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Abstract
Soils play an essential role for mankind becausg fitovide fundamental ecosystem services reqfimeduman life,
primarily for the production of food by providingd environment for plant growth. However, soils atide became
highly threatened by human induced degradatioreaally as a consequence of accelerated erosiomalbgr during
recent decades. In consideration of climate chamgkan increasing food demand of a rising populatibere is an
urgent need to conserve the soil resources by mmaiing effective erosion control measures for cadral
production. The effective implementation of thoseasures strongly depends on the specific conditbrmarticular
regions and requires the analysis of the exis@nming systems and their capability for erosiontian

Objective of this thesis is the analysis of the anagricultural practices applied for row crop tudtion in
mountainous watersheds of South Korea with resfieatater erosion and the identification of theimservation
potential. Our first two studies analyze the sufamg flow processes, the runoff patterns, and #seaated erosion
rates of the widely applied plastic covered ridgedw system (plastic mulch), and our third studyestigates the
impact of herbicide applications on erosion asgediavith conventional and organic farming. To amalyhe flow
processes induced by the plastic mulch cultivatiwa, conducted four irrigation experiments on potégédds that
represent a smooth surface, uncovered ridges, asticpcovered ridges with and without a developeab canopy.
With an automatic sprinkler, we irrigated smalltplavith a dye tracer solution &filliant Blue andpotassium iodide
collected surface runoff, and excavated soil pesfiio visualize the subsurface flow patterns, wiiehe subsequently
analyzed by image index functions. We found that idlge-furrow system, especially when ridges areeced with
plastic, decreased infiltration and generated higiounts of surface runoff, whereas a developed caoppy increased
infiltration due to interception and stem flow. Taealyses of the subsurface flow patterns showthieaplastic covered
ridge-furrow system induces preferential infiltcati in furrows and planting holes due to its toppbsa and the
impermeable covers, but that the impact on floncpsses in the soils is relatively small comparethéimpact on
runoff generation. To identify the patterns of daad flow and the erosion rates associated withpllastic mulch
system, we installed runoff collectors to monitoneff and sediment transport of two potato fieldhweoncave and
convex topographies, and we applied the EROSION®Iel to compare the plastic covered ridge-furrgateam to
uncovered ridges and a smooth surface. We fourtdpthatic mulch cultivation considerably increased erosion
compared to uncovered ridges as a consequencalofamounts of surface runoff. Our results show thatridge-
furrow system concentrated overland flow on theceo® field, resulting in severe gully erosion, putvented flow
accumulation and reduced erosion on the conved, fighich demonstrates that the effect of this eatton strategy is
primarily controlled by the field topography and irientation. To analyze the effects of converaicand organic
farming on water erosion, we measured multiple tatgen parameters of crops and weeds of convertamdorganic
farms cultivating bean, potato, radish, and cabpagel we simulated long-term soil loss rates with Revised
Universal Soil Loss Equation (RUSLE). We found tbeganic farming reduced erosion for radish, assailt of an
increased weed biomass due to the absence of itedidut that it increased erosion for potato ttuéower crop
coverage, presumably as a consequence of crop-wesembetition or herbivory associated with the abeent
agricultural chemicals. Although we demonstrateat thdeveloped weed cover in the furrows can pielntecrease
the erosion risk for row crops, our results shoat the average annual erosion rates of both farsystems exceed by
far any tolerable soil loss.

In consideration of the generally high soil losarfd in our studies, we conclude that the appliechifag practices

are not capable for effective erosion control aoill @nservation in this region. However, basedoon findings, we



could identify possible maodifications of those piees that can help to reduce the risk of erosiothe future. We
recommend perforated plastic covers for ridgesettuce runoff generation, and the orientation of ridge-furrow
system along the contours or towards field edggzrewent flow accumulation and gully formation. Atitthally, we
suggest residue mulching of furrows to protectdbik surface from overland flow, and the cultivatiof winter cover

crops after harvest to maintain a better soil colweyughout the year.



Zusammenfassung

Boden spielen eine entscheidende Rolle fiir die ®hemsit durch die Bereitstellung von grundlegend@kosystem-
Dienstleistungen, insbesondere fir die Produktimm Wahrungsmitteln. Dennoch sind Boden weltweiteein
zunehmenden Zerstérung ausgesetzt, die hauptd@chiich vom Menschen intensivierte Erosion verursadrd. Vor
dem Hintergrund von Klimawandel und dem steigendahrungsmittelbedarf einer wachsenden Weltbevohggrist
die Erhaltung der Bodenressourcen, durch die Umaegtzffektiver ErosionsschutzmafRhahmen, unumganglhie
Wirksamkeit dieser Malinahmen héngt jedoch starkdesnlokalen Gegebenheiten in den verschiedeneiRagder
Welt ab und erfordert eine intensive Untersuchumg thndwirtschaftlichen Praktiken und deren Eignung
Erosionsminderung.

Ziel dieser Arbeit ist die Analyse der vorherrsathem Ackerbauverfahren fir Reihenkulturen in dengBsgionen
von Sidkorea, in Hinblick auf Bodenerosion sowigedePotenzial fiir den Erosionsschutz. In den erbiden
Studien dieser Arbeit untersuchten wir den verbteit Reihenanbau mit Folienabdeckung (Plastic Nulcid die
dadurch hervorgerufenen FlieBprozesse im BodenJusdhuster und Erosionsraten, und in der drittendiSt
analysierten wir den Einfluss von Herbizid-Einsaamf Erosion im Zusammenhang mit konventioneller und
biologischer Landwirtschaft. Um die FlieBprozesse Boden zu untersuchen, wurden vier Beregnungsiempete
durchgefuhrt, die verschiedene Anbauverfahren uadetationsstadien reprasentierten. Mithilfe eing®raatischen
Beregners bespriihten wir die Bodenoberfliche miereiTracer-Lésung miBrilliant Blue und Kaliumiodid,
bestimmten die Abflussmengen und legten anschl@®eafile frei, um die unterirdischen FlieRwegevisualisieren,
die dann mit Bild-Indizes analysiert wurden. Wirnd@n heraus, dass der Reihenanbau, insbesondere mit
Folienabdeckung, die Infiltration herabsetzte und erhdhter Abflussbildung fiihrte, wahrend ein abddeter
Pflanzenbestand durch Interzeption und Stammabdligskfiltration begiinstigte. Die Analysen derdRBivege zeigten,
dass der Reihenanbau durch seine Oberflachenfordh di@ Wasserundurchléassigkeit der Folie praferdezie
Infiltration induziert, die FlieRprozesse im Bodaterdings nur geringfigig beeinflusst. Um die Bleuster des
Oberflachenabflusses und die damit verbundene @&raai untersuchen, wurden Abfluss-Kollektoren anméizFeldern
mit konkaver und konvexer Topographie installiarty Abfluss und Sedimenttransport zu messen. Métlifs Modells
EROSION 3D haben wir anschlieend den Reihenanligbalienabdeckung mit anderen Anbauverfahren vengh.
Wir fanden heraus, dass durch die verstarkte Asiflildung infolge der Abdeckung die Erosion deutiéchoht wurde.
Unsere Ergebnisse zeigten, dass der Reihenanbadeautkonkaven Feld den Abfluss konzentrierte undstanker
Gully-Erosion fuhrte, wahrend er auf dem konvexestdFAbflussakkumulation verhinderte und damit diedon
verringerte, was verdeutlicht, dass der Effekt eesAnbauverfahrens in erster Linie von Topographie
Reihenausrichtung bestimmt wird. Um den Einflus® @nventioneller und biologischer Landwirtschaiif alie
Bodenerosion zu analysieren, wurden verschiedengetddonsmerkmale von Feldfrichten und Unkrduteom v
konventionellen und biologischen Betrieben gemessed die langjahrigen Abtragsraten mithilfe der Red
Universal Soil Loss Equation (RUSLE) simuliert. V¥&nden heraus, dass durch den Verzicht auf Heldjizler eine
erhoéhte Unkrautentwicklung zur Folge hatte, detdgische Anbau von Rettich die Erosion mindertei. Bartoffeln
hingegen wurde durch den biologischen Anbau aufyjreines geringer entwickelten Pflanzenbestandegrision
erhoht, was wahrscheinlich eine Folge von Konkurrenit Unkrautern oder Fralschadden war. Obwohl eizeigt
haben, dass eine héhere Bodenbedeckung durch Uekrdas Erosionsrisiko senken kann, verdeutlichesere
Ergebnisse auch, dass die jahrlichen Erosionsiad@ier Anbaustrategien bei weitem den tolerierb&edenabtrag

Ubersteigen.



In Anbetracht der generell hohen Erosionsraten riseten Studien, stellen wir fest, dass die angetsand
landwirtschaftlichen Praktiken in dieser Regionhiéiir einen effizienten Erosionsschutz geeignetd.siDennoch
konnten wir aufgrund unserer Ergebnisse mdglichehNasserungen identifizieren, die dabei helfen kénrdas
Erosionsrisiko zu mindern. Wir empfehlen den Einsabn perforierter Folie zur Reihenabdeckung, ure di
Abflussbildung zu reduzieren, und die Ausrichtungr dReihen entlang von Hoéhenlinien oder in Richtudey
Feldrander, um Abflussakkumulation und Gully-Bildunu verhindern. Dariiberhinaus schlagen wir daschvan mit
Pflanzenriickstanden vor, um die Furchen vor Ohlehflaabfluss zu schiitzen, sowie den Anbau von Vgeteide

nach der Ernte, um eine bessere Bodenbedeckunglabdahr zu gewahrleisten.
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Chapter 1
Synopsis

1.1 Introduction

1.1.1 Soil ecosystem services, soil erosion, ansheervation

Soils are an important component of the econonficgations because they provide a series of fundéahenosystem
services (Dailyet al, 1997). Ecosystem services are the conditionspaadesses, through which natural ecosystems
sustain and fulfill human life (Daily, 1997). Theildnnium Ecosystem Assessment (2005) divide edesyservices
into provisioning services, regulating serviceg] anltural services that directly affect peopled anpporting services,
which are needed to maintain the other serviceso#ling to Dominatiet al (2010), soils provide provisioning,
regulating, and cultural services. Presumably tbstrimportant provisioning service for human liteoplied by soils is
the production of food. Agriculture uses 11% of therld’s land surface for crop production (FAO, 28). Essential
functions, necessary for food production, providgdsoils are the physical support of plants by ghavision of an
environment for seed germination and root growtid ¢he retention and delivery of nutrients (Dadlyal, 1997,
Powlsonet al, 2011). Furthermore, soils provide the pathwaysugh which water and nutrients move to the roots
they are the matrix for nutrient transformationsd ahe environment for microorganisms and faunamfmn et al,
2011). Regulatory services supplied by soils aped] mitigation due to storage and retention of wdikiering of
nutrients because of their ability to absorb artdinesolutes, biological control of pests and digsaby providing
habitat to beneficial species, and the recyclingva$tes and detoxification by the decompositiorsdiy biota and the
absorption and destruction of harmful substancesn(iDati et al, 2010). Additionally, soils play an important edh
regulating the emissions of greenhouse gases, asiclarbon dioxide (C{) methane (Ch, and nitrous oxide (}D)
due to their high storage capacity of carbon atgén (Dailyet al, 1997, Dominatéet al, 2010). Soils, as part of the
landscape that support vegetation, provide a gladeiry deceased persons, and supply the foundatidmaterial to
build houses, provide aesthetic, spiritual, anducal benefits through cultural services (Domirgttial, 2010). Soils
are essential for sustaining human life (Dalyal, 1997) and they are a limited and practicallyca-renewable
resource (Lal, 1994). The U.S. president FranklirRDosevelt already described the importance d¢§,s00t only for
food production, but for the future of mankindite nation that destroys its soils, destroys its@towlsonet al,
2011).

However, soil resources worldwide became highlgdtened by human induced degradation. Soil degoadatthe
decline in the capacity of soils to produce goadsumans (Lal, 1994). According to Olden&tral (1990), about 17%
of the vegetated land surface has been exposedntarhinduced degradation since 1945 (Datlal, 1997). Almost
40% of the agricultural land has been affected dil degradation and more than 6% is degraded tegred that
restoration to its original productivity is only ggible with tremendous investments (Oldeman, 19By)far the most
important type of soil degradation worldwide islsmiosion by water (Oldeman, 1994). Water erosionsists of the
detachment of soil particles by rainsplash and ffuramd the transport and deposition of these gagi(Morgan,
2005). It is a natural process operating for mili®mf years, but has been strongly accelerateditmah activities (Toy
et al, 2002). The loss of protective vegetation throdgforestation, over-grazing, fire, and excessiigwation makes
soils highly vulnerable to erosion (Mermut, 2008jopland is most susceptible to erosion becaussdihés frequently
tilled and left without a protective vegetation eo{Pimentekt al, 1995). The worldwide average annual erosion rate
from cropland is about 30 t figr™?, resulting in about 30% of arable land that hasaaly become unproductive during
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the last 40 years (Pimentel, 2006). The degradep productivity of eroded soils is a consequencthefreduction of
cultivable soil depth and a reduced fertility doddsses of organic matter and nutrients (Morg@952. Soil organic
matter, which facilitates the formation of aggregatincreases porosity, and improves soil strudf@immentel, 2006),
and basic plant nutrients, such as nitrogen, ptarsishpotassium, and calcium, which are essemtiadrbp production,
are removed by erosion (Pimenwl al, 1995). Additionally, soils can be enriched inarse particles when fine
particles are washed away, which reduces the vteling capacity that can adversely affect plaotgh when water
becomes a limiting factor (Togt al, 2002). In order to maintain the productivitytb® agricultural land and to slow
down its degradation, additional efforts are ne@mgsand high costs must be paid. Pimeateall (1995) estimated that
about 10% of the energy used in the U.S. agriceiltsispend to compensate for the losses of nudriamtter, and crop
productivity caused by erosion. In other parts loé torld where irrigation is not possible or féxtrs are too
expensive, the price of erosion is paid by reddoed production (Pimentedt al, 1995). Erosion will raise the costs
for optimizing agricultural management until thescbme prohibitive, which makes it impossible totaimsproduction
levels (Larsoret al, 1983). Accelerated erosion does not only procermemous problems on the agricultural areas
where it occurs (on-site damages) but also nedgtaféects the surrounding environment (off-siterdaes) (Pimentel
et al, 1995). Off-site damages result from the sediat@nt of the eroded soil material downstream, whiedtuces the
capacity of rivers and channels, enhances theofiflooding, and influences the function of reserspfor example
hydro-electricity generation (Morgan, 2005). Furthere, sediment contains adsorbed chemicals, ssidertlizers
and pesticides that degrade water quality in stseanmd lakes (Towt al, 2002). The total cost of erosion from
agricultural land in the United States including-site and off-site damages is about 44 billion @l per year,
increasing the actual production costs by about ZB%nentelet al, 1995). Different studies indicate that rainfall
intensity and the variability and frequency of extie precipitation events increase as a consequdémtienate change
(IPCC Working Group |, 2001, Zhait al, 2005), which would result in a further accelenatof global soil erosion
(Nearinget al, 2005). As a consequence, we can expect thatoibts of erosion and the degradation of the woddwi
soil resources will progressively increase in tinife.

Although the soils’ ecosystem services are alrdaghly degraded as a consequence of the accelezatsibn, the
rising population is expected to result in a 70%réase in global demand for agricultural productign2050 (FAO,
2011b). However, the world land surface for cropdorction is limited. The remaining potentially ¢udttable areas in
the world are marginal for agricultural use becamsest of the land is either inaccessible or seyetehstrained by
steep terrain, shallow rooting depth, extreme mogsbr temperature regimes, or it is located inagioally sensitive
regions (Lal, 1994). Therefore, the intensificatarcrop production will be required in more mamiproduction areas
with less reliable conditions, lower soil qualitynited access to water, and less favorable clim@O, 2011a). To
accommodate future food demands, it is inevitablepiotect the existing agricultural areas from ganhg soil
degradation. The FAO (2011a) proposed a sustairabfeproduction intensification that produces mimed from the
same area of land while reducing negative envirartatémpacts (Godfragt al, 2010). This implies primarily the
implementation of conservation measures that efegt control soil erosion on agricultural land.o8on control on
agricultural land depends primarily on good manag®nmeasures, which implies the establishment &fcgnt
ground cover and the selection of appropriategéllaractices supported by additional mechanicalsorea (Morgan,
2005). There is a variety of different control m@as, which can be classified into active contrebsures that aim on
minimizing the on-site damages by reducing the aleteent of soil particles, and passive control messsthat aim on
reducing off-site damages by retaining detachedighes before entering surface water bodies (Schrail von

Werner, 2000). Standard guidelines such adNgw#onal Conservation Practice Standaraeailable from the National



Chapter 1 - Synopsis

Resources Conservation Service (NRCS) describedéisggn and the application of the different erosaumtrol

measures for example contour farming, residue nmitglor filter strips. The effectiveness of thefelient management
measures strongly depends on site specific conditisuch as soil, slope, and topography (Welfeal, 2002).

Furthermore, conservation measures are often adedcwith additional costs, labor, and use resbrist Therefore,
effective soil conservation planning requires noliydndividual treatments depending on the locaiditons, but they
must be also socially and economically acceptablidhé¢ farmers (Morgan, 2005). In order to redueedbsts and to
increase the acceptability of control measuresgttisting farming systems of the specific regioheudd be analyzed

and integrated in conservation plans, instead pfémenting entirely new techniques from outside (¢4m, 2005).

1.1.2 Objectives and state of knowledge

The objective of this thesis is the quantificat@fsoil erosion of farming systems applied in maimbus watersheds
in South Korea and the identification of their cemntion potential. The agricultural areas in m&yean watersheds
are highly susceptible to soil degradation by watersion due to steep slopes and intense monsoainéll events
during the summer months. These rain events in gwtibn with an intensive agriculture do not onipguce high
amounts of soil loss (Cheit al, 2010, Leeet al, 2010a), but they also contribute to eutrophigaproblems in many
Korean reservoirs due to phosphorus loaded erodéithents (Kimet al, 2001a). The annual total precipitation has
increased as a consequence of the intensificafibravy rain events during the last decades (€hal, 2008) and it is
expected that the frequency and intensity of heainfall on the Korean peninsula will further inase (Booet al,
2006). This development implicates higher futuresem risks for mountainous watersheds in SoutheKoand
demonstrates the need for effective control measufecus of this thesis is, therefore, the analgbithe dominant
farming practices to investigate their effects oih srosion and their capability for erosion comhtrad soil conservation
in Korean watersheds.

The cultivated areas in South Korea can be groumtedrice paddy fields, which are primarily locatedthe flat
areas within the watersheds for example in theeyallind floodplains, and dryland fields, which aften located on
the surrounding hillslopes. Because erosion rates flat terraced paddy fields are expected todagigible compared
to those from the sloping dryland areas, we focusealir studies only on the cultivation practicesdryland fields.
The dominant farmland practice on dryland fieldsSauth Korea is the cultivation of row crops, predtmantly
cabbage, radish, and potato (Kenhal, 2007, Leeet al, 2010a), embedded in a plastic covered ridgesfursystem
(plastic mulch). At the beginning of the growingasen (usually between April and May, dependinghendrop type)
mineral fertilizer is applied to the soil surfadilds are plowed and subsequently ridges are ededthe distance
between two ridges is approximately 70 cm and idhges are usually between 30 to 40 cm wide andriBigher than
the furrows. Ridges are covered with a black pdlylene film with regularly spaced planting holessoém diameter.
The polyethylene film is buried several centimetdegp on either side of the ridge. It has beenrtegdhat plastic
mulch increases crop yields, reduces evaporatisse® and nutrient leaching, and helps to contrebwéglLament Jr.,
1993). However, the surface topography causeddges and furrows and the water-impermeable plasters can
highly influence flow processes occurring on thefare and the underlying soil profile. It has bedantified in
different studies that tillage operations and tts® wf machinery substantially affect water infiima and flow
processes in agricultural soils as a consequeneenaddified soil structure and surface topograppyniducing non-
uniform flow (Petersemt al, 2001, Kulliet al, 2003, Bogneket al, 2012). Non-uniform or preferential flow is the
movement of water along certain pathways, whileasging a fraction of the porous matrix, leadingntoreased flow

velocities and water quantities at certain locaticompared to other parts in the soil profile (Hardc and Flury,
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2001). Preferential flow can, therefore, resultdapid movement of water compared to uniform maflow (Bogneret
al., 2010) and accelerate the transport of agricallttihemicals, such as fertilizers or pesticides(Biket al, 2003).
The modified infiltration patterns and velocity @lisution of subsurface water flow can additionailhfluence the
generation of surface runoff of the ridge-furrovetgm and may, therefore, affect the amount ofdsthchment on the
surface. During intense rain events, non-uniforfiitiation, caused for example by the drainagewface water from
ridges into furrows, can produce concentrated awerlflow with higher erosive power (Wan and El-Swal999).
Although the plastic cover protects the surfacenfr@indrop impacts and minimizes ridge erosion, r@aining
exposed soil surface in the furrows is more vulblerdo erosion due to the elevated runoff amouwislife et al,
2002). When surface runoff occurs, the ridge-fureygtem additionally changes its flow direction atistribution
over the field site. Ridges are predominantly dedrperpendicular to the main slope direction, dftén not parallel
with the contours. On fields with complex topogrigsh which dominate the Korean watersheds, thentatien of the
ridge-furrow system can, therefore, affect the amiaf erosion losses. Runoff flows along the fursowhere ridge
breakovers occur (Renasad al, 1997), which can result in higher erosion damsagempared to fields without ridges
(Stocking, 1972, Wischmeier and Smith, 1978, El-8wet al, 1982, Hagmann, 1996). Additionally, the cultivatof
row crops in general produces more serious ergsiolblems due to the higher percentage of bare groampared, for
instance, to many cereal crops with higher plamisiies, especially in early stages of crop grogitorgan, 2005).
The intensive use of agricultural chemicals in 8d€ibrea (Kang and Kim, 2000, Kim and Kim, 2004 )pesally the
application of herbicides may, therefore, contribig the high erosion losses. Brock (1982), fom&a, reported that
the use of herbicides for weed control significatticreases soil loss from agricultural fields. #&lixdeveloped weed
cover, however, can help to reduce erosion (W8821 Afandiet al, 2002, Garcia-Orenet al, 2009, Blavett al,
2009). Environmentally friendly farming systems danic farming and no-chemical farming), which relg the
minimization of chemical use, became more popuiakaérea (Kimet al, 2001b, Choo and Jamal, 2009). Since the
number of organic farms has been strongly increastdn recent years (Kim and Kim, 2004, Kigh al, 2012), those
farming systems may, therefore, play an additiosold in erosion control. However, organic farmiranalso lead to
reduced crop yields due to crop-weed competitiahtarbivory, which would have contrary effects.

In the first two studies of this thesis, we focusedthe plastic covered ridge-furrow system nanoglthe effect on
subsurface flow processes (chapter 2) and theindmpn the runoff patterns and soil erosion ratésgter 3). The
third study (chapter 4) analyzes the soil erosiod eonservation potential of conventional and oi@d&arming. The
following three sections summarize the previousaesh and the state of knowledge, related to thesies and

introduce our objectives and hypotheses for eatheoftudies.

Study 1: flow processes of plastic covered ridgesfu cultivation

The effect of the ridge-furrow system on flow prsses in soils has been investigated in differamtiss. Saffignaet

al. (1976) analyzed the infiltration patterns indudsdridge cultivation of potatoes using dye tracggation. They
found a non-uniform infiltration with a deep dye wement, preferentially around potato stems anché furrows
caused by surface runoff from the ridges. In anoshedy, Bargaet al (1999) used soil moisture sensors to investigate
the infiltration patterns and flow processes in ropped ridge-furrow fields. They also reported thaftltration
occurred primarily in furrows than in the ridge fio&s. Furthermore, they found that water subsatjyemoved
laterally from furrows to ridges minimizing verticawater flow below the ridges. Also Leistra and Bt (2010)
reported surface runoff from ridges to the furrowstheir study. They analyzed pesticide leachinmaisrrigation

experiments on a potato field and found that pieititransport for ridge-furrow cultivation can hebstantially higher

4
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than that for fields with a smooth soil surfacee3é studies demonstrate that the ridge-furrow sys@n strongly
influence the infiltration and flow patterns andk ttransport of chemicals in agricultural soils. Heer, most of the
previous studies concentrated on the soil wateanhyos of uncovered ridge-furrow systems. The immdgplastic
covered ridge-furrow cultivation on water flow pesses in soils has not been investigated so far.

The objectives of this study were to compare irdilbn and surface runoff for the plastic coverattye-furrow
system, to investigate its effects on the subsarfeow patterns, and to evaluate the environmdntghct in terms of

agricultural pollutant transport. For this studye fermulated the following hypotheses:

1) The plastic covered ridge-furrow system constraifdtration and increases the amount of surfaceoffi
compared to non-covered ridges and a smooth sdécsu

2) The plastic covered ridge-furrow system inducescslpnfiltration and flow patterns as a consequent the
topography and the impermeable cover of ridges

3) During monsoonal rainstorm events, preferentialnoyare flow in the soil is responsible for a rapiansport

of agricultural chemicals to the groundwater

Therefore, we conducted different dye tracer iti@aexperiments to compare the plastic coveregerifiirrow system
to non-covered ridges and a smooth surface cuttivatWe measured infiltration, runoff, and the swoibisture

development, and we analyzed the subsurface fldignpa visualized by the applied tracers.

Study 2: runoff patterns and soil erosion of plastvered ridge-furrow cultivation
Several studies have previously investigated tlieceiof plastic covered ridge-furrow systems onofifirand soil
erosion for a variety of different crops. In railhfsimulator experiments on pineapple plantatiohan and El-Swaify
(1999) found substantially higher runoff and sason under plastic mulch plots relative to bal@sgp However, in
combination with a developed vegetative crown, tidanulch can reduce runoff and soil loss, becavster is ponded
by the canopy and funneled into the planting haRise et al (2001) reported higher runoff and a three timighdr
soil loss from tomato plots with plastic mulch caangd to vegetative mulch. In another example, Galgddouxet al
(2001) also found higher runoff and a four timeghleir erosion rate for corn cultivation with plagticich than without
plastic covers. In contrast to these studies, $teeal (2009) could not identify large differences infaae runoff for
strawberry cultivation for plastic mulch and uncmeé management. Moreover, they found that plastidcimeven
significantly reduced soil erosion. Lest al (2010b) found in lysimeter plots studies with lcae and potato
cultivation a reduction of both runoff and erosioy plastic mulch. These studies show that plastiichhcan have
contrary effects on runoff and erosion, which mayalconsequence of the different crop type or &sigd of the ridge-
furrow system, but also of the different experina¢tesigns, particularly plot size and ridge omion. However, all
of these studies used plots or delimited sectidnBetd sites with a defined dimension and unifotapographical
conditions. The combination of the ridge-furrowtsys with the internal topography of agriculturadldis in complex
terrain has not been investigated.

The objectives of this study were the quantificatid runoff and soil erosion produced by the ptastivered ridge-
furrow system on two mountainous agricultural feeldith different topographical characteristics dmel analysis of the
generated runoff flow patterns and their effectslansoil loss rate from the entire field. For thiady, we formulated

the following hypotheses:
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1) The plastic covered ridge-furrow system increasdlsesosion compared to non-covered ridges and @oim
soil surface as a consequence of an increasedsutfaoff
2) The field topography controls the runoff flow patte generated by the ridge-furrow system and fecef on

soil loss from the field

Therefore, we measured runoff and soil erosion ftera agricultural fields and applied a model to giate the
response of the same fields without plastic cover adges. We implemented a measurement method;hwkinot
limited to defined plot dimensions and can betégresent the complex topography of those fields.udés a process-
based erosion model, which can describe the spaditiérns of runoff and erosion affected by theaiarand the

topography of ridges and furrows.

Study 3: soil erosion and conservation potentiat@fventional and organic row crop cultivation
The role of organic farming in erosion control leesen studied already by many authors using vamoeethods with
different results. Lockeretzt al (1981), for instance, modeled soil erosion frorgamic and conventional farms and
found about one-third less erosion for organic fagrdue to a different crop rotation. Reganetdal (1987) studied
the long-term effects of the farming systems by parimg erosion measurements and the top soil tbgkmf two
farms and found an almost four times lower erosinorthe organic farm as a consequence of a diffeneq rotation
and less tillage operations. Flemirmg al (1997) calculated the soil erodibility from saihmples taken from
conventional and organic farms and reported a piategrosion reduction for some of the soils. ABegristet al
(1998) found in a long-term field experiment anréased aggregate stability of the soil under orgardnagement but
no significant reduction in erosion. In anothetdiexperiment, Elturet al (2002) observed lower erosion on plots with
organic arable crops, but higher erosion on platis arganic forage crops. Auerswatial (2003) found in a modeling
study based on cropping statistics of conventianal organic farms slightly lower soil erosion faganic farming, but
also a high variability between both farming systedm contrast to most of the previous work, Paeinal. (2003)
found in another modeling study a strong incredserasion for organic farms as a result of différerops and more
intense tillage operations, but Kubhal (2012) recently reported again a lower eroside flaam organic compared to
conventional soils. Although many of the previotisdges describe a potential erosion control of pig&arming as a
result of a reduced soil erodibility and crop comigion, a general conclusion can still not be drawhe soil
stabilization might be an effect of long-term origafarming and may not apply for recently estal#itlorganic farms.
Furthermore, large differences between both farnspgtems were primarily reported, when differergpsr were
cultivated and tillage operations applied. The iotpH weed coverage as a consequence of the atiplicar absence
of herbicides associated with the two farming systéor the same crop condition has still not bemestigated.

The objectives of this study were the analysishefdrop and weed development on row crop fields fdifferent
conventional and organic farms, the quantificatddrsoil loss from those fields, and the identifioatof the erosion

control potential of both farming systems. For #tisdy, we formulated the following hypotheses:

1) Organic farming increases weed coverage comparedrteentional farming as a consequence of the absen
of herbicides

2) Organic farming reduces soil erosion because optbeective effect of weeds and can be used tatfdy
control soil erosion
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Therefore, we measured multiple vegetation parammetecrops and weeds on conventional and orgamiccrop fields
and used an erosion model, which can simulate ith@uat of soil loss associated with different plandbperties and
surface conditions. In order to take into accounat temporal variability of the monsoonal rainstoements on the
Korean peninsula (Chaét al, 2008, Kimet al, 2009) in combination with different growth scies and harvest
operations, we used long-term weather station data and simulated a range of scenarios repregediiferent

planting times and levels of soil disturbance.

All three studies of this thesis were carried outhin the framework of the International Researatailing Group
TERRECO (Complex_Teain and _Eclogical Heterogeneity) (Kang and Tenhunen, 2010hictv aims at the
assessment of ecosystem services derived from wmiooos landscapes that play an essential role dwiging
freshwater for large parts of the human populationiger et al, 1998). The TERRECO-IRTG consists of a large
group of scientists from different fields, who istigate processes related to soils, hydrology, mygedd and water
quality, agricultural and forest production, bioglisity, and the associated economic gains anddasis&ined from
those landscapes. The general goal of the resgawop is the development of an assessment framethatlallows the
guantitative evaluation of shifts in ecosystem m&w due to future changes in climate, land useé haiman population.
Such an assessment framework requires tools tleaswtable to describe the complexity of processgmilating
ecosystem services at a landscape level and tefdaram them into economically interpretable valuearge-scale
simulation models, such as SWAT (Soil and WatereAsment Tool) (Gassma al, 2007) and INVEST (Integrated
Valuation of Ecosystem Services and Tradeoffs) li§and Polasky, 2011) combine multiple processed ean
provide the basis for such tools. However, thoseetmoften apply highly simplified approaches teaie certain
processes and require comprehensive modificatiols aalaptations to adequately reflect regional dandi. The
individual research studies of the TERRECO-IRTGerdifiore, contribute not only to a better understamcbf
processes occurring in mountainous landscapesheytalso help to develop and improve the modelsdhe required
for ecosystem service assessment. In additionasiar control and soil conservation issues, theettstudies of this
thesis describe important processes and drivingfacelated to water movement and particle trarisgfoagricultural
soils in mountainous landscapes of Korea. The t®sfl our work provide information that can be uded the
parameterization of simulation models like SWAT dandEST, with respect to erosion prediction, and,dherefore,

contribute to evaluate ecosystem services relategticultural production and water quality in thégjion.

1.2 Materials and methods

1.2.1 Research area and study sites

The studies were conducted in the Haean-Myeon wanhin the Kangwon Province located in the norheé South
Korea (128°08’ E, 38°17’ N) (Figure 1.1). The catwnt is part of the watershed of the Soyang Lakechwis the
largest reservoir in South Korea (Kiet al, 2000). The Haean catchment is a major agriallthiotspot that
substantially affects the trophic state of the mesie (Parket al, 2010). The total catchment area is 64 km?2 watoof
the catchment classified as forested mountains3@3d as agricultural areas (22% dryland fields a¥gdr&e paddy
fields). The remaining 12% are residential and samniral areas including grassland, field margifgarian areas,
channels, and farm roads. The topography of thearek area is characterized by flat areas and ratadgisteep slopes
in the center of the catchment and steep slopdéiseatorest edges. The terrain is highly complexhveitvariety of

different hillslopes and flow directions. The slaihdscape is dominated IBambisolsformed from weathered granite.
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Soils are highly influenced by human disturbandespecially dryland fields are modified by the repébment of
excavated materials from nearby mountain slopesder to compensate annual erosion losses (@aak 2010). The
average annual temperature of the Haean catchm8r&iC and the average annual precipitation i® 168 (13 years

average from 1999 to 2011), of which more that @s&concentrated in July, August, and September.

(c)
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Figure 1.1Location of the study area (Haean-Myeon catchmamthe Korean peninsula (a) and within the watetgifehe Soyang Reservoir (b)
with the locations of the experimental sites seleédor the three studies of this thesis (c). Theybn flow processes were conducted at site F1 and
F2 (chapter 2), runoff patterns and erosion atMiteand M2 (chapter 3), and the impact of the fagrsystems at the sites 01 to 25 (chapter 4)

For analyzing the flow processes of the plasticeced ridge-furrow system (chapter 2), we seleatedstudy sites (F1
and F2, in chapter 2 indicated as site 1 and SiteuRivated with potato§olanum tuberosumBoth field sites were
located on sloping terrain with slopes of 8° andd“site F1 and F2, respectively. The soil typesitd F1 was gerric
Cambisol(Ap-2Apb-Bwb) and the soil of site F2 wageaaric Anthrosol over haplic Cambis¢RApl-Ap2-Ap3-2Apb-
2Bwb), both highly influenced by erosion and repdasoil replenishments. Table 2.1 (chapter 2) ¢ostdetailed
information on the soil parameters of both fields.

For the analysis of the runoff patterns and sailsiem associated with the plastic covered ridgesfursystem
(chapter 3), we selected two additional study gjii% and M2, in chapter 3 indicated as field 1 dietd 2), which
were also cultivated with potat®@glanum tuberosumThe topography of site M1 was concave, charaetdrby a
depression line going through the field center, sitel M2 was convex without topographical depressidhe average
slope of both fields was estimated with about 9A. dutomatic approach for calculating slope lengttl ateepness
revealed slightly different values between botld8e(M1 with 9.6° and M2 with 8.1°, see chapter ®)e soil type of
site M1 was aaplic Cambiso(Ap-Bw-BwC-C) and the soil of site M2 wadeptic terric Cambiso[Ap-2Apb-2Bwb-
2C). Table 3.1 (chapter 3) contains detailed inftiom on the soil parameters.

For analyzing soil erosion and the conservatioremiil of the two farming systems (chapter 4), wkeced 25

fields sites (01 to 25) including the four majoyldnd row crops: bear3lycine ma¥, potato Solanum tuberosum
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radish Raphanus sativiisand cabbageBfassica rapaandBrassica oleracer cultivated by conventional and organic
farmers. The field sites were distributed overdghére Haean catchment representing the varietfffefrent field sizes,
hill slopes, and soil conditions of the agriculuareas. Table 4.1 (chapter 4) shows the soil ptigse and
topographical parameters for the 25 sites. Foretlosion model, we used the recorded precipitatimhtamperature
data of ten automatic weather stations installetiénHaean catchment. Additionally, we also usedsites M1 and M2

in this study to evaluate the performance of thsien model.

1.2.2 Analysis of flow processes of plastic coveredge-furrow cultivation

To analyze the flow processes associated with ldstip covered ridge-furrow system on dryland figldre conducted
four irrigation experiments using dye tracers toamge infiltration and runoff and to visualize thgbsurface flow
patterns (Figure 1.2). The experiments 1 and 2 wereed out on site F1 and experiments 3 and 4iten F2.
Experiment 1 was conducted after plowing beforgegwere created, representing a smooth soil sutiféage, as it is
usually applied for cereal crop cultivation in matguntries. Experiment 2 was done when ridges amws were
created. Experiment 3 was carried out after thgeriftirrow system was covered with plastic and gemdtoes were
recently sown. The last experiment (experiment 4% @one in the later growing season when potatopyaand root
system were well developed. Before we started rifigation, we installed soil moisture sensors iaril 20 cm depth
from the soil surface (experiment 1) and from the of the ridges and furrows (experiment 2 anch3)rder to record
soil water content during the experiments with Zwies resolution. We irrigated an area of 1 by byrusing an
automatic sprinkler and a tracer solution of 5df Brilliant Blue FCF and additionally 5 g T potassium iodiddor
experiment 1 and 3. In order to quantify the amairunoff and infiltration, we installed a frameoand the irrigated
area and collected the surface runoff. After ong, dee excavated 8 to 10 soil profiles of 1 by 2 which were
equipped with a metallic frame, photographed, aamipded. We removed soil material Bfilliant Blue stained and
non-stained components from different profiles antbsequently measured soil texture and bulk demsityrder to

investigate the effect of these soil propertieshenflow patterns.

Figure 1.21Irrigation experiment with dye tracBrilliant Blue FCF andpotassium iodideAutomatic sprinkler spraying tracer solution be field

plot with plastic covered ridges and furrows (a)l @xcavated soil profile for visualizing the sulfaoe flow patterns (b)

The photos taken from each of the profiles wereemed for perspective and radial distortion inhsacway that they
correspond to images taken by an ideal camerargo&kactly perpendicular onto the profiles. Subsetjy, we

transformed the images from RGB into HSI (hue, rsditon, intensity) color space and created binamgpges that
classified the profiles int8rilliant Blue stained (black) and non-stained (white) parts (Rogt al, 2010, Trancén y
Widemann and Bogner, 2012). For the experiment3, 2nd 4, we additionally created a second binaigkground

image containing the soil (black) and the backgdhetween ridges (white). Image correction and rcedgmentation
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were performed by the Halcon software (ver. 101@)analyze the flow patterns in those binary imagescalculated
different image index functions described by TrangoWidemann and Bogner (2012), which summarizéedht
features of the binary image row by row and emzeashe vertical configuration of patterns in thefpe. In the
following section, we briefly describe the indivadufunctions and their interpretation. The detailedthematical
descriptions are provided in chapter 2 and by TéancWidemann and Bogner (2012).

The first image index function we used is thge coveragé€lp), which shows the proportion of stained pixels in
each row. It simply describes the quantity of stagnbut without consideration of the patterns tafreed objects in the
soil profile (Trancon y Widemann and Bogner, 20I2)e second function is tHeuler number(lg) that calculates the
number of runs (contiguous sequence of stainedg)ixivided by the number of possible runs in eemh. It is a
measure for the number of separated stained objed¢te profile. The third functionlgsx) gives themaximum run
lengthin each row normalized by the row length andhigréfore, a measure for the maximum size of staifgelcts.
The fourth function we used is tli@gmentation(lg), which is defined as 1 k., wherel¢ is thecontiguity function.
The contiguity is calculated as the inner product of the run tlersggquence divided by the squared number of staine
pixels in each row. It is a measure of the conmiygtdf stained pixels, and tHeagmentation therefore, describes how
strongly stained objects are interrupted by nomsth parts in the profile. The fifth index functiome used for
analyzing the patterns is thmetric entropy(lye). It is a generalization of the Shannon’s entrdpy sequences
(“words”) of stained or non-stained pixels with efided lengthL (in this study 8 pixels), normalized lhy(Trancén y
Widemann and Bogner, 2012). The Shannon’s entr8psrinon, 1948) describes the average informatiatent (or
the uncertainty) of the outcome of a random vaeabii our case, the outcomes of the random varmteehe different
possible “words” within each row of the binary ineadf only a small number of different “words” ocowithin a row,
for example when the profile is dominated only bfew large contiguous objects or repeating pattefrstained and
non-stained parts, thaetric entropyis low. Whereas, if a high number of different ‘de” occur, for example when
the patterns are highly diverse with combinatiohslifferent large and small objects, theetric entropyrises to its
maximum. It can be interpreted as a measure oWahnbility or diversity of patterns within the pgile. All image

index functions were calculated using the R progmamg language.

1.2.3 Analysis of runoff patterns and soil erosiownf plastic covered ridge-furrow cultivation

To identify the patterns of surface runoff withiretfield and to quantify the associated erosioastawe first measured
runoff volume and sediment mass, which were sulEstuused to calibrate the erosion model thatalizad the
runoff patterns and computed soil loss for theratttive tillage practices. On each of the two figiteks M1 and M2, we
installed three runoff samplers designed accorttingonilla et al (2006) (Figure 1.3). Each sampler consisted of a
runoff collector connected to a multislot flow dier developed by Pinsoet al (2004). They were installed at
locations within the field sites where we expectadje amounts of runoff, without an artificial eoslire of the
contributing area. The flow divider consisted ofoslen boxes including four 20-Liter buckets withider crowns
resulting in a total runoff sampling capacity o#1#h3 of each collector. Excessive water was rem@tdtie bottom of
the boxes to the field edges. After seven raimfatiods within the monsoon season between 5 July9akugust 2010,
we measured the water level and calculated theffrimadume for each bucket. We took samples fromheat the
buckets and determined the sediment concentra®iobsequently, we calculated the total runoff voluand the total
sediment mass of each collector. The accordingtemsaare described in chapter 3 and by Borgtlal (2006). In
order to transform the measured sediment masstagbociated rate of soil loss, it was necessadgfioe the size of

the drainage areas of the collectors. Thereforeyusesl a tachymeter to develop a mesh of elevatamtgdistributed

10



Chapter 1 - Synopsis

over the entire field area and we counted the nunaberidges and furrows and measured their ori@raand
dimensions. The elevation points were interpolatedctreate surfaces representing the basic fieldg@phy and
subsequently the ridges were added. We createdityital terrain models with 0.25 m spatial resaiutifor the fields,
one representing the basic topography with a smemitisurface and one representing the actual fiblibe with ridges
and furrows. The latter were used to delineatediiagnage area of each collector and to calculaestre. A detailed
description of the measurement design includingditaenage areas of the collectors is given in g2 (chapter 3).
Runoff and soil loss per unit area were calculai®the quotient of the measured runoff volume a&dihsent mass and
the drainage area of each collector. The mean famof soil loss from each field site was then dalimd as the average

of the three collectors weighted to their drainagea size.

Figure 1.3Runoff sampler for measuring runoff volume and et mass according to Boni al (2006). Runoff collectors (a) and multislot
flow divider according to Pinsoet al (2004) (b)

We used the EROSION 3D model (Schmidt, 1991, vonnéte 1995) to compare runoff and erosion for thestic
covered ridge-furrow system to runoff and erosion @incovered ridges and a smooth soil surface vetiidin.
EROSION 3D is a process-based and spatially digetbmodel, which can describe the overland flostriiution and
diversion as affected by the terrain topography @redassociated erosion and sediment transpareqgltires only a
small number of input parameters (Wickenkashl, 2000), but the relatively simple physical apgtoteads to some
limitations, for instance the assumption of constnodibility and roughness during rain events (Mgitkampet al,
2000) and the non-consideration of rill detachnmotesses that can cause an overestimation obarcaies at small
spatial scales (von Werner, 1995). The EROSION Bputi parameters can be grouped into three growhef r
parameters, precipitation parameters, and soiksarparameters (Schmielt al, 1999). For relief parameters, we used
the previously developed digital terrain modelshsf field sites with ridges and furrows and theebisrain model to
represent the smooth soil surface cultivation. ietion parameters were obtained from two rainggs installed on
the field sites that recorded rainfall during theservation period with 10 minutes resolution. Tl surface-
parameters were primarily obtained from field olatons, photographs (soil layer thickness, peagatcover) and
laboratory analyses of soil samples (texture, ldksity, organic carbon content). Additionally, used simulations
with the HYDRUS 2D/3D model (Sifimek et al, 2011) carried out on the same field sites (Ruwidet al, 2012) to
derive the initial soil moisture at the beginninfeach rainfall period. The surface roughness (Ntagia n) was
derived from the literature (Chow, 1959, Montes98,9Vieux, 2001, Chanson, 2004), and allocatedratgls to the
soil surface and the polyethylene cover of riddele 3.1 (chapter 3) contains the soil-surfacamaters used for the
EROSION 3D simulations of the two field sites. Thedel was calibrated to the observed runoff andiernorates for
the plastic covered ridge-furrow system (by optimizthe skin factor and erodibility) and subseqlyenised to

simulate runoff and erosion for uncovered ridged ansmooth surface. We used three performancestatatias
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evaluation criteria for the quality of model calition: the Nash-Sutcliffe efficiencyNSE, the RMSEobservation
standard deviation ratid®RSR, and the percent biaBBIAS.

1.2.4 Analysis of soil erosion and conservation partial of conventional and organic row crop cultivdion

To determine the amount of soil erosion and totifiethe conservation potential of conventional ardanic farming,
we used the Revised Universal Soil Loss EquatiddSEE) (Renarcet al, 1997) and applied it to 25 fields (site 01 to
25) of conventional and organic farms in the Haeatthment. RUSLE is a widely used erosion modeédam the
Universal Soil Loss Equation (USLE) (Wischmeier adihith, 1978) and provides the possibility to entailtiple
parameters, that can be measured in the fieldegoribe crop conditions and surface propertiescéatsa with specific
management practices, such as conventional ancdhiorfEming systems. RUSLE calculates the averagmia soil
erosion as the product of five factors: the ralrdald runoff erosivity factorR), the soil erodibility factorK), the slope
length factor () and the slope steepness fac®)r the cover management fact@)(and the support practice fact®) (
(Renardet al, 1997). The following section gives a short summa the RUSLE factors and briefly describes their
determination. The equations of the individual dastare given in chapter 4 and the original mathialadescription
using U.S. customary units is provided by Reretrdl (1997).

The R-factor quantifies the effect of raindrop impact and retlethe amount and rate of runoff associated vhigh t
rainfall (Wischmeier and Smith, 197Bgnardet al, 1997) and is calculated from weather statioongs as the product
of the kinetic energy of erosive rainstorm evemtd their maximum 30-minute intensity (Renatdal, 1997). A total
of 13 years of recorded precipitation and tempeeadiata were available from ten weather statioostéd in the Haean
catchment. One weather station in the center ofcitehment recorded precipitation and temperatom fJanuary
1999 to May 2009 with 1 hour resolution, and in M09, nine additional weather stations were ifestgbroviding
weather data with 30 minutes resolution until Delben2011. We developed an algorithm using the Ryparoming
language that automatically identifies erosive ments from these weather station data sets dodlatedR-factor
and the temporal distribution of rainfall erosivftyr every half-month period from 1999 to 2011. Féactorsderived
from the weather station record from 1999 to 20@@ensubsequently corrected, as the maximum 30-minténsity is
underestimated using 1 hour resolution data. Theection factor was derived from the slope of timedr regression
line between rainfall erosivity calculated on 3thates resolution and aggregated 1 hour resolutida sets from 2009
to 2011. The average annudfactorfor the Haean catchment was calculated as the mwietdre 13 years individual
R-factors TheK-factor represents the effects of soil properties andoilile characteristics on soil erosion (Renatd
al., 2011). It is a function of the soil texture, tbeganic matter content, and the soil structure pameability
(Wischmeieret al, 1971). To calculate thé-factor for the 25 field sites, we took samples of todss¢d to 30 cm
depth) and determined soil texture and organic @natbntents in the laboratory. The soil structund permeability
codes were estimated from field observations, leraféscriptions, and the results of the dye tragperiments (chapter
2) on dryland fields in the Haean catchment. [actor andS-factordescribe the effect of the hillslope topography on
erosion. The -factor considers the higher soil loss potential with @aging slope length and tBefactorreflects the
influence of the slope steepness (Reretrdl, 1997). The topography of the ridge-furrow systean be regarded as
contouring support practice and is described wigP-factor, which reflects the positive impact through thetcol of
surface runoff (Renardt al, 2011). The effectiveness of contouring is cdigtbby the field slope steepness and the
angle along the furrows because the ridges ar@ oit¢ parallel to the contours. For the highly cterperrain with
various flow paths and directions (see sectionl), 2t is difficult to identify the representinglisiope profile and to

determine slope lengths and slope angles. We desel@n algorithm using the R programming langudgd t
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automatically identifies all possible flow pathstlin each of the 25 sites and extracts the megredéngth and slope
angles, which were used to calculatéactor, S-factor andP-factor. Data basis for the algorithm were three 0.25 m
resolution ArcGIS raster grids (the depressiordillelevation raster, the flow direction raster, ahé flow
accumulation raster) of each field, which were digwed from an available 30 m resolution digitaivelgon model of
the Haean catchment. Tkefactor represents the effects of crops and the managemectices on erosion (Renazt
al., 1997) and is, therefore, the critical factorthis study for describing conventional and orgdaimning. Because
vegetation and soil surface conditions change theicourse of the year, a time varyi@gactor approach is used in
RUSLE based on half-month time steps (Rererdl, 1997). For each half-month period within the ryeasoil loss
ratio (SLR is calculated as the product of five subfactd®er(ardet al, 1997): the prior land use subfact®i{J)
describing the effect of soil consolidation and Hiemass density of roots and residues, the cacopgr subfactor
(CO) describing the effect of the vegetation coverage height, the surface cover subfac®g)(describing the effect
of the residue and other materials covering thessmface, the surface roughness subfa@®y @escribing the effect of
the soil surface microtopography, and the soil moéssubfactor§M). To obtain the parameters for calculating thé soi
loss ratios for each half-month period, we firstasiwred biomass density of the different vegetatmmponents, the
canopy cover, and the height of crops and the &sdcweeds of the four major row crops duringdh@wing season
of 2009 on four of the 25 field sites and developwtividual growth charts for each crop. Subsedyemte measured
the same parameters on the remaining 21 field sitdading organic and conventional farming beftwvest, and
adjusted the growth charts based on the averag gimver, and canopy height for the two farmingteyns to obtain
growth charts for conventional and organic beartatoo radish, as well as conventional cabbagevatitin. For the
time prior to planting, we assumed a bare soilam@fand the absence of roots and residue, becaidsadv no
information of previous crops. The amount of residund coverage after harvest was depending onrtipetgpe and
the disturbance and mixing of the surface-soil mytarvesting. For bean, almost the whole plantnb&s remains in
the field, for potato, the above-ground parts remaihereas for radish, most of the biomass is rempand for
cabbage, everything except roots and outer leaeehavested. For bean and cabbage, soil distuebamd mixing is
minimized due to the above-ground harvesting anterobthe remaining residue covers the soil surf&oe potato and
radish, harvesting requires a higher degree otidiance because of the below-ground crop compomeststing in
less residue remaining on the surface. Based @ thesumptions, we calculated the soil loss ratidsweighted them
by the percentages of the associated rainfall \étiesi (seeR-factol) to obtain theC-factorsfor the four major row
crops and both farming systems. In order to acctamdlifferent harvesting techniques and machiregplied by the
farmers, we simulated two scenarios representiogvand a high level of soil disturbance. Furtherepave simulated
two additional scenarios to include early and [@&nting and harvesting schedules over the difteyears by shifting
all SLRvalues to the previous and the next half-montle tatep, respectively.

There were only a few field measurements on saiien in the Haean catchment that we could usestifyvthe
model performance. First, we used the erosion @t sites M1 and M2 measured with the runoffectors in 2010
(chapter 3) and compared them to the soil lossakautated for the two sites with RUSLE, using thetinods described
above. Second, we compared the average annuébseitates of the 25 field sites computed with RB$& long-term
erosion estimations using the fallout radionuck@esium-137'¢'Cs) for two sloping fields in the Haean catchment
(Meusburgeret al, 2012). Additionally, we used literature valueenh other soil erosion studies conducted in the

Kangwon Province and compared them to our results.
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1.3 Results and discussion

1.3.1 Flow processes of plastic covered ridge-fumocultivation

The analyses of the flow processes produced byplhstic covered ridge-furrow cultivation yieldedettfiollowing
results. Regarding the water balance, we found hilgbest infiltration on the smooth surface cultivat (79%)
compared to the ridge-furrow system (62%) and ithges with plastic cover (50%), which showed thghlaist amount
of runoff due to the surface topography and theempeable polyethylene film. For the plastic coveriges in
combination with the developed potato canopy, haweinfiltration is increased (69%), which mightvleabeen a
consequence of interception and stem flow leadingptal infiltration around the stems into the piag holes, as
previously described by Saffigre al (1976), Jefferies and MacKerron (1985), and kaisind Boesten (2010). The
soil water content, measured during the irrigatigradually increased with irrigation time under thmooth soil
surface, with higher values in the downslope pathe inclined irrigated area. For the ridge-furreystem, the soil
water content rapidly increased already at therbvégg of the experiment in the furrows and thedaygkd, also in the
ridges, due to the routing of runoff from the ridgend accumulation in the furrows, which was alsported by
Saffignaet al (1976) and Leistra and Boesten (2010). For thstjg covered ridge-furrow system, the water cdriten
the furrows increased more rapidly than withoutspita whereas the covered ridges stayed dry thmuigthe
irrigation. Only the deeper parts of the ridgesvetb a very slight increase in water content, probab a consequence
of lateral water movement from the furrows to tidges (Bargaet al, 1999) along the tillage pan or as a result of
pressure head gradients between dryer ridgesvelatithe furrows.

The flow patterns visualized with the dye tracesvgbd that the soil surface topography and the dogereated by
the different tillage practices control the occane of preferential flow, because they produce gameere infiltration
preferentially appears, namely furrows and plantiotes, and zones where no infiltration occurs, elgrthe plastic
covered ridges. The patterns in the profiles ads@aled that the tillage pan is the most imporfeaiure for controlling
the flow processes by inhibiting the water movententeeper layers. In none of the four experiments jdentified
dye (neitherBrilliant Blue nor potassium iodidedeeper than the operation depth of 25 to 35 chiclwmay be
explained by the significantly higher bulk densityd the textural difference below the tillage paiso a vertical
propagation to deeper soil layers via macroporeddcoot be detected with either tracer. The eftddhe topography
of the ridge-furrow system and the polyethyleneeraan the subsurface flow patterns is well reflddig the different
image index function. Both- andlygg were higher for the ridge-furrow system compamdhe smooth surface and
reflect a higher fragmentation and diversity ofirstd objects as produced by preferential infilbatin furrows and
planting holes due to the surface topograptiy was highest for the smooth soil surface, but alisbin the uppermost
cm of the uncovered ridge-furrow system indicatingniform matrix flow within the top soil horizomhich produced
only one large contiguous stained object. Alsshowed its maximum for the smooth soil surface @eduncovered
ridges as a result of the uniform infiltration aetsoil surface. However, the presence of the iplasiver strongly
reduced botHyax andlp near the soil surface because of the restrictBitkation in the ridges (except for planting
holes). For the plastic covered ridge-furrow systbothly andlyax were highest approx. 20 cm deeper in the furrows,
where accumulated surface runoff from the imperreegtiges produced preferential infiltration antetal water flow.
The developed crop canopy under the plastic couvédge-furrow system lead to stem flow effects felimy additional
irrigation water into the planting holes, as presly described (Saffignet al, 1976, Jefferies and MacKerron, 1985,
Leistra and Boesten, 2010). The water was subségupreferentially channeled along living roots ukihg in

maximum values ofy andlyax in the root zone depth. Furthermore, we observech the dye patterns an increased
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lateral water flow from the furrows to the ridges @ consequence of a high pressure head gradiemtdrethe dry,
covered ridges, where additionally root water uptakcurred, and wet furrows. However, one very irgrd feature
that strongly influences the subsurface water flmgardless of ridges and covers, is the top swikbn itself, which

was created by the deposition of sandy soil mdte&iwompensate erosion losses (Parlal, 2010). It consists of
structureless, non-cohesive, and coarse mategakttongly differs from the characteristics of Hwél horizons below.
e showed relatively low values for all four experime representing a small number of stained objgetsresulted
from uniform dye propagation, producing only a féaxge contiguous stained areas within the topsoilizbn. As

shown before, the dense, cohesive, and finer tedtaubsoil horizons below, do not considerably rtoute to water

flow, also due to the absence of fissures, craskgarthworm burrows that can act as preferenta paths (Weiler

and Naef, 2003, Bachmadt al, 2009, Bogneet al, 2012). Our results indicate that the subsurfame processes in
agricultural fields in the Haean catchment are prily constricted to the top soil above the tillggen and that the
vertical propagation of agricultural chemicals te groundwater is generally relatively low. Howewvée rapid lateral
downslope water movement above the tillage paryspléherefore, the crucial role for transportingemiicals to

adjacent surface water bodies, especially duringsmonal rainstorm events. Although we found thdéeeloped crop
canopy can reduce the downslope water flow duégio pressure head gradients induced by root wattiake, the risk
of chemical transport to surface waters is stifihiespecially in early growth stages when ferilizare recently
applied and plants are juvenile.

Generally, our results show that the ridge-furrotem induces preferential infiltration in furrowsd planting
holes and creates zones without infiltration (ptasbovered ridges), but they demonstrate that ritpaict on the
subsurface flow processes is relatively small caegbdo the impact on runoff generation. The ridgedw system,
especially when covered with plastic, increasegitieof surface water pollution especially dudtie high amounts of
surface runoff, which can potentially produce aerated soil erosion rates and increase particypatsphorus
transport.

1.3.2 Runoff patterns and soil erosion of plasticavered ridge-furrow cultivation

The analyses of the field site runoff patterns arwkion rates associated with the plastic covadggefurrow system
for the two field sites yielded the following resul The observed runoff and soil loss was highlgiaide during the
observation period and varied strongly between fiettls. The total recorded precipitation on sité Mas 165.2 mm
and on site M2 242.7 mm. The highest amount of ffuared sediment was concentrated in two of severfaihperiods
whereas two other periods did not produce any ajgdrke runoff and erosion. The total observed riingér all seven
rainfall periods for site M1 and M2 were 80.3 [?rand 94.1 L 1, respectively. Although precipitation and rainfall
intensity was higher on site M2, the observed erosias much higher on site M1 throughout all senaénfall periods.
The total soil loss for M1 and M2 were 3636.7 ki had 626.5 kg hj respectively.

The comparison between the observed and simulatgaffrand erosion for the optimized parametersn($&ctor
and erodibility) showed acceptable results. NgEranged from 0.914 to 0.943 for runoff and fromQ0B8o 0.976 for
soil loss, and th&SRranged from 0.239 to 0.293 and 0.154 to 0.444dooff and soil loss, respectively. TRBIAS
showed an overestimation of runoff for both fieltts (-13.462 to -1.275) and an overestimationadf lsss for M1
(-14.571) and an underestimation for M2 (12.879wever, for both sites, the EROSION 3D model adhiev
satisfactory representations for runoff and sailsI¢gMoriasiet al, 2007). We found the highest simulated runoff for
both sites for the plastic covered ridge-furrowtegs with 81.3 L rif for M1 and 106.8 L A for M2. Without plastic
cover, runoff could be reduced to 52.1 [“mnd 60.2 L nf for M1 and M2, respectively. The higher runoff amts
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for plastic covered ridges are a direct resulthaf karge field area associated with impermeablggtioylene film,
which was also found by the HYDRUS 2D/3D simulatidRRuidischet al, 2012). The effect of the plastic cover on
runoff generation correlated negatively with thafal intensity. For small intensities lower th#me soils infiltration
capacity, the impermeable plastic cover largelyaases runoff, whereas for high intensities excepdhe soils
infiltration capacity, the effect is much smalleredto low infiltration and high runoff on both saihd plastic (Wolfest
al., 2002). For the smooth surface cultivation, ERQI$I3D simulated the same amount of runoff than tfe
uncovered ridges, because due to the same soitpieg the model estimated the same hydraulic wathdty. Only
the runoff distribution was changed due to différsurface conditions. The highest soil loss fohlfagld sites was also
simulated for the plastic covered ridge-furrow eyst with 4178.1 kg hhfor M1 and 545.8 kg hafor M2. Without
plastic cover, the soil loss could be reduced 8929 kg ha and 371.7 kg hafor M1 and M2, respectively. The higher
soil loss rate of the plastic covered ridges isoasequence of the higher concentrated flow in tlreofvs due to
elevated runoff amounts resulting in a higher emgiower (Wan and El-Swaify, 1999, Woke¢ al, 2002). For the
smooth surface cultivation, we found contrary effdzetween the two field sites. The model prediete@dditional soil
loss reduction for site M1 to 1017.3 kg'héut an increase for M2 to 467.5 kg'teompared to uncovered ridges.

Due to field topography and orientation of the gdgboth sites show entirely different flow chaeaistics, which
caused the different soil loss rates between tiges and smooth surface cultivation. The runoffvfitirection of the
ridge cultivation is primarily controlled by theientation of the ridges on the field site. Waterdsted in the furrows
parallel to the ridges instead of moving along $teepest flow paths. It flows along furrows urtitéaches the field
edge or a topographical depression. On site M1rutheff is accumulated in such depressions dukediéld concavity
and is routed across the ridges. For those coratedtrflow lines, especially in the center of sitd,Mhe model
predicted much higher erosion than for the surrounéreas resulting in higher total soil loss frame field. During
our field measurements, we observed at the samaéidocridge breakovers caused by concentrated fidvich formed
a permanent gully through the center of M1. On ifg accumulated runoff flow and ridge breakovadsrbt occur as
a consequence of its convex shape, which resuitétki lower total soil loss compared to M1. The sthaoil surface
cultivation entirely changes the flow patterns hesearunoff is routed directly along the steepest/ fpaths and solely
controlled by the field terrain. For M1, the absend ridges led to a more evenly distributed ruriloffv and a reduced
flow concentration with less erosive power. In cast, for M2 the smooth surface resulted in rumoffting along a
steeper slope and accumulation at the field’s losdgre where higher erosion was predicted.

Our results demonstrate that the plastic coverdderfurrow system considerably increases surfaceffuand
erosion due to a lower permeability and that theofluflow patterns generated by the ridge-furroveteyn and their
effects on erosion is controlled by the field topagahy. On site M1, the ridge-furrow system genetatel 40% higher
soil loss because of its concave shape, and onti2ridge-furrow system separated runoff, constdhiit to the

furrows and prevented flow accumulation due t@dsvex shape.

1.3.3 Soil erosion and conservation potential of owentional and organic row crop cultivation

The analyses of soil loss and erosion control aatat with conventional and organic farming yieldéd following
results for our study sites regarding the individR&SLE factors. The rainfall and runoff erosivibf the Haean
catchment, calculated on the basis of 30 minuteslugon weather station records from May 2009 ax@&mber 2011,
was higher than the aggregated 1 hour resolutiten sigts, by the factor 1.391 (slope of the regoesne), which was
used for correcting thR-factorsfrom January 1999 to May 2009. The average amairaflall and runoff erosivity was

6599.1 MJ mm hAh™ yr* with a strong variability over the 13 years, blsoawithin individual years, which showed
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highly diverse rainstorm peak distributions. Thelaind soils within the study area were characterizg high sand
contents (texture was predominantly sandy loamlaaahy sand) and low organic matter contents (49 &sulting in

an average soil erodibility among the 25 field sitéf 0.0211 t h M3 mm™. The K-factor for the organic fields
(0.0199 t h M3 mm*) was slightly lower than that of conventionally maged fields (0.0219 t h Mdnm), which was

a result of the spatial variation of soil propestiand not the consequence of improved soil chenatits by organic
management (Erhart and Hartl, 2010), which may takey years to develop. The various slope lengtldssteepness
of the 25 fields represented the topographicalalglity of the farmland in the Haean catchment. Blape lengths
ranged from 4.7 to 124.6 m, resultingliffactors between 0.380 and 2.479, and the slope anglesdviom 0.0° to
14.9° withS-factorsbetween 0.030 and 3.828. Despite the ridge-fusgstem on all field sites, the slope angle along
the furrows was still relatively high, which resdt in high P-factors between 0.730 and 1.148, showing that the
contouring control effect is not very effective bhase ridges are usually not oriented along theocwsit The vegetation
measurements of the four major row crops reveaighhh different growth charts, most notably the alion of the
individual growing periods (bean with 157 days,gtotwith 123 days, radish with 82 days, and cabbéte61 days),
but also regarding the development of biomass, manover, and height. The highest leaf biomassitieasthe end of
the growing period was observed for bean (253.3% amd cabbage (134.0 g3n resulting in a higher crop cover
compared to potato and radish, for which the ldargegion of crop biomass is represented by thelow-ground parts.
For potato, after the first half of the growing ipel, we observed a strong decrease in leaf bioraadscrop cover,
associated with an increased development of wexnispared to the other three crops, which showey oedligible
weed biomass and coverage. The yield measuremantsoth farming systems before harvest showed hehigrop
biomass density for conventional bean (1205.5% and potato (1976.0 g fthan for organic bean (995.3 g*rand
potato (1270.9 g i), resulting, for potato, also in a higher crop eofor conventional (26.8%) compared to organic
(12.1%) management. In contrast, radish showedghehicrop biomass density for organic (669.7 §) rthan
conventional (568.0 g ) farming, resulting also in a higher crop covardeganic (71.2%) compared to conventional
(61.7%) radish. The weed biomass density and cewaar consistently higher for organic than convertidarming,
except for bean, which shows similar values undgth Barming systems. For potato, the mean weed désnwas
96.1 g n¥ for conventional and 127.2 g “mfor organic farming and the weed cover was 21.3%d 43.0%,
respectively. For radish, the difference in weedniiss was much higher with 19.1 ¢ rfor conventional and
127.1 g nf for organic farming and weed covers of 3.3% and)%#} respectively. Conventionally grown cabbage
showed the lowest values for weed biomass and cawemg all four crops. These results demonstrade vikeed
biomass and especially the ground cover providedvegds can be highly increased by the absence rofcides
associated with organic farming. However, our nssalso show that organic farming can result ioweer crop yield
and crop cover, which might be a consequence qi-ar@ed competition or herbivory due to the absearideerbicides
and pesticides. The comput€&dfactorsfor the four crops and the two management systrowed a high variability
over the 13 years and for the scenarios of sotudisance and timing of planting and harvesting. rBshowed
maximum values for years with early rain eventpeeglly for late planting and harvest, but no ddesable
differences for the two levels of soil disturbanas,bean fields are more susceptible to erosianr pwiplanting than
after harvest when the monsoon season is alreagly Bean did not show differe@-factorsfor conventional and
organic farming, because crop and weed coverageswaitar for both farming systems. Potato showedkimam
C-factorsfor years, when rain events occurred late in #asen and for a high level of soil disturbance eisig for
the early planting and harvesting scenario, astpdiald are more susceptible after harvest wheits sove barely

covered and disturbed. Potato showed highdactorsfor organic than conventional farming as a conseqa of the
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lower crop biomass and surface cover by crop resigthich has a stronger effect than the higher wamatrage
provided by the organic management. The differdrateveen both farming systems was higher for thedturbance
scenario, as less crop residue, which can actréacsucover, is incorporated. Radish showed itsimam C-factors
for years with early rain events for late plantargd harvesting and for years with late rain evéortshe early planting
and harvesting scenario and for a high level of diiturbance. Radish fields are susceptible tesierofor both
conditions prior to planting and after harvest dwuehe relatively short growing period compared&an and potato.
For radish, we computed low@-factorsfor organic than conventional farming as a conseqa of the higher weed
coverage but also the slightly higher crop yield tlte organic system. The difference between batmihg systems
was considerably higher for a high level of disambe in combination with early planting and harvgstiue to high
amounts of incorporated weed biomass and a higtogrogtion of surface cover by residues when plasti@moved.
Cabbage also showed its maxim@xfactorsfor years with early rain events for late plantaxgd harvest and for years
with late rain events for the early planting andvieat scenario, because the very short growingpgeriakes cabbage
also susceptible to rainstorms occurring prior lanfing as well as after harvest. Also for cabbale,higher level of
disturbance resulted in high€rfactorsdue to the reduced surface cover. The averageab@riactor computed over
all 13 years and different scenarios was highestddish with 0.202 for conventional, and 0.166 doganic farming.
The C-factorsfor bean were 0.121 and 0.120 for conventional @aigdinic farming, respectively, and for potato G.11
for conventional and 0.141 for organic managemEme. average annu@l-factorfor conventional cabbage was 0.128.

The average annual erosion rate over all 25 figdd svas also highest for radish due to the redhtighort growing
period in combination with the high disturbance #mg low amount of crop residue remaining in tleddfiafter harvest
compared to the other three crops. Organic farmedgced soil erosion for radish by 18% (45.51 yi&') compared to
conventional farming (54.8 t Hayr") as a result of the higher weed biomass density aaver at the end of the
growing season. However, our results show thatpttetective effect of weeds can not sufficiently staract the
negative effects of the short growing period, l@sidue, and high disturbance, because the eroatenof organic
radish is still higher than those of the other ¢hoeops. For potato, organic farming increased eaikion by 25%
(38.2 t h& yr') compared to conventional farming (30.6 t-ha') due to the reduced crop biomass and cover, leut th
erosion rate is still lower than those of radisbr Bean, we could not identify considerably diffarerosion rates for
organic (32.5 t hayr') and conventional (32.8 t fiayr") farming. The average annual soil loss for conoesat
cabbage was 34.7 t hgr™. The highest erosion rates among the 25 field sitere computed for steep hillslopes at the
forest edges with maximum values of 93.01 lya" (conventional potato) and 166.4 t'har! (conventional radish),
and the lowest erosion rates were found on fléddien the catchment center with 0.4 and 0.7t yid.

The comparison of the RUSLE simulations to the mests erosion rates for sites M1 (3.65 tthand M2
(0.63 t hd) during the monsoon season of 2010 revealed agstinderestimation for site M1 (1.27 thaalthough the
erosion rate of M2 was acceptably reflected byrtfwelel (0.71 t hd). The insufficient performance for M1 might be
explained by the runoff generation and flow accuatioh associated with the plastic covered ridgeesygsproducing
breakovers and gully erosion (chapter 3), whicmoate adequately modeled by RUSLE. However, timeilsited soil
erosion in this study reflects the average so# lae estimated by'Cs (41.8 t ha yr?) for a long-term agricultural
hillslope in the Haean catchment (Meusburgerl, 2012). Also the comparison to other erosion issidn dryland
fields in the Kangwon Province (Juefjal, 2003, Chokt al, 2005) show that the long-term erosion rates peed by
RUSLE are plausible.
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1.4 Conclusions and recommendations

In three different studies, this thesis analyzedriajor factors and processes that control soslienorelated to typical
farming practices on dryland fields of a mountamdéandscape in South Korea. The focus of the ffivst studies was
the widely applied plastic covered ridge-furrowtsys and its effects on subsurface water flow, tirailon, runoff

generation, and associated erosion rates. In trek gtudy, we focused on the impact on erosion thedconservation
potential of organic farming systems, which becamémnportant management practice in the Korearcalmire during
recent years. The following three sections sumraattiz main conclusions of the three studies reltigte initially

stated hypotheses (section 1.1.2), present tingitalions, and give recommendations for future aese

Study 1: flow processes of plastic covered ridgesfu cultivation

In our first study, we analyzed the flow processfiected by the plastic covered ridge-furrow systesimg dye tracer
irrigation experiments. We found that the ridgeréuv system, especially when ridges are covered plahktic, increase
the amount of surface runoff due to the topograging the impermeable polyethylene film. We can,dftee, conclude
that our first hypothesis formulated for this stuthn be confirmed. Our results show that the mlastivered ridge-
furrow system induces preferential infiltrationfurrows and planting holes due to the topography jlastic cover.
We can, therefore, also confirm the second hypathékwever, the results also demonstrate thairtipact on the
subsurface flow processes is relatively small. fltny processes are primarily constricted to thedgaopsoil horizon,
which shows highly different soil physical propestithan the subsoil horizons below the tillage gameferential
macropore flow could not be identified in our expants. Therefore, the third hypothesis formulak@dthis study
must be rejected, and we can conclude that agni@llthemicals are primarily transported laterallyng the tillage
pan to surface water bodies.

However, our dye irrigation experiments were conedonly on two field sites, which may not reprégbe whole
variety of soil conditions in this region. Own seilrveys in the Haean catchment demonstrated thatlinagricultural
soil profiles are characterized by replenished gaiog soil horizons and that the subsoil can haghl variable
properties depending on previous land use and neamagt conditions. Nevertheless, our observations/ghat most
of the profiles feature a clear separation betwesatively coarse, incoherent top soil material d@he underlying
cohesive finer-textured subsoil layers. Althoughr @xperimental sites can not cover the whole warigt soil
characteristics, we can assume that they reflecbéisic physical properties controlling subsurfaeger flow and that
the observed flow patterns apply for most of thglaird fields in the Haean catchment. An additiosiaiplification
was given by the automatic sprinkler used for thigation experiments, which could not completedflact heavy
monsoonal rainstorm events. The amounts of irrthat@ter during the experiments (37 to 45 mm) réflecly
moderate monsoonal storms in this region. Extrewests with long duration and high intensities preably change
the proportion of infiltration and runoff, as affed by the plastic covered ridge-furrow system, @ftlence the
subsurface flow patterns, for example the effautisiced by the root system. Furthermore, the impzfatsal raindrops
could not be accurately simulated by the sprinklecause drop size and fall height were very sraalllting in a low
kinetic energy (Bogneet al, 2012). Rain splash, soil particle transport, dagosition on the surface may additionally
affect infiltration patterns and runoff amountsaasonsequence of a changing microtopography, eallrngy, and crust
formations. Nevertheless, our experiments reve#iedbasic infiltration patterns and subsurface flprcesses as
affected by the ridge-furrow system and polyethglenulch, which are responsible for pollutant tramsprunoff

generation, and soil erosion on the agricultuet in the Haean catchment.
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Our findings may be complemented by additional aeste studies to fully understand all different meses related
to plastic covered ridge-furrow systems under monab climate conditions. During our irrigation exipeents, we
additionally monitored the soil surface developmesihg a stereo system consisting of four singhs-leflex cameras.
The stereo images can be used in further studieevelop digital terrain models of the soil surfaceanalyze the
interactions between surface soil redistributiomcpsses and subsurface flow (Bogeeral, 2012). In order to
reproduce real rainfall characteristics and théabédity of monsoonal storm events, we suggestitigrovement of our
experimental design by the development of an iategr rainfall simulator, which allows us to contrainfall intensity

and drop size, combined with dye tracer applicasind the stereo camera system.

Study 2: runoff patterns and soil erosion of plastvered ridge-furrow cultivation

In our second study, we analyzed the effect ofptlastic covered ridge-furrow system on runoff paiseand erosion
rates in combination with the farmland topographing field observations and the EROSION 3D modke flesults of
this study show that the plastic covered ridgeeiwrsystem generates higher amounts of surface frdonefto a lower
permeability, which leads to a considerably inceglasoil erosion. Furthermore, our results demotestteat the runoff
flow patterns generated by the ridge-furrow systemd their effects on erosion, is controlled by fib&l topography.
We can therefore conclude that both hypothesesuiated for this study can be confirmed.

However, in our study, we could not consider tHea$ of rainfall interception and stem flow on offngeneration,
because we did not have quantitative informatioauatthe infiltration amounts caused by stem flowdemplastic
mulch conditions. After plant emergence, stem flmam lead to local infiltration of the above-croginfall around the
stems into the planting holes (Saffigetaal, 1976, Jefferies and MacKerron, 1985, Leistra Bodsten, 2010), which
was also observed in our first study (chapter 2)afkonsequence, stem flow effects during the mawap stage could
potentially result in higher infiltration rates ama lower soil erosion in the furrows (Wan and Elegfy, 1999).
Therefore, the effects of plastic mulch on runaghgration may be overestimated for the rainfallqosr throughout
this study. Nevertheless, stem flow is only relévan infiltration and runoff generation, when aghicovering crop
canopy is developed. For the time periods betweedlsed preparation and plant maturity and afteessgmce, stem
flow effects on runoff generation can be considemschegligible. We, therefore, believe that our elabssumptions
were reasonable for evaluating the elementary tsfigcplastic mulch on runoff and erosion for potatiltivation over
the season. However, other crop types cultivatezlimstudy area, such as bean, radish, and cab&@geharacterized
by entirely different structural conditions and opy development over time, which may result in dieeeffects on
infiltration and runoff generation caused by intgtion and stem flow throughout the growing seagaditionally,
our experiments were conducted only on two fieldsswith a specific topography and ridge orientation the basis of
these sites, we could demonstrate the importan¢beofandscape topography in combination with thentation of
ridges and furrows on erosion rates, but our sitaynot represent the variety of different fieldsl dopographical
conditions within the complex terrain of Korean ersheds. In order to assess soil erosion and setlitmasport
within those complex landscapes, it may be necgdsaidentify general patterns related to topogsaphd tillage
orientation, which can be used for large-scale rhapplications. Watershed-scale models, such as B@#l INVEST
generally work on the basis of coarse digital eievamodels that cannot adequately represent toagming systems
and their orientation, which can result in strongm and underestimations of erosion rates.

To better understand the hydraulics of overlandvfls affected by plastic covered ridge-furrow systeand its
impact on soil erosion rates, we suggest additionadleling studies that cover a broader variety iffernt field

topographies occurring in complex mountainous vefiiedls and that account for various ridge-furrowfigorations.
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The development of required high resolution digterain models based on tachymeter measurementsnotabe
applicable for a large number of field sites andildobe replaced by the LIDAR (light detection arghging)
technology that can be used to develop high reasolubpographical data over large areas (Jagted, 2007). The
results of those studies can help to develop cooretactors for large-scale models to improve tleedsion prediction
for mountainous watersheds. Additionally, we recanth further research focusing on crop canopy iefgfen and
stem flow under plastic mulch cultivation to fullynderstand the processes of runoff generation. @shmepsive
lysimeter studies, such as those of the Nationa@damy of Agricultural Science of Korea (NAAS) (edginget al,
2003) can be conducted to directly compare infittra and runoff amounts of plastic covered to nomered
cultivation for different growth stages of variodig/land crops. The findings of these studies caalbe implemented
for the application of watershed-scale models fdretter representation of runoff generation fofedént crop types

over the season.

Study 3: soil erosion and conservation potentiat@fventional and organic row crop cultivation

In our third study, we analyzed the impact of carti@nal and organic farming on soil erosion andrthenservation
potential for row crop cultivation using measureyetation parameters and the Revised UniversalL®s# Equation
(RUSLE). The results of this study demonstrate Wetd biomass and especially the ground cover geovby weeds
can be highly increased by the absence of herlsic@deociated with organic farming. We can, theegfoonclude that
our first hypothesis formulated for this study ¢snconfirmed. The erosion simulations, howeverwatbthat the soil
loss rates of both management systems exceed,rpgrfa tolerable limits. The OECD (2001) definedl $oss as
tolerable when it is below 6.0 t hgr?, and severe when it exceeds 33.0t y&. The average annual erosion rate of
all four row crops in this study was at least a timit to severe erosion, and in many cases highlygve. Neither
organic nor conventional farming can sufficientowker the amount of soil erosion for row crop cution to an
acceptable level. We can, therefore, conclude dbatsecond hypothesis must be rejected, and tlgginar farming
alone cannot be used to effectively control sakern on mountainous farmland in South Korea.

However, this study was based on crop and weedeptiep, which were measured within one season driig.
effects of crop rotation on the soil and surfaceditions of the agricultural fields were not coresield. We have shown
that different crop types can produce stronglyed#ht above-ground and below-ground biomass dessitithe end of
the growing season, which may affect the biomassd pb the soil of the following season. Based oopciprice
fluctuations and governmental subsidies, conveati@nd organic farmers may have different stratedoe crop
selection, which can result in different sequeramfesultivated crop types. Specific configuratiorfscoops over many
years may have long-term effects on the soil camtiitand, as a consequence, on the erosion rdted) eould not be
covered with our study. We additionally assumed timh conventional and organic farmers apply #maestechniques
for soil management, namely the annual tillage teefeedbed preparation. In fact, in some casexbserved that
organic farmers in the Haean catchment plantedscfop. bean) in already existing ridge-furrow syss of the
previous season without additional tillage. Suchgerary no-till cultivation may considerably redube soil loss rate
of the associated field sites and can stronglyrdmurte to erosion control for organic farming sysge Nevertheless,
this cultivation strategy was only rarely obserasdl may, so far, only play a marginal role for @nsrevention in
the study area.

In order to understand also the long-term effedtdaih farming systems on soil erosion, additiomaideling
studies may be conducted, which consider crop se@seover many years and potential differenceshéntillage
management. RUSLE and RUSLE2 (USDA, 2008) can Ipdieapto run different scenarios of crop rotationusing
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the biomass conditions at the end of one seasanitias$ conditions for the following season. Thejuired information
about crop selection and applied soil managemanbeaobtained by additional questionnaires of Iéaahers or from
crop statistics provided from agricultural agenciesrthermore, we recommend that these studieswgyported by
additional field measurements of crop and weed besybeyond the crop growing season to obtain irdtiom about
the weed development after harvest and decomposiis of the plant residues. The findings oféhmgasurements
could also be used to further develop and updateicuUSLE factors for different crops and manageinstrategies,

which can help for improving soil erosion predicisoof SWAT and InNVEST on the watershed-scale.

Although our studies were subject to different tations and simplifications, we could identify thiajor processes and
factors controlling water flow, runoff generatioand soil erosion, as affected by the dominant diy/léarming
practices of a mountainous watershed in South Kdsed replenishment and tillage operations leadateral water
flow and transport of agricultural chemicals. Rigfgerow cultivation with polyethylene cover suppothe generation
of surface runoff and increases soil erosion. Furttore, the ridge-furrow system can generate cdrated runoff
flow resulting in severely accelerated erosion jlygformation, depending on the field topograpmdathe ridge
orientation. The absence of agricultural chemidalorganic farming systems supports the developnoéniveed
coverage in the furrows, but does not sufficiemdgiuce soil loss from the field sites. Based ongiaerally high soll
erosion rates on dryland fields in the study aneacan conclude that the applied management peactie not capable
for effective erosion control and soil conservation

However, based on our findings, we could identififedent measures of modification of the currentnagement
practices, which can help to reduce the erosidqg visthout implementing entirely new conservati@chniques. The
first measure addresses the reduction of runoféggion caused by the plastic covered ridge-fursgstem. Instead of
using impermeable polyethylene covers of the ridgeswould recommend the application of perforgikdtic sheets
for row crop cultivation. The plastic perforatioarchelp to increase infiltration rates into thegad and reduce runoff
accumulation in the furrows. As a consequencegthsion risk and also the transport of agricultef@micals could
be diminished, especially in early growth stagefoteehigh canopy covers are established. At theestime, the
benefits of plastic mulch for example for crop gi@ind weed control (Lament Jr., 1993) can be miaigda The second
measure targets a well-directed construction ojesdand furrows within the individual field sitds. a complex
mountainous landscape with a highly variable topphy, the ridge-furrow cultivation should be penfied carefully in
order to prevent severe erosion damages. We recocththat ridges are located preferably parallel wlitd contours,
or, if not applicable, oriented towards the fieldiges in order to drain surface runoff away fromrdegions and to
prevent concentrated flow within the fields. Howewshen draining overland flow towards field edgé® transition
zones between the field and the surrounding margiggire special consideration. In order to prewnsion damages
caused by accumulated runoff along the edges, anvéflow should be drained preferably from the vidtlial furrows
directly into adjacent buffers or filter strips. &my case, the slope angles along the ridge-fusystem should be
minimized to avoid high flow velocities of surfangnoff and detachment of soil particles. The thrdasure integrates
practices aiming at a better protection of thesswaithin the furrows from erosion by overland floRiceet al (2007)
suggested the establishment of vegetated covereaws, for example by cereal grass cultivation, ahact as “in-
field-buffers” that increase infiltration capaciynd reduce flow velocity due to a higher surfaagghmess. However,
the cultivation of cover crops during the growirgpson could involve competition with the main creyjch could
potentially result in lower yields. Another veryfedtive measure for erosion prevention is mulchiitly plant residues

(Morgan, 2005) that may be used for furrow protetinstead of cover crop cultivation. After the wiog season, soils
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are more susceptible to erosion due to low growners and disturbances during harvest activitié® dultivation of
winter cover crops, for example ryegrass, can le€l ts protect soils for the time period after hat&im et al., 2007)
and may also help to reduce soil erosion by eailystorms in the following year. We, therefore,amenend residue
mulching of furrows during the growing season irmbdnation with winter cover crop cultivation aftearvest to
provide a better protection of the soil surfacetighout the year. The presented management measeréssed on
modifications of the existing row crop farming ptiaes to make them more capable for erosion canBefore
implementing new technologies that may imply addiél costs and use restrictions for farmers, thesasures may be
considered for designing land use plans for sailseovation in the Haean catchment and other Koneauntainous
watersheds.

However, all three studies of this thesis focusely on the on-site factors and processes of ruandf soil erosion
and did not address the fate of eroded sedimersideuof the agricultural fields. Since particulgieosphorus is a
major source of eutrophication, it is essentiateatrol also the transfer of sediment from the agdtirral field to the
downstream water bodies (Duzasttal, 2011). The degree of sediment delivery to domash locations is highly
dependent on the land use and land cover pattéthe tandscape (Congt al, 2011). When sediments leave the edge
of the field sites, they generally pass other laags elements, such as field margins, ripariarsferdarm roads, and
also adjacent field sites, before entering surfeater bodies. In a comprehensive study using th@ERN 3D model,
Stockler (2012) identified the location of erostustspots and the pathways of transported soilsmitte entire Haean
catchment. This study provides valuable informatibout the function of the different landscape elets for sediment
retention and their contribution to water qualignservation. Especially field margins, which camn ag vegetative
buffers, can play an important role in controllithge off-site damages of erosion by slowing dowrfagig runoff and
retaining sediment, nutrients, and other agricaltahemicals. An essential role for the effectivemnef such vegetative
buffers plays the architecture of the vegetatiod #re plant species composition (Duzattal, 2011). In 2012, a
research study was initiated in the Haean catchiieensing on the vegetation structure of existiieddf margins and
their capability for sediment retention (Hamadaakéd Ali and Bjérn Reineking, personal communiaatiol he
outcome of this study can give important insigh® ithe role of field margins for erosion controidamay provide
important additional information for future consation planning for the agricultural areas of moumdas landscapes

in South Korea.
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1.5 List of manuscripts and specification of indivilual contributions

The three studies described in this thesis refdhree different manuscripts. One manuscript ieinew for the ISELE

2011 Special Collection of th€ransactions of the ASABBne is submitted télydrological Processeand one to

GeodermaThe following list specifies the contributionstbe individual authors to each manuscript.

Manuscript 1
Authors

Title

Journal
Status

Contributions

Manuscript 2
Authors

Title

Journal

Status

Contributions

Manuscript 3
Authors

Title

Journal
Status

Marianne Ruidisch, Sebastian Arnhold, Bdduwe, Christina Bogner
Effects of ridge tillage on flow processeshe Haean catchment, South Korea

Hydrological Processes

submitted

M. Ruidisch idea, methods, dataestibn, data analysis, modeling,
manuscript writing, figures, discussion, manusoeghiting,
corresponding author

S. Arnhold data collection, data analysis, distan, manuscript editing

B. Huwe idea, discussion, manuscript editing

C. Bogner idea, discussion, manuscript writingnorscript editing

Sebastian Arnhold, Marianne Ruidisch, Sad3grtsch,
Christopher L. Shope, Bernd Huwe

Plastic covered ridge-furrow systems on maurdgus farmland:
runoff patterns and soil erosion rates

Transactions of the ASARESELE 2011 Special Collection)

in review

S. Arnhold idea, methods, data ctithe, data analysis, modeling,
manuscript writing, figures, discussion, manusoeghiting,
corresponding author

M. Ruidisch data collection, data analysis, disous

S. Bartsch data collection, discussion

C. L. Shope idea, discussion, manuscript editing

B. Huwe idea, discussion, manuscript editing

Sebastian Arnhold, Steve Lindner, Bora IE®ily Martin, Janine Kettering,
Trung Thanh Nguyen, Thomas Koellner, Yong Sik Bé&nd Huwe
Conventional and organic farming:

soil erosion and conservation potential for roapcecultivation

Geoderma

submitted
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Contributions S. Arnhold idea, methods, data ctithe, data analysis, modeling,
manuscript writing, figures, discussion, mamip editing,

corresponding author

S. Lindner data collection, data analysis, dismirs

B. Lee data collection, data analysis, discussion
E. Martin data collection, discussion

J. Kettering data collection, data analysis

T. T. Nguyen idea, discussion

T. Koellner idea, discussion, manuscript editing

Y. S. Ok discussion, manuscript editing

B. Huwe idea, discussion, manuscript editing
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Chapter 2

Effects of ridge tillage on flow processes in the &kan catchment, South Korea

Marianne Ruidisch, Sebastian Arnhold Bernd Huwe, Christina Bognef

! Department of Soil Physics, University of Bayreutiiversitéatsstrale 30, 95447 Bayreuth, Germany
2 Department of Ecological Modelling, University B&yreuth, Dr.-Hans-Frisch-StralRe 1-3, 95448 Bayre@ermany

Abstract

The intense agricultural land use has a considetiaipact on water quality worldwide. A detailed amstanding of the
transport of agrochemicals requires knowledge abflawt processes and how they are affected by akgmiah
management operations like tillage. This is esplgdimportant in regions influenced by extreme storm events. We
carried out four dye tracer experiments on two etbagricultural dryland fields in South Korea tomare flow
processes under (i) conventional tillage, (ii) addlage, (iii) ridge tillage with plastic mulcland (iv) plastic mulched
ridge tillage with well developed potato crops. Weind that the ridge topography enhanced the iafitin in
depression zones like furrows and planting hole=e®r in the soil, the water flow was funneled gnexfitially above
the tillage pan, however, preferential macropooe/fto greater depths was absent. Furthermore, urdfsubstantially
higher surface runoff under ridge tillage with plasnulch before the crop canopy was developedréfbee, to reduce
surface runoff, we suggest to encourage crop ptadudn ridge cultivation with perforated plastic ufoh.
Additionally, to reduce the leaching risk of agrenticals and fertilizers via subsurface flow abdwe tillage pan, we

propose the establishment of riparian buffer zdoete/een dryland fields and the river network.

Keywords: Agricultural soils, Dye tracers, Preferential flpwlow patterns, Ridge cultivation, Tillage managarm

31



Chapter 2 - Effects of ridge tillage on flow proses

2.1 Introduction

Worldwide, intense agriculture is accompanied kgreasing use of fertilizers, pesticides and hedeigito meet the
food demand of a growing population. This trend aa®nsiderable impact on ecosystem servicesginns like East
Asia that are characterized by seasonal extremmestoaim events, leaching of agrochemicals plays ya riede in
pollution of freshwater resources. Over the lastades, a substantial increase of extreme rainfaihdg the summer
monsoon has been observed for western, southweatarsouthern parts of China and South Korea (&tsak, 2010,
Zhaiet al, 1999, 2005). Non-point-source pollution likeensified export of sediments and nutrients fronicadjural
land in combination with these increasing amoumtd antensities of precipitation strongly affectse tfresh water
resources of lakes and reservoirs and results tarveality degradation in these regions (Pairlal, 2010, Zhanget
al., 1996).

To determine the pathways of agricultural pollusamte have to identify the dominant flow processesgricultural
soils. In general, two major types of water flow $oils can be distinguished: uniform and non-umifofi.e.
preferential) flow. The latter is characterized Water and solute movements bypassing a fractiothefporous soll
matrix and can further be classified into a) maorepflow occurring in root channels, earthworm bws, fissures or
cracks, b) unstable flow induced by textural laygriwater repellency, air entrapment, or continunas-ponding
infiltration and c) funnel flow describing lateradirection and funneling of water caused by tealtdtoundaries
(Hendrickx and Flury, 2001). Preferential flow patire responsible for rapid water movement andesdtansport to
greater soil depths or groundwater (Bogeesl, 2010, Gistet al, 1998, Sininek et al, 2003). Their occurrence in
soils depends on soil texture, soil structure, twpphy, surface microrelief, and management as agebn the initial
soil water content and the intensity and duratibramfall (Bachmairet al, 2009, Jarvis, 2007).

Preferential flow is all the more important wheteimse agriculture is practiced under the influeot@nonsoon
climate. In South Korea, for instance, a consideramount of chemical fertilizer of up to 450 kg his applied yearly
on dryland farming fields (Statistics of Korea)t#dugh high rainfall intensities strongly supporéferential flow in
macropores, the leaching of a particular agrochahaigent depends on its sorption characteristatsira of biological
transformations and the form of its applicatiorryia 2007).

Agricultural management practices like ploughingrrbwing, drilling, and wheel traffic have been ntiéed to
strongly affect water flow and infiltrability (Bogmet al, 2012, Kulliet al, 2003, Peterseet al, 2001). Both Bogner
et al (2012) and Petersest al (2001) found that the tillage pan could initiatater funneling and disconnect
macropores situated below from processes in theghked horizon. Furthermore, Kudit al (2003) noted in their study
that wheel traffic caused soil compaction alonghwdecreased permeability and macroporosity and astgxp water
ponding in the compacted parts of the soil.

Ridge cultivation is another common managementtipeador example in vegetable production and wamibto
have positive effects on crop yield and weed cdntteen using plastic mulch (Lament Jr., 1993).elffects on water
flow and solute transport, however, has rarely bieeestigated and most of the studies concentratedoil water
dynamics in ridge cultivation systems without plashulch. Leistra and Boesten (2010), for instanmeported that
runoff from ridges to furrows (i.e. induced by saé topography) led to higher soil moisture indws. Thus, water
movement occurred laterally from furrows to ridgasl vertical water flow and solute movement undeégeas was
minimized (Bargaet al, 1999). However, the effect of plastic mulchatha cultivation systems on non-uniform flow

regimes has not been considered in the literatufars
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In our study, we used the food dye tra@illiant Blue FCF to directly visualize flow patterns in irrigation
experiments under (i) flat conventional tillagd) (idge tillage, (iii) ridge tillage with plastienulch, and (iv) ridge
tillage with plastic mulch cropped with potato pmBrilliant Blue is often used in tracer studies in soil hydrolagyl
is well known for its low toxicity, relatively higimobility and good visibility against most soil oo$ (Flury and
Flihler, 1995). Our objectives were (i) to compartration and surface runoff under differentldije management
systems, (ii) to investigate the effect of ridghagje, plastic mulch and the crop root system awflpatterns
qualitatively using binary images and index funeipand (iii) to evaluate the sustainability of tidge cultivation
systems in terms of pollutant transport.

2.2 Materials and methods

2.2.1 Study site

The Haean-Myeon catchment, also called Punchbo®28°('33.101” E, 38°28'6.231" N) is located in éh
mountainous northeastern part of South Korea aagpsoximately 64 kfmlarge. The bowl shape is characteristic and
subdivides the catchment into three major landzases. The steep hillslopes are mostly foreste@ofsd the more
gentle ones are dominated by dryland farming (229e paddies (8%) are characteristic for the edrarea of the
catchment and the remainder is occupied by resigrgrassland and field margins. The annual pretipn in the
Haean catchment is about 1577 mm (11 years avereige)50 to 60% of the annual rainfall occurringritig the
monsoon season from June to August.

The geology of the catchment is dominated by geamitdrock material, which is strongly weathered tuhe high
precipitation rates. It constitutes the parent miatéor Cambisols- the most widely spread soil type. As a consegeen
of extreme rainfall events during the summer monsaloe upper soil horizons are often eroded. Topmmsate this
high erosion loss, the local farmers commonly bisagdy soil material at the beginning of the grgnva®ason from
outside of the catchment and distribute it on tfields.

On the dryland fields, agricultural farming usuadiarts between April and May depending on the ¢yppe. The
common procedure is a primary fertilization usingpenal fertilizer in form of granules and a subsegfuploughing to
mix them into the top soil. Therefore, a tillagenpa characteristic for the most dryland farmingssoAfterwards,
ridges (approx. 15 cm height, 30 cm width) are te@aerpendicularly to the slope with a ridge tige spacing of
approx. 70 cm. Typically, the ridges are coverethwai black plastic mulch (polyethylene) perforateith planting
holes (diameter 5 cm) spaced by 25 to 30 cm whieftirrows remain uncovered. Depending on the type, seeds
are sown or juvenile plants are planted after tleaton of the ridges. During the growing seasarpitides and
pesticides are applied several times and fertdizpread a second time depending on the crop Eypally, harvesting

usually begins in late August to September.

2.2.2 Experimental set-up

We carried out four irrigation experiments at twotgio fields Solanum tuberosumon hillslopes. Field site 1
(128°6’32.625" E, 38°18'4.148” N) was located andistance of approx. 830 m from field site 2 (28%4.803" E,
38°17'43.254” N). Both soils can be characterizsistrongly anthropologically modifiefambisolswith eroded A-
horizons. Indeed, intense fertilization and appiora of pesticides and herbicides have alteredsthitss chemically.
Additionally, allochtonous sandy soil material wamsead several times on top of the fields. Thessedre classified as

aterric Cambisoland aterric Anthrosol over haplic Cambis@lUSS Working Group WRB, 2006) with a slope of 8°
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and 6° on field site 1 and 2, respectively. We ekt these fields because their slope degrees @hgblg/sical

properties were comparable (Table 2.1).

Table 2.1Soil physical properties of the experimental sites

Horizon DeptH! Clay Silt Sand Soil texture  Bulk density
(WRB) (cm) (%) (%) (%) class (g ¢t
Site 1 Ap 0-25 3.2 16.4 80.3 Loamy sand 1.43
2Apb ™ 25-50 20.2 53.4 26.4 Silt loam 1.45
Bwb 50-100 24.8 46.6 28.6 Loam 1.38
Site 2 Apl 0-35 1.9 145 83.6 Loamy sand 141
Ap2 35-45 8.1 28.9 63.0 Sandy loam 1.66
Ap3 45-55 7.6 27.9 64.5 Sandy loam 1.61
2Apb 55-70 20.9 58.2 20.9 Silt loam 1.28
2Bwb 70-100 13.6 38.9 47.5 Loam 1.56

el approximate depth
™ horizon continuous in the second experiment (Rly o

We carried out the first two experiments on fielkd 4 and the last two at field site 2. The firgperiment (CT) took
place after ploughing and before ridges were coeate that the soil surface was flat and represeotaventional
tillage management. The second one (RT) was caotie@fter the creation of ridges. At field sitepdtato crops were
planted in ridges covered with black plastic mulahd we conducted the third experiment ¢BTin the early season
when seed potatoes were just sown. Finally, theildgation (RTomcropd followed in the later season when potato
crops and their root system were already well agped. In the following, we use CT, RT, Rland RTmcropst0 refer

to the corresponding experiments or plots.

Before irrigation, we installed soil moisture serss(@ecagon devices, Inc., Pullman, WA-99163, UgAinonitor
the volumetric water conteft, . These sensors measure the dielectric constaatlin frequency domain technology.
On CT, they were placed in 5 and 20 cm depth frbenflat soil surface. In experiments RT and,RTtwo sensors
were situated in furrows in 5 and 20 cm depth ftb furrow surface and another two in ridges im& 20 cm depth
from the ridge surface. Due to technical probleths, fourth experiment was carried out without anif moisture
sensors. We recorded the values of soil moistura & minutes interval on a data logger (Decagoricdsy Inc.,
Pullman, WA-99163, USA).

We irrigated a surface of 2°muith a tracer solution containing 5 g'Lof Brilliant Blue FCF using an automated
sprinkler. Because this tracer can be retarded acedpto infiltrating water (Flury and Fliihler, 199%/e added 5 g T*
potassium iodid®n plots CT and RJ, as a reference tracer. To calculate the amoustidfice runoff the irrigation
area was equipped with an infiltration frame. lacheled the surface runoff via internal tubes lnickets outside of
the frame. The total time and amount of irrigati@ried among experiments due to technical problests blocked
sprinkler jets. However, the experiments were stilhparable (Table 2.2).

One day after the irrigation, we excavated 8 tosad profiles of 1 by 2 m spaced by 10 cm on ealci. g-or
visualization of the iodide tracer, an indicatotusion with iron (lll) nitrate and starch was prepared (Lu and Wu,
2003) and sprayed onto the excavated soil profifdisprofiles were equipped with a metallic framé n? and a
Kodak color scale and photographed with a digitagle-lens reflex camera (Canon EOS 1000D). Ondygérts of the
profiles surrounded by the frame were analyzed.

The soil profiles were sampled systematicallyBinlliant Blue stained and non-stained areas to determine soll

physical properties. We carefully scraped soil makéom different profiles and analyzed the textin a laser particle
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size analyzer (Mastersizer S 'MAM 5044’, Malverrstiuments GmbH, Herrenberg, Germany). Additionadlg, took
undisturbed samples with small soil core rings faiter 2.8 cm, height 1 cm) in stained and non-sthjparts. They
were weighted, dried for 24 hours at 105°C in drdrypven and weighed again to calculate the bufisitig

2.2.3 Statistical analysis

The tillage pan was a prominent feature observedilbexperimental sites and might influence thed shiysical
properties. Therefore, we tested whether the balsity varied significantly above and below th&gje pan. There
were no indications that the distribution of théadavas non-normal (quantile-quantile plot and thago-Wilk Test)
or that the variance varied from plot to plot (Bettts Test). Because the sample size differed bebnsoil horizons, we
performed the WelchTest. All statistical tests were done in R (R Cbeam, 2012).

2.2.4 Image processing
We corrected the images for perspective and rais&brtion such that they corresponded to pictta&en by an ideal
camera looking perpendicularly onto the profilese Transformation was calculated by:

A 1

v =m ] (1)
where the parameteris the magnitude of the radial distortidnare coordinates of a point in the original imagd an
are coordinates in the corrected one and the histKeindicate the inner product. if is negative, the distortion is

barrel-shaped, while for positiwg it is pincushion-shaped (Stegstral, 2008). The parameteris obtained in a camera
calibration procedure with a special calibratioatpl Subsequently, we transformed the images fr@B B HSI (hue,
saturation, intensity) color space and classifleght intoBrilliant Blue stained (black) and non-stained (white) parts
resulting in a binary image. Indeed, the HSI cajpace is more suitable for color-based segmentatbimages taken
under varying illumination. More details on imagansformation and classification are given in Baggteal (2010).
For the experiments RT, B, and RTm:cops We additionally produced a second binary backgdomage, where soil
was coded black and the background between riddete WFigure 2.1). The correction of distortion aodlor

segmentation were done in Halcon ver. 10.0 (MVTeftvé&are GmbH, Munich, Germany).

Figure 2.1Images processing from a) rectified dye tracer enag) background image, and c) binary image trsedlculate image indices

2.2.5 Image index functions

We used the binary images to assess differencegbrtthe tillage management systems. The firstebmeriments
(CT and RT) show the influence of soil surface mmaphy on flow patterns in general. By comparing ¢lxperiments
RT and RTm we can infer the effect of plastic mulch. Finallye can extract information about the impact @& th

potato root system on flow patterns by comparirgithages on plot R, with those on Rim+crops
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To effectively analyze the flow patterns in binamages, we calculate image index functions. An xnfimction is
a real-valued function of a row of lengthm in a binary image (i.e. of a binary vector). Th&sgections are constructed
such that they are independent of spatial scaleresmlution of the image and confined to the iréf@, 1]. They
summarize different features of a binary image tmwrow. Indeed, because the vertical directionhis primary
direction of water movement in the vadose zonesdHanctions summarize the horizontal and emphabkzeertical
configuration of patterns. For a detailed mathecadiiescription see Trancén y Widemann and Bog2@&tZ) who we
follow closely in the description of image indexfiions stated below. In the following, we identshained pixels with
the integer 1 and non-stained with 0.

Thedye coveragés a well-known index function in dye tracer stuglit shows the proportion of stained pixels:

o)== @

We define contiguous sequences of stained pixefsiras Their lengths represent the width of stained aisjén an
image row and their number is called thder numberNormalized by the maximum number of possible riiesm/2)

gives:

RO
e (=2

whereR; is a function that calculates the sequence oflengths and the brackdts | are the ceiling function that

®3)

rounds up to the nearest integhky.is small, if the patterns are dominated by largensd objects and attains its
maximum of 1 for a regular sequence of alternasiagned and non-stained pixels.

The distribution of run lengths can be summarizgdheir minimum,maximumand median. In our experiments,
however, we only used thrmaximunfor the analysis because it was the most suitablex to distinguish between the
different tillage managements:

e = max(Ry (7)) @

Furthermore, we can measure hoamtiguoughe runs are, by defining:
(R (M), Ry (T))
T
Zi f

The indeterminate case where there are no stairetsin a row is set to 1¢ can be interpreted as the reciprocal of a

()

non-integer measure of the number of stained objeeighted by their size. It behaves differentlynpared to the
other index functions because it is 1 for complesthined and completely non-stained rows. Theegffar an easier
interpretation we used 1lz (i.e. we flipped it horizontally) and called thisw index functioriragmentation
Ie (F)=1-1¢(F) (6)

In an image row where large stained objects domifia. contiguous runs); will be smaller compared to an image
row with smaller stained objects given the samepgriion of staining (i.e. equdl). Furthermore]: equals 0 for
completely stained and non-stained image rows.

Last but not least, we want to assess the infoonatontained in an image rawvia the metric entropy, a version
of the famous Shannon’s entropy. Shannon (194&)elbthe information content of an outcormef a discrete random
variable ash(x) = - log p(x), p(x) being the probability of occurrence of the outeox It is measured in bits. The

average information content (i.e. Shannon’s enfrigyefined as:

36



Chapter 2 - Effects of ridge tillage on flow proses

H(X) ==Y p(x)0og, p(x) (7)
xOX
for a set of eventX with probability of occurrence(x;), p(x2), - . . ,p(X,). Among all distributions witm possible

eventsH attains its maximum of lga for the uniform distribution. This is intuitivelglear for the average information
content is equivalent to our uncertainty about Whégent will occur. In other words, Shannon’s epgraneasures how
much information is “produced” by the random valgali-or an event that will certainly occiit,is equal to 0.

Now let's consider the staining of a pixel as reation of a binary random variable (i.e. possiblécomes are
stained or non-stained). In this cakkjs maximum forp(1) = p(0) = 0.5 and is called the binary entropy function
Replacing the theoretical probabilities in (7) byprical frequenciesp(0) andp(1), we can calculate Shannon’s

entropy via:

H(r)=-[p(0)tog, p(0)+ p(1)og, p(1)] (8)
Often, it is more informative to consider the epyr@f substrings or wordsi() of lengthL in a binary vector (Ebeling
et al, 1995). Normalizing by yields the metric entropy:

e (F) = 1 CH (W (1) ©

whereH is the generalization of Shannon’s entropy for dgoof lengthL. In other words, the random varial{grom
equation (7) is defined to pick an arbitrary wofdemgthL from F . For our images, we chose= 8.W_ is a sliding
window function that moves through the image rbwo produce the different words. The metric entrgpyes useful
values, only ifm >» L. Compared to Shannon’s entropy in equation (79, nietric entropy allows to assess the
correlation structure inside words. Indeed, megmitropy attains its maximum when single pixelshe tvords are
uncorrelated and decreases for correlated pixelsbiRary sequencek,g, is confined to the interval [0, 1].

Special care should be taken when calculating imadex functions for soils with an uneven soil sigd.
Therefore, to differentiate between soil and noih-so the ridged surface of RT, B, and RFm+crops We used the
background binary images (Figure 2.1b). Areas ifledtas non-soil were omitted. Additionally, wesdarded the first
and the last profiles completely because of edégcksf and used 8 images for CT, RT, and,JRdnd 5 images for
RTom+crops The image index functions were calculated in RC@Re Team, 2012).

The interpretation of differences in tillage managat systems is based on median values of imags ifioehctions.
To better understand which features of flow pateare reflected by these functions, we first gimeeaample of a
single profile from R, (Figure 2.2). As indicated by circles and arroth, index functions are sensible to different
relevant features and complement each other. I ttae dye coveraghk, increases when the stained objects become
larger (red arrow), however, it is not sensitivalifferent pattern configurations. By contrdstincreases when smaller
stained objects appear and the pattern is fragmefitee metric entropijeg indicates that at the scale of 8 pixels we
find a strong correlation in our patterns. In othewrds, there are only few different words of lén@ (namely

predominantly those with 1s only or Os only) beedlasge stained and non-stained areas alternate.
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Figure 2.2 Left to right: example of a binary image and thiredex functions: dye coveragdig fragmentatiori- and metric entropies. The gray

background represents the soil profile and thestigmed patterns are shown in black. For explanatiecircles and arrows see section 2.2.5

2.3 Results and discussion

2.3.1 Water balance and water content

We observed the largest infiltration and the snsaltenoff on plot CT (Table 2.2). The amount ofilirdited water
decreased and the surface runoff increased frorto®IT and further to R, due to the surface topography and plastic
mulching of the ridges. In experiment RJ approx. 50% of the total amount of irrigation @ratontributed to the
runoff. By contrast, on Ri.:crops the infiltration increased again and the surfaseff decreased to 31% compared to
RT,m probably due to the well developed crop canopgedd, interception and throughfall of irrigated evamight
have reduced the formation of surface runoff. Gaults agree well with Saffigret al (1976) who investigated non-
uniform infiltration patterns caused by hilling apdtato canopy. These authors also found an inedeasoff from

ridges.

Table 2.2Total amount of irrigation and its partitioningansurface runoff and infiltration

Total amount of

irrigated water Infiltration Runoff
Experiment (L) (L) (%) L) (%)
CTH 87 69 79 18 21
RT™ 74 46 62 28 38
RTpm @ 81 41 50 41 50
RTpmscrops” 91 63 69 28 31
&l Conventional flat tillage

" Ridge tillage
9 Ridge tillage with plastic mulch
¥ Ridge tillage with plastic mulch and potato crops

At the beginning of experiment CT, the water cohiarb cm depth was lower compared to 20 cm delpitpute 2.3).
Approx. 15 minutes after the start of irrigatiohne tsensors placed in 5 cm depth registered anaseref water content,
while the dynamics in 20 cm depth was delayed. Algh flat, the soil surface was inclined, which lekps larger soil
moisture values measured by the FDRs situated dopm$FDR 2 and FDR 4).

On plots RT and R, we found higher water contents in furrows atlikeginning of irrigation. This was probably
caused by previously preferentially infiltrated eatue to topography effects. Indeed, higher soiistare in furrows
due to runoff from ridges was also found by Leistnal Boesten (2010) and Saffigeizal (1976). In 5 cm depth in RT,
the water content went up first in furrows, sinbe tunoff from the ridges accumulated here, and theridges. It

increased only slightly in 20 cm depth.
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In experiment Rj,, the dynamics was comparable to RT except on sidgat were covered with plastic mulch.
The increase in water content in ridges in 20 cptldevas probably related to water, which infiltchfgrimarily in the
furrows and was subsequently funneled laterallyvabthe tillage pan to the ridges. Furthermore, itiigal soil
moisture differed between furrows and ridges sd fitassure head gradients caused lateral water mentefrom
furrows to ridges (Ruidisch, unpublished data). Sehéindings are in accordance with results by Baegal (1999).
They investigated soil water recharge and infilratpatterns in an uncropped ridge-furrow formatiithout plastic

mulch and found lateral water flow from furrowsridges.
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Figure 2.3The dynamics of water content in different depthsrdy the irrigation experiments CT, RT, and,RTThe grey area indicates the time of

irrigation

2.3.2 Analysis of flow patterns

The experiments revealed that firstly, tillage proeld zones of preferential infiltration, namelyréws and planting
holes and zones of no infiltration, namely plastigiched ridges (Figure 2.4). Therefore, the pattsrof the patterns
and the occurrence of preferential flow is a restilthe soil surface topography. Figure 2.5 showesitmage index
functions. In all four experiment$g was approx. 0.1, which is quite small and refletis few vertically stained
patterns. Secondly, the tillage pan was the mogbitant feature for water movement in these agdrical soils, which
was clearly evident by the decrease of all theceslito zero in approx. 25 to 35 cm depth. Furtheemee found that
the bulk density differed significantly (p < 0.0&8pove and below the tillage pan onRBNd RTm:crops(i-€. between
the horizons Ap and Bwb and between the horizon$ &pd Ap2, respectively). However, we could notedetny
difference (p > 0.05) between Ap and 2Apb on RTpdesthe visible funnel flow (Figure 2.4) due toxtigral

differences (Table 2.1). Thirdly, the shape ofitidex curves shows that in our experiments watev ficcurred in the
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topsoil and was funneled preferentially above ilteege pan. Indeed, the vertical propagation todbeper soil horizons
via macropores was absent. This was also confirmyedomparing theBrilliant Blue stained patterns to thedide
patterns. The propagation of tleelide tracer solution was exactly equivalent to thaBdfliant Blue FCF. This result
contradicts the findings by Flury and Fluhler (1990 reported thaBrilliant Blue FCF was retarded by a factor of
1.2 compared to thiedide tracer. We explain this disagreement by the sdexiyire of the top soil and, thus, its large
hydraulic conductivity.

The effect of the ridge topography experiment RT was well represented by the irgligelr, Iyes andlyax. Both
I (max = 0.64) andles (max = 0.35) were larger on RT compared to CT (ipax 0.48 and max(;es) = 0.21), which
reflected the typical dye pattern induced by toppy effects. Indeed, the alternation between etbfarrows, stained
inner parts of the ridges due to infiltration impting holes, and unstained parts on the innes fi¢he ridges are the
prominent features (Figure 2.4). The indgxx with a maximum of 1 reflected the homogeneous ematinuous
infiltration on CT. It remained large down to thepdh of the tillage pan indicating homogeneous mdtow.
Similarly, looking at the uppermost cm of RT, whéhne tracer infiltrated homogeneously as well, \g® dind a large
Imax (Max = 0.75).

The effect of plastic mulcban be best extracted by comparipgandlyax on RT and R, On RT,Ip was largest
(max = 1) in the uppermost cm as a result of homegas infiltration. In contrasky on RTym increased to a maximum
of 0.53 in 20 cm soil depth reflecting the highfaae runoff rates from the plastic mulched ridges furrows where
most of the irrigated water infiltrated preferefitiaAdditionally, the blockage of tracer infiltiain caused by plastic
mulch was well mirrored bigax. In fact, the homogeneous matrix flow in the upp@rof RT was reflected by a large
Imax (Max = 0.75), whereas the largégix (max = 0.22) on R}, marked the depth of laterally funneled water above
the tillage pan.

The effect of the root systeon dye patterns was only slightly apparent in latgen approx. 20 cm soil depth on
RTpm+cropsCOMpared to R, The stem flow funneled the irrigation water te filanting holes and, therefore, caused an
additional ponding. After infiltration, the tracsolution was preferentially channeled along liviogts, which resulted
in a maximum ofp (0.66) in the root zone depth. In contrast, th&imam of I, on RT,, without crop roots occurred
in the depth of the tillage pan (0.53). Similatlye largestyax on RTym (0.22) and Rim+crops(0.25) reflected the funnel
flow above the tillage pan under RJand the highly stained root zone on R:E.ps respectively. We observed another
important factor, which was best visible in the fileopictures (Figure 2.4). On Ri.cops Water movement in slope
direction was not longer pronounced compared tg.Rfistead, water was primarily redirected from duvs to ridges
(i.e. up slope). We attribute this lateral flowthe hydraulic gradient with lowest pressure headsd in the inner part
of the plastic mulched ridges where root water kgtiook place. A similar phenomenon was observedRbiglisch
(unpublished data) who found that plastic mulchigildje cultivation led to lateral flow driven by aegssure head

gradient between furrows and the relatively dridges.
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Figure 2.4Example images of excavated soil profiles and thieiary images. From left to right: CT, RT, RJand REm+cops Note that the slope
orientation differs between field site 1 (CT and, Ribpe oriented to the left) and field site 2 fRAND RTm+«ops SlOpe oriented to the right). In the
color image of Rilm+crops the white feature on the right hand ridge is &fgocut in half
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Figure 2.5Image index functions and their 25% and 75% quesifitolored areas)

2.3.3 The effect of tillage management on flow presses and its ecological implications
First, we want to highlight the tillage operationdyich take place regardless of ridge cultivatiathwer without plastic
mulch, namely the distribution of sandy soil makmn agricultural fields prior to planting and tksebsequent
ploughing. Indeed, the distribution of sandy soihterial to counterbalance erosion loss in the Hasstohment
strongly influences the flow processes. This mansge practice leads to an artificial layering wdtiferent soil
physical properties. A cohesive, denser, and fieetured subsoil is overlain by a topsoil constad a non-cohesive
and coarse material. As a result, an importantutektboundary is created with clearly contrastingdriaulic
conductivities between the horizons above and bélofdditionally, ploughing activities create #lage pan and, thus,
further support the structural differences betwenhorizons. We identified these structural fezguo be responsible
for the initiation of the rather uniform flow thrgh the sandy toplayer as well as for the funnel ftm the tillage pan.

Several authors reported that fissures, cracksarttiworm burrows could act as preferential flowhpaspecially
in fine textured subsoils (Bachmadt al, 2009, Weiler and Naef, 2003). Although ploughimgfivities lead to a
discontinuity of macropores between topsoil andssillfGjettermanret al, 1997), preferential flow paths in the deeper
subsoil can still conduct water (Bognetr al, 2012). In our experiments, we could not detest macropore flow,
neither in the topsoil nor in the subsoil. This d@nrelated to the fact that the non-cohesive saophayer does not
have any macropores even before ploughing. Simediasly, the denser and finer textured subsoil ldekacropores
like fissures or cracks, which could initiate prefatial flow. Additionally, we did not observe aswil fauna on our
field sites, which could build a network of macrogs

Ecologically, our findings imply that the risk ofvartical propagation of agrochemicals to grounewét generally
relatively low. On the other hand, the lateral dbilnvater flow above the tillage pan seems to he most crucial
process, to which we should pay particular attentiespecially during the East Asian summer monsedren rain

events can reach more than 100 mm per day, thdldastthrough a coarse textured topsoil lateralya the slope
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seems to play a key role in the transport of agrotbals. Therefore, the field sites, which are fedanext to the river
system, should be recognized as critical locatfongollutants entering the water bodies.

Additionally, the temporal aspect plays an impartarie. We found that in the later season the dmesl potato
crop canopy decreased surface runoff due to irpéoreand throughfall. Additionally, a developeataystem has the
potential to interrupt the subsurface funnel fldvoee the tillage pan, because root water uptakeced pressure head
gradients and therefore influenced water moveméence, the leaching risk via surface runoff andssuiace water
flow is reduced in the adult stage of the crop ttgw@ent. On the other hand, it means that the lagchisk is
especially high at the beginning of the growingsesawhen the plants are juvenile and the fertifizare recently
applied, because in this juvenile stage the inf#ioe and root water uptake are very low. Howetleg, potential for
interrupting lateral subsurface flow due to preeswead gradients depends presumably on the intearsit amount of
rainfall. We can relate the occurrence only toithigation rates, which equaled moderate rain evehB7 to 45 L 1.

Our results suggest that differences between éllagnagement systems have to be considered whierativg the
impact of agricultural land use on ecological segsi The important amount of runoff generated umidigre tillage
cultivation with plastic mulching can increase tisk of surface water pollution and soil erosion.fact, even in the
later season, when the crop canopy was well degdldape runoff still constituted one third of tlmat irrigation in our
experiments. Arnhold (personal communication) com@gaCT, RT, and RJ, plots using the process-based model
EROSION 3D (von Werner, 1995) and found the highresbff and erosion rates under ridge tillage wpthstic
mulching. Additionally, we assume that the widesgresage of plastic mulching in combination witlavye monsoon
events is partly responsible for higher phosphorteeching in the Haean catchment, which is predataely
transported via surface runoff. This is supportgdin et al. (2001) who found that eutrophication and detation of

water quality in downstream reservoirs in Southdéois associated with discharge of phosphorous.

2.4 Conclusions

Different tillage management practices createdchipinfiltration zones (i.e. furrows and plantinglés) and non-
infiltration zones (i.e. plastic covered ridgespwever, the impact of ridge cultivation with or gtut plastic mulch on
the predominant subsurface flow processes is velgtiow compared to the impact on surface runaheration.

Therefore, to reduce surface runoff, we suggesto(@ncourage crop production in ridge cultivatigith perforated

plastic mulch. On one hand, perforated plastic mgleould decrease the amount of surface runoff thid, diminish

the risk of erosion and leaching of agrochemicatpecially in the early season when crops are jlevedn the other
hand, it maintains a positive effect on crop yiatal weed control. Furthermore, particular attensbauld be paid to
the lateral leaching risk of agrochemicals andlieets above the tillage pan particularly on fislites located directly
next to the stream network. Hence, we proposetdiipromote the establishment of riparian buffer eibetween

dryland farming fields and the rivers.

2.5 Acknowledgements

We are grateful to Dr. Baltasar Trancén y Widemémirtechnical assistance and intense discussioeswidld like to
thank Andreas Kolb for his invaluable technical gogt during the irrigation experiments. Furthermave thank Bora,
Heera, and Eunyoung for translating and Farmer &higiving us the opportunity to carry out the exments on his
fields. This study was carried out as part of theernhational Research Training Group TERRECO (GR36511)

43



Chapter 2 - Effects of ridge tillage on flow proses

funded by the Deutsche Forschungsgemeinschaft (DEGhe University of Bayreuth, Germany, and therdém
Research Foundation (KRF) at the Kangwon Natiomavérsity, Chuncheon, South Korea.

2.6 References

Bachmair, S., Weiler. M., Niutzmann, G., 2009. Colstiof land use and soil structure on water movemessons for
pollutant transfer through the unsaturated zdoarnal ofHydrology369(3-4), 241-252.

Bargar, B., Swan, J. B., Jaynes, D., 1999. Soiewacharge under uncropped ridges and furr®ges.Science Society
of America Journab3(5), 1290-1299.

Bogner, C., Gaul, D., Kolb, A., Schmiedinger, luwk, B., 2010. Investigating flow mechanisms iroee$t soil by
mixed-effects modellingzuropean Journal of Soil Scien6&(6), 1079-1090.

Bogner, C., Mirzaei, M., Ruy, S., Huwe, B., 20Microtopography, water storage and flow patterna fime-textured
soil under agricultural usélydrological Processe®Ol: 428 10.1002/hyp.9337.

Ebeling, W., Poschel, T., Albrecht, K. F., 1995.tdépy - transinformation and word distribution affoarmation-
carrying sequencemternational Journal of Bifurcation an@haos5(1), 51-61.

Flury, M., Fluhler, H., 1995. Tracer characteristiaf Brilliant Blue FCF.Soil Science Societyf America Journal
59(1), 22-27.

Gish, T. J., Gimenez, D., Rawls, W. J., 1998. Impécoots on ground water qualitiylantand Soil200(1), 47-54.

Gjettermann, B., Nielsen, K. L., Petersen, C. &nsén, H. E., Hansen, S., 1997. Preferential flosaindy loam soils
as affected by irrigation intensitgoil Technologyt 1(2), 139-152.

Hendrickx, J. M. H., Flury, M., 2001. Uniform andeferential flow mechanisms in the vadose zoneCouncil, N. R.,
(Ed.), Conceptual models of flow and transport in the fiuaed vadose zoneNational Academy Press, Washington
D.C., pp. 149-187.

IUSS Working Group WRB, 2006. World reference bé&se soil resources 2006 - a framework for interoaai
classification, correlation and communication. VddBloil Resources Reports No. 103, FAO, Rome.

Jarvis, N. J., 2007. A review of non-equilibrium teaflow and solute transport in soil macroporesngiples,
controlling factors and consequences for waterityu&uropean Journabf Soil Scienc&8(3), 523-546.

Kim, B., Park, J., Hwang, G., Jun, M., Choi, K.,020 Eutrophication of reservoirs in South Koreannology?2(3),
223-229.

Kulli, B., Gysi, M., Fluhler, H., 2003. Visualizingoil compaction based on flow pattern analySigil and Tillage
Researctvy0(3), 29-40.

Lament Jr., W., 1993. Plastic mulches for the potidu of vegetable cropslortTechnologyd(1), 35-39.

Leistra, M., Boesten, J. J. T. ., 2010. Pestitgdehing from agricultural fields with ridges andrbws.Water Air and
Soil Pollution2131-4), 341-352.

Lu, J., Wu, L., 2003. Visualizing bromide and ioglidvater tracer in soil profiles by spray methodigsurnal of
Environmental Quality2(1), 363-367.

Park, J., Duan, L., Kim, B., Mitchell, M. J., ShiteaH., 2010. Potential effects of climate changd =ariability on
watershed biogeochemical processes and waterygiratibrtheast AsiagEnvironment Internationa36(2), 212-225.

Petersen, C., Jensen, H., Hansen, S., Bender KocB001. Susceptibility of a sandy loam soil tefprential flow as
affected by tillageSoil and Tillage ReseardB(1-2), 81-89.

R Core Team, 201R: a language and environment for statistical cotimgu R Foundation for Statistical Computing,
Vienna. URL http://www.R-project.org/. ISBN 3-900DH7-0.

Saffigna, P. G., Tanner, C. B., Keeney, D. R., 19¥6n-uniform infiltration under potato canopiesusad by
interception, stemflow, and hillinda\gronomy Journab8(2), 337-342.

Shannon, C. E., 1948. A mathematical theory of comioation.Bell System Technical Journar, 379-423.

Simanek, J., Jarvis, N. J., van Genuchten, M. T, G&igeA., 2003. Review and comparison of models &scdbing
non-equilibrium and preferential flow and transparthe vadose zondournal of Hydrology2721-4), 14-35.

44



Chapter 2 - Effects of ridge tillage on flow proses

Steger, C., Ulrich, M., Wiedemann, C., 208&chine Vision Algorithms and Application®&iley-VCH, Weinheim.

Trancén y Widemann, B., Bogner, C., 2012. Imagdyaigfor soil dye tracer infiltration studies, Broceedings of the
3rd International Conference on Image Processingori, Tools and Applications press

von Werner, M., 1995. GIS-orientierte Methoden diitalen Reliefanalyse zur Modellierung von Bod®rseon in
kleinen EinzugsgebieteRhD ThesisFree University of Berlin, Department of Earthie®es.

Weiler, M., Naef, F., 2003. An experimental trastudy of the role of macropores in infiltration gnassland soils.
Hydrological Processe$7(2), 477-493.

Zhai, P., Sun, A., Ren, F., Liu, X., Gao, B., Zhafg, 1999. Changes of climate extremes in Chiematic Change
42, 203-218.

Zhai, P., Zhang, X., Wan, H., Pan, X., 2005. Treind®tal precipitation and frequency of daily pptation extremes
over ChinaJournal of Climatel8, 1096-1108.

Zhang, W., Tian, Z., Zhang, N., Li, X., 1996. Nttapollution of groundwater in northern ChinAgriculture,
Ecosystems and Environmé&® 223-231.

45



Chapter 3 - Plastic covered ridge-furrow systemsonntainous farmland

Chapter 3
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Abstract

Plastic covered ridge furrow systems can substinirdluence runoff and soil erosion on agriculiitand. However,
the impact of this management practice in combamatith a complex farmland topography has not kenoughly

investigated and is still poorly understood. Thalgef this study was to identify how topographylueinces the runoff
patterns and erosion rates of plastic covered +idgew systems. We measured runoff and sedimantsport on two
mountainous fields in South Korea, one with a ceacand one with a convex topography, during monabaoain

events. We used the EROSION 3D model to compane énd sediment transport differences between thstipl
covered system, uncovered ridges, and a smootlswdilce. We found the highest runoff and erosaias from both
of the plastic covered fields, due to the impernhealirface. For the uncovered ridges, we identifietd0% higher
erosion compared to the smooth surface on the genfiald, although a reduction of 20% on the confield. The

simulated sediment transport patterns showed Higatitige-furrow system concentrated the flow ondbecave field
resulting in high erosion rates. On the convexdfi¢he ridge-furrow system prevented flow accumoikagnd erosion.
Our results demonstrate that the effect of ridgesfn systems on erosion is controlled primarilythg topography.
These results have practical consequences for ste@rconservation planning and the applicationaofd-scale
erosion models. Nevertheless, further researcleésied to fully understand the impact of this maneyg system on

erosion on mountainous farmland.

Keywords: Complex landscape, Erosion, Furrows, Korea, Ptastulch, Ridges, Runoff, Topography
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3.1 Introduction

Intensive agriculture in mountainous landscapesaarse severe soil erosion, resulting in irrevéasibss of fertile
farmland soil and decrease water quality in streant lakes. Tillage and crop cultivation practiostituted by the
farmers has a substantial influence on the amdugitasion on steep farmland areas. Important atitivm practices for
vegetable production are ridge-furrow systems aevith plastic films (plastic mulch) accounting f»to 4 million
hectares worldwide (Dilara, 2000), with an incregsirend, particularly in China (Esef al, 2006). Plastic mulch has
increased crop yields, reduced evaporation lossesiced nutrient leaching, and limited weeds (Landen 1993).
Plastic mulching is a common management practicenost of the agricultural areas in South Korea ¢exdor rice
paddies). Agricultural areas in mountainous langssasuch as the Kangwon Province in the nortlige&buth Korea,
are cultivated predominantly by cash crops likebeae, radish, and potato (Kieb al, 2007, Leeet al, 2010a, Parkt
al., 2010b). These mountainous agricultural areaslaeacterized by steep slopes and complex figldgmphies. The
ridge-furrow system is predominantly oriented pexpeular to the main slope direction of field sjtésit often not
parallel with the contours. In many cases, thag#l directions vary across individual field sif€ke distance between
the centers of two ridges is approximately 70 cioh tue ridges are usually between 30 to 40 cm widk1sb cm higher
than the furrows. The ridges are covered with albfaastic film with regularly spaced, 5 cm dianmefdanting holes,
and the film is buried on either side of the ridggveral centimeters deep. Furrows are conventiomiahted with
herbicides in order to eliminate weeds during thewing season. Therefore, the soil surface betwbenridges
typically remains uncovered until crops reach tredult stage and start covering parts of the fustoluring rain
events, ridge-furrow systems basically drain ruriaffn ridges into the furrows, producing concergdabverland flow
with higher erosive power than without ridges (Ward EI-Swaify, 1999). The impermeable plastic fiimoduces
higher surface runoff and can, therefore, intenslily concentrated flow. Even though the plasticecqwotects the
surface from raindrop impacts and eliminates ridgesion, the remaining exposed soil surface irfun@ws can have
significantly increased erosion losses due to ééslveunoff amounts (Wolfet al, 2002).

Several studies have previously investigated tfecebf plastic covered ridge-furrow systems onoffiand soil
erosion for a variety of different crops. Wan andSkaify (1999) analyzed plastic mulch pineapplanpations by
using rainfall simulator experiments on field plothey found substantially higher runoff generationd soil erosion
on plastic mulch plots relative to bare plots. Alilgh the authors also observed that plastic mulcombination with
a vegetative crown reduces runoff and soil lossabse water is ponded in the pineapple crowns amuefed into the
planting holes. Ricet al. (2001) measured the amount of runoff, sedimedtpasticides from tomato plots with plastic
mulch in comparison to vegetative mulch. They foumcreased runoff and at least three times higbérlass for
plastic mulch plots. In another example, highefeme runoff contributed to four times higher erosmates for corn
cultivation with plastic mulch than without plasticring field experiments (Gascuel-Odcetxal, 2001). Stevenst al
(2009) measured runoff, soil loss, transportedigidsts, and nitrogen in plot experiments for a efgriof strawberry
cultivation practices including plastic mulch. lantrast to the other studies, they did not iderafge differences in
surface runoff between plastic mulch and uncovenatiagement strategies. Moreover, they found thetipl mulch
significantly reduced soil erosion during selednfal events. In lysimeter plot studies in Soutlorka, Leeet al
(2010b) analyzed the effect of contour farming vgtastic mulch on runoff, soil losses, and nutriesses for cabbage
and potato. They found that both runoff and erosias reduced by plastic mulch compared to the mwered plots.

These studies showed that plastic mulch can hangary effects, which may be a result of crop tgpaifferent

ridge-furrow system design and dimension. In addijtithese studies also varied in their experimedtsign,
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particularly in plot size and orientation of thdge-furrow system in relation to the plot directibtfowever, each of the
described studies used plots or delimited sectiwing field site with a defined size and uniform agpaphical
conditions. Complex topography, which dominatemwuntainous areas of South Korea, remains partlgudhsent in
the literature. The combination of the ridge-furrewstem and the shape of a field with its intertioglographical
variations influence overland flow patterns and edfiect the overall soil loss from a field. Rundifws along the
furrows to lower areas in the field where ridgedk@vers can occur (Renaad al, 1997). Wischmeier and Smith
(1978) have described that for high slope lengths,soil loss from a contoured field can exceed ffam a field
without contouring, because of concentrated flow ttubreakovers. Higher erosion damage causededyrdakover of
contour ridges has also been reported by Stockifigd), EI-Swaifyet al. (1982), and Hagmann (1996). Plastic mulch
is typically resistant to raindrop impact and osad flow and provides ridge protection. Althoughyr dield
observations indicated, that during peak eventaceotrated flow can also wash out the plastic #ind erode the
ridges. Concentrated overland flow and breakovethinwa field primarily depend on the topographyrfeex or
concave slopes, plains, depressions) and the afientof the ridge-furrow system. In order to ewduthose systems
in complex landscapes, the entire field site shdwddconsidered to take into account all possitey fpaths that
contribute to concentrated overland flow.

The goal of this study was to investigate the aflplastic covered ridge-furrow management on riipafterns and
soil erosion in two mountainous agricultural fieidsSouth Korea. Therefore, we quantified runoffl arosion from
fields with plastic mulch, and subsequently appiethodel to simulate the response without plagiit @dges. We
implemented a novel measurement method, which islimited to defined plot dimensions and is ablebietter
represent the complex structure of those fields. Wsed a process-based erosion model, which desdtileespatial

runoff and erosion patterns affected by ridge-fuwgystems and terrain topography.

3.2 Materials and methods

3.2.1 Study area

This study was conducted in the Haean-Myeon catohiimethe Kangwon Province in the northeast of 8dtbrea
(Figure 3.1). The catchment is part of the watatsbfeSoyang Lake, which is the largest reservoBauth Korea (Kim
et al, 2000). The Haean catchment is a key contribotagricultural water pollution with substantial pacts on the
trophic state of the lake (Paédt al, 2010a). Total catchment area is 64 km? with 58%he catchment classified as
forested mountains and 30% as agricultural are2% (&ryland fields and 8% rice paddies). The renmagjri2% are
residential and seminatural areas including gradslfeld margins, riparian areas, small roads emhnels. The soil
landscape is dominated b@ambisolsformed from weathered granite. Soils are stronigiffjuenced by human
disturbance, especially on cropland through replement with excavated soils from nearby mountaipes (Parlet
al., 2010a). Haean average annual precipitation @#X8m (2009 and 2010) was approximately 200 mmérigan
the average precipitation of the Soyang Lake whegtglescribed in Past al (2010a). Nearly 65% of the total rainfall

in Haean is concentrated in July, August, and Jeipée.
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Figure 3.1Location of the Haean-Myeon catchment on the Kopgaminsula (a) and within the Soyang Lake waterghgdith locations of the

experimental sites conducted for this study (c@rffatural areas” include grassland, field margiipgrian areas, small roads and channels)

We selected two typical dryland fields on steepstolocated in the northeastern and western patieo€atchment
(Figure 3.1c). The topographical shape of field dswoncave, characterized by a depression lingggbimugh the
field’s center and field 2 was convex without topagghical depressions. Both fields had an averamggesbf about 9
degrees. The soil type of field 1 washaplic Cambisol(Ap-Bw-BwC-C) and the soil of field 2 waslaptic terric
Cambisol (Ap-2Apb-2Bwb-2C), both formed from weathered dgrammaterial. The total area of field 1 was 2133 m?
and the total area of field 2 1825 m2. The cropetptanted during our study period for each of ik&$ was potato

(Solanum tuberosumwhich was conventionally cultivated with plastilch.

3.2.2 Observation of runoff and soil erosion

The experimental design for runoff and erosion mesment is shown in Figure 3.2. On each field site,installed
three runoff samplers designed according to Boweillal (2006). Each sampler consisted of a runoff ctdie¢RC)
connected with a PVC pipe to a multislot flow dieiddesigned by Pinscet al (2004) (Figure 3.2 only shows the
positions of the collectors). The runoff collectavsre located at positions where large amountsidff from the field
sites were expected, without artificial enclosufeéhe contributing areas. The only variations fréma Bonillaet al
(2006) design were that the collector width wasngiea to exactly five meters and no mesh at thesitian between
the collector and the PVC pipe was used to preblrakage. For the flow divider, the “mid-size-fisldconfiguration
after Bonillaet al (2006) was used, which included four 20-Liter kmts, one with a 1:12 divisor head and two with
1:24 divisor heads and one without a head, resultina total runoff sampling capacity of 144 m?3 &ach collector.
The flow dividers were installed in buried woodexes similar to those described in Bonétaal (2006). A PVC pipe
was buried and connected to the bottom of the wodmbx for removal of excessive water to the fieldtige. After a
rainfall period, we measured the water level arldutated the runoff volume for each bucket. We tsaknples from

each bucket (three replicates with 0.12 L) of tbenbgenized suspension and determined the sedimeeo¢tration by
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evaporation and weight measurement. The sedime&ceotration was calculated as the average of tieates. For
very high sediment yields during peak events, trdinsent concentration of bucket 1 was estimateunh filee sediment
level. The dry bulk density was estimated througbeaeral relationship between bulk density and micgaarbon
content for sediments (Avnimeleeh al, 2001). Organic carbon content was estimated bgsuring the weight loss
after organic matter destruction in the laboratdrige total runoff sampled by each collector waswated by the
following equation (modified after Bonillet al, 2006):

R=V, +12[V, + 288V + 6912V, )
whereR is the total runoff volume (L) and; to V, the volumes (L) collected in the buckets 1 toespectively. The
associated sediment mass was then calculated hiif{eabafter Bonillaet al, 2006):

S=V, [T, +12lV, [T, + 288V, [C, +6912V, [C, 2)
whereS s the total sediment mass (kg) aBdto C, the sediment concentration (kg )Lmeasured for bucket 1 to 4,
respectively. Observation time was within the Koreaammer monsoon period from 5 July to 9 August020/e
measured seven rainfall periods with different fidlrcharacteristics over variable time intervatsgiure 3.3). On each
of the field sites, we installed rain gauges, whieborded precipitation during all seven rainfadtipds at 10 minutes
resolution. Due to limited rain gauge malfunctiogap filling was completed to generate continuogsipitation data
sets. The rainfall records of adjacent Haean weadtstions displayed linear correlations to outdfidata. These
records were multiplied by the slope of the lineggression functions and added to our data sdil§tttose gaps. Total
amount of rainfall, rainfall intensity, and rairifarosivity Elsg) calculated after Renaret al (1997) for each period

were derived.

1365.9 m?

Field 1 926 m? 191.8 m? Field 2
Legend
@® Rain gauge “\_ Contours N
A Runoff collector Ridges with plastic cover 0 10 20 40 A
3 Runoff collector drainage area [___| Field boundary I I Veters

Figure 3.2Experimental design to measure runoff and soilieroBy installation of three runoff collectors (R@) field 1 and field 2. Fields
topography and runoff collector drainage areas wateulated based on surface elevation measurerardtgeneration of digital terrain models of
both fields
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Figure 3.3 Daily precipitation on field 1 and field 2 duriniget observation time from 5 July to 9 August 201fe &rrows indicate the sampling dates
for the associated rainfall periods

To transform the total sediment mass measuredcat @allector to the soil loss per area, it was ssagy to define the
size of the drainage area for each collector. Vel astachymeter (Tachymat WILD TC1000) to creageidgded mesh
of elevation points at approximately two by two erentervals over the entire field area. Furthemnaeve counted the
number of ridges and measured their orientationdimeénsions (average height, width, and spacind)ath fields. In

a first step, the elevation points were interpaléte create surfaces representing the basic figdgraphy (indicated
by the contours in Figure 3.2). In a second step,added ridges to the interpolated surfaces asgus@micircular

ridge profiles with the same dimensions (15 cm tagt 40 cm wide) throughout the field area. Finallg created two
digital terrain models (DTMs) with 25 cm spatiasotution for the fields, one representing the bé&sography with a
smooth surface and one representing the actudl tlehpe with ridges. By using those DTMs, we caldlineate the
drainage area to each collector and calculate tb& @igure 3.2). The fields were enclosed by éél/anounds and
drainage ditches, which minimized the probabilifyao additional runoff contribution from outsideetertheless, in
two cases ditch overflow and external runoff cdnition was observed. Therefore, the measured ramaffsediment
mass during these periods were eliminated fromd#ia set. In all other cases, runoff and soil [@ssunit area was
guantified by calculating the quotient of runofflime and sediment mass and the drainage arealatcebector. To

quantify the mean runoff and soil loss from eaddfisite, the single values for the collectors waveraged and
weighted to the drainage area size. The weightetage was used instead of the normal average tmacfor a higher
field representation of RCs covering large areakfanreducing the effect of RCs covering only aafirpart (e.g. field

1 RC 2). Because of external runoff contributiond additional damages caused by intense rain ewsatsould not
measure all rainfall periods with all three runoéfllectors. In those cases, the mean runoff andiess rates were

calculated only based on the available data oftthetioning collectors.

3.2.3 Simulation of runoff and soil erosion

We used the EROSION 3D model (von Werner, 199%ptapare runoff and soil erosion for the plasticared ridge-
furrow management (RP - ridges with plastic) tortineoff and erosion for ridge-furrow cultivationtivout plastic film

covers (RU - ridges uncovered), and cultivatiomgsa smooth soil surface (SS - smooth surface} &s usually

applied for grain crops in many countries. EROSIBINis a process-based, spatially distributed, erosiodel based
on the physical principles developed by Schmidt9()9 EROSION 3D describes overland flow distribotiand

diversion as affected by terrain morphology, asl\aslthe associated erosion and sediment trangpompared to
other process-based erosion models such as WER#irftjet al, 1989) or LISEM (De Roet al, 1996), EROSION

3D requires a relatively small number of input abtes (Wickenkamgt al, 2000), and most of them are directly
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related to measured soil, slope and rainfall priger(Schmidt, 1991). Nevertheless, the relativ@mple physical
approach has some limitations. Soil erodibility aodface roughness, which can vary in the courgainfevents, are
assumed to be constant throughout the calculatidfiskenkampet al, 2000). EROSION 3D does not differentiate
between rill and interrill detachment and, when legpto small spatial resolutions, can thereforerestimate soil
erosion rates (von Werner, 1995).

The EROSION 3D input parameters can be summaringd three groups, relief parameters, precipitation
parameters and soil-surface parameters (Schenidk, 1999). For the relief parameters, we used thasomed 25 cm
resolution DTMs. We used the DTM including ridges the RP and RU scenarios and we used the meabagsed
DTM without ridges to represent a smooth soil stefdSS). Precipitation parameters for each of thers rainfall
periods were provided by the on-site rain gaugerdscat 10 minutes resolution. Soil and surfacamaters used for
the simulations are shown in Table 3.1. Layer tidds, texture, bulk density and organic carbonectdnfor the
different soil horizons were derived from field maeements and laboratory analysis. For the diftenemnagement
practices, the parameters in Table 3.1 were assigadollows. For RP, parameters specified for sfiafilm” were
applied for ridges, and parameters specified foil ‘surface” were used for the furrows. For RU &%) the parameters
specified for “soil surface” were applied to thetienfield area (ridges, furrows as well as the sthosurface). The
initial soil moisture at the beginning of each falhperiod was derived from HYDRUS 2D/3D (Sineket al, 2011)
simulations. The HYDRUS 2D/3D model was calibrategressure heads measured from May to August 2a%ield
1 and field 2 and used to analyze soil water dynardile to plastic mulch management. Surface rosghiManning’s
n) was obtained from recommended literature valddgggins and Monke (1966) (cited in Vieux, 2001) gyiv
Manning’sn values for row crops of 0.07 to 0.2 s*fhand the EROSION 3D parameter catalogue (Miclkaeil,
1996) recommend values for potato fields of 0.080109 s i”>. These recommendations represent average field
conditions including the roughness of the soil acefand the roughness caused by plant stems amsIda take into
account the different surface conditions betweenpilastic covered ridges and the uncovered furrplestic film and
soil surface were treated separately. For the iplditn cover, a Manning'sn value of 0.01 m ¥ was selected
(Montes, 1998, Chanson, 2004). Potato stems areddel in small planting holes within the plastimfon the top of
the ridges and rarely influence flow along the edtanks. For the bare sandy soil surface, Engma8g) (cited in
Vieux, 2001) recommend values of 0.01 to 0.016"€ nNevertheless, due to the fact that potatoes were mature
stage during our observations and their leavesatisrtouched the ground, we used a Manning'galue for the soll
surface of 0.035 s (Chow, 1959, cited in Sturm, 2001, Vieux, 2001¢rd@ntage soil cover during each rainfall
period was estimated by photographs taken duriadfidtid measurements. Plastic covered ridges wensidered to
cover the soil to 100%. Although the plastic filmmntains planting holes, it was assumed that thene vweempletely

covered by crop leaves.
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Table 3.1Soil and surface parameter values used for the EBI®SD simulations, divided into uncovered partshef field (soil surface) and
covered parts (plastic film). The third row shole horizon names of the soil profiles of both fie{dccording to FAO, 2006)
Field 1 Field 2
Soil surface Plastic film Soil surface Plastic film
Input parameters Ap Bw BwC  Ap Bw BwC Ap 2Apb  2Bwb Ap 2Apb  2Bwb

Soil parameters:
Layer thickness (m) 0.20 0.80 0.10 0.20 0.80 0.10 0.20 0.08 0.62 0.20 0.08 0.62

Clay (%) 9 9 9 9 9 9 11 24 25 11 24 25
Silt (%) 33 55 38 33 55 38 36 59 57 36 59 57
Sand (%) 58 36 53 58 36 53 53 17 18 53 17 18
Bulk density (kg rf) 1279 1178 1183 1279 1178 1183 1269 1146 1309 1269 1146 1309
Organic carbon (%) 1.8 0.0 00 18 0.0 0.0 1.7 2.0 0.0 1.7 2.0 0.0
Initial moisture (%):
Period 1 33 36 37 26 36 37 32 44 44 29 40 44
Period 2 27 36 36 23 36 36 28 39 44 26 37 44
Period 3 28 36 37 23 36 36 29 40 44 26 38 44
Period 4 27 36 36 23 35 36 28 39 44 26 37 44
Period 5 24 35 36 22 35 36 27 37 43 24 35 43
Period 6 27 36 36 23 35 36 29 41 46 28 41 46
Period 7 25 35 36 23 35 36 29 42 46 28 40 46
Surface parameters:
Roughness (s #7) & 0.035 0.010 0.035 0.010
Soil cover (%):
Period 1 65 100 90 100
Period 2 73 100 95 100
Period 3 75 100 95 100
Period 4 79 100 95 100
Period 5 85 100 95 100
Period 6 75 100 98 100
Period 7 50 100 90 100
Skin factor (-f! 0.00250 0.00003 0.01000 0.00013
Erodibility (N m?) 0.07 1000.00 0.11 1000.00

@ Manning’s roughness coefficient derived from kiere values (Chow, 195Blontes, 1998, Vieux, 2001, Chanson, 2004)
[} Skin factor and erodibility values optimized afteodel calibration to total observed runoff voluarel sediment mass

EROSION 3D was calibrated to observed runoff amsien rates for the plastic covered ridge-furrowtsgn and then
used to simulate runoff and erosion for the othanagement practices (RU and SS). The two last deasin Table
3.1 (skin factor and erodibility) were used for taibration. The skin factor is used in EROSION t8Omanipulate the
infiltration capacity, as predicted by an empiriegglproach after Campbell (1985) in order to tak® iaccount
preferential flow and soil surface conditions, sashcrusting. The skin factor for plastic film wéefined as 1.3% of
the soils value to consider the planting holes Wwhiade up approximately 1.3% of the ridge’s ardee plastic itself
was considered as impermeable. The erodibility rpeter is defined as the critical momentum flux, ethhas to be
exceeded by the momentum flux of rainfall and camedll flow to generate erosion (Schmidt, 1991) and eaibrated
only at the soil surface. The plastic film matenmhs considered as non-erodible (1000 N).mWe used three
performance statistics as evaluation criteria lierquality of model calibration, the Nash-Sutcliéféiciency (NSB, the
RMSEobservations standard deviation ratRSH and the Percent biaPBIAS. According to Moriasiet al (2007),
satisfactory model performance can be assumé&tSEis larger than 0.5RSRsmaller or equal to 0.7, andRBIAS
+25% or less. Positive values of PBIAS indicate nhodederestimation, and negative values indicate ehod

overestimation (Guptat al., 1999).
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3.3 Results and discussion

3.3.1 Observed runoff and soil erosion

The measured runoff and soil erosion was highlyalde during the observation time due to the rdlicfaaracteristics
and varied strongly between field 1 and field 2{€a3.2). Precipitation amounts ranged from 2.6 tari@6.5 mm on
field 1 and from 3.0 mm to 102.5 mm on field 2. digbrecipitation over all periods of field site 24.7 mm) was
higher than field site 1 (165.2 mm). The highesgicjpitation was recorded for the periods 5 and bath fields. Even
though precipitation amounts were similar in boghiqds, rainfall erosivity was much higher in perip, due to higher
rainfall intensities. On both fields, two of thevea rainfall periods (2 and 3) did not produce apjable runoff and
sediment and the associated soil loss rate foretipesiods was zero. As expected, runoff and tramsgpcsediment
correlated positively with precipitation and thglmést amounts of runoff and sediment were founHath field sites in
periods 5 and 7. The soil loss rate predominardtyesponded with rainfall erosivity within eachldigalthough, the
magnitude of difference between fields was largesrEthough erosivity was usually higher on fieldsgil loss was
always higher on field 1, except during period &alfle 3.2). The largest difference between botltd fetes was
observed for period 7. The total observed runoéral seven rainfall periods was 80.3 [Zon field 1 and 94.1 L ih

on field 2. The ratio of total runoff to the amouwftrainfall was higher on field 1 (0.49) compaitedfield 2 (0.39),

indicating a lower infiltration capacity of field Total soil loss was 3646.7 kg han field 1 and 626.5 kg Heon field

2. The large differences in soil loss may not bplared by the soil characteristics, slope, ang @onditions only,
which were relatively similar for both fields. & expected that soil loss may be affected priméyiyhe differences in

the field topography and the orientation of theyeidurrow system.

Table 3.20bserved data for field 1 and field 2. Rainfall @weristics, runoff volume, and sediment mass oredsby the runoff collectors (RC 1,
RC 2, RC 3), and derived mean runoff and soil tasss of the whole field

Rainfall Rainfall RC1 RC 2 RC 3 Mean Mean
Rainfall intensity erosivity® Runoff Sediment Runoff Sediment Runoff Sedimentrunoff® soil loss™
Site Period (mm) (mmh) MImmhadh?) (L) (kg) (L) (kg) (L) (kg) (Lm? (kg ha')
Field 1 1 7.2 7.2 194 - - 10.9 0.1 246.2 4.2 0.8 132.2
2 35 1.4 0.8 0.1 0.0 0.3 0.0 0.5 0.0 0.0 0.0
3 4.2 2.3 1.3 3.7 0.0 1.1 0.0 9.1 0.0 0.0 0.2
4 2.6 1.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
5 56.8 2.4 40.9 - - 84.5 0.2 6457.6 10.7 20.2 333.3
6 14.3 2.7 8.1 2245.4 0.9 33.4 0.1 19354 2.0 2.5 17.5
7 76.5 4.3 293.3 - - 150.4 0.2 18268.7 102.4 56.8 3163.5
Field 2 1 6.2 7.4 13.9 41.2 0.4 126.6 0.7 165.7 0.2 0.6 21.9
2 4.2 1.7 1.2 1.8 0.0 0.2 0.0 0.0 0.0 0.0 0.0
3 6.9 4.1 4.8 14.9 0.0 64.4 0.1 4.6 0.0 0.2 1.7
4 3.0 1.2 0.3 1.1 0.0 31 0.0 0.0 0.0 0.0 0.0
5 102.1 3.3 167.0 4635.7 2.4 - - - - 50.1 254.2
6 20.9 3.6 27.5 148.0 0.2 634.1 0.5 101.1 0.0 1.6 11.9
7 99.5 4.5 373.4 5393.8 3.0 6457.6 6.5 - - 41.7 336.8

[ Rainfall erosivity calculated after Renartlal (1997)
® Mean runoff and soil loss calculated as averagbefunoff collector values weighted to their degje area size

3.3.2 Simulated runoff and soil erosion
The optimized values for the skin factor resultinghe best fit between observed and simulatedffumere 0.0025 for
field 1 and 0.01 for field 2 for soil surface, a@d0003 and 0.00013 for plastic film, respectiv€lable 3.1). The

optimized values for soil surface erodibility withe best fit between observed and simulated ssdl f@as 0.07 N th
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for field 1 and 0.11 N fAfor field 2 (Table 3.1). The optimized values obdibility were relatively high and out of the
range suggested by Michaatl al. (1996). These high values indicate a strong enosverestimation of the model due
to the high DTM resolution (von Werner, 1995), whicad to be compensated during the calibration. évew the
comparison between simulated and observed runafti{€ 3.4) and soil loss (Figure 3.5) shows acd#pteesults. For
runoff, the model performance was slightly bettarffeld 1 NSE= 0.943 RSR= 0.239) than for field 2NSE= 0.914,
RSR= 0.293). The model overestimated runoff for bfighds with higher magnitude for field PBIAS= -13.462)
compared to field 1RBIAS= -1.275). Also for soil loss, the model perforntestter for field 1 NSE= 0.976,RSR=
0.154) than for field 2NSE= 0.803,RSR= 0.444). The percent bias values showed an aumason of soil loss for
field 1 (PBIAS=-14.571) and an underestimation of soil los<fitdd 2 (PBIAS= 12.879). Satisfactory representations
were achieved for both runoff and soil loss foldfig and field 2 (Moriasét al., 2007).
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Figure 3.4 Simulated and observed runoff for field 1 (a) aiettif2 (b)
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Figure 3.5Simulated and observed soil loss for field 1 (a) field 2 (b)

Among the three different management practicesfownad the highest simulated runoff for both fiefds the ridges
with plastic cover (RP) over each rainfall periétiglire 3.6). The total runoff simulated for RP fild 1 and field 2
over all seven rainfall periods was 81.3 [2and 106.8 L i, respectively. Without plastic cover, the totahoff was
reduced to 52.1 L t(36%) on field 1 and 60.2 L f(44%) on field 2. The higher runoff amounts for &f a direct
result of the high spatial area associated withittiigermeable plastic film. This was also found byDBRUS 2D/3D
simulations at both fields, which calculated ur@9 more runoff for plastic mulch than without plagover. For all
periods, EROSION 3D predicted the same runoff améamRU and SS, because soil properties were hahged
between the management practices. For both RU 8nth8 model estimated the same hydraulic condtyctresulting
in the same runoff amount from the entire field.l\Othe runoff distribution changed due to differesurface
conditions. The amount of runoff reduction by remloof the plastic cover largely varied betweendifterent rainfall
periods, and corresponded with the rainfall intgmnsthe lowest runoff reduction was simulated faripd 1 (10%
reduction for field 1 and 21% reduction for field. Period 1 was characterized by one very short esient with
average intensities of 7.2 mm*tand 7.4 mm 1 on field 1 and field 2, respectively. For periodwith average
intensities of 4.3 mm-h(field 1) and 4.5 mm h (field 2), runoff was reduced by 23% on field 1da&28% on field 2.
The highest runoff reduction was predicted fordi&l(79%) for period 6 (average intensity of 2.7 mifhand for field
2 (61%) for period 5 (average intensity of 3.3 m. For small rainfall intensities lower than thdilination capacity
of the soil, the impermeable plastic cover largelgreases the total runoff of the field sites. iagh intensities
exceeding the soil’s infiltration capacity, thidezdt is much smaller, because of high runoff geti@mmeon both, plastic
and bare soil. This effect was previously descrilsd by Wolfeet al (2002). Nevertheless, canopy interception and
stem flow were not considered in the simulatioreause we did not have information about the iafibn amounts
caused by stem flow on plastic covered ridge-furreygtems. After plant emergence, stem flow leaddotal
infiltration of precipitation water around the steifi.eistra and Boesten, 2010). Saffigatal (1976) and Jefferies and

MacKerron (1985) (cited in Leistra and Boesten,@0bund that for potato plants, the percentagstein flow of the
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above-crop rainfall can account for up to 46% améoBrespectively. During the mature crop stagandtew could
potentially result in higher infiltration and lessil erosion (Wan and El-Swaify, 1999). Therefdhe runoff effect of
plastic mulch may be slightly overestimated for thmfall periods throughout this study. Howeveaens flow is only
relevant for infiltration rates, when a high cowericrop crown is developed. For the time betweeld foreparation and
maturity and after senescence, when most of th&#eabmund biomass is dead, the stem flow effeategligible.
Therefore, we believe that the model assumptioaseasonable for evaluating the principle effe€tslastic mulch on

runoff and erosion over the season.
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Figure 3.6 Simulated runoff for all rainfall periods for fekll (a) and field 2 (b) for different managemeraqices (RP: ridges with plastic cover,

RU: uncovered ridges, SS: smooth soil surface)

The highest soil loss was simulated for ridges \pltistic cover (RP) at both fields caused by thyhéi rate of surface
runoff compared to RU, but for SS, we found comntraffects between the fields (Figure 3.7). The ltetl loss
simulated for RP for field 1 and field 2 over a#ven rainfall periods was 4178.1 kg’hand 545.8 kg hh
respectively. Total soil loss was reduced to 248@%a" (41%) on field 1 and 371.7 kg hd32%) on field 2 by
removal of plastic from the ridges (RU). The highesluction was predicted for both fields for pdri® with 79% on
field 1 and 82% on field 2. The lowest soil losduetion was simulated for field 1 for period 1 (30&nd field 2 for
period 7 (25%). For smooth soil surface conditi(®S), the model predicted an additional soil leskuction for field 1
to 1017.3 kg ha (76% reduction compared to RP), but for field 2 inarease in soil loss compared to RU to
467.5 kg ha, which is only 14% reduction compared to RP. $msk reduction by SS on field 1 and the soil loss
increase on field 2 compared to RU was predictedlfgeriods. The highest soil loss reduction$& occurred during
period 6 at both fields with 89% reduction compatedrP on field 1 and 42% reduction compared tooRHield 2.
The lowest soil loss reduction for field 1 was pdril (72% compared to RP) and for field 2 perid®@% compared to
RP). Correlation between measured rainfall chariasties and the effects of the three managementtipes as

described for surface runoff and rainfall intensitgre not detected.
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Figure 3.7 Simulated soil loss for all rainfall periods foelfi 1 (a) and field 2 (b) for different managemeratctices (RP: ridges with plastic cover,

RU: uncovered ridges, SS: smooth soil surface)

Due to field topography and ridge orientation, bfithds show totally different flow characteristiaghich caused the
differences in soil loss for RP, RU, and SS. Figdu& shows the flow patterns and spatial distrdoutf the simulated
sediment concentrations. The magnitude of incréasediment concentration represents the amouetagion at a
particular location. Runoff flow direction (indieat by the arrows) for RP and RU is primarily colimb by the ridges.
Therefore, water is routed in the furrows paraitetidges instead of moving along the steepest flatihs. The spatial
patterns of erosion for RP and RU are basicallystirae. With increasing flow length, sediment cotregion becomes
higher. The reason is the increasing runoff rateickv provides higher erosive energy in the furrdilfe et al,

2002). The RU scenario shows slightly higher sedintencentration than RP because of additionalesosion from

the uncovered ridges. The total sediment masspoatesl from the field sites was higher for RP bseaaf higher
amounts of runoff. Water is flowing along the fumuntil it reaches the field’s edge or a topogregidepression. On
field 1, runoff is trapped and accumulating in suepressions due to the field concavity and roatdss the ridges.
As a consequence, lines of concentrated flow aradd perpendicular to the ridge orientation, esghcin the field's

center and on the bottom (Figure 3.8). For thoseentrated flow lines, the model predicted muctéigsoil erosion
rates than for the surrounding areas. During ald fineasurements, we observed ridge breakoversawitep erosion
rill formed by concentrated flow in the center @ld 1 (Figure 3.9). The plastic film was washed and ridges were
destroyed by water flow, forming a permanent chapaeially deeper than 10 cm. On field 2, suchcamirated flow
lines were not formed because of its convex shéfser was routed along the furrows and leavindfitid at its edge
without accumulation. Row lengths are relativelgthiespecially at the field bottom, which resultshigher erosion
rates at the lower parts of the furrows. Nevertbgl¢he predicted sediment concentration at thosaibns remained
lower than for the concentrated flow lines on fidld Management without ridges (SS) produced emtidéfferent

runoff flow patterns and erosion rates. For thes&&hario, water was routed directly along the gstefiow paths and

solely controlled by field topography. Runoff wasoma evenly distributed over the surface withouthhiipw
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concentration. For field 1, part of the runoff wadl accumulating in the field’s center and at #ages, although with
less erosive power than predicted for RP and RUhdisated by lower sediment concentrations fortlg8ughout the
field. The absence of ridges on field 2 resultedoiating along a steeper slope and flow accumulagibfield’s edges

where higher erosion was predicted.

Field 1

Field 2 Legend

~«— Main flow
direction

Sediment
concentration
(kg m?)

[ 0.00-0.01
[] 0.01-0.10
[7] 0.10-1.00

RP B 1.00-10.00

Figure 3.8 Simulated sediment concentration over all rairgaliods for field 1 and field 2 for different marmgent practices including main flow

directions (RP: ridges with plastic cover, RU: wered ridges, SS: smooth soil surface)

Figure 3.90bserved erosion rill formed by ridge breakovers eoncentrated flow in the depression line in theter of field 1

These results demonstrate that the effect of tbgerfurrow system on erosion is controlled primyatiy the
topography of the fields. Because of its concawapshfield 1 generated a 140% higher erosion ferrithge-furrow
system compared to a smooth surface due to ridegkbvers, as previously described (Wischmeier andhS 1978,
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Stocking, 1972, El-Swaifet al, 1982, Hagmann, 1996). The ridge-furrow systenmthan convex field 2 separated
runoff and constrained flow to the furrows, whiateyented flow accumulation and resulted in 20% losal erosion

rates.

3.4 Summary and conclusions

In this study, we analyzed the effect of plastivared ridge-furrow systems on runoff and erosiondmbination with
the complex field topography of a mountainous laage in South Korea. We installed runoff collectonstwo field
sites managed with plastic mulch and measured famaf sediment loss during monsoonal rain even0it0. The
measured differences in soil loss between botHdislggested that soil erosion may be primarilycaéd by the field’s
topography and the orientation of the ridge-furreygtem. We used observed field data to calibraeeROSION 3D
model and subsequently applied the model to ingatirunoff and erosion for an uncovered ridgesfursystem and a
smooth soil surface on the same fields. Model perémce statistics demonstrate that EROSION 3D eaapplied
successfully on high spatial resolutions when catixd to available measured data.

The model results for different management prastal®wed much higher surface runoff produced bstigldilm
covers. The percent difference between plastic Imaled uncovered management was strongly influemigethe
average intensities of the rain events. Simulatéldl@ass was also highest on both fields for plastiulch ridges as a
result of higher runoff rate produced by the impeaivie plastic film. The effect of the plastic filom surface runoff
may be slightly overestimated for the rainfall pels throughout this study, because stem flow effentthe infiltration
rate were not considered. However, for evaluathng principle effects of plastic mulch on runoff aecdbsion, we
believe that the model assumptions were reasonilelertheless, additional research is necessavydier to identify
the effect of interception and stem flow on thélirdtion rate in plastic mulch systems for diffatecrops during the
growing season.

The effect of the ridge-furrow system on soil eoosicompared to the smooth soil surface was vergréift
between fields. The ridge-furrow system increasgisesosion of field 1, however, it potentially pents erosion on
field 2 when not covered with plastic film. The dieted flow patterns and spatial distribution ofdiseent
concentration demonstrated that the effect is pilyneontrolled by the field topography. Becauselwd concave shape
of field 1, ridges lead to flow accumulation cagsioreakovers and concentrated flow with high emgoewer and
resulting in higher total erosion from the fielditiough ridges on the convex field 2 prevent runmofiting along the
steepest slope and accumulation at the edges, wsciited in reduced total erosion from the fidldese results show
that ridge-furrow systems can increase soil erodramatically on one field, but have contrary effeen another field,
simply depending on the topography.

Our results have practical consequences for plgnaind implementation of best management practioes f
watersheds. Especially in mountainous areas, wheréopography within and between fields can bengfly variable,
ridge-furrow cultivation should be performed catlgfuThe ridge-furrow system should be preferaldeated parallel
with the contours, or oriented towards the edgesriter to drain runoff away from depressions ancbitevent
concentrated flow within fields. To prevent flowcaenulation and high erosion rates at the field sdgdso the
transition zones between the field and the surrimgnohargins have to be considered. Our results gshawin any case
the furrows between the ridges need to be betmmtepied against soil erosion. Conventional herki@gplications
eliminate the development of a plant cover in tinedws. Even though the vegetative cover of adwps can protect

soil from raindrop impact, the furrows remain symitge to erosion by overland flow during the eatijrowing season.
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In order to reduce soil erosion on crop fields iouth Korea, we recommend organic farming practiwébout
herbicide application, which supports the developimaf weeds in the furrows. Another effective eoosicontrol
measure can be cereal grass cultivation in th@vigras suggested by Rieeal (2007). Vegetative-covered furrows
are functioning as “in-field buffers”, which cancirease infiltration capacity and reduce runoff flselocity due to
higher surface roughness (Rieeal, 2007). Reducing the runoff flow rate along therdws could also help to prevent
the severe damages caused by ridge breakovers.

Another important issue is the application of lasgale erosion models to those areas dominateddfg-furrow
cultivation. Erosion prediction on watershed-séslasually conducted on the basis of relativelyrsedligital elevation
models and does often not account for specialgélland cropping systems and their orientation. oglels can
strongly over- and underestimate soil erosion raggecially for complex landscapes and should becied for ridge-
furrow systems. However, this study analyzed owly field sites with a specific topography and ridgéeentation. In
order to identify general patterns, which can bedu®r large-scale model applications, additioeakarch studies are

necessary to account for a variety of differentftepographies and ridge-furrow systems.
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Abstract

The cultivation of row crops on mountainous farndacen generate severe soil erosion due to low grawaver,
especially in the early growth stages. Organic fagndue to the absence of herbicides, can supipeidevelopment of
weeds and increase the ground cover compared teeotanal farming. However, the benefits towards smsion,
and the conservation potential of organic farmiggtesms, in terms of herbicide application and wgexvth, have not
been investigated. Aim of this study was to idgntibw conventional and organic farming influence #nosion rate of
soil, due to row crops cultivated on mountainousnfand in the presence or absence of agriculturahicals. We
measured multiple vegetation parameters of cropgswaseds of conventional and organic farms cultidatéh bean,
potato, radish, and cabbage in a mountainous wegéris South Korea. We simulated the long-term esaibion rates
with the Revised Universal Soil Loss Equation (RE3by using 13 years of recorded rainfall datarteo to account
for the temporal variability of monsoonal rainfallle determined average annual erosion rates fosttity area to be
between 30.6 t Rayr® and 54.8 t hayr?, with maximum values for those areas where ragiah grown, due to the
shorter growing period, higher soil disturbancéatvest, and low amounts of residue. Organic fagmeduced soil
loss for radish by 18% as a result of a high weiednbss density and cover at the end of the growesgson. For
potato, organic farming increased soil loss by 25% to a reduced crop coverage, which is suspécthdve been a
consequence of crop-weed competition or increasedivory associated with the absence of agricultch@micals.
Our results demonstrate that organic farming caterpially decrease the soil erosion risk for rowps because it
supports weed development in the furrows, butiit&ao produce higher erosion rates when crop yietd reduced as
a consequence, outweighing the protective effeth@fveeds. However, the simulated erosion ratderumoth farming
systems exceed by far any tolerable soil loss. Wfelade that organic farming alone cannot be useeffectively
control erosion, and that both farming systemsirecadditional conservation measures, such as mémteer crops and

residue mulching, to sufficiently prevent soil Ildes row crop cultivation.

Keywords: Farming system, Herbicide, Korea, Row crop, Saik®n, Weed cover
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4.1 Introduction

Intensive agriculture in mountainous landscapes camse high soil erosion with negative impacts ammfand
productivity and sustainability, as well as doweam water quality. The severity of erosion is sjtgraffected by the
specific nature of cultivation within such areasgétation above the surface protects the soil floenimpact of
raindrops and runoff, while the root system coniiéls to the internal stabilization of the soil (Idan, 2005).
Therefore, the crop type and management systeniedpipy farmers plays a critical role in erosion ttohon steep
agricultural land. The cultivation of row crops geally results in more serious erosion problems tdudae high ratio
of exposed ground, especially in the early groviéigss, and due to the need for seedbed prepargiitamgan, 2005).
More extensive groundcover can be provided by wekdtping to further reduce soil erosion (Benn2@39), and
Brock (1982) reported that weed control by the afseerbicides significantly increases soil erogiates. Several other
studies have also shown that a developed weed caveeffectively reduce soil loss compared to mhmnggding or
the application of herbicides (Weil, 1982, Afareli al, 2002, Garcia-Orenest al, 2009, Blavetet al, 2009).
Environmentally friendly farming systems rely ore tminimization of chemical use, such as herbicales pesticides,
and can, therefore, play an important role in emosiontrol. Especially for row crops, the perceatafj ground cover
can be altered by weed growth, which could prowadelitional soil protection on organic farmland. Metheless,
organic farming can also result in reduced crofugidue to crop-weed competition and herbivory.

Several authors have already described the potefitéects of organic versus conventional farmingsoil erosion
control (Lotteret al, 2003, Erhart and Hartl, 2010, Goh, 2011, Gomedral, 2011). However, the individual studies
used different methodologies to assess the ergsidential, and they observed very different impaaftshe two
farming systems. Lockeret al (1981)calculated potential soil loss of organic and cawiemal farms by using the
Universal Soil Loss Equation (Wischmeier and Smit@78) and found about one-third less erosion wioeganic
farming is practiced, due to the different cropatmn systems in place. Reganeidal (1987) investigated the long-
term effects by comparing erosion measurementst@sbil thickness of two farms, and found an alnfost times
lower erosion on the organic farm as a result tiédint crop rotation and less tillage operatidfisminget al (1997)
used soil samples from organic and convention&dgiand calculated the soil erodibility, findingattorganic farming
can potentially reduce erosion for some soils. Absegristet al (1998) found, in a long-term field experimentatth
organic farming increases the aggregate stabifith@ soil. However, organic farming did not suiffiatly reduce soil
erosion in their study. Also during a long-termldi@xperiment, Elturet al. (2002)observed lower erosion on plots
with organic arable crops, but higher erosion astplith organic forage crops. Auerswatal (2003) investigated
the soil erosion potential also by using the UrsaiSoil Loss Equation, based on cropping stasisificconventional
and organic farms, finding a slightly lower soistowhere organic farming was practiced, but corctuthat there is
no general effect, due to the large variabilityhivitboth farming systems. Paciei al (2003) modeled soil erosion
using GLEAMS (Leonarct al, 1987) on different farms, and they found thagamic farming dramatically increased
erosion compared to conventional farming, becadisdifferent crops and more intense tillage operaidn another
study using rainfall simulations, Kulat al (2012) reported lower erosion rates from orgaoimpared to conventional
soils.

Although the erosion control potential of organgerhing could be identified in many of these studaegeneral
conclusion of the impact of the farming systems st@lhnot be drawn. Soil stabilization might be efifect of long-term
organic farming and may not apply for recently bis¢hed organic farms. Large differences betweeth lbarming

systems were primarily observed where farms uséiéreint crops and tillage operations. The effectsweed
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development associated with the two farming systemthe same crop as a specific consequence aphkcation or
absence of agricultural chemicals has not beerstigated.

The aim of this study was to identify the erosi@mtcol potential of conventional and organic fargigystems on
mountainous farmland in South Korea, which is higblisceptible to soil erosion due to the steepesiognd the
cultivation of row crops. In the Kangwon Provinecethe northeast of South Korea, for instance, prilpnaadish and
cabbage are cultivated (Kiet al, 2007), having short growing periods, thus leguime farmland with low protection
against rainfall and runoff (Past al, 2010b). Conventional farmland management in ls#uatrea is characterized by
an intensive use of agricultural chemicals, inahgdherbicides and pesticides (Kang and Kim, 200&; KEnd Kim,
2004). However, environmentally friendly farmingsggms (organic farming and no-chemical farming)iciwido not
use agricultural chemicals are becoming more pogilien et al, 2001, Choo and Jamal, 2009). Due to governmental
support, the number of organic farms in South Kdras strongly increased within recent years (Kird Eim, 2004,
Kim et al, 2012). The effect of different row crops on smibsion in Korea has previously been studied ovany
years by the National Academy of Agricultural Scien(NAAS) (Junget al, 2003). Other studies investigated the
effect of planting time and vegetation cover (Ghal, 2010)or the erosion control potential of cover crop iwaltion
together with row crops (Kimat al, 2008, Rytet al, 2010), but the impact of vegetation developnaasiociated with
conventional and organic farming needs further stigation.

We formulated the following hypotheses: (1) orgafsirming increases weed coverage for row cropstduthe
absence of herbicides, and (2) the protective &ffe€ weeds control soil erosion for organic farguiffo test the
hypotheses, we measured multiple vegetation pasamef four major row crops and the associated sesdboth
conventional and organic farms in a watershed & Klangwon Province of South Korea, and we deterthitie
potential resultant soil loss amounts using theisdvUniversal Soil Loss Equation (RUSLE) (Renetrdl, 1997). To
better understand the long-term effects of the ifiagnsystems, we considered the regional climateldgwment, as soil
loss rates associated with crops and farming systa highly variable depending on the planting barest times
and the occurrence of erosive rainstorm events.iidgerity of annual rainfall on the Korean penirsid concentrated
in the summer monsoon between June and August @alk 2010a) and hence, the annual soil erosion rate e
dependent on only a few extreme events. @hail (2008) observed an intensification of extremafedi events in
Korea, and found a strong change in temporal Higion over the years, and Kiet al (2009) reported a large
variability in precipitation during the monsoon sea. Hence, the variation in rainfall patterns amensities can
therefore result in highly variable erosion rates dimilar crops and farming systems between difieryears. The
severity of erosion is also controlled by otheitdas, such as the level of soil disturbance duhiagest and the amount
of residue remaining on the field (Tey al, 2002). Therefore, we used long-term weatherostatata to account for
the variability of monsoonal rainstorm events, avel simulated different scenarios to include vagaplanting dates

and harvest operations for the different row crapg farming systems.

4.2 Materials and methods

4.2.1 Study area

This study was conducted in the Haean-Myeon catohinethe Kangwon Province of South Korea (Figurg) 4The
catchment is located within the watershed of thgaBg Lake, which is the largest reservoir in Sd(bhea (Kimet al,

2000). The reservoir is affected by high amountsufients from the Soyang River largely due tode soils from

agricultural areas within the watershed (Kim andg]Ju2007, Parlet al, 2010a). The Haean catchment is a major
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agricultural hotspot area, which substantially etfethe trophic state of the reservoir (Patlal, 2010a). The total area
of the catchment is 64 kmz, of which 58% is covenétth forest and 30% by agricultural lands (22%laing fields, 8%
rice paddies). The remaining 12% consists of regideareas and seminatural areas, which incluéssignd, field
margins, riparian areas, and farm roads. The t@piyr of the study area is characterized by flaaaend moderately
steep slopes in the center of the catchment, agiu $ibpes at the forest edges. The terrain is yigbinplex with a
variety of different hill slopes and flow directienThe soils of the Haean catchment are dominaye@ambisols
formed from weathered granite. They are highlyueficed by human disturbances. Especially drylaelisiare
modified by the replenishment of excavated matdr@h nearby mountain slopes in order to compenfatannual

erosion losses (Pamt al, 2010a). The average annual precipitation inHaean catchment is 1599 mm (1999 to

2011), of which more than 65% are concentratedilyy August, and September.

(c)
Legend
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Figure 4.1Location of the study area (Haean-Myeon catchmemthe Korean peninsula (a) and within the watetsifehe Soyang Lake (b) with
the locations of the weather stations and 25 expnal sites (01 to 25) selected for this studyTbp sites M1 and M2 indicate the position of two
additional fields where soil loss was measureddibO2 which was used to evaluate model plausibility

For this study, 25 field sites were selected, whiatluded the four major dryland row crops, be@ty€ine ma,

potato Solanum tuberosumradish Raphanus sativiisand cabbageBfassica rapaandBrassica oleraceacultivated
by conventional and organic farmers in this reg{bigure 4.1c). Organic cabbage fields were notlakbé for this
study. Therefore, we could only differentiate betweorganic and conventional management for beatatqoand
radish. For both potato and bean, six fields welecsed, each with three conventional and threarvegsites. For
radish, five conventional and three organic fieldsswere used, and for cabbage only five conveatigites were
available. The field sites were distributed ovex &mtire Haean catchment, some of which were Idcat¢he center,

and some upon steep slopes at the forest edgeg.répeesent the variety of different field sizeslstopes, and soil
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conditions of the mountainous agricultural landhis region. For all crops investigated, the fieddle cultivated by a
ridge-furrow system covered with plastic film (giasmulch). The spacing between two ridges is apipnately 70 cm,

and the ridge height is about 15 cm. The pladtic fiovers approximately 50% of the soil surface.

4.2.2 Erosion simulation with the Revised Universaboil Loss Equation
We used the Revised Universal Soil Loss EquatiddSEE) (Renarcet al, 1997) to calculate the average annual soil
erosion rates for the 25 selected field sites, tancdompare the effects of the four row crops amdahplied farming
systems. RUSLE is a widely used empirical soil mmosnodel founded on the Universal Soil Loss EquaiUSLE)
described by Wischmeier and Smith (1978) (Reretr@l, 1997). The factor approach of the model allowsta
identify and directly compare the effects of cropmagement on soil erosion. RUSLE provides the pibisgito enter
multiple parameters that can be measured in tie fie describe the crop conditions and surface@ries associated
with a specific management practice. RUSLE calegldhe average annual erosion from a given figlgeshs follows
(Renardet al, 1997):

A=RIKILISICIP (2)
whereA is the average annual soil loss (t'ha?), R the rainfall and runoff erosivity factor (MJ mmha® yr?), K the
soil erodibility factor (t h M3 mm), L andSthe slope length and slope steepness factor§ {He cover-management
factor (-), andP the support practice factor (-). The calculatidntlee individual factors requires different input
parameters, which were obtained from field measargson the 25 sites in 2009. The methods of dataction and

the calculation procedures are described in tHevihg sections.

4.2.2.1 Rainfall and runoff erosivity factor (R)

The R-factor quantifies the effect of raindrop impact on saibson and reflects the amount and rate of runoff
associated with the rainfall (Wischmeier and SmitB78, Renarcet al, 1997). TheR-factor for a given year is
computed from recorded weather station data setadulng the total kinetic energy multiplied by theaximum
30-minute intensity of erosive rainstorm everfidz{) within that year (Renardt al, 2011). The total energy of a
rainstorm event is the sum of the rainfall energieall individual recording time intervals. Theezgy for each time
interval is the product of the unit energy and ithiefall amount within that interval. The unit eggris calculated as
follows (Brown and Foster, 1987):

e = 029(f1- 072&xp(~0050)] )

wheree is the unit energy (MJ Hamm%), andi the rainfall intensity (mmf for each time interval.

For the Haean catchment, two types of weatherostatata sets were available, providing a total dfygars of
recorded precipitation and temperature data. Tisé diata set was derived from a weather statioatéacin the center
of the Haean catchment (Figure 4.1c), which reabngiecipitation and temperature from January 199May 2009
with 1 hour resolution. The second data set waw/elkfrom nine weather stations installed in MayYy20n Haean
(Figure 4.1c) recording weather data with 30 miautssolution until December 2011. Due to techrpcablems, only
four of the weather stations in 2010, and only tmeather stations in 2011 could be used forRH@actor calculations.
We developed an algorithm by using the R progrargndmguage that automatically identifies the eregvents and
calculatesR-factorand rainfall erosivity for every half-month periémm the weather station data sets. According to
Renardet al (1997), small rain showers with less than 12.7 afimain and rainfall intensities of less 25.4 mihvere

excluded from the calculations, and periods withhgiurs of less than 1.27 mm of rainfall were usedivide one rain
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event into two (Meusburget al, 2012b). Precipitation occurring at temperatwkkess than or equal to 0.0°C were
considered as snow, or solid precipitation, andcbemwere excluded from calculations (Leek and QIs2600,
Meusburgeet al, 2012b).

By using this algorithm (performed by RStudio v@r95.258), we calculated thHe-factorsfor the years 1999 to
2011 and the temporal distribution of the rain&bsivity in half-month periods, which was requifedthe calculation
of the C-factor (see section 4.2.2.4). Subsequently, we correttted?-factorsfor 1999 to 2009 data sets, as the
maximum 30-minute intensity was underestimated wuthe lower resolution. Therefore, we calculathd tainfall
erosivity for the 2009 to 2011 data sets, first using the original 30 minutes resolution, and sdcby using
aggregated 1 hour resolution data sets. We coeckltite calculated erosivity values and derived slope of the
regression line, which was used as a correctiotofdor the data sets of 1999 to 2009. Finally, #verage annual

R-factorwas calculated as the mean of the 13 years ingaVi-factors

4.2.2.2 Soil erodibility factor (K)
TheK-factor represents the effects of soil properties andpsoiile characteristics on soil erosion (Renarél, 2011).
It is obtained from the soil erodibility nomographWischmeieret al (1971) as a function of the soil texture (content
of clay, silt, sand, and very fine sand), the orgamatter content, and the soil structure and pahitiey. An algebraic
approximation of the nomograph is given by thedwihg equation for those cases where the silt cardé the soil
does not exceed 70% (Lopez-Vicental, 2008, modified after Renagd al, 1997):

K = 0.1317[0.00021{12-OM )M * + 325[(s- 2) + 25(( p-3)}/100 3)
whereK is the soil erodibility factor (t h MImm™), OM the content of organic matter (%)} the product of the
primary particle size fractions (3,the soil structure code (-), apdhe soil permeability code (-). The factor 0.1347
used for unit conversion to Sl units (Fosteal, 1981).M is calculated as (modified after Renatdal, 1997):

M = (silt +vfs) [{silt + sand) 4)
wheresilt is the percentage of silt (0.002 - 0.05 mm) (¥8the percentage of very fine sand (0.05 - 0.1 n¥4)) énd
sandthe percentage of sand (0.05 - 2 mm) (%).

We took samples of top soils (0 to 30 cm depththef 25 sites (mixed samples from five sampling tioces
distributed over the field) and determined soitte& (wet sieving for sand, and laser particle mesment for silt and
clay), and the organic matter contents in the latooy. The soil structure code was estimated frimhad observations.
The dominant portion of the dryland fields in thady area is characterized by structureless, ségoil horizons,
and was, therefore, set to 1 (very fine granulBrpfile descriptions and tracer experiments onatglfields in the
study area indicated a relatively low infiltraticapacity of most of the subsoil horizons. The peoiigy code for all
25 fields was therefore set to 4 (moderate to sl@y)using the analyses data of the soil sampldstlam assumptions
for s and p, we calculated th&-factor with equation (3). Potential seasonal variatiohghe K-factor due to soil

freezing, soil water, and soil surface conditioln§pez-Vicenteet al, 2008) were not considered in this study.

4.2.2.3 Slope length and steepness factors (L areh8 support practice factor (P)

The L-factor and theS-factordescribe the effect of the field topography onl soosion. Thel-factor considers the
higher erosion potential with increasing slope tenand theS-factorreflects the influence of the slope steepness on
erosion (Renardt al, 1997). The -factoris calculated as (modified after Renatdal, 1997):

L =(3.28087 /726)7 (**F) (5)
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wherelL is the slope length factor (-),the slope length (m), angithe ratio of rill erosion to interrill erosion, et
itself is calculated as (Renagtial, 1997):
5 = (sin6/0.0896)/[30((sing)°® + 056] ©)
whered is the slope angle (°). The factor 3.2808 in eiguafb) is used to insert slope length as Sl urtie S-factoris
calculated as (modified after Renatdal, 1997):
S=108[3ingd+ 003 6< 514 @)
S=16.8[$infd- 050 6= 514° (8)
whereSis the slope steepness factor (-), &rtle slope angle (°).

The P-factor reflects the positive impact of management throtighcontrol of runoff by practices such as contour
tillage, strip cropping, terracing, or subsurfacaigage etc. (Renarmt al, 2011). The ridge-furrow cultivation system
on the dryland fields in South Korea can be regaaiecontouring support practice. The effectivef@sa given ridge
height is controlled by the field slope steepness the steepness along the furrows when ridgesarparallel to the
contours. First, theP-factor for on-grade contouringPg) is calculated and subsequently adjusted for aifig
contouring (Renarét al, 2011). For the high ridges (approximately 15 om)Xorean row crop field$), is calculated
as (modified after Renaet al, 1997):

P, =1805110.0797-sin8)* + 027 sind < 0.0797 9)
P, =1024[(sind-0.0797)* + 027 sind = 00797 (10)
P, =10 sind = 0.2516 (11)

where Py is the on-grade contouring support practice fathrandé the slope angle (°). The adjusted contouring
P-factoris calculated as (modified after Renatdl, 1997):

P =P, +(1-Py){sing, /sing)*® (12)

whereP is the off-grade contourinB-factor (-), P, the on-grade contouring-factor (-), 6; the slope angle along the
furrows, and) the average slope angle of the field (°).

For the highly complex terrain found in the studgaa where fields can have various flow paths iffecint
directions, it is difficult to identify the represng hill slope profiles and to determine slopadts and the slope
angles of the field and along the furrows. Motivhtey the work of Cochrane and Flanagan (2003), exeldped an
algorithm using the R programming language thadvmatically identifies all possible flow paths withone field site
and extracts the mean slope length and slope #&magiethree provided ArcGIS raster grids of a gifiehd site. From
an available 30 m resolution digital elevation manfehe study area, we developed a 0.25 m resoiUBEM by using
bilinear interpolation (performed by ArcGIS ver..Q)) from which we extracted individual digital tain models for
the 25 field sites. Based on our field observatior009 and from photographs taken from all figikés, we created 25
additional digital terrain models, which includde theight, dimension, and orientation of the ridged furrows. For
each of those 50 DTMs, we developed three rasids,gwhich were used for the R algorithm: a depoesélled
elevation raster, a flow direction raster, and @vflaccumulation raster (performed by ArcGIS ver.010The
depression-filled elevation raster contains thesatlen model of the field site without topographisinks. The flow
direction raster contains for each cell the infaiom to which neighboring cell water would flow. &hflow
accumulation raster contains for each cell the ramolb cells that would drain into it, and is useddentify the starting
cells of flow paths (cell value equals 0). We estiea the mean slope length and slope angle by tsa& algorithm
(performed by RStudio ver. 0.95.258) for the ragfeds without ridges and furrows, and calculateéactor and
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S-factorfor the 25 fields with equation (5) to (8) aRg with equations (9) to (11). Subsequently, we usedsame
algorithm for the raster grids including ridges dadows to extract the mean slope angle alonguh®ws, which was
used to calculate the off-grade contourirdactor with equation (12). Finally, we changed #dactorto 1.0 for those
field sites, for which the slope length consideyabtceeded the critical slope length accordindiédlope steepness, as
described by Wischmeier and Smith (1978). Wheneslepgth increases a critical length, ridge breakewan occur

resulting in a higher erosion rate that makes agimg ineffective (Wischmeier and Smith, 1978).

4.2.2.4 Cover-management factor (C)
The cover-management factor represents the efééatsop and management practices on soil erosichismised to
compare the relative impacts of the different crapd management types (Renatdl, 1997). It includes the impact
of previous management, the soil surface proteatiomegetation cover, and the reduction in erosloe to surface
cover and surface roughness (Reretrdl, 1997). Because these conditions change overdinese of the year, a time-
varying C-factor approach is used in RUSLE based on half-month siteps (Renardt al, 1997). For each of the half-
month periods within the year, a soil loss ra% R is calculated, for which the conditions are assdro remain
constant, and is weighted by the percentage ofalherosivity associated with that period (seetisec2.2.1) to obtain
the annualC-factor (modified after Renardt al, 1997):
C =(SLR [El, + SLR, [El, +...+SLR,, [El,, )/100 (13)
whereC is the cover-management factor 8),R the soil loss ratio for the half-month peripdandEl; the percentage
of the total rainfall erosivityElsg) within the half-month period(%).
The soil loss ratio for each half-month periodascalated as the product of five subfactors (Reeai., 1997):
SLR=PLU [CCI[SCISRISM (14)
whereSLRis the soil loss ratio (-PLU the prior land use subfactor (¢C the canopy cover subfactor (§C the
surface cover subfactor (§Rthe surface roughness subfactor (-), 8Mithe soil moisture subfactor (-).

The prior land use subfactor is calculated as (frextiafter Renaret al, 1997 and Lopez-Vicentt al, 2008):
PLU =C [T, xp-|(c, (B.9219B,, )+ (cys BI219B,,/C, % )| (15)

where PLU is the prior land use subfactor (€; the surface-soil consolidation factor (€, represents the relative
effectiveness of subsurface residue in consolidaBg is the mass density of live and dead roots inughger 2.54 cm
of soil (g m?), Bysis the mass density of incorporated surface residthe upper 2.54 cm of soil (§3nc,, andc,s are
coefficients indicating the impact of the subsuefaesidues, and; represents the impact of soil consolidation on the
effectiveness of incorporated residue. The fact®289 is used to insert root and residue mass tyexsiSI units. The
soil consolidation factor for freshly tilled so8 iL.0 and decreases to 0.45 when soil is left turthisd for seven years
(Renardet al, 1997). Because in the study area fields arellystibed every year, soils are disturbed by hastve
activities, and short-term consolidation rates weoé known, we used a value of 1.0 for all 24 matfnth periods
throughout the year. For the coefficiefg c,, Cu.s andcy, the values 0.951, 0.00199, 0.000416, and 0.5 weed,
respectively (Renaret al, 1997).

The canopy cover subfactor is calculated as (mediidifter Renardt al, 1997):

CC=1-F, [exp(-0.1H [3.2809 (16)

whereCC is the canopy cover subfactor (F), the fraction of the land area covered by canopyafidH the distance
that raindrops fall after striking the canopy (eglculated as (modified after USDA, 2008):
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H=H,+029({H, —-H,) a7
whereH is the raindrop fall height (ml, the height to the bottom of the canopy (m), Biathe height to the top of the
canopy (m), assuming a round canopy shape andf@mhy distributed canopy density. The factor 3.280 equation
(16) is used to inseH as Sl unit. The height to the bottom of the canepg assumed to be 0.15 m (ridge height).
The surface cover subfactor is calculated as (remtlifter Renarét al, 1997):

SC=exp{-b S, [024/(0.3937R, )]°*} (18)

where SCis the surface cover subfactor (B),an empirical coefficient, which is 0.035 for tyaiccropland erosion
conditions (Renaret al, 1997),S, the percentage of land area covered by surfacerddt), andR, is the surface
roughness (cm).
The surface roughness subfactor is calculatedllasvio(modified after Renarelt al, 1997):
SR=exp - 066[(0.3937(R, — 024)] (19)

whereSRis the surface roughness subfactor (-), Bnthe surface roughness (cm). The factor 0.393%jiraon (18)
and (19) is used to insert surface roughness asiS|

The soil moisture subfactor is only used in thetNaest Wheat and Range Region of the USA (Reatad, 2011)
and was therefore set to 1.0 for this study.

To obtain the relevant crop and management parasnéie calculating the soil loss ratios for eachf-haonth
period, we measured the development of biomasstgenever, and canopy height for the four majoops and the
associated weeds during the growing season of aad®ur of the 25 sites (site 03, 07, 16, and E8)three (radish
and cabbage) and four (bean and potato) differatesdbetween planting and harvest, we sampledrtips and weeds
from nine subplots, separated the different plamtgpof crops (roots with radishes or potatoesnster cabbage cores,
leaves, seeds, and dead plant material) and weettsr-ground, and above-ground), and determineditidiomass
of the different components. Based on the numbecrops and weeds per m2, we calculated the avdrageass
density of each component. From photographs oflitfierent subplots taken on the day of sampling,estmated the
associated crop cover, weed cover, and the caneighthfor the different sampling dates. We creaemivth charts of
the four major crops, including weeds, for biomdsssity (separated by plant components), canopgrcaewnd canopy
height. The growth charts were completed by biomesger, and height measurements of the four biéésre harvest.
From three subplots, we further sampled all cropd weeds, separated the different plant parts,rméaied their
biomass densities, and estimated crop cover, weedrcand canopy height either in the field, omiradditional
photographs. Subsequently, we adjusted those grokdhts to fit to the real planting and harvestedats the last
biomass sampling was carried out before harvest.

On the remaining 21 field sites including organid aonventional farming, we also sampled all crapd weeds
from three subplots before harvest, and determthedbiomass density of the different plant parte ®dditionally
estimated crop cover, weed cover, and canopy hé&igim three subplots in the field, and from addidbphotographs.
Based on this data, we calculated the average,ytelkker, and canopy height of all four row crops &#oth farming
systems at harvest. The four base growth charte Wieally adjusted to those values, resulting iovgh charts
containing the crop and weed biomass density sequhlgy plant parts, crop cover, weed cover, andggameight for
conventional and organic bean, potato, radish,edsas for conventional cabbage production.

The associated soil loss ratios for the 24 indigldialf-month periods of 2009 were then calculatgth the
equations (14) to (19) underlying the following @sptions. Because farmers did not cultivate theips according to

fixed rotation systems, we had no information aofgptial residual biomass and cover from previoapsr To compare
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the farming system for the individual crops, we ided to focus only on the current growing seasothauit
considering effects of previous years. Prior tonptey, it was therefore assumed that fields did cartain plastic
covers, and that the biomass density of roots asidues, as well as crop cover, surface cover andpy height, were
zero. The surface roughneRswas estimated as 1.65 cm, by comparing soil sarfdmtographs of dryland fields in
the study area to roughness plot photographs barfdenal (1997). During the growing season, between pignaind
harvest, only root biomass density of the weedslavant (assuming 10 cm rooting depth), becaussisvare growing
in the furrows, whereas crop roots are only come¢edl in the ridges, which are covered by plastio.fThe
application of plastic mulch provides 50% surfaceear for the entire growing season, but surfacgyhoess is also
reduced to 0.83 cm, assuming that the roughnefe gflastic sheet covering 50% of the soil surfad®0 cm. Canopy
cover is the combination of crop cover and the co¥eveeds, assuming that weeds cover both, ridgdsurrows, and
crops cover primarily ridges. Canopy cover of cragpseduced by the amount of dead biomass (asatfie of dead
biomass to total biomass), because dead plant fadirte the ground, become residues, and wereetber add to the
surface cover. After harvest, all crop biomass die$ becomes residue, and the canopy cover isotigrdetermined
by weed cover. The canopy height was set to zdre.amount of biomass density remaining in the fiddends on the
crop type. For bean, the crop yield accounts oalya relatively small fraction of the plant, ansnakt the whole
biomass remains on the field, and for potato, dimnéypotatoes are harvested, whereas for radist, ahttse biomass is
harvested, and for cabbage, everything exceptabis and the outer leaves (approximately 15% ofgakbiomass) is
harvested. The density of incorporated root aniluesbiomass after harvest, as well as the pergerghcanopy and
surface cover depends on the degree of soil distied at harvest. Bean and cabbage can be hanadxied the soil
surface without plastic removal and soil disturteanthe harvesting of potato requires the removahefplastic film
and a complete disturbance and mixing of the sathe ridges (50% of the field surface-soil). Arsdlish is harvested
by the removal of at least 50% of the plastic fanmd soil disturbance and mixing of the underlyiiges (25% of the
field surface-soil). However, the different farmers the study area use different techniques andhmary for
harvesting their crops, which can produce diffedentls of disturbance and mixing. To include tlaiety of those
different harvesting procedures, two scenarios vgareilated: a low disturbance scenario representisgminimum
required disturbance for manual harvest (descriddmale), and a high disturbance scenario repregeatimaximum
disturbance such as that created by using machiRerybean and cabbage, 50% of the plastic is rethewnd 25% of
the surface-soil is mixed. For potato, 100% of piestic is removed and 100% of the surface-soihised, and for
radish 100% of the plastic is removed and 50% efsilirface-soil is mixed. According to those ratibplastic removal
and soil surface-mixing, the canopy cover and serfeover was reduced, surface roughness was iecteasd the
biomass density of incorporated roots and residag ealculated based on the remaining biomass gearisitead crops
and weeds. The average depth of disturbance wamassto be 10 cm, which was estimated from fieldeobations.
For the periods after harvest, it was assumedthtieicover and biomass density status remainedestallditional
growth of weeds after harvest and the decompositffarsidue could not be included in this studysuse we did not
have data of growth and decomposition rates afterctopping period.

In order to account for different schedules of pltam and harvesting over different years, we siradatwo
additional scenarios, one scenario representingaaty planting year by shifting all calculat&LR values to the
previous half-month period, and one scenario regasy a late planting year shifting &LRvalues to the next half-
month period. Subsequently, we calculatedGHRctor for the major crops, for conventional and orgdaitning, and

for each of the 13 years of available rainfall datal each of the scenarios by using equation @B®glly, we
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calculated the average annu@lfactor for conventional and organic bean, potato, rad&hwell as conventional

cabbage, as the me@nfactorover all years and scenarios.

4.2.2.5 Calculation of soil erosion rates

The average annual soil erosion rates associatédthe four major crops and two different farmingtems were
calculated according to equation (1) by using terage annuaC-factorsand combining them with all 25 field sites.
Using the average annuBHactor and the field individual factork, L, S and P, we calculated the average annual

erosion rate for conventional and organic bearatpptadish, as well as conventional cabbage,doh éield site.

4.2.3 Model plausibility

In order to verify the simulated erosion rates WRSLE, the soil loss for two additional field siteM1 and M2
(Figure 4.1c) were calculated, where sediment waasared for a one month period during the monseasan of
2010. Between the 5 July and 9 August 2010, theuainof eroded sediment was measured with threeffrantiectors
designed according to Bonilkt al (2006) within both field sites. The amount ofnfall was continuously measured
with two rain gauges, soil samples of both fieldsrevanalyzed, and the cover and dimensions ofritye Solanum
tuberosun canopy were measured. Additionally, we develogiggttal terrain models with 0.25 m resolution oftiho
fields, both with and without ridges and furrowsasgd on this information, we calculated the indieidRUSLE
factors and the soil loss rates for both fieldstf@r observation period from 5 July to 9 August@Qising the methods
described above. The calculated soil loss ratetines compared to the observed erosion.

Because the observation period in 2010 was relgtslert and only two field sites were measured additionally
compared the average annual erosion rates compitte¢RUSLE to the long-term annual erosion ratesrested using
the fallout radionuclide caesium-13''Cs) for two sloping dryland fields in the Haeanctatent (Meusburgest al,
2012a). One site was located in an area of théngstnt, which was recently converted from foredatonland, and the
other site was characterized by long-term agricaltuse. Soil core samples were taken from threations within
each site and were analyzed f3fCs activity. Fallout*’Cs was generated as a product of nuclear weapsts te
between the mid 1950s and the early 1970s (Meusbetgal, 2012a). It is redistributed in soils by procestke

erosion and deposition, and can be used for asgetbs amount of soil loss (Malgt al, 2008).

4.3 Results and discussion

4.3.1 Rainfall and runoff erosivity factor (R)

As expected, the rainfall and runoff erosivity the period May 2009 to December 2011, calculatetherbasis of 30
minutes resolution records, was higher than foratgregated 1 hour resolution data sets (Figure Bédth data sets
exhibited a high linear correlatiolR{ = 0.998). The slope of the regression line wa®91,.3vhich was used as
correction factor for rainfall erosivity calculated the basis of the 1 hour resolution records eetwlanuary 1999 and
May 2009. The resulting corrected rainfall erosividctor for the years 1999 to 2011 is shown inukég4.3. It was
estimated to be highly variable over the 13 yeaiopewith a maximum in 2006 and minima in the ye2@90 and
2002. The erosive rain events are concentratedenonsoon season between June and Septembenghentporal
distribution within the individual years shows vetifferent seasonal rainfall patterns (Figure 4ld)the years 2001,
2009, and 2011, erosive rain events were foundivelg early in June and July, whereas in the y@aR0, 2003, 2007,

and 2010, most of the erosive rainfall was caleddbr August and September. In the years 1992806, almost all
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of the erosive rain events were concentrated withi@ single month, whereas in the years 2004 afié,2fe erosive
rainfall is spread over a relatively long periodrfr June to September.

The average annuR-factorfor the Haean catchment is 6599.1 MJ ml hayr™, which is about 50% higher than
the R-factorfound in previous studies of this region (Chunct)gdunget al, 1983, Parlet al, 2000). This might be as
a result of recent extreme years, for example dh&006 with Typhoon Ewiniar, which saw the highdatly rainfall
recorded in Korea (Park al, 2011), and which could not be considered byetsmghors. These studies, additionally,
used hourly precipitation data with limited utilitg calculate the actual rainfall erosivity (Patkal, 2000, Lee and
Heo, 2011). In another study, Lee and Heo (201&¥emted amR-factor for Chuncheon of 6076 MJ mmha* yr
based on long-term high resolution rainfall datandlicates that our calculations are plausiblthalgh only 13 years
of weather station data were available in the Haeatichment, instead of the 20 to 25 years recomatkerny
Wischmeier and Smith (1978).
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Figure 4.4Temporal distribution of rainstorm erosivity (pemtage of the half-month period erosivity) withiretimdividual years from January to
December for 1999 to 2011

4.3.2 Soil erodibility factor (K)
The soils of the 25 field sites selected for thiglg were characterized by a high sand content (#190%) and a low
amount of organic matter (0.3% to 2.2%) resultingih average soil erodibility of 0.0211 t h Mdm* (Table 4.1).
Soil texture was predominantly sandy loam or loagand. The minimunK-factor was calculated for site 06
(0.0092 t h M3 mm™), which had the highest sand content among thieeRs. The maximuniK-factor was calculated
for site 2 (0.0367 t h MImmiY), which was characterized by a finer texture (Ipaompared to the other field sites.
The averageK-factor for fields under conventional farming managemegsteams (chemical usage) was
0.0219 t h M3 mm*, and 0.0199 t h MImmi* for the organic fields. The lower calculated smibdibility for the
organic fields was primarily due to higher sand lweer silt contents. The average organic mattetextt was slightly
higher for soils of conventionally managed fieldsl@s) than for organic fields (0.7%). The high waaiiity of texture
and organic matter within conventional and orgdiglds indicate that the different erodibility facs result from the
spatial variation of soil properties within the dyuarea, and not from the farming systems emplogedjescribed by
Fleminget al (1997). Organic farming is still a relatively nemanagement practice in the study area. The pesitiv
effects on soil properties, for example, the inseghinfiltration capacity and improved soil stalilby the addition of

organic matter (Erhart and Hartl, 2010), may ordgdime visible after many years of organic managémen
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Table 4.1Soil characteristics (organic matter and texture) @pography (slope angle and slope length) o2&hfeld sites with the calculated
K-factors L-factors S-factors and contouring?-factorsfor the Revised Universal Soil Loss Equation

Area  Org. matter Clay Silt Sand K-factor Slope angle  Slope lengthL-factor ~ S-factor P-factor

Site (m?) (%) (%) (%) (%) (th MImnT) () (m) ) ) Q)

01 2246 22 52 18.3 76.5 0.0155 7.0 47.7 1525 391.5 1.000
02 6228 11 16.9 41.9 41.2 0.0367 3.6 36.4 1.244 7010. 0.949
03 3056 0.6 3.6 17.1 79.3 0.0219 4.6 21.8 0.992 98.8 0.742
04 5787 1.6 9.3 26.6 64.1 0.0251 8.6 106.5 2.479 00Q@. 1.000
05 5447 11 4.9 21.0 74.1 0.0225 19 16.7 0.911 93.3 0.994
06 5712 0.3 1.6 8.3 90.1 0.0092 14.9 57.1 1845 28.8 1.000
07 11347 0.8 2.2 12.4 85.3 0.0153 3.7 54.0 1.489 729. 0.858
08 10536 2.1 5.6 22.1 72.4 0.0230 0.0 15.7 0.996 03a0. 1.094
09 1767 13 6.2 23.0 70.9 0.0246 7.5 24.4 1.056 871.6 0.730
10 4878 0.4 41 13.0 82.8 0.0155 0.0 11.3 0.998 310.0 1.049
11 13764 1.2 5.0 20.6 74.4 0.0220 5.6 124.6 2.440 1531 1.000
12 6452 0.7 5.4 21.1 73.5 0.0262 5.8 35.5 1.280 071.2 0.832
13 2711 13 7.6 25.0 67.3 0.0247 5.1 31.3 1.188 840.9 0.901
14 5643 13 6.4 235 70.1 0.0250 10.9 45.6 1553 68%. 1.000
15 1143 0.3 2.8 13.3 83.8 0.0173 0.0 6.3 1.000 00.03 1.000
16 10981 0.4 34 16.6 80.0 0.0212 6.9 50.7 1.572 5091. 1.000
17 72 0.3 2.8 15.9 81.3 0.0204 12.0 4.7 0.380 3.0051.009
18 3779 0.8 3.3 15.3 81.4 0.0180 6.4 37.1 1.318 691.3 1.148
19 3967 0.7 2.5 13.6 83.8 0.0182 25 24.6 1.041 97M0.4 1.088
20 2408 1.2 6.3 23.6 70.1 0.0243 10.1 22.0 0.996 4522. 0.999
21 14843 1.0 41 16.7 79.2 0.0181 11.8 445 1.540 9232 1.000
22 16578 13 6.4 19.8 73.9 0.0204 114 52.1 1.693 .8162 1.000
23 1913 0.4 4.3 18.7 77.0 0.0216 0.0 9.0 1.000 00.03 1.000
24 1978 0.4 3.6 17.0 79.4 0.0201 0.0 10.6 1.000 300.0 1.000
25 11652 1.7 5.7 21.6 727 0.0217 10.6 68.9 1.990 .5842 1.000
Mean 6196 1.0 5.2 19.4 75.4 0.0211 6.0 384 1.341 .4051 0.976

4.3.3 Slope length and steepness factots&nd S), and support practice factor @)

The 25 field sites were highly variable in theio length and steepness (Table 4.1) represette¢ppographical
variability of the agricultural land in the studyea (see section 4.2.1). The slope length varms #.7 to 124.6 m,
resulting inL-factors between 0.380 and 2.479. The average slope leagting all 25 fields was 38.4 m and the
averagel -factor was 1.341. Slope steepness ranged from 0.0° @8e40, 15, 23, and 24) to 14.9° (site 06). The
associateds-factorswere 0.030 and 3.828, respectively. The averaggesiteepness among all 25 field sites was 6.0°
resulting in an average-factorof 1.405. The calculated slope angle along theoWs ranged from 0.9° to 12.9°. For
most of the sites, the slope along the furrows sraaller than the average steepness of the hilesldpwever, the
slope angle along the furrows was still relativieigh, or the slope length exceeded the criticaytlenwhich resulted in
P-factorsclose to 1 for most of the sites. The smallegactor was calculated for site 09 (0.730). For some figtds,
the slope calculation for the ridge-furrow systessulted in higher slope angles along the furrowspared to the
steepness of the hill-slope resultingHsfactorslarger than 1. The higheBtfactor was calculated for site 18 (1.148).
The averagéd®-factor among all 25 field sites was 0.976. The higffiactors show that the contouring control effect
provided by the ridge-furrow system in the studseais not very effective, because the ridges amergdly not oriented

along the contours.
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4.3.4 Cover-management factor@)

The growth charts of the four major dryland rowpgsan 2009 show a highly variable development oftiass, cover,
and canopy height (Figure 4.5). The main differeiscéhe duration of the growing period between bgesv days,
planted on 27 May and harvested on 31 October 2q@8ato (123 days, planted on 30 April and haeekgin 31
August 2009), radish (82 days, planted on 2 Junehanvested on 23 August 2009) and cabbage (61 gyged on
20 May and harvested on 20 July 2009). The higleedtbiomass at the end of the individual growiregipds was
measured for bean (253.3 g’)rand cabbage (134.0 g3n resulting in a higher crop cover compared teapmiand

radish. For potato and radish, the highest portiborop biomass is represented by the below-grquarts, and for
potato, approximately after the first half of th@ging period, we observed a strong decrease frbleanass and crop
cover. At the same time, weed biomass and weed @oseased until the end of the growing period84.8 g nf and

44%, respectively. For the other three crops, waethass and cover remained negligible compareddp biomass
and cover throughout the growing season. The cahemht curves show a similar shape to the cur¥esap cover

development. Radish and cabbage have their maxiocammpy height at the end of the growing period. lb&an and

potato, canopy height is decreasing at the endeofijtowing period.
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Figure 4.5Growth charts of the four major row crops, beangajato (b), radish (c), and cabbage (d) with @og weed biomass density (left), and
crop cover, weed cover, and canopy height (rigftg lower segment of the biomass density plot shbeslevelopment of the different crop

components and the upper segment shows the devetbmithe associated weeds

The yield measurements of the 25 fields before d&tiréhow a higher total crop biomass density farveational
management compared to organic management for d&hpotato (Figure 4.6a). The mean crop biomassitgeior
conventional farming for bean and potato was 12@5r6% and 1976.0 g ify respectively. The mean crop biomass
density for organic farming was 995.3 ¢frmand 1270.9 g ify respectively. In contrast, radish shows a slightgher

mean crop biomass for organic farming (669.7%) oompared to conventional farming (568.0 §)nmThe mean crop
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cover at harvest for radish was also higher fompig (71.2%) than for conventional farming (61.7@igure 4.6c).
However, the crop cover for potato was much higbeconventional (26.8%) than for organic farmii@ (1L%). Bean
showed approximately the same values under bothageament systems. Weed biomass and cover was @ontbist
higher for organic than conventional farming, exdep bean, which shows similar values for weededepment under
both farming systems (Figure 4.6b and 4.6d). Faatpo the mean weed biomass density for converitamé organic
farming was 96.1 g thand 127.2 g i, respectively. Mean weed cover for conventional arganic potato was 21.3%
and 43.0%, respectively. Radish showed a highreiffee in weed biomass densities between conveh(®94 g nt)
and organic (127.1 g f farming methods. Weed cover for conventional sadiarming was 3.3%, and 14.0% for
organic radish farming. Conventionally grown caldbapows the lowest values for weed biomass deasidyweed
cover among all four crops. The canopy height ditiahange much between both farming systems (Figuie). For
bean, the canopy height was slightly lower for aigg70.0 cm) compared to conventional farming §7¢m), and for
radish the canopy height was higher for organicd&in) than for conventional farming (50.8 cm). &otshowed
approximately the same canopy height for both syste

These results demonstrate that weed biomass ardiaky the ground cover provided by weeds can igéalh
increased by the absence of herbicides associatbdovganic farming. For bean, the low weed biomasd cover
under organic farming might be explained by thehhigop coverage of the plant throughout the growiegod, and
the resultant constriction of weed developmenth@ligh organic farming supports the developmenteddg, we also
found that for potato, organic farming resultedaitower crop yield and crop cover, which might beoasequence of

crop-weed competition or herbivory due to the absef herbicides and pesticides.
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Figure 4.6 Vegetation parameters of crops and weeds measaferktharvest for conventional and organic farnohfpur major row crops. Crop
and weed biomass density (a and b), crop and weezt ¢c and d), and canopy height (e). The barasshe mean value and the error bars the
standard deviation of the associated field sites

The calculatedC-factorsfor the four main crops and the two managemergsythow a high variability over the 13 year
period in terms of the level of disturbance, areltiming of planting and harvesting (Figure 4.7).

For bean (Figure 4.7a), maximuBifactorswere calculated for the years 2002, 2009, and 2@h#n rain events
occurred in April and May. Bean did not show a ¢desably differentC-factor between low and high levels of
disturbance at harvest, as it is harvested atritleo€October when the monsoon season is alreagly Bean fields are
more susceptible to erosive rain events early énydar, when fields are not yet cultivated. Forl8llyears, a higher
C-factor was therefore calculated for late planting andvésiing, rather than for an earlier schedule. Nterince
between conventional and organic bean farming vesscted, in accordance with the similar measured and weed
parameters.

For potato (Figure 4.7b), maximu@-factors were calculated for the years 2000, 2003, 200d, 2010, when
erosive rain events occurred late in the year, kichvstage the potato is already harvested. Foigh level of
disturbance at harvest, a high@factor was calculated, affecting primarily the early plag and harvest scenario.
Potato is generally planted early in the year, Whicakes potato fields more susceptible to latestaim events.

Therefore, early planting and harvest resulted ircilmhigherC-factorsfor all 13 years than a late schedule. Organic
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farming generally showed slightly high€rfactorsthan conventional farming, which can be explaibgdthe lower
crop biomass and surface cover by crop residueshwiiias a stronger effect than the higher weed cav@biomass of
the organic system. The difference between organit conventional farming was higher where a lowelleof
disturbance occurred at harvest, as less cropugsichich can act as surface cover, is incorporated

For radish (Figure 4.7c), the years with maximQsfactorswere different for the early and late planting daavest
scenarios. For early planting and harvest, peakes eedculated for the same years as for potatoQ;22003, 2007, and
2010). For late planting and harvest, the higlieéhctorswere calculated for the years 2005, 2009, and 2@hén
erosive rain events occurred early in the yearo Ats radish, a high level of disturbance resultetigher C-factors
affecting primarily the early planting and harvestnario. Radish has a relatively short growingogecompared to
bean and potato, which makes radish fields susdegdtr those years with late rain events, if plagtand harvesting
occurs earlier, as well as for those years withyeain events, if planting and harvesting occate | On average, early
planting and harvesting resulted in higl@factorsthan a later planting and harvesting schedule tr@pnto potato,
for radish, loweIC-factorswere calculated for organic than for conventidaamming for all 13 years, due to the higher
weed biomass and cover, but also as a result oflihltly higher crop biomass and cover. The défere between
organic and conventional farming was consideralgidr where a high level of disturbance occurredaatest and for
the early planting and harvesting scenarios. Thamtdge of higher weed cover for organic farmingeduced by a
high disturbance, but at the same time a large atofuresidue is added to the soil from the higleevbiomass pool,
which increases the soil stability. Additionally the removal of plastic associated with the higtisturbance, a larger
amount of soil is exposed, but the ratio of theaimmg surface cover for organic farming becomehér than before,
due to higher residue coverage. For early plansind harvesting, this has a much stronger impadherC-factor,
because it affects only the late rainstorm evedtsthe contrary, for low disturbance levels in camkion with late
planting and harvesting, the differences betwegaric and conventional farming practices were atmegligible.

For cabbage (Figure 4.7d), the years with the ligBefactors were also different between the early and late
planting and harvesting scenarios. Cabbage hashbeest growing period of all, and is thereforteatd by both
early and late rain events. To what degree the eaints affect theC-factor depends again on the planting and
harvesting schedule. For early planting and haivgsthe highest values were calculated for thesgy/2802 and 2003,
when rain events occurred late in the year. Fer fpédnting and harvesting, the maximum values vie@uad for 2000,
2002, 2004, and 2009, when rain events occurrdéee&imilar to bean). On average, the scenarfosaoly and late
planting and harvest did not result in consideratiifferent C-factors The higher level of disturbance at harvest

resulted in highe€-factorsfor cabbage as a result of the reduced surfacercov
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Figure 4.7 Variation of theC-factorbetween 1999 and 2011 for conventional (conv.)agédnic farming (org.) of the four major row crppsan
(a), potato (b), radish (c), and cabbage (d) flomadegree of disturbance (left) and a high degfegisturbance at harvest (right), and variable

planting and harvest times. Early planting mears\wweeks before, and late planting two weeks dfteobserved planting and harvest dates of 2009

The average annu@l-factor calculated over all scenarios and years was higbesadish with 0.202 for conventional
farming, and 0.166 for organic farming. For beavgrage annuaC-factorsof 0.121 and 0.120 were calculated for

conventional and organic farming, respectively. potato, the calculate@-factorswere 0.113 for conventional, and
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0.141 for organic farming. For conventional cabhale average annu@Hactorwas 0.128.

4.3.5 Soil erosion rates

According to the highesE-factor, radish also showed the highest average anndarssion rate over all 25 field sites
(Table 4.2). The high erosion for radish can bdaxpd by the relatively short growing period, thigher disturbance
and lower amount of crop residue remaining on ible &fter harvest compared to the other crops.grbaing period

of cabbage is shorter than that for radish, bug thsturbance takes place due to above-ground $targeand a higher
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residue cover reduces the erosion risk. Potatonesjthe highest disturbance at harvest, but duketdonger growing
period, it provides a better soil protection thadish. Bean provides a high coverage due to alsagygrowing period,
but because of the relatively late planting, fiedds still vulnerable to early rainstorm eventsjohtresults in soil loss
rates similar to those of potato and cabbage.

The mean annual soil loss of radish was reduced 8% by organic farming (45.0 t hayr') compared to
conventional farming (54.8 t Hayr™) due to the higher weed biomass density and weeerat the end of the growing
season, as a consequence of the absence of agatwhemicals. Also the slightly higher crop bi@®and coverage
contributed to the lower soil loss rate. Neverthgleur results demonstrate that the protectivecetff weeds can not
sufficiently counteract the negative effects of #tert growing period in combination with low reségdand high
disturbance, because the average erosion for argadish is still higher than those of the othee¢hcrops. For potato,
the soil loss rate was increased by 25% by orgéaniming (38.2 t hd yr') compared to conventional farming
(30.6 t h& yr?) due to a reduced crop biomass density and céWough, weed biomass and cover was increased by
the absence of agricultural chemicals, the negatffects of a reduced crop yield had a more sigaifi impact.
However, our results also demonstrate that a reHaoep yield for potato as a possible consequeficerap-weed
competition or herbivory associated with organiarfang, does not dramatically increase erosion, beedhe average
soil loss does not strongly exceed those of beanabbage, and is still lower than those of radistr. bean, no
considerable difference between organic farming532a" yr') and conventional farming (32.8 t*har™) could be
identified according to similar vegetation charasté&s of crops and weeds for both farming systems

The highest soil erosion rates among the 25 fiidts svere calculated for site 04 with values betw@®.0 t hd yr*
(conventional potato) and 166.4 t*har™® (conventional radish). Site 04 is characterizedabiglatively steep hillslope
in combination with a high slope length (Table 4The lowest erosion was calculated for site 10hwéites between
0.4tha yr* and 0.7 t hd yr’. Also the sites 08, 15, 23 and 24 showed similly soil loss rates. These sites are

located in the center of the catchment and do ae¢ lconsiderable slope angles (Table 4.1).

Table 4.2Simulated average annual soil loss for conventiandlorganic farming of the four major row cropstia Haean catchment. Mean,

maximum and minimum refer to the simulated soisloger all 25 field sites

Management Average annual soil loss (t i)
Crop type system Mean Maximum Minimum
bean conventional 32.8 99.6 0.4
organic 325 98.7 0.4
potato conventional 30.6 93.0 0.4
organic 38.2 116.1 0.5
radish conventional 54.8 166.4 0.7
organic 45.0 136.7 0.6
cabbage conventional 34.7 105.4 0.4

4.3.6 Model plausibility

The comparison between the simulated and obsemitdoss amounts from July to August 2010 showestrang
underestimation for site M1 and a slight overestiomafor site M2 (Table 4.3). The rainfall erosivitalculated from
rain gauge records during the measuring periodi02vas lower for site M1 (363.9 MJ mm'ha') than for site M2
(588.2 MJ mm ha h%). However, the simulated soil loss for site M12@t ha') was almost twice as much as the
simulated soil loss of site M2 (0.71 tHaas a result of the high&-factorand C-factor. Both observation sites had

similar soil conditions, and soil texture was sardgm, and organic matter content was 3.0% for lsitis. The

84



Chapter 4 - Conventional and organic farming

average slope lengths were also very similar fier Mil and M2 with 23.9 m and 25.1 m, respectivélyerefore, the
calculatedK-factor and L-factor were very similar for both sites. Site M1 (9.6°aswslightly steeper than M2 (8.1°),
which resulted in a higheB-factor The main difference between both sites was theedocrop cover during the
observation period on site M1 (72%) compared to(R¥26), which resulted in highly varying-factors and therefore
a higher simulated soil loss for site M1. Howewaren though the RUSLE model produced a much higiasion rate
for site M1 compared to M2, the actual soil lossMh was still highly underestimated. This insuffiot performance
might be partially explained by the higher runoffngration associated with the plastic mulch, whiannot be
adequately modeled by RUSLE. The model does notagomparameters that can be used to control thlration
capacity as a result of an impermeable surfacerc@féects of the plastic mulch cultivation coule therefore only
incorporated in the surface cover subfac&)(and roughness subfact@R). Our field observations, however, showed
that plastic mulch can considerably increase rugefferation and soil erosion. On site M1, we obe=etisevere gully
erosion generated by ridge breakovers as a conseg|wé accumulated surface runoff. Runoff was cotreged in the
furrows and drained to the center of the field, vehi¢ formed a gully that produced this high obsererosion rate of
3.65t hd.

Table 4.3Rainfall erosivity, factors for the Revised UnivarSoil Loss Equation, and simulated soil losstifer sites M1 and M2 in comparison to

the observed soil loss measured during the monseason of 2010

Simulated Observed
Elso K-factor L-factor S-factor C-factor P-factor soil loss soil loss
Site (MImmhah?)  (th MJ* mmt) ) ) ) ) (t ha') (t ha?)
M1 363.9 0.0286 1.047 2.310 0.055 0.917 1.27 3.65
M2 588.2 0.0275 1.075 1.856 0.024 0.911 0.71 0.63

The ®*'Cs analyses carried out by Meusburgeal (2012a) revealed long-term soil loss rates oft®d® yr* on the
recently deforested site, and 41.8 t'ha™* on the long-term farmland site. Although, thisdstwas carried out on
different fields, our simulated erosion rates (Eall2) reflect the average observed erosion rattheoflong-term
farmland site. Also other erosion studies on dléields in the Kangwon Province show similar valudunget al
(2003) found an average erosion rate of 47.5'yrd, and Choiet al (2005) reported erosion rates between 4.2 and
29.6 t hd yr* for potato, and 3.3 and 81.6 tha™ for radish.

Although, the RUSLE model can not accurately repoed erosion processes associated with plastic mulch
cultivation, the comparison to other studies in Heean catchment and Kangwon Province show thatotigterm
simulated erosion rates are plausible. We hadsomas a number of simplifications during the modelgmeterization,
most notable prior and after the growing seasonwvéder, the simulated soil loss rates adequatelgaiethe actual
annual erosion in this region, as erosive rain tsvare concentrated only in the monsoon seasoemck, the effects

of weed growth and residue decomposition play antyarginal role after harvest.

4.4 Summary and conclusions

In this study, we analyzed the effect of convergloand organic farming on soil erosion of row cmptivation on
mountainous farmland in South Korea. We measureliiptfeuvegetation parameters of four major row &dpean,
potato, radish, and cabbage), as well as thoseeeflsvfrom different fields of conventional and arigafarms, and
simulated the long-term soil loss using the Reviseiversal Soil Loss Equation (RUSLE). The compami®f the

model results to the observed soil erosion ratenodstrated an acceptable performance of RUSLE dar crop
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cultivation in this region. We found the highestston rate for radish due to the shorter growingogein combination
with high soil disturbance at harvest and low antswf remaining residue. Nevertheless, the simdlat®sion rates
for the other three crops were not considerablyelov@rganic farming reduced soil loss for radisk ttuhigher weed
coverage, but increased erosion for potato duevier crop yield.

These results demonstrate that the absence ofuligrad chemicals, especially herbicides, in orgafdarming
systems can reduce soil erosion for row crops dué development of weeds in the furrows. Howewer, results
also show that a reduced crop yield associated axith-weed competition or herbivory outbalancespibsitive effects
of weeds, and can therefore produce higher eragsi®s in organic farming systems.

Nevertheless, in both cases the difference inlesd between the farming systems is relatively kraat the effects
of weed coverage and crop yield are highly variatdpending on the timing of planting and harvestelation to the
occurrence of rainstorm events, and the degreeibidsturbance. The simulated average annualles# for both
management systems exceeds, by far, any toleraibless rates. The OECD (2001) defined soil los$aderable when
it is less than 6.0 t Hayr®, and severe when it exceeds 33.0't fi&". The average annual erosion rate for all four row
crops in this study is at least at the limit of ex@verosion, and well above in many cases. Outtsesigo show that the
maximum erosion rates can be three to four timgkdrithan the average values depending on fieloiaphy.

We can therefore conclude that neither farmingesyssufficiently lowers the amount of soil erosidnrew crop
cultivation on mountainous farmland. Although wentified a protective effect of a high weed coveragsociated
with the absence of herbicides, organic farming@loannot be used to effectively control soil emsBoth farming
systems require additional conservation measurgseweent soil loss from row crop fields in this i@y Especially
after harvest, when soil is disturbed and groungecds low, fields are very susceptible to erosibne work of Kimet
al. (2007) suggests that winter crop cultivation wigegrass can be used to protect the soil aftegtbeing season.
However, the development of a high coverage thatct¥ely reduces soil loss takes time and requi@dy sowing
(Morgan, 2005). Soil protection may, therefore nbare effective in the following year, before seed lpreparation is
carried out. The incorporation of ryegrass resithte the soil may provide additional beneficial esffs on soil
properties and crop yields, but requires furthemestigation (Kimet al, 2007). To improve the protection of the
furrows during the growing period, Ricg al (2007) suggested cereal grass cultivation toeeme the infiltration
capacity and reduce runoff flow velocity. Howeveultivating cover crops during the growing seasonld involve
competition with the main crop, which could resaoltower yields. Another very effective measurgtevent erosion is
mulching with plant residues (Morgan 2005). Ouwutissshow that surface cover by plant residue isenedfective than
the canopy cover provided by weeds. Plant resideticerefore be used to cover furrows instead bivating cover
crops that may have negative impact on crop yigldo Kim et al (2007) found in their study that ryegrass residue
mulching significantly reduces soil loss on row mriields. We recommend residue mulching during ghewing
season in combination with winter cover crops aftarvest for conventional and organic farming tevent soil

erosion for row crop cultivation on mountainousiéand.
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