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Abstract

Agriculture requires austainabléntensificationto feed the growingworld population withouexacer-
baing soil degradatioand threateningoil quality.Globally, dastic mulching PM) s increasingly used

to improvecropgrowthand yieldsandconsequentlyagronomic productivityHowever recentiterature
repored also critcal aspect®f PM for soil quality and showedcontradicory outcomes. Thisnight
result fromthe numerous applicati@of PM in different climatesacrossvarious crops, soilandagri-
culturaltechniquesThus, acloser lookis necessargn howPM influences soil processes under certain
climate and cultivation conditiorte obtain acomprehensive understandiofjits effects which isim-
portantto evaluate®M in terms of ssustainable agricultar

The aim of tlis PhD thesisvasto understandhow multiannualPM influences soil properties and pro-
cessesinderthetemperate, humi@entral Europancultivation conditionsnd to evaluate the resulting
consequences for soil qualitydesigneda threeyear field studyto investigatethe influence ofPM
(black poly¢hylene, 5Qum) on microclimate, structural stabilitgpil organic matte(SOM) andthe
concentrations of selected fungicides and mycotoxirtkree soil layers {0, 10 30 and 3060 cm)
compared to straw mulchi@M). Both mulching types were appliéd a drip-irrigated ridge-furrow
systemin strawberry cultivation

PM shifted the soimicroclimate to highesoil temperatures and lowepil moistures The higher sail
temperature seentusto be the key factdior the increased crop growth and yieldwler the present
humid climateThe reducedoil moistureunder PMindicated thatunderPM the impeded rainfall infil-
tration had a stronger effect tmewater balance than the reduced evaporafibis indicatean ineffi-
cient rainwater usm contrast tarid climatesPM changedhewater cyclingn the ridgefrom down-
ward directed water flow® lateral water flows from furrows to ridgeghisreducedhitrogen leaching

in the topsoil (010cm) in the strawberry establishment peribbe pastic mulclesavoided aggregate
breakdown due toapid soil wetting and excess water during rainfalls and rtimistaineda loose and
stablesoil structurein the surface soil, whichrevents soil compaction and made soil less prone to
erosion PM changed carbon fluxemnd transformation so that a larger total and more stable SOM was
observed.Thus, he higher belowground biomass productivity und®vl compensatedhe impeded
aboveground biomass inpandthetemperaturéenducedSOM decompositiorHowever SM increased
thelabile and total SOMn the topsoilafter the firstexperimentyearand promoteanicrobial growth

due to theaboveground biomasscorporation PM reduced @ingicide entry into soil compared 8M

and reducedonsequentlyhefungal biomass reduction atite biosynthesis othe mycotoxindeoxyni-
valenol The modified microclimate undéM did not increasenycotoxin occurrencen this context

PM poses no risk for an increasesbil contaminationimpairing soil quality. This PhD thesidlemon-
stratedthat tke PM effectson soil can varglepending on time, seasand soildepth whichemphasies

the importance to include soil depth and timéuture studies

Compared to semiarid and arid regiahgPM effects found in thi®hD thesisveresmall,absenbrin
another wayl attributedthis to thefact thatPM underhumid climatereducednstead of increasesbil
moisture andhat SM had due tstraw und strawberry canopysimilar6 c ov e r i as@M.&hud, ect 6
generalizing théM effects on soibcrosdifferent climates seems hardly possible as they differ in type
and extent depending on climate. A differentiated consideration is hence necessary to evahte the
effects on soil qualityl conclude thaPM under temperate, humid climatdght contribute toreduce

soil degradatiorfe.g.,SOM depletion, erosion, nutrient leachiisgjl compaction and soil contamina-
tion), whichsustais soil quality anchelpsto enablea sustainable agricultural intensificatidttowever,
further research is necessétyto sugort my findings on a larger scale, longer time periods and across
various soil and crop type&) to addressemainingopen questions ar(@) to develop optimization to
overcome the critical aspsaif PM (e.g. macreand microplastic waste in soil, malcisposal)
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Zusammenfassung

Eine nachhaltige Intensivierung deandwirtschaftist notwendigum die wachsend&Veltbevolkerung
zu erndhrerohnedie Bodenqualitadurch verstarki®odendegradationu verschlechterrPlastiknul-
che (PM)werden weltweit zuehmendeingesetztum Wachstumund Ertag von Feldfriichta zu ver-
bessen und somitdie landwirtschaftliche Produkitét zu steigernZunehmendinden sichaberauch
kritische Aspekte ddPM-Anwendungaufdie Bodenqualitdsowiewidersprichliche Ergebnisge der
wissenschaftliche Literatur. Grundkdnntedie Anwendungin verschiedenen Kliman und bei unter-
schiedlicherfeldkulturen, Bédenndlandwirtschaftlichea Technikensein Ein genauesr Blick ist so-
mit notwendig um den PMEinfluss aufdie Bodenprozese unter verschiedenen Klimand Anbaube-
dingungerumfassend zu verstehandhinsichtlich einer nachhaltigdrandwirtschaft zdoewerten.

Ziel dieser Doktorarbeivar es,zu versteherinwieweiteinemehrjahriggPM-Anwendungrerschiedene
Bodereigenschaéin und-prozesseinter gemaiighumidemKlima in Mitteleuropa beeinflussind die
Folgenfir die Bodenqualitat zu bewertddierfir untersuchtech in einer dreijahrigen Feldstudieie
PM (schwarzedolyethylen, 5qum) das Mikroklima, die Strukturstahit, dieorganische Bodensub-
stanz (OBSund dieKonzentrationerbestimmter Fungizide und Mykotoxine in drei Bodenschichten
(0i 10, 1G 30 and 3060cm)im Vergleich zu Stromulch (SM)beeinflusst BeideBodenabdeckungen
wurden in einer Dammkultur mit Tropfehberegnung im Erdbeeranbau eingesetzt

Die PM veranderten das Mikroklima des Bodens hin zu héheren Temparang niedrigeretWas-
sergehalterHauptfaktor flrdasgesteigert@®flanzenwachstum unter gegebari€ima dirfte somit ie
hohereBodentemperatwsein Die niedrigereBodenfeuchtainterPM zeigte, dassdie verhinderte Nie-
derschlagsversickerursgarker den Wasserhaushadeinflusstels die reduzierte Evaporatiomasauf
eineineffiziente Niederschlagsnating hinweist Die PM verandern den Wassekreislaufhin zuver-
mehrt seitlicha Wasserflissevon der Furche zum Damm unenigervertikalenSickerwasserflisse
im Damm Letzteres verringertedie Stickstoffauswaschung im Oberbodenl®cm)in der Anwachs-
phase der Erdbesmn PM verhinderte einatrupteBodendurchnassung und UberschusswassidRe-
genfallenundsomitAggregatzerstérung. So wurde elnekere undstabileBodenstruktuerhaltendie
Bodenverdichtung unBodenerosioworbeugt PM veranderte Kohlenstoffaustausch unchwandlung
hin zu éner gré3er@a und stabilere OBS.Somit kompensierte dienterirdische Biomassenproduktion
unterPM dentemperaturbedingt beschleunigten OBS Abbau sdetidehlenderEintrag oberirdischer
BiomasseDasSM erhohtgedochdie labile und totale OBS im Obertben nach dem ersten Versuchs-
jahr und steigerte das mikrobielle Wachstum durchademirdische Biomassemtrag.PM veringerte
den Fungizideintrag in den Bodamd verursachteein erhdhtesviykotoxinvorkommen. Somistellt
PM kein erhéhtes Risikdir Bodenkontaminatioen und dieBodenqualitdtdar. Diese Doktorarbeit
zeigte, dassich die PMEffekte zeitlich saisonalund zwischenden Bodenghichtenunterschieden
womit die Bedeutungler FaktoreBodentiefen und Zefiir zukinftigeStudienbelegtwurde

Verglichen mit ariden Gebietewarendie beobachteteRM-Einflusseklein, ausgeblieben oder anders
Als Grund hierflr vermute ich dass PM in humidem Klimalie Bodenfeuchte verringerte anstatt zu
erhéherund das unter SMdas Stroh und Blatterwerk einen PMinlichenA A b d e eekf uf negkut- f
sache. EineGeneralisierungler PMEffekte Gber verschiedenen Klimazonen ist somit kaum mdglich,
da sich die Effekte in Art und Ausmalf3 in Abhéngigkeit vom Klima unterscheider? M-Effekte auf
die Bodenqualitatnussersomit differenzierbeurteit werden Ich schlussfolges, dass?M in humiden
KlimatenBodendegradati@n vermindernkdnnte(z.B., OBS AbbauErosion Nahrstoffauswaschung,
VerdichtungundKontaminatiof und somithilft, Bodenqualitédzu erheltenund eine achhaltige, land-
wirtschatftliche Intensivierungu ermoglichenAllerdingsist weitere Forschung nétig um meine Ergeb-
nisse auf groReren Skaldiberlangere Zeitperioden uruki verschiedeen Boden und Feldfriichte zu
Uberprifen, verbleibende offe Fragen m beantworten und Verbesserungen zu entwickaim die
Nachteile der PM zu lGberwinden (zBodenverunreinigungit Plastik, Entsorgung der Mulche).

IX



Table of contents

DECIAratiON........cvoiviiiieece et e 1l
Contributions to this PhD thesis..........c.cccoooiiiiiieercccecee ]
ACKNOWIEAGEMENLS.........oviiieeiicie e Vi
ADSIIACE ... semeen e V]
ZUSAMMENTASSUNG........ceiviiiiiiieecteeee e emer e IX
1 INErOAUCTION ..ot 1
1.1 SOoilT FUNCLIONS @Nd SEIVICES.......c.veieiiieeciie et emeeee e 2

1.2 The importance of sustainable land use for a productive future agricultuée
1.3 Plastic mulching An expanding agricultural practice with global importagce.

1.4 Plastic mulcing i Chance or risk for a sustainable agricultural development?

................................................................................................................................... 10

1.5 OPEN QUESTIONS. .....ueiiiiiietieie ettt ettt b e bems e 11

2 Objectives andHYpPOtheses............cccoovoviiiiceciiceccee e, 16
2.1 Research aims and methodological approach............cccccoeeveeveeiieiiiecnnes 17

2.2 Structure of th@PhDThesSIS.........ccoiiiiii e 19

3 Analysis of biogeochemical processes
establishment period in strawberry cultivation...............c..cccocoueeee.. 21

4 Agricultural mulching and fungicides i Impact on fungal biomass,
mycotoxin occurrence and soil organic matter decomposition....38

5 Multiannual soil mulching in agriculture : analysis of
biogeochemical soil processes under plastic and straw mulches in a

3-year field study in strawberry cultivation ..................ccccccevevveeerenenne. 55
6 How does multiannual plastic mulching in strawberry cultivation
influence soil fungi and mycotoxin occurrence in soil2................... 76
7 Synthesis andCoNCIUSIONS............ccoooiiiiicceee e 90
7.1 Conclusions based on the summarized findings on how plastic mulching
influences soil properties and PEESES. .......cccooirieiiriieee e 91
7.2 The consequences of plastic mulching for soil quality in terms of a sustainable
AQEICUITUIE. ...ttt reet e et e e et e e s nnnr e e srae e e enneas 95
7.3 Outlook and OPN QUESTIONS........c.couiiieiie e s 97



D ANNEX et ettt snnn e are s 117
9.1 Supporting iINFOrMALION............coiiiiiii e 118
9.2 List Of @bhreViationsS...........ccoiiiiiiiiieeree e 156
9.3 LISt Of tADIES... ..ot 156
9.4 LISt Of fIQUIES ... .oiiiii ettt anams e 156
9.5 List of attached files 0N CIROM...........ccoiiiiiiiiiiieeeeeeee e 156
9.6 CUITICUIUM VITAE........ei ittt snee e emenes 157
9.7 PUDICALIONS. ...t ee e e e eemen e e 158

XI



CHAPTER 1

Introduction



1.1 Soil i Functions and services

The pedospheres t he top | ayer anbratelse tda@r temd@s redarnyf @

soils. Soils consist of a mixture of mineral particles, organic materials and the interspaces
between them, the pores, which are filled with water and air and are inhabited by a multitude
of soil organismgBlume et al, 2016). Soils developed over the millennials and were shaped
by the five sodforming factors parent rock, topography, vegetation, climate and time
(Kibblewhiteet al, 2008; Dominatet al, 2010) Soil formation is driven bynecipitationand
temperaturgwhich define the velocity of chemical and biological reactionsesadbe physical
weathering(e.g., temperature burstinghemical weathering (e,diydrolysis and hydration),
relocation of weathering produasdvegetation growtliDominatiet al, 2010;Blumeet al,

2016) The mineralogy of parent rock defines the mineral composition of a soil and also
influences weathering velocitfDominati et al, 2010) Furthermore vegetation promotes
biological weathering (e.groot exudation) and physical weatimg (e.g, root bursting)
whereastopography indirectly influences soil formatiadue to effects of gravitylocal
microclimate and water availabilityDominati et al, 2010; Blumeet al, 2016) The
aforementioneghedogenic processes drivailformation anddetermine as function oftime

and intensitythe characteristiproperties and functiorsf a soil(Figurel).

- .
Factors || Processes |HP|Properties |l | Functions
1. Parent rock Transformation processes Physical soil properties *  Element cycling
2. Climate * Rock weathering +  Texture * Buffering
3. Vegetation *  Mineral transformation + Bulk density *  Habitat
4. Topography * Loamification « Aggregate stability *  Biodiversity
5. Time * Brunification *  Remediation
*  SOM decomposition Chemical soil properties *  Plant growth
* Humification « pH
+ Electrical conductivity
Translocation processes +  SOM stocks
* Leaching
* Salinization Biological soil properties
* Decalcification + Microbial biomass
*+ Carbonatization * Basal respiration
* Clay migration
* Podzolisation

Figure 1 Soil formation:The soitforming factors trigger @dogenic processeshichdefineas function
of time and intensitythe chamacteristic properties and functions of a s@bbased on Kuzyakov &
Zamanian, 2019; Blumet al, 2016)




Soil properties are usually divided in physical (etgxture, bulk densityand aggregas
stability), chemical (e.gpH, electricalconductivity and sil organic matter (SOMgtockg and
biological (e.g. microbial biomassand basal respiratiprproperties(Dominati et al, 2010;
Kuzyakov & Zamanian, 2019%o0il functions refer to one or more soil processes or properties,
which contribute to one or moezosystem servicdS€ostanzaet al, 1997; Binemanst al,
2018) For examplethe SOM pool is the most centrakey soil property, whichnfluences a
multitude of soil processes and other soil prope(tegure2) and thuscontributes tese\eral
ecosysem services such as climated wateregulation nutrient cycling, erosion control and
food production(Costanzaet al, 1997; Kibblewhiteet al, 2008; Powlsoret al, 2011)
Ecosystem services amgenerally defined ashe benefits which humanity derivédsom
ecosystem functiorendhaveanestimatedannual value of US$ 164 trillion (Costanzaet al,
1997) Soilsand its functions have a vital role in sustaining various ecosystem services, which
are increasingly usetb incorporate ecological sustainktyi in political decisionmaking
(Greineret al, 2017) The ecosystem services supplied by ssocin be divided in three
categories(Tablel): Providing servicesinclude all products that humans obtain from
ecosystemgegulating servicesontrolsoil processesvhich enable humans to live a stable,
healthy and resilient environmeard cultural services comprise all nonmaterial human benefits
suchas aesthetiexperiencesgultural heritagespiritual enrichment and recreati@@ominati

et al, 2010; Pwlsonet al, 2011) In the public opinionsoils lack the attractiveness and
charisma of other natural elemerfddendeset al, 2016) Because of thathey are often
neglectedn conservation and protection planning, although they are fundamentalrtaimai
critical ecosystem services such as food and biomass production, water and climate regulation,
raw material source and biodiversfiyominatiet al, 2010; Mendest al, 2016; Greineet al,
2017)



oil physical quality
Soil structure
Bulk density
Porosity

Soil temperature
Infiltration
Available water

f@ capacity

< Erodibility
A%
&
S
S :

< Soil strength T

Erosion and runoff ) 'g

Leaching anaerobiosis g iz}

Z3

g 3

Agroecological quality
* Use efficiency of
nutrients and
water
Soil resilience
* Agronomic
productivity
* Sustainability

Rhizopheric
processes

Gaseous emission

Heat of wetting
Soil water potential

Soil chemical quality
- pH
* Buffer capacity
« Cation exchange

Nutrient !
dynamics capacity
* Nutrient
retention and

availability

* Methanogenesis

Global warming potential 5 § Nitrification/ denitrification
Nutrient/water budget E % Heat evolved by microbial
Soil/plant interaction E E processes
57 < &
%, % f
4,
% y ¢ 5
¥, &
% &
e, &
N Soil biological quality 2
* Species diversity
* Microbial

biomass
* Elemental
transformation

Figure 2 The influenceof SOM on variousoil properties and processgedrawn from Lal, 2013)

Although all ecosystem services of soils provide large benefits for humanity, the primary
interestin soil was traditionally on its potential for agricultural production and hence the soll
function plant gowth was of paramount importancéBtnemannet al, 2018; Kuzyakov &
Zamanian, 2019)Iin terms of maximizing agronomic productivity to fete growing world
population, many natural seivere modified by humans to such an extent, that humanity was
recenty suggested ahe sixth soitforming factor(Kuzyakov & Zamanian, 2019)ncreasing

all the functionsin an agricultural soil which araecessary to improve crop growill
inevitably change soil properties and processeklecrease other soil functionsservices, as
maximizing all ecosystem services simultaneously is not posiidlewhite et al, 2008;
Powlsonet al, 2011; Kuzyakov & Zamanian, 2019)hus, a tradeff for agricultural soil
management has to be made betweensering all ecosysten service and optimizing
agriculturalyields(Powlsonret al, 2011) However, intensifying agricultural production should

avoid irreversible soil damage and include a sustainable develoffitgsewhiteet al, 2008;
4



Powlsonet al, 2011) which was defied in the Brundtland repasts : fdevel opment
the needs of the present without compromising the ability of future generations to meet their
own n Bauddandet al, 1987)

Table 1 Ecosystem services and functions provided by gsiisnmaized from Costanzat al, 1997,
Dominatiet al, 2010; Powlsort al, 2011; Pereirat al, 2018)
Ecosystem service Ecosystem functions Examples

Providing services

Food production Enabling plant growth Production of crops, nutand fruits by
gatherng andfarming.
Raw materials Source ofaw materials. Resource of @at for fuel and clay fo
potting
Physical support Strength, intactness  ar Physical base for human infrastructures
resilience of soil structure
Biodiversity Providing genetic resoues Nurseriesfor beneficial insects, geneti
and tabitat forspecies materials for medical purposes

Regulating services

Climate regulation  Carbon storage and regulatic SOM decomposition and denitrification
of CO;, NO and CH

emissions
Disturbance Respomling to environmental Mitigating floods anddroughs, prevention
regulation fluctuationsdue to the apacity of soil loss by wind and runoff

to retainwater and soil within
an ecosystem

Water regulation Storage and retention of wate Provisioning of water for agriculturadr
regulation of hydrological industrial processes tnansportation.
flows.

Nutrient cycling Storage, cycling, processir Nitrogen fixation, N, P and other elemen
andacquisition of nutrients.  or nutrientcycles.

Filtering and Filtering, immobilization or Waste treatmentgroundwater filtration

detoxification transformationof nutrients or detoxification.

xeniccompounds.
Disease regulation  Contrdling the proliferation of Competition betwen microorganisms
pests and harmful disea:

vectors

Cultural services

Recreation Providing  structures for Ecotourism, outdoor  recreational
recreational activities. activities.

Culturalheritage Storing geological an( Educational, spiritual anscientific valus
archeological heritage of ecosystems.

In the contexbf a sustainable agriculteysoil quality(or the similar concept dfoil health)is
discusseds anintegrative property thatescribeshes o icapécty to respond to agricultural
intervention (Kibblewhite et al, 20(; Bunemannret al, 2018) Soil quality is commonly
defined as @At he «capacidcgosysteni andilangse holindatiestof unct
sustain biological productivitypaintain environmental quality, and promote plant and animal

5



h e a I(Dotar & Pakin, 1994, 1996)In terms of asustainable agricultural development,
agricultural practiceshave to maintain soil quality on a sufficient leveb support the
agricultural productioms well aghe provision of other ecosystem serviaesl have therefore
to be estimated for their impacts on soil quafkybblewhite et al, 2008; Binemanet al,
2018)

1.2 The importance of sustainable land use for a productive future

agriculture

In the coming decadesgrculturewill face abig challenge tq1) provide foodsecurity for an
everincreasingworld population and2) achiewe this in an environmentally and socially
sustainable wayithout driving further the progressinglimate change anthe ongoingsoil
degradation othealready scarce fertile agricuial areagGodfrayet al, 2010; Tilmaret al,
2011) It is forecasted thaheworld population will reach 8illion people in 205¢Godfrayet
al., 2010) Thiswill result in a doubled global crop demand from 286®205Q not onlydue to
population gravth but alscaccordingto changing eating habifsom amoreplantbasedo a
moreanimalbased dietausedoy higherper capitancomes(Lal, 2008; Tilmanet al, 2011,
Muelleret al, 2012) The ncreasing demandesr food, feed, (bie) fuel and fiber rquire either
larger areafor agriculture and/or an intensification thie already cultivatedgricultural lands
(Foleyet al, 2005; Kuzyakov & Zamanian, 2019)

However the agricultural areancreasd by only ~9% in the past five decadealthoughgrain
production has almost doublé@odfrayet al, 2010) The increasavasonly minor because
agricultural lands covealreadylarge partof the global land are@Kuzyakov & Zamanian,
2019) and compete with the remaining areas (egommercial timberlandsand natural
ecosystems which areneededor otherimportanthuman activities and purpos@Sodfrayet
al., 2010) Nowadays, 344 of the global land area are covered by agricultural lands-(anap
grasslands)which made uplmost 50% of the area suikde for agriculture amany areassuch

as deserts, mountainous, Hoevered and settled regignare unsuitable for agriculture
(Kuzyakov & Zamanian, 2019Because ofhat a further increase in agricultural lands would
beavery costlysolution, especlly if protecting biodiversity, climate and ecosystems services
of natural ecosystem@&odfrayet al, 2010; Kuzyakov & Zamanian, 2019} can husbe
expected, thahefutureincrease in agricultural production witiainly rely on intensification
(Kuzy&kov & Zamanian, 2019)



In the lastdecades, griculture has already undergorgestrong intensiftation by introducing
and increasingthe use ofheavy machinerymineral fertilizes, pesticides, irrigation and
high-yielding plantgFoleyet al, 2005; Kuzykov & Zamanian, 2019However,overuse and
inappropriateland managemertiave led to several types of soil degradation such as soil
erosion, soil compaction, SOM depletion, biodiversity losses, salinizaodification and
greenhouse gas emissiofisal, 2008, 2015; Tilmaret al, 2011; Reayet al, 2012) For
example large machinery inputs increaksoil compaction and erosion atitus, reduce soil
structual stabilityand SOM(Pimentel & Burgess, 2013; Borreliit al, 2017; Shalet al,
2017) pesttides and natural habitat destruction decreased benedigahisms(e.g, plant
pollinatorg (Foleyet al, 2005; Ndakidemet al, 2016) irrigation enhanca soil salinization
affecing already> 25 % of all agricultural ares(Qadiret al, 2000)andthe high fertilizer use
has decreased water quality in many regiffrdey et al, 2005) Additionally, agriculture
cause ~60% of anthropogenic nitrous oxide emissigeayet al, 2012)and ~25% of the
global anthropogenic greenhouse gas emiqdidmanet al, 2011) Today,33 % of the global
land area are affected by at least one type oflsgiladationwhichis detrimental to soil quality

and fertility and theatens agronomic productivifial, 2015)

However, maintainingsoil quality andfertility are pivotal to meetthe future challengesn
agriculture(Pimentel & Burgess, 2013; Borreéit al, 2017; Shalet al, 2017) To this end, a
6sustai nabl e agncultaral landshascbaetrproposed(Mueller et al, 2012;
Lindblomet al, 2017) Thisrequires, first of all,a change in thperception ofoil from solely
beinga medium for plant growtandraw materias (Lal, 2008)to beinga provider ofvarious
ecosystem servicesvhich are not only important forthe health of humanty and aljacent
ecosystems but also for the letegm sustainability of the agricultural system it§®bbertson
& Swinton, 2005) Furthermorea sustainable intensification of agricultureedto implement
newtechniqueswhichmitigatethe negative environmeat impactsof anintensive agriculture
and maintain ecosystem servi¢€genema & Pietrzak, 2002; Mores al, 2010; Muelleet al,
2012; Lindblomet al, 2017) Suchtechniques includgrecision agriculture, conservation
tillage, highyielding hybrids,mulching,improved nutrient managemeand multifunctional
landscape managemdMuelleret al, 2012; Lal, 2018)Additionally, a science is needed that
provide acomprehensiveinderstanding oégricultural soils anacosystems to identifthe
impact of gricultural practices on soil properties and processes hencereveal the

consequences faoil quality andecosystem services (Robertson & Swinton, 2005).



1.3 Plastic mulching i An expanding agricultural practice with global

importance

Mulching is wually defined as covering the soil surface vditierent materials to improve
growth conditioms of crops(Prosdocimiet al, 2016; Igbalet al, 2020) Mulching techniques
such as lithic and organic mulchihgve a long history in agricultufer improving yields and
agronomic productivityLightfoot, 1996; Haapalat al, 2014; Ray & Biswasi, 2016} .ithic
mulching includes materials such astones, gravel, volcanic ash, cinder and other lithic
materials whichadsorb and store solar energy and reduep@ation, surface crusting, wind
velocity and water runofiand thus improving crop growth liycreasng soil temperature and
moistureand reduing soil and nutrient losses by wind and water eroglaoghtfoot, 1996)
However, ithic mulching isalocally confinedmulching techniquewhich is primarily applied

in arid and semiarid regiongith large depositsf lithic materiat (Lightfoot, 1996; Garet al,
2013) The more commonrganic mulchingises cover materials such as straw, grass, bark and
crop stibblesandimproves crop growth and yields meduéng weed growth, evaporation, soil
and nutrient losses by mitigad) erosion and leachingnd by increasing SOM, microbial
activity and water infiltration(Haapalaet al, 2014; Ray & Biswasi, 2016; lat d., 2020a)
Beside the beneficial impacts on crop growth and yjelitlsic and in particular organic
mulching materialfave the advantage becheap abundanandthe applicatioroftenrequires
only a low labor inpu(Lightfoot, 1996; Liet al, 2020a)

In recent decadegplastic mulching(soil covering with plastic flmshas becomehe most
important mulching techniqugay & Biswasi, 2016; Sintim & Flury, 2017$imilar tolithic
and organienulchingmaterials plastic mulcles influence heat transfgias and mass exchange
between soil surface and surrounding by its optical properties and impermgabijisycal
barrier)for many substancéslamet al, 1993; Ham & Kluitenberg, 1994; Kha al, 2000)
which increase soil temperature, reduce evagamaprevent weed growth and mitigate soil
erosion by wind and watdFigure3) (Ganet al, 2013; Steinmetzt al, 2016) However,
plasticmulchingperforns betteron theaforementionedttributes thamhetraditionalmulching
techniques and thus acheskiigheryields with lower water, fertilizer and pesticide inputs due
to an improvedwater and fertilizer use efficiency aad almostcomplete weed suppression
(e.g., Buet al, 2013; Qinet al, 2015; Liet al, 2018; Yanget al, 2018; Gacet al, 20194.
Plastic mulchings often combined witdrip irrigation whichis an even more efficient practice
to saw irrigation water(Vazquezet al, 2006) retain soil water(Bergeret al, 2013)and
increag crop yields(Ospanbayeet al, 2017; Heet al, 201§. Different types of plastic
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mulches such as black, white, transparent, red, blue or yellow mulghegide a widearray

of applicationscenariog(Tarara, 200Q) For example,black mulcheswarm soil and hence
extendgrowing season itemperatelimates transparent mulches are used in ¢clohatesfor

soil solarization due t@n extreme soil warming, white mulches are used to reduce soil
temperature in the warm season by light reflection and colored mulches are used in vegetable
production to repel harmfinsects or attract beneficial inse€tarara, 2000; Steinmeét al,

2016) Polyethylene is e mostfrequently used materiakto manufactureplastic mulcles
(Kasirajan & Ngouajio, 2012pecause of its eagyrocesability, high durability, optimal
meclanical properties and cheapnéSspiet al, 2006; Kasirajan & Ngouajio, 2012; Haapala

et al, 2014) Because of the aforementioned advantages and the versatile application
possibilities plastic mulching has become a globally applied agricultural peaaticecent
decadegSintim & Flury, 2017)which has largely replacédetraditionalmulching techniques
(Haapalaet al,, 2014; Ray & Biswasi, 2016l future, heagriculturalareacoveredwith plastic
mulchesis expectedo increaseglobally in the caning decadefor examplefrom 20 to 30
million hain China(the largest useof plastic mulchesvorldwide) but also inotherregions

like Europe and the U&.iu et al, 2014; Sintim & Flury, 2017; Mordor Intelligence, 2020)

Plastic Mulch No Mulch

Earlier
harvest

Increased ,. ‘

yields R ‘.

:" t %k Decreased Weeds
evaporatlon

‘ Soil erosion

- -

Evaporation

¥

No weeds

Higher soil
temperature

Figure 3 Beneficial effecs of plastic mulching orthe conditionsof crop growthcompared to @
uncoveredlot (redrawn from Sintim & Flury, 2017)



1.4 Plastic mulching i Chance or risk for a sustainable agricultural

development?

The agricultural intensificationfaces severe probies due to overuse and inefficiency of
management practices, which haw®eoptimizedin order to obtain a more efficient utilization
of resources in terms of a 0 sao smpravedwatdr | e
managements necessaryas globd agricultural productionis seriouslyaffeced by water
shortag€gPiaoet al, 2010; Sternberg, 201dpe tolimited water resourcegcreasing regional
water shortages enhanced by climate change anth@ioductivewateruse(30i 60 % water
losg in cropgands (Piao et al, 2010; Raest al, 2012; Valipouret al, 2015) Similarly,
agriculture requiresan improved fertilizer use efficiency becaute strongly increased
fertilizer application(especially nitrogeriertilizers) during the last centursesutedin large
unproductivelossesinto the environmente.g., 6070% of applied N gets lostimpaiing
ecosystems and human healtle toeutrophication andzone N2O andNOy emissionMueller

et al, 2012; Van Grinsveat al, 2013; Mohantyet al, 202). Furthermore, @il is the largest
reservoir of organic carbon in the terrestibsphere(Batjes, 1996; Lal, 2013and the
continung SOM depletion of agricultural soils by tillage and erosion incieaseaospheric
CO: concentrationgLal, 2004; Kirkds et al, 2014) This drives climate change and leads to
warmer and more extreme climate condition, wiaiah for examplemodify microbial ecology
and host susceptibilitiend thus complicate agricultural production dumtoeased incidence
and intesity of crop infectiongTirado et al, 2010) In this context plastic mulching can be
discussed s@a promising agricultural practiceo achieve sustainable intensificatiomhich
improves water and fertilizer use efficiency and mitigasmil loss and tis SOM depletion by

reducing wind and water erosi¢B8anet al, 2013; Steinmetet al, 2016)

However, alsccritical aspects of plastic mulching were increasingly repartaécent years
and are briefly discussedin the following Removing plastic mules from the fields is
laborintensive and timeonsuming and often results in an incomplete reahtrom fields
(Kasirajan & Ngouajio, 2012; Huareg al, 2020) which leads to an accumulation of plastic
residues in soil because plastics are hardly deptadShahet al, 2008) An improperand
extensiveuseof plastic mulchingvas reported teontaminatesoil with plastic residues aip

to 325kg ha' of macroplastic and 1076 piedeg’ of microplasticandlet assume that plastic
mulching might be a maj sourceor microplastis in terrestrial environment@stneret al,
2019; Huanget al, 2020) Plastic residuesvere reported talecrease yieldd the plastic
residuesexceed 24®Kg ha® because of reducednutrient availability, decreased microbial
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diversity, damaged soil structure and hampered root develop(@au et al, 2019a)
Additionally, plastic mulches and their residues can release carcinogenic and mutagenic
phthalates into so{Wanget al, 2016; Shet al, 2019) which mightincrease th risk ofhuman
exposurewhen takerup by food cropqSteinmetzet al, 2016)or leached into groundwater,
serving as drinking waters. Further critical aspects resulted from the modified microclimate
under plastic mulching, which was showrirtorease mi@bial biomass and activi{i et al,

2004; Yanget al, 2018) enhancdabile and dissolved organic carb@OC) fractions(Zhou

et al, 2012; Tiaret al, 2013; Lucet al, 2015) shift microbial communityBuyeret al, 2010;
Mufozet al, 2015; Farmeet al, 2017)and reduce SONLI et al, 2004; Zhotet al, 2012;
Zhanget al, 2015) This was interpreted as an enhanced microbial SOM decomposition, which
point to a accelerate@-cycling, resulting ircontinlousSOM depletion, reduced SOM quality
andincreagd greenhouse gammissiongSteinmetzet al, 2016) However,it was suggested
thatthereportedSOM losseamnight only occur irthe shortterm and could be compensated by
higher(root) biomass inputs after several seastuns to an enhanced plagrbwth undeplastic
mulching(Ganet al, 2013) Furthermorefirst studiesshowed thaplastic mulching cashift

the microbial community composition towardaycaoxigenic fungi and increasethe
concentration ofdeoxynivalenolin soil (Mufioz et al, 2015, 2017) Deoxynivalenol is a
mycotoxin, whichis biosynthesized by several fungal spe@é&she genud-usariumunder
unfavorable growth condition and are harmful to animals and hutMurphy et al, 2006;
Vanhoutteet al, 2016) Thus, plastic mulchingnight pose aisk for an increasingnycotoxin
contaminatiorof soilsand, depending on mycotoxin fate, possibly &sarops, groundand
running waters. These reports have led to increasing concerns about the sustainability of plastic
mulching, especib} regarding its longerm effects on soil qualitfSteinmetzt al, 2016)

1.5 Open questions

The scientific literature about the influence of plastic mulching on physicochemical and
biological soil propertieeemains iconsistent and contradast (Maet al, 2018) for example,
with regard tomicrobial biomasgMoreno & Moreno, 2008; Wanet al, 2014) SOM (Li et

al., 2007; Qinet al, 2016)and aggregate stabilifrindall et al, 1991; Wanget al, 2017) |
assumed thahe different effects mighesult from theact thatplastic mulches are appliéa

various
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1 mulching arrangements (e.gidgefurrow vs. flat, ridge or furrow coverage vs. full
coverage),

film thicknesses (e.g8 pm vs. D um),

periods (before maturity vs. full growing phaseannual vs. multiannual),

agricultural practices (different types of irrigation, fertilization and pesticide treatment)

= =2 =2 =

as well ado different crops, soils and climat@&asirajan & Ngouajio, 2012; Liet al,
2014; Maet al, 2018; Zhacet al, 2018)

Furthermorethe plastic mulching application varies regionallg: China,for exampleplastic
mulching is mainly used to improve water (precipitation) use efficiency under water scarce
conditionsin arid and semiarifermlandregions(Denget al, 2006; Ganet al, 2013; Haret

al., 2014; Gaeet al, 2019a) Conversely in Europe, plastic mulchingi$en used for premium

and seasonal products such as strawberries, asparagus and other ve(fetabbiescia
Mugnozzaet al, 2011; Steinmetzt al, 2016)to improve productquality and topromote
earlinessor extend harvest periogScarascidMugnozzaet al, 2011; Neriet al, 2012) The
numerousapplicatiors of plastic mulchingcan thus be assumeditdluencesoil processes in
different magnitudes or dictions such ashe soil processeggulatingSOM, which isthe most
central soil propertgndclosdy intedinked with manysoil properties and processgsgure4).

In a review about plastic mulchin§teinmetzet al. (2016)concluded, that most studi@bout
plastic mulching focused on its individual effects (mainly shemn agronomic benefits),
whereas a substantial process understanding of its impact on various soil properties and
processes is still missing but necessary to evaluate the impagkast€ mulching on soil
guality in the longterm. Thus, to evaluatbe plastic mulching influence on soil quality atal
discuss it in terms of a sustainable agricultural developmewastnecessaryfor me to
contribute tathe following overarching quéens to improve our process understanding of the

multifaceted effects of the complex cultivation system:

1 Which soil processes and properties are influermeglastic mulchingunder which
cultivationconditior?

1 How strong (and in which direction) are Ispiocesses influencday plastic mulching
under certairtultivation condition?

1 Which effectscan be attributed to the mulching type aloaed whichare possibly
intensified, mitigated or caused by other cultivation factors (e.qg. fertilization, irrigation,

pesticides, tillage)?
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Figure 4 The main sil processes influencing tmeost centrasoil propertySOM (based on information
given in McLauchlan, 2006; Dignat al, 2017)

Furthermorethe scientific literature about plastic mulchifeg.g., reviewedby Steinmetz et al.
(2016)and Gan et a(2013) reveals several open questiansatheronly marginally discussed
topics, whichhaveto be addressefr a comprehensive angtliable estimation 6 the plastic

mulching impact on soil quality

(1) Almog no information is availableaboutplastic mulchingunderthe typical European
cultivation systems andonditions, despiteits expanding applicatioin Europe (Mordor
Intelligence, 2020)It needs to be examinadhetherplastic mulching under humid conidihs
with lower evaporation and higher precipitati@ates than aridegionsalso strongly increase
the soil moisture or whetherthe soil moisture is rather decreased because the
waterimpermeable plastic mulch impedes rainfall infiltratidihis is impotant as hanges in
soil moisturearea main driver of plastic mulching effecf€anet al, 2013)and can affect
SOM decomposition and aggregation and thus shift SOM composition andtsaitural
stability (Bronick & Lal, 2005; Dignaet al, 2017) The SOM andthe soil structural stability
influence for examplewater and nutrient cycling, aeratiogrosionandsoil microorganisms
andare thus essenti&br soil fertility and quality (Loveland & Webb, 2003; Bronick & Lal,
2005; Grego & Lagomarsino, 200Bal, 2015) With regard to this) aimed to answer the
following questions:
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1 How does plastic mulching influendée soil moisture withregard tothe higher
precipitation and lower evaporation rates under temperate, humid climate conditions in
Central Euope compared to arid and semiarid areas?

1 How does plastic mulching influence SOM decomposition and aggregation atlehus
SOM quantity and compositicand soil structural stabilitynder European cultivation

conditions?

(2) Plastic mulchings often comimed withfungicide applicationrBut how the fat@and effects
of fungicides are affected bythe plastic mulchwas not investigategiet This is important
because fungicides as®il contaminants which can impair soil qualiiyendeset al, 2016;
Blunemanret al, 2018) In a first step, | wanted to investigate how the plastic minlithences
the soil entry of selected fungicides and hberesidual soil concentratisrand effectof the
fungicideson microbial biomass and SOM decompositatrangewithin a time period long

enough to ensureompletefungicidedegradation in soil:

1 How does plastic mulching influencéhe fungicide fate in soil (soil entry and
degradation time)?
1 Which effecs havethe fungicide residues in soil amicrobial biomass and SOM

decomposition and occurs a recovery within a certain time period

(3) Similar to fungicides mycotoxirs have receivedery little attention in plastic mulching
research until yetHowever,they may be relevantand possibly overlooked sqilollutants
which can influence microbial biomass and activity and hence inevitably impact on soil quality
(Mufioz et al, 2015; Venkatesh & Keller, 2019)urthermore, mycotoxins are a stress
indicator, indicatingunfavorable growth conditions for the fungal commuiridagan et al,

2002; SchmidHeydtet al, 2008; Reverbert al, 2010) Thus, | wanted to assess in a first
stepwhetherthe modified soil microclimate under plastic mulchoaninfluence mycotoxin

occurrence:

1 Does plastic mulchinmcrease thenycotoxin ocurrence in soil?

1 Do themycotoxinsoccurat certainstages during multiannual plastic mulching?

(4) Most studies about plastic mulching focused only on the effects in the t{@sdlicm)
and after a full ongrear or tweyear application period. Howeveshether the influence of
plastic mulching can also reach into deeper soil layers or can change within the temporal course

of its application in dependence of season or time is still unknown. Thus, | wairteelsiigate
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which influencesoil depth andime (continuous plastic mulchingaveon the plastic mulching

effectswith regard to th@forementioned soil processes and properties

Can the effects of plastic mulching also reaalsoil layers (belowi0cm)?
How do the potentialeffectschangewith increasing soil depth?
Are there effectsvhich appear onlybelow the topsoilayer?

Do theplastic mulching effectscrease or decreasath time?

= =2 4 A =

Do some effects onlpccurat certainstagesof the cultivation orduring the seasonal

cycle(e.g. establishn periodof plantsor summer season)

Furthermoreagricultural practiceare usually evaluated on basis of their stemin economic
benefits whereagheimportantecosystem servicgaovided bysoils (beside plant growtrgre
often neglectedFoley et al., 2005; Dominatiet al, 2010; Pifieiroet al, 2020) However,
preventing soil degradation and sustaining soil quahtyecosystem servicesalso imperative
for agricultural productivityitself andthus forthe longterm sustainability of the agrittural
system(Robertson & Swinton, 2005; Muellet al,, 2012; Pifieireet al, 2020) Especially when
reaching for asustainable intensification of agricultume the future we needagricultural
techniqueghat mitigate the negative environmental impaoté an intensive agricultureand
maintain ecosystem servicaad soil quality(Oenema & Pietrzak, 2002; Morret al, 2010;
Muelleret al, 2012; Lindblomet al, 2017) Plastic mulchings known to increase yields and
helps thusto feed a growingvorld population(Godfrayet al, 2010; Qinet al, 2015; Liet al,
2018; Maet al, 2018; Gaet al, 2019b) Howeverhowit influences soil degradatioprocesses
(e.g., SOM depletionerosion, nutrienteaching soil compactionand soil contamination),
which complicatea sustainable agricultal development because they redsoé quality and
ecosystem servicegPowlsonet al, 2011; Lal, 2015; Mendest al, 2016; Kuzyakov &
Zamanian, 2019has not yet beeavaluatedBecause of ti3, | wanted to discus®n basis of
my findings how plastic mulching can impact oailsdegradatiorprocessesThis contributes
to a more comprehensivaderstanding of the consequenagglastic mulchindor soil quality

and ecosystem servigashich finally helps to enablke sistainable agricultural development
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CHAPTER 2

Objectivesand Hypotheses
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2.1 Research aims and methodological approach

Themainobjectives of this PhD thesis @re(1) to understandow multiannual plastic mulching
influencesoil properties and soprocessesinder Central European cultivation conditions (2)
and to evaluate the resulting consequences for soil quathiyrespect tanajor soilfunctions
such ascarbon transformatigmutrient cyclesand soil structure(Kibblewhite et al., 2008)
According to the aforementioned open questiofs;usedon how plastic mulching influense
(1) the soilmicroclimate, (2) the sostructural stability(3) the quantity and quality of SOM
(4) the soil concentrations cfelectedfungicidesand (5) the mycotoxin occurrence in soll
compared to organic mulchifgore traditional but still frequently usedfurthermorel aimed

to identify whethertheinfluence of plastic mulching on the aforementioned soil attribiifes
can also reackhe subeil layers (>10cm) and(7) how the effects of plastic mulchingry

during the temporal course of a multiannual application.

My central hypotheses wetteat comparedo organic mulching(1) plastic mulching increase
soil temperature and moistuog modifying water, gas and heat excharagehe soil surface,
(2) the watesimpermeableplastic film impedes rainfall infiltration and seepage water flows
and thusmitigatesnutrient depletion in soil due to reducdéaching (3) the plastic mulch
prevens aggregate breakdown the topsoilduring rainfall eventsnd thus soil crusting and
compactionmaintainingastablesoil structurg(4) plastic mulchingeduces SONh the topsoil
due to an impeded entry of aboveground biomass int@sdibn acceleraté microbial SOM
decompositiondue to thehigher soil temperature and moisturés) the reduced entryof
aboveground biomassd thancreagdmicrobial SOM decompositiomnder plastic mulching
shift the SOM compositionto a more hardly degradable SQi6) the impermeable plastic
mulch mitigates fungicide entry into soitluring fungicide applicatioandlead to smaller soil
concentrations offungicides after fungicide applicatign(7) the adaption of thdungal
community to the modified microclimate undeplastic mulchingincreasesmycotoxin

occurrence.

In orderto evaluate thédnypothesesl designedafield experimenthat enabled tcomparethe

two different coverage typg(plastic vs. organic mulcHut had otherwise¢he same soil and
crop type, agricultwal treatment (irrigation, pesticides and fertilizers) and management history
andfurthermorereflectedthe current agricultural practice Central Europe under temperate
humid climate. Thiexperiment desiganabédmeto studyexclusively the effects dhe plastic
mulch onsoil properties angbrocessegcompared to organic mulcl a homogeneous soil

without maskingof treatment effectdy landscape variatioredge effectand management
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factors The field experimentompared plastic mulch (black potiiglene, 50um) in a typical
application scenario (ridgirrow system combined wigubsurfacerip irrigation) to the same
system coveredavith wheat straw asrganic mulch in a multiannuatrawberrycultivation
systenfor three yeargJuly 2016 until Jly 2019) In the organic mulobdarea, theidgeswere
covered with stravbefore the first harvesh April 2017 (as usual in strawberry cultivatipn
andhave been left uncovered until thdine threeyearsampling periodncluded the complete
growth peria of the perennialstrawberry planfrom planting (establishment of the system)
until exchange (rg@lanting). Beside the topsoil layer {@0cm), where usually the largest
mulching effects can be expectéd)so investigated the root layer (BD cm), rekrring to the
main root zone of strawberry plant, and the subsoil layer below root and plough zone (30
60cm). In order to emphasize thatfocused exclusively on the effects dhe two different

covemlgetypes, henceforth the terms plastic coverage (R@s&aw coverage (S@ereused.

| chosea commercial farmland area with strawberry cultivatsrexperiment siteecausél)
strawberry cultivations a frequent andceconomically relevanexample forthe application of
plastic mulching in Central Eurep (2) it commonly uses yeaound, multiannual plastic
mulchingfor the perennial strawberry pladnd (3) the current agricultural practices can be
conducted by a professional strawberry farrBefore theexperimenperiod a raster sampling
was conduted on the field to identify potentigradients and inhomogenegof soil properties
that mayinterfere withtheexperiment desigi.he raster sampling was conducted in May 2016
after tillage and fertilizatiorfApril 2016) but before setting up the riddurrow system with
subsurfacedrip irrigation and soil coverageat the ridges (lateddune 2016)and strawberry
planting (mid-July 2016)and indicated ngradientsor inhomogeneies of soil propertiesl
expected that the strawberry establishment peritda¥ast strawberry growtfrom bareroot
plants to fullgrown plants and the lingering consequences of the fieldipsdtillage,
fertilization andestablishinghe ridgefurrow systemmight induce initial, transient effects on
soil propertiesandprocessesBecause of tis, the first threesoil sampling wereconducted in
short time intervals (two monthg)n 25 July 2016(T0), 26 September 2016r1) and B
November(T2). Afterwards,five furthersampling wereconductedn extendedime intervals
(Osix monthg on25 April 2017 (T3), 9 October 2017 (T6), 3 May 2018 (T7), 11 October 2018
(T8) and 23 July 2019 (T%) assesthe mulching effecten soil duringhe threeyear sampling
period To estimate the residual concentratians effects of fungides in soil, two additional
soil sampling were conductedn 19 June (T4) and 18 July (T5) in 204ffer the fungicide
treatments with cyprodinil, fludioxonil and fenhexam{dsually applied in strawberry

cultivation)in May/June 2017Thus, soil concendtions of the fungicides could be measured
18



one month prior to fungicide treatmel{fs3) andrespectivelyone weekfive weeksand four
monthsaftewards(T4, T5 and T6)

To assesthesoil properties and procesdesatinfluence thanajor soil functionand thus soil
quality, |1 used sil parametersvhich wereappropriate agast and sensitive indicatofsr the
usually slow changes insoils due to land use and management and also tmepractical
requirements such as costs, reliability and ease of detsron (Kibblewhite et al, 2008;
Powlsonet al, 2011; Bunemanmt al, 2018) Soil temperature andhoisturewere hourly
tracked with a field statiortio investigate the microclimate soil. | usedpH, electrical
conductivity and total nitrogento assesswtrient status antbulk density macroaggregate
fraction and stability and pore size distributiord&ierminesoil structural stabilityThe SOM
pool wasestimatedvith soil organic carbor)OC andactive, intermediate and passS8©M
pools while soil microorganismsvere assessed withicrobial biomass carbon and nitrogen
ergosterol (proxy fofungal biomasyandelemental and eephysiologicalratios. Furthermore
| determinedthe soil concentrations of theusarium mycotoxins deoxynivalenol (DON),
nivalenol (NIV) and zearalenone (ZEN) and the fungicidésidioxonil, cyprodinil and

fenhexamidaspotential soilcontaminants

2.2 Structure of the PhD thesis

Theresults of thehreeyear field experimenvere subdivided and preseniadour subtopics:

In Chapter3, the effects of PC on sqgiroperties and processeghe strawberry establishment
period were presented and discussedmpared tothe uncovered plots (NC)My main
assumptiorwasthatthe PCincreass soil temperature and moistucempared to NCleading
to anenhancd microbial growth and hende changs the amount and composition &OM.
Furthermore | assumed thathe impeded rainfall infiltratiorunder PC reduce aggregate

breakdown(in thesurface soiljand nutrient leaching

In Chapter4, the effects oPC and SOn fungicide enty andthe soil concentration®f the
fungicides were shown. Furthermore, | described and discussed how long andhé&rge
consequencesf the fungicide concentratiosa in soil were forsoil microorganismsand
microbiatmediated processes like SOM decompositidy main assumption washat the
impermeableéPC reducedungicide entry into soil andhad thus a smaller and mdransient

effect on soifung andhenceon SOM decompositioandmycotoxinoccurrence
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The Chapters representghe main partof the studyand discusseshe influence ofthe
continuousthreeyearplastic mulchingapplicationcompared to S@n aggregationnutrient
leaching, SOMransformationand microbial growthn dependence of soil géh and time |
hypothesized thahte watefimpermeabld®C impedes rainfall infiltration and raindrop impact
at the soil surfaceand thusreduce nutrientleachingand soil compactiondue tomitigated
seepage water flows arafjgregate slaking and dispersigespectively The increased soil
temperature and moisture und®C was expectedto promote growth of roots and
microorganismsand thus macroaggregate formation and stabHitythermorethe impeded
aboveground SOM entynderPC together witha tempeature and moisturenducedlarger
microbial SOM decompositiowas expected teeduce SOM and shift SOM composition to a
more hardly degradable SOM.

In Chapter6, | discused how PC and SCinfluenceal microbial community, soil fungi and
mycotoxin occurrene during the threeyear sampling periodl expected thathe modified
microclimateunderPC changes microbial community byavoringfungal growthandleads to
a highermycotoxin occurrencdue to adaption processestloé soilfungi to competition and

thechanged growth condition
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Abstract

Plastic mulching (PM) has become a widely applied agricultural practice to optimize plant growth. However, it is still
under debate how PM influences biogeochemical soil processes and thus important factors of soil quality, such as soil
organic matter (SOM) composition, aggregate stability and microbial biomass. Our objective was to identify the impact
of PM on biogeochemical soil processes. Therefore, we compared a plastic-covered strawberry cultivation system (PC)
with an uncovered system (NC) in three soil layers (0-10, 10-30 and 30-60 cm) at three dates during a 4-month period
of strawberry establishment from their transplanting in summer to the beginning of winter. The PC shifted the micro-
climate of the soil towards higher temperatures but lower moistures in the 0-35 c¢m soil layer compared to uncovered
soil. Predominantly in the surface layer, the PC reduces leaching processes, which can improve nutrient (fertilizer) use
efficiency. PCincreased SOM and shifted SOM to a more stable SOM. The higher SOM under PC despite larger microbial
biomass and elevated temperatures, indicate that belowground biomass inputs compensate the potential SOM losses
by an enhanced SOM decomposition under PC. We demonstrated that PC influenced soil processes already within
the 4-month period of strawberry establishment, partially down to the 30-60 soil layer. Further, long-term studies are
required to estimate the influence of multi-annual PM application on biogeochemical soil processes and on soil quality.

Keywords Plastic mulching - Strawberry cultivation - Soil aggregates - Soil organic matter - Soil microbial biomass

Abbreviations BD Bulk density
PM Plastic mulching WSA Water-stable aggregates
SOM Soil organic matter MBC Microbial biomass carbon
SOoC Soil organic carbon MBN Microbial biomass nitrogen
PC Plastic-covered ridge-furrow system with DOC Dissolved organic carbon
subsurface drip irrigation CNratio Carbon-to-nitrogen ratio
NC Uncovered ridge-furrow system with subsur- frSOM Free soil organic matter
face drip irrigation oSOM Aggregate occluded soil organic matter
CEC Cation exchange capacity aSOM Mineral associated soil organic matter
ICP-OES  Inductively coupled plasma-optical emission LFOM Light fraction organic matter
spectrometry HFOM Heavy fraction organic matter
EC Electrical conductivity
N Total nitrogen
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1 Introduction

Plastic mulching (PM) has become a widely applied
practice in agriculture [30]. By increasing soil tempera-
ture and reducing soil water evaporation PM can lead
to higher yields, earlier harvests and improved product
quality, which offers important economic benefits for
farmers. Furthermore, PM can suppress weed growth and
reduce fertilizer leaching, which in turn allows reducing
herbicide and fertilizer application. In recent years, PM
has also been associated with reduced soil organic mat-
ter (SOM) contents, entry of plastic waste and plasticiz-
ers into soil and shifts in microbial composition towards
mycotoxigenic fungi (reviewed in Steinmetz et al. [58]).
This has raised concerns regarding the sustainability of
PM application, which is, particularly in Central Europe,
increasingly used for out of season products, such as
strawberries [42].

In strawberry cultivation in natural soil, strawberry
plants are usually transplanted as seedlings into read-
ily fertilized and drip-irrigated plastic-covered raised
beds (ridge-furrow systems) during summer [42]. Plant
development and establishment of the appropriate field
structure, including tillage, fertilization, drip irrigation
and building the ridge-furrow system can impact on
various soil processes and parameters, such as aggregate
formation, SOM decomposition and microbial biomass
[36, 57]. Additionally, the PM modify the soil microcli-
mate and can influence hence various soil processes in
the establishment phase of strawberries: For example,
the soil temperature is elevated compared to uncovered
areas [19], which can increase plant growth [34, 72] as
well as microbial growth and activity [5, 29]. This can
increase root growth and root and microbial exudation,
which might increase SOM stocks and promote micro-
and macroaggregate formation [36]. On the other hand,
an enhanced microbial activity and growth can promote
SOM decomposition and thus nutrient release [7, 14].
The impermeable plastic cover can alter soil moisture
by impeding evaporation and rainfall infiltration [26, 38]
and thus influence plant growth, microbial activity and
growth [7, 57]. Additionally, the impeded rainfall infiltra-
tion avoids excess water [38], which can reduce nutri-
ent leaching [59] and aggregate breakdown caused by
slaking and the mechanical impact of raindrops [36]. The
PM impedes entry of aboveground biomass into soil and
thus might reduce SOM stocks.

However, the partially inconsistent observations of
PM influence on soil, reported e.g. for microbial bio-
mass [47, 67], SOM [41, 51] and aggregate stability
[60, 65], suggest that underlying processes are still not
fully understood. Probably because the PM impact on
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biogeochemical processes also depend on season and
soil depth, as the plastic-cover-induced changes in soil
temperature and moisture decrease with soil depth
[15, 22] and with season change from summer to late-
autumn [34, 70]. Additionally, PM is applied in various
arrangements and periods and is often compared to
other management systems, which differ not only in
coverage but also in tillage, irrigation, fertilization and
pesticide treatment [39, 41, 48, 74]. Thus, to identify the
effects of plastic coverage alone in various soil depths
and during a seasonal course will help to understand
which soil processes predominate under certain condi-
tions and allow a better estimation of PM impact on soil
quality.

Because of that, our objective was to investigate the
soil processes under plastic coverage, influencing SOM
quality, aggregate stability and microbial biomass dur-
ing plant establishment period in strawberry cultivation.
We compared a plastic-covered ridge-furrow system with
subsurface drip irrigation (PC) to the same system without
plastic coverage (NC) in three soil layers (0-10, 10-30 and
30-60 cm) at three dates within a 4-month period of straw-
berry establishment after field set-up and transplantation
of seedlings. Our hypotheses were: (1) The PC increase
the soil temperature and moisture in the establishment
phase of strawberries but with declining degree with soil
depth and season change from summer to late-autumn.
(2) These shifts in the soils microclimate enhance plant and
microbial growth and hence changes amount and compo-
sition of SOM towards larger contents of microbial biomass
and SOM as well as larger carbon-to-nitrogen ratios (C:N
ratios) due to SOM input. However, we also expect lower
contents of dissolved organic carbon (DOC) and free SOM
(frSOM) due to enhanced microbial activity. (3) Addition-
ally, the impeded rainfall infiltration by PC reduces water-
stable aggregate (WSA) breakdown and nutrient leaching,
leading to higher WSA, aggregate occluded SOM (0SOM),
nitrogen content and electrical conductivity (EC) under
PC. In order to investigate these hypotheses, we designed
a semi-controlled field experiment that reflected current
agricultural practice while enabling us to study soil pro-
cesses in a homogeneous soil type and avoiding mask-
ing of treatments effects by landscape variation and edge
effects.

2 Material and methods
2.1 Site description
The sampling site, a commercial strawberry field, is located

near ‘Offenbach an der Queich’in Southwestern Germany
(49° 11" N, 8° 10" E, 130 m a.s.l.) in a temperate, humid
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climate with an annual average rainfall of 643 mm a™'

(Weather station of Landau-Wollmesheim, Agrarmeteor-
ologie Rheinland-Pfalz). Soil texture consisted of 7+2%
sand, 83+ 5% silt and 10+£3% clay in the 0-60 cm soil layer
and was analyzed via hydrometer method [4]. The soil type
was a silty loam (Anthrosol) according to FAO soil classifi-
cation [24]. In April 2016, the field, cultivated with winter
wheat in the previous season, was tilled and fertilized with
800 kg ha™' of an organic fertilizer, consisting mainly of
barley malt culms and sugar beet components (MALTa-
flor®, Maltaflor Europa GmbH, Andernach, Germany) and a
mineral fertilizer (15 kg N, 5 kg P, 30 kg K, 2 kg Mg). In late-
June 2016, a ridge-furrow system was established with
subsurface drip irrigation and black plastic film covered
ridges (Polyethylene, 50 um) and bare furrows. In mid-July
2016, the strawberries (Fragaria x ananassa,Malwina’) were
transplanted in double rows in the ridges with 40 cm dis-
tance between plants (8 plants per m?).

2.2 Experimental design and soil sampling

For the semi-controlled field experiment with the same
soil type, crop type and agricultural treatment (apart from
coverage type) a raster sampling was conducted in May
2016 to identify potential gradients and inhomogeneities
of soil properties that may interfere with our experiment
design (Table S1-S40, Online Resource).

For both treatments (PC and NC), we selected a treat-
ment area (21x 10 m), consisting of five ridges (and fur-
rows) aligned in north-south direction. In both treatment
areas, five plots (10x 1.5 m) were randomly chosen for soil
sampling: PC (n=5) and NC (n=5). Three soil samplings
were conducted during the establishment phase of straw-
berries in 2016: 1 week after transplanting the strawberries
on 25 July (T0) and two (T1) and four (T2) months later,
respectively (on 26 September and 29 November).

During the sampling period, no manual weed control
was necessary and no pesticides or fertilizers were applied.
Subsurface drip irrigation (three emitters per meter) was
applied identically in both treatment areas and took place
from strawberry transplantation in July until mid-October.
The field was irrigated depending on weather conditions
for 3-4 h, resulting in 7-11 L water per meter.

At each sampling date, a composite sample was taken
in the ridges from three selected soil layers (0-10, 10-30
and 30-60 cm) in each of the randomly-selected plots in
both treatment areas. Each composite soil sample consists
of soil from five single cores. Beside the surface soil layer
(0-10 cm), which was investigated in most former studies
as the largest impact of PM was expected there (e.g. [47,
73]), we additionally included the root layer, which refers
to the main root zone of the strawberries (10-30 cm),
and the subsoil layer below the root zone (30-60 cm)

to differentiate between potential depth-dependent PC
impacts. The surface soil samples were collected with
stainless steel soil sampling rings (d=5 cm, h=5 cm),
whereas the sub-surface soil samples (> 10 cm) were col-
lected with a boring rod. Composite soil samples were
homogenized in a bucket, filled in labelled plastic bags
and stored at 4 °C for further analyses.

All analyses with field-fresh soil were conducted directly
after sampling. For all other analyses, the soil was either
air-dried for 14 days at room temperature, sieved (<2 mm)
and stored in plastic bags at room temperature or oven-
dried at 105 °C for 24 h, sieved (<2 mm) and milled (Plan-
etary micro mill PULVERISETTE 7 premium line, Fritsch
GmbH, Idar-Oberstein, Germany) and stored in closed
centrifuge tubes. All analyses with air- and oven-dried soil
were performed within 2-4 months after sampling.

2.3 Soil temperature and moisture

Soil temperature and moisture were recorded hourly in
both treatments by a measuring station (ecoTech®, Bonn,
Germany) at the soil depths 5, 15 and 35 ¢cm, according to
the three soil layers selected for soil analysis. Therefore,
one sensor was installed at each soil depth in both treat-
ments (in total: six sensors). Air temperature and precipita-
tion data were obtained from the weather station Landau-
Wollmesheim (Agrarmeteorologie RLP).

2.4 Soil characterization

The cation exchange capacity (CEC) was determined
according to DIN ISO 11260:1997-05. In brief, 3 g of field-
fresh soil were extracted three times with 0.1 M barium
chloride solution. After a washing step with 0.0025 M bar-
ium chloride solution, the samples were extracted with
0.02 M magnesia sulfate solution. Finally, the magnesia
concentration was measured in the extract with induc-
tively coupled plasma-optical emission spectrometry
(ICP-OES) (Agilent 720 Series, Thermo Fisher Scientific,
Karlsruhe, Germany) and used for CEC calculation. Soil
pH was determined in 0.01 M CaCl,, according to DIN EN
15933:2012-11. The EC was measured in deionized water,
based on DIN CEN/TS 15937:2013-08. For pH and EC anal-
yses, air-dried and sieved soil samples were used. Total
nitrogen content (TN) was analyzed in milled, oven-dried
soil with a CHNS Analyzer (vario MicroCUBE, Elementar
Analysensysteme GmbH, Langenselbold, Germany).

2.5 Soil structure indicators

The bulk density (BD) and the WSA fraction are indicators
to assess the influence of agricultural practices on soil
structural stability and soil aeration [36, 45, 61]. Larger
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WSA fractions are indicative for a higher soil structural
stability [36]. The WSA fraction (soil aggregates >0.2 mm)
of 1-2 mm aggregate fraction was measured with the wet-
sieving procedure, described in Buchmann et al. [11]. In
brief, 10 g of 1-2 mm aggregates (M,,) were submerged
in deionized water on a 0.2 mm sieve for 10 min. Then,
20 manual 5 cm oscillations in deionized water were con-
ducted within 1 min and the remnants on the sieve were
dried at 105 °Cfor 24 h and then weighed (M, g egates + sand)-
Sand fraction of soil was determined by dispersing 5 g of
1-2 mm aggregates in 20 mL sodium hexametaphosphate
(0.01 M) in 50 mL centrifuge tubes within 24 h on a hori-
zontal shaker. Subsequently, the dispersion was poured
over a 63 um sieve and the remnants on the sieve were
dried at 105 °Cfor 24 h and then weighed (M, ,,4). The WSA
fraction was calculated with Eq. 1:

(Maggregates +sand — Msand )
( M total — M sand )

Dry BD was determined according to DIN ISO 11272:2014-
06. Briefly, soil cores were sampled with stainless steel soil
sampling rings (d=5 cm, h=>5 cm) in the 0-5 cm soil layer.
The weight of each soil core was corrected by subtract-
ing the water content, gravimetrically determined after
drying at 105 °C, and finally divided by the volume of the
sampling ring.

WSA (%) =

«100 (1)

2.6 Characterization of SOM

The SOC was used to quantify SOM, whereas its ratio to TN,
the C:N ratio, indicates degradability and transformation
velocity of SOM [32]. The soil microbial biomass was quan-
tified by soil microbial carbon (MBC), whereas its ratio to
microbial biomass nitrogen (MBN), MBC:MBN, and to SOC,
MBC:SOC, were used to estimate the microbial commu-
nity composition and the quantity of nutrients in microbial
biomass [46]. The MBC and DOC have both rapid turnover
rates and can thus serve as indicators for changes in SOM
e.g.due to management practices [21]. To identify poten-
tial changes in different SOM pools, the SOM was sepa-
rated depending on density into free (frSOM), aggregate
occluded (0SOM) and mineral associated SOM (aSOM).
According to their turnover rates, these SOM fractions are
associated to the active, intermediate and passive SOM
pool, respectively [64].

2.6.1 Analysis of MBC and MBN

The chloroform-fumigation method was used to deter-
mine MBC and MBN, represented as the difference in Cand
N between fumigated and non-fumigated soil samples [6,
62]: For fumigation, 20 g of field-fresh soil were filled in
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glass jars and fumigated with chloroform in an evacuated
desiccator for 24 h. Afterwards, soil samples were filled in
100 mL PE bottles, 80 mL of 0.5 M K,SO, solution were
added and shaken for 30 min on a horizontal shaker (Kre-
isschittler 3015, GFL, Burgwedel, Germany). Finally, the
extraction solutions were filtered over paper filters (MN
615 1/4, Macherey-Nagel, Dliren, Germany). The extrac-
tion solution of the non-fumigated soil samples was
obtained by following the same procedure without the
fumigation step. Carbon content in extraction solutions
was determined with TOC analyzer (multiNC 2011S, Analy-
tik Jena AG, Jena, Germany), whereas the nitrogen content
was determined with the ninhydrin method described in
Joergensen and Brookes [27]: Ninhydrin reactive nitrogen
was quantified photometrical at 570 nm (Specord50, Ana-
Iytik Jena GmbH, Jena, Germany).

2.6.2 Analysis of SOC and DOC

The SOC was measured in accordance with Harris et al.
[20]. Briefly, carbonates were dissolved by fumigation of
the soil samples with concentrated HCI (12 M) for 6 h. After
soil drying for 4 h at 60 °C, the carbon content of the soil
samples was measured with CHNS Analyzer (vario Micro-
CUBE, Elementar Analysensysteme GmbH, Langenselbold,
Germany). The DOC was measured in filtrated soil extracts
(0.45 um, 1:5 soil-to-water ratio, w/v) of field-fresh soil sam-
ples via TOC analyzer (multiNC 2011S, Analytik Jena AG,
Jena, Germany) according to DIN EN 1484:1997-05. The
C:N ratios correspond to the SOC divided by the TN of the
same sample.

2.6.3 Separation of SOM into frSOM, 0SOM and aSOM
fractions by density fractionation

The density fractionation was conducted in an adapted
method, principally based on the methods described by
Cerli etal.[13] and Ontl et al. [49]: 10 g of air-dried, sieved
soil (< 2 mm) were filled in 50 mL centrifuge tubes and
30 mL of sodium polytungstate solution (1.6 g cm ™) were
added. When the soil was completely wetted, the cen-
trifuge tubes were turned upside-down five times. After
60 min of resting, the suspensions were centrifuged for
20 min at 5600 g (Heraeus Multifuge 4KR, Thermo Fisher
Scientific, Waltham, USA). The supernatants were filtered
through a 20 pm nylon filter (Carl Roth GmbH + Co.KG,
Karlsruhe, Germany). The SOM remaining on the filter was
cleaned with deionized water, dried at 60 °C and quanti-
fied gravimetrically (frSOM). Once again, 30 mL of sodium
polytungstate solution were added to the centrifuge tubes
with the soil, followed by a re-suspendation step on a vor-
texer (22 s) before disrupting the soil aggregates with an
ultrasonic probe (350 J mL™") (Sonoplus HD 2070, Bandelin
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electronics GmbH & Co.KG, Berlin, Germany). After resting
for 60 min, the suspension was centrifuged for 20 min at
5600 g and the supernatants were filtered over a 20 pm
nylon filter. The SOM remaining on the filter was cleaned
with deionized water, dried at 60 °C and quantified gravi-
metrically (0SOM). The aSOM fraction was obtained by
subtracting frSOM and 0SOM from the total SOM. Total
SOM was obtained by multiplying the SOC values by a fac-
tor of 2 [7]. A density fractionation was conducted only at
TO and T2, because of its labor- and cost-intensity.

2.7 Statistical analyses

In both treatments (PC and NC), five composite samples
were taken (from five randomly- selected plots) in each
soil layer at each sampling, respectively, resulting in
respectively five replicates per soil layer per sampling per
treatment. Mixed factorial ANOVAs with coverage time
(sampling) and soil layer as repeated factors and treat-
ment as fixed factor were performed to determine sig-
nificant differences between means. If significant inter-
action effects were occurring, additional ANOVAs, with
least significance distance (LSD) testing as post-hoc test,
were applied to identify significant differences. Differences
were reported as statistically significant if the probability
of error was < 0.05. Variance homogeneity was confirmed
with Levene’s test. Normality distribution was examined
graphically, using histograms and quantile-quantile plots.
Correlation of two variables was estimated with Pearson’s
correlation coefficient or Spearman’s p if the data were
not normally distributed. All statistical analyses were con-
ducted with IBM SPSS Statistics 23 and Microsoft Excel
2010.

3 Results
3.1 Soil temperature and moisture

The daily mean soil temperature under PC and NC, cor-
responding to each soil depth (5, 15 and 35 c¢m), and
the mean ambient temperature (2 m above ground) are
shown in Fig. 1. In both treatments, the soil tempera-
ture profile followed that of the ambient temperature
and was mostly higher than the ambient temperature.
The soil temperature and moisture data exhibits a data
gap from July to mid-August, due to technical malfunc-
tion of the measuring station. During the observed time
period, 12 August-November, the soil temperature was
always higher under PC than under NC (Table S41, Online
Resource). This effect was observed at all soil depths. In
August, the monthly mean soil temperature at 5, 15 and
35 ¢cm soil depth was by 2.0+ 1.4, 1.4+£0.5and 0.7+ 0.4 °C

higher under PC than under NC. In both treatments, soil
temperature was highest in the surface soil and decreased
with soil depth in August and the first half of September.
From October on, the opposite effect, an increasing tem-
perature with soil depth, was observed. Differences in
soil temperature between PC and NC decreased with soil
depth and from August until November. Largest soil tem-
perature differences between PCand NC occurred at 5 cm
soil depth and were up to 6 °C at midday on sunny days
in August. The maximum temperature under PC reached
34.2°Cat 5 cm soil depth and it coincided with the highest
ambient temperature.

Soil moisture (Fig. 2) was lower under PC compared
with NC at all soil depths over the observed timed period
(exception: 15 ¢cm soil depth at the end of October/
November), with differences of up to 11%. In general, soil
moisture increased with soil depth in both treatments
(exception; 15 cm soil depth under NC at the end of Octo-
ber/November). Precipitation events were followed by a
direct increase in soil moisture at all soil depths of both
treatments. These increases in soil moisture were consid-
erably larger under NC than under PC, especially at both
upper soil depths.

3.2 Physicochemical soil properties

The CEC at TO was 1064+52, 1059+33 and
1071436 mmol kg™' under PC and 973+19,1019+62 and
1026+ 20 mmol kg™' under NC, respectively in the 0-10,
10-30 and 30-60 c¢m soil layers.

At TO (late-July, 1 week after strawberry transplant-
ing), pH (Fig. 3a) varied between 7.7 and 7.9, decreased to
7.5-7.6 atT1 (late-September) and remained constant until
T2 (late-November). During the sampling period, the pH
showed no clear dependence on soil depth or cover type.

Compared to PC, the EC (Fig. 3b) under NC was higher
at TO and T1 and significantly lower at T2 (p=0.016) in
the 0-10 cm soil layer. In both treatments, the EC in the
0-10 cm soil layer was higher at TO and T1 (significantly
in NC: p<0.016) and lower at T2 (significantly in NC;
p<0.002) compared to both sub-surface soil layers. Dur-
ing the sampling period, the EC dropped in the 0-10 cm
soil layer of both treatments (significantly in NC: p=0.001).
In both sub-surface soil layers, the EC ranged between
152-174 uS cm™' and showed no differences between
treatment, soil depth and sampling time.

The TN (Fig. 3c) ranged between 0.07-0.14% and
showed a trend towards slightly higher TN under PC
compared to NC in all soil layers at T1 and T2 (excep-
tion: 30-60 cm soil layer at T2). In both treatments, the
TN decreased significantly during the sampling period
(p<0.001). This decrease was stronger from T1 to T2 than
fromT0 to T1. In both treatments, the TN in the 30-60 cm
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Fig. 1 Soil and air temperature
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Fig.2 Daily mean soil moisture in strawberry cultivation, measured
at 5, 15 and 35 cm soil depth under plastic coverage (PC) and no
coverage (NC), respectively, and daily precipitation. The data gap in
soil moisture from July to mid-August was due to a technical mal-
function of the measuring station

soil layer was significantly lower than in both soil layers
above (p<0.005).

3.3 Soil structure indicators
The BD in the 0-5 cm soil layer was 1.23+0.10, 1.21 +£0.02

and 1.25+0.05 g cm™> under PC and 1.18+0.06,
1.23+0.06 and 1.12+0.05 g cm~3 under NC at T0, T1 and

T2, respectively. The BD results showed only small varia-
tion between treatment and sampling time. Only at T2,
the BD was significantly higher under PC compared to NC
(p=0.049).

Higher WSA fractions (Fig. 3d) were measured under NC
atT0 and T1 than under PC, whereas at T2 no differences
were observed. In both treatments, the WSA fractions
showed a similar pattern: they increased from 30-41% at
TO to 40-51% at T1 and decreased afterwards to 28-32%
atT2. Overall, no effects of the soil layers were observable
in the WSA fractions.

3.4 Soil organic matter characteristics
3.4.1 Soil microbial biomass characteristics

The MBC (Fig. 4a) ranged between 63.9-510.4 mg kg . At
TO and T1, MBC was lower under PC than under NC (sig-
nificantly at 10-30 and 30-60 cm, p <0.028), whereas at
T2, the opposite was observed. In both treatments, MBC
increased significantly fromTO to T1 (p <0.001). In PC, the
MBC increased further from T1 to T2, whereas the MBC
decreased in NC. The strongest increase in MBC under PC
was found in the 10-30 c¢m soil layer. In both treatments,
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Fig.3 Physicochemical soil properties a pH (in 0.01 M CaCl,) deter-
mined immediately after strawberry plantation (T0), 2 months
(T1) and 4 months (T2) in the 0-10, 10-30 and 30-60 cm soil layer

under plastic coverage (PC) and no coverage (NC), respectively,
shown as mean with standard deviation (n=5). b Electrical conduc-
tivity (EC), c total nitrogen (TN), d water-stable aggregates (WSA)
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Fig.4 Soil microbial biomass
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the lowest values for MBC were measured in the 30-60 cm
soil layer.

The MBN (Fig. 4b) ranged between 11.3-30.2 mg kg™
and was significantly higher under PC compared to NC
(p=0.002). Generally, MBN decreased from TO to T1 and
increased again from T1 to T2 in both treatments. With
respect to all other soil layers, MBN was highest in the root
layer of both treatments.

The MBC:MBN ratios (Fig. 4c) ranged between 3.1-53.5.
AtT1, the MBC:MBN ratios were lower under PC compared
with NC, whereas no clear differences were observed
between treatments at TO and T2. Under PC, MBC:MBN
ratios became significantly wider fromTO to T2 (p=0.013).
Under NC, MBC:MBN ratios showed a significant increase
(p=0.003) fromTO to T1, whereas from T1 to T2, the ratios
dropped again significantly (p=0.014) but were still larger
than at TO. The C:N ratios correlated positively with the
MBC:MBN ratios (r=0.291, p=0.005).

3.4.2 SOC, DOC, C:N and MBC:SOC ratio
The SOC (Fig. 5a) ranged between 0.84-1.16% and showed

slightly higher values under PC compared to NC. From TO
to T1, the SOC increased significantly in all soil layers in
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Fig.5 Soil organic matter a Soil organic carbon (SOC) determined
immediately after strawberry plantation (T0), 2 months (T1) and
4 months (T2) in the 0-10, 10-30 and 30-60 cm soil layer under

/mg kg™

both treatments (p <0.001), whereas from T1 to T2, the
SOC remained nearly constant. In both treatments, SOC
was significantly lower in the 30-60 cm soil layer com-
pared with both soil layers above (p <0.005).

At T2, the highest DOC value (26.9 mg kg™') was found
in the 0-10 cm soil layer under NC (Fig. 5b), which differed
significantly from the PC treatment (p <0.001). Under NC,
the DOC increased in both upper soil layers during the
sampling period, significantly in the 0-10 cm soil layer
from T1 to T2 (p<0.001), whereas in the 30-60 cm soil
layer, there was a strong decrease in DOC from TO to T1,
followed by an increase back to the initial level from T1 to
T2. Under PC, only small fluctuations on DOC levels were
observed.

No differences were observed in the C:N ratios between
both treatments (Fig. 5¢). At TO, the values ranged between
7.1-8.7 and increased significantly during the sampling
period to 10.6-15.1 at T2 (p=0.001). In both treatments,
the C:N ratios increased with soil depth, however, not
significant.

The MBC:SOC ratios (Fig. 5d) ranged between 0.7-4.4%.
At TO and T1, the MBC:SOC ratios were lower under PC
compared with NC, whereas the MBC:SOC ratios were
slightly higher under PC compared with NC at T2 (excep-
tion: 30-60 cm soil layer). In both treatments, the MBC:SOC

30

' DOC b

25

15

10

w

TO T1 T2
25 Jul 2016 26 Sep 2016 29 Nov 2016

| MBC:SOC ratio

TO Tl T2
25 Jul 2016 26 Sep 2016 29 Nov 2016

plastic coverage (PC) and no coverage (NC), respectively, shown as
mean with standard deviation (n=5). b Dissolved organic carbon
(DOCQ), ¢ C:N ratio, d MBC:SOC ratio
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