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General Abstract

The loss of nitrogen (N) from agroecosystems is one of the biggest unsolved environmental problems
of our time: on the one hand, nitrogen is a critical yield-limiting factor and therefore, N supply in
agriculture in the form of fertiliser is crucial to ensure food security. On the other hand, part of this
fertiliser is lost to other environmental compartments, e.g. by leaching through the soil to the aquifer
in the form of mobile nitrate. Due to this contamination, drinking water limits for nitrate are nowadays
exceeded in many regions.

In this study, we investigated the N transport and cycling processes during three cropping seasons
(2017-21) under 11 arable fields on silty loams in the Gau Valley on the Swiss Central Plateau. The crop
rotations included silage maize after ploughing the grass-clover ley, winter cereals and canola. The goal
was to compare monitoring techniques for nitrate leaching, to determine the main influencing factors
for nitrate leaching from the root zone, and to increase understanding of nitrate transport dynamics
across the vadose zone. Therefore, we used ion-exchange resin-based Self-Integrating Accumulators
(SIA), soil coring for extraction of mineral N (Nmin), Suction Cups (SCs) complemented by a HYDRUS
1D model, and a Vadose Zone Monitoring System (VMS) to assess nitrate leaching in the soil and in the
unsaturated zone down to 6 m depth. We also tested if a reduction of the N fertiliser level or a change
of fertiliser type reduces nitrate leaching, and calculated surface N balances, including atmospheric
deposition, fertilisation, biological N fixation, and N output via yield.

All four monitoring techniques were suited to measure N leaching, but represented different N
transport and cycling processes, and varied in spatio-temporal resolution. The average annual leaching
measured with SIA devices was moderate for grass-clover leys, canola and maize (38, 42, and 44 kg N
ha a), and high for cereals (116 kg N ha'a?). Averaged over all crop rotations (71 kg N hatla?,
without strips with mitigation measures), this is triple the amount that is compatible with the national
legal target concentration in groundwater (25 mg NOs™ L%). This quality target was also surpassed in
55 % of SC samples. The N balance cumulated over three seasons depended highly on the share of
grass-clover ley in the crop rotation that compensated for the negative balances of the the other crops
(-50, -29, and -45 kg Nyt ha*a for canola, cereals and maize versus +126 kg Nior hata™ for grass-clover

ley).

Thus, the main drivers for nitrate leaching were the long-term inputs of organic fertilisers with a high
share of unavailable N especially to grass-clover leys, the related accumulation in the soil organic N
pool, a high mineralisation potential, and finally the N release that is unsynchronised with the plants’
needs. Monthly SC measurements showed that nitrate is mainly leached from the root zone during
autumn and winter, caused by elevated soil pore water mobilisation in this period. However, this
seasonal leaching pattern was not transferred to deeper soil layers in the unsaturated zone, where
further N transport was heavily affected by denitrification in clay-rich zones, and by preferential flow
including bypassing in desiccation cracks and fractures in the consolidated layers.



Due to the high mineralisation supply from the soil organic N pool, estimated to be 59 kg N ha?, the
fertiliser reduction was only partially visible in the nitrate leaching data, and a change of fertiliser type

had no significant effect on nitrate leaching during the research period.

To conclude, the biogeochemical legacy of N dynamics estimated to be in the range of decades,
increases the time lag between an intervention on the surface and a visible effect in the aquifer far
beyond the one that is explicable with the hydrologic legacy alone, that is estimated to be of several
years. We recommend long-term monitoring to further elucidate the impact of these memory effects
and establish realistic groundwater quality goals. The autumn Nnin content in a large number of fields
can be used as an indicator for regional nitrate losses to the aquifer, as it was shown to significantly
correlate with the subsequent winter leaching. The N fertiliser recommendation should be regionally
adapted and account for the long history of manure application with high amounts of unavailable N,
and the high mineralisation potential of the local soils.

Key words: arable agriculture, nitrogen, fertiliser, nitrate leaching, transport, N cycle, soil,
mineralisation, time lag, legacy, monitoring, SIA, Nmin, suction cups, vadose zone, unsaturated



Résumé général

La perte d'azote (N) dans les agroécosystémes est I'un des plus grands probléemes environnementaux
non résolus de notre époque : d'une part, I'azote est un facteur critique de limitation des rendements
et, par conséquent, I'apport d'azote en agriculture sous forme d'engrais est crucial pour assurer la
sécurité alimentaire. D'autre part, une partie de cet engrais est perdue dans d'autres compartiments
de I'environnement, par exemple par lixiviation a travers le sol vers l'aquifere sous forme de nitrate
mobile. En raison de cette contamination, les limites de concentration dans les eaux potables pour le
nitrate sont aujourd'hui dépassées dans de nombreuses régions.

Dans cette étude, nous avons étudié les processus de transport et de cyclage de |'azote pendant trois
saisons culturales (2017-21) pour 11 champs arables situés sur des limons limoneux dans le district du
Gau sur le Plateau Suisse. Les cultures alternaient entre du mais d'ensilage, des herbages temporaires
de tréfle, des céréales d'hiver et du colza. L'objectif était de comparer les techniques de surveillance
de la lixiviation du nitrate, de déterminer les principaux facteurs influengant la lixiviation du nitrate a
partir de la zone racinaire et d'améliorer la compréhension de la dynamique du transport du nitrate a
travers la zone vadose. Nous avons donc utilisé dans cette étude des accumulateurs auto-intégrés (SIA)
a base de résine échangeuse d'ions, des carottages du sol pour I'extraction de I'azote minéral (Nmin),
des bougies poreuses (BP) complétées par un modele HYDRUS 1D et un systéme de surveillance de la
zone vadose (VMS) pour évaluer le lessivage du nitrate dans le sol et dans la zone non saturée jusqu'a
6 m de profondeur. Nous avons également vérifié si une réduction du niveau d’azote dans les engrais
ou un changement du type d'engrais azotés réduit le lessivage des nitrates. Enfin nous avons calculé
les bilans azotés de surface, comprenant le dép6t atmosphérique, la fertilisation, la fixation biologique
de I'azote et la production d'azote par la récolte.

Les quatre techniques de surveillance utilisées sont se prétent a la mesure du lessivage de I'azote, mais
représentent des processus différents du transport et du cycle de I'azote, et varient en termes de
résolution spatio-temporelle. Le lessivage annuel moyen mesuré avec les dispositifs SIA est modéré
pour les herbages de tréfle, le canola et le mais (38, 42 et 44 kg N ha? a!) et élevé pour les cultures de
céréales d’hiver (116 kg N ha a?). Si I'on fait la moyenne de toutes les rotations de cultures (71 kg N
ha? a?, sans bandes avec mesures d'atténuation), cela représente trois fois la quantité autorisée en
accord avec la valeur légale de concentration dans les eaux souterraines (25 mg NOs™ L2). Cet objectif
de qualité est également dépassé dans 55 % des échantillons BP. Le bilan azoté cumulé sur trois saisons
dépend fortement de la part des herbages dans le cycle de rotation des cultures qui compense les
bilans négatifs des autres cultures (-50, -29 et -45 kg N ha™ a* pour le colza, les céréales et le mais

contre +126 kg Nyt ha a pour les herbages de tréfle).

Ainsi, les principaux facteurs de lixiviation du nitrate sont d’un c6té les apports a long terme d'engrais
organiques composés d’une part élevée d'azote indisponible, en particulier pour les herbages de tréfle,
de l'autre c6té I'accumulation correspondante dans le réservoir d'azote organique du sol, d’un
potentiel de minéralisation élevé, et enfin de la libération de I'azote qui n'est pas synchronisée avec
les besoins des plantes. Les mesures mensuelles de BP ont montré que le nitrate est principalement



lessivé de la zone racinaire en automne et en hiver en raison de la mobilisation élevée de I'eau
interstitielle du sol pendant cette période. Cependant, ce schéma de lixiviation saisonnier n'est pas
transféré aux couches plus profondes du sol dans la zone non saturée, ou le transport de N est
fortement affecté par la dénitrification dans les zones riches en argile et par I'écoulement préférentiel
développé dans les fissures de dessiccation et les fractures dans les couches consolidées.

En raison de la minéralisation élevée de |'azote organique du sol, estimée a 59 kg N ha, la réduction
d’utilisation d’engrais azoté n'est que partiellement visible dans les données de lixiviation des nitrates,
et un changement de type d'engrais n'a aucun effet significatif sur la lixiviation des nitrates pendant la
période d’observation.

En conclusion, I'héritage biogéochimique du cycle de I'azote, estimé a plusieurs décennies, ne permet
pas d’observer I'impact d’intervention en surface sur les concentrations dans I'aquifere a une échelle
de modification hydrologique, estimé a plusieurs années. Nous recommandons une surveillance a long
terme pour mieux élucider I'impact de ces effets de mémoire et établir des objectifs réalistes de qualité
des eaux souterraines. La teneur en Nyin a I'automne dans un grand nombre de champs peut étre
utilisée comme un indicateur des pertes régionales de nitrates dans l'aquifere, car il a été démontré
gu'elle est significativement corrélée avec le lessivage hivernal ultérieur. La législation sur les engrais
azotés devrait étre adaptée par rapport a la région et devrait tenir compte de I’historique d’utilisation
de fumier, des quantités élevées d'azote non disponible, et du potentiel élevé de minéralisation des

sols locaux.

Mots clés: agriculture arable, azote, engrais, lixiviation des nitrates, transport, cycle de |'azote, sol,
minéralisation, décalage temporel, héritage, surveillance, SIA, Nmin, bougies poreuses, zone vadose,

non saturée.
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Allgemeine Zusammenfassung

Der Verlust von Stickstoff (N) aus Agrarékosystemen ist eines der groRten ungeldsten
Umweltprobleme unserer Zeit. Einerseits ist Stickstoff ein kritischer ertragsbeschrankender Nahrstoff,
und daher ist die N-Versorgung in der Landwirtschaft in Form von Diinger entscheidend fiir die
Gewahrleistung der Erndhrungssicherheit. Andererseits geht ein Teil dieses Stickstoffdlingers verloren,
z. B. durch Auswaschung in Form von mobilem Nitrat durch den Boden in den Grundwasserleiter.
Aufgrund dieser Verunreinigung werden heute in vielen Regionen die Trinkwassergrenzwerte fir
Nitrat Gberschritten.

In dieser Studie untersuchten wir die N-Transport- und Kreislaufprozesse wahrend drei Anbauperioden
(2017-21) auf 11 Feldern mit schluffigem Lehmboden im Gau im Schweizer Mittelland. Die
Fruchtfolgen umfassten Silomais nach dem Pfliigen der Kleegraswiese, Wintergetreide und Raps. Die
Ziele waren, (1) verschiedene Monitoringmethoden fiir die Nitratauswaschung zu vergleichen, (2) die
Haupteinflussfaktoren fir die Nitratauswaschung aus der Wurzelzone zu bestimmen und (3) das
Verstandnis der Nitrat-Transportdynamik durch die ungesattigte Zone zu verbessern. Wir haben
selbstintegrierende Akkumulatoren (SIA) auf der Basis von lonenaustauschharzen, Bodenproben zur
Extraktion von mineralischem N (Nmin), Saugkerzen (SKs), erganzt durch ein HYDRUS 1D-Modell, und
ein Uberwachungssystem spezifisch fiir die ungesittigte Zone (VMS) eingesetzt, um die
Nitratauswaschung bis zu einer Tiefe von 6 m bewerten zu kénnen. Wir priften auch, ob eine
Verringerung der N-Diingermenge oder ein Wechsel des Diingemittels die Nitratauswaschung
verringert und berechneten die N-Oberflachenbilanzen, einschlieBlich der atmosphéarischen N-
Deposition, der N-Diingung, der biologischen N-Fixierung und des N-Ernteaustrags.

Alle vier Monitoringmethoden waren fiir die Messung der N-Auswaschung geeignet, reprasentierten
jedoch unterschiedliche N-Transport- und Kreislaufprozesse und unterschieden sich in der raumlichen
und zeitlichen Auflosung. Die durchschnittliche jahrliche Auswaschung, die mit SIA-Messgeraten
gemessen wurde, war unter Kleegraswiesen, Raps und Mais moderat (38, 42 und 44 kg N hata?) und
unter Getreide hoch (116 kg N ha* a!). Im Durchschnitt tiber alle Fruchtfolgen (71 kg N ha a’%, ohne
Streifen mit MinderungsmaBnahmen) ist dies dreimal so viel, wie mit der nationalen gesetzlichen
Zielkonzentration im Grundwasser (25 mg NOs™ L) vereinbar ist. Dieses Qualititsziel wurde auch in
55 % der SK-Proben Ubertroffen. Die lber drei Anbauperioden kumulierte N-Bilanz hing stark vom
Anteil an Kleegraswiese in der Fruchtfolge ab, welche die negativen Bilanzen der anderen Kulturen
ausglich (-50, -29 und -45 kg Nt ha @ fiir Raps, Getreide und Mais gegeniiber +126 kg Nyt ha a™* fiir
Kleegraswiese).

Die Hauptursachen fiir die Nitratauswaschung waren (1) die langfristigen Eintrdge von organischen
Dingern mit einem hohen Anteil an nichtverfligbarem N, insbesondere bei Kleegraswiese, (2) die
damit  verbundene  N-Akkumulation im  organischen Bodenpool, (3) ein  hohes
Mineralisierungspotenzial und schlieBlich (4) die nicht mit dem Bedarf der Pflanzen synchronisierte
N-Freisetzung. Monatliche SK-Messungen zeigten, dass Nitrat hauptsachlich im Herbst und Winter aus
dem Wurzelbereich ausgewaschen wird, was auf die erhdhte Mobilisierung des Porenwassers in dieser

Vil



Zeit zuriickzufiihren ist. Dieses saisonale Auswaschungsmuster wurde jedoch nicht auf tiefere
Bodenschichten in der ungesattigten Zone Ubertragen, wo der N-Transport durch Denitrifikation in
tonreichen Zonen und durch praferenziellen Fluss in Trockenrissen und Bodenspalten stark
beeintrachtigt wurde.

Die Mineralisierung aus dem organischen N-Bodenpool wurde auf 59 kg N ha geschitzt. Deshalb war
die N-Dingerreduktion in der Nitratauswaschung nur teilweise sichtbar. Ein Wechsel des Diingers
hatte wahrend des Untersuchungszeitraums keine signifikanten Auswirkungen auf die
Nitratauswaschung.

Das jahrzehntelange biogeochemische Vermachtnis der N-Dynamik verlangert die Zeitspanne
zwischen einem Eingriff an der Oberflache und einer sichtbaren Auswirkung im Grundwasserleiter weit
Uber die Zeitspanne hinaus, die allein mit dem hydrologischen Vermachtnis von einigen Jahren
erklarbar ist. Wir empfehlen ein langfristiges Monitoring, um die Auswirkungen dieser Effekte weiter
zu erforschen und realistische Ziele fiir die Grundwasserqualitat festzulegen. Der Herbst-Nmin-Gehalt
auf einer groBen Anzahl von Feldern kann als Indikator fiir regionale Nitratverluste in den
Grundwasserleiter verwendet werden, da er nachweislich signifikant mit der anschliefenden
Nitratauswaschung im Winter korreliert. Die N-Diingeempfehlung sollte regional angepasst werden
und die langjahrige Ausbringung von organischem Diinger mit hohen Mengen an nichtverfliigbarem N
sowie das hohe Mineralisierungspotenzial der lokalen Béden beriicksichtigen.

SchlUsselwérter: Ackerbau, Landwirtschaft, Stickstoff, Dlinger, Nitratauswaschung, Transport,
N-Kreislauf, Boden, Mineralisierung, Vermachtnis, Monitoring, SIA, Nmin, Saugkerzen, ungesattigte
Zone
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1 The trade-off between food and drinking
water production

Agricultural production has been intensified in the past few decades, particularly in developed
countries. This process involves high nitrogen (N) inputs via organic materials like manure, compost,
digestates, and biological N fixation via legumes, and synthetic fertiliser produced from the air via the
Haber-Bosch process. The annual N application for 2020 was predicted to be 118*10° tons on a global
level (FAO 2015, Tiefenbacher et al. 2020), and for the same year estimated at 172’000 tons in
Switzerland (Reutimann et al. 2013, Eidgendssisches Bundesamt fiir Landwirtschaft 2017).

This production system has allowed producing crops of high quantity and quality for an increasing
human and animal population. However, on the other hand, it has been criticised for being
unsustainable, i.e. for its unwanted adverse impacts on ecosystems, on which human survival depends
(Di et al. 2002, Galloway et al. 2008, Tilman et al. 2011, Steffen et al. 2015).

It was estimated that 2/3 of the N input in Swiss agriculture is not incorporated into agricultural
products but lost to environmental compartments (Eidgendssisches Bundesamt fir Landwirtschaft
2020, Spiess et al. 2020). Among other loss paths, subsurface nitrate (NOs’) leaching from soils
contributes heavily to groundwater pollution. In Switzerland, 34'000 t of nitrate-N is leached annually
from agricultural land to water bodies (Heldstab et al. 2010, Eidgendssisches Bundesamt fir
Landwirtschaft 2017, Eidgendssisches Bundesamt fir Umwelt 2019, Spiess et al. 2020). Consequently,
the legal limit for nitrate in groundwater has been exceeded at 12-15% of the national monitoring sites
in recent years (Eidgendssisches Bundesamt flir Umwelt 2019) (Figure I-1). On the EU level, nitrate
causes the failure of good chemical status in 18 % of the groundwater body area (European

Environment Agency 2018).
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Figure I-1: Nitrate levels in groundwater monitoring stations in Switzerland. Concentrations are elevated to high
in the Plateau, where intense agriculture takes place (Eidgendssisches Bundesamt fir Umwelt 2019).

2




Chapter | General Introduction

As groundwater is a primary source of drinking water, the trade-off between crop yields and high-
quality drinking water is the subject of vigorous political and scientific debate (Zhou et al. 2014,
European Environment Agency 2018).

In the following sections, some background information for this complex issue is given before research
goals are stated. First, the processes of the soil N cycle are described (Section 2), followed by a
summary of ecosystem and human health consequences of high nitrate levels in groundwater
(Sections 3 and 4). Subsequently, the current state of national and international legislation in this
context is presented (Section 5), and the main nitrate leaching mitigation measures in the agricultural
context are explained (Section 6), as well as possibilities and challenges in monitoring under
agricultural fields (Sections 6 and 7).

2 The N cycle in soils

Nitrate leaching is strongly influenced by nitrogen (N) transformation processes in the soil, which are
complex. They depend on environmental conditions like pH and redox potential and the microbial
community that mediate the processes. During the last years, process knowledge increased. An
overview of the established pathways focusing on the soil compartment and agricultural activities is
given in the following (Figure I-2). More detailed descriptions of the single processes can be found
elsewhere (Kendall et al. 2000, Di et al. 2002, Philips et al. 2002).

In agricultural systems, N enters the soil via fertilisation. We can differentiate between three N
fertiliser types. First, legumes like clover naturally fix inert N, from the atmosphere. This process is
possible because these plants are in symbiosis with rhizobia bacteria that create nodules in the host's
roots and transform atmospheric into plant-available N (Reece et al. 2011). Second, farmers apply
organic waste like manure, compost, and digestates to supply plants with nutrients. This action is
regarded as nutrient-recycling on the one hand and, on the other, waste deposal (Di et al. 2002). Third,
the Haber-Bosch process has allowed the production of synthetic fertiliser since the 1950s. Nowadays,
120 million tonnes of N, from the atmosphere are converted annually into a reactive form such as
nitrate, ammonium or urea (Rockstrom et al. 2009).

In addition to fertilisation, N enters the soil from the atmosphere in the form of reduced (ammonium
NH4*, ammonia NHs) or oxidised (nitrate NOs’, nitrogen dioxide NO,, nitric acid HNO3) compounds via
dry deposition or with precipitation (Rihm et al. 2016, Seitler et al. 2021). The sources are natural
volcanic eruptions, the anthropogenic burning of fossil fuels in heating systems or vehicles' combustion
engines, and gaseous losses from agriculture, e.g. manure storage. In Switzerland, the mean total N
deposition is estimated to be 16.3 kg ha™ a™, with values of 15-40 kg ha™ a™ on the Plateau (Rihm et
al. 2016).

Unlike organic N compounds that have to be broken down first via mineralisation, mineral compounds
like nitrate and ammonium are directly plant-available. The assimilation, also called incorporation,
refers to the N uptake into plants or microorganisms. Ammonium is also transformed into nitrate via
multi-step oxidation processes summarised by the term nitrification. Autotrophic organisms mediate
these processes to derive energy (Kendall et al. 1998). In detail, Nitrosomonas species transform
ammonium to nitrite (NO7’), and subsequently, Nitrobacter species oxidise nitrite (NO’) to nitrate
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(NO3"). The first reaction is slow, and the second one fast in natural systems, whereby nitrite levels are
generally low. As protons are released, the reactions produce acidity and thus, the pH level decreases.
The conversion of nitrate to ammonium is also possible either as process for energy conservation
(dissimilatory nitrate reduction, DNRA) or for N incorporation into biomass in the form of ammonium
(assimilatory nitrate reduction) (Philips et al. 2002).

Positively charged NHs* molecules are in exchange with the negatively charged surfaces of clay
particles in the soil. In contrast, there is little evidence for the sorption of nitrate (Kendall et al. 1998).
Due to its negative charge, this compound is leached and transported to deeper soil layers and finally
to the aquifer.

In addition to DNRA, leaching and assimilation, nitrate molecules can be transformed into organic N
forms (immobilisation) or, in anaerobic zones, denitrified. By denitrification, nitrate is transformed by
respiratory organisms via multiple steps into gaseous N forms like the greenhouse gas nitrous oxide
(N20) or nitrogen gas (N3). This process increases the pH value. Denitrification and DNRA are competing
processes. Based on the theoretical energy yield of the reactions, DNRA is favoured when nitrate levels
are low, whereas denitrification is favoured when carbon is in limited supply (Philips et al. 2002).
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Figure I-2: Overview of the Nitrogen Cycle in soil and the air compartment (updated version of Di et al. (2002)).
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Nitrogen gas can also be built by a process only found in the late 1990s: anammox bacteria combine
ammonia and nitrite to gaseous N,. All gaseous N forms are eventually lost from the soil compartment
and enter the atmosphere. Related to manure application, another significant loss path of N from the
soil surface to the atmosphere is volatilisation in the form of ammonia gas. This loss commonly
happens when manure or urea is applied to the fields.

In the following, the focus is on the leaching of nitrate. However, the other processes in the N-cycle
should not be ignored.

3 Ecosystem consequences of nitrate leaching

Aquifers can be a sink for nitrate in a catchment if the groundwater flows laterally through anoxic
zones where denitrification processes lower the nitrate content (Kendall et al. 1998). Otherwise,
elevated nitrate concentrations in aquifers can lead to eutrophication of freshwater ecosystems, as
the groundwater eventually comes up to the surface and exfiltrates into other water bodies like
streams and lakes, finally estuaries and coastal oceans (Vitousek et al. 1997).

Generally, nutrient enrichment of water affects the balance of the aquatic ecosystem by altering its
composition, structure and functioning (Ferreira et al. 2011, OSPAR commission 2017). The undesired
effects are summarised by the term "eutrophication". While P is the primary substance of concern for
eutrophication in freshwaters, N is the key nutrient for salt waters (European Environment Agency
2016), where species are often N-limited in their growth and reproduction. Thus, the following few
paragraphs focus mainly on the marine environment. However, similar processes can occur in lakes.

Initially, high N loads directly increase the primary production of phytoplankton. Then, the change
propagates through the food web, including zooplankton, macrozoobenthos and fish. The high
biomass leads to more sedimentation of organic matter and reduces water transparency and light
availability. This shading affects the submerged aquatic vegetation and species composition. The
phytoplankton growth itself is unstable, and the bloom frequency is increased. The decay of the
biomass leads to oxygen depletion and possibly mass fish death (Ferreira et al. 2011). To summarise
these effects, eutrophication significantly shifts the composition of flora and fauna, affecting habitats
and causing a decline in biodiversity in the long-term (OSPAR commission 2017). In addition, water
quality is degraded due to low oxygen concentrations.

Nowadays, eutrophication is a problem in 7 % of the North-East Atlantic, with 100'000 km? affected in
2017 mainly along the coast from Belgium to Danish and Swedish waters (Figure I-3), thus "adjacent
to densely populated catchments where pressure from human activities is particularly high" (OSPAR
commission 2017). However, the spatial extent of the problem area has been decreasing thanks to a
reduced anthropogenic N and P input in the upstream catchments since the 1980s, when concerns
resulted in public action which translated into international programs (Ferreira et al. 2011). Some of
these agreements are listed in Section 5.



Chapter | General Introduction

classification

problem area [l

potential problem area [

non-problemarea [l
W

Figure I-3 : Eutrophication problem areas in the North-East Atlantic. Eutrophication is strongly related to pressure
from human activities, as along the coast of Belgium, Denmark and Sweden (OSPAR commission 2017).

4 Human health consequences of nitrate in
drinking water

Humans assimilate nitrate via drinking water and food. Assuming an average diet, the former is the
main nitrate uptake path when nitrate concentrations are close to or above legal limits (Schullehner
2019). Regarding food, nitrate concentrations are naturally high in some green leaf and root vegetables
such as lettuce, spinach, and beetroot (WHO 2010). After ingestion, nitrate is reduced to nitrite, which
takes an active role in the formation process of N-nitroso compounds (NOCs) by a process called
"endogenous nitrosation". Most NOCs are known animal carcinogens and teratogens, thus may induce
cancer and congenital disabilities (Ward et al. 2018, Essien et al. 2020). Simultaneously, NOC formation
is inhibited by ascorbic acid, polyphenols, and other compounds with a protective potential, e.g.
contained in fruits and vegetables (Ward, Jones et al. 2018). In other words, in contrast to drinking
water, nitrate-rich food often also shows a protective potential (Schullehner 2019).

In early reports, the disease mentioned regarding nitrate in drinking water is infant
methemoglobinemia, or "blue baby syndrome". This disease was observed in infants less than six
months old. After nitrate ingestion, e.g., when the formula was prepared with nitrate-rich water, the
previously formed nitrite binds to haemoglobin (Fe?*), lowering the oxygen-carrying capacity of the
blood as the formed methemoglobin (Fe®*) cannot bind oxygen (Ward et al. 2018). Symptoms include
a blue-grey skin colour, lethargic and irritable behaviour, breathing problems, coma and death,
depending on the severity of the disease (Knobeloch et al. 2000). While bacterial infections often are
a contributing factor for methemoglobinemia, the first case for a previously healthy child fed with
formula was reported in 1945 (Comly 1987). However, later incidence was also reported from
agriculturally intensive areas in Eastern Europe (European Environmental Agency et al. 2002), private
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well use in the United States (Knobeloch et al. 2000), and in a cross-sectional study from the Gaza strip,
where mean nitrate concentrations reached 195 mg L™ (Abu Naser et al. 2007).

More recent studies focus on the long-term cause-effect relationship of nitrate in drinking water and
several chronic diseases. Within the scope of an updated systematic review, Ward et al. (2018) stated
that there is evidence for a link between nitrate uptake from drinking water and colorectal cancer,
thyroid disease, and neural tube defects. In a meta-regression analysis of 48 scientific articles, Essien
et al. (2020) associated stomach cancer with the median dosage of nitrate from drinking water, with
other types of cancer not showing any association. Ward et al. (2018) emphasised that the number of
well-designed studies is currently too few to draw a firm conclusion about risks from drinking nitrate-
rich water. Confounding factors in epidemiologic studies and exposure assessments include the lack of
long-term data sets, including many individuals with unknown domicile, unknown nitrate
concentrations, especially in private wells, and the share of bottled water consumption. These
methodological limits were overcome in Denmark, allowing for a nationwide population-based cohort
study (Schullehner et al. 2018). In Denmark, drinking water is produced from groundwater, where
nitrate concentrations have been monitored for decades. Drinking water supply is organised regionally
for most of the population, and bottled water consumption is low. The Danish national register,
available for research studies upon request, contains all inhabitants' residency and disease history
(Schullehner 2019). Including data of 2.7 million adults and a time range of 1978 to 2011, results
showed that "persons exposed to the highest level of drinking water nitrate had a hazard ratio of 1.16
for colorectal cancer compared with persons exposed to the lowest level."

In Switzerland, no systematic long-term study is available so far (Rohrmann 2019).

5 National and international nitrate legislation

In order to reduce risks for human health and the environment, there are several national and
international regulations regarding nitrate exposure. The natural nitrate level in groundwater is
generally below 10.0 mg L™ (European Environmental Agency et al. 2002). The Swiss legislation
includes two numeric limits regarding water quality and nitrate contamination. For groundwater used
in drinking water production, the Waters Protection Ordinance prescribes a limit of 25 mg NOs™ L™
(Schweizerische Eidgenossenschaft 2021). The second maximum value of 40 mg NOs™ L™ (50 mg NOs~
Lt in the EU and the US), regulated in the Ordinance on Drinking Water (TBDV), is valid for drinking
water (Schweizerische Eidgenossenschaft 2020). That means that a well must be disconnected from
the distribution network if this maximum numerical value is exceeded. However, drinking water
providers are allowed to mix their water with neighbouring wells to dilute the nitrate and reach the
legal limits.

The regulatory limit for nitrate in drinking water was set precautionary to prevent infant
methemoglobinemia, while the other possible consequences for health, e.g. cancer, have not been
taken into account. Therefore, it has been criticised that the limit may not be low enough regarding
long-term health impacts (Espejo-Herrera et al. 2016, Ward et al. 2018, Schullehner 2019).

On an international level, it was intended to coordinate water protection via policy instruments. In the
European Union, these goals are generally set in the "Water Framework Directive" (WFD, 2000/60/EC)
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and the "Nitrates Directive" (91/676/EEC) (Herzog et al. 2008, Ferreira et al. 2011). Switzerland is not
legally bound to the Water Framework Directive. Nevertheless, the country collaborates with its
neighbouring states due to its geographic position at the headwater of several major European rivers
(like the Rhine, Inn and Rhone). It aims to achieve water protection goals based on several contracts
(European Environment Agency 2018), e.g. the “Convention for the Protection of the Marine
Environment of the North-East Atlantic” (OSPAR, 1992) (Figure I-2). Switzerland is also a member of
the International Commissions for the Protection of the Rhine (IKSR Agreement, 2003), Lake Constance
(IGKB, 1961), Lake Geneva (CIPEL, 1963) and the Swiss-Italian transboundary waters (CIPAIS, 1972).

6 Nitrate leaching mitigation measures

The previous sections described the link between agricultural activities, specifically N fertilisation, and
the deterioration of groundwater quality. Additionally, the legal limits for nitrate in groundwater and
drinking water were explained. To finally comply with this legislation, governments, drinking water
providers, and farmers often collaborate to find effective nitrate leaching mitigation measures in
catchments. As there are many factors controlling nitrate leaching under agricultural land, there are
several options.

The most effective measure to reduce nitrate leaching under agricultural fields is the transformation
of agricultural land into extensive grassland or agroforestry systems. However, these land use
transformations significantly decrease the agricultural output and the degree of self-sufficiency, and
thus acceptance among farmers and policymakers is low. A mitigation project is only successful if
ecological requirements are equilibrated with the economic consequences for the agricultural system
(Fank et al. 2010). Ideally, a combination of measures should be implemented that suits the farm type
and the local land use (Biedermann 2007). A detailed literature analysis on possible nitrate leaching
mitigation measures and their effectiveness was done by Blinemann-Konig et al. (2021), and the
frequency of applied measures was based on six main reports (Clevering et al. 2006, Biedermann 2007,
Osterburg et al. 2007, Dzurella et al. 2012, Eriksen et al. 2014, Bayerisches Landesamt fiir Umwelt
2019). The most relevant findings are presented in the following.

Single measures from literature were grouped into (1) changes in land use, (2) adaptations in the crop
rotation, (3) soil management and seeding, (4) adjustments regarding the fertilisation, and (5)
optimisations in animal husbandry (Figure 1-4). Measures regarding fertilisation were mentioned the
most (n=108), followed by changes in crop rotation (n=58). For example, a feasible and effective single
measure regarding crop rotation is the cultivation of cover crops during the cold season. These plants
(e.g. phacelia, ryegrass, Brassicacea) are ideally sown in early autumn to maximise root development
and “catch” remaining N that otherwise is prone to leaching during winter precipitation events (Thapa
et al. 2018). The thereby stored nutrients are released when the biomass is incorporated into the soil
in spring. Several studies showed that nitrate leaching was significantly reduced using non-leguminous
catch crops compared to fallow land (Blanco-Canqui 2018, Thapa et al. 2018, Abdalla et al. 2019).
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Figure I-4: Number of mentioned single nitrate leaching mitigation measures according to a literature analysis of
Blinemann-Konig et al. (2021). The measures are grouped according to land use, crop rotation, soil management,
fertilisation and animal husbandry.

Regarding the fertilisation amount, it was found that the N surplus was a good indicator for subsequent
leaching (e.g. Garnier et al. (2016), Zhou et al. (2014), Wick et al. (2012)). In Switzerland, the direct
payment system based on the “proof of ecological performance”, implemented in 1993, already
implies equilibrated N balances, i.e. N inputs that do not exceed crop demand by more than 10 % on
the farm level, to qualify for financial compensation. Consequently, N surpluses in the agricultural area
were reduced from 120 kg N ha™ in 1993 to 99 kg N ha™* in 2004. The nitrate concentration in wells in
the agricultural regions declined by 4.4 mg L™! in the Central Plateau, which is less reduction than aimed
for (Herzog et al. 2008). The state offers the possibility for financial support for additional locally
adapted programs in catchments with polluted waters (GschG, Abs. 62a). One of these programs is
presented in Section 9.

7 Challenges for nitrate leaching monitoring in
agriculture

It is essential to have suited monitoring techniques to quantify nitrate leaching, assess the effect of
implemented mitigation measures, accurately set the financial compensation for farmers, and
iteratively adapt the mitigation strategies.

Traditional studies on nitrate leaching frequently use lysimeters or small plots to control experimental
conditions, establish mass balance and achieve statistically sound conclusions. For example, Spiess et
al. (2011) assessed nitrate leaching in lysimeter plots with varying fertilisation type, i.e. only mineral
fertiliser, only organic fertiliser and mixed fertiliser, in a 7-year crop rotation including silage maize,
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wheat, sugar beet, peas, barley and pasture. The leaching was measured at the outlets of the lysimeter
pots in 1.5 m depth, thus close to the root zone.

However, lysimeter studies do not fully represent agricultural practices, e.g. tractor driving and soil
compaction issues. On the other hand, a monitoring of entire agricultural fields potentially leads to an
excessive number of samples, as the high spatial variability has to be considered. In any case, a nitrate
leaching monitoring needs to be long-term, as there are meteorological influences, seasonal patterns,
and a delay between the N fertilisation and the actual nitrate leaching due to mineralisation from the
soil organic pool (section 2) (Fenton et al. 2011, van Meter et al. 2016, Vero et al. 2018). The time lag
referring to N cycling processes is called the “biogeochemical legacy”. Additionally, the nitrate leaching
from the root zone might not be identical to conditions close to the water table, as nitrate can be
subject to later transport and N cycling processes in the vadose zone. This effect is summarised by the
term “hydrologic legacy” (Fenton et al. 2011, van Meter et al. 2016, Vero et al. 2018). The total time
lag or “memory effect” is the sum of both legacies.

8 Research objectives, hypotheses and
experimental approach

This thesis was part of «NitroGau», a local scientific project on improving N efficiency in arable and
vegetable farming. The overall project aimed to evaluate the effectiveness of previous nitrate leaching
mitigation measures and, in a second step, suggest additional measures to decrease the nitrate
concentration in the aquifer in the long term.

This thesis focuses on arable farming only. A range of approaches was used to quantify nitrate leaching
for three seasons (2017-21) on real agricultural fields and under active cultivation. Possible
measurement techniques and mitigation strategies were first identified via a short literature review.
Then, in collaboration with the project’s scientific advisory committee, the cantonal government and
the local farmers, we determined a project strategy feasible within the relatively short duration of the
project and within the possibilities of the farmers’ management.

We installed a monitoring system at 11 sites, consisting of several measurements in parallel. The
approach included passive samplers (e.g. Bischoff (2007)), suction cups (described, e.g. in Barbee et al.
(1986), Grossmann et al. (1991), Singh et al. (2017)), a vadose zone monitoring system (Dahan et al.
2014) and soil sampling with subsequent Nmin analysis (Umweltministerium Baden-Wirttemberg
2001). Additionally, five fields were divided into two or three strips to test measures that would
potentially mitigate nitrate leaching, specifically a diminished N fertiliser level or a change in N fertiliser

type.

The main goals were:

- to compare measurement techniques for nitrate leaching and suggest a suitable monitoring
approach for other projects
- to determine the main influencing factors for nitrate leaching from the root zone

- toincrease understanding of nitrate transport dynamics across the vadose zone

10
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Chapter 2 focuses on the methodology for nitrate leaching monitoring. The three techniques, applied
in parallel in the four experimental fields to allow for a subsequent methodological comparison, were
suction cups (SCs), Nmin soil coring (Nmin), and Self-Integrating Accumulator (SIA) passive samplers. We
wanted to find out which instrumentation was suited for specific project goals, considering the
inherent differences among the techniques like the spatial and temporal resolution. Finally, we aimed
at proposing suitable monitoring for future nitrate projects.

Chapter 3 focuses on nitrate leaching mitigation strategies, their effectiveness, and possibilities for
further reduction in nitrate leaching. We estimated the annual surface N balances that, in addition to
N fertiliser input, also include deposition, symbiotic N, fixation and N output via yield. Finally, we
identified the main leaching parameters via the statistical analysis of the SIA dataset, the N surface
balance, and meteorological parameters. We then introduce the concept of the “biogeochemical
legacy” (van Meter et al. 2016).

In Chapter 4, we aimed at closing the knowledge gap between nitrate in the root zone and the aquifer
by focusing on transport in the unsaturated zone. Using a Vadose Zone Monitoring System (VMS) in a
single field, the dominant transport and transformation processes regarding N leaching in the vadose
zone were identified. The initial hypothesis was that there is a significant time lag between activity on
the surface, e.g. fertilisation, and an effect at the water table in several meters depth, called the
“hydrologic legacy” (van Meter et al. 2016).

In the general discussion (Chapter 5), the results of the previous chapters are summarised and
discussed in a broader context. This synthesis focuses on feasible improvements in local agricultural
management to protect groundwater resources.

9 Study site in the Gau valley

This thesis project was conducted in the Gau Valley in the Swiss Central Plateau, located between
Oensingen and Olten (Figure I-5). The land use is diverse. On the surface, transportation systems like
the main national highway (A1) and train services, and consequently large warehouses and distribution
centres, and industrial production between small villages are visible. However, forests and intense
agriculture are predominant. The primary crops in the rotation are silage maize, winter cereals (wheat,
barley, and spelt), canola, and pasture (mostly grass-clover leys). Sunflowers and potatoes are grown
to a minor extent. Irrigation is currently not used for any of these crops. Mixed farming is the main
production type. Fodder is used for local milk and meat production. The crops are fertilised with
mineral fertilisers, liquid manure, compost and digestates in amounts following the national
recommendations (Richner et al. 2017).

Underneath the valley, there is a large aquifer which is an essential source of drinking water for the
region. Specifically, it provides tap water to 20'000 people. From a geographical perspective, there is
one river called "Dlinnern" that was canalised in the late 1930s and 40s. The Jura Mountains border
the valley to the North and the Mittelgadu Hills with the Born anticline to the South. The Jura Mountain
range and the Born anticline are composed mainly of limestone. In contrast, the Mittelgdu Hills consist
of molasse deposits. The groundwater flows from South-West to North-East, thus from the region of
Oensingen towards Olten (Figure I-5). The aquifer mainly consists of alluvial sand-gravel deposited
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after the glacier retreat in the Wiirm Ice Age. These deposits can be up to 70 m thick in the central
aquifer, while the groundwater gradient is small (0.9%o). The vadose zone, up to 30 m in the aquifer’s
western part, is less thick in the East, but the groundwater gradient rises to 5 %o due to the narrowing
of the valley. In this area, the water exfiltrates into the Diinnern river when groundwater levels are
high. Under normal conditions, the groundwater exfiltrates into the Aare river (Pasquier 1986,
Hunkeler et al. 2015) and, looking at the entire aquifer, recharge is mainly supplied by the river
Dinnern (40 %). Other supplies are precipitation (26 %), lateral inflows from the Jura Mountains (29
%), and Klus tributaries (5 %) (Hunkeler et al., 2015). The direct groundwater recharge rate is around
400-520 mm a. The groundwater age decreases with the flow direction. This effect is explained by
the higher share of direct infiltration and the lower depth of the aquifer itself. The residency time until
pumping in a well is between 6 and 22 years (Hunkeler et al., 2015).

The nitrate concentration in the drinking water wells has been monitored for almost 30 years
(Kantonales Amt fir Umwelt (AfU) Solothurn 2020). Values exceeding the legal target concentration
(25 mg NOs L) and almost reaching the legal limit for drinking water (40 mg NOs™ L) continue to occur
in several pumping stations in the region (Figure I-6), even though the direct recharge from the surface
is diluted by the low nitrate concentration in lateral inflows and in the river (Gerber et al. 2018). Nitrate
leaching mitigation measures have been implemented since the year 2000. The voluntary contracts
with the farmers are based on a computation system called "nitrate index", a regulatory instrument
explicitly developed for this region. The index assesses the nitrate leaching potential annually, and the
goal is to have a low final nitrate index. The calculation is done in advance. Thus, farmers use the
instrument for crop rotation and field management planning. Per field, a base number is calculated
considering the combination of the pre-crop and current crop, and the related estimation of Nmi, soil
content at harvest. This number is first corrected according to the estimated mineralisation and N
uptake after harvest and then multiplied with factors regarding the soil management, winter cover
and seeding date. Conservative soil management, soil coverage in autumn and winter and early
seeding results in bonus points, whereas tillage, fallow land and late seeding are punished, leading to
a higher index. Any fertilisation is generally prohibited between the 15" of October and the 15" of
February. In the end, the field's indexes are area-averaged on the farm level, and the farmers are
financially compensated for their efforts.

The implementation of the index generally allowed farmers to continue with agricultural activities in
the region, but had consequences for the crop rotations. Some arable land was transformed into
extensive grassland. However, the impact of the measures is not visible in the pumping stations, which
may be due either to the long lag time in the aquifer or to the potential ineffectiveness of the
implemented measures (Figure 1-6).

The annual mean temperature (1981-2010) is 9.0 °C, and the yearly precipitation is 1129 mm
(MeteoSchweiz). However, during the years of this study (2017 — 2020), the weather conditions were
generally drier and with temperatures above average (Figure I-7).
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Figure 1-5: a) Geographical position of the Gau valley in the Swiss Central Plateau, and bordering the Jura
Mountains in the North. The valley is marked in red. b) Zoom to the aquifer in the Gau valley. Nitrate
concentrations in the groundwater are shown in colour. The Diinnern river in the valley and the Aare river in the
East are marked in blue. Four pumping stations for drinking water production are indicated. The maps were
created with Google Earth and information from Hunkeler et al. (2015).

start of mitigation project
40+ legal limit for drinking water
g Z E
430 =
g legal target for groundwater| E,
= 428 2
o 20 5
> 426 =
O
W (424 °
10- . \/_/\,_/\_,_\/ 422
— Zelgl — nitrate
Moos — — aquifer level
Gheid
0- Neufeld
T T T
1990 2000 2010 2020

Figure 1-6: Nitrate concentration in four pumping wells that produce drinking water for the Gau region. Data
were obtained by the Cantonal Office for Environment (AfU) Solothurn.
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for the meteo station "Wynau". Data was retrieved from MeteoSchweiz.
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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
available. In this study, three methods were used in parallel 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 0-90 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 2017-20 in the Gau Valley in the Swiss Central Plateau, covered four agricultural fields. The crop
rotations included grass-clover leys, canola, silage maize 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 difference between Nmin content in autumn and spring was greater than nitrate leaching measured
with either SIA or SCs. This observation indicates that autumn Npmin Wwas depleted not only by leaching
but also by plant and microbial N uptake and gaseous losses. The positive correlation between autumn
Nmin content and leaching fluxes determined by either SCs or SIA suggests autumn Ny, as a useful
relative but not absolute 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 especially the combination of methods, increase process understanding and
generate knowledge beyond a pure methodological comparison.
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1 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 (NOs’) originating from crop nitrogen (N) fertilisation. N is added to
soil as it is the main limiting factor for crop growth in agricultural production (Knittel et al. 2012).
However, excess quantities of N are leached in the form of NOs due to its negative charge and
subsequently transported from the soil compartment through the vadose zone into the aquifers
(Cameron et al. 2013). Consequently, NOsis the most common pollutant of aquifers, resulting in failure
to meet quality criteria in 18 % of the European groundwater body areas (European Environment
Agency 2018). A certain loss of N is inevitable in agricultural systems (Adesemoye et al. 2008, Jabloun
et al. 2015). More specifically, the NOs™ leaching rate increases with fertiliser input (Steinshamn et al.
2004, Cameron et al. 2013). Several studies specified that this nitrate leaching responds exponentially
rather than linearly to the fertiliser load (Wang et al. 2019) or the N surplus (Zhao et al. 2016). Besides
the N application rate, additional leaching factors in agriculture are crop rotation, field management
including ploughing activities, fertiliser 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 in 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 collaboration with farmers. These mitigation programs need close and case-specific monitoring
to guarantee their effectiveness and efficiency. Typically, groundwater monitoring includes measuring
the NOs concentration in drinking water pumping stations, piezometers, wells, drainage pipes, or
natural springs. The monitoring 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 regulatory limits. However, the spatial and temporal resolution 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, Wang et al. 2013, Vero et al. 2018). 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 NOs’
leaching 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
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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 agricultural
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 et al. 2004).
However, for monitoring the in-situ processes and the heterogeneity in the field, other instruments
are needed.

Suction cups (SCs) are versatile and can easily be installed directly in the field. A continuous suction is
applied to the tubing system to transport the water from soil pores to the collection unit. In general,
SCs allow for continuous pore water sampling in the soil under a specific field (Barbee et al. 1986,
Grossmann et al. 1991). However, SCs have been criticised for only sampling the soil matrix (Barbee et
al. 1986, Grossmann et al. 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 (Yang et al. 1992, Li et al. 1993).
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
aggregation 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-NOs™ + N-NOy
+ N-NH;*) is often used for nutrient monitoring on the field level. The Nmin value indicates how much
plant-available N is currently stored in the soil (Wendland et al. 2018). For soil samples collected in
spring, Nmin values are widely used to calculate or adjust the fertiliser level in the upcoming season. In
autumn, however, the Nmi, 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-Wirttemberg, the direct payments for each farmer even
depend on the autumn Npin value (Umweltministerium Baden-Wurttemberg 2001).

The examples described above show that several 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 et al. 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 single field study. Furthermore, a complete compilation
and comparison of advantages and disadvantages for nitrate monitoring at field-scale are needed.
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The study aimed to compare the spatial and temporal resolution of the chosen monitoring methods
and evaluate advantages and disadvantages in the installation, maintenance, and costs to suggest a
suitable technique for efficient and effective nitrate groundwater monitoring. Thus, the focus is on a
methodological comparison rather than discussing the reasons for differences 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 current management practices as well as implemented leaching mitigation

measures.
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2 Methodology
2.1 Study site

This study was conducted on four agricultural fields (H1, H2, H3, H4) in the Gau Valley in the Swiss
Central Plateau. The region is characterised by intense agricultural production with silage maize, winter
cereals (wheat, barley, and spelt), canola, and pasture (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
production. The crops are fertilised with mineral fertilisers, liquid manure, compost and digestates in
amounts following the national recommendations (Richner et al. 2017).

The terrain is flat, with the Jura Mountains bordering the region in the North and the Mittelgau 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 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 predominant soil type is classified as Cambisol (IUSS
Working 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 fir Umwelt (AfU) Solothurn 2020). Values
exceeding the legal target concentration (25 mg NOs; L?) and almost reaching the legal limit for
drinking water (40 mg NOs™ 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 implemented
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
tillage. However, these measures' impact is not visible 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.
However, 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 characterised 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.
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2.2 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 II-1).

Table II-1: Temporal overview of the investigation period, the crop rotation and sampling frequency on the four
experimental fields. The sampling methods include Self-Integrating Accumulators (SIA), Suction Cups (SC), and
Nmin Soil Coring (Nmin). Grey shading of a box indicates the temporal integration of a given sample. In contrast, a
cross represents a snapshot.

2017 2018 | 2019 I 2020
312 333/ 53388533233 35833388533325 3935383383883
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

Ysown in July 2015
2 sown in September 2016

2.3 Field properties

The texture of the soils was a silty loam (Table 1I-2). Only H1 had stones throughout the soil profile,
with an estimated volumetric stone content of 4-9 %. The soil bulk density, measured with cylinders (2
=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.

Table 1I-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 clay silt sand bulk density pH Corg
[vol-%] | [%] [%] [%] [g cm?] [1* [g kg™ °]
H1 silty loam /loam | 4/4 /9 17/11/11 57/51/55 25/38/34 NA3 6.5/6.4/ 6.6 | 23/19/10
H2/H3?! siltyloam /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

1 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 n H1, it was not possible to take cylinder samples due to stones.

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

® 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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2.4 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 1I-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 recommended 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 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 fertiliser, N concentrations were available either from a
manure sample taken by the farmer at the application, 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
concentration (Kjeldahl) rather than plant-available N was taken into account.

Table II-3: Fertilisation on the experimental fields H1, H2/3, and H4. From 2019 onwards, normal fertilisation (N)
and mitigation measures M1 and M2 were implemented on separate strips. Where organic fertiliser was used,
total N rather than available N was taken into account. More details are attached in Table VII-2.

field strip applied fertiliser units (kg N ha)
2017/2018 2018/2019

2019/2020

H1 canola
N 142 133
M1 0 1424 1332
M2 88 0
H2/H3?
N 139 63
M1 281 36 110 45
M2 64 18
H4 \ canola
N 229 149
M1 66 198 126
M2 1893 1343

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

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

3 applied with the CULTAN method in one split compared to M1 with ammonium nitrate applied in two splits
4 original fertilisation plan not realised because of farm management issues
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2.5 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 1I-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 methods 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 resolution (Figure II-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, SCs were installed close to the field
border right after the headland.

Table 11-4: Overview of the specifications of the monitoring techniques used in this study.

description flux of leached N Nmin content in the soil concentration of leached N

unit kg N ha* period™ kg N ha? mgN L?

temporal resolution yearly 2x [ year monthly

temporal specification time-integrated snapshot time-averaged

comments - autumn value can be interpreted as | conversion to [kg N ha™] with water flux
leaching potential model

plan view

9-12m

cross section

Figure II-1: Overview of the installed instruments for monitoring of nitrate leaching with three techniques in
parallel. A more detailed overview for SC installation is attached in Figure VII-1.
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2.5.1 SIA measurements

The SIA is a patented passive sampler method developed 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 (g =h =
10 cm) filled with sand held by a mesh at the bottom of the instrument. 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 excavated diagonally across each strip. This approach was
already chosen in the first period, when no mitigation measures were in place, aiming at capturing soil
heterogeneity (Figure 1l-1). The instruments were installed under the root zone in 80-100 cm depth
inside side tunnels. The devices were thus located under undisturbed 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 during 30 minutes with 0.1 | of 1M NaCl, desorbing the nitrate from the passive
sampler resin (Bischoff 2007). The nitrate concentration was measured via colourimetry using a
"Smartchem 450 Discrete Analyser" calibrated for saline solutions. The concentration was transformed
into a flux with the following formula:

-1] = -1 | -2
N flux [kg N ha ] = C* V* Mgmple * M gupsample * T~ * T~ * 10

with c being the measured nitrate concentration of the extraction solution [mg N L], v the volume of
the extracting solution [0.1 L], msmpie the sand-mixture weight [g], Msubsample 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 previous autumn. This approach results in an
integrated measurement of a period of 10-13 months (Table 1l-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™.
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2.5.2 Nnin measurements

A soil sampling campaign was carried out twice a year, namely in February and October (Table II-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 subsamples to capture soil heterogeneity (Figure 11-1). The
samples 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
minutes. 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 hours to determine the
gravimetric water content. The following formula allowed transforming the Nmin concentration to a
Nmin content per hectare:

Nmin content [kg N ha™'] = [cxorr * (Vsolution + Vwater) * Mgyy soit * 1076] % [1 ¥ BD * St » 10]

with cxorr [Mmg N L] being the measured Nmin concentration minus the Nmin background concentration
in the solvent, vsution the volume of the CaCl; solution [0.6 L], Vwater the gravimetric water content of
the sample [L], mar soil the mass of the dried soil sample [kg], | 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 11-2).

The difference between Nmin content in 0—90 cm depth in spring and autumn, in the following
annotated 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 Nmi» data being collected.
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2.5.3 Suction cup measurements

Suction cups (SIC20 from UMS Meter, ceramic cup head composed of silica carbide, pore size 2 pm
(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 (Figure II-1). This way, border effects in the headland
were omitted, and small-scale soil heterogeneity was represented. 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 machinery operations (Ramos et al.
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 preferential 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 batteries and a pump holding a continuous and constant vacuum (-
200hPa compared to atmospheric pressure) (Hendrickx et al. 2002).

The suction cup's ceramic tip finally lay approximately 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 transported 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 II-1). All samples were stored
frozen without previous acidification, then filtered (“simplepure” 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 calculated by multiplying the NO3;™ 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 2017/18. In H3, where no SCs were installed, no information on leaching fluxes is
available.
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2.6 Water flux model

A soil model is useful for better understanding subsurface 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 porosity
model proposed by van Genuchten-Mualem (Simdnek et al. 2013). This approach of soil water
transport is based on Richard’s equation that is elucidated elsewhere (e.g. Doltra et al. (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 remainder. The spatial discretisation (Az = 1 cm)
was uniformly distributed over the soil profile. The model's total period was from September 2017 to
December 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 103 d. No hysteresis 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 (Sim(inek 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, Os, a, n, Ks, 1) were first estimated by supplying the Rosetta
database internally available in HYDRUS 1D with texture and soil density data from cylinder samples in
H2 (Table 1I-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 Technologies (2020)) installed in H2, which is adjacent to H3 and H4 and has a similar
soil type. The data considered 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 1° of January to 14"
of April 2019 (104 days). Thus, winter 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.

Table 11-5: Soil hydrological parameters of the HYDRUS 1D model using the Rosetta database and a calibration.

field parameters averaged Van Genuchten parameters Matrix parameters
according to Rosetta database after calibration
depth clay silt sand density or Os a n Ks o Ks
[cm] (%] [%] [%] [gcm] [-] [-] [em?] | [] [cm d] [cm] [cm d]
0-30 11 54 36 1,68 0,041 200,0
30-60 10 53 37 1,76 0,0576 | 0,4701 | 0,0039 | 1,7405 | 177,8 0,024 12,7
60-150 13 61 26 1,78
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2.7 Statistical analysis

All data management and processing were done in R Studio (version 1.3.1056). Linear regression was
calculated for data comparison and statistics. The significance level a was generally set at 0.05. The
coefficient of determination (R?) and the 95% confidence interval 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 calculated with the stats package considering the field,
the year, and the interaction between them. For the comparison of SIA leaching fluxes between fields,
the TukeyHSD posthoc test was used for the evaluation of pair means. Generally, the logarithm of the
SIA flux measurement 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 (Willmott 1982, Doltra et al. 2010). This index shows the average difference between
modelled (M;) and observed values (O;) among n pairs. It is computed as follows:

n —M.:) 2
RMSE = [t
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3 Results

3.1 SIA measurements

The field H1 showed significantly higher SIA leaching fluxes than the other three fields (Figure II-2).
Generally, the statistical analysis showed that the specific year, field and the interaction of these two
variables 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 example,
nitrate leaching under canola ranged from 77-166 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 2018/19, with
7 and 219 kg NOs-N ha™in H2_M1 and H1_M2, respectively. The two neighbouring 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 NOs-N ha) and smaller than the observed values in strips M1 and M2 with reduced
fertiliser application.

Also, in other cases, the applied mitigation strategies did not show the targeted reduction in NO3°
leaching. For example, though no fertiliser was applied to H1_M2 in 2019/2020 to canola (Table II-3),
leaching in this strip was higher than in the N part with the farmer’s usual fertilisation (166 versus 77
kg NOs-N ha). However, this pattern had already been visible the year before, when the strips had
been fertilised equally.

2017 /2018 2018 /2019 2019 /2020

maize
grass-clover ley

O

[ |

B canola
B cereal

—— standard error of mean

f
0

50 100 150 O 50 100 150 200 250 O 50 100 150 200
SIA leaching flux SIA leaching flux SIA leaching flux
[ kg nitrate-N ha™ ] [ kg nitrate-N ha™' | [ kg nitrate-N ha™ ]

Figure 11-2: Nitrate leaching fluxes for the SIA method for each strip and per crop for the years 2017/18, 2018/19
and 2019/20. Error bars indicate standard error of the mean. The colour of the column illustrates the main crop
during a given period, with the transition from grass-clover ley to maize shown by a mixed pattern with both
colours. Mitigation strategies were implemented only from April 2019 onwards.
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3.2 Npmin measurements

As expected, Nmin values in a given strip were consistently higher in October than in the following
February, thus after the winter leaching period (Figure 1I-3). Except for H1, autumn and spring values
were lower in 2018/19 than in 2019/20, 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 2019/20 than in 2018/19.

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 NOs™ mitigation strategies in strips M1 and M2, applied during the cropping season 2019 in all
fields, were not reflected in the Nni, 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, ammonium is not displayed and discussed separately.

Autumn 2017 Autumn 2018 + Spring 2019 Autumn 2019 + Spring 2020
H1_M1
H1_M2
H2_N [
H2_M1
H2_M2
Ha N [
H3_M1
H3_M2
H4_N - B grass-clover ley
H4 M1 M cereal
- M canola
H4_M2 @ Nmin spring
T I T T T T T I T T T 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™]

Figure II-3: N, content of the soil layer 0-90 cm per strip and sampling campaign. Autumn values are displayed
with bars, while diamonds indicate the corresponding Nmin value in the following spring. The actual crop at
sampling time is shown in colour.
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3.3 Water flux model fit

By calibrating the previously estimated Van Genuchten parameters a and Ks, 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 1I-5). The simulated water content (WC) visually followed the measured
WC pattern in all six depths (Figure 11-4). The Root Mean Square Error (RMSE) was 6.7 %, describing the
average deviation from measured 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 during the winter
months (Figure 11-4, Table I1I-6).
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Figure 1I-4: Daily precipitation values (MeteoSuisse), and measured (Sentek) and simulated (HYDRUS 1D)
volumetric water contents in six depths from September 2017 to June 2020. The bottom figure shows the
simulated water flux as daily values and in the aggregated form per suction cup period.
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Table 11-6: Monthly and yearly measured precipitation data (MeteoSuisse) and percolation values simulated with
HYDRUS 1D for the years 2018, 2019 and 2020. For comparison, the precipitation norm data for the Wynau
station for 1961-1980 is given (MeteoSuisse), as well as the estimated direct groundwater recharge in the Gau
based on tracer experiments (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 6 145 44 123 33
November 84 - 20 5 77 67 32 67
December 87 - 190 58 115 77 89 45
annual 1013 380 - 460 1017 519 1040 504 975 503
sum

* precipitation norm data from Wynau station for 1961-1980 (MeteoSuisse)
** estimated direct groundwater recharge in the Gau valley based on tracer experiments (Gerber et al. 2018)

3.4 Suction cup measurements

The extracted water volume per sampling campaign and the NOs concentrations showed large
variability with time and field (Figure 1I-5). For all fields, there were dry periods when no samples were
extracted, mostly in summer.

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 NOs
concentration was seen in H1_N in winter 2019 after the maize harvest, reaching almost 500 mg NOs’
L. In the other two strips (M1 and M2), this peak reached about 300 mg NO3™ L' each. Simultaneously,
NOs™ 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 volume was
rising.

Additional concentration peaks were visible in winter 2019/2020 in all fields, with 200 mg NOs L' in
H2_N and around 150 mg NOs LY in H1_N and H4_N. Thus, a similar concentration pattern with high
NOs concentrations after maize harvest was observed in H2_N and H1_N, which had an identical crop
rotation shifted by one year. After the canola harvest (H4_N), the increase in concentration was

somewhat smaller.

33



Chapter Il Field-scale monitoring of nitrate leaching in agriculture: Assessment of three methods

These concentration patterns were reflected in the calculated leaching fluxes, i.e., multiplying the SC
concentrations with the simulated water fluxes (Figure 11-6). Aggregated to an entire cropping period,
the build-up under cereal in H1_N transforms into a leaching loss of 193 kg NOs-N ha, whereas in H2
and especially H4, the losses were much lower. In 2019/20, 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 H1. In all fields, the strip with the highest fertilisation (N) consistently showed the highest
nitrate loss (Figure 11-6).

Additionally, the flow-weighted nitrate concentrations for the periods 2018/19 and 2019/20 were
calculated (Table VII-3).
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Figure 11-5: Nitrate concentrations 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 different scale of the
first y-axis for H1.
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Figure II-6: Nit