck results,
detect outliers, decrease the uncertainty, and increase

the general understanding of N cycling. However,
parallel monitoring might exceed financial budgets in
the long term. Therefore, we suggest using a simple
method, like the Nmin autumn content, as an indi-
cator after establishing a relationship with a more
sophisticated approach, e.g. with SCs or SIA devices.

Long-term datasets are essential

Multiannual data are required for assessing nitrate
leaching under agricultural fields due to meteoro-
logical irregularities, crop rotations of several years’
extent, and a time lag between activity on the surface
(e.g. the N fertilisation) and a visible leaching effect.
This study illustrated this necessity by the nitrate
mitigation strategies implemented in the seasons
201972020 (Table 3). The reduced fertiliser quantities
had limited influence on the measured leaching, e.g.,
in the Nmin autumn values of 2019, changes in SC
concentrations or SIA leaching fluxes. In these cases,
we assume that the stock of soil organic N was large
enough to ensure continuous mineralisation and, con-
sequently, high soil nitrate levels. For example, we
observed high leaching concentrations in the winters
following a ley termination, which probably increased
the turnover of soil organic matter, explaining the
strong accumulation of nitrate in the root zone.

A long-term tracer study with isotopically labelled
N fertiliser in lysimeters showed that, after three dec-
ades, 12-15% of applied N was still incorporated in
soil organic matter (Sebilo et al., 2013). Thus, the
overall time lag for the N transfer from the soil sur-
face to a drinking water well does not only consist
of the delay regarding transport in the vadose zone
and the aquifer. This N must first be transformed
into nitrate, mainly produced from soil organic mat-
ter through mineralisation processes (Kendall &
McDonnell, 1998). The NO;™ release rate is diffi-
cult to estimate because of the wide variety of fer-
tiliser compositions and dependencies on environ-
mental factors like temperature and soil humidity
(Di & Cameron, 2002). Nitrate is only leached when
its accumulation in the soil coincides or is followed
by precipitation values large enough to cause water
percolation (Di & Cameron, 2002). Our SC data and
the water flux simulation show that this happens dur-
ing wintertime, which is several months after imple-
menting mitigation strategies.
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With the present dataset, we cannot yet fully
assess the efficacy of the nitrate leaching mitiga-
tion strategies, but we have shown that mitigation
strategies can be evaluated with any of the tested
methods. The agronomic recommendations of our
data will be discussed in a consecutive paper with a
longer time series.

Conclusions

This study has shown that not all leaching processes
are equally represented by the monitoring methods
used here (Suction Cups, Nmin soil sampling and
SIA devices). Based on the findings, no unique sin-
gle method can be used as a benchmark. A com-
bination of methodological approaches is thus
preferred to picture the influence of winter precipi-
tation events, preferential flow mechanisms, and a
continuous N cycling with elevated temperatures in
late autumn on nitrate leaching. In general, the com-
bination of methods generates additional knowledge
beyond the methodological comparison.

Additionally, it is essential to get a multiannual
dataset. Data from a single season is not sufficient
due to meteorological irregularities, crop rotations
of several years’ extent and temporal delays regard-
ing N application, N cycling and nitrate leaching.
However, parallel monitoring might exceed finan-
cial budgets in the long term. Therefore, we suggest
using a simple method, like the Nmin autumn con-
tent, as an indicator, after having established a good
relationship with a more sophisticated approach like
SC or SIA.

This study identified high financial and labour
costs for all monitoring techniques of nitrate leach-
ing in the soil. It would be a significant step forward
to be able to track nitrate with an in-situ sensor in
the field soils, including real-time data transfer.
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