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Abstract

In recent decades, complex mountainous landscages lieen increasingly under pressure
by deforestation and intensified highland agria@tulhis trend not only compromises the
quality of water in the highlands, but also impatte availability of water resources
downstream. Hence, an effective and sustainableagement of these mountainous regions
is essential and needed to mitigate this risk. [g@neg sustainable management principles to
ensure the freshwater supply, however, requira®@ynd understanding of decisive factors
and processes that control the water quality in mteaoous landscapes. Amongst other
substances, nitrate and dissolved organic carb@C(play a critical role in the ecosystem
health of water bodies. The major focus of thiselitation is on determining the nitrate and
DOC mobilization processes and dynamics in the Ha€atchment, a mountainous
watershed located in South Korea, which is agticalty productive and strongly influenced
by the prevailing East-Asian monsoon. The primadsjective was to identify decisive factors
that control the nitrate and DOC mobilization prgsms and dynamics in such catchments.

To these ends, we conducted stream water qualdtydatharge measurements during a
range of conditions, from monsoonal rainfall eventdry, baseflow conditions. Assessments
were completed along the topographic elevationigradf the catchment, from an upland
deciduous forest, over areas intensively usedddcalture, down to the catchment outlet. In
order to gain a better understanding of nutriené faithin the Haean Catchment, we
investigated river-aquifer exchange fluxes. In &ddito hydraulic gradient monitoring, we
used heat as tracer. To resolve the river-aquieinange fluxes, we set up a two-dimensional
flow and heat transport model using the numericalecHydroGeoSphere (HGS). Potential
effects of river-aquifer exchange dynamics on losalter quality were investigated by
collecting both, river and groundwater samplestiarmore, we determined the impact of
the ridge and furrow cultivation that is commonlppéed in South Korean dryland
agriculture, on nitrate leaching and evaluatedlifszt best management practices (FBMPSs)
using a three-dimensional flow and solute transpartel (HGS).

Our results show that DOC and nitregeurces as well as their mobilization differ
between the forest and agricultural river sites.tte forest, elevated in-stream DOC
concentrations during rainfalls were due to hydyadlushing of soluble organic matter in
upper soil horizons with a strong dependency onspyem wetness conditions. Nitrate
contributions to the stream occurred predominaaltiyng interflow transport pathways.

At the agricultural sites, in-stream DOC concendreg were considerably higher and
supplied from adjacent rice paddies. The highestri@am nitrateoncentrations occurred in
the lower agricultural part of the catchment. Thylouhydraulic gradient monitoring, we
identified in this part of the catchment a disticonnection between the river and aquifer,
and nitrate-rich groundwater inputs to the rivexvaked the in-stream nitrate concentration.
In the mid-elevation portion of the catchment, hegre a limited connectivity between the
river and aquifer was identified and river watealify was consequently unaffected in these
areas.



The results of our HGS modeling study show a hahgoral and spatial variability in
river-aquifer exchange fluxes with frequent floweesals during the monsoon season. Our
results also suggest that these flow reversalseanbgnce the natural attenuation of nitrate in
the shallow groundwater below the streafhe simulation results on evaluating FBMPs
demonstrate that applying a combination of seyelBMPs such as an adapted placement and
timing is recommended to minimize the risk of grdwater nitrate contamination.

Overall, this dissertation demonstrates that thérdlpgic pathways resulting from the
monsoon climate drive the in-stream DOC dynamicghm forested catchment, whereas
sources and mobilization of DOC in downstream adpical areas are mainly controlled by
the specific land-use type. In particular, the Wdesed rice paddy “plot-to-plot” irrigation
system in Korean highlands was shown to contradtieam DOC concentrations. Nitrate
dynamics in streams and aquifers in the agricultaraas of the catchment reflect the
combined effects of land-use type and monsoonaidhygly. Particularly, the highly variable
river-aquifer exchange fluxes with frequent floweesals, which may enhance the nitrate
attenuation, are driven by monsoonal extreme pitatipn events. Since it has been
forecasted that global warming will increase theqfrency and the intensity of extreme
precipitation events also in other regions of thaley our results will become increasingly
important in future water quality assessments asdarch.



Zusammenfassung

In den letzten Jahrzehnten sind komplexe Bergregiaturch Kahlschlage zugunsten einer
intensivierten Landwirtschaft im Hochland zunehmendter Druck geraten. Diese
Entwicklung gefahrdet nicht nur die WasserqualitéitHochland, ferner sind die nattrlichen
Ressourcen stromabwarts einem erhdhten Risiko setage Um dieses Risiko mdglichst
effektiv einzudammen, bedarf es einer nachhaltigewirtschaftung von Bergregionen. Die
Entwicklung nachhaltiger Management-Prinzipien Sigherung der Trinkwasserversorgung
erfordert jedoch profunde Kenntnisse Uber entsemeid Faktoren und Prozesse, die die
Wasserqualitéat regulieren. Neben anderen Substamelen Nitrat und geldster organischer
Kohlenstoff (DOC) eine wichtige Rolle fur die 0katgmare Gesundheit von Gewassern.
Das Hauptaugenmerk dieser Arbeit liegt auf der Elanig von Nitrat- und DOC Dynamiken
und Mobilisierungsprozessen in Haean, ein landehdgtlich intensiv genutztes sowie stark
durch das ostasiatische Monsunklima beeinflusstesugsgebiet im Hochland Sudkoreas.
Priméares Ziel dieser Arbeit war es die entscheidanBaktoren, die die Nitrat- und DOC
Mobilisierungsprozesse und Dynamiken steuern, eatifizieren.

Zu diesem Zweck fuhrten wir vorwiegend wahrend numiader Regenereignisse Fluss-
wasserqgualitdts- und Abflussmessungen entlang @esgtaphischen Hohengradienten des
Einzugsgebietes durch, beginnend auf den bewaldeiiamgen, Uber landwirtschaftlich
intensiv genutzte Flachen bis hin zum Einzugsgshietlass. Um ein besseres Verstandnis
Uber den Nahrstoffverbleib im Einzugsgebiet zu gewn, untersuchten wir die Austausch-
dynamiken zwischen Fluss und Grundwasserleiter.eNeder Uberwachung hydraulischer
Gradienten verwendeten wir Warme als ,Tracer®. Berechnung der Austauschfllisse
erfolgte anhand eines zweidimensionalen Stromuagd-Warmetransportmodells, unter der
Verwendung des numerischen Codes HydroGeoSpher8)H&gliche Auswirkungen der
Grundwasser-Fluss-Interaktionen auf die Wassergiagdrmittelten wir anhand von Fluss-
und Grundwasserbeprobungen. Zudem untersuchtenigviAuswirkung des dort weitver-
breiteten Dammkultivierungssystems auf die Nitratgaschung und evaluierten ,Fertilizer-
Best-Management Practices” (FBMPs) mittels einesiddnensionalen Stromungs- und
Stofftransportmodells (HGS).

Unsere Ergebnisse zeigen, dass die Nitrat und DQ€ll€h und deren Mobilisierung
sich im Wald deutlich von denen in den landwirtdtiith genutzten Flachen unterscheiden.
Im Wald fuhrten wahrend monsunaler Niederschlaggrdiggische Auswaschungsprozesse
von geldsten organischen Substanzen aus dem Oleerzacerhohten DOC-Konzentrationen
im Flusswasser. Nitrat wurde im Wald vorwiegend ridéen Zwischenabfluss in den Fluss
eingetragen.

In den landwirtschaftlich dominierten Flissen h@&neOrdnung identifizierten wir
wesentlich héhere DOC-Konzentrationen, welche aerh @OC-Eintrag aus Reisfeldern
zurlickzufiihren sind. Die hochsten Nitratkonzertragn im Flusswasser wurden in der
landwirtschaftlich genutzten Beckenebene gemessah heruhen auf nitratbelastetem
Grundwasserzustrom. Durch die Uberwachung der ljidchen Gradienten identifizierten
wir hier eine gute Anbindung des Flusses an damd@wvasser, wohingegen in mittlerer
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Hbhenlage des Einzugsgebiets lediglich eine eifgéskte Verbindung zwischen Fluss und
Aquifer vorliegt. Generell zeigen unsere HGS-Sirtialeen eine hohe zeitliche und r&dum-
liche Variabilitdt der Austauschflisse zwischensBlund Grundwasserleiter in der Becken-
ebene, mit zahlreichen Stromungsumkehrungen wahrenmtsunaler Niederschlage. Unsere
Wasserqualitatsmessungen weisen zudem daraufdse,diese Stromungsumkehrungen den
Abbau von Nitrat im flachen Grundwasser unter ddéus$-beglnstigen. Desweiteren zeigen
die Simulationen der Dingermanagement-Szenariess diie Anwendung kombinierter
FBMPs empfehlenswert ist, um das Risiko der Nigktstung des Grundwassers deutlich zu
minimieren.

Insgesamt wird in dieser Dissertation gezeigt, diss Monsunklima eine bedeutende
Rolle fir die DOC- und Nitratmobilisierung in derevialdeten Bereichen des Einzugs-
gebietes spielt, wohingegen der Landnutzungstypnmgtbwérts die DOC Quellen und
Mobilisierung bestimmt. Insbesondere scheint dagwaandte ,Plot-to-Plot* Bewasserungs-
system der Reisfelder die DOC-Dynamiken in den @drengewédssern zu kontrollieren.
Im Gegensatz dazu sind die Nitratdynamiken in @wirtschaftlich dominierten Flissen
und Grundwasserleitern sowohl durch die Landnutzalsgauch durch das Monsunklima
geprégt. Besonders die hoch variablen Austauscimijwea zwischen Fluss und Aquifer und
die damit einhergehenden Stromungsumkehrungenewle den Nitratabbau begunstigen,
werden durch monsunale Extremniederschlage bestiiase Erkenntnis wird durch die
prognostizierte weltweit zunehmende Haufigkeit vBxtremniederschlagen infolge der
globalen Erwédrmung auch zentraler Gegenstand ztiggnforschung sein.
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Chapter 1 Synopsis

Chapter 1
Synopsis

1.1.Introduction

1.1.1.Framework of this dissertation projeclERRECO (ComplexTerrain andEcdogical
Heterogeneity)

An ecosystem is a dynamic complex of living orgarggi.e. plants, animals, microbes) and
the nonliving or abiotic environment (i.e. air, watand mineral soil), interacting as a
functional unit (United Nations, 1992). The bergefihat people obtain from ecosystems
which contribute to human well-being are known assgstem services. These benefits
include provisioning services which provide goods dlirect human use (i.e. food, fresh
water, wood and fiber etc.), supporting services. (nutrient- and water cycling, soil
formation, primary production etc.), regulating \8ees (i.e. climate-, flood- and water
regulations, water purification etcand cultural services (i.e. aesthetic, spiritudijaation,
recreation etc.), (Millennium Ecosystem Assessnizips).

Over the past 50 years humans have changed natcoalystems more rapidly and
extensively than ever before (Millennium EcosystAssessment, 2005). The reason for
these drastic changes in ecosystems by humans gdlgressive desire for fresh water, food,
fiber and timber to satisfy a rapidly growing glblg@opulation (Millennium Ecosystem
Assessment, 2005). While, changes of natural etasgshave contributed to considerable
net gains in human well-being and economic devetpgmthey have also caused the
degradation of many ecosystem services (MillenniEoosystem Assessment, 2005). For
instance, a widespread conversion of natural et@sgsto agricultural land, significantly
improved the global food supply but in turn causeadvertent, harmful impacts on the
environment (i.e. eutrophication of surface watesnil degradation, groundwater
contamination) and on ecosystem services suclesls Wwater supply (Tilmaet al, 2002).

Complex mountainous regions play a crucial roletha supply of freshwater to the
world’s population (i.e. Mountain Agenda, 1998; Woli et al 2007). Approximately 20 %
of the Earth’s terrestrial surface is representgeanbuntainous landscapes (IGBP 1997) and
most major river systems have their sources inethregions. More than half of the world
population depends on freshwater for drinking, dteek, irrigation and hydropower from
these mountainous regions (Mountain Agenda, 1998)vever, mountains are highly fragile
ecosystems and under pressure from deforestatgmcudiure and tourism (Liniger and
Weingartner, 1998). The land-use change in theldmgls from the conversion of natural
forests to agriculture, not only compromises thailability and quality of water in the
highlands (increased surface runoff, soil erospoljution of rivers and groundwater etc.)
furthermore, the availability of downstream resasrcis at high risk (Liniger and
Weingartner, 1998). Thus, an effective sustainadmagement of mountainous regions is
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essential to ensure the availability of resoursesyices and goods to maintain human well-
being (Liniger and Weingartner, 1998).

The international consortium projeGtERRECO (Complex Terrain and Ecoogical
Heterogeneity), in which this doctoral thesis wasbedded in, aims to i) understand the
different ecosystem functions of complex terraii), utilize the gained information to
guantitatively describe the derived ecosystem sesviand iii) predict shifts in ecosystem
services due to future changes in land-use, clirdaéage and the social response to global
change. Finally, the goal of TERRECO is to provaiistainable management principles to
ensure ecosystem services from complex landscapesndintain human well-being.
TERRECO utilizes a transdisciplinary approach, inick researcher of different scientific
fields such as hydrology, soil physics, plant eggloeconomics and social science work
together in an integrative research framework. WHIERRECO Phase | projects were
grouped into work packages (WP 1: Land surface axgh; WP 2: Soils, transport and
hydrology; WP 3: Biological processes; WP 4. Saaonomics), the present dissertation is
part of the second work package (WP 2) which fosuse quantifying key processes that
regulate the water quality.

1.1.2.Background, research objectives and state of krogde

The main goal of this dissertation study is to tdgmitrate and dissolved organic carbon
(DOC) mobilization processes and dynamics in a monal affected, complex mountainous
catchment under intensive land-use in South Korea.

In recent years, the interest in understandingge®es that control the nitrate and DOC
delivery to surface waters has steadily grown. &led nitrate concentrations in surface
waters can cause phytoplankton growth and algainbdg which in turn reduces the dissolved
oxygen content of surface waters leading to euiogpion (i.e. Goolsbyet al, 2001;
Howarth and Marino, 2006). The primary nitrate inpuo surface waters originates from
agricultural catchment nonpoint source fertilizaen-off (i.e. Howarth and Marino, 2006).

During the last four decades the world populatia@s kpproximately doubled and the
demand for food and agricultural products has #teatcreased. Over these four decades,
mineral fertilizers accounted for a significant nease in food production (FAO 2011). To
date, Asia and Europe have the world’s highestratanineral fertilizer use per hectare but
also face the greatest environmental pollution @i resulting from these excessive
fertilizer applications (FAO 2011).

In South Korea, the total fertilizer use for aghiatal productivity is high relative to other
locations throughout the world although Korea’sbégdand comprises only 16.43 % of its
total land surface and permanent crops are sol&wrgon 12% of the arable land (FAO
2012). The excessive use of fertilizers in Southrégoto maintain a high agricultural
productivity is a result of intense upland agriatdt where even steep slopes prone to erosion
are cultivated, in combination with the prevailingppnsoonal climate. Approximately two-
thirds of the total South Korean topography is clampnountainous terrain (Bashkat al.,
2002) and the climate is strongly influenced by Haest-Asian Monsoon. Seventy percent of
the annual precipitation falls during intense mamso precipitation events in June, July and
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August and nearly 90 % of the annual rainfall osowithin the cropping season from April
to October (Ketteringet al, 2012). During these intense precipitation evetite fertilizer
efficiency strongly decreases through runoff, swidsion, and/or leaching to groundwater.
Hence, the excessive fertilizer use in order toaase the food production impairs the water
quality, which in turn reduces the capability topgly clean water to the population.
Generally, South Korea has a high population dgrfdB0 inhabitants per kin The capital,
Seoul, even reaches a population density of 20i0B8bitants per kf Furthermore, the
Korean population is steadily increasing (demogi@ghowth in South Korea: 0.5 % (1999-
2009), FAO 2012) and consequently also the demandtesh water. Due to the intense
monsoonal rainfalls and the steep natural rivemobhslopes, about 37 % of the Korean
annual water resources are from flood-based rurmmfificentrated in monsoonal summer
months (FAO 2012). To ensure water availabilitydiy time periods, most of the runoff is
stored in natural or constructed water reservdi& Q000 small irrigation reservoirs, FAO
2012). In 1994, approximately 16.2 kf water was stored in reservoirs (FAO 2012). Bout
Korea’s largest and deepest drinking water reseigdhe Lake Soyang (Kirat al, 2000),
which is the main freshwater resource for the npetlitan area of Seoul (Ketteringt al,
2012).

Our research area, the Haean Catchment, is locatéte northeastern part of South
Korea along the border of North Korea. The catchmerer system contributes to Lake
Soyang, emphasizing the importance of high watelityu However, the supply of clean
water from the Haean Catchment is challenging &s #@n intensive agricultural landscape
area, where steep slopes are deforested and tedtivBherefore, the catchment is also often
described as a hot spot of agricultural non-painiree pollution (Kimet al. 2006). In order
to overcome this challenge, we need to gain a bettderstanding of source identification,
nutrient fate, and transport pathways from différéydrologic compartments into the
receiving waters. In addition to nitrate, dissohadanic carbon (DOC) is important to the
receiving waters by serving as a transport mechafos a variety of elements, ranging from
nutrients to toxics, such as heavy metals andgiees (i.e.: Akerblonet al, 2008). Elevated
DOC concentration in streams, rivers and lakesftsnoa concern because it complicates
water treatment and increases drinking water suppsts. The mixing of river water with
groundwater at the river-aquifer interface furtherenaffects the ecology of river systems
(Brunke and Gonser 1997). River-aquifer interadiamere found to have positive as well as
negative effects on groundwater and stream watealitgqu(Grasby and Betcher, 2002;
Schmidtet al 2011; Kalbuset al, 2007). For instance, in South Korea, particylarl areas
intensively used for agriculture, nitrate concetitras in groundwater were found to often
exceed the national drinking water standard (Kbhl, 2007; Kohet al, 2009). Thus, rivers
which are fed by groundwater might strongly be @fd by elevated groundwater nitrate
concentrations. On the other hand, groundwaterystams also often depend on infiltrating
surface water rich in organic matter used as enemyrce (Madseret al, 1991) for
biogeochemical processes, such as denitrificatidrichw can attenuate elevated nitrate
concentrations in groundwater. Consequently, kndgdeabout the prevailing river-aquifer
exchange fluxes is needed to gain a better unaelisia of the nutrient fate within the Haean
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Catchment. In order to deal with the elevated gdeater nitrate concentrations which were
often observed in South Korea (Kehal, 2007; Kohet al, 2009) it is important to assess
and evaluate the risk of nitrate leaching from agtural fields into the groundwater as well
as to develop strategies to minimize this riskrofugdwater nitrate contamination.

Therefore, within the first study of this disseidat project, we focused on identifying
source areas, mobilization processes, and trangghways of nitrate and DOC into
receiving waters within the Haean catchment (chia@je The prevailing river-aquifer
exchange fluxes as affected by the monsoonal-tijpmie were investigated in detail within
the second study (chapter 3). In the third studyideatified the impact of ridge tillage and
plastic mulching on nitrate leaching and evaluatedilizer best management practices
(FBMPs) for decreasing the risk of groundwater atér contamination (chapter 4). The
following three sections summarize the state ofwkedge, introduce our hypotheses and
present our objectives for each of the studies.

Study 1: Monsoonal-type climate or land-use managgninderstanding their role in the
mobilization of nitrate and DOC in a mountainousatament

To date, a broad range of studies exists that imvestigated processes controlling the nitrate
and/or DOC delivery to streams in either foresteel:( Bernalet al, 2002; Wagneet al,
2008; Kimet al, 2012; Jeongt al, 2012) or agricultural catchments (i.e.: Rilgal, 2008;
Morel et al,, 2009).

In forested catchments “hydrological flushing” (Bar2005) has been identified as an
important process responsible for event-inducedeases of nitrate and DOC concentration
in surface waters. During this process, nitrate BQIC pools in near-surface soil layers are
leached by a rising water table during hydrologeaénts (e.g. Creed and Band, 1998). In
contrast to DOC, elevated in-stream nitrate comaéinhs in forested catchments have been
additionally related to deep groundwater input® istirface waters (McHalet al, 2002).
However, several studies reported that the stodudad mobilization of nitrate and DOC in
forested catchments is highly depending on theepest antecedent wetness conditions and
the magnitude of storm events (e.g. Bietral, 1999, Bernakt al, 2002,Verseveldet al,
2009). In monsoonal dominated catchments, thesefastors might play a key role for
nitrate and DOC in-stream dynamics as most of tarly precipitation occurs as heavy
rainfall during the summer months, after severaintne of draught. This one-time and
considerable long “wetting-up” process in monsodn#ilenced catchment, might result in
considerably different nitrate and DOC mobilizatioatterns relative to forested catchments
in temperate climate zones.

In agricultural areas anthropogenic factors additily control the in-stream nitrate and
DOC dynamics. For example, inputs of nitrate to esstin agricultural catchments
predominately originate from chemical fertilizerpdipations (e.g. Howarttet al, 2002).
Nethertheless, the processes which control thataittelivery to streams in such catchments
during precipitation events, are still not fullyderstood. Contrary to nitrate, relatively little
is known about major DOC sources and its mobilaratiuring storm events in monsoonal
influenced mountainous landscapes which are higbéd for agriculture. Consequently, it is
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important to determine whether comparable sourndgransport mechanisms are evident as
described for the forested catchments. Furthernweeeneed to identify the decisive factors
(land-use activities or monsoonal-type climate)toahng the DOC and nitrate dynamics in
such river systems.

Thus, the goal of the first study (chapter 2) waddtermine the links between hydrologic
dynamics and the DOC and nitrate mobilization aalivdry to streams synoptically, from
the upland forested headwater catchment, followhagtopographic elevation gradient of the
catchment down to the catchment outlet, whichfisémced by a mixed land-use.

We hypothesized, that:
* The mobilization of nitrate and DOC is highly vddlia in time and driven by the
monsoonal-type climate.
* The transport pathways of nitrate and DOC intordaeiving surface waters highly
depend on the prevailing land-use.
* River-aquifer interactions control the in-streamavajuality.

The according objectives were:
* Understanding the effect of the monsoonal-type aienon stream hydrology and
water quality.
» ldentifying source areas of nitrate and DOC witthia catchment as well as potential
transport pathways of nitrate and DOC into the ix@cg surface waters.
* ldentifying the role of river-aquifer-exchange forstream water quality.

To these ends, we selected three monsoonal extpeemgpitation events in 2010, which
varied in rainfall amounts and intensities. We agtdd high frequency water quality and
discharge measurements at six sampling sites alomgelevation gradient of the Haean
Catchment. Furthermore, we investigated the dymawiiciver-aquifer exchange at mid and
lower elevation via piezometer transects. Findhlys study presents a conceptual framework
that describes the decisive controls for the rdteatd DOC mobilization and dynamics in the
Haean Catchment.

Study 2: River-aquifer exchange fluxes under mamslodimate conditions

In recent years, the interest in river-aquifer exagfe dynamics and the transition zone
between groundwater and surface water has stegdilyn (Fleckensteiet al 2010; Krause

et al 2009). Several authors reported that high comagohs of contaminants in
groundwater can significantly impact surface wajaality and vice versa (Kalbust al,
2007; Grasby and Betcher, 2002; Schmédtal 2011). However, the most important
prerequisite to understand the transport of nusiand contaminants across the river-aquifer
interface and the resulting biogeochemical processdased on an accurate assessment of
the prevailing river-aquifer exchange fluxes (Gieenget al, 2002; Conant, 2004). Several
methods exist for quantifying groundwater-surfac&tes exchange fluxes across the river-
aquifer interface (Kalbugt al, 2007). Monitoring hydraulic gradients along mierter
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transects is a commonly accepted method for inyatstig river aquifer-exchange fluxes
(Eddy-Miller, 2009). The head gradient betweenezpmeter in the riverbed and the stream,
however, is only a indicator of the direction ofckange (Kaeseet al, 2009) but spatial
patterns of exchange fluxes are typically highlyrialsle (Schornberget al, 2010;
Lewandowskiet al, 2011). Therefore, an increasing number of stidiave combined
hydraulic head measurements with the use of heatfagal tracer and inverse numerical
modeling (Eddy-Miller, 2009; Anibast al, 2009; Schmidet al, 2007; Constantz, 2008;
Essaidet al, 2008).

To date, a broad range of studies exists on inyastig river-aquifer exchange fluxes but
to our knowledge, no other study exists that ingastd the temporal and spatial variability
of river-aquifer exchange fluxes under monsoonahaie conditions continuously over
several months. Even though, monsoonal precipitagwents and the resulting high
variability in river discharge might strongly aftethe dynamics of river-aquifer exchange
fluxes and consequently might also be a controkHerlocal water quality. Accordingly, in
the second study (chapter 3) we focused on detergiihe effect of monsoonal precipitation
events on river-aquifer exchange dynamics andatsiple implications on the local water
quality.

We hypothesized, that:
» River-aquifer interactions are highly driven by thensoonal-type climate.
* River-aquifer exchange fluxes significantly affexttrient dynamics in groundwater
and surface waters.

The according objectives of this study were:
» Characterization river-aquifer exchange fluxes umdensoonal conditions.
* Elucidating the effect of river-aquifer exchangexéts on the local water quality.

To achieve these objectives, we monitored hydragitadients between the river and the
aquifer using a piezometer transect installed petigalar to a river reach in the lower part of
the Haean Catchment, over the 2010 summer seasitiohally, we utilized heat as a
natural tracer and determined the river-aquifernexge fluxes by calibrating a numerical
two-dimensional flow and heat transport model (Hy@eoSphere) to the measured head and
temperature data. To elucidate potential effecth@®fiver-aquifer exchange dynamics on the
local water quality we in addition collected rivard groundwater samples.

Study 3: The effect of fertilizer best managemesnttices for reducing nitrate leaching in a
plastic mulched ridge cultivation system

In South Korea, vegetable and crop production @std mulched ridge cultivation is a
commonly applied practice. Over the last decadeseral authors have investigated the
effect of ridge tillage on solute movement and regab that ridge tillage provides the
potential to decrease nutrient leaching (Benjaatial, 1998; Hamletet al, 1990; Clayet
al.,, 1992; Jaynes and Swan, 1999; Bargaral, 1999; Waddell and Weil, 2006).

6
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Furthermore, plastic mulching was shown to be uskfal in order to enhance nutrient
retention in the ridge soil and to increase theient use efficiency of plants.

Nitrate concentrations in Korean groundwater wengnfl to often exceed the national
drinking water standard (Koét al, 2007; Kohet al, 2009). As stated earlier, elevated nitrate
concentrations are correlated to the intense dgrreuin the highlands of South Korea,
which heavily depends on high mineral fertilizeputssin order to compensate fertilizer loss
via runoff and leaching during the monsoon season.

However, so far, research on the influence of gasulched ridge cultivation on water
flow and nitrate leaching in regions affected bg thonsoonal-type climate, does not exist.
Previous studies have shown that an improved plaoewof fertilizer application can reduce
nitrate leaching losses to the groundwater (Hanetetl, 1990; Clayet al, 1992; Waddell
and Weil, 2006). Therefore, the aim of this studgapter 4) was to identify the impact of
ridge tillage and plastic mulching on nitrate leagh under the prevailing monsoonal
conditions, and to evaluate fertilizer best manag@npractices (FBMPs) for decreasing the
risk of groundwater nitrate contamination.

We hypothesized, that:
» Plastic mulching reduces nitrate leaching relatibvancovered ridge cultivation.
» Appropriate fertilizer placement only in ridgesheat than a broadcast application,
considerably reduces nitrate leaching.
» Split applications in combination with an optimahing considerably reduce nitrate
leaching.

The objectives of this study were:
* Investigation of the impact of ridge tillage andgtic mulching on nitrate leaching
under the prevailing monsoonal climate conditions.
» Evaluation of fertilizer best management practi(felBMPs) to decrease the risk of
groundwater nitrate contamination.

In order to meet our objectives, we set up a thlieeensional numerical model using
HydroGeoSphere (Therriert al, 2010) in combination with the parameter estiorati
software ParallelPEST (Doherty, 2005). The moded valibrated to measured pressure head
and nitrate concentration data obtained from aat@tieaching field experiment. The field
experiment was conducted during the 2010 monsoasosein a plastic mulched, radish
cultivation Raphanus sativus Lin the Haean Catchment (Ketteriegal, 2013). Finally,
the calibrated model was used to run scenariosdardo evaluate FBMPs for reducing the
risk of groundwater nitrate contamination.
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1.2. Material and Methods

1.2.1.Research area and study sites

All studies were conducted within the Haean Cataftm@ mountainous bowl-shaped,
catchment located in Yanggu County, Gangwon Pravint the northeastern part of South
Korea. The landscape of the basin can be dividedtimee main land-use categories, which
roughly follow the elevation gradient. Mixed-deowdis forest, mainly dominated by oak
species, is typically associated with high elevattesdp slopes, followed by dryland farming
zones on mid-elevated moderate slopes, and predtetyrrice paddies in the lowland area
(see also Fig. 1.2). With an agricultural area ®®8 of the entire basin area (62.7%nthe
Haean Catchment contains one of the major agrialiluinfluenced river systems feeding
into Lake Soyang.

At the low elevation center of the basin, the belroonsists of highly weathered Jurassic
biotite granite, encircled by mountain ridges matlerecambrian metamorphic rocks (Kwon
et al, 1990, Jo and Park, 2010). The dominant soitsujinout the catchment were classified
as cambisols based on WRB (IUSS Working Group, P@@d developed from weathered
granite bedrock material. Typical soils on the $beel mountain slopes are brown soils and
are also classified as cambisols. Soils are oveddgimoder-like forest floors with a distinct
Oi horizon and less distinct Oe/Oa horizons (Jo Ratck, 2010). The East-Asian Monsoon
strongly influences the climate of the Haean CammimThe intense monsoonal precipitation
events in June, July and August make up 70 % ohtimal precipitation. Approximately,
90% falls within the cropping season from April €@ctober (Ketteringet al, 2012).
Agricultural farming usually starts between ApriicaMay depending on the crop type and
harvesting usually begins in late August to Octoliére annual average air temperature in
the Haean Catchment is 8.5°C (1999 - 2009) ancatimeial average precipitation amount
(1999 - 2009) approximates 1577 mm (Kettergaal, 2012). Six study sites (Fig. 1.1: S1,
S3, S4w, S5, S6 & S7) for water quality and disghameasurements (chapter 2) following
the catchment elevation gradient were used. Theitororg sites followed the elevation
gradient from site S1 (660 masl) in the forestethrngh headwater, down to the catchment
outlet (S7, 410 masl). To characterize temporaérraquifer interactions in the Haean
Catchment, we installed two piezometer transectpgoelicular to streams. The locations
were selected to represent distinct altitude regiage well as for the characteristic land-use
zones of the Haean Catchment. The nitrate leacpgriment (Chapter 4) was carried out
on a flat field site (FS 1) with plastic mulchedlish cultivation in the center of the Haean
catchment (Fig. 1.1).
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Figure 1.1 A) Map of the Haean Catchment including land-déstribution and sites for water
guality sampling and discharge measurements. Yeliogs indicate the piezometer transects (PT1
and PT2). The white dot represents the agricultiiedd (FS1) where the nitrate leaching experiment
took place. B) View over Haean Catchment (photogyapken by: Jan H. Fleckenstein, 2008).

1.2.2.Analysis of nitrate and DOC sources, dynamics anbilization processes

To characterize the nitrate and DOC dynamics rivater was collected at six locations
which reflect the different topographic elevatiaones as well as the dominant agricultural
land-uses of the catchment throughout the 2010 awnseason (Fig. 1.1: Site S1, S3, S4w,
S5, S6 and S7). Under dry conditions (no precipitdt river water samples were collected
weekly. To identify potential event-scale mecharsisoontrolling the nitrate and DOC
delivery to streams, we selected three monsooredigtation events varying in rainfall



Chapter 1 Synopsis

amount, intensity, duration, and pre-storm antecedwnoisture conditions. During the
selected events, river water was synoptically sachpk all monitoring sites, at an increased
frequency (2h — 4h intervals). During one sampliognd, all samples were collected within
approximately 20-40 minutes to be able to companeations at approximately the same
time over a longitudinal transect.

An implemental prerequisite to identify potentialrate and
DOC sources and transport pathways into the rawgivi
waters, is to understand hydrologic dynamics amtitigaing.
Accordingly, river discharge at all water qualityonitoring
sites (Fig. 1.1: S1, S3, S4w, S5, S6 and S7) wasitared.
For continuous discharge measurements at the nnmgto
sites S1 and S4w sharp-crested V-notch weirs (81:1F2)
were constructed and instrumented with pressuresdrecers
(S1: MDS-Dipper, SEBA Hydrometrie GmbH, Germany,
+0.01 m; and S4w: M10 Levelogger, Model 3001, Ssilin
Ltd., Canada, +0.01 m). The by the pressure traresdu
recorded river levels were used to calculate tisehdirges as
previously described in Shoge¢al, 2013.

Figure 1.2 Sharp-crested V-notch weir located at the fockhad water site S1.

For continuous water level monitoring, we instalegdmonitoring sites S3, S5, S6 and S7,
pressure transducers (M10 Levelogger, Model 30@ling Ltd., Canada, +0.01 m) in
stilling wells. In addition, we manually measuréx tstream discharge at a range of stage
heights via the velocity-area method (Rantz, 1982hg an electromagnetic current meter
(FlowSens, £0.5%, SEBA Hydrometrie GmbH, Kaufbeu®armany). Both, the river stage
and analogous measured discharge were used toogestalge-discharge rating curves. On
the basis of the rating curves and the continuoustorded river stages, we obtained
continuous discharge estimates (a detailed degurifs available in Shopet al (2013))

The pre-event hydrological state of the catchmeas wentified by using the antecedent
precipitation index (API), which is typically the-day, 14-day and/or 30-day cumulative
amount of precipitation before events (API, McDdhnet al, 1991). The required
precipitation data were recorded at 30 minute watisr using an automatic weather station
which is located between site S4w and S5 (Fig. M13-GP1, Delta-T Devices, Cambridge,
UK). At the forest site (S1) we additionally applithe 7-day average of soil moisture
conditions before storm events (AMIin order to characterize the pre-event conditions
Therefore, the volumetric soil water content inc80 soil depth was measured using a FDR-
sensor (Delta T Theta Probe ML2X) connected to WaDe datalogger, which recorded the
water content at 30 minutes (min) intervals.

Another focus of this first study of the presersisdrtation was to get an insight into the
river-aquifer interactions in the Haean Catchmektpreviously in literature described
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method for investigating river aquifer-exchangexdls is based on monitoring hydraulic
gradients along piezometer transects (i.e.: Scaelax., 2001; Kalbuset al, 2006; Eddy-
Miller, 2009 etc.). We installed two piezometemsacts perpendicular to the streams, which
are located at different elevation zones of theadg@atchment. The first piezometer transect
(PT1) we installed across a second-order streamyelea site S4w and S5 in the mid-
elevation area of the catchment (Fig. 1.1) wheeedibminant land-uses are dry land farming
and rice paddies. The second piezometer transd@),(Rve located in the rice paddy
dominated lower part of the catchment and acrosghind-order stream (Fig. 1.1). Transect
PT1 consists of four and PT2 of five 2-inch diamepslyvinyl chloride (PVC) piezometers
with 0.5 m screened intervals at their lower emdotder to monitor the vertical hydraulic
gradient between the stream and aquifer, one pienfW8) at PT2 was installed in the
center of the river channel. Each piezometer warumented with a pressure transducer
(M10 Levelogger, Model 3001, Solinst Ltd., Canatda01 m) that recorded total heads and
temperatures at a sample interval of 30 minutesy fiMarch to October 2010. For river stage
monitoring, stilling wells equipped with M10 Levejgers, were installed directly in the
streams (sample interval: 30 min). All water ledgta measured with leveloggers were
barometrically compensated for atmospheric pressarations using an absolute pressure
transducer (Barologger, Model 3001, Solinst Ltcap&da). In Table 2.2 (Chapter 2.2.2) well
construction details for individual piezometers presented.

Weekly, we also sampled groundwater at piezomdtags 1.1: PT1 and PT2) using a
submersible pump (REICH Tauchpumpe, Germany). Gleater as well as stream water
samples were immediately refrigerated to *C 4prior to analysis of nitrate and DOC
concentrations. Water quality analyses were mairdynpleted by the Department of
Environmental Science laboratory, Kangwon Natiddalversity, Chuncheon (see: chapter
2.2.2).

1.2.3.Analysis of river-aquifer exchange fluxes under sommal climate conditions

Within the second study of this dissertation, tbeuk was on investigating river-aquifer
exchange fluxes under the prevailing monsoonal atintonditions. Since, head gradients
between piezometers and the stream are solely dinator of the general direction of
exchange (Kaeset al, 2009) we combined hydraulic gradient measuresneiih the use of
heat as a natural tracer and inverse numerical ingd® quantify flux magnitudes (Eddy-
Miller, 2009; Anibaset al, 2009; Schmidet al, 2007; Constantz, 2008; Esseaidal, 2008).

All measurements were conducted at piezometer acanBT2 (Fig. 1.1, chapter 1.2.1.).
Hydraulic gradients between the river and the aguifere monitored as described previously
in chapter 1.2.2.

The principle of using heat as a natural tracebased on the natural temperature
differences between ground- and surface water. @éseigroundwater temperatures are fairly
constant over time, most surface waters show diuteraperature fluctuations. Heat is
transported through the riverbed sediments by dmweqwith the moving water) and
conduction (heat exchange due to temperature gradli€Constantz, 2008). In river reaches
where river water is infiltrating into the groundwa (losing conditions) the diurnal

11
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temperature signal from the surface water is traried downward by advection and
conduction (Graf, 2005). Alternatively, in gainingaches the in-stream temperature signal is
attenuated by upward advection of the constant rgheater temperature (Eddy-Miller,
2009). For utilizing heat as a natural tracer irs ttudy, we instrumented the in-stream
piezometer W8 with 11 thermistors with data loggeBCod Type Z, Alpha Mach Inc, +
1°C) at 5, 10, 15, 20, 30, 40, 60, 80, 110, 140X8@cm below the water sediment interface.
One additional sensor was placed into the riverewaattached to the outside of the
piezometer pipe at about 10 cm above the watemssdiinterface to monitor the in-stream
temperature.

Combining the temperature and head data in thdresibn of numerical models of
groundwater-surface water interactions can provit@e reliable estimates of exchange
fluxes as opposed to using head data alone (AndegD5). We set up a 2D numerical
model of the river-aquifer system along the pieziméransect using the numerical code
HydroGeoSphere (HGS) (Therrien, 2008) which futitegrates surface and subsurface water
flow as well as solute and thermal energy transpt@S solves the Richards' equation using
a finite element approach to describe transienswtifce flow in variably-saturated porous
media and the advection-dispersion equation forulkiting solute and heat transport. In
Figure 1.3, the model domain, the grid and the dawnconditions (flow and temperature)
are illustrated. We chose a 2D cross section, peéipelar to the direction of stream flow as
the model domain. For the upper model boundarytdpegraphy of the land surface (Fig.
1.3: orange lines) and river channel (Fig. 1.3ebioe) was used, which were surveyed using
an optical level (Tachymat WILD TC1000). The pregessing software GRID BUILDER
(McLaren, 2008) was applied to generate a finimeint mesh within the model domain.
Due to scouring during the first extreme rainfaleet of the monsoon season (July 5, 2010)
we constructed a second mesh for the new river deminetry. The adjusted mesh was
applied for all simulations after the event. As eptime variable boundary condition, the
continuously measured river stage served and walgedpo the defined river channel nodes.
The land surface adjacent to the channel was fpibescas a variable flux boundary, with the
observed precipitation rates applied as inflow. €betinuously measured river temperatures
were applied to the river channel nodes as upper tiariable thermal inputs. Model nodes
representing the land surface (Fig. 1.3: oranges)iradjacent to the river nodes and the
bottom boundaries were treated as no-flow bounsldoieheat. The lateral boundaries of the
model domain were placed with respect to the loaatiof the piezometers furthest to the
East (W6, (Fig. 1.3: right side light blue linepdaWest (W9, (Fig. 1.3: left side light blue
line)), respectively. The total heads and tempeeatmeasured in piezometers W6 and W9
were applied as time variable boundary inputs sirrib the procedure described by Eddy-
Miller (2009). The lower model domain boundary vest to a no-flow boundary condition
(Fig. 1.3: red line). All time variable input datgere implemented as hourly values. Based on
soil samples taken during the installation of tlezpmeters, the distribution of soil properties
within the model domain was determined.

12
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Figure 1.3: Model domain, grid and boundary conditions (BG)veell as the material distributic
within themodel domain. The white dotted line indicates theation of the i-stream piezometer V.

All sample were analyzed for soil textt (soil texture aniysis is givenin chapter 3.2). As
presented ilFigure 1.;, by means cthe measure soil textureswe dividedthe model domai
into two distinct zones with different 4 material properties (Tak 3.1). For aninitial
estimate of thsoil hydraulic parametewe used thimeasured soil texturesd the compute
program ROSETT/(Schaaret al, 2001).Finaly, we calibratecthe modelto the measure
temperaturesby inversely estimating the hydraulic conductisti@ising the paramet
estimation code PEST (Doherty, 20. In Table 3.2(chapter 3.2) the thermal inpu
parametei areprovidec.

To identify potential effects of rive-aquifer exchangedluxes on local water qualit,
nitrate,DOC and i-situ DOy, concentrationsfield sensorHQ10 devic / LDO sensor; Hac
Lange; Germany) were measured in river and groundwat: at the piezometes betweer
14" of Juneand 1" of August in2010. Water samplir (surface and groundwate, water
analysis as well as weather and discharge obsemgativere conducted as previou
described in chapter 1.2

1.2.4.Analysisof fertilizer best management practices for redut nitrate leachint

To assess the impact of ridge tillage and plastitching on nitrate leachinandthe potentia
to decrease the risk of groundwater nitrate comtation by applying fertilizer be:
management practices (FBM, in the followin¢ sectior we firstly present thdesignof the
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nitrate leaching experiment conducted by Kettegh@l (2012) and secondly we provide a
brief description of the three-dimensional model{B®) study for evaluating the effect of
plastic mulch and FBMPs investigations on nittagehing loss.

As presented in Figure 1.1 the experimental figlel was located near the center of the
Haean Catchment. In Figure 1.4 chronologically tbherse of the experimental design is
shown, which provides precipitation rates, timeesktiie of tillage, crop management and
nutrient additions. Since, the field site was fallimr several years a basic fertilization (56 kg
NO; ha') was initially applied to the field site to enharsoil fertility. Afterwards, the field
site was divided into 16 square subplots. On Jute2@10, in addition to the basic
fertilization, four fertilizer rates with 50 (A),5D (B), 250 (C) and 350 (D) kg N®a* were
applied. Each fertilizer rate was applied to 4 loé t16 square subplots and the fertilizer
granules were ploughed into approximately 15 crhéepths. On June™ the ridges were
created and covered with black plastic mulch, patédl with planting holes in which
subsequently the radish seeds were sowed. Sugbondters connected to a vacuum pump
(KNF Neuberger, Type N86KNDCB12v, Freiburg i.Br.r@&any) were installed into ridges
(15 and 45 cm depth) and furrows (30 cm depth) @éasure nitrate concentrations in seepage
water. Seepage water was collected 8-times in eoofrshe experiment (Fig. 1.4) and was
analyzed (within 24 hours) for nitrate using Spegtrant quick tests (Nitrate test
photometric, MERCK, South Korea) and a photometd?2{V Digital Photometer, Dr.
Lange, Germany). In addition to the suction lysiengt the plastic mulched ridges as well as
the uncovered furrows of each subplot were equipp#ti standard tensiometers and
volumetric water content sensors (5TM soil moistaensors, Decacon devices, Pullman
WA, USA) to monitor the prevailing soil water dynas Harvesting at the end of the
experiment was accomplished on August.2Based on the nitrate leaching experiment, we
set up a 3D numerical model using HGS (latest warsTherrien, 2010). The dimensions of
the 3D model were 0.45 m (width) * 1.05 m (length4.65 m (depth). The left and right
hand boundary were prescribed as no flux boundanditons whereas a free drainage
boundary was used for the bottom of the model donmEiese boundary conditions were
chosen based on the assumption that flat field itiond lead to predominately vertical flow
processes and that lateral flow processes are minon even absent. The initial soil
hydraulic parameters were estimated based on rmexhswil texture and bulk density data
using the computer program ROSETTA (Schaapal, 2001). Subsequently, the soil
hydraulic parameters as well as the solute tramsparameters were calibrated to the
measured pressure heads and nitrate concentratimg the parameter estimation software
Parallel PEST (Doherty, 2005). Initially, estimataad optimized soil hydraulic parameters
and solute transport parameters are given in chd®e3 (Table 4.1). A steady state solution
with a constant precipitation flux was used to atljhe initial pressure head conditions in the
model flow domain to the observed pressure head. ifittial nitrate concentrations in the
model were adjusted to the nitrate values measometuly 10 for all fertilizer rates. Nitrate
concentrations with 160, 125-150, 200 and 230; K@ * were fixed corresponding to the
fertilizer rates A 50 kg, B 150 kg, C 250 kg an@80 kg NQ ha* plus basic fertilizer (56 kg
NO; ha'), respectively. To evaluate the effect of plastisich on nitrate leaching loss to the
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groundwater, the simulation of the calibrated maodih plastic mulched ridge cultivation
(RTpm) was compared to simulation of ridge cultimatwithout coverage (RT). In order to
evaluate the effect of FBMPs on the nitrate dynanaied leaching loss below the root zone,
the following scenarios were simulated (see alddela.1):

1.) Fertilizer placement only in ridges for RTpm and &1d all fertilizer rates (A-D).

2.) Different split application scenarios.

3.) Combinations of the FBMPs: Combinations of the fataswulch effect, the fertilizer
placement and the split applications.
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Figure 1.4 Precipitation rates, time schedule of tillagegpcmanagement and nitrate measurements
at the experimental site from May to August 2010.
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1.3.Results and discussion

1.3.1.Nitrate and DOC sources, dynamics and mobilizafiootesses in the Haean
Catchment

We synoptically investigated DOC and nitrate sosyatynamics and the mobilization of
these substances, along the elevation gradienhefHaean Catchment. In general, we
identified distinguishable differences in nitrateddDOC concentration dynamics in the forest
river (S1, Fig. 1.1) compared to the agriculturadr sites (S3-S7, Fig. 1.1).

During precipitation events at forest site S1, pp&C concentrations appeared near the
peak discharge. In contrast, at agricultural riskes the DOC reached peak concentrations
considerably after the peak in discharge. Thesdtsesnply that different DOC sources as
well as distinguishable differences in transporthpays to the receiving surface waters
between these sites were evident. We generallyrodda relatively low spatial variability in
DOC concentrations under dry weather conditiondy @hthe rice paddy influenced site S5
(Fig. 1.1) noticeably higher DOC concentrationseavevident. Typically, sites located in the
lower part of the catchment (S5 — S6, Fig. 1.1sftbhigher DOC concentrations.

In a previous study conducted at this forest sjeJbonget al (2012), consistent
clockwise progressions of the hysteresis loops é&etwthe discharge and the DOC
concentrations have been demonstrated. They relagetiockwise progression to hydrologic
flushing of soluble organic matter from upper swkizons on the rising limb and a limited
supply of leachable organic materials during tHenfa limb of the storm hydrograph. Our
results are in accordance with their findings arel lwild upon this work by additionally
investigating the role of the pre-event hydrologatate of the catchment and the monsoonal-
type climate. We observed the lowest DOC conceatratduring events following dry
antecedent wetness conditions (Fig. 2.8, Nr.1) taedhighest DOC concentration in storm
events after wet antecedent wetness conditions 28y Nr.2 and Nr.3). This observation is
contrary to findings of previous studies conduciadtemperate forests (Inamdar and
Mitchell, 2006). They reported elevated in-strea@@®concentrations during precipitation
events after dry conditions with steadily decregddOC concentrations during following
storms, due to slow production or depletion of D@Servoirs in soils. We relate this
contradiction to the prevailing monsoonal-type eim Prior to the Monsoon season the
forest soils are very dry due to several monthsdodught. Hence, during the first
precipitation event of the monsoonal season, thg dey forest soil may have acted as a
“sponge” drawing most of the precipitation into tkeil interstices. During subsequent
precipitation events, the elevated pre-event votumevater content of the soil most likely
led to a higher pre-event DOC production and comsetly resulted in higher in-stream DOC
concentrations. However, Jeoagal (2012) reported generally lower annual DOC export
(6.70 kg C ha, July 2009 — July 2010) from this forested catchimelative to forests
located in temperate climate zones (e.g. DOC eXpart temperate forests in Europe: 10.4 —
52.6 kg C ha (Hopeet al, 1994)). This observation can be also explainethb prevailing
monsoonal climate. As mentioned above, before D@R lwe produced and mobilized the
forest soils need to be rewetted. This fact is reoptto forests located in temperate climate
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zone where rather periodical precipitation occurd BOC is mostly immediately available.
In several studies it has been shown that lowestrisam DOC concentrations were evident
when high water fluxes through the forest floor eveavident, with short contact times
between soil and soil solution (McDowell and Wot€84; Bourbonniere, 1989). Our results
suggested that the usually high intensity of thexsowonal precipitation events, resulting in
high water fluxes through the soil, might be anitdlidal control for the lower DOC exports
from monsoonal influenced forested catchments.

In contrast, at the agricultural sites (S5, S6 &W), where generally higher DOC
concentrations in the rivers were observed, owlt®suggest that DOC export from rice
paddies might have been an additional contribwdhé rivers under both, dry weather and
event conditions. Typically, we observed higher D@&hcentrations in rice paddy water
(mean: 7.27 mg C*') compared to DOC concentrations in the rivers urdtg weather
conditions (mean: < 3.17 mg C)I The classical rice paddy irrigation managemeachmnique
in South Korea is the plot-to-plot method (Gued@98). Irrigation water is extracted from
surface waters and routed via irrigation canal® itite rice paddies. Subsequently, the
irrigation water cascades from the higher elevapanldy plots into the connected lower
elevation paddy plots and is subsequently retutoegurface waters (Xie and Cui, 2011,
Guerra, 1998). As given in Figure 1.5, in the iniggded subcatchment, river water is
extracted from the river reach downstream of sdev §Fig. 1.1; Fig. 1.6) and is routed
through several paddy fields along the elevatiadgmt into the river reach at site S5 (Fig.
1.1; Fig. 1.5). Therefore, the river site S5 i®sgly influenced by rice paddy water high in
DOC, which might explain the observed elevated Dfd@centrations at this location.

irigation diversion (downstream of site Sdw) paddy water outlet (at site S5)

rice paddy

rice paddy =4 ey
S _‘ o lf- > ‘ £3 2 ¥
Figure 1.5 Schematic diagram of rice paddy irrigation managenietween monitoring locations
S4w and Sb.

Our results further suggest that the lag to peakCDfOncentration relative to peak river
discharge observed at the agricultural sites dysnegipitation events may be also a result of
the local rice paddy management procedures. Eatheopaddy plots contains a headgate,
used to release paddy water over drainage pipesthet river during precipitation events.
Concurrently, a ditch rider stops the irrigatiorpgly from the river into the irrigation ditch
(Kim et al, 2006). Hence, during precipitation events a minnh ponding depth must be
obtained, before paddy water is exported to thersivThis fact most likely explains the
extreme lag to peak DOC concentration relativeneogeak river discharge. Although, South
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Korean paddy fields occupy more than 60% of thal ttarmland (Cheoet al, 2000) DOC
export from rice paddies has been widely overloakqarevious research.

However, as expected, river nitrate concentratayserved at the agricultural sites were
up to eight times higher compared to the riveratérconcentrations measured in the forest
stream. Furthermore, our results show that at eafcithe agricultural sites, nitrate
concentrations rapidly decreased during the obdegovecipitation events, most likely due to
dilution effects (i.e.: Poor and McDonnell, 2007nKet al, 2012). In contrast, at the forested
site nitrate concentrations in the river were fouondslightly increase during the events.
Typically, among the agricultural sites, we obsdriaggher nitrate concentrations in the river
reaches located in the lower parts of the catchifs#etS6 & S7, Fig. 1.1).

We suppose that at the forest site S1 nitrate ézhfitom the upper organic soil layer into
the deeper mineral soil and finally reached therriia base- or interflow. Our results further
suggest that the river reaches in the lower agducall part of the catchment were influenced
by deep groundwater inputs. Nitrate concentratimese generally higher in groundwater
than in surface waters, likely due to nitrate leaghprocesses from the agricultural fields
through the unsaturated zone into the groundwafettdring et al, 2012). Through the
hydraulic head monitoring we identified consistendsing river conditions along PT1 (Fig.
1.1) whereas, the piezometric heads observed @dmg(Fig. 1.1), indicated time-variable
river-aquifer exchange conditions with a distinahrection between the river and aquifer in
this lower area of the catchment. Because a limiteanectivity between the rivers and
groundwater (channelization of the river) in th@epagricultural part of the catchment (PT1,
S3-S5, Fig. 1.1) was evident, river water qualigswnaffected in these areas. Alternatively,
in the lower part of the catchment (PT2, S6 & SHere the river temporarily received
baseflow, the high groundwater nitrate concentraticelevated the in-stream nitrate
concentrations. Thus, our results suggest thatfloasecontributions to the lower river
reaches of the Haean Catchment represent a seymifamd most likely the main pathway for
nitrate into the receiving surface waters, withie Haean Catchment. However, in general
we observed lower in-stream and groundwater nitcatecentrations (always under the
European drinking water limit of 11.3 mg Nl relative to other agriculture regions
throughout the world, where even less chemicallifexts are applied to the fields. We
hypothesize three effects to be responsible fotdhenitrate concentrations observed in the
catchment:

1.) The self-cleaning capacity (in terms of nitrate)sgtems like the Haean Catchment
might be high under monsoonal climate conditioe® (sext section 1.3.2.).

2.) Huge amounts of nitrate might be still stored ia #ystem and will be released time-
delayed to the waters.

3.) A general “dilution” effect during the monsoon seaswhen we conducted all of our
measurements, might have been responsible foothaitrate concentrations observed
in the catchment.

However, to what extent these three effects migiwehcontributed to the relatively low
nitrate concentrations, remains to be clarifie€uimther research.
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1.3.2.River-aquifer exchange fluxes under monsoonal ¢Brsanditions

The focus of this study was on investigating hownsaonal precipitation events affect the
dynamics of river-aquifer exchange and the corredjpg flux rates as well as its impact on
the local water quality.

The two-dimensional HGS model, for determining tiver-aquifer exchange fluxes, was
successfully calibrated to the measured tempematoyeinversely estimating the hydraulic
conductivities using the parameter estimation d@B&T (Doherty, 2005). Even though, the
simulated temperature at 10 cm and 30 cm depth shgfiatly underestimated (Fig. 3.4, Fig.
3.5) likely because solar radiation was not considen the modeling approach (similar to
Vogt et al, 2010), the statistical measures indicate traibdel performs well in predicting
both, the hydraulic heads and temperatures. NagtiH&u efficiencies and correlation
coefficients ranged from 0.60 to 0.98 and 0.85 .&90respectively. In the period directly
after the scouring event (07/05/2010), observeg&atures at 10 and 30 cm depths show a
stronger cooling than in the simulations. This wasest likely caused by preferential
upwelling of groundwater along the outside of tiezpmeter forced by a small gap between
the pipe and the sediment which was created dtinemgcour event.

As presented in Figure 1.6, our results demonshigialy variable hydrologic conditions
within the monsoon season, which are charactebyealhigh temporal and spatial variability
in river-aquifer exchange fluxes, with frequentppaaring riverbed flow reversals. Based on
the spatio-temporal variability of the exchangexds at the river-aquifer interface, the
monitoring period can be subdivided into the thmen time periods. The first time period
(i) refers to the pre-monsoon season (04/03/2@AJ05/2010). During this time period, river
water was infiltrating into the aquifer with a flowainly vertical down to about 0.50 to 0.80
m depth. Below this depth, river water was incneglsi transported laterally with the
regional groundwater flow direction. Already, smpitkcipitation events resulted in a short
but strong infiltration of river water into deepogindwater zones (depth > 2 m). The second
time period (i) starts after the first intensiv@mnsoonal precipitation event at th® & July,
which resulted in a significant riverbed elevatrange correlated with a hydraulic gradient
reversal (07/05/2010 - 08/01/2010). For the follogv25 days, the studied river reach was
always gaining. In these 25 days the first longibas precipitation event of the monsoon
season 2010 (16-18 July 2010, total rainfall ameué# mm) took place. This event resulted
in the highest positive volumetric fluxes withiretientire monitoring period, due to a faster
decrease of the river stage compared to the groatedwevel recession after the event.
Spatially, the highest positive volumetric fluxeene measured close to the riverbed surface.
The third time period (iii), starts at the begimiof August, when monsoonal precipitation
events occur at higher frequency (08/01/2010 - @2@10), which caused the highest
variability in river-aquifer exchange fluxes. Dugithis time period, groundwater levels and
river stage are steadily rising and start to slowtyilibrate. Consequently, the vertical
hydraulic gradient approximated zero and almostryeyaecipitation event resulted in a
reversal of the vertical hydraulic gradient, caatet with the change of flow direction from
groundwater gaining to short-time river water Igsgonditions as well as with high fluxes.

19



Chapter - Synopsi

Although, our results demonstrate highly variabdrblogic conditions within the monso
season, which are characterized by a high temm@odl spatial variability in riveaquifer
exchange fluxe andit has beerargued that the dynamics of exchange between rived
groundwater may strongly influence the quality ohter resources (i.e. Stonestrom .
Constantz, 2003), to our knowledge research onirtfigence of monsoonal precipitati
events on riveaquifer «xchange fluxes and on the local water quality never been
completec
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Figure 1.6: Simulated spat-temporal pattern of vertical volume fluxes alondepths profile at th
location of piezometer W8 (B) and the corresponciver stage and total heads measured in WE
for the entire simulation peric

Therefore, in this study walsofocused on examining potential implications of tiheer-
aquifer exchange fxes on the local water qualitOur results indicate that the er-aquifer
exchange fluxe and the local water qualitare strongly linked to each other. Already
fact, that the monitoing period can b subdivide( via the measurecspatial and tempor:
variability of the DOC and nitrate concentratic into the sameime periods (time period-
iii) as for the investigated exchange flu, point ou that local water quality ilinked to the
investigated exchange fluxe

During the first time period (i), under losing canehs we identifiec the highest spati:
and tenporal variability in DOC concentratio (groundwater and river wat. Our results
showed typically higher DOC concentrations in tiverwater relative to the groundwatin
this firsttime perio(, already comparably small precipitation eventsilted in a short bu
strong infiltration of river water intgroundwate. During thistime perioc (i) increasing DO(
concentrations were observed in groundwisample, which emphasizes thiriver water
enriched withDOC, waspushed into the groundwatedn the secondtime period (ii) wher
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groundwater was predominantly discharging intorther, we observed a lower temporal and
spatial variability in DOC and nitrate concentragoFinally, within the third time period (iii)
when storm events occurred more frequently andithelated water fluxes were found to be
strongest, also the spatial variability of DOC camications in the groundwater increased
again as frequently DOC enriched river water washpd into the aquifer.

In contrast, nitrate concentrations in the rivetevaand groundwater (all piezometers)
were found to decrease during this time period. Biasically two effects might have been
responsible for the decreasing nitrate values. ey nitrate concentrations might have
decreased during monsoonal precipitation events tdudilution effects as suggested by
Rusjan and Miko (2008). But dilution effects faib texplain the even lower nitrate
concentrations observed in the groundwater samipl@eazometer (W5), relative to river
nitrate concentrations.

Further measurements of groundwater, which wereraetetd out of additional
piezometers throughout the Haean Catchment, irediuétate concentrations up to four times
higher in the groundwater than in the river wateenerally, highest nitrate concentrations
measured at the piezometer transect were obsenva@zometer W9, which is upstream of
the river channel with respect to the groundwdtex direction and hence less influenced by
river water. In contrast, at piezometers W5 and WBich are regularly influenced by the
river water, either by strong river water infilti@t or in terms of groundwater flow direction,
showed lower nitrate concentrations relative toahserved river water concentrations.

During the storm events in August, river water higtbOC was frequently pushed into
the anoxic, nitrate enriched groundwater, which ated favorable conditions for
denitrification. Hence, denitrification might haven the main biogeochemical process
responsible for the nitrate attenuation observedMb. Although, we cannot prove this
hypothesis on the basis of the limited chemicahdsat, we postulate that under prevailing
hydrologic conditions the potential for denitrifizan in the streambed below the river is
likely high and therewith also the self-cleaningaeity (in terms of nitrate) of systems like
the Haean Catchment.

In summary, this study demonstrates that duringribesoon season a high temporal and
spatial variability in river-aquifer exchange flisxés evident with frequent riverbed flow
reversals and that the local water quality is adlgd by these river-aquifer-exchange fluxes.
We further showed that using hydraulic gradient itmoimg along a piezometer transect
coupled with heat as a tracer and numerical mogledira useful combination of methods in
order to investigate river-aquifer exchange fluxeder monsoonal climate conditions.
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1.3.3.Evaluation of fertilizer best management practifteseducing nitrate leaching

We investigated the impact of ridge tillage andspamulching on nitrate leaching and the
potential to decrease the risk of groundwater t@tcamntamination by applying fertilizer best
management practices (FBMPs).Consequently, wepsatthree-dimensional (HGS) model,
which was calibrated to measured pressure headsitnate concentrations from a nitrate
leaching field experiment (Ketterireg al, 2012).

Although, the agreement between measured and sedufaessure heads of the water
flow model was not satisfying (chapter 4.3.1., Fg3), the optimization of the solute
transport model resulted in a reasonable agreebenteen measured and simulated nitrate
concentrations (chapter 4.3.1., Fig. 4.4). Withelkeeption of a single fertilizer rate (furrow
position, 30 cm depth), the Nash Sutcliffe coeéfiti was> 0.50 and the coefficient of
determination (R?) was 0.54 for all observation points.

The effect of plastic mulching on nitrate dynamigas evaluated by comparing the
nitrate concentrations of the calibrated model gRTo a simulation without plastic mulch
(RT) using the fertilizer rate B (150 kg Ha We identified distinguishable differences
between the simulated nitrate concentration patéRT and R}y (Cchapter 4.3.2., Fig. 4.5).
The nitrate concentration under RT decreased fast @éomparatively homogeneously
throughout the soil profile. In contrast, under ;RTthe concentration pattern was
heterogeneously with maximum nitrate concentrationderneath the plastic coverage and
low nitrate concentrations in the unprotected fingoand planting holes. This enhanced
fertilizer retention underneath the plastic coveragas also reported by Locasab al
(1985) and Canningtoet al (1975). Additionally, we compared the cumulatinirate
leaching loss between RT and fbelow the root zone and found that for all fezgli rates,
the amounts of leached nitrate was significantlydounder R, in comparison to RT. This
finding underlines the protective function of thiagtic mulch for nitrate leaching and its
corresponding potential to decrease the risk afigglavater nitrate contamination.

We then assumed that an optimal fertilizer placémzan reduce nitrate leaching
especially when the fertilizer is solely placedtli® plastic covered ridges where the main
roots of radishes are able to take up most of thelied fertilizer. Therefore, nitrate
concentrations in the ridges were increased sotlfgatotal initial mass in the model was
equivalent to the previous simulations of fertitizgacement in ridges and furrows. The
received results demonstrated that under RT, tted¢ kwaching loss was reduced by 15%,
whereas, under R, a better fertilizer placement even resulted in 36%er leaching rates.
A reduction of fertilizer leaching through an opt@ihplacement of fertilizers is consistent
with previous studies (Hamle¢t al, 1990; Waddell and Weil, 2006). Within those stsd
the authors reported a decrease of fertilizer liegcby placing the fertilizer only in the
elevated part of the ridge.

Kettering et al (2012) recommended applying the fertilizer in rapgmately 3-4
applications to meet the crop N needs and to rethuedertilizer leaching risk. They also
stated that particularly at the beginning of thewgng season, fertilizer applications should
be minimal due to the lower fertilizer use effiadgnwithin this early plant growing stage.
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Therefore, we developed split application scendraxsed on the total amount of 150 kgNO
ha' as also recommended by Ketterigigal (2012). Furthermore, scenarios on combining
the investigated FBMPs (plastic mulch, fertilizelagement and split application) were
developed. The single scenarios as well as the Imgdeesults of the cumulative nitrate
leaching rates are given in Table 1.1.

As expected, the highest nitrate leaching ratesevabtained by applying the one-time
conventional fertilization in ridges and furrowxésario 1). The lowest simulated nitrate
leaching rate was achieved by using three spiliflifer applications (20/80/50 kg Nha'®)

in combination with a fertilizer placement only mdges underneath the plastic mulch
(scenario 3c & (RTpm + FP)). In comparison to theutts of the simulation RT (without
plastic mulch) with conventional fertilization imrfows and ridges as the reference scenario
(45.83 kg N@ hal), in Scenario 3c (RTpm + FP) a nitrate leachirtg raduction of 82 %
was achieved. The reduced leaching amounts powedamonstrate that the application of
combined FBMPs can considerably reduce the totataileaching amounts.

Table 1.1 Split application scenarios and simulated cunixgaitrate leaching rates (kg Habelow
the root zone (45 cm soil depth) after a simulagieriod of 76 days.

Split application Nitrate leaching rates Nitrate leaching rates
kg NOzha' (RTpm + CF) (RTpm + FP)
Scenario 1 150-0-0 34.1 21.7
Scenario 2a 75-75-0 23.7 14.3
Scenario 2b 50-100-0 19.2 12.3
Scenario 2c 30-120-0 15.7 9.99
Scenario 3a 50 -50-50 19.4 11.3
Scenario 3b 30-60-60 23.7 9.13
Scenario 3c 20-80-50 13.9 8.14

RT,m ridge tillage with plastic mulch, CF: conventibriartilization in ridges and furrows, FP: fertiition
placement only in ridges
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1.4.Conclusions and recommendations for future research

In this project, we identified nitrate and DOC smes as well as analyzed the mobilization
and dynamics of nitrate and DOC in a monsoonalcete mountainous landscape under
intensive land-use, to be specific the Haean Catclinm South Korea. In the first study we
assessed (chapter 2) nitrate and DOC dynamics uii)(satchment scale and developed
conceptual ideas about potential nitrate and DOGrces as well as its mobilization
throughout the Haean Catchment, whereas in thendg@bapter 3) and third study (chapter
4) we focused on studying the underlying procegsesr-aquifer interactions & fertilizer
leaching) on river reach and plot scale, respélgtiviehe main conclusions, in relation to the
originally stated hypotheses, as well as recomnterdafor future research are presented in
the following sections.

Study 1: Monsoonal-type climate or land-use managegninderstanding their role in the
mobilization of nitrate and DOC in a mountainousatament

We synoptically investigated DOC and nitrate sosiyatynamics and the mobilization of
these substances, along the elevation gradienthef Haean Catchment. We initially
hypothesized that the mobilization of these solugesighly driven by the monsoonal-type
climate; that the transport pathways of nitrate B into surface waters are depending on
the prevailing land-use and finally; that river-dquinteractions are an additional control for
in-stream water quality.

Our results confirmed that the monsoonal climatéhésmost decisive driver for the in-
stream nitrate and DOC dynamics in forested paHa#an Catchment. The mobilization of
nitrate and DOC was found to be strongly dependingre-event moisture conditions. By
following the topographic elevation gradient dowenttie agricultural part of the catchment,
the prevailing land-use gains in importance foeriand groundwater quality. Excessive N
fertilization of dryland fields in combination witimtensive monsoonal rainfall events likely
caused the elevated groundwater nitrate concesrisatiin these parts of the catchment,
nitrate is predominately introduced in form of cheah fertilizers by farmers while its
mobilization from dryland fields into the groundwats highly depending on the intensity
and duration of monsoonal precipitation events.s8ghently, the “land-use effect” and
“monsoonal climate effect” are of comparable impode for the groundwater quality. In
those parts of the Haean Catchment, where thepaddy plot-to-plot system is applied, the
prevailing land-use type was found to be the mesisive control on in-stream nitrate and
DOC dynamics. Our results showed that most in-str&0OC originated from rice paddy
water contributions, which were primarily regulateg farmers and their irrigation systems
(under dry weather and event conditions) and nahbymonsoonal-type climate. The rivers
in this part of the catchment are fully channelednaintain the local rice paddy irrigation
system and the connectivity between the riverstaadyroundwater is consequently limited.
Hence, these rivers were unaffected by groundwaperts high in nitrate. Concurrently, in
the lower part of the Haean Catchment, where watiiiked a distinct connection between the
river and aquifer, groundwater inputs high in réravere most likely responsible for the
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observed elevated in-stream nitrate concentratibiethertheless, the monitored highly
variable river-aquifer interactions driven by th@moonal-type climate, were identified as
major control on in-stream nitrate dynamics in thesver part of the Haean Catchment.

However, in general lower in-stream and groundwateate concentrations relative to
other agriculture regions throughout the world webserved. In order to understand this
contradiction of high fertilizer N application veiss comparatively low in-stream and
groundwater nitrate concentration we highly recomdneirther research on investigating the
self-cleaning capacity (denitrification rates ire thyporheic zone) of monsoonal influenced
of systems. Furthermore, it needs to be clarifidgetver huge amounts of nitrate are still
stored in the Haean Catchment as the delayed eetdgsotentially in soils stored and over
several decades accumulated nitrate can signifjcanpair future water quality. In general,
we suggest long-term water quality and dischargasm@ments at the catchment outlet,
from a seasonal to annual assessment in orderatatitatively understand the effect of the
monsoonal-type climate on total, annual DOC anchtdtexport rates from watersheds like
the Haean Catchment. As, for instance in Koreadydiélds occupy more than 60% of the
total farmland (Cheet al, 2000) and consequently high DOC export from paddies might
play an important role for the national water giyaliwe also recommend detailed
investigations of the DOC mobilization from rice dolg fields. A better rice paddy
management system may be than considered to maitmése additional DOC contributions
to surface waters, which subsequently may redueectists for local water treatments and
hence the supply of fresh water.

Study 2: River-aquifer exchange fluxes under mamslodimate conditions

Within this study, we determined how monsoonal imitation events and the resulting
variability in river discharge affect the dynamio$ river-aquifer exchange fluxes and
evaluated potential impacts of these exchange gl local water quality. We initially
hypothesized that river-aquifer interactions arghhji controlled by the monsoonal-type
climate and that the exchange fluxes between ter and the groundwater significantly
affect local groundwater and in-stream water qualit

We found highly variable hydrologic conditions digithe monsoon season characterized
by a high temporal and spatial variability in risaguifer exchange fluxes with frequent
riverbed flow reversals (changes between gainirtlasing conditions). Monsoonal extreme
precipitation events were identified as major drifer these riverbed flow reversals. We
identified sort of “push & pull effects”. During meoonal precipitation events, river water is
“pushed” into the subjacent aquifer due to a fastiese of river levels relative to groundwater
levels. After precipitation has stopped, withinanparable short time the vertical hydraulic
gradient reversals and groundwater is “pulled” gaia into the stream. We reported the
lowest nitrate concentrations within the shallovowgrdwater zone underneath the river,
which is regularly influenced by the described ‘pus pull effects”. As, during monsoonal
events, river water high in DOC is frequently pushato the anoxic and nitrate-rich
groundwater, we postulate that under prevailingrolpgjiic conditions the potential for
denitrification in the streambed below the riverhigh. Since, we cannot fully prove this
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suggestion by means of our chemical data set, @& dgghly recommend further research
on potential denitrification processes within theeambed, which might be forced by the
identified “push & pull effects”. It has been foested that the global warming effect will
strongly increase the intensity and frequency dfegwme rainfall events throughout Europe
and the world (e.g. Benistaat al, 2007). In view of this prediction, the identdiépush &
pull effects” might also become an imperative issuether regions throughout the world.

Study 3: The effect of fertilizer best managemesnttizes for reducing nitrate leaching in a
plastic mulched ridge cultivation system

We assessed the impact of plastic mulch and FBMR¢ leaching losses in ridge cultivation
in a flat terrain. We initially hypothesized thaagtic mulching as well as an appropriate
fertilizer placement only in ridges and split applions in combination with an optimal
timing of fertilization, considerably reduce nigdeaching losses.

All of the initially stated hypotheses were verifiby means of the presented simulation
results. The plastic mulch coverage but also tpedoaphy of the ridges increased the plant
available nitrate in the root zone and considerabfuced nitrate leaching losses to deeper
soil zones. The simulation results also revealat dfertilizer placement solely in the ridges
is a valuable tool to reduce nitratsaching losses compared to conventional broadcast
fertilizations. The split application scenarios ied that small fertilizer application rates at
the beginning of the growing season, followed bgréased application rates in the crop
development stage and again decreased fertilizgicapon rates in the end of the cropping
season considerably reduce nitrate leaching loesesmparison to the conventional one-top
dressing at the beginning of the growing seasothéitheless, the simulations confirmed the
multiplicative beneficial effects of combined FBMBa reduced nitratkeaching losses. In
conclusion, the application of combined FBMPs \ld to economic benefits as noticeably
less fertilizer needs to be applied and thus, t&scfor external fertilizer inputs will be
considerably reduced. Furthermore, environmentdl ezological benefits will be achieved
by reducing substantially the risk of groundwateltution.

Our simulation results, however, are limited taygccultivation on flat terrain, where the
precipitation contributes entirely to infiltratidghrough the unsaturated zone. Contrary to flat
terrain, ridge cultivation with plastic mulching @il slopes, as often practiced in the Haean
Catchment, might increase surface runoff. In viéwhe fact that an increased surface runoff
supports the transport of nutrients and agrochdmidaectly into the rivers we highly
recommend additional research on assessing thecingfaplastic mulch and FBMPs,
including topographical landscape aspects.

Overall, each of the studies included in this disd®n gives valuable insights into the
mobilization processes and dynamics of DOC and/trate in monsoonal affected
mountainous catchments under intensive land-ushidrdissertation the decisive factors that
control nitrate and DOC mobilization processes agdamics in such catchments were
identified, which is an important prerequisitesoirder to develop sustainable management
principles to ensure the freshwater supply from glem mountainous landscapes.
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1.5. List of manuscripts and specification of individualcontributions

The three studies described in this thesis refehitee different manuscripts. The first two
manuscripts are submitted Smurnal of Hydrologyand the third manuscript is published
online in Agriculture, Ecosystems and EnvironmeFite list below details the contributions
of all co-authors.

Manuscript 1

Authors Svenja Bartsch, Stefan Peiffer, Christopher L.g&h&ebastian
Arnhold, Jong-Jin Jeong, Jihyung Park, Jaesung Bamchul Kim,
Jan H. Fleckenstein

Title Monsoonal-type climate or land-use managementietstanding their
role in the mobilization of nitrate and DOC in aunéainous
catchment

Journal Journal of Hydrology

Status accepted

Contributions S. Bartsch idea, methods, data collection, data anslygjures,

manuscript writing, discussion, mseript editing,
first author

S. Peiffer idea, discussion, manuscriptieglit
C.L. Shope idea, discussion, manuscrigtregi
S. Arnhold discussion, data collection

J.J. Jeong data collection

J.H. Park data collection, manuscript editing
J. Eum water quality analysis

B. Kim water quality analysis

J.H. Fleckenstein idea, discussion, manusedjting,

corresponding author

Manuscript 2

Authors Svenja Bartsch, Sven Frei, Marianne Ruidisch, Soypher L. Shope,
Stefan Peiffer, Bomchul Kim and Jan H. Fleckenstein

Title River-Aquifer Exchange Fluxes under Monsoonair@kie Conditions

Journal Journal of Hydrology

Status accepted
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Contributions

Authors
Title

Journal
Status

Contributions

S. Bartsch idea, methods, data collection, data anglysi
modeling, figures, manuscript writing, discussion,
manuscript editing, first author

S. Frei modeling, methods, discussion
M. Ruidisch modeling, discussion

C.L. Shope idea, discussion, manuscrigptredi
S. Peiffer idea, discussion, manuscript editi
B. Kim water quality analysis

J.H. Fleckenstein idea, discussion, manusedjting

corresponding author

Manuscript 3

M. Ruidisch, S. Bartsch, J. Kettering, B. HuweF&i

The effect of fertilizer best management prastioe nitrate leaching in
a plastic mulched ridge cultivation system

Agriculture, Ecosystems and Environment

published

M. Ruidisch idea, methods, data collection, data anglysi
modeling, figures, manuscript writing, discussion,
manuscript editing, first and correspondaghor

S. Bartsch modeling, discussion, nsaript editing

J. Kettering data collection, discussioanumscript editing

B. Huwe idea, discussion, manuscript editing

S. Frei modeling, methods, discussion, manuscript

editing
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Abstract: The linkage between hydrologic dynamics and thkévery of nitrate and DOC
(dissolved organic carbon) to streams was studidla Haean catchment, a mixed land-use
mountainous catchment in South Korea. Three moraognecipitation events were
analyzed, which varied in total rainfall amount {B® mm) and intensities (mean: 1.6-5.6
mm HhY, by high-resolution (2-4h interval) stream wagemlity sampling along the
topographic elevation gradient of the catchmermmfran upland deciduous forest stream,
over areas intensively used for agriculture (drglld@rming and rice paddies) down to the
catchment outlet. The dynamics of river-aquifer rewgge were investigated at two
piezometer transects at mid and lower elevatio@C[Rnd nitrate sources and their transport
pathways to the receiving surface waters differetivben the forested and the agricultural
stream site. In the forest stream, elevated DOGeammations (max: 3.5 mgC) during
precipitation events were due to hydrologic flughof soluble organic matter in upper soil
horizons, with a strong dependency on pre-stornmegst conditions. Nitrate contributions to
the forested stream occurred along interflow trantspathways. At the agricultural sites
stream DOC concentrations were considerably highrex: 23.5 mgC 1) supplied from
adjacent rice paddies. The highest in-stream mit@incentrations (max: 4.1 mgN)|
occurred at river reaches located in the lowercatjtral part of the catchment, affected by
groundwater inputs. Groundwater nitrate concemnatiwere high (max: 7.4 mgN)lowing

to chemical fertilizer leaching from dryland fielttsced by monsoonal rainfalls. Overall, this
study demonstrates that the hydrologic dynamiasltieg from the monsoonal climate drive
the in-stream DOC dynamics in the forestelofder catchment whereas sources and
mobilization of DOC in downstream agricultural aeare mainly controlled by the
prevailing land-use type and irrigation managemdfitrate dynamics in higher order
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agricultural streams and their connected aquifefieest combined effects of land-use type
and monsoonal hydrology.

Keywords: Nitrate; dissolved organic carbon; monsoonal-tglate; land-use type; river-
aquifer exchange dynamics; topography

2.1.Introduction

In recent years, there has been considerable sitere understanding the processes
controlling the delivery of nitrate and dissolvedanic carbon (DOC) to surface waters as
well as identifying the sources for these substang€aowledge of DOC and nitrate dynamics
in surface waters is imperative since both DOC amcte, are critical components of the
global nitrogen and carbon cycles (Wageéral, 2008). Elevated nitrate concentration in
rivers and streams can cause phytoplankton gromdha#gal blooms, which in turn reduces
the dissolved oxygen content of surface waterscamdlead to eutrophication (Royet al.,
2006; Howarth, 2008). Dissolved organic carbon litates the transport of a variety of
elements, ranging from nutrients to toxics suchhasvy metals and pesticides (i.e.:
Akerblom et al, 2008; Bolaret al, 2011). Elevated DOC concentrations in surfaceersa
are often a concern because it complicates watatntent, which increases drinking water
supply costs.

In forested catchments atmospheric N depositianften considered as major source of
in-stream nitrate concentrations (e.g. Nefffal, 2002; Driscollet al, 2003) whereas DOC
typically originates from terrestrial organic mat{e.g. Brookset al, 1999). Major direct
controls or drivers for the mobilization and rogtiaf nitrate and DOC into receiving surface
waters are hydrological events (e.g. Clatkal, 2010). A frequently reported mechanism,
causing increases of in-stream nitrate and DOCeamunations, is the “hydrological flushing”
mechanism (Burns 2005) whereby, during events (jptaton events & snowmelt)
accumulated nitrate and DOC (amongst other substhrare leached from near-surface
layers by a rising water table (e.g. Creed and B&f8@8; Inamdaet al, 2004; Creectt al,
1996). In contrast to DOC, several authors repottet nitrate exports from forested
catchments not only occur along these near-suipaties but also along deep groundwater
flow paths. For instance, McHakd al (2002) reported that deep till groundwater was th
main control for the observed in-stream nitratecemrtrations during hydrological events.
However, many authors have stated that the stodwerd mobilization of nitrate and DOC
in forested catchments is highly depending on tlexgling antecedent wetness conditions
and the magnitude of the storm events becausedidtiese factors can be responsible for
changes in the connectivity of the different floangponents (e.g. Biroat al, 1999; Bernal
et al, 2002; van Verseveldt al, 2009). Especially, these two factors might pdaley role
for the nitrate and DOC export from monsoonal ieflaed forested catchments. In these
systems most of the yearly precipitation occursnésnse rainfall during the hot summer
months. In contrast, the winter months are compgardty and cold. Consequently, before
the monsoon starts soils are relatively dry whemhasng the monsoon season the water
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saturation of the soils is steadily increasing assalt of the frequent extreme precipitation
events. This pronounced seasonal cycle in wettmldaying is quite different from the more
frequent drying and rewetting cycles in catchmdatated in temperate zones, and might
therefore result in considerably different nitraied DOC mobilization patterns. In more
regulated agricultural catchments, however, othetors such as land-use patterns and land
management practices might become more dominamtot®or in-stream nitrate and DOC
concentrations. Although several studies have addrkthe links between hydrology, land-
use and nutrient exports in agricultural catchmentsemperate zones (e.g. Moretl al,
2009; Wagnetret al, 2008), to our knowledge, comparable little dffoas been made to
identify major DOC sources and export dynamics onsoonal mountainous catchments that
are intensively used for agriculture. A goal ofstistudy therefore was to identify potential
DOC sources in such agricultural systems as weltoasletermine whether comparable
sources and transport mechanisms are evident eslskfor forested catchments (Jeatg
al., 2012, Jungt al, 2012). Aside from this, it is essential to idBntvhat the most decisive
factors for potentially elevated DOC and nitrat@@ntrations in such river systems are, the
land-use activities or the monsoonal-type climate?

Therefore, the primary goal of this study was teniify links between hydrologic
dynamics driven by the monsoonal climate and tHeetg of DOC and nitrate to streams
synoptically, from a headwater forested streanofaithg the elevation gradient, down to the
mixed land-use catchment outlet. Since, nutriemt earbon losses typically occur during
storm events (i.e.: Royest al, 2006), our study focuses on identifying the évsale
mechanisms controlling nitrate and DOC deliverystieams. In order to reach our goal we
need a) to understand the effect of rainfall valitgton stream hydrology and stream water
quality, b) to identify potential source areas dtfate and DOC, c) to identify potential
nutrient and carbon pathways into the receivindaser waters and d) to identify the role of
river-aquifer interactions for in-stream water qyalTo these ends we studied the coupled
hydrological and biogeochemical dynamics in the afa€atchment in South Korea. We
analyzed three monsoonal precipitation events, hvhiaried in rainfall amount and
intensities along the topographic elevation gradarthe catchment, from the upland forest
stream, over areas intensively used for agriculfdrg land farming & rice paddies) down to
the catchment outlet, which is influenced by mixadd-use. Furthermore, we investigated
the dynamics of river-aquifer exchange at two siiagpiezometer transects at mid and lower
elevations in the catchment. Based on our findimgsdevelop a conceptual framework that
describes the decisive controls for nitrate and D@@bilization and dynamics in the
catchment.
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2.2.Materials and Methods

2.2.1.Study site

The study area (Haean Catchment) is a bowl-shapedntainous catchment (128° 5’ - 128°
11" E, 38° 13 - 38° 20’ N; 340 m - 1320 masl) lted in Yanggu County, Gangwon
Province, South Korea. At the lower elevation iiiepf the basin, the bedrock consists of
highly weathered Jurassic biotite granite, surreesh@dy Precambrian metamorphic rocks
forming mountain ridges (Kwoat al, 1990). The landscape of the basin can be diviaked
three main land-use categories, which roughly fellthe elevation gradient. Mixed-
deciduous forest, mainly dominated by oak specigstypically associated with high
elevation steep slopes, followed by dryland farnmanges on mid-elevation moderate slopes,
and predominantly rice paddies in the lowland dse® also Fig. 2.2). The local rice paddy
irrigation management practice follows the plogtot method (Guerra, 1998), which is
typical for South Korea. In our study area, riveater is extracted from the river reach
downstream of site S4w and routed through the p&eéttyelevation gradient and returned to
the river at site S5 (Fig. 2.1, Fig. 2.2). Irrigetti water is extracted from surface waters
(rivers, lakes, artificial water reservoirs) andrasited via irrigation canals and ditches into
rice paddies at the highest elevations. Due toldke permeability paddy soils, water is
ponded and cascades from the higher elevation paiiolg into the connected lower
elevation paddy plots.

irrigation diversion (downstream of site S4w)
Ha!

rice paddy

rice paddy

Figure 2.1 Schematic diagram of rice paddy irrigation mamaget between monitoring locations
S4w and S5.

The dominant soils throughout the catchment arebesots, which developed on weathered
granite bedrock material (IUSS Working Group WRBQ?2). Typical soils on the forested
mountain slopes are brown soils, also classifieda@d cambisols with a mean solil texture
composition of 64% sand, 26% silt and 10% clay rigest al, 2012). Soils are overlain by
moder (mustiness)-like forest floors with a distir@i horizon and less distinct Oe/Oa
horizons (Jo and Park, 2010; Jeaiaal, 2012). With a 30 % fraction of agricultural asea
within the entire basin area (62.7 ¥imthe Haean Catchment is one of the major agticallt
areas within the Lake Soyang watershed. The cliroftine Haean Catchment is strongly
influenced by the East-Asian monsoon, with hot &oenid summers and cold and dry
winters. Seventy percent of the annual precipitafadls during intense rain events in June,
July and August. Nearly 90% occurs within the ciogpseason from April to October
(Kettering et al, 2012). The annual average air temperature (2889 and the annual
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average precipitation amount (1-2009) in the catchment is 8.5°C and approximatély?7.
mm, respectively (Ketterinet al., 2012)

Field sites Fig. 22, SX-S7) for water quality and discharge measurementse
identified, starting at site S1 (660 masl) in tlwetted upland headwater, following -
catchment elevation gradient down to site S7 (4a8ImAImost 100 % of the draine area
at site S1 is covered by forest (Ta2.1, Fig. 22). Thus, solely the headwater river site S
not affected by agriculture. Sites S3 and S4w aamiy influenced by dry land farmin

while the significance of rice paddieslanc-usestarts tcincrease within the drainage aree
site S5.

Figure 22: Map of the Haean Catchment includiland-usedistribution, sampling sites, ai
contributing drainage areas for individual samplisites. Yellow lines indicate the jzometer
transects (PT1 and PT2; details about the exacipsef piezometer transect are given in T2.2).

Table 21: Site description: total elevation, contributioraihage area size of each site andland-
usedistribuion within each subcatchme

Elevation Contr. Drainage Area Landuse [%]
Site [masl] [km?] forest dryland farm. rice paddy urban others
S1 660 0.36 99.96 0.00 0.00 0.04 0.00
S3 493 0.57 79.11 15.13 1.89 0.47 3.31
S4w 494 1.67 65.00 26.12 1.24 1.88 5.75
S5 438 2.09 55.38 28.76 9.36 1.60 4.83
S6 416 22.07 50.91 22.87 15.44 2.22 8.49
S7 410 52.62 51.83 21.14 15.29 1.87 9.81
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2.2.2.Instrumentation, data collection and data analysis

Discharge measurements and weather observations

Stream discharge was observed at all water qualdgitoring sites presented in Figure 2.2
(S1, S3, S4w, S5, S6 and S7). At sites S1 and S¥kpsrested V-notch weirs were
constructed and instrumented with pressure tramsduqS1l: MDS-Dipper, SEBA
Hydrometrie GmbH, Germany, +0.01 m; and S4w: M1@dlegger, Model 3001, Solinst
Ltd., Canada, £0.01 m) for continuous discharge itodng (sample interval: 30 min). At
sites S3, S5, S6 and S7 pressure transducers (Mi€ldgger, Model 3001, Solinst Ltd.,
Canada, +0.01 m) for continuous water level momtprwere installed in stilling wells.
Stream discharge at a range of stage heights wasaitha measured with the area-velocity
method using an electromagnetic current meter (Skwvs, +0.5%, SEBA Hydrometrie
GmbH, Kaufbeuren, Germany). The monitored rivegasaand corresponding discharges
were used to develop stage-discharge rating cuBsesneans of the rating curves and the
continuously recorded river stages, continuous hdisge estimates were obtained as
described by Shopet al (2013). For separating the received discharge riapid (surface
runoff) and delayed and slow flow components (stfiase, base- and interflow) we used the
web-based hydrograph analysis tool WHAT (L&nhal, 2005) which is based on a digital
filter method, which separates the fast flow comgrancharacterized by high frequency
waves from the low frequency slow flow componenedipitation and air temperature were
recorded at 30 minute intervals using an autonvediather station WST 11 (WS-GP1, Delta-
T Devices, Cambridge, UK) which is located betwdensites S4w and S5 (Fig. 2.2).

Assessment of river-aquifer interaction

To examine temporal river-aquifer interactions, Wstalled two piezometer transects
perpendicular to the stream. The first piezometangect (PT1) was installed across a
second-order stream, located in the mid-elevatiea &f the catchment, between site S4w
and S5 (Fig. 2.2) where dry land farming and rieeldies are the dominant land-uses. A
second piezometer transect (PT2) was installedsadite main stem of the Mandae River
(third-order stream) (Fig. 2.2) in the rice-padayrdnated lower part of the catchment. PT1
consists of four and PT2 of five 2-inch diametaslyginyl chloride (PVC) piezometers with
0.5 m screened intervals at their lower end. At,R¥& also located one piezometer (W8) in
the center of the river channel to monitor theigatthydraulic gradient between the river and
the groundwater. All piezometers were equipped widssure transducers (M10 Levelogger,
Model 3001, Solinst Ltd., Canada, £0.01 m) thabrded total head and temperature at 30
minute intervals over the time period from Marchotigh October 2010. Additionally,
stilling wells equipped with M10 Leveloggers, wersstalled directly in the streams to
monitor river stage. Similar to the groundwaterelgy river stage elevation was recorded
every 30 minutes. Water level readings recorded ldseloggers were barometrically
compensated for atmospheric pressure variationh wait absolute pressure transducer
(Barologger, Model 3001, Solinst Ltd., Canada)ctied to the top of piezometer W5. Well
construction details for individual piezometers presented in Table 2.2.
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Table 22: Measurements and location for individual piezare{(r) = right bank, (I) = left ban

Piezometer Transect PT1 Piezometer Transect PT2
Piezometer w1 W2 W3 W4 w5 W6 W8 w9 W10
Total depth [m] (below land surface) 9.3 7.8 26 161 4.0 6.0 3.0 5.0 2.5
Total elevation [m asl] (land surface) 448.1 447.8 447.7 453.5 419.3 419.6 4159 4192 417.8
Distance to stream centre [m] 75(r) 1.5(r) 1.0(r) 70 (l) 75() 80() 0 11.5(r) 60()

Water quality samples and j-storm conctions

River water was collected at six locations, whiefiact the different elevation zones as v
as the dominant agriculturlanc-uses within the catchmenFig. 2.2: Site S1, S3, S4w, S
S6 and S7). Under dry conditions (no precipitatiomyer weter samples were collect
weekly. During monsoonal precipitation events, riwater was synoptically sampled at
sites at an increased frequency — 4h intervals). In this study we focus our analyse
three monsoonal storm events (Fig. 2.3 andTable2.1), which varied in rainfall amour
intensity, duration, and g-storm conditions. P-storm conditions were identified by usi
the antecedent precipitation index (API, McDonret al, 1991). The API is used as
indicator of the pr-event hylrological state of catchments and is tl-day, 1~day and 3-
day cumulative amount of precipitation (A=day) before events. At the forest site (S1)
also used a-day average of soil moisture conditions beforemstervents as the anteced
soil moisture index (AMy). To calculate the AMI, we measured the volumesod water
content (%) in 30 cm soil depth using a F-sensor (Delta T Theta Probe ML2X) connec
to a Delta T datalogger, which recorded soil watentent at 30 minutes (min) interv:
Throughout the 2010 monsoon season, groundwateplearat piezometersFig. 2.2: PT1
and PT2) were collected at a weekly time intervairdy dry conditions using a submersi
pump (REICH Tauchpumpe, Germany). Before samplpm @imately three we-volumes
of water were pumped from the well to ensure aasgmtative groundwater sample. Eacl
the samples (groundwater and stream water) was diiamedy refrigerated to <°C prior to
analysis for nitrate and DOC. Nitrate and DOC wamalyzed at the Kigwon Nationa
University in Chuncheon, South Korea. After watamples were filtered through |-
combusted (4508C) Whatman GF/F Filters, DOC comagahs were measured by thigh-
temperature combusti method using a total carbon analy(TOC 500Q Shimadzy Japan
with 2.8 g of a 20%platinum catalyst on quartz wool. Nitrate was anatyby the automate
flow injection cadmium reduction method usingn automated ion analyzer sysem
(Quickchem 8000, Lachi The exact procedures and methods for nalysis have bee
described previously by (Kim, 200(
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Figure 2.3 Observed precipitation from May through Octob@4@. Identifiers Nr.1, Nr.2 and Nr. 3
represent the individual storm events evaluatetiwihis study.
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2.3.Results

2.3.1.Monsoonal storm characteristics and stream hydrglog

Table 2.3 Storm characteristics of the selected eventsl(Wt.2, and Nr.3 (see: Fig. 2.3)), APIx -
Antecedent Precipitation Index for x = 7 days, &§sj and 30 days.

) Dates Duration Precipitation APl
Hydrologic
Event start end total peak mean 7-day 14-day 30-day
[h] [mm]  [mm h?] [mm]
Nr. 1 7/2/10 9:00 7/3/10 9:00 24 39.20 7.60 1.63 8.20 17.20 62.40
Nr. 2 7/16/10 16:00  7/18/10 10:00 42 69.80 7.60 1.66 11.40 74.80 106.60
Nr. 3 8/13/10 1:00 8/13/10 10:00 9 50.40 12.20 5.60 69.80 114.00 205.00

The hydrologic characteristics varied considerabdfween the events. For example, the
duration of single storm events ranged betweend®4ghhours. The most rapid event was
storm event Nr. 3 (Table 2.3), which lasted only But reached the highest mean (5.60 mm
h™) and peak (12.20 mmi*h precipitation value among the evaluated evente ffean, as
well as peak precipitation values for storm evéitsl and 2, are comparable. These events
mainly differ in their duration and therefore, tal rainfall amount. The lowest mean and
total precipitation value was during event Nr. 58mm h*; 39.20 mm) whereas the highest
event mean and peak discharge amount betweenaditme events was observed during storm
event Nr. 3 (short but intense storm event). The ¥d&ue for storm event Nr.1 was the
lowest among the selected storm events and thestidkP| value was associated with storm
event Nr. 3 (Table 2.3). Generally, discharge iasesl with distance downstream and with
increasing size of contributing drainage area (@ &o4).

Table 2.4 Summary of the hydrologic conditions observedmuthe events at sites S1, S3, S4w, S5,
S6 and S7, respectively. (Note: To compare thehdige from individual precipitation events, the

cumulative discharge one hour before the eventl dotir hours after the event was used for
calculating total and mean values.)

S1 S3 Saw
Hydrologic Discharge Discharge Discharge
Event total peak min. mean total peak min. mean total peak min. mean
M’ [m’s™] [m*s™][m’s™] M’ [m’s™] m*s™m’s™] m*]  [m’s™ [m’s™] [m’s™]
Nr. 1 504.68 0.008 0.001 0.005 1750.03 0.053 0.009 0.016 4498.22 0.100 0.014 0.042
Nr. 2 4352.98 0.049 0.001 0.025 725251 0.097 0.012 0.042 7907.56 0.199 0.011 0.046
Nr. 3 3337.58 0.122 0.013 0.064 5300.25 0.401 0.015 0.102 17686.14 1.018 0.048 0.339
S5 S6 S7
Hydrologic Discharge Discharge Discharge
Event total peak min. mean total peak min. mean total peak min. mean
M’ [m’s™] [m*s™][m’s™] M’ [m’s™] m*s*m’s™] m*]  [m’s™ [m’s™] [m’s™]
Nr. 1 5700.25 0.105 0.038 0.054 11553441 1931 0.685 1.088 289849.97 4.950 1.495 2.729
Nr. 2 10258.62 0.213 0.027 0.060  258475.62 4.807 0.442 1.512 1274799.66 18.185 1.696 7.455
Nr. 3 27277.72 2.970 0.033 0.523 169712.25 15.369 0.738 3.251  736209.30 57.991 2.464 14.104
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2.3.2.Groundwater hydrology

Monitoring of vertical hydraulic gradients (VHG) tiaeeen the stream and the piezometers in
transect PT1, consistently indicated infiltratioh rever water into the streambed (losing
conditions). The piezometric head measured in theallevest well (W3) located
approximately 1 m adjacent to the river channetagrwas persistently more than 0.31 m
below the river stage and heads (Fig. 2.4).
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Figure 2.4 A) Precipitation, B) total head distribution edrisect PT1 (mid elevation), C) total head
distribution at transect PT2 (low elevation), andvertical hydraulic gradient (VHG) between river
stage and W8, representative for PT2 over the miegsperiod.

This suggests that within this part of the catchimgroundwater practically does not
contribute baseflow to the stream. Consequentyympiwater quality at transect PT1 is likely
influenced by river water, whereas the river wapeality may not be directly influenced by
discharging groundwater. Piezometric heads obsesl@ty the second piezometer transect
(PT2) indicate a dynamic connection between therand aquifer with varying river-aquifer
exchange conditions. River stage was higher relatithe piezometric head before tfeos
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July (Fig. 2.4C), indicating losing river condit@nimmediately after this precipitation event,
the piezometric head was noticeably higher relativethe stream stage, suggesting
groundwater was discharging to the river. Thisgyatiparticularly changed in mid August,

when storm events occurred at higher frequencyofted caused short-term gradient reversal
due to rapidly rising stream stages during peawdloln this time period river water was

frequently pushed into the shallow groundwater emad flow pack into the stream after the

subsequent gradient reversal.

2.3.3.Soil moisture conditions at the forested site (S1)

The antecedent moisture conditions measured dothst site S1 were lower for storm event
Nr.1 (AMI7: 10.2 %) compared to the antecedent taogsconditions for events Nr.2 (AMI7:
15.8 %) and Nr.3 (AMI7: 18.2 %). It is particularhoticeable that after storm event Nr.1
volumetric water contents stayed at a consideraigiiyer level than before this event.

o

o T T T T L [=)
2 - " ‘ T r ‘ LI L 2
o4d T o
x N N | @
- =0 VWC [%] h ‘D S
_ S — rainfall [mm h™"] i : —
= — P 3 -1 | I |
o | --
I ﬁ | § S - discharge [m”~ h '] ! ' | © (SC
= c Nr.1 Nr.2 .3 © E
=) ) | o
= T Q- \ e
g o R § | < &
E ® & ! SH S
o 5 ] 2
£ S | ©
o~ |
3 il o
o o — y
g ¢ " 1 e
'y
= R NooR
_________________ e M e e e ) ~o Se___ M L] o
ol  [Tmmmmmmmmrmmomemeeeeeos v L
o T T T T
June July August September

Figure 2.5 Volumetric soil water content (measured in 30swil depths) and discharge observed at
S1, as well as the precipitation over the measuypigod. Nr.1, Nr.2, and Nr.3 indicate the starting
points of the selected storm events.
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2.3.4.Nitrate and DOC concentrations observed at rived gmoundwater monitoring
locations

dry-weather runoff event
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Figure 2.6. Boxplots (75th (upper box end), 25th (lower baxdeand 50th percentile (median, bold
line in the box), max (upper T), min (lower T) amatliers (dots, defined as: > Q3 (75th percentile)
1.5*IQR (inter quartile range (Q3 — Q1)); < Q1 @Fercentile) - 1.5*IQR)) of the nitrate and DOC
concentration measured in the time period from Jumé September 2010 at river sites S1-S7 (cf.
Fig. 2.2), under dry-weather conditions (first sohy S1 (n=11); S3, S4w, S5, S6 (n=14); S7 (n=11) )
and during monsoonal precipitation events (secahghen; S1, S3, S4w, S5, S6, S7 (n=38)).

At the high elevation forested site (S1), the measduitrate concentrations under both dry-
weather conditions (median: 0.6 mgN) land during storm events (median: 0.5 mgi\ |
were significantly lower compared to the concemdregt observed at agricultural sites S3-S7
(dry-weather runoff: median between 2.1 and 3.5 rijlnd storm event: median between
1.6 and 2.4 mgN ™). The forested site (S1) showed the smallest raimgenitrate
concentration. In contrast, the highest maximunuealdry-weather runoff: 4.0 mgN"
storm event: 4.1 mgN") and median (dry-weather runoff: 3.5 mghl $torm event: 2.4 mgN
I") as well as the widest range in nitrate conceiotratias observable at site S6. Generally,
nitrate concentrations in rivers were found to @ase in downstream direction. A strong
increase in nitrate concentrations under both,veegther conditions and during events was
evident between S5 and S6. Under dry-weather donditnitrate concentrations at all river
sites were found to be higher in comparison to tomcentrations measured during
monsoonal storm events. Spatial variability of D@&centrations of river water was low
under dry-weather conditions relative to that dfate concentrations. An exception was
observed at site S5 with relatively higher DOC @nitations (max: 11.0 mgC)lunder dry-
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weather conditions compared to the other monitolaegtions. Site S5 is receiving effluents
from rice paddies, which appears to influence théewquality of this site as well as sites S6
and S7. Generally elevated DOC concentrations wbserved during monsoonal storm
events with an increasing trend towards the catahmgtlet (S1> S7).
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Figure 2.7 Boxplots (75th (upper box end), 25th (lower bexdeand 50th percentile (median, bold
line in the box), max (upper T), min (lower T) aodlliers (dots, defined as already described in Fig
2.6)) showing the nitrate and DOC concentrationagueed from June through September 2010 in the
groundwater wells of the piezometer transect PTi (efevation, W1-W4: n=14) and PT2 (lower
elevation, W5-W10: n=14).

Boxplots in Figure 2.7 present the nitrate and D&@centrations measured from June to
September 2010 in groundwater extracted from thiésveé piezometer transects PT1 and
PT2. The highest nitrate concentrations (maximuhaesganot extreme outliers) were found in
groundwater wells that are not affected by infiltxg river water. Piezometers W1 (5.3 mgN
1Y, W4 (7.4 mgN 1), and W10 (6.8 mgN?) are located relatively far away from the rivers
with distances of approximately 75 m, 70 m and 6€@rthe river centers, respectively. The
piezometer W9 (7.1 mgN?} is located closer to the river (at a distanceldfs m) but
upgradient of the river channel. In the groundwatetls W5 and W6, which are located
close to the river (W5: 7.5 m and W6: 8.0 m) nérabncentrations were measured that are
close to values observed in the rivers. The rivérbells screened at 2-3 m below the
riverbed (W3 and W8) showed the lowest nitrate eotrations (mean: 1.1 (W3) and 2.6
(W8) mgN ). Generally, nitrate concentrations in deeper gdwater (i.e.: W1, W4) were
considerably higher relative to the nitrate coniins observed in river water. DOC
concentrations showed a contrasting behavior. Glwater DOC concentrations were
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comparable to DOC concentrations measured in viaer under dry-weather conditions but
significantly lower than in the rivers during preitation events. Furthermore, the spatial
variability of DOC concentration in the groundwabeas very low.

2.3.5.Nitrate, DOC and discharge dynamics during storms

By comparing the discharge observed along the etevé&ransect (S S7) it is noticeable
that the high elevation forested site S1 showslaydd hydrograph response to the event
peak (Fig. 2.8), which correlates with a dominan€elow flow components based on the
hydrograph separation (Fig. 2.9). Hydrographstass3, S4w and S5 respond more rapidly
(Fig. 2.8 and 2.9) with a dominance of the fastfam@ runoff component (Fig. 2.9).
Discharge generally increases with drainage cantioh area (Fig. 2.8 and 2.9). There were,
however, few exceptions from this pattern. Partidyl| at the end of precipitation event Nr.3
higher discharges at the monitoring site S1 retattv the downstream site S3 were evident
(Fig. 2.8). Similar patterns were also observednduall three of the events between S4w and
S5 (Fig. 2.8).

At the agricultural sites (S3-S7), DOC concentraiavere highest with values up to 23.5
mgC I* (S6) during storm event Nr.1, which was an eavigne within the monsoon season.
Inversely, the lowest DOC concentrations and lowssghtial variability in DOC
concentrations were observed at these sites dtlimghort but intense precipitation event
Nr.3. At the forested monitoring site S1 the lowB&§IC concentration peak (1.7 mgé) bnd
very small variations during event Nr.1 were obedrvlhe widest range and highest peak in
DOC concentration at S1 (max: 3.5 mgt} was observed during the more intensive event
Nr.3. The temporal pattern of DOC concentrationshat forested monitoring site S1 were
similar throughout the events, with steadily insiag DOC concentrations during the rising
limb of the hydrograph reaching the peak conceptatiose to the time of peak discharge
(Fig. 2.8 and 2.9). Interestingly, at all agricu#tusites during all three events, the peak DOC
concentration typically appeared considerably affiter peak discharge (Fig. 2.8 and 2.9),
which was particularly pronounced for the secoretimitation increase of storm event Nr.2
(02:00 on 7/17, Fig. 2.9 top, line (2)). Even thbube delayed DOC concentration peak was
observed at all agricultural sites, the peaks atetoelevation sites S5, S6 and S7 were
noticeably higher and more distinct than obsentesBaand S4w.

The relationship between DOC concentrations andhdige are completely different
between the sites. At the forest site S1 DOC canaions were higher along the rising limb
compared to the falling limb of the hydrographs asttbwed a clockwise hysteretic
relationship with the discharge. In contrast, t¢ 83 that is surrounded by agricultural land
predominately used for dryland farming, no consistelationship between concentrations
and discharge is visible (Fig. 2.10, S3). At sitdhienced by rice paddies (Fig. 2.10, S5 and
S6), in the lower part of the catchment, the higbbserved DOC concentrations at both sites
occurred at transitional discharges that range é@tvwalues during storm events and during
dry-weather conditions (Fig. 2.10). In contrassite S1, DOC concentrations did not show a
clear correlation with discharge neither duringtiseng nor falling limbs of the hydrograph.
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Nitrate concentrations generally decreased rapidlying the rising limb of the
hydrograph and increased again after the peak atigehhas passed the sites (Fig. 2.8). An
exception was observed at S1, where nitrate coratemis increased slightly during the
events. Nitrate concentration at the forested Sitewere found to be considerably lower
compared to the agricultural sites. During eventslNand Nr.3, the highest nitrate
concentrations were measured at site S6 and S7eadéhe lowest concentrations amongst

the agricultural sites were found at S5.
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Figure 2.9 DOC concentrations and discharge dynamics of tehen2 observed at all monitoring
sites (S1-S7) where discharges are decomposeddrgdraph separation techniques based on digital
filters into a relatively fast flow component (edjrect surface runoff) and a slow flow component
(subsurface flow, baseflow). In the first line ghecipitation during event Nr. 2 is given wherehg t
numbers 1-3 indicate the single precipitation peaks
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Figure 2.1Q Relationship between discharge and DOC concémtisapooled for the three monitored
precipitation events (Nr. 1, Nr. 2 & Nr.3) at riveites S1, S3, S5 and S6. Rising (blue symbols) and
falling (red symbols) refer to data points obsernagdthe rising and falling limb of hydrographs,
respectively. Black symbols (inbetween) are repriisg data points observed between peaks in
discharge during events, when discharge was relgtisteady but higher than pre-event discharge.
Green symbols are referring to dry-weather conaitioefore events.
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2.4.Discussion

2.4.1.Hydrological dynamics in the catchment

Results from the hydrograph separation suggesnareasing contribution of faster flow
components as we follow the topographic elevatiadignt from the forest site down to the
catchment outlet. Results further indicate thagrigischarge at the high elevation forest site
(S1) is predominantly controlled by slower flow qooments (Fig. 2.9). The forested areas
within the Haean Catchment are characterized bioshaoils (< 2m) with high infiltration
capacities and a distinct top layer of organic goetritus (Shopet al, 2013). These soils
are overlying relatively low-permeability, graniti@drock, which is supposed to generate a
distinctive interflow component in the shallow soilThese subsurface flow components are
characterized by slower flow velocities comparedlitect surface runoff and are suspected
to be the main source of stream flow in these lodep catchments. At mid elevation river
sites (S3-S5) however, stream flows show largeatifvas of the faster flow components (e.g.
surface runoff, Fig. 2.9). The hydraulic gradieateng the piezometer transect PT1 (Fig.
2.4B) indicated a hydraulic disconnection betwdenrtver and the aquifer during the time of
monitoring with river water infiltrating into thergundwater. In line with this observation
differential stream gauging between sites S4w amdegularly showed lower discharges at
the downstream site (S5) indicating streamflowdgs® the underlying aquifer. In the lower
flat part of the catchment, however, we identifeedistinct hydraulic connection between the
river and aquifer and the investigated river re@rhporally received baseflow contributions
(Fig. 2.4C and 2.4D). We hypothesize that groundwadcharge to the deeper aquifer system
generally takes place in upper and mid elevatiaasrof the catchment, where dryland
farming is the predominant land-use (sandy soilgh Infiltration rates) and that this deep
groundwater finally contributes to stream flow e tower, flat part of the catchment.

2.4.2.DOC sources and mobilization

Forest

The observed low in-stream DOC concentrations dumainfall events following dry
antecedent moisture conditions are in contrastudiess conducted in other climate zones,
which reported high DOC delivery to streams dumngcipitation events after dry conditions
(i.e.: Inamdar and Mitchell, 2006; van Verseveldal, 2009). We observed the opposite
behavior, with the lowest DOC concentrations duriengents following dry antecedent
wetness conditions (Fig. 2.5, Nr.1) and elevatedCD€obncentration in storm events
following wet antecedent moisture conditions (F2g5, Nr.2 and Nr.3). We propose that
hydrological controls exist that are specific te thonsoonal climate.

The observed very low volumetric water contentthm upper soil zone (Fig. 2.5) can be
explained by eight months of relative drought poesgi to the monsoon season to be
characteristic for the East-Asian climate (e.g.n@f al, 2002) but also by the prevailing
mean soil textures (sand: 64 %, silt: 26 %, clay:%, Jeonget al, 2012) and the given
topography with steep slopes. Both of these factwil texture and topography facilitate the
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efficient drainage of the upper soil layers. In ttast, the soil moisture contents observed in
temperate mountainous forests, with comparabletgpés, were found to be considerably
higher throughout the year, with values rangingmfrapproximately 30 to 60 % (e.g.
Schindlbacheet al, 2011; Hacklet al, 2005). In comparison to regions influenced by th
East Asian Monsoon, rainfall in temperate climataes is typically more evenly distributed
over the year. With the strong seasonality of migaiion in monsoonal climate zones, with
practically all precipitation occurring betweenelalune and September, steady soil moisture
contents at the high levels typically observedeimperate zones can not be maintained (Fig.
2.5). However, DOC production in soils under wenditions is generally significantly
higher than the production in soils under dry ctads (Clarket al, 2010). As a result the
build-up of a DOC pool prior to the first eventlilely limited at site S1 and export of DOC
during intensive rainfall will be supply-limited pbaining the pronounced clockwise
hysteresis in the concentration-discharge relatipng=ig. 2.10).

During the first precipitation event after the exded pre-monsoon dry period, most of
the rainfall went into storage, which explains ttedatively low increase in event river
discharge with concurrent large increase in voluimebil water content (Fig. 2.5). As long
as discharge remains subsurface (baseflow)-drigtrgam flow contributions will be
primarily derived from the mineral soil that is law DOC (Clarket al, 2010), resulting in
comparably low DOC stream concentrations (maxmig€ I') (cf. Fig. 2.8).

During the second event, when the forest soil heaVipusly been rewetted, rainfall
started to mobilize soil water stored in the uppeyanic soil horizon. In addition to deeper
subsurface flow (baseflow) also shallow lateralssuface flows through the upper organic
soil horizon where DOC is produced (Clakal, 2010), may contribute to stream flow at
this point. This also explains the higher discharged in-stream DOC concentrations (max:
3.2 mgC 1) compared to the onset of the rainfall event (Rg8). In line with our
observations, Jeongt al. (2012) observed a consistent clockwise hystenetiationship
between event DOC concentrations and event strésthadge. Jeonet al (2012) attributed
the lower DOC concentrations on the falling limhktledé storm hydrograph to a limited supply
of leachable or erodible organic materials from $bés of this young forest. In addition to
this effect, an increasing proportion of deeperssuface flow contributions (low in DOC) to
the stream, relative to the proportion of shallasurface flow contributions (high in DOC),
might have been responsible for this observation.

During the third most intense precipitation evenhen pre-event soil moisture was
highest, rainfall quickly mobilized and steadilypl&ced soil water in the upper organic soil
horizon. These high subsurface fluxes through thik a&se characterized by short contact
times between soil and soil solution, resultingslightly but not considerably higher in-
stream DOC concentrations (max: 3.5 mg¥} felative to less intensive storm events
following wet soil conditions, like in storm eveNt.2. During “extreme” precipitation events
(e.g. total rainfall amount = 292 mm (in 33 h); meainfall intensity = 9 mm™) as reported
by Junget al. (2012) and Jeongt al. (2012) at this forest site, peak DOC concentratiion
the stream reached comparable values (approximhgtiyeen 3.0 - 4.0 mgC'). Several
authors have reported low in-stream DOC conceptratduring high water fluxes through
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the forest floor with short contact times betweeih and soil solution (McDowell and Wood,
1984; Bourbonniere, 1989). Although the prevailsal texture and the topography of the
forest site studied here may have forced fast dgaarof the forest soil (Fig. 2.5), our results
suggest that intense monsoonal precipitation evénts event Nr. 3) are an additional
control for the short contact times between sail soil solution.

Overall, the monsoonal-type climate might consetiygitay a key role for general DOC
export patterns in such catchments.

Agricultural sites

The data from the agricultural sites (S3-S7) in@icgtrong influences from the type of land-
use. DOC concentrations are generally higher coatbty values measured at the forested
river site. The differences in timing of peak DOG®Gncentrations during events at the
agricultural sites compared to the forested sitengdy different flow paths and/or different
DOC sources (Fig. 2.8 and 2.9). At the agricultusites S3 and S4w, which are
predominately surrounded by dry land farming, D@@aentrations were quite variable and
no clear pattern between concentration and diseha@s observable (Fig. 2.10). Further
downstream, at sites S5, S6 and S7, DOC concemtigativere generally higher indicating
additional inputs from a larger contributing aghiatal area. These sites showed comparable
patterns in DOC concentrations with time (Fig. @08 2.9).

There is some indication that the increase in D@@centrations in the lower basin,
specifically at site S5, is related to the rice giad. Under dry-weather conditions the DOC
concentration measured at site S5 was up to thmeesthigher compared to maximum
concentrations measured at the other study sitgs 2(6). Periodical sampling of DOC in
rice paddies revealed DOC concentrations (meannig@ I') that were distinctly higher
compared to the in-stream concentrations (mean2<«@C 1'). Slightly downstream of site
S4w, the first rice paddy fields are located (FRA¢R). Between S4w and S5 river water is
diverted for local rice paddy irrigation managemwith return flows to the channel that have
the potential to elevate instream DOC concentratiom this reach the river bed is
channelized and lined minimizing potential inputsni groundwater and riparian wetlands.
As DOC concentrations in groundwater were geneffaliynd to be lower than in the river,
the elevated in-stream concentrations in this redst support the notion that groundwater
inputs, which would dilute DOC concentrations, aegligible (Fig. 2.4). Particularly in dry
periods, river water is diverted from the river detream of site S4w for rice paddy
irrigation, routed through a sequence of paddyd&idbllowing the elevation gradient and
subsequently returns to the river at site S5 (Eifj, Fig. 2.2). We suspect that under dry-
weather conditions export of DOC from the paddydBeis a substantial source of DOC at
S5, explaining the elevated concentration levelst &8so during precipitation events, rice
paddies can be a significant source of DOC. In otdeeduce the risk of crop damage by
inundation during precipitation events, each rieglqy plot has a headgate, which releases
paddy water over drainage pipes into the rivetsrdhe ponded water in the paddies reaches
a certain water level. During precipitation evewlisch riders inhibit excess irrigation supply
from the rivers into the irrigation ditches (Kiet al, 2006). Therefore, before paddy water is
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exported to the rivers during precipitation eveatsinimum ponding depth must be reached,
which may explain the lag to peak DOC concentratelative to peak river discharge (Fig.
2.8 and 2.9). Elevated DOC concentrations in serfaaters due to the export of DOC from
rice paddies have also been observed in a studjucted in Japan (Shiet al, 2005).

We consistently observed higher DOC concentratatrise agricultural sites compared to
the forested river site. This suggests that thecalgural areas of the Haean Catchment are of
specific importance for total DOC exports from tb&tchment. The relationship between
DOC concentration and discharge (Fig. 2.10) shoaveldar clockwise hysteretic behavior at
the forested site (S1) as it had previously beported by Jeongt al 2012. At the site in the
mid-elevation range (S3) the relationship is ecraind no clear pattern could be observed.
This probably reflects the increasing complexitysafface flow routes that deliver DOC to
the river channel (e.g. return flows which are colféd by hydraulic structures such as
ditches and weirs, and direct surface flows fromiraareasingly more complex pattern of
land-uses). At the agricultural sites S5 and Sé6rétationship is still somewhat erratic but
starts to show effects from local rice paddy iriga management. Overall, the prevailing
rice paddy management system appears to have #icsigh effect on in-stream DOC
dynamics in the lower, agricultural part of the Hia€Catchment.

2.4.3.Nitrate sources and pathways within the Haean Qatat

Forest

Forest in-stream nitrate concentrations and dynanaigpear to be controlled by deep
subsurface inputs high in nitrate. Nitrate streamcentrations increased steadily throughout
events whereas DOC concentrations decreased irpgnads with less rainfall during events
(e.g. Event Nr.2, Fig. 2.8), suggesting differenbhitization processes and transport
pathways of nitrate into the river, relative to DO®e hypothesize that during the events
nitrate leaches (due to its high mobility) from theper organic soil layer into the deeper
mineral soil (where DOC is retained) and finallpebes the river via subsurface flows (base-
or interflow).

Throughout the first event, most rainfall went irgiorage and nitrate remained in the
upper forest soil layer. Hence, during events foilm dry soil conditions, no clear response
in river nitrate concentrations was observed (@vegnt Nr.1, Fig. 2.8). During the second and
more intense event, however, rainfall mobilizedaté from the upper soil layers into the
deeper mineral soil where it could be deliveredh® stream via the slow subsurface flow
component (event Nr.2, Fig. 2.8). Hence, in thersewf intense events following wet soil
moisture conditions, in-stream nitrate concentretisteadily increase (e.g. event Nr.2, Fig.
2.8). Nitrate contributions to rivers along the wmdwater flow paths have also been
observed in temperate forests and are not spdoifithe monsoonal climate (McHad al.,
2002).
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Agricultural sites

In the agricultural areas of the lower basin ireain and groundwater nitrate concentrations
are clearly affected by the prevailing land-use @nedconnectivity between groundwater and
the river. Nitrate concentrations at agricultuiger sites were up to eight times higher (site
S6 and S7) than the concentrations measured &tréa river site (Fig. 2.4, Fig. 2.8), which
can be explained by high fertilizer inputs. Soutbrd&an fertilizer application rates for the
intense agricultural production in mountainous oegiare very high (313 kgN hagr?, Kim

et al, 2008) relative to other locations throughoutwweld (e.g. north-central USA, 67 - 258
kgN ha' yr', Kraft and Stites (2003)).

In the Haean Catchment fertilizer N application tcdnited to more than 90% of the N
surplus (Ketteringet al, 2012). Groundwater in wells located under fialded for dry land
farming had the highest nitrate concentrations: (I at 7.4 mgN1). The elevated nitrate
concentrations in groundwater are caused by fsgtilleaching from agricultural fields
(Ruidisch et al, 2013), which is generally regarded to be onethaf major causes of
groundwater pollution (Buczket al, 2010). Particularly in areas with high precipda
rates and coarse-textured soils the potentialtoditei leaching is high (Zotarebt al, 2007).
Kettering et al (2012) reported for radish fields (sandy soilsthe Haean Catchment that
more than 50% of the supplied fertilizer N peroetatieeper than the root zone.

Nitrate in the rivers is mainly derived from grouvater inputs as frequently reported also
from other regions throughout the world (e.g. Tesoret al, 2009, Wagneet al, 2008).
Rice paddies do not seem to significantly contebtat nitrate concentrations in the adjacent
rivers given the low nitrate concentrations in thveater (0.01 - 0.9 mgN*| data not shown).
This assumption is supported by the typically lowirate concentrations observed at site S5,
which is strongly affected by rice paddy returnwio (Fig. 2.4 and Fig. 2.8). Nitrate
concentrations were generally higher in groundwdtem in surface waters, with the
exception of wells in the immediate vicinity of thierer. These wells may have been
temporarily affected by infiltrating river water vio in nitrate concentration or by
denitrification processes in the hyporheic zoneri@ et al, submitted) (i.e.: W8, W3 in
Fig. 2.5). Higher in-stream nitrate concentratiomsre typically observed in the reaches
located in the lower parts of the catchment (S6 @ipwhere the river at least temporarily
received groundwater inflows (Bartsehal, submitted). In the upper parts of the catchment
the connectivity between the rivers and groundwagams to be limited (Fig. 2.4). Hence,
high nitrate inputs via the groundwater (baseflaw§ negligible and river water nitrate
concentrations were consequently unaffected iretlaesas. The observed strong decrease of
in-stream nitrate concentrations during preciptatevents is due to the dilution of river
water by rainfall and direct surface runoff (fasdw component) as observed at the
agricultural sites during monsoonal precipitatimergs (Fig. 2.9, fast flow component). This
event-based “dilution” has commonly been reported other studies (i.e.: Poor and
McDonnell, 2007; Kimet al, 2012). Overall, baseflow contributions represtr@ main
pathway for nitrate into the receiving surface wat®uring the monsoon season in-stream
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nitrate concentrations frequently get diluted bgtéa runoff components that are low in
nitrate.

In-stream and groundwater nitrate concentratiorsyelver, are generally lower in
comparison to other regions throughout the worldctviare also highly used for agriculture,
with less fertilizer N inputs. For instance, Kraftd Stites (2003) reported that in the north-
central USA, nitrate concentrations in groundwatsrharge under comparable agricultural
land-use often exceeded the US drinking water stahdf 10.0 mgN't by a factor of 2. In
the Haean Catchment the highest observed groundwi&ri@e concentration was 7.4 mgN |
! which is noticeably lower than the US drinking tera standard. In-stream nitrate
concentrations were always below this value exdwipg that river water is typically a
mixture of baseflow and other faster flow composenthich usually have lower nitrate
concentrations. Additionally reduction of nitrateaynoccur in the groundwater body (e.g.
Liao et al.,2012).Intensive denitrification typically occurs in thgarian zone (Ranalli and
Macalady, 2010). Bartscét al (submitted) showed frequent flow reversals ireriaquifer
exchange fluxes in the lower part of the Haean I@aént, which were strongly driven by the
monsoonal climate. During monsoonal precipitatiorergs river water high in DOC is
“pushed” into the nitrate rich aquifer when rivéaiges rise more rapidly than the surrounding
groundwater levels creating favorable conditions denitrification. After the event, when
river stages drop again, the vertical hydraulicdgrat reverses and groundwater is “pulled
up” again into the river. In the present study lth&est nitrate concentrations were found in
the shallow groundwater zone directly underneathrter (Fig. 2.7), which is frequently
affected by the described “push & pull effects”.ri8ahet al (submitted) suggested a high
potential for denitrification in streambed sedingehéeneath the river following these effects.
We suspect that additional denitrification may takece along the subsurface flow path from
the zones of infiltration in the upper catchmentyl@hd fields) to the lower part of the
catchment, where deep groundwater finally contabub stream flow.

55



Chapter 2 Nitrate and DOC dynamics

2.5.Conclusions

The monsoonal climate can be seen as the mosiviedisver for DOC and nitrate delivery
to the stream in the forested headwater catchmaile land-use controls are more important
at the agricultural sites. We have developed a i@l model on the decisive drivers for
DOC and nitrate dynamics in a mountainous catchrffégt 2.11). Our results showed that
the mobilization of nitrate and DOC is strongly degding on the pre-event hydrological state
of the forested catchment. Contrary to forestemgerate climate zones, characterized by a
much more even distribution of rainfall throughole year, the forest soils in South Korea
are exposed to several months of draught priorho rhonsoon season. Hence, in the
beginning of the monsoon season the forest sedsrieed to be rewetted before nitrate and
DOC can be mobilized. Furthermore, our results eaggthat monsoonal extreme
precipitation events are decisive drivers for thestream DOC dynamics as they control the
contact time between soil and soil solution, whiels often been stated as crucial a factor for
DOC production.

By following the topographic elevation gradient tbe Haean Catchment down to the
agricultural areas, the “land-use effect” gainsmportance for surface- and groundwater
quality. The excessive N fertilization of drylandelfls most likely causes elevated
groundwater nitrate concentrations owing to nitlageching losses from dryland fields into
the groundwater, forced by monsoonal precipitagments. The availability of nitrate is
controlled by farmers and their fertilizer N applion rates, but the nitrate mobilization is
highly depending on the intensity and duration obnsoonal precipitation events.
Consequently, in areas used for dryland farming ‘taad-use effect” and “monsoonal
climate effect” are interdependent and of comparaiblportance for the groundwater quality
in these systems (Fig. 2.11).

In those parts of the catchment that are extrermaymented by the rice paddy plot-to-
plot system, the in-stream nitrate and DOC dynanaies hardly ever controlled by the
monsoonal-type climate. In-stream DOC most likaligioates from rice paddies, which are
primarily regulated by farmers and their irrigatisgstems (under dry weather and event
conditions). In-stream nitrate concentrations dse directly controlled by the prevailing
land-use management. Most of the rivers in this pathe catchment are fully channelized
and lined in order to maintain the rice paddy atign. Subsequently, the connectivity
between the rivers and groundwater is limited drede rivers are unaffected by groundwater
inputs high in nitrate. Thus, in these fragmentgdcaltural systems, which are strongly
controlled by human activities the “land-use effestmuch more prominent and can be seen
as the crucial factor for the in-stream solute dywea (Fig. 2.11).

In the lower part of the catchment rivers are hytically connected to the aquifer. Our
results revealed that groundwater inputs high trateé are most likely the main control for
elevated in-stream nitrate concentrations in ttveefopart of the catchment. This transport
pathway of nitrate into surface waters also existsother catchments which are not
influenced by the monsoonal climate. However, tighlly variable river-aquifer exchange
conditions with frequently appearing hydraulic desd reversals are specific to the
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monsoonal climate and might be responsible for tdéoation processes in the shallow
groundwater underneath the rivers.

In conclusion, the quantity of DOC export from &yst like the Haean Catchment is
most likely mainly controlled by the local land-usenagement and solely in the forested
parts of the catchment dominantly driven by the sommal-type climate. Furthermore, we
hypothesize that, in the case of nitrate, the monabtype climate may have a significant
effect on the self-cleaning capacity of systems tike Haean Catchment.

monsoonal climate effect
hydrological flushing of nitrate and DOC stronglgpknding
on ppteventand pre-event hydrological conditions

landuse & monsoonal climate effect
nitrate leaching from dry land field to deep GWsource:
chemicalfertilization> mobilization: monsoonalppt events

infiltration
landuse effect

DOC export from rice paddies into rivetsplot-to-plot management system

landuse effect
limited connectivity between GW and SW mainly daeiter channelization
>rivers are unaffected by GW inputs high in nitrate

general hydrological effect & monsoonal climatefect
distinct connection between GW and S¥rivers are affected
by deep GW inputs high in nitrate; river-aquifeteiractions
are highly controlled by monsoonalpptevents

landuse effect
DOC export from rice paddies into rivers

Figure 2.11 Conceptual model representing the decisive dsif@rthe nitrate and DOC mobilization
and in-stream dynamics for land-use segments atbegelevation gradient within the Haean
Catchment (PPT = precipitation, GW = groundwatet 8W = surface water).
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Abstract: An important prerequisite to better understand tha@sport of nutrients and
contaminants across the river-aquifer interface oskible implications for biogeochemical
transformations is to accurately characterize assg@the exchange fluxes. In this study we
investigate how monsoonal precipitation eventstaedesulting variability in river discharge
affect the dynamics of river-aquifer exchange arel dorresponding flux rates. We evaluate
potential impacts of the investigated exchange effuxon local water quality. Hydraulic
gradients along a piezometer transect were mouiitare river reach in a small catchment in
South Korea, where the hydrologic dynamics areetirivy the East-Asian Monsoon. We used
heat as a tracer to constrain river-aquifer excadhges obtained from a two-dimensional
flow and heat transport model implemented in thenewical code HydroGeoSphere, which
was calibrated to the measured temperature anidheda data. To elucidate potential effects
of river-aquifer exchange dynamics on biogeochelri@asformations at the river-aquifer
interface, river water and groundwater samples veaiected and analyzed for dissolved
organic carbon (DOC), nitrate (NJDand dissolved oxygen saturation (0 Our results
illustrate highly variable hydrologic conditionsréhg the monsoon season characterized by
temporal and spatial variability in river-aquiferxceange fluxes with frequent flow reversals
(changes between gaining and losing condition$g¢nke monsoonal precipitation events and
the associated rapid changes in river stage arddhenant driver for the observed riverbed
flow reversals. The chemical data suggest thaffltve reversals, when river water high in
DOC is pushed into the nitrate-rich groundwateptethe stream and subsequently returns to
the stream may facilitate and enhance the natutehwation of nitrate in the shallow
groundwater.

Keywords: River-aquifer exchange fluxes; heat as a natuaaker; monsoonal-type climate;
hydraulic gradient reversals; HydroGeoSphere; mhaitenuation of nitrate
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3.1.Introduction

The dynamic exchange of water, energy and soluexss the river-aquifer interface affects
the ecology of river systems (Brunke and Gonsei7},98athways of nutrient cycling (Krause
et al, 2009) as well as the transformation and atteowmiadf nutrients and contaminants
(Smith et al, 2009, Zarnetzkeet al, 2011). Across scientific disciplines interest the
dynamics of river-aquifer exchange and the tramsizone between ground- and surface
water where differences in chemical, biological amysical properties of the two adjoining
compartments result in steep biogeochemical grélibas steadily grown in recent years
(Fleckensteiret al, 2010, Krauset al, 2011). River-aquifer interactions were founchtve
positive as well as negative effects on groundwatet stream water quality (Grasby and
Betcher, 2002, Schmidt al, 2011). High concentrations of contaminants mugidwater can
significantly impact surface water quality and vieersa (Kalbuset al, 2007). Groundwater
ecosystems often depend on infiltrating surfaceewéat is rich in organic matter as an
energy source (Madsexn al, 1991) for biogeochemical reactions.

An important prerequisite to understand the trartspionutrients and contaminants across
the river-aquifer interface and the resulting bmgleemical processes in the transition zone is
to accurately characterize and asses the exchangs fat the river-aquifer interface (Conant,
2004; Greenber@t al, 2002). A broad range of methods exists to gbamfioundwater-
surface water exchange fluxes (Kalbetsal, 2007). However, the extreme variability of
hydrologic conditions in monsoonal systems can m#ilee use of many of them quite
challenging. For example direct measurements ohaxge fluxes by conventional seepage
meters. (Landoret al, 2001; Rosenberry, 2008) are highly impracticatler monsoonal
conditions. During extreme precipitation eventseridischarge can rapidly rise by up to 2
orders of magnitude relative to the discharge under conditions making in-stream
installations difficult to employ. Additionally eséme flows may result in sediment scour and
associated stream bed elevation changes, whidhefucomplicates the direct quantification
of river aquifer-exchange fluxes in the field.

A commonly accepted conventional method for ingeding river aquifer-exchange
fluxes is based on monitoring of hydraulic gradsealong piezometer transects (Eddy-Miller,
2009). The advantage of this method is that inastranstallations are not imperative.
However, the head gradients between a piezometieimiverbed, river bank, riparian zone
and the stream alone is often only a weak indickdorthe general direction of exchange
(Kaeseret al, 2009) and spatial patterns of exchange fluxedygically much more variable
(Schornberget al, 2010; Lewandowslet al, 2011, Angermanat al.,2012). Scanlon (2002)
therefore suggested the application of multiplehod$ for an accurate assessment of river-
aquifer exchange fluxes. An increasing number atliss have combined hydraulic head
measurements with the use of heat as a naturak teaxc! inverse numerical modeling (Eddy-
Miller, 2009; Anibaset al, 2009; Schmidét al, 2007; Constantz, 2008; Essaidhl, 2008).
Using heat as a tracer is based on natural temperalifferences between ground- and
surface water, which result in temperature distidms in the transition zone that are
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indicative of conductive and advective heat transpprocesses between the two
compartments. Most surface waters show diurnal ¢eatpre fluctuations, whereas
groundwater temperatures are relatively constaat tmne. Heat is transported by advection
(with the moving water) and conduction (heat exgeadue to temperature gradients) through
the riverbed sediments (Constantz, 2008). In meaches where surface water is infiltrating
into the aquifer (losing conditions) the diurnainfgerature signal from the surface water
propagates downward by advective and conductivag, thensport (Graf, 2005). In contrast, in
gaining reaches the temperature signal, which rdectively transported downwards, is
attenuated by upward advection of groundwater siittmdy temperature, which dampens the
diurnal temperature variation originating from tiserface water (Eddy-Miller, 2009).
Combining both, temperature and head data in tHibragon of numerical models of
groundwater-surface water interactions can provitre reliable estimates of exchange
fluxes as opposed to using head data alone (Ande2605).

In this study, we use head and temperature data &aiver-aquifer system in South
Korea that is driven by the East-Asian Monsoondnstrain a numerical model of the river-
aquifer exchange dynamics. The main objective wasinvestigate how monsoonal
precipitation events and the resulting variabiityriver discharge affect the dynamics of
river-aquifer exchange and the corresponding flates. Hydraulic gradients between the
river and the aquifer were monitored in a piezomgetnsect across a typical river reach in
the catchment. Temperatures at different deptheraguifer below the stream were measured
in the central piezometer in the Thalweg of theat. The 2D-model, based on the code
HydroGeoSphere, was calibrated to the measured etfetype and total head data. To
elucidate potential effects of the observed anduited river-aquifer exchange dynamics on
biogeochemical transformations at the groundwaieiase water interface, river and
groundwater samples were collected and analyzeddissolved organic carbon (DOC),
nitrate (NQ) and dissolved oxygen saturation (0

3.2.Materials and Methods

3.2.1.Study Area and Site

The study area is the Haean-myun Catchment (lotgifi8° 5’ to 128° 11’ E and latitude
38° 13’ to 38° 20’ N) located in Yanggu County, @amn Province, South Korea. With an
agricultural area of 30 % of the entire basin g7 knf), the Haean Catchment is one of
the major agricultural areas in the region. It cfmittes significant amounts of agricultural
nutrients (N, P) to the downstream receiving wafkim et al, 2006), which eventually feed
into Lake Soyang an important drinking water resgrfor the metropolitan area of Seoul.
Surface elevation within this bowl-shaped mountagiocatchment ranges from a minimum of
340 meters above sea level (masl) near the catchoglet to a maximum of 1320 masl
along the surrounding mountain ridges. At the buottf the basin, the bedrock consists of
highly weathered Jurassic biotite granite, surr@shtty Precambrian metamorphic rocks
forming the mountain ridges (Kwaet al, 1990, Jo and Park, 2010). The land-use pattern i
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the Haean basin roughly follows the elevation gratliForest land-use is typically associated
with higher elevation and steep slopes, followeddoyland crops on lower elevation and

moderate slopes and predominately rice paddidseimotwland area. The study site is located
in the lower elevation, central part of the basiig( 3.1), where rice paddy cultivation is the

dominant land-use.

The climate of the Haean Catchment is stronglyuariced by the East-Asian Monsoon,
with hot and humid summers and cold and dry wint&sventy percent of the annual
precipitation falls during intense rain events img, July and August. Nearly 90% occurs
within the cropping season from April to Octobeetteringet al, 2012). The annual average
air temperature (1999-2009) and the annual avepeg@pitation amount (1999-2009) in the
catchment are 8.5°C and approximately 1577 mmetsly (Ketteringet al, 2012).

Haean Catchment | ]
stream \ | —> pressure transducer
(A) N stream bed
- * ~ ﬁ temperature sensors
Lake Soyang -~/ dwater |
Watershed AN, groundwater ¢’
L ]
) —> pressure transducer
 " Y study site = > screen
South Korea H steam | |(C) -

o g2
Q 0 50 100 200 km _:_GWroWt_J_ireéti(‘)n

S T I R I Y S N |

river flow direction

Figure 3.1 (A) Location of the study site within the Haeaat€hment, which is part of the Lake
Soyang Watershed in South Korea, (B) installed gneter transect (W6, W5, W8 and W9) at the
studied river reach (C) schematic figure describihg in-stream piezometer W8 equipped with
pressure transducers and a vertical distributicemiperature sensors.

3.2.2.Field Instrumentation and Data Collection

Piezometer installation and head measurements

A piezometer transect was installed across the steim of the Mandae River (a third-order
stream) in the lower part of the Haean catchmeat ik dominated by rice paddies (Fig.
3.1B). The piezometer transect consists of founcidiameter, polyvinyl chloride (PVC)
piezometers (wells) with 0.5 m screened intervalthair lower end. At the left river bank a
piezometer nest was installed with two piezomgiased about 50 cm apart from each other,
one to a depth of 6.00 m below ground (W6) andother to a depth of 4.00 m. In the center
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of the river channel, we installed a piezometer \\id8a depth of 3.0 m, which was capped
and sealed to prevent surface water from entenmgpgl high river stages. Piezometer W9 on
the right bank was installed to a depth of 5.00 At. piezometers were equipped with

absolute pressure transducers (M10 Levelogger, M3@f¥l, Solinst Ltd., Canada, £0.01 m),

which recorded total head and temperature at 15iménvals over the period from March to

December 2010. A stilling well, equipped with ardéidnal M10 pressure transducer, was
attached to W8 to monitor river stage and from that vertical hydraulic gradient between

the river and the groundwater at 2.75 m below theambed (center of the screened interval
of W8). River stage was recorded every 15 minut¥ster level readings recorded by

leveloggers were corrected for atmospheric pressar@tions by using the atmospheric

pressure readings of a Barologger (Barologger, M8d@l, Solinst Ltd., Canada), attached to
the outer top of piezometer W5.

Temperature measurements

Using heat as tracer to determine exchange flugegden ground- and surface water requires
temperature measurements in the river and at omeooe depths within the riverbed over
time. From these data, flux estimates can be afdalyy inversion either using analytical
methods based on time-series (e.g. Hagthal, 2006; Keeryet al, 2007) or vertical
temperature profiles (Schmidt al, 2006; Anibast al, 2009), or through numerical models
(Brookfield et al, 2009). Numerical modeling requires additionabhda define the hydraulic
boundary conditions such as river stage and taat$ in the adjoining aquifer (Anderson,
2005). To obtain a vertical distribution of temperas W8 was instrumented using 12
thermistors with dataloggers (iBCod Type Z, Alphad¥ Inc, + 1°C). Because the highest
temperature gradients were assumed near the wedanent interface, temperature sensors
were installed at shorter spatial intervals nearititerface. One sensor was placed in the river
water, attached to the outside of the piezomefer pt about 10 cm above the water sediment
interface. Additional sensors were placed at 515020, 30, 40, 60, 80, 110, 140 and 190 cm
below the water sediment interface.

Discharge measurements and weather observations

In-stream discharge was manually measured for @eseptative range of stage heights using
the velocity-area method with an electromagneticesu meter for flow velocity (FlowSens,
+0.5%, SEBA Hydrometrie GmbH, Kaufbeuren, Germaiy)e measured discharges and the
continuously monitored river stage were used toettgy a stage-discharge rating curve as
previously described by Shoge al (2013) (see also: (Clast al, 2007). Precipitation and
air temperature were additionally recorded at 30ut@ intervals using an automatic weather
station (WS-GP1, Delta-T Devices, Cambridge, UK).

Water chemistry measurements

Export of nitrate and phosphorous from the Haeachoaent, which is heavily used for
agriculture is a major societal concern, becauseptirs the water quality of the downstream
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receiving waters and may ultimately contribute titr@phication in Lake Soyang (Kiet al,
2006). To elucidate potential effects of river-dgui exchange dynamics on the
biogeochemical processing of solutes at the interfaitrate and DOC concentrations and in-
situ DOy concentrations using a conventional field sens@X0 device / LDO sensor; Hach
Lange; Germany) were measured in the stream anohdvweater along the piezometer transect
between 06/14/2010 and 08/13/2010. Under dry ciomdit(between monsoonal precipitation
events), river and groundwater samples were cellectveekly. During monsoonal
precipitation events, river water was sampled evwery hours. Groundwater samples were
collected from each of the piezometers (see Fit)) @sing a submersible pump (REICH
Tauchpumpe, Germany). Each of the samples was imteédrefrigerated to <°C prior to
analysis for nitrate and DOC (dissolved organidoa). Analysis of nitrate and DOC were
completed at the laboratory of the Department ofitenmental Science, Kangwon National
University in Chuncheon. DOC concentrations werasaeed by the HTCO method using a
Shimadzu 5000 total carbon analyzer with 2.8 g 02080 Pt catalyst on quartz wool
subsequent to the filtering of water samples thihopige-combusted (4508C) Whatman GF/F
Filters. Nitrate was analyzed by the automated flojection cadmium reduction method
using an automated ion analyzer system (Quickch@®f,8_achat).

3.2.3.Modeling Approach

Model set-up

A 2D numerical model of the river-aquifer systenorg] the piezometer transect was
developed based on the numerical code HydroGeo&ph#ES) (Therrien, 2008). HGS
simulates fully-integrated surface and subsurfaetewflow as well as solute and thermal
energy transport. It solves Richards' equation gusinfinite element approach to describe
transient subsurface flow in variably-saturatedoper media. Solute and heat transport are
simulated based on an advection-dispersion equékioerrien, 2008).

Corresponding to the experimental design of the itamed piezometer transect, a 2D
cross section perpendicular to the direction adastr flow was chosen as the model domain.
The upper model boundary corresponds to the topbgraf the land surface and river
channel (cross section width: 20 m), which werevesyed with an optical level (Tachymat
WILD TC1000). The pre-processing software GRID BDER (McLaren, 2008) was used to
generate a finite element mesh within the model alomvith an average node spacing of
approximately 0.40 m. Discretization of the numalrigrid was radially refined in the area
around the stream channel (radius = 8 m, node rspaBio5 - 0.15 m) yielding a final total
number of 3408 nodes Adjustment of river bed geogymetsulting from scouring during the
first extreme rainfall event of the Monsoon seag0m0 (%' of July) was accommodated by
an additional mesh (total number of nodes: 3368) Was used for the simulations after the
scouring event. The new channel elevations weraimdd from a second survey of the
piezometer transect again using the optical lésehsequently several control measurements
were conducted to check for further changes inastleed elevation. The continuously
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measured river stage served as the upper time blaridoundary condition (first-type
boundary) for the defined river channel nodes, evtiile land surface adjacent to the channel
was described as a variable flux boundary withdheerved precipitation rates applied as
inflow. As the upper time-variable thermal inpuhetcontinuously measured river water
temperatures were applied to the river channel siqtime variable first-type boundary).
Model nodes outside of the river channel were éetads no-flow boundaries for heat.
Radiative input of heat at the land surface wadentgd. The lateral boundaries of the model
domain were placed at the piezometer furthestaddfist (W6) and West (W9), respectively.
The total heads and temperatures observed in fiegemeters were used as time-variable
boundary inputs (first-type boundary) similar tod¢fg-Miller, 2009). The lower model
domain boundary was defined as a horizontal no-thawndary located approximately 20 m
below the riverbed. The bottom thermal boundaryd#ton was also treated as a no-flow
boundary. The model was set up to have hourly rgehaeriods, and therefore all time
variable input data were implemented as hourlyeslT o obtain reasonable initial conditions
the model was run for a 30 day spin-up period Vaticing from the first 30 days of the data
record and initial uniform temperature based onrfegan ambient groundwater temperature
measured in W6. Initial conditions for the secomdutation period (with the adapted mesh)
were obtainedy extracting the total head and temperature Higion of the last simulation
time step from the original grid and were transedibto the new grid by using linear
interpolation

Hydraulic and thermal properties

The distribution of soil properties within the modmmain is based on soil samples taken
during piezometer installation. Soil samples wearkected over 50 cm intervals for the entire
length of the piezometers W6 and W8. The collestatiples were analyzed for soil texture
by sieving (sand fraction). The silt and clay fraet were estimated using a Mastersizer S
laser light scattering system (Model MAM 5004, Maw Instruments, Herrenberg,
Germany). Based on the estimated soil texturesntbdel domain was divided into two
distinct zones (first zone: top of the domain dawrabout 2 m below the river bed; second
zone: domain > 2 m below the river bed) with diietr soil material properties (see Tab. 3.1).
The initial soil hydraulic parameters were estindatising the measured soil textures and the
computer program ROSETTA, which implements fiverduiehical pedotransfer functions to
estimate soil hydraulic properties (Schagipal, 2001). In Table 3.1, the analyzed soil
textures and the Van Genuchten parameters estirogtB®DSETTA are presented. Since the
simulated temperatures and in turn the uncertairitiethe advective flux calculations are
most sensitive to changes in hydraulic conductifity (Keeryet al, 2007), the model was
calibrated for the period from 6/5/2010 to 7/5/204y inversely estimating the hydraulic
conductivities using the parameter estimation d@EST (Doherty, 2005). PEST iteratively
adjusted the hydraulic conductivities of the twae® with an objective function (sum of
weighted squared deviations between simulated amskreed temperatures) until the
simulated temperatures optimally approximated theeoved values. The optimized saturated

67



Chapter 3 -River-aquifer exchange fluxes

hydraulic conductivities of the two materials angoaprovided in Table 3.1. Table 3.2
summarizes the thermal input parameters used imtue|.

Table 3.1:Soil textures and the Van Genuchten Parameter atsithby ROSETTA
Sand [%] Clay [%] Silt[%] 6r[] 6s[] a«[lm' n[] K[md}

Material 1 78.0 3.2 18.8 0.03  0.39 4.55 1.64 0.941
Material 2 97.1 0.6 2.3 0.05 0.38 3.53 3.86 10.H33
*saturated conductivity value optimized by PEST

Table 3.2 Thermal input parameters

PARAMETER VALUE  UNIT SOURCE

Thermal conductivity of water  0.58 W (mK) Weast (1981)
Specific heat capacity of water 4185 J (kg*CWeast (1981)
Thermal conductivity of bulk ~ 2.00 W (m K) Brookfieldet al. (2009)
Specific heat capacity of solidsl254 J (kg °C} Brookfield et al (2009)
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3.3.Results

3.3.1.0Observed Field Data

Precipitation and river discharge

In Figure 3.2, panels A and B, the measured rdimfata as well as the corresponding
discharge over the measuring period of 250 dayprEsented. Extreme precipitation events
are typically of short duration and high intensi&ar example, the first monsoonal event in
2010 on the 8 of July lasted approximately 70 minutes deliveringrecipitation amount of
24.8 mm. At the beginning of August, extreme pri¢gatfpn events occurred at comparably
high frequency until Mid-September. The highest thiynrainfall amount was measured in
August with a total precipitation of 378.2 mm, wbas the highest intensity was observed in
September with 28.8 mm™h The lowest monthly rainfall occurred in Octoband
November, after the monsoon season. In line wighntlaximum precipitation amounts, river
discharges reached their maxima in August and S8ume (Fig. 3.2B). Typical for a
monsoonal climate, river discharge varied over @siterable range (0.39 up to 189.49sn

1), Often, within several hours, river discharger@@sed by up to a factor of 100. The highest
monthly average discharge (5.63 ') was observed in September. In general, stream
discharge exhibited a highly dynamic behavior dyrihe monsoon season (Fig. 3.2B, grey
area).

Measured temperature and hydraulic head data

Within the measuring period, the air temperatureggeal between - 8.45 °C measured at the
end of November up to 30.14 °C observed at thenbéwy of August. The range in
temperature measured in 110 cm depth below thebedewas comparably narrow, with a
minimum value of 5.0 °C in spring and a maximum penature of 18.8 °C in summer. River
water temperature varied diurnally, reaching a maxn value of 32 °C and minimum value
of 0.7 °C with an average daily amplitude of 7.1 Biring rainfall events the amplitude of
the diurnal signal is significantly damped. At theginning of the monitoring period (spring),
the diurnal temperature cycle in the stream wates also observable at 10 and 30 cm depths
in the streambed. As expected, the amplitude ofdhwerature variation measured at 30 cm
depth was damped and phase shifted relative tarti@itude measured in 10 cm depth. The
temperature measured at the 110 cm depth indicateliurnal fluctuations (Fig. 3.2D).

A sudden reversal of the vertical hydraulic gratiacross the streambed was observed
after the first monsoonal storm event on July Bhis gradient reversal is clearly visible in
plot 2C where river stage and the hydraulic heathan aquifer below the river (W8) are
depicted. Before the'5of July, river stage was higher relative to thezpimetric head in the
aquifer, indicating losing river conditions (riverater is infiltrating into the groundwater).
Directly after this intense precipitation eventg tipiezometric head in the aquifer was
noticeably higher than the stream stage indicagimyindwater discharge into the river. This
change in flow direction is also reflected in theasured temperatures, presented in Figure
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3.2D and 3.2E. The diurnal temperature variatiomstie stream, which under losing
conditions propagated down to 30 cm in the streainbee strongly damped after the flow
reversal. Diurnal variations are no longer visigelO cm and 30 cm depth.
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Figure 3.2 Observed field data over the measuring periog5@f days, A) precipitation B) discharge
C) total groundwater heads (measured in W8) aret stage D) temperatures measured in the river as
well as in 10, 30 and 110 cm depths below the biedy respectively and E) time period around the 5th
of July. The periods highlighted in grey indicate tMionsoon season.
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Riverbed elevation chanc

The comparably short but very intensiveecipitation event ¢ July =" 2010 cause

significant riverbed scouring, resulting in a sfgrant change in riverbed elevation (F3.3).
Observations throughout the Haean Catchment inipteilyears indicate théscouringis a
common phenomenon. Thirst intensive precipitation event of the monsoeason typically
results in significant scour of the streambed assbeiated changes in riverbed elevatThe
sporadic control measurements of channel elevatfter the scour in 2010 suggested -
after this initial geomorphologically formir event the systerquickly reverts back - a new
state ofdynamicequilibriun with minimal subsequent changes in channel elewat well
W8 the elevation of the streambed was lowered bgrB@iuring the event cJuly £, 2010
(Fig. 33). Hence the temperature sensors that had beerlét 15, 20 and 30 cm below 1
original streambed elevation were now above thest-sediment interface. The sensors -
had been at 40, 60 and 140 cm below the originehstbd elevation now correspond to
30 and 110 cm below the new streambed elevi
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Figure 3.3: Riverbed elevation changes: Surveyed riverbed t@pity before and after the inter
precipitation event on the 5th of Ji

3.3.2.Model Result

Model calibration and evaluatic

The model was calibrated to temperatures obsert 10 cm, 30 cm, and 110 cm depth be
the riverbed and tthe hydraulic heads measured in piezometers W8\ (Fig. 31B) over
a time period of 30 days. RMS(root mean square error), R (Pearson’s correl:
coefficient) and NSE (Nash Sutcliffe efficiency) mwaised to evaluate the model simulatic

Overal, the model represents the observed hydraulic headgemperatures well (Te
3.3). Nasl-Sutcliffe eficiencies and correlation coefficients ranged frOt60 to 0.€8 and
0.85 to 0.9, respectively Maximum RMSE values for he were 0.@ m. The simulated
temperatures also show a good agree with the measured temperat.. Simulated versu
observed temjratures for the calibration period (06/05/2(- 07/05/2010), as well as for tl

71



Chapter 3 -River-aquifer exchange fluxes

periods before (03/04/2010 — 07/05/2010) and 40&r05/2010 — 12/09/2010) the scouring
event are plotted in Figure 3.4. Although the obsdrtemperature range for the calibration
period is smaller (12°C — 27°C) compared to rarafethe time periods before and after the
scouring event (2°C — 27°C), observed temperataregyenerally well represented over the
entire range of observations. However, for thebtation period and the entire time period
before the scouring event the model shows a diagtdency to under-predict especially at the
10 cm and 30 cm depths (Fig. 3.4 and Fig. 3.5) ed®eafter the event some of the highest
observed temperatures were slightly overestimayetidomodel.

Table 3.3 Model Evaluation: Results of the statistical meas (R, NSE, RMSE) between the
observed and the simulated hydraulic heads andetertyses, respectively for the calibration peribd o

the model, the time period (measuring period 1lpkeethe scouring event took place (5th of July) and
the time period with the new riverbed elevation &&ing period 2).

calibrations period measuring period 1 measuring period 2
(30 days) (before 8" of July) (after 5 of July)
hydraulic
heads R NSE RMSE [m] R NSE RMSE [m] R NSE  RMSE [m]
w8 0.96 0.90 0.01 0.98 0.90 0.02 0.97 0.93 0.04
w5 0.96 0.83 0.01 0.99 0.96 0.01 0.99 0.97 0.02

temperaturess R NSE RMSE[*C]| R NSE RMSE[*C]| R NSE RMSE [°C]
-10 cm 0.86 0.60 1.84 0.98 0.93 1.48 096 0.78 1.75
-30 cm 0.85 0.65 1.16 0.95 0.89 1.62 0.96 0.84 1.47

-110 cm 0.96 0.75 0.62 0.99 0.98 0.54 094 085 312

-10cm -30cm -110 cm

Figure 3.4: Simulated versusobserve
temperatures in 10, 30neé 110 cm deptl
(first, second,third column), respectivel
While row A illustrates the best fit bas
T 20 3 b 1 0 o w3, onthe optimization with PEST (calibrat

period, 30 days), row B presgs the
simulated and observed temperatures
the entire period before the extre
precipitation event on the 5th of July. Rk
C shows the simulated vs. the obse
0 10 20 30 0 10 20 10 20 30 temperatures after the 5th of July (i
riverbed elevation).
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Figure 3.5: Temporal evolution of simulated and observed teatpees, in 10, 30, and 110 cm depths
(first, second and third row) respectively and tieserved river water temperatures as well as the
observed groundwater and river levels (fourth réfth row). While the first column illustrates the
simulated and observed temperatures before thexsiatgrecipitation event on the 5th of July
(05/16/2010 — 07/05/2010), which resulted in a ¢eawof riverbed elevation, the second column
shows the simulated and observed temperaturesthéesth of July (07/05/2010 — 08/24/2010, new
riverbed elevation). The periods highlighted inyiredicate the calibration period of the model.

Figure 3.5 depicts the simulated and observed thgraphs at the three depths in the
sediment for the time period before (left columnyl after the scouring event (right column).

The simulated temperatures at all depth reasoneddgmble the observed temperature
variations. However, at 10 and 30 cm depth befoecelvent simulated temperatures for the
daytime temperature peaks are slightly lower then dbserved values, whereas the lower
nightly temperatures and the overall diurnal vasiag and their phase are well captured by
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the model. Temperature variations clearly follow tourse of the stream water temperatures
(Fig. 3.5, first row). Observed and simulated terapees at 110 cm depth show the seasonal
temperature trend but practically no influence fribra diurnal temperature variation in the
stream. After the scouring event the amplitudethefsimulated temperature variations in the
sediment at 10 cm and 30 cm depth are significaseiynped compared to the temperature
signal in the stream, indicating a shift in the dwant heat transport processes responsible for
the downward propagation of the temperature sighiallO and 30 cm depths amplitudes in
the observed temperatures, are completely dampddaéier the scouring event almost
instantaneously drop to nearly constant groundwatmperature. However, during
subsequent short flow events, when rapidly risiivgrrstages temporarily reduce or even
reverse the vertical hydraulic gradient betweenstineam and the underlying aquifer to very
small values (e.g. around day 103, Fig. 3.5 bottpanel) simulated and observed
temperatures show a very good match again. At IiOdepth both simulated as well as
observed temperatures only show the seasonal amhg@ractically no diurnal variations.

Temporal and spatial variability of the simulatedal heads and exchange fluxes

In Figure 3.6 simulated total head distributionsl #me resulting flow field for two points in
time are presented. The left panel (Fig. 3.6 Anshthe simulated total head distribution and
the resulting flow field for the'3of July 15:00, before the scouring event.
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Figure 3.6: Simulated total head distributions A) before thewing event (7/3/2010) and B) after the
scouring event (7/23/2010). Arrows indicate grouatkw flow direction, the dotted line marks the
location of temperature measurements (inside of W®) bold black lines indicate the location of
riverbed nodes.

Vertical hydraulic gradients across the streambeddirected downwards and the river is
losing water to the underlying aquifer. The lowectoons of the underlying aquifer are
characterized by groundwater underflow reflectingneyal lateral groundwater flow
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components towards the catchment outlet. In cantaghe 2™ of July 10:00 (Fig.3.6B),
after the riverbed elevation had changed (new nigalemesh) total heads ht below the
river are lower than the river stage and verti@ddgradients are directed upwards. Sha
groundwater flowing towards the river from the cahtparts of the catchment is nc
discharging into the river whereas the deeper ghaarter is «ll flowing laterally underneat
the stream. The vertical component of the exchdluges in the shallow streambed alon
vertical depths pifile at the location of piezometer W(Fig. 3.6 AB: dotted lin) over the
entire simulation period is depictec Figure3.7.

417.5

groundwater level

M7OE river level

416.5

total head [m]

416.0

depth [m]

-1.5

llII|||II|rIIl]lIIl]

06/01/10 07/01/10 08/01/10 09/01/10 10/01/10

| | O o

-0.70 -0.16 -0.08 -0.03 002 010 017 022

Figure 3.7: Simulated spat-temporal pattern of vertical volume fluxes alondepths profile at th
location of piezometer W8 (B) and the correspondiagr stage and total heads measured in W¢
for the enire simulation perioc

Vertical fluxes are generally largest in the uppestrb0 cm of the streambed and decr
with depth as the influence of lateral flow compatsefrom the regional groundwater flc
field increases (see also Fi3.6). Noticeable isthe rapidflux reversal on the ™ of July
(change in color from blue to red in F 3.7B), when vertical flow changewithin a few hours
from a downward flux of abot-0.1 md™ (losing condition) to an upward flux of abol0.1
m d* (gaining conditions. Under losing conditions significant vertical flowmponents ar
evident to depths cnearly 0.” m. Snall precipitation events, whictemporarily further rais
river stags in relation togroundwateithead, result in significant downward fliesto even
greater depth ( 0.7 m) After the reversalof the vertical hydraulic gradient and tl
subsequent change of flow direction to upward flcthe highest vertica fluxes are evider
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close to the riverbed surface between 0 m and Qd@pth. The highest fluxes of groundwater
into the river were simulated for the period riglfter the first long-lasting precipitation event
of the monsoon season (16-18 July 2010, total aliainount = 64 mm). During this first
significant groundwater recharge event groundwhtads steadily build up, while stream
stages still quickly revert to low levels after teeent, resulting in the most pronounced
upward gradients observed during the study perdter several monsoonal precipitation
events groundwater levels as well as river flomgehgenerally increased and the heads in the
stream (river stage) and in the aquifer below threasnbed are starting to equilibrate.
Consequently, the vertical hydraulic gradients s&fihe streambed and the resulting fluxes of
groundwater into the river are declining to verylealues. During this time significant
vertical head gradients across the streambed @vgldp in response to further precipitation
events, which cause short-term gradient reversaltdurapidly rising stream stages during
peak flows (Fig. 3.7). These dynamics are illustlain Figure 3.8, which represents a close
up of Figure 3.7 for a 6 day period in early SefitemFor example, on the "1@f September
the river stage rapidly rises to about 0.18 m altbeeobserved groundwater head below the
stream for several hours and then reverts to almgsiliibrium with the groundwater head
after the event. During these time periods rivetewas pushed into the streambed and the
underlying aquifer. Vertical fluxes reach maximuaiues of - 0.68 m U (10" of September).
Based on the observed head and temperature datdhemsimulated exchange fluxes at the
river-aquifer interface, the monitoring period dasubdivided into the following three main
time periods: time period i: the period before Bleof July when losing conditions prevailed
(04/03/2010 - 07/05/2010); time period ii: the pdriwhen groundwater predominantly
discharged to the river (07/05/2010 - 08/01/201) &me period iii: the period with very
small groundwater fluxes into the stream and skpisodes of river water infiltration in
response to storm events (08/01/2010 - 09/20/2010).
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Figure 3.8: Simulated spatiotemporal distribution of volumexBg along a vtical depths profile €
the location of piezometer W8 (B) and the corresiag hydraulic heads measured in the river ar
the piezometer W8 (A

3.3.3.Waterchemistr and simulated exchange flu

Figure 3.9 shows the analyzewaterchemistry variable (nitrate, DOC,DOsy) in the strean
and all piezometers as well the precipitation amour, and calculated exchange flu over
the time period for which water samples were areadyi14™ of June 201 - 23° of Augus
2010).

In general the highest nitratencentrations, with valueof up to 7.1 mg! I}, were founc
in piezometer W9, which is screenabout5.00 mbelow the lan-surfact (screened interva
5.00 -5.50 m below lan-surface. In contrast, jezometer W8, which is screened0 m
below the riverbd (screened interval: 2.5- 3.00 m below the riverbeishowed generally tr
lowest nitrate concentration as well as lowest oxygen saturatio(3.40 %~ 0.31mg ).
Thehighest DOC concentrations over the measuring gevieretypically found in thestream
water.Patterns in the observed DOC and nitrate concémmsashow some general correlat
with the three distinct periods described in thevmus paragraph. In the first or “losin
period (time period i) DOC concentrations shchigher variability in all groundvatel and
streamwater samplescompared to the gaining period afterwarDuring the second o
“gaining” period(time period ii) DOC concentrations become moradyeand similar and a
relatively constant in stream and grounter over a two wee periodfrom the12" of July to
the ' of August. With thebeginnin¢ of more intense and frequent storm ev (time period
iii), which causestrongepisodic fluxes of river water into thunderlyingaquifer, variability
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of DOC concentrations in groundwater in time antiMeen locations increases again. Nitrate
concentrations show no clear patterns or trendsgluhe first two periods except for a
general increase in concentrations in piezometer Aft@r the f' of August (time period iii)
nitrate concentrations are decreasing at all lonatiwith the most pronounced decline in
piezometer W5.
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Figure 3.9 A) precipitation, B) the simulated exchange flspet the riverbed cross-section, over the
time period (14th of June - 23rd of August) whentewachemistry samples were taken, C) nitrate
concentrations in the river and groundwater, D) D@{Ssolved organic carbon) concentrations and
E) DOsat (dissolved oxygen saturation), measurethénpiezometer W5 (415.3 masl), W8 (412.9
masl), W9 (414.2 masl) and in river water. Aregghlighted in grey indicate the Monsoon season.
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3.4.Discussion

3.4.1.Simulation of exchange fluxes

The numerical model could successfully be calilordig inversely estimating the hydraulic
conductivities using the parameter estimation d®ES&T. The statistical measures (Tab. 3.3)
indicate that the model performs well in predictimpth, the hydraulic heads and
temperatures. The simulated dynamics in heads amgdratures compare well with the
observed dynamics with low RMSE values (< 0.04 mhead; < 1.75 °C for temperature)
and high correlation coefficients (mean = 0.98, mi0.96 for head; mean = 0.94, min = 0.85
for temperature) and high Nash-Sutcliffe Efficieewi(mean = 0.91, min = 0.83 for head;
mean = 0.81, min = 0.60 for temperature). The dseeraperature data in addition to head
data in the calibration of the model allowed totéetonstrain the hydraulic conductivity
estimates, which had initially been derived frone thnalysis of the textural data using
ROSETTA. The good match between the optimized hydraonductivities and the initial
estimates based on sediment texture (Tab. 3.2)tamilzdes the plausibility of the model
calibration.

Other recent studies have used similar 2D coudlad &nd heat transport simulations
based on the finite difference, variably saturdled and heat transport code VS2DH (Healy,
1996) to quantify river-aquifer exchange fluxes dizdMiller, 2009 Schornbergt al, 2010).
Compared to VS2DH the finite element code usedhis study provided some more
flexibility in local mesh refinement, which proved be useful in accommodating the
observed streambed scour in the model.

The slight underestimation of daily temperature imaxat 10 and 30 cm depth especially
during the calibration period (Fig. 3.4, row A, F&)5, left column) is attributed to effects of
radiative heating of the streambed during the @ayalso observed by (Vogt al, 2010).
Although HydroGeoSphere provides routines to siteuthe full heat balance at the land
surface (Brookfieldet al., 2009) the required data to parameterize thesenesutvas not
available for the entire simulation period. We pires that raising temperatures at the
streambed boundary during the day, to mimic theotd$f of solar radiation, would decrease
the observed deviations during that day, but as#me time not significantly alter the overall
calibration of the model. Therefore the simulatedhange fluxes and their dynamics are
believed to adequately reflect river-aquifer intti@ns at the site.

In the period immediately after the scouring evebserved temperatures at 10 and 30 cm
depths show a stronger cooling than realized insiheulations. Temperatures are nearly
constant, close to the ambient groundwater temperatVe suspect that this was caused by
preferential upwelling of groundwater along theside of the piezometer, which affected the
temperature readings inside the pipe. The piezanpgbe had been slightly tilted during the
flow event that caused the scour and was subsdyguettirned into its original straight
position. This likely created space between the @pd the sediment for preferential flow
along the outside of the piezometer, which wasfitletl with new sediment as long as the
strong upward gradients prevailed. In fact, durgtiggam flow measurements, which were
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conducted in this time period, slightly cooler atribed temperatures were repeatedly noticed
in the vicinity of the piezometer, supporting thigerpretation. Additional simulations to
match the observed, steady cool temperatures @an@030 cm in this period (by stronger
upwelling of groundwater) not only yielded unretially high hydraulic conductivities, but
also drastically worsened model fits in the otheruation periods and with that the overall
calibration.

3.4.2.Variability of exchange fluxes

The growing body of research on groundwater-surfeater interactions in recent years (for a
review see Fleckensteét al.,2010) has clearly demonstrated that exchangedltexad to be
highly variable in space (e.g. Conant 2004, Schratdal., 2006 & 2007) and time (e.g.
Anibaset al.,2009, Schmidet al.,2012). An improved quantification of this variatyilis an
important prerequisite for a better understandirigth® biogeochemical processing of
nutrients (e.g. Zarnetslat al., 2012, Krauset al.,2013) or pollutants (e.g. Greenbagal,
2002, Schmidet al.,2011) in the transition zone between ground- amthse water.

While the majority of studies that have addresséects of groundwater surface water
interactions on biogeochemical processing havesiedon spatial variations, e.g. caused by
geologic heterogeneities, pronounced temporal béitiais a prominent feature in many
river-aquifer systems due to the high dynamicswfage water flows (e.g. Schmidt al.,
2012). Our results demonstrate that monsoonal tdimaith its pronounced seasonality in
precipitation and the high frequency of intensivegipitation events during the monsoon
season creates quite distinct temporal exchangterpat with frequent exchange flow
reversals.

Although, it has repeatedly been argued that tmauhycs of exchange between rivers and
groundwater may strongly influence the quality cdfter resources (e.g. Stonestrom and
Constantz, 2003, Fleckenste@ al., 2010), research on the potential effects of fregue
riverbed flow reversals on biogeochemical procepssat the groundwater-surface water
interface and the resulting water quality is lagkiBarlowet al (2009), investigated riverbed
fluxes for high-flow events that occurred on thegBe Phalia River in Florida caused by the
Hurricanes Katrina and Rita. For both high-flow etge a riverbed flux reversal was found,
from initially groundwater upwelling into the rivéo short periods of river water infiltration
into the aquifer. They demonstrated that riverbedewfluxes and a critical stage for flow
reversals can be determined by using heat as er teaen with little available hydraulic head
data. Whereas they identified one critical rivexgst, at which flow reversals occurred, our
data demonstrates that this threshold can shifegponse to a dynamic groundwater flow
field. During two days (Fig. 3.8,"9and 18 of September) flow reversal occurred at four
different stages as the shallow groundwater syskgmamically responded to the sequence of
precipitation events. This not only exemplifies thighly variable hydrologic conditions
within the monsoon season, but also underlinesniprtance of collecting hydraulic head
data with sufficient temporal resolution for adeigly characterizing river-aquifer exchange
fluxes under monsoonal conditions.
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We are not aware of other studies to date that lggeematically investigated these
temporal variabilities in river-aquifer exchangeuxiés over several months under the
prevailing monsoonal climate conditions. Althoudjle temporal exchange patterns observed
in this study are specific to regions with monsdarianate, similar dynamics may become
more common in other regions of the world (e.g. t&#nEurope), for which climate
predictions indicate an increase in the intensitgd &requency of extreme rainfall events
(Benistonet al, 2007). Understanding these dynamics and thdinpal implications for
biogeochemical processing at the groundwater-seinfeater interface in monsoonal regions
may provide an outlook to future changes in thecfioming of coupled river-aquifer systems
in other parts of the world.

3.4.3.Potential implications of exchange fluxes for logater chemistry

It has been recognized for some time now that ghreawhics of groundwater-surface water
interactions are an important control for biogeautoal processes and solute dynamics at the
groundwater surface water interface (e.g.: Kraetsal, 2009, Inamdaet al, 2008). More
recently Zarnetsket al (2011b, 2012) demonstrated that nitrate dynammidke hyporheic
zone are closely linked to hydrologic residencesinn the sediments. Marzaeétial (2012)
elucidated distinct redox zonations caused by Hygior flows in gravel-bed rivers with
alternating pool riffle morphology. Kraus# al (2013), in a study on a lowland river, found
that nitrate turnover was not limited to shallowpbgheic mixing zones, but could also occur
in reactive hot spots at greater depth in the sedisnwhere groundwater was upwelling.

Our data also suggests that nitrate and DOC coratiEmts are coupled to the hydrologic
dynamics at the site. During the pre-monsoon timeop (i) (before the 5th of July), when
river water is infiltrating into the underlying aégr, the highest spatial and temporal
variability in DOC concentrations was observed (F&9D). This variability suggests
different source areas and flow paths for the @gjivof DOC to the different wells (from rice
paddies — W9; from the stream W5, W8). Concentngtiln the stream are increasing
significantly after the first pre-monsoon precifita events. This likely reflects a flushing of
DOC pools that have build up during the dry pre-summ period and the general event-
controlled mobilization of DOC (Jeorgf al, 2012). This is in line with studies from other
parts of the world that reported in-stream DOC emti@ations to be significantly higher for
storm events following a dry period (e.g. Inameéarmal, 2008). DOC concentrations in the
relatively shallow well W5 follow the same trendjttwith some time delay suggesting that
the well is affected by the infiltrating stream eat(see Fig. 3.7). This is backed by the
simulated flow field, which indicates flow of infiibting stream water towards W5 (Fig. 3.6).

Typically, river DOC concentrations were higher @ared to groundwater DOC
concentrations. The elevated river DOC concentnatiare most likely caused by DOC
exports via drainage canals from the rice paddezmtéd around and upstream of the
investigated river reach. Elevated DOC concentngtio surface waters due to the export of
DOC from rice paddies, has also been observedherdatudies (e.g.: Shirat al, 2005,
Bartschet al (submitted).
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In the monsoon period (time period ii), after thin ®f July, when groundwater was
predominantly discharging into the river and thetegn was progressively wetting up, DOC
concentrations were significantly less variablepace and time (Fig. 3.9D). We attribute this
to the depletion of some of the initial DOC podis.the beginning of August when the first
more intense rainstorms occurred, variability iases again, likely due to additional DOC
pools being activated during the intense rainstorms

Nitrate concentrations show now clear temporal dremcept for in well W9, where
concentrations are steadily increasing over th& faart of the investigation period (Fig.
3.9C). The simulated flow field (Fig. 3.6) indicat¢hat W9 is not directly affected by
infiltrating river water, but instead receives gndwater flows from the extensive agricultural
areas to the West of the river. Rapid leachingiwate from the agricultural fields caused by
rainfall events (Ruidisclet al, 2013) during the main fertilizer application joerin the first
half of the growing season (March to November, &ty et al, 2012) leads to elevated
nitrate concentrations in the groundwater flowingwards W9. In fact additional
measurements of nitrate in piezometers throughoeitHaean Catchment (data no shown),
indicated groundwater nitrate concentrations ujptio times higher than in the river water.

The recession of nitrate concentrations towardsetin@ of the monitored period (Fig.
3.9C) probably results from a beginning depletibnitrate pools from fertilizer applications.
Stream nitrate concentrations often show a dedfimeng events (e.g. Rusjan and Miko,
2008), which is caused by the dilution of nitratehrbaseflow with event water that is lower
in nitrate. Such dilution effects from the intersif monsoonal precipitation in this later
period may further explain the decreasing nitratecentrations in the stream and in the wells
affected by infiltrating stream water.

Nitrate concentrations in W9 are clearly higherntha the piezometers W8 and W5,
which, based on the dynamics of groundwater-surfear interactions and the associated
groundwater flow field (Fig. 3.6), are influenceg filtrating river water. Interestingly,
however, nitrate concentrations at W8 are not dolyer than at W9, but also consistently
lower than in the river (Fig. 3.9C). The simulagr@undwater flow field indicates that W8
either receives water from the stream via infiltat(Fig. 6A) or from the West, where W9 is
located. This hints at a removal or attenuatiomitfate in the deeper sediments below the
stream. Various studies have identified denitrifma as a possible nitrate attenuation
mechanism at the groundwater-surface water interfaay.: Guet al, 2008, Krauseet al.,
2009, Zarnetskeet al, 2011b, 2012, Marzadret al, 2012, Bardiniet al, 2012).
Denitrification capacity is typically controlled kthe nitrate concentration, the existence of
anoxic or low-oxygen conditions and the availapilitf an appropriate electron donor like
organic carbon or pyrite (e.g.. Hi#t al, 2000). For example Zarnetslet al (2011a)
identified the availability of labile organic camtbérom DOC as a main control for hyporheic
denitrification.

During the pre-monsoon period steady infiltratidmieer water into the aquifer delivered
DOC into the sub-stream sediments. This DOC suppdyy have fueled biogeochemical
turnover in the sediments, especially during prexsoon rainfall events when DOC
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concentrations in the river water were specificaligh (Fig. 3.9D). During the intense
monsoonal storm events in August, additional rivater high in DOC was frequently pushed
into the anoxic, groundwater with higher nitratecentrations. These processes likely create
favorable conditions for denitrification in the gee sediments below the stream where
oxygen concentrations are low (Fig. 3.9E). Attefmrabf nitrate below the stream may also
partly be responsible for the lower nitrate concaiians observed in W5 (compared to W9).
A full prove of this hypothesis is difficult on tHeasis of the limited chemical data set that
was available in this study. However, we postuldtat under the prevailing hydrologic
conditions the potential for denitrification in tereambed below the river is likely high. The
main motivation for the water quality measuremehtsd been to elucidate potential
implications of river-aquifer exchange dynamics kocal water quality. Our results clearly
indicate a tight coupling between hydrologic exaedynamics and the observed spatial and
temporal concentration patterns. The delivery biiéaorganic matter in the form of DOC into
the underlying sediments at the site is believeloet@an important process to fuel the turnover
of nitrate or other redox-sensitive solutes atghmundwater-surface water interface. Similar
dynamics have also been reported in other studigsiageochemical nutrient processing at
the groundwater-surface water interface (Zarnet$kd, 2011a, Bardinét al, 2012)

3.5.Summary and Conclusions

The main focus of this study was on investigatiogvhmonsoonal precipitation events affect
the dynamics of river-aquifer exchange and the esponding flux rates. The specific
dynamics of river-aquifer exchange under monsoatialate conditions were continuously
monitored and simulated over several months. Wenar@aware of other studies to date that
have investigated these dynamics as systematically.results demonstrate highly variable
hydrologic conditions within the monsoon seasonictvare characterized by a high temporal
and spatial variability in river-aquifer exchangexes, with associated frequent riverbed flow
reversals. Intense monsoonal precipitation everti® wdentified as the dominant driver for
the observed flow reversals. We additionally focuea examining potential implications of
the investigated river-aquifer exchange fluxesléaal water chemistry. Results indicate that
river-aquifer exchange dynamics and the spatialtangoral variability of DOC and nitrate
concentrations at the investigated river are tjgbtlupled. Our chemical data further suggest
that the flow reversals, when river water high i©© is pushed into the nitrate-rich
groundwater below the stream, may facilitate artthaoe the natural attenuation of nitrate in
the shallow groundwater. Within this study we destmted that using hydraulic gradient
monitoring along a piezometer transect coupled wing heat as a tracer and numerical
modelling is a useful combination of methods inasrtb investigate river-aquifer exchange
fluxes under monsoonal climate conditions. Hyemnal (2011) reported that collecting
instream time series data via mini-piezometers ngurmonsoonal summer seasons is
challenging, because in-stream instrumentationsatitégh risk to be washed away during
events. However, we could demonstrate that piezenmahstalled deep enough into the
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riverbed & 3 m depths) can be successfully used even when digcharges increase during

storm events to values more than hundred timesehitffan the discharges observed under
dry conditions. Preferential flows along the outsaf the piezometer due to the development
of a small gap between the piezometer casing aadatijacent sediment during extreme
rainfall events can be seen as a limitation. Oudystadditionally underlines that changes in

riverbed topography have to be considered in fusitglies as well as the importance of
collecting hydraulic head and temperature dataifficeent temporal resolution to adequately

capture river-aquifer exchange dynamics in regiorder a monsoonal climate.
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Abstract: Groundwater pollution by fertilizer nitrate is a jmaproblem recognized in
many parts of the world. The excessive use of rainfartilizers to assure high yields in
agricultural production intensifies the leachingldem especially in regions affected by a
monsoon climate as in South Korea. The extent lgething occurs depends on several
factors such as climatic conditions, agriculturamagement practices, soil properties and the
sorption characteristics of fertilizers and agrauloals. In the South Korean monsoon season
2010, nitrate concentrations under varying nitrofgztilizer rates were monitored in a plastic
mulched ridge cultivation (R)f) with radish crops (Raphanus sativus L.). Basedhase
findings we calibrated a three-dimensional watewfland solute transport model using the
numerical code HydroGeoSphere in combination wite parameter estimation software
ParallelPEST. Subsequently, we used the calibmaiedel to investigate the effect of plastic
mulch as well as different fertilizer best managet@actices (FBMPs) on nitrate leaching.
We found that cumulative nitrate leaching under,RWas 26% lower compared to ridge
tilage without coverage (RT). Fertilizer placemaninfined to the ridges resulted in 36%
lower cumulative nitrate-leaching rates comparetrttadcast applied fertilizer. Splitting the
total amount of 150 kg N£ha' per growing season into three fertilizer applioasi (1-4-2.5
ratio) led to a reduction of nitrate leaching oP&@ompared to the one-top dressing at the
beginning of the growing season. However, the coatimn of a fertilizer rate of 150 kg NO
ha', plastic mulched ridges, fertilizer placement oimythe ridges and split applications of
fertilizer resulted in the lowest cumulative nitraieaching rate (8.14 kg Maduring the
simulation period, which is equivalent to 5.4 %tloé total nitrate fertilizer input. Compared
to RT with conventional one-top dressing fertilinat in ridges and furrows, the nitrate
leaching was reduced by 82%. Consequently, thebowtion of all FBMPs is highly
recommendable to decrease economical costs falizertinputs as well as to minimize
nitrate leaching and its impact on groundwater igual

Keywords: Nitrate leaching; numerical modeling; fertilizezdt management practices; ridge
tillage; plastic mulch; groundwater
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4.1.Introduction

Agricultural productivity is under considerableastr to meet the food demand of a growing
population. This pressure causes high externaltsnguch as fertilizer and pesticides into the
agricultural systems. Thus, the ongoing degradatbrwater resources by agricultural
practices constitutes a challenging problem wordidw{Ongley, 1996; Matsoet al, 1997;
Tilman et al, 2002; Danielopolet al, 2003; Spiertz, 2009). The risk of fertilizer and
pesticides leaching via surface runoff into rivensd lakes or percolation through the
unsaturated zone into groundwater is especialh hig regions affected by East Asian
summer monsoon due to the high frequency and iyeas rainfalls. In China and South
Korea, intensively used agricultural areas weratifled as hotspots of non-point pollution,
which cause water deterioration and eutrophicatioimportant freshwater resources such as
lakes and reservoirs (Zhaegal, 1996; Kimet al, 2001; Parlet al, 2010).

Apart from manifold agrochemicals, nitrate fer@izis one of the most critical pollutants
due to its excessive input and the low N use efficy of crops (Spiertz, 2009A
concentration maximum of 50 mg NO'in drinking watewas recommended by the World
Health Organization, while in the USA and South éaothe official regulations are even less
with 10 mg NQ I (Choi et al, 2007). Nevertheless, observation of water quaditsurface
water and groundwater reveal that the nitrate auinagons often exceed established drinking
water standards, especially in areas of intensewgnre (Minet al, 2002; Liuet al, 2005;
Koh et al, 2007; Kohet al, 2009). To minimize the leaching risk of agrocleats, precision
agriculture was found to be a valuable tool. Walagd994) proposed economic and
environmental benefits by an adjusted fertilizeacgiment, an adapted timing of fertilizer
application to the plant's needs and an adapteelifey draining and contouring of
agricultural fields. Furthermore, the effect ofgidtillage has the potential to decrease nitrate
leaching by isolating nitrate from the percolatiugter, especially if fertilizer is placed only
in the upper part of the ridges (Hamlettal, 1990; Clayet al, 1992; Benjamiret al, 1998;
Bargaret al, 1999; Jaynes and Swan, 1999; Waddell and W&0I6 2

Plastic mulching of the ridges is practiced for gnamop types worldwide for several
reasons. Lament (1993) found an increased temperatuthe ridge soil, which in turn
induces earlier plant emergence. Furthermore plastilching was shown to be useful in
terms of weed suppression and reducing evapor&ss In general an earlier and higher
overall yield was found for several crop types. @agtonet al (1975) and Locasciet al
(1985) observed that plastic mulch protects thdilifmr from infiltrating water and
consequently enhances the nutrient retention imidge soil and the nutrient use efficiency of
crops. Accordingly, uncovered furrow positions anere prone to agrichemical leaching
compared to ridge positions due to higher infilatrates caused by the surface runoff from
the ridges to the furrows (Clagt al, 1992; Leistra and Boesten, 2010).

Intensive agriculture in the highlands of Gangwonvihce, South Korea involves high
mineral N fertilizer inputs. Vegetable production plastic mulched ridge cultivation is
practiced widespread over the region on dominatsagdy soils with poor sorption
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characteristics (Ketteringt al, 2012). However, the influence of plastic mulchediye
cultivation in regions affected by monsoon climatewater flow and nitrate leaching has not
been investigated yet. Based on the findings GNafield experiment and the monitoring of
nitrate concentrations in soil water during thevgrm/monsoon season 2010 in a plastic
mulched radish cultivationRaphanus sativus.Lin the Haean catchment in South Korea
(Kettering et al, 2013), we set up a three-dimensional numericadeh using
HydroGeoSphere (Therriegt al, 2010), which simulates fully-integrated surfatdsurface
flow and solute transport processes. The model coapled with Parallel PEST (Doherty,
2005) to calibrate soil hydraulic and solute tramwspparameters based on the Gauss-
Marquardt-Levenberg nonlinear estimation technigDer objective was to quantify and
evaluate the potential of fertilizer best managenpactices to decrease nitrate leaching
losses to groundwater under monsoonal conditiohss;Tthe calibrated model was used to
run scenarios in terms of precision agriculturehsas an enhanced fertilizer placement and
fertilizer split applications as well as the condiion of both. We hypothesized, that (i)
plastic mulching reduces nitrate leaching lossespared to uncovered ridge cultivation, (i)
fertilizer placement only in ridges decreases tetréeaching losses compared to the
conventional fertilization in ridges and furrowsi) (nitrate leaching losses could be reduced
by the right timing and the splitting of fertilizapplication.

4.2.Material and Methods

4.2.1.Study site

The Haean catchment (128°1'33.101"E, 38°28’6.231&dproximately 420-1000 masl) is
located in the mountainous northeastern part otfSKorea. The basin, which is situated at
the upper reach of the Mandae stream, has beenifiggénas a main non-point source
pollution area. The Mandae Stream contributes é0Sbyang Lake (Pamt al, 2010), which

in turn constitutes the main fresh water reserfaithe metropolitan area of Seoul.

The annual precipitation amount of 1577 mm (11-yearerage) is characteristic for the
catchment. During the East Asian summer monsooigchaccurs usually between June and
August, the catchment receives 50-60% of the anpuatipitation sum. Furthermore, the
catchment is characterized by three major landityses, namely forested land, agriculture
and residential area. The steep hillslopes areredvay forest accounting for 58% of the total
area. Dry land agriculture is practiced mainly oaderate hillslopes with 22% of the total
area. Rice paddies in the center of the catchmeniipy 8%. The remaining area of 12%
constitutes of residential area, grassland and fredrgins.

Depending on the crop type, the growing periodistasually between April and June. In
order to suppress weed growth and to ensure ay pkht emergence, ridge tillage with
plastic mulching is a widespread practice for galing dryland crops such as radish
(Raphanus sativus L.), potatoeSolanum tuberosum.). cabbage Hrassica rapa susp.
Pekinensiglour.), Hanelt, Brassica aleracea convar. Capitata var.allnd beansQGlycine
max. (L.) Merr). Before ridges are created, fertilizer is comiapplied to the fields and
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mixed into the upper part of the soil by ploughirdterwards the ridges are created and

concurrently covered by plastic mulch. The crops sowed as seeds or planted as juvenile
plants in the planting holes at the top of the eéglgOuring the growing season, herbicides and
pesticides are sprayed several times throughoutiglds. The harvest normally takes place

from late August to October.

Although the dryland crops are primarily grown oltslopes, a flat field site in the center
of the catchment was selected for the leachingraxeat in order to exclude surface runoff
(Kettering et al, 2013). The soil at the experimental field sitaswmapped as Cambisol,
derived from granite residual parent material alagsified as an Anthrosol (IUSS Working
group WRB, 2006) due to excessive fertilizer, édéis and herbicides input and the long-
term application of sandy soil to compensate swisien loss during monsoon seasons. Soll
samples for texture analysis were taken down tosditndepth. Two horizons were identified
in the field mainly because of their differing sodlor, but the soil texture analysis showed
only marginal differences between both horizond(@d.1).

Table 4.1 Soil physical properties of the experimentaldisite

Clay Silt Sand Bulk density Soil textural class (UBA)
[%] [%6] [%6] [g cm?]
Topsoil A 2.72 15.19 82.09 1.48 Loamy sand
Subsoil B 3.28 19.16 77.56 1.54 Loamy sand

4.2.2.Experimental set up

Before conducting the experiment, an automatic exastation (WS-GP1, Delta-T devices,
Cambridge, UK) was installed at the field margin tbe experimental field. Weather
parameters such as precipitation, solar radiationg speed, air temperature, humidity and
air pressure were logged in a 5 min interval andvipled the basis for calculating
evapotranspiration rates using the dual crop adefft approach based on FAO-56 for crops
(Allen et al, 1998). In Figure 4.1 the precipitation rates #mel chronological set up of the
field experiment are given.

A commonly used granulated fertilizer (30% minek?K fertilizer with 4.2-2-2, 70%
organic fertilizer with C/N ratio 50:1, SamboUbip@Bh Korea) at a rate of 56 kg N®a®
was applied as a basic fertilization to the presipdallow field. Subsequently, 16 plots with
an equal plot size of 49 m? were arranged in aoarzed block design and treated with
mineral NPK fertilizer (11-8-9+3MgO+0.3B, KG Cherals, South Korea) at rates of 50 (A),
150 (B), 250 (C) and 350 (D) kg NOva" on 1 June 2010. The ridges were created and
covered with impermeable black plastic mulch ou®eJ2010. The plastic covered ridges (35
cm width, 15 cm height) alternated with uncovereddws with a ridge-to-ridge spacing of
approximately 70 cm. The plastic cover at the tbphe ridge was perforated with planting
holes (5 cm diameter) with a plant to plant spa@h@5 cm. On June 14 radish seeds were
sowed in the planting holes. Harvesting was accrsmgdl on August 28.
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For monitoring soil water dynamics, each plot wgsipped with standard tensiometers
and volumetric water content sensors (5TM soil muoé sensors, Decacon devices, Pullman
WA, USA) positioned centrally in the ridges betwesvo planting holes underneath the
plastic mulch at 15, 45 and 60 cm depth and in veex furrows at 15 and 30 cm depth (30
cm depth in the furrows was equivalent to 45 cmthiep the ridge). In order to measure
nitrate concentrations in seepage, suction lysimetere additionally placed in the center of
the ridges between two planting holes at 15 andmM&Sdepth as well as in furrows at 30 cm
depth and connected tovacuumpump (KNF Neuberger, Type N86KNDCB12v, Freiburg
i.Br. Germany). The collected water samples werngt kefrigerated at < 5°C and analyzed
within 24 hours for nitrate using Spectroquant® cfjuitests (Nitrate test photometric,
MERCK, South Korea) and a photometer (LP2W DigRhbtometer, Dr. Lange, Germany).
The observation period started on June 30 and eniledharvest on August 28, 2010.
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Figure 4.1 Precipitation rates, time schedule of tillag@mpcmanagement and nitrate measurements at
the experimental site from May to August 2010
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4.2.3.Modeling approach

Model set up

To describe flow processes in a plastic mulchegeridultivation system influenced by
monsoonal events, surface and subsurface flow psesehave to be considered. The process-
based numerical code HydroGeoSphere (Thereiemal, 2010) is capable to solve fully-
integrated surface and subsurface water flow ardtesdransport problems in a variable
saturated media. Due to the coarse sandy textutedfeld site, we assumed that preferential
flow paths like macropore flow are negligible farilswater movement. Absent preferential
flow was confirmed by Brilliant Blue tracer expeents at different field sites in the
catchment (Ruidisch, unpublished data). Hence, wwilated water flow based on finite
element method as a uniform flow process, whichlmdescribed by the Richards’ equation
(Eq.1). The dimensions of the three-dimensional ehcale shown in Figure 4.2. The
groundwater depth was calculated to be in appraeiypad.5 m by interpolation of
groundwater levels measured in the surroundingidieThus, we set up the model with a
depth of 4.65 m. The model dimensions were choserséveral reasons. In general, we
assumed that the flat field exhibited a dominatiregtical flow field. These conditions
exclude lateral flow processes such as downhillewdiow. Furthermore, a high spatial
resolution was necessary to implement small featsoeh as planting holes. The high spatial
resolution required in turn long computational tinhe order to capture the most important
flow and transport processes and to save compnogttone, we kept the model dimensions
as small as possible.

4.2

3.8

Figure 4.2 Dimensions (in meters) of the three-dimensionaldel. The dark line in the profile
indicates the transition between A and B horizon.
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Governing flow and transport equations

The governing flow and transport equations are rgive Therrienet al (2010). The units
meter [L], day [T] and kg [M] were used for the silations. Three dimensional subsurface
flow in variable saturated porous media is describg a modified form of the Richards’
equation.

V- (K ke V(@ +2) + Elex 0 = 0mae (655,) (1)

where wy, [-] is the volumetric fraction of the total porgsoccupied by the porous medium,
K is the hydraulic conductivity tensor [T, k. is the relative permeability of the medium [-],
¢ is the pressure head [L4,is the elevation head [L]/; is the volumetric subsurface fluid
exchange rate with the surface domain [[BTY, Q is a subsurface fluid source or a sink [L3
L3 T7, 6sis the saturated water content [-] &ds degree of water saturation [-].

Surface flow in HydroGeoSphere is considered byva-dimensional depth-averaged
flow equation, which is the diffusion-wave approxzition of the St. Vernant equation.

ddoho
=V (doqo) —doly £ Qo = ¢>a_t (2)

where the fluid fluxg, [L T is given by
o = —Ko ko V (dy2,) (3)

whereg,is the surface flow domain porosity, is the water surface elevation [LA,(=d,-
z,) with d, is the depth of flow [L] and, is the land surface elevation [LY, is the surface
conductance [L ], ko [] is a factor that accounts for the reduction horizontal
conductance from obstruction storage exclusigris the volumetric surface fluid exchange
rate with the subsurface domain [L3 'Y, Q, is a surface fluid source or a sink [L3T].

The surface —subsurface coupling is given by tlebhamge term

doly = T2 (h = hy) (@
where a positivé, represents flow from the subsurface system tcstineace system [L3E
TY, hy is the surface water head [l,is the subsurface water head [k],is the relative
permeability for the exchange flux [, is the vertical saturated hydraulic conductivity of
the underlying porous medium [L*Tandlexchis the coupling length [L].
Transpiration takes place within the root zone tedtranspiration ratefy) [L T based
on Kristensen and Jensen (1975) is estimated as:

T, = f1(LAI) f,(6) RDF [Ep — Ecan] (5)
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where f;(LAI) is a linear function of the leaf area index [f},(8) is a function of nodal
water content [-], an&DF is the time-varying root distribution functiof, andE,,, are the
reference evapotranspiration and canopy evapotratisp [L T.

( 0 for0=<6<0,,

fz  for 6y, <0 <0

f2(0) = 1 for 8, <6<6, (6)
fa for 6, <0<0,,
0 for 6,, <6

wherefyp , Oic, 6o andba, is the moisture content [-] at the wilting poifigld capacity, oxic
and anoxic limit, respectively.

The three-dimensional transport of solutes consigeadvection, dispersion, retardation
and decay processes in a variably-saturated ponatrsx is described in HydroGeoSphere as
follows:

-V wm(qc - HsSwDVC) + [wmesSwRAC]par +2 Qex £ Q¢
8(0sS,RC
= w, [(a—t) + esswmc] @)

wherew,, is the subsurface volumetric fraction of the tqiafosity [-], q is the subsurface
fluid flux [L T™], C is the solute concentration [M], 6s is the subsurface saturated water
content [-],Syis the subsurface water saturation P]is subsurface hydrodynamic dispersion
tensor [I> T, Qex is the mass exchange rate of solutes betweenfatswand surface flow
domain and). is the fluid source or sink [M1T?, 1 is the first-order decay constant’]L
andR is the retardation factor [-]. In our modeling &guwe only considered a conservative
transport of nitrate and neglected retardationdewy.

The hydrodynamic dispersion tengdis given by Bear (1972):

HsSwD = (al - at) %‘F athll + HsSw TDfreeI (8)

wherea ande; are the longitudinal and transversal dipersivifigs |g| is the magnitude of the
Darcy flux, 7 is the matrix tortuosity [-]Dsecis the free-solution coefficient [L2H and| is

the identity tensor. The productDsee represents an effective diffusion coefficient the
matrix.

Initial and boundary conditions

The initial pressure head conditions in the motehfdomain were derived using a steady
state solution with a constant precipitation fl0d4 m day. This flux was chosen because
the equilibrium conditions of pressure heads indimeulation showed the closest agreement
with the measured pressure heads. The solute tangmulation started on the day of the
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highest measured nitrate concentrations (July T@¢. water flow model delivered the initial
pressure head conditions for this simulation dde hitial concentration in the models was
adjusted to the measured nitrate concentrationdutyn10 of 160, 125-150, 200 & 230 NO
mg I corresponding to the fertilizer rate A 50 kg, B 1&f) C 250 kg & D 350 kg N ha'
plus pre-treatment fertilizer (56 kg N®a'), respectively. The bottom boundary condition of
the models was specified as a free drainage boumddr65 m depth. The left and right hand
boundary was set to no flux conditions since thé field conditions led to a mainly vertical
flow field. For the scenarios with fertilizer planent only in ridges we defined the initial
concentration in a way that the initial mass ofatg was exactly the same to the previous
simulations regarding the different fertilizer mateHence, we increased the initial
concentration in the ridges, while the initial masshe model was equivalent to the fertilizer
rates A 50 kg, B 150 kg, C 250 kg and D 350 kgsM@&' plus pre-treatment fertilizer (56 kg
NO; ha?).

The split applications were implemented in the niadeapproach as follows: For the first
application, the initial nitrate concentrationsated to the specific fertilizer rate were included
in the upper part of the model down to approximagl cm depth measured from the ridge
surface. This translates to the local method dflitear application in the upper 15 cm of the
soil before the ridges are created. The conceotraand head conditions of June 25 were
subsequently extracted and used as initial comditito run the scenarios with a second
application. The second application for each sdenaas implemented by assuming that a
fertilizer solution is applied only to the plantifgles. Therefore we defined an initial water
depth of 3.1 cm at the surface of the planting fieldrich equals about 60 ml of fertilizer
solution per planting hole and implemented theahitoncentration for each scenario at the
surface of the planting holes. The third applicafior the model scenarios 3a, 3b and 3c was
implemented in an analogous manner but using thialimead and concentration outputs
from July 6 of the second application simulations.

Model parameterization, calibration and evaluation

In order to estimate pressure heads and nitrateeodrations using inverse modeling
techniques, we coupled the HydroGeoSphere modél tvé Parallel PEST Version 12.1.0
(Doherty, 2005). PEST uses a nonlinear estimagohrtique known as the Gauss-Marquardt-
Levenberg method. We derived the initial estimafehie Van Genuchten parameter based on
measured texture and bulk density data (Tableusibhg the ROSETTA model (Schaepal.,
2001), which estimates soil hydraulic parameterth viierarchical pedotransfer functions.
The Van Genuchten parameter& n and saturated hydraulic conductivity were estithate
simultaneously for the measurement period of 12J3ar23 August 2010. Based on the water
flow model we subsequently implemented the solm@sport. We initially estimated the
transport parameters longitudinal, transversal aerdical transversal dispersivity based on
literature values (Rausdt al, 2005) and optimized them for all fertilizer mta&-D. Initial
estimated parameters are given in Table 4.2. Weatsd the longitudinal dispersivity for
both horizons in a range between 0.1 m and 1 mrdicapto the findings of Gelhaat al
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(1985), who showed that longitudinal dispersivisyscale-dependent. According to Pickens
and Grisak (1981) the ratio of longitudinal ancheersal dispersivity is between 0.01 and
0.3. Therefore, we initially estimated the transeérand vertical transversal dispersivity to be
0.01 and optimized them in a range between 0.10a0@l. The solute transport parameters
were estimated for the observation period from Jlyto August 23. We excluded the first
two observations, which were done shortly afteritis¢allation of the suction lysimeters from
the optimization due to increasing concentratidrithese dates. We affiliated these conditions
to the stabilization phase of the suction lysime{&@rossmann and Udluft, 1991).

At the surface of the model, we implemented zoresfittration (uncovered furrows and
planting holes) and non-infiltration zones (plastialched ridges) using the model parameter
coupling length. A coupling length of 0.1 m and @08 was defined for the infiltration zones
and non-infiltration zones, respectively. For timwdation of RT (ridge tillage without plastic
mulch) we defined a coupling length of 0.1 m fae tntire surface of the model domain. The
potential evaporation and transpiration rates weadculated based on the dual crop
coefficient approach proposed by Allehal (1998) using the measured weather parameters
rainfall, temperature, humidity, solar radiatiordamnd speed.

Table 4.2 Initial estimates of water retention and solutasport parameters.

05 0 a n Ksat D D¢ Dut

Mm  [m°m° [mY [ [md] [m] [m] [m]
A-Horizon 0.3855 0.0386 431 194 1.74 0.1 0.01 0.01
B-Horizon 0.3662 0.0366 455 1.71 0.97 0.1 0.01 0.01

with 6g saturated water conter, residual water content, and n form parameters of the retention curvg; K
saturated hydraulic conductivity, Dngitudinal dispersivity, Ptransversal dispersivity, pvertical transversal
dispersivity.

For the evaluation of the models we used the aoefft of determination (R2) and the Nash-

Sutcliffe-Efficiency (CE). Moriasiet al. (2007) provided a comprehensive overview of the
evaluation statistics for hydrological models. Tdwefficient of determination ranges from 0

to 1, where 1 indicates the total agreement betweeasured and simulated values. The
Nash-Sutcliffe coefficient (Eq. 9) determines tleéative magnitude of the residual variance
compared to the observed data variance.

Nash-Sutcliffe-Efficiency varies betweem and 1, where 1 indicates a perfect model.
Model performance is unacceptable when the valgelis

n obs _ ysimy,
CE=1— Yima (i~ = ¥i™) (9)

?:1(Y?bs — ymeany2

where Y indicates the mean of the observed datd**Ys the ith observation of the
observed and Y™ the ith observation of the simulated dataset, mthés total number of
observations.
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4.3.Results

4.3.1.Model evaluation and parameter optimization

The simultaneous estimation of soil hydraulic pagters no andKsy resulted in similar n-
values compared to the initially estimated valuéh w=1.92 andh=1.85 for the topsoil and
subsoil, respectively. In contrast-values were estimated to be smaller than initially
estimated with 2.89 thfor the topsoil and 2.97 Trfor the subsoil. Relatively largevalues
lead to a quick drainage, which is characteristfccburse textured material, whereas small
values indicate drainage under relatively low puesshead conditions, which is more
common for finer soil texture. This combination @fand n was also found in a two-
dimensional simulation study investigating watewflin sloped potato fields in the Haean
catchment (Ruidisclket al, 2013). The saturated hydraulic conductivikg,) was optimized
to be 2.99 m d and 1.88 m d for the topsoil and subsoil, respectively, whisthigher than
the initially estimatedKs;: values obtained by the ROSETTA model.

In Figure 4.3 the comparison of simulated and messpressure heads in different depths
of ridge and furrow positions as well as evaluatiopefficients R? and Nash-Sutcliffe
efficiency (CE) are shown. In all depths and possi the measured low pressure heads
during drying cycles were overestimated by the rhotte contrast, wet periods during
monsoon were reasonable simulated except in furpositions (30 cm depth), where
simulated pressure heads were overestimated dingéngntire simulation period.

The optimization of the solute transport parametiensgitudinal, transversal and vertical
transversal dispersivity) showed that the parametgsre similar among the fertilizer rates
(Table 4.3). The highest longitudinal dispersivitgs found for the lowest fertilizer rate in
both A and B horizon. The longitudinal dispersivity the subsoil was in a range between
0.012 m and 0.051 m, which was much smaller thagitodinal dispersivity for the top soil.
The transversal and vertical transversal dispeaysfaer the subsoil was comparable with the
optimized dispersivity for the topsoil. Due to thienilarity of optimized dispersivity among
fertilizer treatments, we calculated the mean tmheparameter and used the mean parameter
set for subsequent model simulations regardingetfeet of different fertilizer rates, fertilizer
placement and split applications on nitrate leaghass.

Although the agreement between measured and sedufaessure heads of the water
flow model was not satisfying, the optimization the solute transport model resulted in a
reasonable agreement between measured and simuoitege concentrations (Fig. 4.4). At
all observation points the Nash Sutcliffe coeffitiéCE) was> 0.50 except under fertilizer
rate C in the furrow position (30cm depth) and toefficient of determination (R2) was
0.54 for all observation points. The fertilizer haden applied approximately one month
before the nitrate concentration measurements. éjéhe measured nitrate concentrations on
July 10 did not reflect the original applied fardr rates. For the subsequent modeling we
therefore assumed that the applied granule featilizas latest solved with the first significant
rain event after the application, which occurredlane 12vith a total precipitation amount of
38.4 mm.
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Figure 4.3 Observed vs. simulated pressure heads in riddeflanow positions in different depths
with evaluation coefficients R? (Coefficient of dahination) and CE (Nash-Sutcliffe-coefficient),
grey area limits: +/- std. dev. of observed dataai®l F refers to ridge and furrow position in
combination with soil depths 15, 30, 45 and 60 cm.
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Hence, we implemented the respective nitrate cdratgons on the following day (June 13)
for the fertilizer rates and tested, whether theateé concentration of the simulation day 28,
which equals the first measurement day (July 1®rresponds to the measured
concentrations. The simulated concentrations weneparable to those measured on July 10
This agrees with the assumption that the dissaludiogranules with the first rain event was
reliable and that the solute transport parametdisated reasonably the distribution of nitrate
in the soil profile.

In the modeling study, we simulated a conservatiamsport and neglected decay
processes such as denitrification. Denitrificatidapends on factors such as aeration,
saturation and organic carbon content. Thus, anoaititions in combination with high
carbon contents initiate denitrification process&ue to the characteristics of the
experimental field site with a coarse textured gasull, a high permeability and additionally
a low in carbon content, denitrification procesaethe experimental field site are assumed to
be minimal or even absent. Although during monsewents the soil was saturated short in
time, the high saturated hydraulic conductivitytbé soil led to a fast drainage and oxic
conditions after a monsoon event so that we exdu@eay as a possible N pathway.

Table 4.3 Optimized solute transport parameters for atilfeer rates.

Dispersivity [m] A B C D mean
A D 0.28 0.26 0.16 0.19 0.2225
horizon Dy 1.00E-03  4.89E-02 1.00E-03 1.00E-02 0.01523
Dut 5.57E-02 4.72E-02 5.15E-03 1.14E-03 0.02729
B D 5.10E-02  1.18E-02 1.49E-02 4.98E-02 0.03188
horizon Dy 1.00E-02  1.00E-03 8.99E-03 1.00E-02 0.0075
Dut 6.59E-03  1.00E-02 1.00E-03 9.94E-02 0.02925

with Dy: longitudinal dispersivityDy: transversal dispersivitf),.: vertical transversal dispersivity, A-D refers to
the fertilizer application rates of A 50 kg*haB 150 kg hd, C 250 kg ha, D 350 kg ha.
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Figure 4.4 Observed vs. simulated nitrate concentrationsdge and furrow positions in different
depths with evaluation coefficients R2 (coefficieaf determination) and CE (Nash-Sutcliffe-
coefficient), black solid line: simulated nitratencentrations; error bars with means indicate the
measured nitrate concentration; R15: ridge positioh5 cm soil depth, R45: ridge position in 45 cm
soil depth, F30: furrow position in 30 cm soil depA-D refers to the fertilizer application rates/

50 kg ha , B 150 kg hd, C 250 kg hd, D 350 kg ha.
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4.3.2.The effect of plastic mulch on nitrate dynamics

To evaluate the effect of plastic mulching on né@raynamics, we compared the nitrate
concentrations of the calibrated model gRTwith a model simulation without plastic mulch
(RT) using the fertilizer rate B (150 kg Ha The comparison of the nitrate concentrations
between the management treatments RT ang, Biliring the simulation period of 76 days,
beginning on June 6 after ridge formation, are showrigure 4.5. Nitrate concentrations of
about 2000-2200 mg'lat the beginning of the simulation representedtidahconditions for
both treatments. Day 21 indicated the first sigaifit rain event with a precipitation amount
of about 40 mm d. Under RT, the nitrate concentration decreaseatively homogenously
within the soil profile with slightly higher nitratconcentration in the inner part of the ridge.
Compared to these conditions, faEhowed a clearly different behavior for the disttion of
nitrate concentrations. The highest nitrate comeéiphs remained below the plastic
coverage, while the lowest concentrations were lsited at the transition from ridges to
furrows and in the area of the planting hole. Wfisws clearly, that surface runoff from the
plastic covered ridge infiltrated in the furrow Isnext to the ridge, which resulted in high
nitrate leaching amounts at this part of the swaifife. In the middle part of the upper ridge,
nitrate concentrations also decreased considetatalgr RTm due to the infiltration of water
into the planting hole. At this simulation stagealyothe nitrate concentration of about 1000-
1500 mg T in the furrow soil was comparable between the mamnt treatments. On day
63, it was evident that the ridge topography led togher concentration of nitrate in the ridge
soil compared to the furrow soil under RT. Duedpdgraphy effects, the dominating water
infiltration at the ridge edges resulted in an med “tear-drop” shape of nitrate
concentrations in the ridge soil. Under )R The nitrate concentration patterns at day 63 were
still similar to day 21 except that the previouphgferential leached areas at the transition of
furrows to ridges and in the planting hole extended the area of high nitrate concentrations
below the plastic coverage narrowed. Until the ehdhe simulation nitrate concentrations
further decreased, but generally it remained atigh hevel especially under the plastic
coverage during the entire simulation.
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Figure 4.5 Comparison of simulated nitrate concentrationdasts 1, 21, 63 and 75 under RT (ridge
tillage without plastic mulch) and Rf(ridge tillage with plastic mulch).
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4.3.3.The effect of plastic mulch on nitrate leachingslos

We further assessed the daily nitrate leachingilog® cm in the soil profile for all fertilizer
rates under RT and RJ (Fig. 4.6). We assumed that this soil depth remtssthe zone,
where nitrate was irreversible lost for N uptake riaglish crops. As expected, under both
management strategies, the daily amount of leanhiete increases with increasing fertilizer
rates. High nitrate fluxes below the root zone@reiously associated with the heavy rainfall
events. The simulation showed that peaks of nitiegehing in 45 cm soil depth occurred
with a time delay of 1-2 day after the respectiaa revent. The first two significant rain
events occurred on day 20 and 23 both with a pitatign amount of approximately 40 mm
d™. Considering the time shift, the total nitratecleiag loss from day 21 to day 25 was A
(2.98 kg NQ ha') < B (5.78 kg N@ha') < C (8.58 kg N@ha') < D (11.39 kg N@ha")
under RT. In comparison to RT, the total nitratacleng loss with plastic mulch (R¥)
during this time period was 33.8% less. The heaviemsoon event of the cropping season
occurred from August 13 to August 15 2010 (simolatiays 62-64) with a total precipitation
amount of 153.6 mm. This monsoon event led to teitieaching losses of A (5.15 kg hlika

) < B (10.0 kg N@ha?) < C (14.86 kg N@ha') < D (19.71 kg N@ha?) under RT below
the root zone regarding the simulation days 6346der RTm the leaching rates were
33.44% less compared to RT. In general, the higtasy nitrate leaching amount was
simulated under RT with fertilizer rate D (350 k@hha*) on day 65 accounting for 6.04 kg
ha' NOs;d*. Under dry weather conditions the leaching amoum=e considerably lower (<
0.1 kg NQ hal).

After the simulation period of 76 days the cumwiatamount of leached nitratelow the
root zone under RT increased as follows: A (23.6NK; ha') < B (45.83 kg N@ha') < C
(68.09 kg N@Qha?) < D (90.31 kg N@ha?). Taking the basic fertilizer rate plus the fézgk
treatment rates into account, the total amountsasfhed nitrate under RT correspond to 22%
of the total nitrate input. Plastic coverage of tliges (RFmw) resulted in lower cumulative
leaching losses below the root zone with (A 17.§68NK; ha') < B (34.08 kg N@ha') < C
(50.66 kg N@ha') < D (67.18 kg N@ha?). This was equivalent to approximately 17% of
the total nitrate input and a reduction of nitra&ching by 26% compared to RT.
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Figure 4.6 Precipitation rates and daily nitrate leachingslin 45 cm soil depth under RT (Ridge
tillage) and R (Plastic mulched ridge tillage) and different fiezér treatments (A: 50 kg Na?,
B: 150 kg NQha*, C: 250 kg N@Qha*, D: 350 kg NQha?).

4.3.4.Fertilizer best management practices (FBMPS)

Fertilizer placement

Except of the primary tap root, the spreading regstem of radishes is only weakly
developed with dominating short fine roots. Thesaditions implicate that the fertilizer,
which is distributed in the furrows, is most likellyspensable and irreversible lost for root
water uptake. Thus, we assumed that nitkeéehing loss can be reduced by an adapted
fertilizer placement. We simulated nitrdeaching by placing the fertilizer only in ridges.
Under RT, the treatment with fertilizer placed omyridges led to cumulative nitraeaching
losses below the root zone in 45 cm depth of AQ2&g ha) < B (38.96 kg hd) < C (57.90

kg ha') < D (76.9 kg ha) after the simulation period of 76 days. Compatedthe
simulations with nitrate fertilizer uniformly digbuted in ridges and furrows, the cumulative
nitrateleaching loss was 15% lower and in total reduced §§.53 kg h&) < B (6.86 kg hd)

< C (10.19 kg hd) < D (13.52 kg ha). Under R the nitratdeaching loss below the root
zone, when placing the fertilizer only in the ridgevas A (11.19 kg hg < B (21.71 kg hd)

< C (32.27 kg hd) < D (42.79 kg ha). The total reduction of nitrate leaching lossowethe
root zone by fertilizer application only to thegis, was therefore A (6.38 kgha< B (12.38

kg ha') < C (18.39 kg hd) < D (24.39 kg hd), which is equivalent to 36% less leached
nitrate (Table 4.4).
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Table 4.4 Simulated cumulative nitrate leaching rates belloaroot zone after a simulation period of
76 days as affected by plastic mulch and fertil@acement

A B C D
(50 kg ha') (150 kg ha') (250 kg ha') (350 kg ha)
RT + CF 23.61 45.83 68.09 90.31
RT + FP 20.07 38.96 57.90 76.90
RTom+ CF 17.56 34.08 50.66 67.18
RTom+ FP 11.19 21.71 32.27 42.79

All values are given in kg N¢ha', RT: ridge tillage without coverage,
RTom: ridge tillage with plastic mulch,

CF: conventional fertilization in ridges and furrew

FP: fertilization placement only in ridges.

Split applications

We developed the split application scenarios basefindings of the field experiment at the
same field site (Ketteringt al, 2013). The™N tracer experiment showed low fertilizer
nitrogen use efficiencies (FNUE) at the beginnihthe growing season because radishes had
not yet emerged. Accordingly, high fertilizer amtumuring this early stage led to high
nitrate leaching losses. This was confirmed by &4t S. (unpublished data), who observed
the highest nitrateoncentrations of 31-33 mg NO™ in the groundwater next to the
experimental field site from end of June to middfeJuly 2010. In the crop development
stage, the FNUE increased significantly for alkifizer rates. The highest FNUE with 30%
was observed for the fertilizer rate B (150 kg N@). Furthermore, the study showed that
the biomass production at harvest time did notiBggmtly differ for the fertilizer rates B
(150 kg hd), C (250 kg hd) and D (350 kg h) so that fertilization above 150 N®&® only
increased the accumulation of nitrate in the radigbt. Thus, Ketteringet al (2013)
recommended splitting the fertilizer applicatio@aaling to the plants N needs and suggested
a maximum of 150 Ngha in total.

Hence, all split application scenarios (Table 4ngre developed based on the total
amount of 150 kg N@ha'. The reference scenario (Scenariol) refers tceriilage with
plastic mulching (RJ) and a fertilizer application of 150 kg N@&* at the beginning of the
growing season distributed in ridges and furrowse @istribution of fertilizer in ridges and
furrows for the first application was also charaste for all other scenarios. For the
scenarios 2a and 3a, we separated the fertilizelicapion into equal amounts. The other
scenarios represent the application of successshaced fertilizer amounts at the beginning
of the growing season. Generally the second and #pplication was implemented after
rainfall events.

In Figure 4.7a the cumulative nitrate leaching ims45 cm depth below the root zone for
all scenarios is shown. As expected, the highesiutative leaching loss was simulated for
the reference scenario 1 (34.1 kg N@?'). The other scenarios resulted in total cumulative
nitrateleaching loss in the order of 2a (23.7 kg N@") > 3a (19.4 kg N@ha?) > 2b (19.2
kg NOsha) > 2¢ and 3b (15.7 kg N®a') > 3¢ (13.9 kg N@ha?). This was equivalent to a
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reduction of 30% (2a) < ~44% (3a and 2b) < 54%dad 3c) < 59% (3c) of the total nitrate
leaching loss in comparison to the reference saefigTable 4.5).

Table 4.5 Split application scenarios and simulated cunixgatitrate leaching rates (kg ha-1) below
the root zone (45 cm soil depth) after a simulaperiod of 76 days.

Split application Nitrate leaching rates Nitrate leaching rates
kg NO5 ha (RTpm + CF) (RTpm + FP)
Scenario 1 150-0-0 34.1 21.7
Scenario 2a 75-75-0 23.7 14.3
Scenario 2b 50-100-0 19.2 12.3
Scenario 2¢ 30-120-0 15.7 9.99
Scenario 3a 50 -50-50 194 11.3
Scenario 3b 30-60-60 23.7 9.13
Scenario 3¢ 20-80-50 13.9 8.14

RT,m ridge tillage with plastic mulch, CF: conventidrfartilization in ridges and furrows, FP: fertitition
placement only in ridges.

4.3.5.Combination of plastic mulching, fertilizer placam@and split applications

All three management practices, namely plastic matg of the ridges, fertilizer placement
only in the ridges and split applications, showat nitrate leaching loss to groundwater can
be substantially reduced. Thus, we assumed thataimdination of all management practices
should lead to multiplicative effects in decreasimgrate leaching below the root zone.
Subsequently, we combined all management practicesir modeling study to assess the
positive effect on nitrate leaching loss. Therefone placed the fertilizer for the first
application solely in the plastic mulched ridgesr he second and third application we
maintained the procedure of applying solved feriliin planting holes after the rain events.

In Figure 4.7b the cumulative nitrate leaching Ides all scenarios with combined
management practices are shown. The combinatioth@fthree management practices
resulted in leached cumulative nitrate amounts4o23 kg NQ ha' (2a) > 12.25 kg Ngha*
(2b) > 11.3 kg N@ha' (3a) > 9.99 kg N@ha' (2c) > 9.13 kg N@ha* (3b) > 8.14 kg N@
ha' (3c) (Table 4.5). Expressed as a percentageteniaching loss was 69 % (2a) < 73%
(2b) < 75% (3a) < 78% (2c) < 80% (3b) < 82% (3aydo compared to the simulation RT
(ridge tillage without plastic coverage) and fézgr rate B (cumulative total nitrate leaching
loss of 45.83 kg Neha?).
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Figure 4.7 Simulated cumulative nitrate leaching after 7§sdhelow the root zone in 45 cm sail
depth for (a) plastic mulch, split applications atwhventional fertilizer placement in ridges and
furrows and (b) plastic mulch, split applicatiomsldertilizer placement only in ridges.

109



Chapter 4 Nitrate leaching

4.4.Discussion

In the presented modeling study, we assessed {bacinof plastic mulch and fertilizer best
management practices (FBMPs) on N leaching losseadge cultivation in a flat terrain. The
simulation showed that not only the plastic coveragt also the topography of the ridges
potentially increased the nitrate availability ihetroot zone since surface runoff was
channeled into the furrows and nitrate in the ridgd was protected. The results are in
accordance to Canningtet al (1975) and Locasciet al (1985), who found that the plastic
coverage led to enhanced fertilizer retention unelath the ridges and protected the fertilizer
from leaching. Furthermore, the simulated nitrageching amounts corresponds to findings of
Bohlke (2002), who reported in a literature revighat commonly 10-50% of applied
fertilizer N contributes to groundwater nitrate maoye under heavily fertilized and well-
drained fields. Nevertheless, we assume that tialghed and cumulative leached nitrate can
be even higher since the observed rain eventsif 2@re only moderate compared to other
years, when rain events frequently exceed 100 fh(Parket al, 2010).

Our simulation results revealed that fertilizer galmnent restricted to the ridges is a
valuable tool to considerably reduce nitrééaching losses up to 36% compared to a
broadcast fertilization. Accordingly, Waddell andelWV(2006) found that the fertilizer
application in the upper portion of the ridge inrcaultivation led to lower N leaching losses
and higher yields. Similar results were also regbtty Clayet al (1992), who found that N
placement in the ridge tops reduced N movementlewiimovement in furrows increased
due to the surface runoff from the ridges. Reduu&dte leaching by placing nitrate only in
the elevated portion of the ridges was further icord@d by Hamletet al (1990).

The split application scenarios indicated that alsapplication of 20 kg Neha' at the
beginning of the growing season followed by a Hagiplication rate of 80 kg Nha® in the
crop development stage and again a smaller apiplicaate of 50 kg N@ha' in the later
season has the potential to reduce nitrate leadbsgyup to 59% compared to an one-top
dressing at the beginning of the growing seasolis Was also proposed by Zhaeg al
(1996), who stated that excessive fertilizer agpionn should be prevented and more
frequent, but smaller N applications during thewyaseason with the additional use of slow-
release fertilizer should help to maintain yieldrease and minimize nitrate pollution of
groundwater in northern Chinkinally, the simulations verified the multiplicagieffects of
combined FBMPs on reduced nitrdeaching losses. The combination of plastic mulch,
fertilizer placement restricted to ridges and splplications led to 82% reduction of
cumulative nitrate leaching amount compared to wemd ridge cultivation and one
broadcast fertilization before the growing season.

These results have important economic and ecologigdications. Firstly, farmers could
benefit economically by application of FBMPs dueremluced costs for fertilizer inputs.
Secondly, FBMPs could improve groundwater qualitg anight reduce environmental costs
for amelioration of water quality and water purdion caused by nitrate contamination.
Especially in monsoon affected areas with sandys $6BMPs should be considered to
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decrease groundwater pollution risk. ConsequetitlyJocal method of plastic mulched ridge
cultivation in a flat terrain is a good step towsam sustainable management, which can be
enhanced by additional FBMPs, when focusing solely nitrate contamination of
groundwater resources.

Nevertheless, a differentiated view of the tillaggactice on ecological impacts in relation
to topographical aspects is necessary. Other ststhewed that plastic mulching in highland
agriculture vegetable production on slopes, espgaiuring monsoon periods, have also
negative effects by substantially increasing swfamoff (Ruidischet al, 2013, Arnhold,
unpublished data), which causes high soil erosatasrand supports transport of nutrients,
particularly particle-bounded phosphorous, via aefrunoff into water bodies (Kimt al.,
2001; Parket al, 2010). Surface runoff in plastic mulched potetdtivation on slopes was
found to increase up to 65%, whereas drainage watsmreduced by 16% compared to ridge
tilage without plastic coverage (Ruidis@t al, 2013) Based on these findings, it was
concluded that the application of perforated ptastulch supports the advantages of reducing
drainage water, controlling weeds and earlier pemergence and concurrently diminishes
the negative effects such as excessive surfacdfruho a flat terrain, an excessive runoff
from fields to the river network is not expectedodover, water was observed to pond at the
surface during monsoon events, when the infiltrattapacity was exceeded, but percolated
afterwards through the soil matrix and contributedroundwater. This implicates that plastic
mulching in a flat terrain can be recommended, @afig in combination with FBMPs such
as fertilizer placement in ridges and split apgiaas. Indeed, FBMPs seems to be promising
also for the dryland agricultural field on slopeghich makes up the largest part of the
catchment.

The given FBMPs implicate that high nitrate ratesiain below the plastic cover unless
the nitratevas not taken up by the plants during the croppeagson. However, in the course
of harvesting, plastic mulched ridges are destrpwedthat the protective function of the
cropping system is no longer present. This condliticesult in a higher leaching risk after
harvest, especially if the rain fall variabilitytsken into account. In the growing season 2010
several high rainfall events occurred in the middidate September after harvest. A cover
crop, which can benefit from the remaining nitratéhe soil, is another conceivably option,
which would increase organic carbon contend,JGor the following growing season and
reduce concurrently the nitrdeaching and soil erosion risk after harvest.
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4.5.Conclusion

Excessive mineral fertilizer application in combioa with extreme rain event during East-
Asian summer monsoon plays a key role in leachgrgahemical contaminants to aquatic
systems. In view of the fact that high fertilizaputs coincide with high economical cost, but
also cause negative ecological effects, a priowemton of ecological damages or more
specifically, the reduction of water quality degatidn of groundwater and surface water
bodies is therefore urgently needed.

The simulation results showed that ridge cultivatend plastic mulching of the ridges
constitutes a valuable tool to decrease nitratehieg in a flat terrain, where the precipitation
contributes entirely to infiltration through the saturated zone. However, in hill side
positions, ridge cultivation and plastic mulchirgnancrease surface runoff, which supports
the transport of agrochemicals via surface runo#aly into the rivers. Thus, topographical
aspects should be considered when plastic mulatigd cultivation is practiced.

Fertilizer best management practices (FBMPs) irelad appropriate amount of total
fertilizer input, right placement and right timingf fertilizer. The timing is important in
regions affected by extreme rain events, when datyghing amounts can be considerably
high. Thus, FBMPs can help increase the nutrieateficiency of the crops and concurrently
decrease nitrate leaching below the root zone.sudy revealed that ridge cultivation with
plastic mulch and ridge placement of reduced Nlilggt amounts in split applications in a 1-
4-2.5 ratio of total N applied according to the mlalevelopment stages provide the best
reduction in nitrate leaching losses for a sandy isoa flat terrain. Combining those
management practices will lead to economic benefitsrms of decreasing fertilizer inputs as
well as ecological benefits by reducing substagtihile risk of groundwater pollution.
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