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“Our days are as bleak as we permit.
Reach beyond the sun,
where hopelessness has yet to spread.

Reach beyond...”

Reach Beyond the Sun, Shai Hulud, Metal Blade Riscor
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Summary

It is estimated that today around 68 million heesaof arable land are degraded due to soil
compaction. The major cause for soil compactidhésuse of heavy agricultural machinery in modern
agriculture. The changes in soil structure, whighiaduced by compaction, result not only in
increased soil bulk density but also in a shifthef pore size distribution towards pores of smaller
diameter. Furthermore, soil compaction resultsiiinarease of pore tortuosity and the connectioity
pores decreases due to compaction. These soitwstibalterations lead to increased soil mechanical
impedance and decreased fluid transport rateshvadeersely affect root growth. Consequently
resource uptake by roots is reduced resulting inedesed crop productivity. In spite of the avaiabl
information about the influence of compaction oit stoucture, soil physical functions and plant
responses, little is known about processes drithegecovery of compacted soils. Beside abiotic
phenomena such as shrink-swell cycles, bioturbddyoplant roots and earthworms is suggested to
play a key role for the recovery of soil physiaahétions and thus agricultural productivity after a

compaction event.

The overall aim of the presented thesis was totiiygoossible strategies that contribute to the
recovery of crop productivity after soil was comigat These strategies were evaluated by an
approach, which may be referred as “multi-levelépbtyping. Multi-level phenotyping describes the
approach to use different phenotyping methodsnalsaneously assess a multitude of plant traits.
Furthermore, experiments are conducted at diffesgpérimental scales and in different plant species
or in different genotypes of a single specieshinftamework of the presented thesis, phenotypic
properties were determined from the root tissutéaccanopy level under field and laboratory
conditions. Phenotyping methodologies included Xa@amputed tomography, bright field
microscopy, digital image processing and the gfieation of root system properties from excavated
root stocks as well as root and shoot biomass memsmts. Experiments were performed with major
mono- and dicotyledonous crop species and a $etidken phenotypically diverse wheat varieties.
Soil physical quantifications including measuremesftbulk density, mechanical impedance and fluid

transport characteristics complemented the phemoagsessments.



As a first step it was tested to what extent solilimns may serve as a model system for the field
by comparing plant phenotypic responses to soilpamtion between the field and soil columns.
Soybean and triticale were grown in small soil aohs under controlled conditions and in the field in
compacted and loose soil. In both species and@mwients, increased soil bulk density resulted in
decreasing numbers of lateral roots and root thicige These root phenotypic responses to soll
compaction coincided with decreased shoot biontagshermore, it could be shown that roots of
soybean, wheat and maize were attracted by aafificacropores that were inserted into compacted
soil in the field and in soil columns. These resakémonstrated that soil columns are suited to
simulate the belowground environment plants en@untthe field and can therefore be used as
model systems. However, since experiments in sdilnens are restricted to young plants, it is
challenging to determine influences of soil phylspraperties, which occur later during plant

development, under controlled conditions.

One possibility to overcome the adverse effectsodfcompaction on crop productivity is to select
for crop varieties, into which root traits are igrtated that allow plant growth to be maintained mvhe
soil is compacted. Prior to the implementationwaftsbreeding programmes, root traits that are of
advantage under increased soil bulk density need tdentified. To do so, fourteen wheat cultivars
were grown in soil columns, which were packed teeidifferent soil bulk densities representing
loose, moderately and severely compacted soil.gEnetic diversity in response to increased soll
strength among these varieties was evaluated egjhect to root elongation rates and root-shoot
relationships. In a first experiment roots werevgndor 48 hours in soil before being washed out and
scanned with a high-resolution flatbed scannenrRittese scans root tip geometry and root
elongation rates were evaluated. Under severe ottiopdn particular but also under moderate
compaction it could be shown that root elongatite correlated significantly with the root tip
geometry. Varieties with an acute root tip operangle penetrated deeper into compacted soil than
varieties with a rather blunt tip opening anglent®ining cone penetrometer tests with information
about the root tip shape enabled penetration fandsstresses, which occurred during root groweth, t
be estimated. These calculations showed that lovetitip radius to length ratios are related to

decreased penetration stresses enabling the returigate faster in compacted soil. In a second
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experiment the same varieties were grown for 23 dawger the same conditions as described above.
Simultaneous quantification of root numbers fromay-computed tomography scans and the
development of plant height showed that the devatoy of the root system is closely related to shoot
growth. Under moderate compaction, shoot biomass 28 days of growth was positively correlated
to root numbers. This demonstrated that —at leadiumoderate compaction— the genotypic capacity
to maintain the number of roots in response togased soil strength, resulted in increased eaaiyt pl

vigour.

Apart from using the genetic diversity to overcoroenpaction induced limitations to crop
growth, soil management approaches may contrilaeed to yield recovery after soil compaction.
Artificial macropores were inserted into compadiettl soil and into soil that was compacted in soll
columns. Compared to compacted soil without aréifimacropores, the presence of such vertical
pores in compacted soil resulted in increased thaidsport rates. Using X-ray computed tomography
enabled the interaction of soybean, wheat and nmaats with these artificial macropores to be
guantified. In all three species the quantifiect#fpare interaction was observed to be the result of
directed rather than random root growth. The oktiesults suggested that depending on the species,
the macropores fulfilled different purposes to grgywoots. Maize roots were using these pores as
pathways of least resistance and grew within thicgal macropores. Wheat roots instead
predominantly crossed the pores suggesting thatubed the pores as a source of oxygen. In soybean
both modes of root-pore interactions occurred teguml extent. At the field scale, the presence of
artificial macropores in compacted soil enabledpécies to compensate for poor early vigour at lat
developmental stages. This compensation resultettieased shoot biomass of plants, which were
grown on perforated compacted soil compared totplgrown on compacted soil without artificial

macropores.

The results presented in the current thesis styawgigested that both genetic diversity within a
single species and soil management such as s@raiéon may contribute to yield recovery after a
compaction event. Since the proposed approaches ladreased root growth, they will most likely
also accelerate the recovery of soil physical fiemstand soil structural properties, which were

affected by compaction.



Zusammenfassung

Es wird geschatzt, dass heute rund 68 Millionentateikckerland durch Bodenverdichtung
degradiert sind. Die Hauptursache fir Bodenverdinhfist der Einsatz von schweren Landmaschinen
in der modernen Landwirtschaft. Die Veranderungetier Bodenstruktur, die durch Verdichtung
hervorgerufen werden, fihren neben einer erhéhtefeBschuttdichte auch zu einer Verschiebung der
PorengroRenverteilung zu Poren mit kleinerem Duegwer. Zusatzlich fihrt Bodenverdichtung zu
einem Anstieg der Porentortuositat und die Konweékti der Poren untereinander nimmt ab. Diese
bodenstrukturellen Veranderungen fihren zu erhdBbedringwiderstanden und reduzieren
Fluidtransportraten, was das Wurzelwachstum undtstimRessourcenaufnahme und die
landwirtschaftliche Produktivitéat reduziert. Trater verfiigbaren Informationen tber den Einfluss von
Verdichtung auf die Bodenstruktur und bodenphygskhke Funktionen sowie die Reaktionen von
Pflanzen darauf, ist wenig Wissen vorhanden tUbezdase, die die strukturelle Erholung des Bodens
nach einer Verdichtung beeinflussen. Neben abtwgisdhanomenen wie Quell-Schrumpf Zyklen
zahlt Bioturbation durch Pflanzenwurzeln und Reg@&mern zu den wichtigsten Prozessen fur die
Wiederherstellung der physikalischen FunktionenBla$ens. Folglich nimmt Bioturbation eine
zentrale Rolle ein, bei der Ruckgewinnung der Rhetkeit und Produktivitat von Ackerbéden nach

einer Verdichtung.

Das Ubergeordnete Ziel der vorliegenden Arbeitegamogliche Strategien zu identifizieren, die
zur Wiederherstellung der landwirtschaftlichen Ridd/itat auf verdichteten Boden beitragen. Diese
Strategien wurden anhand eines Vorgehens evaldastals "mehrstufige” Phanotypisierung
bezeichnet werden kann. Mehrstufige Phanotypisgehaschreibt den Ansatz, verschiedene
Phanotypisierungsmehtoden zu verwenden, um glatdheene Vielzahl von Pflanzeneigenschaften
zu erfassen. Dartber hinaus werden Experimentergthiedenen experimentellen Skalen und in
verschiedenen Pflanzenarten und Genotypen eineglagn Spezies durchgefihrt. Im Rahmen der
vorliegenden Arbeit wurden phanotypische Eigengenafon der Gewebe- bis zur Bestandesebene
unter Feld- und Laborbedingungen quantifiziert. l@ewendeten Phanotypisierungsmehtoden

umfassten Réntgen-Computertomographie, Hellfeldosikopie, digitale Bildverarbeitung, die
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Quantifizierung von Wurzelsystemeigenschaften adham ausgegrabenen Wurzelstécken sowie
Bestimmungen der Wurzel- und Sprosshiomasse. Daguneete Pflanzenmaterial umfasste global
wichtige mono- und dikotyle Nutzpflanzen und vidmagohanotypisch verschiedene Weizensorten.
Bodenphysikalische Quantifizierungen einschlieMessungen der Bodendichte, mechanischer

Impedanz und Fluidtransportraten erganzten die gilggischen Erhebungen.

In einem ersten Schritt wurde untersucht inwieBeitlensaulen als Modellsystem fiir das Feld
dienen kdnnen, indem phanotypische Reaktionen adéBverdichtung zwischen Feld und
Bodenséulen verglichen wurden. Soja und Triticaleden in kleinen Bodensaulen unter
kontrollierten Bedingungen und auf dem Feld vertditdhm und lockerem Boden ausgesetzt. In beiden
Spezies und Umgebungen fuhrte eine erhdhte Bodatedia einer Verringerung der Anzahl der
Seitenwurzeln und zu einer Verdickung der WurzAlmsserdem nahm die oberirdische Biomasse als
Reaktion auf Bodenverdichtung ab. Dartiber hinaumnteoim Feld und unter kontrollierten
Bedingungen gezeigt werden, dass Soja-, WeizenMaisiwurzeln aktiv zu kiinstliche Makroporen
hinwuchsen. Diese Ergebnisse legen nahe, dassi@igrdische Umwelt, welcher Pflanzen im Feld
ausgesetzt sind, in Bodensaulen simuliert werdan kad solche Saulen daher als Modellsysteme in
Frage kommen. Da Experimente in Bodenséaulen jedotfunge Pflanzen beschrankt sind, kdnnen
Einflisse des Bodens, die in spateren Entwickluadgsn auftreten, nur schwer in solchen

Modellsystemen quantifiziert werden.

Eine Moglichkeit die negativen Effekte von Boderdrentung zu tberwinden besteht darin
Pflanzensorten zu zlichten, deren Wurzeln an diénBedgen in verdichtetem Boden angepasst sind.
Ob dies moglich ist wurde untersucht, indem vierredrschiedene Weizensorten in Bodenséulen drei
verschiedenen Bodendichten —locker, moderat umil géaidichtet— ausgesetzt wurden. Anhand von
Wurzelwachstumsraten und Wurzel-Spross Beziehungede die genetische Vielfalt zwischen
diesen Sorten in Bezug auf die erhéhte Bodendiahtersucht. In einem ersten Experiment wuchsen
die Wurzeln fur 48 Stunden im Boden, bevor sie ausgchen und mit einem hochauflésenden
Flachbettscanner gescannt wurden. Dies ermdgldibté/urzelspitzengeometrie und die
Wurzelwachstumsrate zu bestimmen. Insbesondershwierer Verdichtung aber auch bei moderater

Verdichtung konnte gezeigt werden, dass das Wuezgistum signifikant mit dem
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Wurzelspitzenoéffnungswinkel korrelierte. Sorten giitem spitzen Offnungswinkel drangen tiefer in
verdichteten Boden ein als Sorten mit einem ehangten Spitzentffnungswinkel. Die Kombination
von Penetrometermessungen mit den Informationendie&Vurzelspitzenform ermdglichte es Kréfte
und Driicke abzuschétzen, die wahrend des Wurzesuawis auftraten. Diese Berechnungen zeigten,
dass spitze Offnungswinkel der Wurzelspitze mitingerten Penetrationsdriicken zusammenhéangen,
die es der Wurzel erlaubten, weiter in den vereign Boden einzudringen. In einem zweiten
Experiment wuchsen die gleichen Sorten fur 23 Tager den oben beschriebenen Bedingungen. Die
gleichzeitige Quantifizierung der Anzahl von Wureaetit Hilfe von Rontgen-Computertomographie
und die Entwicklung der Pflanzenhdhe zeigten, das&ntwicklung des Wurzelsystems eng mit dem
Sprosswachstum zusammenhangt. Unter moderaterctiéudy, korrelierte die oberirdische

Biomasse nach 23 Tagen Wachstum positiv mit derZé&fanzahl. Dies zeigte, dass —zumindest unter
moderater Verdichtung— das vom Genotyp abhangeom#al die Anzahl der Wurzeln unter

erhdhter Bodendichte aufrechtzuerhalten, zu eirigitgen frihen Wichsigkeit fihrt.

Abgesehen von der Nutzung der genetischen VidtaltUberwindung des verminderten
Pflanzenwachstums auf verdichtetem Boden, konnale Blmewirtschaftungsanséatze zum selben
Zweck beitragen. Im Feld und in Bodensaulen wueteichteter Boden perforiert und so wurden
kunstliche Makroporen geschaffen. Im Vergleich eudichtetem Boden, der nicht perforiert war,
wurden in perforiertem verdichtetem Boden héhetgdilansportraten gemessen. Mit Hilfe von
Rontgen-Computertomographie konnten die Interaktiazwischen Soja-, Weizen- und Maiswurzeln
mit diesen kunstlichen Makroporen quantifiziert desn. Bei allen drei Spezies wurde beobachtet,
dass die quantifizierte Wurzel-Poren Interaktiamergebnis von gerichtetem und nicht zufalligem
Wurzelwachstum war. Die gemachten Beobachtungemlaghe, dass die Makroporen je nach
Pflanzenart unterschiedliche Zwecke fur die Wurzegfiillten. Maiswurzeln verwendeten diese Poren
als Weg des geringsten Widerstands und wuchseenikignstlichen Makroporen. Bei Weizen
hingegen wurde beobachtet, dass Wurzeln diese Rareeist kreuzten und nicht darin wuchsen, was
darauf hindeutet, dass Weizen diese kunstlichearPals Sauerstoffquelle nutzten. Bei Soja traten
beide Formen der Interaktion in gleicher Haufiglaeif. Unter Feldbedingungen fuhrte die

Anwesenheit kiinstlicher Makroporen in verdichte®oden dazu, dass alle drei untersuchten
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Pflanzenarten die schlechte Friihentwicklung in gfgiteren Wachstumsstadien kompensieren
konnten. Diese Kompensation resultierte in einboleten oberirdischen Biomasse bei Pflanzen, die
auf perforiertem verdichtetem Boden wuchsen al$flanzen, die verdichtetem aber nicht

perforiertem Boden ausgesetzt waren.

Die in der vorliegenden Arbeit vorgestellten Ergeba legen nahe, dass sowohl die genetische
Vielfalt innerhalb einer Spezies als auch Bodenteiirngsmassnahmen wie das Perforieren von
verdichtetem Boden dazu beitragen, die landwirtitlottze Produktivitéat nach einem
Verdichtungsereignis wiederherzustellen. Da digygschlagenen Ansatze zu einem erhéhten
Wurzelwachstum fuhrten, werden sie wahrscheinligthadie Widerherstellung von
bodenphysikalischen Funktionen und bodenstrukemetigenschaften beschleunigen, die durch

Verdichtung verandert wurden.






1. General introduction

1.1. Soils, their physical fertility and contribution to terrestrial life

Soil has been named the skin of the earth dus fariction as the interface between the litho- and
the biosphere in most terrestrial ecosystems (Ka2@94). Since most terrestrial plants acquireswat
and nutrients directly from soil, soils are essaritr all forms of terrestrial life including huma
civilisations (McNeill, 2004; Wall and Six, 2018}ompared to the atmosphere or water bodies, soils
are characterized by their inherent heterogenéiphgsical, chemical and biological properties at
considerably small spatial scales. This spatiarogieneity shapes the ecosystem, in which roots and
soil inhabiting organisms like earthworms and sa@idroorganisms live. Roots, soil micro-biota and
the soil macro-fauna encounter gaseous, liquidsatid phases simultaneously and their environment
may change within volumes at the cubic millimetrals when they grow or move through soll

(Walter et al., 2009).

The term “soil fertility” is commonly used to dedi® the capacity of a certain soil type under a
given climate to support plant growth. The fenilitf a soil results from the combination of physica
chemical and biological properties, which oftereratt with each other (Abbott and Murphy, 2007).
While chemical and biological soil fertility dirdgtrelates to the nutritional requirements of pgant
soil physical fertility relates rather indirectly these requirements. Physical fertility does eégrrto
the abundance or availability of water or nutridmis to the conditions roots encounter when they
have to reach those essential resources. Besidesticlinfluences, soil physical conditions are
largely influenced by soil structure, which candedined as the spatial arrangement and density of
particles and aggregates (Angers and Caron, 1988&) spatial arrangement and the resulting pore
network define soil physical functions such as wegention, mechanical impedance and soil oxygen
status, which directly affect root growth. Henamtrgrowth, resource acquisition and crop productio
can either be promoted or limited by different stilictural and soil physical properties (e.g. Goss
Russell, 1980; Masle and Passioura, 1987; BengandiMullins, 1991; Thomson et al., 1992;
Beemster et al., 1996; Young et al., 1997; Bengaigil., 2011; Valentine et al., 2012; Dresbgll et

al., 2013; Broughton et al., 2015; Nagel et al120



1.2. Soil compaction

Soil compaction, which is often caused by the ddseavy agricultural machinery (Tracy et al.,
2011), is seen today as one of the major formarad Hegradation. It is estimated that globally acbu
68 million hectares of arable land are degradedt@@empaction and about half of the this compacted
land is found in Europe (Van den Akker and Canaga2h01; Hamza and Anderson, 2005; Batey,
2009). Compacted soils are characterized by af sdteped soil physical properties and functions,
which adversely affect root growth and may resukignificant yield decrease (Botta et al., 2010;
Arvidsson et al., 2014; Arvidsson and Hakanssoft420Since soil compaction leads to decreased soil
porosity, measurements of soil bulk density arerofised to describe the severity of compactness.
However, it has been proposed that measuring ankydensity is not sufficient to assess the physica

fertility of soil in general and of compacted dailparticular (Stirzaker et al., 1996).
1.2.1. Effects of compaction on soil physical funicins

The decrease of total porosity in compacted ssifsainly concentrated on macropores leading to
a shift of pore size distribution towards poresmwfller diameters (Tubeileh et al., 2003; Bottirel
al., 2014; Chen et al., 2014a). Besides lower (myoorosity, compacted soils show decreased pore
connectivity and higher pore tortuosity comparedrioompacted soils (Lipiec and Hatano, 2003;
Kuncoro et al., 2014a). These changes in soil siracue to compaction affect different soil phgsic
functions, which may impede root growth. Compadeits exert higher mechanical impedance to
growing roots since the void space, which is ned¢detisplace soil particles, is decreased (Valentin
et al., 2012; Suzuki et al., 2013; Hernandez-Razetal., 2014). As a consequence of increased
mechanical impedance, roots need to apply more fimrcthe penetration of soil and plants need to

invest more energy into root growth (Atwell, 1998ma et al., 2003b; Ruiz et al., 2016).

The shift of pore size distribution towards porésmall diameters also leads to lower plant
available water content in compacted soils (Ligiad Hatano, 2003). Therefore, compacted soils are
more likely to dry out by evapotranspiration thamisturbed soils, which further increases soil
mechanical impedance. Furthermore, the soil strattinanges underlying soil compaction, namely

low macro porosity and decreased pore connectiaffgct fluid transport characteristics. Hydraulic



conductivity, air permeability and gas diffusionemare decreased in compacted soils in comparison
to uncompacted soils (Stirzaker et al., 1996; Giteal., 2014a; Kuncoro et al., 2014a; Scholl et al.
2014; Kuncoro et al., 2014b). This increases thle af waterlogging, particularly after heavy raihfa

and therefore hypoxic conditions in compacted gditacy et al., 2011).
1.2.2. Recovery from compaction

Despite the information about influences of soilpaction on soil structure and related soil
physical functions, relatively little is known alidhe recovery of compacted soils. Soil compaction
may happen within a few seconds to minutes, wheaheagecovery of compacted soil is supposed to
take years to decades (e.g. Hakansson and Re88dr,Besson et al., 2013; Bottinelli et al., 2014).
Processes that are involved in the recovery of @t soils include abiotic phenomena like shrink-
swell cycles, which result from fluctuations oflsobisture and freeze-thaw cycles (Dexter, 1991;
Besson et al., 2013; Bottinelli et al., 2014; Jaditral., 2014). Apart from this, bioturbation byapl
roots and earthworms is suggested to be the majardor structural recovery after compaction.
Roots contribute to this not only by creating neacnopores, which often exceed the depth of
macropores created by earthworms, but also by &mibdrying and the resulting crack formation
(Dexter, 1991; Lesturgez et al., 2004; Bottindllak, 2014; Scholl et al., 2014). Therefore,
approaches that enhance root growth in compactkdvath accelerate the recovery of soil physical
functions and agricultural productivity after a quaation event. This may refer on the one hand to
management practices like different tillage operatior crop rotations, which promote root growth
into compacted soil layers. On the other hand syginoaches may encompass the identification of
functional root traits that help to maintain roobwth and productivity on compacted soils, which
then could be integrated into breeding programmiesdentify such strategies a holistic

understanding about the interactions of roots hait physical environment is needed (Batey, 2009).
1.3. Plant phenotyping

The term “phenotyping” describes the quantitatissessment of the appearance of an organism
resulting from the organism’s genetic background amvironmental influences (e.g. Walter et al.,

2015). In the case of plants this may refer to fdaratomy, biochemical properties, the quantifarati



of plant growth, plant architecture or physiolodigeoperties. Tremendous technical advancement,
mostly in the field of digital image processing klea to increase the precision and throughput of
phenotyping in recent years (Zhu et al., 2011; Mast al., 2012; Passioura, 2012; Walter et al.,
2012; Rahaman et al., 2015; Walter et al., 2018¢h3nodern but also traditional phenotyping
approaches are recognized as a powerful tool tergtahd the responses of plants to biotic and
abiotic stress. Furthermore, phenotyping can bd tes&lentify superior genotypes for certain
environmental conditions and to assess the rektipa between agricultural management and crop

production.
1.3.1. Multi-level phenotyping

The approach to combine different phenotyping mithagies at different experimental and
temporal scales can be summarized as multi-levahqiyping (Rahaman et al., 2015). This may refer
to the simultaneous assessment of root and showttyor the combination of studies under
controlled and field conditions. Multi-level phegiping can also be used to describe approaches that
combine quantifications at different organizatioleakels of a plant. Microscopic investigationslag t
plant tissue level can be combined with plant molpgical and architectural properties and even with
guantifications at the canopy level (Walter et2015). Furthermore, multi-level phenotyping may
also encompass aspects of plant-environment irii@ngcand the question how certain phenotypic
traits relate to plant (eco-)physiological procesdédasuka et al., 2012; Lynch, 2013; White et al.,
2013; Lynch, 2015; Walter et al., 2015). In therieavork of the presented thesis the term multi-level
phenotyping was chosen, since different phenotyppyyoaches were used at various temporal and
experimental scales. Experiments were conductedruwahtrolled and field conditions and
phenotypic properties were quantified from the ptasue to the canopy level in different species a
varieties. Thereby below- and aboveground phenotypias combined with the assessment of soil

physical and structural properties (Figure 1.1).



Microscopy Root tip scans

Plant material

Mono- and dicotyledonous species Old and modern varieties

Soybean Market release: 1910 Market release: 2010

Figure 1.1: lllustration of multi-level phenotyping as usedti® current thesis: Whole plant phenotype
assessment at the column and the field scale dsiegent methods including: X-ray computed tomaggma
(CT), bright field microscopy, high-resolution tegd scans, manual quantifications from excavatetistocks
(Shovelomics) as well as automated leaf size measemts. Experiments were conducted with differdantp
species and varieties.

1.3.2. Approaches used for multi-level root phenoping

Due to the limited accessibility of roots, espdgiahder field conditions, the quantitative
assessment of root traits remains difficult anatedus. Nevertheless, the combination of different
methodologies is suggested to be a promising apprmebetter understand how plants interact with
their belowground physiochemical environment. Mib&ly due to the growing awareness about the

importance of roots for crop productivity (Lynct895; Bengough et al., 2011; Zhu et al., 2011;



Lynch, 2013; Bishopp and Lynch, 2015), new appreaand technologies were developed, which
increased precision and throughput of root phenotyAs for shoot traits, digital image processisig

used extensively nowadays to quantitatively asaessltitude of root traits (Zhu et al., 2011).

Independently of the experimental scale, root phgiog may address the quantification of
various traits including root growth rates, growlthections or the vertical distribution of rootsdail
(e.g. Porterfield and Musgrave, 1998; McKenziel ¢22809; Vollsnes et al., 2010; Trachsel et al.,
2013; Grieder et al., 2014; Saengwilai et al., H)1Fhe quantification of root system architecture,
which describes the spatial configuration of thet gystem in soil (Lynch, 1995), can be used tateel
root phenotypic properties of different species gadotypes to plant performance under various soil
physical and chemical conditions (e.g. Tracy et2il12b; Miguel et al., 2013; Trachsel et al., 2013
Bao et al., 2014; Wu et al., 2014; Saengwilai £t24114b; Colombi et al., 2015; York et al., 2015;
Zhan and Lynch, 2015). Furthermore, the descriptiooot morphology and anatomy may also be
used to determine effects of the genetic backgramadenvironmental conditions on plant growth and
appearance (e.g. Thomson et al., 1992; Strikdr,é2G7; Chimungu et al., 2014; Chimungu et al.,
2015; Bengough et al., 2016). Despite certain agures for automation (Burton et al., 2012;
Chimungu et al., 2015a; York et al., 2015), therqifi@ation of root anatomical traits is still done
manually from images acquired from bright field romcopes (Alameda and Villar, 2012; Lipiec et
al., 2012; Bao et al., 2014, Passot et al., 20h@kcent years several new technologies were
developed and optimized, which can be used foqtiatification of root growth, root architecture,

root morphology and also root-soil interactions.
1.3.2.1. Methods used under controlled conditions

Different phenotyping platforms were developeddsess root growth, root system properties and
their relation to shoot performance under contdbtlenditions. Systems, in which roots grow on fiilte
paper and the expansion of the root system is ichageegular intervals, offer the possibility to
determine root responses to different nutrient Bep@and link this to shoot growth (Le Marié et al.
2014; Richard et al., 2015; in 't Zandt et al., 20lle Marié et al., 2016). Other systems, in which

roots are grown in a transparent media, can betosgaantify root systems and their growth in three



dimensions (lyer-Pascuzzi et al., 2010; Downid.e2812). Such systems have the advantage that
root system properties can be quantified non-detsrely —but due to the artificial growth media—
upscaling of the results to field conditions maydifécult. Roots can be quantified in soil-filled
rhizotrons under conditions that are closer talfstuations. In such systems root growth and root
system properties can also be quantified continyailsce roots are recorded along a transparent
plate. In such systems a large number of plantbeatreened at the same time or root growth can be
assessed in temporal resolutions of less than ame(h.g. Vollsnes et al., 2010; Nagel et al., 2012
Bengough et al., 2016). Furthermore, root respottshsterogeneously distributed nutrients, partial
waterlogging or compartments of different soil bd#nsities can be quantified in rhizotrons (Drelsbgl

et al., 2013; Pfeifer et al., 2014a; Lemming et2016).

The major limitation of a lot of such systems iattquantifications are restricted to two
dimensions and hence interactions of roots withssnicture cannot be adequately quantified. Non-
destructive three dimensional imaging approactkesXiray computed tomography or magnetic
resonance imaging offer the opportunity to overcdinelimitation. Both approaches were
successfully used to visualize and quantify rostays and root-soil interactiomssitu (Flavel et al.,
2012; Mairhofer et al., 2012; Tracy et al., 201Rt&@irhofer et al., 2013; Tracy et al., 2013; Baalet
2014; Metzner et al., 2014; Mairhofer et al., 20W&tzner et al., 2015; Pfeifer et al., 2015). Such
non-destructive imaging approaches provide the ppity to quantify root growth and root system
development continuously (Tracy et al., 2012a; ¥etcal., 2012b; Tracy et al., 2013; Metzner et al.
2014). Furthermore, interactions of roots with shierounding soil and the influence of root growth o
soil macroporosity could be quantified using X-caymputed tomography (Tracy et al., 2013; Bao et
al., 2014). Despite the availability of softwareltthat automate certain procedures (Mairhofat.et
2012; Mairhofer et al., 2013; Mairhofer et al., 80Metzner et al., 2015; Pfeifer et al., 2015), the
quantification of root system properties from stioiee dimensional scans is time-consuming. Due to
this but also due to scanning times, which oftereer 30 minutes, the throughput than can be

achieved using X-ray computed tomography or magmesonance imaging is limited.



1.3.2.2. Methods used under field conditions

Most of the so far outlined root phenotyping metblodies are restricted to experiments
performed under controlled conditions. For fieldygn plants, pioneering work was done in th& 20
century, when root systems of various crops weseritged in the field in high detail (Weaver J.E. et
al., 1924; Weaver, 1925; Kutscherea and Lichterred@60). Since then, new methods were
developed and combined to quantify root systement@s and root-soil interactions. In recent years,
methods enabling a quantitative assessment osyateéms received increasing attention. An
approach, which was used intensively during thedasade is to quantify a set of root traits from
excavated root stocks. This so-called “shovelommsthod enables to assess root system
architectural and root morphological traits in Edjversity sets at high throughput (Trachsel et al
2011; Burridge et al., 2016). Shovelomics was ss&fodly combined with investigations under
controlled conditions, which allowed relating rontmbers in different maize genotypes to the
genotypic tolerance to drought and low nitrogenpdug-urthermore, in these studies stable isotope
analyses were used to show how root system artingdtraits affect the depth from which plants
acquire water and nitrogen (Saengwilai et al., 2QZ4han et al., 2015; Gao and Lynch, 2016).
Similarly, stable isotope analyses were combingd wiot anatomical measurements in order to relate
water uptake to root anatomical properties (Chinwueigal., 2014a; Chimungu et al., 2014b). Pictures
of excavated and washed root stocks can be autmathaiprocessed resulting in an even higher
throughput than manual quantifications (Zhong et28109; Grift et al., 2011; Bucksch et al., 2014;

Colombi et al., 2015).

Compared to other approaches used in the fieldntijer advantage of shovelomics is that it is
relatively simple to apply and a multitude of tsaian be assessed at the same time. However,
shovelomics does not allow quantifying rooting dhept the interaction between roots and the soil
matrix. Root length or biomass measurements olutdnoen soil cores are still used to determine
rooting depth, which is often expressed as thehdaipivhich 95% of all roots occur (e.g. Hamza and
Anderson, 2005; Trachsel et al., 2013; Chimungal.e014b; Zhan and Lynch, 2015). Such
measurements can be combined with shovelomicsnilasiapproaches in order to relate root

architectural or anatomical properties to rootiegtth and root foraging (e.g. Chimungu et al., 2014a



Chimungu et al., 2014b; Saengwilai et al., 2014&0 @nd Lynch, 2016). Undisturbed soil cores can
also be used to study interactions of roots withreacropores. To do so, intact soil cores are &nok
apart and soil-macropore interactions are quadtifing dissection microscopes (White and
Kirkegaard, 2010). Such interactions were alsoistudy means of endoscopy or by quantifications
along soil profile walls and within soil monolitli&thmann et al., 2013; Kautz et al., 2013; Perkeins
al., 2014). However, these approaches are timesuroimg and therefore the throughput is very
limited in comparison to shovelomics. Nevertheléss,combination of different root phenotyping
methodologies, which may address root architectapgphology and anatomy as well as root-soil
interactions, with the evaluation of different qmibperties is a promising approach to enhance the

fundamental understanding of soil-plant relatiopshi
1.4. Phenotypic responses to soil compaction

As outlined above, the structural degradation, Witicaracterizes compacted soils, cause a set of
abiotic stresses that affect root and shoot grolmtireased mechanical impedance is correlateckto th
penetration forces and stresses the soil exergawing roots, which is related to the energy @ant
have to invest into soil exploration (lijima et,&003b; Bengough et al., 2011; Ruiz et al., 2G5z
et al., 2016). Similar to dry or flooded soils, guativity on compacted soils may be limited by low
plant available water content or low soil oxygesgpectively. Low concentrations of oxygen in soll
air may cause a shift from aerobic to anaerobit regpiration (Blackwell and Wells, 1983; Saglio et
al., 1983; Thomson et al., 1992), whereas low paatilable water directly decreases photosynthesis
(Tubeileh et al., 2003; Galmés et al., 2013; Gedest al., 2013; Lynch, 2013). Hence, the adverse
effects of soil compaction on plant growth restdinfi a combination of increased mechanical

impedance, soil hypoxia and limited water avaiiapil
1.4.1. Root responses to soil compaction

Depending on the severity of soil compaction, grotwvth is reduced or may stop completely and
the development of the entire root system is deld@oss and Russell, 1980; Atwell, 1990;
Bengough and Mullins, 1991; Young et al., 1997;9ercet al., 1999a; Croser et al., 1999b; Tracy et

al., 2012b). Under field conditions soil compactresults in shallower root growth and decreased



rooting depth (Barraclough and Weir, 1988; Bottalet2010; Hernandez-Ramirez et al., 2014; Chen
et al., 2014b). Furthermore, soil compaction waseoled to increase cell production rates in thé roo
meristem and to accelerate cell detachment fromaibiecap into the rhizosphere. These detached
cells, act as a lubricant and therefore reducefatdil friction between the root and the soill

(Bengough and McKenzie, 1997; lijima et al., 2003a)

Soil compaction causes a set of alterations imabephenotype including root architectural,
morphological and anatomical responses. Root thiokeas an adjustment to compacted soil was
observed under field and controlled conditions inide range of species (Barraclough and Weir,
1988; Materechera et al., 1992; lijima and Katd)Z2(Ramos et al., 2010; Tracy et al., 2012b;
Grzesiak et al., 2013; Siczek et al., 2013; HerpariRlamirez et al., 2014; Chen et al., 2014b). Since
increased root diameters decrease root penetisttiess and the risk of root buckling, root thickeni
is seen to be an acclimation to increased mecHampadance facilitating the penetration of
compacted soil (Materechera et al., 1992; Kirby Badgough, 2002; Chimungu et al., 2015a). This
increase of root diameters coincided in severallggran cereals with an enlargement of the root
cortex (lijima and Kato, 2007; Lipiec et al., 2012nhother common response of plants to soll
compaction is a decrease in the number of rootgaiticular the number of lateral roots is reduced,
which can be determined directly or with proxy m&as such as specific root length of different
diameter classes (Barraclough and Weir, 1988; Teaey., 2012b; Grzesiak et al., 2014; Hernandez-
Ramirez et al., 2014; Pfeifer et al., 2014a; Chel.e2014b). Remarkably, very similar adjustments
of the root phenotype were reported in respondedding or drought. Both stresses not only
decrease root growth but also cause increasedii@oeters and decreasing root numbers (Thomson

et al., 1992; Striker et al., 2007; Dresbgll et2013; Yamauchi et al., 2014; Nagel et al., 2015).

Beside root architectural, morphological or anattahchanges, it was observed that plants
promote root growth into spots of the soil withl gdiysical conditions that are more favourable for
root growth. Wheat and barley showed increasedgamtith in loose soil compartments, while root
growth in denser parts of the soil was reduceddBam and Bengough, 2003; Pfeifer et al., 2014a).
Such preferential growth was also reported to hammemuch smaller scales. A number of studies

showed that roots use natural or artificially ceglegoil macropores as pathways of least resistance
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reach deeper soil layers (Stirzaker et al., 1986 mitas et al., 1999; White and Kirkegaard, 2010;
Athmann et al., 2013; Han et al., 2015). This be&hawof roots is particularly pronounced when the
mechanical impedance of the surrounding bulk sdiligh. It was suggested that roots grow actively
towards soil macropores to exploit them as a palbast resistance (Stirzaker et al., 1996; Whiie a
Kirkegaard, 2010). The behaviour of roots to growdrds macropores and use them as a path of least
resistance was described with the term “tremat@nop(Dexter, 1986). As a result of this, root

growth of plants grown on compacted soil, which weasorated, increased compared to plants grown
on compacted soil that was not perforated (Stinzakal., 1996; de Freitas et al., 1999; Pfeifal gt

2014b).
1.4.2. Shoot responses to soil compaction

Impeded root growth in compacted soils limits tidume of soil that can be reached and hence
results in decreased nutrient and water uptakeedwllings of maize, barley and wheat leaf growth
rates decreased within minutes to hours in respnisereased soil mechanical impedance (Masle
and Passioura, 1987; Beemster et al., 1996; Youalb,4997). Similar results were observed in
young broccoli plants, where leaf area was dectemsesponse to increased soil bulk density
(Montagu et al., 2001). Consequently, decreasedbidmass due to compaction was observed in a
wide range of plants including major mono- and timlonous crops already at the seedling stage
(Buttery et al., 1998; de Freitas et al., 1999; Mgn et al., 2001; Grzesiak et al., 2013; Tracl.et
2013; Grzesiak et al., 2014). Decreased crop grawthproductivity due to compacted soils was
observed not only in young but also in mature glawhich were grown under field conditions
(Barraclough and Weir, 1988; Boone et al., 1994;°2004; Botta et al., 2006; Botta et al., 2010;

Siczek and Lipiec, 2011; Arvidsson et al., 2014vidsson and Hakansson, 2014).
1.4.3. Differences in the susceptibility to soil copaction between species and genotypes

In spite of the similar responses of different &t soil compaction, it is known that species may
significantly differ in their susceptibility to cqmacted soils. Compaction induced yield decreases of
legumes were reported to be larger in comparisgmetd penalties in cereals (Arvidsson and

Hakansson, 2014). Also root growth may be moress hffected by soil compaction when comparing
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different species. Maize roots were reported tabee sensitive to increased mechanical impedance
than roots of soybean or small grain cereals (Bustka and Zobel, 1998; Busscher et al., 2000b;
Grzesiak et al., 2014). Not only between but algbiwsingle crop species differences in the
tolerance to soil compaction have been demonstr&edetic variability with respect to the capapilit
of roots to penetrate compacted soil layers wasrobd among different wheat genotypes (Kubo et
al., 2004; Kubo et al., 2006). Also when compariogt numbers under compaction among different
triticale, maize, narrow-leafed lupin or soybeanagpes genetic diversity could be shown
(Bushamuka and Zobel, 1998; Grzesiak et al., 2CGhén et al., 2014b). These genetic differences
were also related to differences in shoot biomaseucompaction between the genotypes assessed
(Kubo et al., 2006; Chen et al., 2014b). Furtheemitrwas observed that root morphological and
anatomical properties like root or stele diametet eortical cell size predict bending and tensile
strength of different maize genotypes (Chimungal e2015a). There is also theoretical and
experimental evidence that the geometry of the tipaklates to the ability of roots to penetrate
compacted soil. Theoretical considerations showatithe shape of a root tip affects how cavities ar
expanded when roots elongate in soil, which thé&ates to the involved forces and stresses (Greacen
et al., 1968). Similar to this, it has been obsemyat roots lacking of a root cap exert higher
penetration stresses and compact the soil atfthreiiront when growing through soil. Both of these
phenomena resulted in decreased root growth ofpgechroots compared to roots, which have an

intact root cap (lijima et al., 2003b; Vollsnesaét 2010).

1.5. Aims and structure of the thesis

Despite the information about plant responses it@smpaction and comparisons between
species and genotypes, relatively little is knowowd how yields can be recovered after compaction.
In order to identify possible strategies for thistailed understanding of root-soil relationships i
needed. Multi-level phenotyping is a promising agmh to better understand how roots respond to
soil compaction, to identify root traits that hétpmaintain plant productivity under conditions of
compaction and to evaluate how different soil managnt approaches affect whole plant

development.
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1.5.1. Research aims and hypotheses

The overall aim of the presented thesis was tatityestrategies, which contribute to the recovery
of crop yields after arable soil was compactedsPts approaches include on the one hand soll
management operations such as tillage and sobreeidn that may remediate particular adverse
effects of soil compaction on plant growth. On titieer hand such approaches refer to the breeding of
new crop cultivars, in which specific root traite antegrated that enable the plant to tolerate
compaction induced stresses. Both strategies agnhiance root growth, which does not only increase
crop productivity but will also help to restore t&@n soil physical functions, which were adversely
changed due to compaction. In order to evaluatethpproaches, the following hypotheses were

made:

Hypothesis 1:Phenotypic responses to soil compaction are cabpabetween plants grown in
the field and plants grown under controlled comwdisi in soil columns. Hence, soil columns may serve

as a model system for the field.

Hypothesis 2:There is genetic variability with respect to respemand the tolerance to soil
compaction within a single crop species, which ptigdly can be used in plant breeding programmes.
This encompasses traits that facilitate penetratfarompacted soils and traits that increase shoot

growth under compaction.

Hypothesis 3:Roots grow actively towards artificial macroporiattwere inserted into
compacted soil leading to increased crop produgtigicomparison to plants grown on compacted

soil without artificial macropores.
1.5.2. Use of multi-level phenotyping

The outlined hypotheses were tested using the appraf multi-level phenotyping in combination
with quantifications of soil physical parametergpEriments were conducted in the field and in soil
columns, which were used as a model system unaératied conditions. All field experiments were
performed in the soil structure observatory (SS@jch was established as a long-term field
experiment at Agroscope Zurich (8°31' E, 47°27483 m above sea level). The overall aim of the

SSO is to quantify natural phenomena involved enrttovery of soil structure and soil physical
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functions after compaction. This includes abiotiogesses such as shrink-swell and freeze-thaw
cycles as well as biotic processes like earthwaorch@ant root bioturbation. In March 2014 parts of
the field were compacted by multiple track-by-trgelssing with a heavy four wheel agricultural
vehicle. The total weight of the vehicle was 34d #he tyre inflation pressure was 3.2 bar resylitin

a wheel load of 80 kN. After compaction differeall snanagement treatments including crop
rotations with and without tillage, permanent grieggime mixture and bare soil were installed in the
SSO in three blocks. For experiments in soil colsnmmogenized and sieved field soil from the
SSO was used. Depending on the aims of the diffeteapters, different soil physical properties such
as bulk density, mechanical impedance or fluidgpant characteristics were quantified (Supporting

Information Table S1.1).

Irrespective of the scale, plant phenotypic propsnvere quantified on different organizational
levels of plants ranging from the plant tissuehi® ¢anopy level (Figure 1.1). Consequently differen
methodological approaches were used to assesgediff@ot phenotypic properties. Root anatomy
was evaluated from root cross sections by meabsgtit field microscopy. High-resolution flatbed
scans combined with automatic image processinglethad quantify root tip geometry. X-ray
computed tomography was used to determine roottacttre, root system development, root
morphology and root-soil interactions. Furthermoo®t system architecture and root morphology
was quantified from excavated root stocks followtihg shovelomics approach and rooting depth was
assessed from soil cores. These evaluations werplemented by quantifications of shoot traits such
as leaf area and leaf area index measurementsami@termination of shoot biomass and leaf growth

rates (Supporting Information Table S1.1).

1.5.3. Chapter overview

In chapter 2 the main objective was to evaluate, whether phygnotesponses to soil compaction
are comparable between the field and controlledlitoms. Furthermore, these responses were
compared between monocotyledonous (tritical@riticosecale winter wheat Triticum aestivuni..)
and dicotyledonous (soybedalycine max..) species and related to soil physical propsytréhich

characterize compacted soil. Root phenotypingérfitid was based on shovelomics, including
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architectural and morphological quantifications ameasurements of rooting depth from soil cores.
Under controlled conditions, root architecture amerphology were determined by means of X-ray
computed tomography. Root anatomy was quantifieddn cross sections from plants grown in the
field and soil columns using bright field microsgopurthermore, dry shoot biomass and leaf area
index were determined as plant vigour indicatoasl ghysical properties were quantified by bulk

density measurements and cone penetrometer tests.

In chapter 3 the geometry of root tips was used to predict ebmbgation rates under different
levels of soil mechanical impedance in fourteentarimvheat varietiesrfiticum aestivuni.). After
48 hours of growth at three levels of soil bulk sign roots were washed from the soil and root tip
geometry, root elongation rate and root diametaewassessed from high-resolution flatbed scans.
This enabled to evaluate the influence of rooggpmetry on soil penetration capability. The
information about the shape of the root tips waslmoed with cone penetrometer measurements what
allowed estimating forces and penetration stressesrring during root growth. Using these physical
guantities, the influence of different root tip gestries on cavity expansion was discussed.
Furthermore, root anatomy and morphology was dfiadtin plants of the same varieties, which were
grown for 23 days under the same soil bulk derssifitiese root morphological and anatomical
quantities were used to determine mechanical agsi@lgical implications of root adjustments to

increased soil mechanical impedance.

In chapter 4 the genetic diversity of root architectural traited early plant vigour in wheat
(Triticum aestivuni.) under three different levels of soil compantisas assessed. Fourteen winter
wheat varieties were grown for 23 days in soil omis and root system development as well as shoot
growth was quantified in weekly intervals. The namnbf axial and lateral roots was counted
manually from reconstructed X-ray computed tomobyagcans. At the same time plant height, leaf
and tiller number were determined what enable@faie root system to shoot development. These
guantifications were complemented by final shoat ot biomass measurements and cone
penetrometer tests. Furthermore, heritability estioms were performed to determine how stable root

and shoot traits are when plants are exposed tpacted soils.
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In chapter 5 the interaction of roots with artificial macropseravhich were inserted into
compacted soil and their influence on plant growés quantified. Furthermore, it was tested whether
roots grow actively towards these artificial sodenopores. The experiments were performed in the
field and under controlled conditions in soil colswith soybeanGlycine max..), winter wheat
(Triticum aestivuni..) and maize4ea may4..). Compacted soil was perforated along a 2 byn2
grid with stainless steel wires. Soil cores of hddiameter and height were excavated from the field
and scanned with an X-ray computed tomography sydteder controlled conditions plants were
grown for 20 days until scanning. From these saaimd;macropore interactions could be quantified
and it could be determined whether roots grew altitowards these pores. Plant vigour
guantifications consisted of shoot and root dryghitimeasurements and the determination of leaf area
with respect to different leaf positions at theah&oil bulk density, mechanical impedance, air

permeability and gas diffusivity were quantifiedctearacterize the soil physical properties.
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Abstract

Soil compaction includes a set of underlying stesswhich limit root growth such as increased
impedance and limited oxygen availability. The eutrstudy aimed i) to find acclimations of tritieal
(x Triticosecalg and soybeanGlycine max..) roots to compacted soils in the field, ii) whicle ar
reproducible under controlled conditions and oijissociate these responses with soil physical
properties. Plants were grown at two different balk densities in the field and under controlled
conditions representing mature root systems anddbdling stage, respectively. Diameters, lateral
branching densities, the cortical proportion witthie total root cross section and the occurrence of
cortical aerenchyma of main roots were quantifiaoil compaction caused decreasing root branching
and increasing cortical proportions in both cropd anvironments. In triticale, root diameters &mal t
occurrence of aerenchyma increased in respongertpaction in the field and under controlled
conditions. In soybean, these acclimations occuateuh initial developmental stage but due to tadia
root growth not in mature roots. These results gtbthat responses of root systems to compacted
soils in the field are to a large extent reprodigcinder controlled conditions, enabling increased
throughput, phenotyping-based breeding programmései future. Furthermore, the occurrence of
aerenchyma clearly indicated the important rolnoited oxygen availability in compacted soils on

root growth.
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2.1. Introduction

Soil compaction is a major threat to arable largkewlly in regions where mechanized
agriculture dominates (Hamza and Anderson, 200&yB2009). In Europe and on a global level it is
estimated that 33 million (Van den Akker and Caohea 2001) and 68 million hectares (Hamza and
Anderson, 2005), respectively, of arable land agraded by soil compaction, which is mainly caused
by heavy agricultural machinery (Tracy et al., 20Especially macro- and mesopores disappear
during soil compaction resulting in decreased goibsity and pore connectivity (Chen et al., 2014a)
and increased soil bulk density (Hernandez-Rangted., 2014; Kuncoro et al., 2014a). These initial
effects of soil compaction on soil physical projtcause a set of subsequently altered properties
affecting plant productivity: On the one hand iraged levels of soil compaction cause increased
mechanical impedance (Valentine et al., 2012; Hetea-Ramirez et al., 2014). On the other hand
soil compaction causes slower water infiltratioresa(Lipiec and Hatano, 2003) and reduces hydraulic
conductivity (Ozcoban et al., 2013), air permeab{Chen et al., 2014a; Kuncoro et al., 2014b) and
gas diffusivity (Kuncoro et al., 2014b) resultimghigher risks of water logging and anaerobic
conditions (Tracy et al., 2011). Both increasedgbetion resistance and the risk of anaerobic
conditions decrease root growth and therefore ghiewtural productivity in production systems that
are affected by soil compaction (Hamza and Ander2005; Batey, 2009; Walter et al., 2009; Tracy
et al., 2011; Valentine et al., 2012). The sevenitgoil compactness is usually quantified by
measurements such as soil porosity, bulk densityr@@chanical impedance (Barraclough and Weir,
1988; Materechera et al., 1992; Arvidsson and Hsé@m, 2014; Hernandez-Ramirez et al., 2014).
These measurements are often preferred over musddas methods such as the analysis of gas
diffusivity, air permeability or hydraulic condueiiy to describe the level of soil compaction.
However, various studies showed that increasedstkldensities and therefore increased penetration
resistances are correlated with decreased hydmtiductivity, air permeability or gas diffusivity

(Czyz, 2004; Simojoki et al., 2008; Kuncoro et al., 2014

Despite the amount of information about processgpéning during compaction, relatively little

information is available about processes during#eevery of compacted soils. Besides abiotic
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phenomena such as wetting-drying cycles, biotushdty plant roots was suggested to play a crucial
role during the recovery of compacted soils (Dext801; Lesturgez et al., 2004). In order to
accelerate soil recovery by root bioturbation, toaits are needed, which enable the plant to raiint
or enhance root growth in compacted soil. A broadienstanding of the phenotypic responses of root
systems to soil compaction is required (Hamza amdiefson, 2005) to identify such root system
traits. Root system architecture, which descrilmegse structures and the spatial configuratiomaof r
systems in the soil (Lynch, 1995), is altered by @mmpaction. In small soil columns lateral root
number of different small grain cereals (Grzesiallle 2014; Pfeifer et al., 2014a) and tomato ¢yra

et al., 2012b) grown under controlled conditionsrdased in response to increased soil bulk density
and impedance. In similar experiments it has aésmtobserved that axial root numbers of wheat and
triticale (Coelho Filho et al., 2013; Grzesiak ket 2013) were smaller in compacted than uncomplacte
soil. Furthermore, soil compaction in small sollucons caused increased root diameters in small
grain cereals (Grzesiak et al., 2013; Pfeifer et2@l14a), tomato (Tracy et al., 2012b), soybean
(Ramos et al., 2010) and pea (lijima and Kato, 2@0dzek et al., 2013). Recent advances in the
development of high-resolution X-ray micro computechography enabled to study root architectural
traits in soil columns over time with a minimumaséturbance to the plant (Hargreaves et al., 2009;

Flavel et al., 2012; Mairhofer et al., 2012).

Such studies under controlled conditions have tlvatage that they enable far higher
throughputs than field studies. Furthermore, saistare contents and therefore also mechanical
impedance can be controlled and anaerobic conditiom generally avoided (Coelho Filho et al.,

2013; Grzesiak et al., 2013; Pfeifer et al., 201#adhe field instead, soil water contents are
fluctuating over the growing season and especéthr heavy rainfalls anaerobic conditions occus du
to poor water infiltration rates on compacted sfilatey, 2009). Only a limited number of studies
dealing with root architectural traits under sahgaction were conducted in the field so far. Rssul
from soil cores showed that rooting depths of wiiBatraclough and Weir, 1988) and soybean (Botta
et al., 2010) decreased in response to soil congma&pecific root lengths of small grain cereals
(Barraclough and Weir, 1988; Hernandez-Ramire. e2@14) and mean root diameters of cereals and

pea (Materechera et al., 1992; Hernandez-Ramiralz, &014) were larger in compacted soils
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compared to uncompacted plots. Using soil cores,gystem architecture traits such as axial or
lateral root number and root diameters cannot besored directly. Instead, averaged diameters or
specific root lengths serve as proxy measurementactual architectural traits. The recently
published “shovelomics” method enables to evalaatet of root architectural traits from excavated
root systems at relatively high throughput (Tratksal., 2011). Shovelomics allowed to quantify
architectural differences among sets of differeatza (Trachsel et al., 2011; Colombi et al., 2015)
and cowpea genotypes (Bucksch et al., 2014). Ugtiogelomics, Chen et al. (2014b) observed
increased taproot diameters under soil compactompared to uncompacted conditions in narrow-

leafed lupins.

Beside architectural responses to soil compac#inatomical traits are also affected by increased
soil strength. So far these results are restriiedfew studies, which were all conducted under
controlled conditions. In response to soil compactoot cortical areas were increased in roots of
cereals (Lipiec et al., 2012), pea (lijima and K&@07) and saplings of narrow-leaved ash (Alameda
and Villar, 2012). Generally, these root architestand anatomical acclimations were either
associated with increased bulk densities and impExtaor just with soil compaction without further
specifications. Just two studies (lijima and K&a07; Hernandez-Ramirez et al., 2014) suggested a
link between reduced gas and solute transport emigs@ltered root phenotypes. The ability to
reproduce results from the field under controlledditions and at high throughputs will be cruc@ f

successful incorporation of desired traits intaeblieg programmes.

This study aimed to find i) responses of root degtture and anatomy in mature roots of triticale
and soybean to soil compaction in the field, whithan be reproduced under controlled conditions i
young roots and to iii) link these phenotypic rasges to altered soil physical properties caused by
soil compaction. Crops were grown in the field ander controlled conditions with the same soil at
two different soil bulk densities. Root architeeluresponses to soil compaction were evaluatedyusin
shovelomics and X-ray computed tomography andanatomical traits were quantified by bright
field microscopy. These evaluations were compleepblyy measurements of soil bulk density,

mechanical impedance and plant vigour traits.
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2.2. Material and Methods

Both, laboratory and field experiments were conddatith the same loam soil (Pseudogleyed
Cambisol) composed of 25% clay, 50% silt and 2566 s&or the experiments under controlled

conditions field soil was taken from the top 15 cm.

2.2.1. Root nomenclature and abbreviations

For triticale four different root classes have berked at: the primary root (PR), seminal roots
(SR), nodal roots (NR) and lateral roots (LR) of, MR and NR. For nodal roots the whorl from which
they emerged was considered in the nomenclaturesabscript (i.e. N1 and NR,3 mean the nodal
root from the oldest and third oldest whorl, respety). In soybean, traits at the taproot (TR) and
adventitious roots (AR) were measured. Therebydbes emerging between the soil level and the

location where the seed was placed were named gFigRe 2.1).

Soil surface

Figure 2.1: Schematic illustration of a) triticale root systevith seed (S), primary (PR), seminal (SR) and hoda
roots from the first (NR,1) and third whorl (NIRo3) and lateral roots (LR). b) Soybean root systeth Vaication

where the seed was placeg)Saproot (TR), adventitious roots (AR) and lateomts (LR).
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2.2.2. Experiment I: field conditions

The field site is located near Zurich, Switzerlatdhe agricultural research station of Agroscope
Reckenholz (8°31'E, 47°27' N, 443 m above sed)ldwespring 2014 the soil structure observatory
(SSO) was established as a block experiment wigetheplications. The aim of the SSO is to study
processes that drive the recovery of compacted swiluding both abiotic processes such as shrink-
swell cycles and biotic processes like bioturbabgmplant roots and earthworms. One year befole soi
compaction a perennial grass-legume mixture wadksihed. For the first year of the SSO
experiment, soybeas({ycine max.., variety Merlin) and triticalex Triticosecale variety Trado)

stands were established as model dicot and mocomoes of global and regional importance.
2.2.2.1. Soil compaction and tillage

At the end of March 2014 parts of the field werenpacted using a fully loaded self-propelled
agricultural vehicle with four wheels and a tyredthi of 1.05 m. With a total weight of the vehicke o
34 t and a tyre inflation pressure of 3.2 bar wiheel load was 80 kN. The soil in the soybean field
was turned with a mouldboard plough prior to conipacto avoid severe weed pressure. Soil
compaction was done by triple track-by-track pagsinsoil moisture content around field capacity.
Remaining plants from the previous grass-legumadsieere sprayed with glyphosate solution. The
soil in the control plots of both crops (Ctrl), whiwere not compacted, was tilled conventionallghwi
a mouldboard plough to a depth of approximatelgr®2 One half of the compacted plots intended for
triticale were ploughed in the same way to simusatiesoil compaction (SSCom). In a third treatment
the topsoil remained compacted (TSCom) and theatét seeds were sown into the compacted soil
using a direct seed drill. To ensure proper gertionaf the soybean the top 5 cm of the compacted

soil (Com) were tilled using a chisel plough.
2.2.2.2. Plant material and growth conditions

Summer triticale was sown on th8 &f April 2014 at a density of 280 individuals petand
fertilised with 93.2 kg N h4 105 kg K h& and 8.5 kg Mg hA Total precipitation from sowing to
harvest was 435 mm and mean daily minimum and maxitemperatures were 10.3°C and 20.3°C,

respectively. Soybean seeds were inoculated witloloia of the specieBradyrhizobium japonicum
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(HiStick Becker Underwood, BASF, Little Hampton, United Iimg). Seeds were sown on thé™20
of May 2014 at a density of 60 plants perand fertilised with 50 kg K Kaand 4.3 kg Mg Ha The
mean daily minimum and maximum temperatures dutieggrowth period were 11.9°C and 21.3°C,
respectively and the cumulative precipitation wa8 thm. Crop protection measures for both crops

were applied if needed according to good agricaltpractice.
2.2.2.3. Soil physical properties

Soil bulk densities were determined shortly aftevieg in two depths at three different points in
each plot. Undisturbed soil samples of 100 ml waken from 10 and 30 cm depth and oven dried at
105°C for at least 4 days to determine dry bulksdgnMechanical impedance was measured using an
Eijkelkamp penetrologgeE{jkelkamp Agrisearch Equipment, Giesbeek, The éiethdg with a
cone base area of 1 &and an apex angle of 60°. Five insertions weredorach plot and measured
impedance values were averaged over 10 cm segri¢mtgravimetric water contents at

measurement were around 24%.
2.2.2.4. Root system architecture

Root system architectural traits were determinedbéh crops 42 and 91 days after sowing
(DAS). For triticale these time points represeritexistage of tillering and full flowering, whilerfo
soybean they corresponded to the stage of sidda-stitation and major grain filling. Per plot the
root systems of four individual plants were excadatith a shovel in a cylinder of 25 cm diameter

and depth. The excavated samples were put in satgy for about 30 min to facilitate washing.

Using the scoreboard approach (Colombi et al., p8&beral root architectural traits were
determined manually. For triticale this included trumber of whorls occupied with nodal roots, the
number of NR and for soybean the number of AR. lahteranching density expressed as lateral root
number per cm of main root was determined in &iéat one representative NR from the first whorl
and in soybean at one representative AR and dtRhé.ateral roots were counted in 2 cm segments
starting at 4 and 9 cm from the root base. Furtbeenthe outermost angle of the root system to the
soil surface was measured along an arc with asaafi6 cm for both crops at a 5° scale. To deteemin

root diameters high-resolution pictures (pixel etégrgth: 70 to 8@um) of single roots were taken
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with an 18 megapixel camer@gnon EOS 600D, Canon, Tokyo Japawhich was mounted on a
tripod with external illumination sources. Togetheth a size reference images were taken of one
representative NR; and NRy,3, the TR and of one representative AR per excavatetdsystem.
Diameters were measured in ImageJ version 1. Magdnal Institute of Health, Bethesda MD, United

State$ 5 and 10 cm from the root base, respectively.

To gain an idea about rooting depth, three soilptasof 5 cm diameter and 50 cm length per plot
were taken using a petrol-run soil drill&lugax Bohrsonden, Martin Burch AG, Rothenburg
Switzerlandl at 91 DAS. These samples were cut into 10 cm satgrand roots were washed out over
a fine meshed sieve and cleaned from other orgaaterial. The roots were oven dried at 60°C, their
dry mass was recorded and the depths at which 9%B& ooots occurred (D95) were linearly

interpolated.
2.2.2.5. Root anatomy

Root samples for anatomical evaluation were takam the root systems sampled at 91 DAS. In
triticale one representative NR from the first @imdd whorl were sampled. In soybean one
representative AR and the TR were evaluated. Roets fixed and stored at 4°C in FAA (acetic
formaldehyde:alcohol:acetic acid:distilled wated;30:5:35) until processing. Even though severely
damaged roots had to be discarded from certaitysamlanatomical traits of two to four roots of all
root classes (NR1, NRyoz, TR, AR) could be evaluated from each single gliwass sections of 100
to 200um thickness were cut by hand with a razorbladesaaided for 1 min with toluidine blue
solution (0.25% in distilled water). In triticaleass sections were taken at 2 and 5 cm from thie roo
base, whereas cross sections from soybean roogstalem at 5, 10 and 15 cm from the root base. The
cross sections were placed on a glass slide antdgraphed by a camera with a resolution of one
megapixel Qlympus XC100lympus Corporation, Tokyo, Jagaconnected to a microscope
(Olympus AX700lympus Corporation, Tokyo, JapaiRoot anatomical properties were evaluated
from TIFF images in ImageJ using a pen track-pdm. drea of the total cross section and the area of
the vascular cylinder (ArV) were measured in TnBy subtracting ArV from the total area the caatic

area (ArC) in mrhwas obtained. The cortical proportion (ArCP) espel in percent was calculated
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as the share of ArC in the total cross section. d&adhermore, the percentage of root cortex

aerenchyma (RCA) within the root cortex was meak(fable 2.1).

Table 2.1: Abbreviations of focal root anatomical traits ofitale and soybean.

Abbreviation Trait description Unit
ArV Vascular Area mi
ArC Cortical area mm
ArCP Cortical proportion in total cross sectionaare %
RCA Aerenchyma proportion in root cortex %

2.2.2.6. Plant vigour measurements

One day before the excavation of the root systdrhsth time points (42 and 91 DAS) leaf
greenness of the same plants was recorded usiRgB-heter GPAD-502, Konica, Tokyo, Japan
Reported values represent average values of thdéedual measurements performed at the youngest
fully developed leaf. Shoots of the plants useddot system measurements were dried at 60°C for
three days and the shoot dry mass was determimedndmber of tillers and side shoots were counted
in triticale and soybean, respectively, at bottetipoints. Furthermore, the leaf area index (LAlswa
measured as an indicator for the vigour of theremi@nopy. Five measurements in each plot were
conducted with a LAl metetAl-2200C, LI-COR Inc., Lincoln NE, United Stgtasder constant

light conditions.
2.2.3. Experiment II: controlled conditions
2.2.3.1. Treatments and growth conditions

Field soil was air dried to approximately 20% gragtric water content, homogenized and sieved
through a 2 mm sieve. To mimic the conditions effield, soil was packed to 1.34 g érmand 1.6 g
cm’® as the loose (Ctrl) and compacted (Com) treatmespectively. The soil was packed into smalll
columns of 3.4 cm diameter and 15 cm height irsegrments of 2 cm height. To ensure homogeneous
packing surfaces of each layer were slightly alatga@r to packing another layer. The columns were

open at the bottom in order to avoid standing wa&eeds of triticale and soybean were germinated
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for 48 hours at 24°C and seeds with radicles ostdme length were selected. On top of the packed
soil a 0.5 cm layer of loose soil (1 g €nwas added. A hole of 1 mm diameter and 7 mm lengts
inserted in the centre into which the emerged tadi@s placed and seeds were covered with 1.5 cm
loose soil (1 g ci). The same inoculant used in the field was addede soybean seeds. Plants were
grown throughout 14 days in a growth chamber atative humidity of 65%, mean day and night
temperatures of 18.7°C and 24.1°C, respectivelyldnil light per day. In order to mimic wet but not
waterlogged conditions, soil moisture content weystlat field capacity during the entire growth
period by daily weighing. Additionally, winter whie@ riticum aestivuni., variety Arina) as a cereal
crop of global importance was grown under the seomelitions. Every treatment was replicated four

times.

Mechanical impedance was determined in three addikisoil columns of the same bulk densities
at field capacity using a cone with an apex ang00 and a cone base area of 0.Z,cmhich was
connected to a force transduce€f03, OMEGA Engineering Inc., Stamford CT, Uni&akte. In
each sample the cone was inserted three timedepta of 1.5 cm resulting in approximately 1500
force measurements per insertion. The measured f@aloes were divided by the cone base area and

averaged for each column.
2.2.3.2. Root system architecture measured withpated tomography

The top 5 cm of the soil columns were scanned aiitiX-ray micro computed tomography system
(Phoenix vitome|x s 240; GE Sensing and Insped®&mhnologies GmbH, Wunstorf, Germany) 2, 5,
8, 11 and 14 days after sowing (DAS). The scanreer set at 100 kV, 3707, with 0.4 mm copper
filter and binning of 2 by 2 voxel was used to reglmoise in the scans. Per scan 1600 images (no
averaging) were acquired resulting in scan timeBafinutes and a voxel edge length ol To
check for influences of X-ray radiation on plany drass production, two additional columns of each
treatment were added, which were not scanned. &obitectural parameters were obtained manually
from reconstructed volume files in Visual Studiov&2 (Volume Graphics GmbH, Heidelberg,
Germany. Initial root penetration into packed soil wasedenined from the reconstructed volume files

of the first scan 2 DAS. At each time point the tiemof LR was counted for PR and SR of cereals
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and TR of soybean in a 2 cm segment starting 2rom the root base. The diameter of the primary
root and one representative seminal root in tigieamd wheat and the taproot in soybean were
measured 3 cm from the root base. At the end ofitbeth period also the number of NR and the
number of AR were counted in both cereal specidssagbean, respectively from cleaned root

systems.
2.2.3.3. Root anatomy

After 14 days of growth, the soil columns were detpgently and the soil was rinsed from the
intact root systems. For root anatomical analygsgments of 1 cm length were sampled 3 cm from
the root base of the PR and SR for triticale anthefTR for soybean. The procedure of tissue
fixation, sample preparation and trait quantificativas the same as described above. In winter wheat

samples for anatomical measurements were takentfrer@R only.
2.2.3.4. Plant vigour

To determine leaf greenness three measuremefits ybungest fully developed leaf were
conducted 14 DAS with a SPAD-meter and averagetenffirds shoots were removed, the root

systems were washed and roots and shoots weread&®3C for at least three days before weighing.
2.2.4. Statistical evaluation

For statistical evaluation analyses of variance QAM\) were performed and means were
compared using ANOVA least significant different&D) tests. All calculations were performed in
Rversion 3.1.3R Core Team, 2015). The soil physical propemrese evaluated per depth for both
crop stands together using the compaction léveb{ TSCom, SSCom and Ctrl for triticale and Com
and Ctrl for soybean) as explanatory variable. Root shoot related traits were evaluated separately
for each crop. Plant vigour, root architecturaitérand anatomical traits from experiment Il were
evaluated using one way ANOVAs with the compacteels as explanatory variables. Root

anatomical parameters from field samples were attLwith the following model:

YVij=uta+ B+ (af)ij+e&; (2.1)

28



where Y is the plot-mean trait value of each rdas€ (NRj1, NRyos, TR, AR) of the
compaction treatment (for triticale= TSCom, SSCom, Ctrl; for soybears Com, Ctrl) and at th]
distance (for triticalef = 2 cm, 5 cm; for soybean= 5 cm, 10 cm, 15 cmy, is the effect of the
compaction treatmeng, the effect of the distance of the evaluated csession from the root base;
the effect of the interaction between the compadtieatment and the distance from the root base and

¢ the residual error. All effects were treated aedieffects.
2.3. Results

2.3.1. Experiment I: field conditions
2.3.1.1. Physical soil properties

Soil bulk density and mechanical impedance weneifsogntly affected by the compaction and
tillage operations. Compaction without subsequémighing in the triticale field (TSCom) or just
shallow chiselling to a depth of 5 cm in the soyb&eld (Com) resulted in a bulk density of 1.51 g
cmi® and 1.46 g ciy respectively, at 10 cm depth. The bulk densitytatm depth in both control
treatments (Ctrl) which were not compacted andhéntteatment, which received conventional
inversion tillage after compaction (SSCom), wasiatb1.35 g cil. At 30 cm depth the bulk densities
did not differ significantly among the differentropaction and tillage treatments except for the Citrl
group of triticale (Table 2.2). The highest meckhahimpedance in the top 10 cm was measured in
TSCom with 1.97 MPa followed by Com in the soybphlots with 1.14 MPa. In both Ctrl treatments
and in the SSCom treatment impedance values beldRd were measured in the top 10 cm. In the
following two depths from 10 to 20 cm and from B0 cm the impedance values in TSCom and
Com remained significantly higher than in SSCom it Ctrls. Between 30 and 40 cm the

mechanical impedance did not differ significantgtveeen treatments (Table 2.2).
2.3.1.2. Root system architecture

At the first sampling time point 42 DAS triticaleogvn under topsoil compaction showed a
significant reduction in the number of whorls ocegpwith nodal roots. In TSCom one to two whorls
where developed, whereas in the other treatme®€¢® and Ctrl) two to three whorls were counted.

91 DAS the lowest number of whorls was observednagal SCom with two whorls followed by
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SSCom with four and Ctrl with five whorls (Table8R.Soil compaction significantly decreased the
number of nodal roots at both time points. The ktweimber was observed in TSCom with 5.1 and
7.7 NR per plant 42 and 91 DAS, respectively. I€8& 8.4 and 17.0 and in Ctrl 9.9 and 25.3 NR per
plant were counted 42 and 91 DAS, respectively i@ at8). Furthermore, nodal roots of triticale grew
shallower under soil compaction. The smallest anitween the outermost root and the soil surface
were observed in TSCom (42 DAS: 35°, 91 DAS: 26fpfved by the SSCom (42 DAS: 45°, 91
DAS: 44°) and the Ctrl group (42 DAS: 59°, 91 D/AB?, Table 2.3). Since 42 DAS most root
systems showed less than three whorls and roaragsh TSCom were poorly developed,
architectural traits could just be investigate®Ry,; at 5 cm. 91 DAS root systems were much
further developed and parameters could be measuaad 10 cm from the root base in NRand

NRy.3- Diameters of NR,; measured 5 cm from the root base were signifigamtireased by soil
compaction at both time points (Figure 2.2). Atrbsampling time points the largest diameters were
measured in plants from the TSCom treatment withirzd 0.9 mm followed by SSCom with around
0.8 mm and Ctrl with around 0.6 mm. 91 DAS the saifffiects were also observed at 10 cm from the
root base of NR,; and 5 cm and 10 cm from the root base of NRSupporting Information Table
S2.1). Lateral branching at NR decreased in TSCom and SSCom compared to Ctotlatsimpling
time points. In the Ctrl treatment 4.9 and 4.4 IlR'avere counted between 4 and 6 cm from the root
base 42 and 91 DAS, respectively. These numbersated 42 DAS to 2.4 and 2.8 LRtin

SSCom and TSCom, respectively and 91 DAS to 3.L2amdR cmt in SSCom and TSCom,
respectively (Figure 2.2). 91 DAS the same respongge also observed between 9 and 11 cm from
the root (Supporting Information Table S2.1). Reabty, even though the topsoil in SSCom was
ploughed and showed the same bulk density and iammedvalues as the Ctrl group (Table 2.2), root
diameters and the number of LR of triticale deteediin the topsoil were affected in the same way as

in TSCom.
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Figure 2.2: Root architectural traits measured 5 cm from tw base of field-grown a) and b) triticale nodal

roots from the first whorl under topsoil compact{@sCom), subsoil compaction (SSCom) and control

conditions (Ctrl), c) and d) soybean adventitionsts under soil compaction with shallow tillage (Qcand

control conditions (Ctrl) and e) and f) soybearrdaps under Com and Ctrl. Different letters indgcatgnificant

differences of the means using least significaffiédince test at p < 0.05, error bars representata errors

(n=23).
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Table 2.2: Treatment means of soil physical properties infigeld: dry bulk densities and mean penetrometer
impedance of 10 cm segments measured in the teitficdd under topsoil compaction (TSCom), subsaoil
compaction (SSCom) and uncompacted conditions)(@td the soybean field under compaction with shall
tillage (Com) and uncompacted conditions (Ctrl)if&ent letters indicate significant differencesloé means
based on ANOVA with least significant differencsttat p < 0.05 (n = 3).

Triticale Soybean

Depth  TSCom SSCom Ctrl Com Ctrl LSD
Bulk density 10 1.5F 1.33 1.37 1.46 1.33 0.060
[g cm] 30 1.58 1.56° 1.49 1.55° 1.50° 0.085

0-10 1.97 0.76° 0.82°¢ 1.14 0.63 0.47
Mechanical 4 5 2.59 1.16 0.95 1.79 1.07 0.44
impedance

20-30 2.38 1.5 1.2P 2.03 1.32 0.49
[MPa]

30-40 2.19 1.95 1.81 2.13 2.14 0.48

No significant differences of the number of AR @sponse to soil compaction were observed for
soybean at both sampling time points (Table 2.8 dngle between the root system and the soil
surface differed significantly between Com and @#IDAS (Com: 32°, Ctrl: 51°) but not 91 DAS
(Com and Ctrl: 30°, Table 2.3). Root diametersayfoean roots responded differently to soil
compaction than diameters of triticale roots. Raotn early stage, represented by adventitiouts roo
42 DAS, showed significantly larger diameters imCian in Ctrl (Figure 2.2). AR diameters 5 cm
from the root base were 1.06 mm under compacte®&idmm under uncompacted conditions. 10
cm from the root base, AR diameters under compatddincompacted conditions did not differ
significantly (Com: 0.61 mm, Ctrl: 0.53 mm). 91 DAl#&ameters of adventitious roots were
comparable between Com and Ctrl at 5 cm (Figureah@ 10 cm from the root base (Supporting
Information Table S2.1). Taproot diameters wergekesed in response to soil compaction at both
sampling time points (Figure 2.2). Under compactaproot diameters 5 cm from the root base were
1.5 mm and 2.6 mm 42 and 91 DAS, respectively. @vatues increased in the uncompacted plots to
3.0 mm and 5.3 mm at the early and late sampling point, respectively. These results suggested
that soybean root diameters in an early stageaserin response to soil compaction. However,

subsequent secondary thickening was decreased co@action leading to smaller root diameters in
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Com than Ctrl at later stages. The number of lates emerging from TR was generally reduced
under soil compaction but the response to compaetas less pronounced as in triticale. Signifigantl
lower numbers of LR in Com compared to Ctrl werarted 42 DAS at 5 cm from the root base
(Figure 2.2). Under compacted conditions the tapn@s occupied with 5.1 LR ¢hand 7.5 LR cm

in the uncompacted treatment. These effects wdrebserved 91 DAS in the same segment (Figure

2.2) but between 9 and 11 cm from the base (Suppgdriformation Table S2.1).

In terms of rooting depth 91 DAS, both crops shotedsame responses to changed physical soil
conditions. Interpolated D95 values in triticaleravat 29.2, 36.6 and 38.7 cm depth under TSCom,
SSCom and Citrl, respectively. For soybean undeipeation the D95 was at 37.8 cm and under

uncompacted conditions at 42.0 cm depth (Table 2.3)

Table 2.3: Treatment means of root architectural traits 42 @hdAS from field-grown triticale under topsoil
compaction (TSCom), subsoil compaction (SSCom)vaitltout compaction (Ctrl) and field-grown soybean o
compacted soil with shallow tillage (Com) and withaompaction (Ctrl). Different letters indicatgsificant
differences of the means based on ANOVA with lsagtificant test at p < 0.05 (n = 3).

Triticale Soybean
DAS Trait TSCom SSCom Citrl Trait Com Citrl
42 Number of whorls 1% 248 28
Number of NR 53 8.4 9.9 Number of AR 16.4 143
Outermost root angle to Outermost root angle to
, . 453 597 _ 32.F 50.8
the soil surface [°] the soil surface [°]
91 Number of whorls 241 41 5(¢
Number of NR 7. 17.0 25.3 Number of AR 18.0 18.4
Outermost root angle to Outermost root angle to
, 27.F 444 583 _ 304 304
the soil surface [°] the soil surface [°]
D95 292 36.6° 387 D95 37.8 420

Abbreviations: NR = nodal root, AR = adventitioa®t, D95 = depth at which 95% of the roots occur

2.3.1.3. Root anatomy

As observed for root architectural traits, mosttamécal traits responded significantly to soil

compaction, again either consistent or contradycdonong different species and root classes.
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In triticale the area of the vascular cylinder was affected by the soil compaction treatments
whereas both measurements of the cortical area $AdCArCP) responded to soil compaction (Table
2.4). In Ctrl the cortex at 2 cm from the root bas&lRy,; made up 51% of the total cross section
area, this proportion increased in SSCom to 77%mai®&Com to 83%. The same responses of ArCP
were measured in cross sections ofyNRaken from 5 cm from the root base (Ctrl: 48%, 8&C
70%, TSCom: 87%). Furthermore, soil compactiondaagmendous influence on the formation of
root cortex aerenchyma (Table 2.4). In cross sestiaken at 2 cm from the root base ofyBR
aerenchyma occupied 35% and 14% of the root cant&@6Com and SSCom, respectively, whereas
in Ctrl the formation of aerenchyma was not obsgif@gure 2.3). Due to large variation in SSCom,
similar but insignificant differences of RCA in psse to the compaction treatments were found at 5
cm from the root base. Since plants in TSCom diddewelop a third whorl occupied with nodal
roots, traits of NR,3 could only be compared between SSCom and CtiNRj,; the compaction
treatment had no significant influence on any mestsanatomical trait (Table 2.4). Except for ArV
and ArC of NR3 the distance from the base of root at which csessions were taken had no
significant effect on anatomical traits. No anatcahtrait showed any response to the interaction

between the distance from the root base and thpacion treatment (Table 2.4).

As observed for triticale, the interaction betw#as compaction treatment and the distance from
the root base, at which cross sections were tdiahno significant influence on anatomical traits i
soybean (Table 2.4). Anatomical traits of the tapresponded significantly to the distance at which
the cross sections were cut (Table 2.4). Significasponses of the anatomy of soybean TR to soll
compaction were observed for ArV, ArC and ArCP (€ah4). Mean values for ArV and ArC of the
cross sections taken at three distances from thidoese (5, 10 and 15 cm) decreased under
compaction by 75% and 65%, respectively, compareldd control treatment. The values for the
cortical proportion in the total cross section we@eased due to compaction, being most pronounced
in samples at 5 and 10 cm from the root base.dticses taken at 5 cm from the root base ArCP was
40% in Com and 34% in Ctrl and at 10 cm 53% in Goma 38% in Ctrl. The occurrence of root
cortex aerenchyma in the taproot was not affecyesbll compaction (Figure 2.3) while for

adventitious roots the occurrence of RCA was adieétty soil compaction (Table 2.4). In cross
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sections taken at 15 cm from the root base, RCAmied 24% of the root cortex of AR in Com and
6% in Ctrl. At 5 and 10 cm from the root base thdifferences occurred (Figure 2.3) but were not
significant. Other anatomical traits of AR did mespond significantly to soil compaction and the
distance from the root base at which cross secti@ne taken did not influence any evaluated

anatomical trait (Table 2.4).

Figure 2.3: Root anatomy of (left) nodal roots of triticaleogm under a) topsoil compaction, b) subsoil
compaction and c¢) uncompacted soil at 2 cm fronradbé base and (right) d) and e) adventitious raots )
and g) taproots of soybean grown under d) andrfpaction and e) and g) loose soil at 10 cm fronrdlog

base. i) Root cortex, ii) vascular cylinder anjiridot cortex aerenchyma.

Linear regressions between different anatomicébtd all treatment-distance combinations,
including the results obtained under controlleddittons, showed distinctly different patterns for
triticale and soybean. While in triticale an ingieg area of cross sections was positively reltieh
increasing share of the root corteX €R0.44, p < 0.01) the opposite trend was obsefwesoybean
roots (R = 0.42, p < 0.05). Large ArCP were measured fotsravith a relatively small cross section
area (Figure 2.4). Furthermore, the cortical aneaiif and the occurrence of RCA were not
significantly related in soybean but in triticaR® & 0.54, p < 0.01). Increased root cortical ardas o

triticale roots were related to increased percasstad aerenchyma in the cortex (Figure 2.4).
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Table 2.4:Responses of root anatomical traits of triticald aoybean under field (F) and controlled condgion

(CC) to soil compaction (Com), the distance from thot base (Dist) and their interaction. * ancd&note

significant responses at p < 0.05 and p < 0.0leasgely, n.s. denotes non-significant responses &3, CC:
n = 4). Abbreviations cf. Table 2.1.

N N CC: triticale ~ CC: triticale
F: triticale NR no1 F: triticale NR oz
PR SR

Trait Com Dist Com:Dist Com Dist Com:Dist Com Com
ArV

, n.s. n.s. n.s. n.s. ** n.s. n.s. n.s.
[mm?]
ArC

, i n.s. n.s. n.s. ** n.s. n.s. **
[mm?]
ArCP [%] *x n.s. n.s. n.s. n.s. n.s. * **
ArC/ArV i n.s. n.s. n.s. n.s. n.s. * *
RCA [%] * n.s. n.s. n.s. n.s. n.s. *x *x

F: soybean TR F: soybean AR CC: soybean TR

Trait Com Dist Com:Dist Com Dist Com:Dist Com
ArvV

, i i n.s. n.s. n.s. n.s. n.s.
[mm?]
ArC

\ i i n.s. n.s. n.s. n.s. n.s.
[mm?]
ArCP [%] *x * n.s. n.s. n.s. n.s. *x
ArC/ArV o * n.s. n.s. * n.s. i
RCA [%] n.s. n.s. n.s. *x n.s. n.s. *

Abbreviations: NR,: = nodal root from the first whorl, N&s; = nodal root from the third whorl, TR =

taproot, AR = adventitious root, PR = primary rd®® = seminal root
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Figure 2.4: Linear regressions and multiple r-squared of @) @rtotal cross section area and relative root
cortical area as a percentage of the total arez)aadd d) absolute cortical area and the percerdfigoot
cortex aerenchyma (RCA) of a) and b) triticale apdnd d) soybean at different distances from oot base.
Different symbol shapes indicate the environmaidrfgle: controlled conditions (CC), squares: figHl), open
symbols represent uncompacted soil, closed greyokawtt symbols represent sub- and topsoil compagctio
respectively. * and ** indicated significant coraébns at p < 0.05 and p < 0.01, respectively (€€4,
F:n=3).

2.3.1.4. Plant vigour

Shoot dry weights and leaf area indices respondgifisantly 42 and 91 DAS to the different
compaction treatments. Dry shoot biomass of sitigleale plants in TSCom was reduced by around

75% and around 85% compared to SSCom and Ctriecésply. Responses of LAI to soil
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compaction were in a similar range as shoot dryghtsi(Table 2.5). Soybean single plant dry weights
and LAI were also reduced due to soil compactiartda smaller extent than in triticale. Plant dry
weight decreased under compaction by 52% and 32apaed to the uncompacted treatment 42 and
91 DAS, respectively. At the first and second tipont LAl decreased by 67% and 17%, respectively
due to soil compaction (Table 2.5). SPAD valuesevgggnificantly reduced for both crops in

compacted plots compared to control plots 42 DASbt 91 DAS (Table 2.5).
2.3.2. Experiment II: controlled conditions

Mechanical impedance increased from 0.43 (+ 0.@6ms) MPa in loosely packed columns to
1.01 (x 0.09, s.e.m.) MPa in densely packed colutmitsal soil penetration of the radicle, repretgeh
by the rooting depth 2 DAS, decreased under congraby 74% in triticale, 82% in soybean and

56% in wheat compared to respective control groups.
2.3.2.1. Root system architecture

Most of the root architectural responses observelkiucontrolled conditions coincided with
results obtained in the field. Lateral root inibat was tremendously slower in compacted compared t
loose sail in both crops (Figure 2.5). At the eithe growth period 14 DAS triticale SR were
occupied with 1.75 LR cthand 0.75 LR cmin uncompacted and compacted soil, respectively.
Lateral branching at soybean TR was reduced fr@h.R.cm' in loose soil to 1.4 LR cthin
compacted soil. Root diameters of SR and TR datalié and soybean, respectively increased in
response to increased soil bulk density (Figurg MSriticale the measured diameters of seminal
roots 14 DAS increased from 0.42 mm in Ctrl to hxh in Com. Primary root diameters of triticale
under compaction were also significantly largeb%dmm) than in the control group (0.44 mm).
Taproot diameters of soybean seedlings increasager wompaction similar to adventitious root
diameters in the field. 14 DAS taproot diameter€am were 1.10 mm and 0.89 mm in Ctrl.
Furthermore, in the compacted treatment 9.3 AR weumted while this number was decreased to 6.5
AR in the control group. For triticale no responeésoil compaction on the number of NR could be

observed since their initiation just started whiam{s were harvested. The responses of winter wheat
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root architecture to increased soil bulk densityaxtbe same as described for triticale (Supporting

Information Figure S2.1 and Table S2.2).
2.3.2.2. Root anatomy

As observed in the field, soil compaction causegthéi cortical proportions in roots of soybean
and triticale seedlings (Table 2.4). In soybearstiagre of the root cortex within the total crosstisa
area of the taproot was 18% larger in the compametpared to the uncompacted treatment. In
triticale ArCP of primary and seminal roots werergased by around 10% in response to soil
compaction. Cortical areas measured in“mmre also significantly increased under compadtion
triticale PR and SR but not in soybean TR. The aféhe vascular cylinder remained unaffected by
soil compaction in all evaluated roots of both a&r¢pable 2.4). Both, triticale and soybean roots
showed significantly increased root cortex aerenghynder soil compaction (Table 2.4). This was
most pronounced in SR of triticale where 20% ofrthe cortex was occupied by RCA under
compaction, while no RCA occurred in the uncompatteatment. Under compaction RCA made up
17% of the cortex of triticale PR whereas just 2he cortex were occupied by RCA in the
uncompacted treatment. In soybean TR the increaR€A as a response to soil compaction was
smaller but still significant (Com: 18.6%, Ctrl:.8%). As for root architecture, anatomical respense
of wheat to soil compaction were comparable withrésponses of triticale (Supporting Information

Table S2.2).
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Table 2.5: Upper part: treatment means of plant vigour trdzand 91 days after sowing (DAS) from field-

grown triticale under topsoil compaction (TSComihsoil compaction (SSCom) and without compactiotml)C

and field-grown soybean on compacted soil withlshatillage (Com) and without compaction (Ctrl). Wer

part: treatment means of plant vigour traits dfdaie and soybean under controlled conditions nneak14

DAS under compacted (Com) and loose soil (Ctrljfddént letters indicate significant differencesloé means
based on ANOVA with least significant test at p.8®(n = 3).

Triticale Soybean
Environment DAS Trait TSCom SSCom Citrl Trait Com Ctrl
_ Shoot DW Shoot DW
Field 42 0.0488 0.266 0.340 1.052 2.207
(9] [d]
LAI [m? LAl [m?
[2 0.872 2908 3.643 [2 1.226 3.713
m] m*]
SPAD 30.70 41.87 44.80 SPAD 33.22 3757
Number of Number of
_ 0.2 2.4 3.7 _ 0
tillers side shoots
Shoot DW Shoot DW
91 0.69% 2.836 4.260 15.150 22.150
(9] [d]
LAI [m? LAl [m?
_2 0.407 3.08Y 4.259 5 5529  6.63¢
m] m”]
SPAD 43.93 48.40 49.17 SPAD 42.41 43.69
Number of ) b Number of
_ 0.07 0.6 1.1 _ 2.5 1.0
tillers side shoots
Environment DAS Trait Com Ctrl Trait Com Ctrl
Controlled Shoot DW Shoot DW
N 14 0.0259 0.0423 0.197 0.225
condition [a] [a]
Root DW Root DW
0.0198 0.0195 0.017% 0.030%
] [d]
Root-shoot Root-shoot
_ 776  0.437 _ 0.0890 0.141
ratio ratio
SPAD 32.12 37.60 SPAD 41.62 42.70

DW = dry weight, LAl = leaf area index
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Figure 2.5: Root diameters (dm) of a) triticale seminal rcantsl €) soybean taproots and lateral root number
(#LR) at b) triticale seminal roots and f) soybéaproots grown under compacted (Com) and looseiy)(C
packed soil and measured 2, 5, 8, 11 and 14 d&rssafwing (DAS). Error bars represent standararerr

(n = 4). Typical pictures of triticale roots frojy@om and d) Ctrl and soybean roots from e) Comtgr(itrl.

2.3.2.3. Plant vigour

The exposure to X-ray radiation showed no influemrc@oot or shoot biomass of triticale, soybean
and wheat. Shoot biomass was reduced in soybeatmiécale crops under compaction but neither in
soybean nor in triticale this reduction was sigaifit (Table 2.5). Total root biomass of triticalasw
not affected by the different compaction treatmentsereas the root-shoot ratio was significantly
increased in response to increased soil strengthi€12.5). In soybean the root dry biomass was
reduced significantly from 0.030 g to 0.018 g conmaathe control with the compacted treatment
(Table 2.5). The different levels of soil compantuid not affect SPAD values of both crops (Table
2.5). In wheat, shoot biomass was reduced in resptmnsoil compaction, but root biomass and SPAD

were not affected (Supporting Information Table2$2.
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2.4. Discussion

The primary aim of this study was to determine Wwhetoot architectural and anatomical
responses of mature roots to compacted soils ifigltecan be reproduced under controlled
conditions in young roots. In the field and undentcolled conditions higher bulk densities in the
compacted treatments caused increased mechanmadlance compared with the uncompacted
treatments. In both crops used —triticale and saybesoil compaction caused alterations of root
architectural and anatomical traits. Generallyséhesponses to soil compaction were comparable
between the two species, different developmentglest and environments. However, differences were
observed with respect to anatomical responsesafibt systems to soil compaction: secondary
thickening caused different responses of youngraaitire soybean roots, respectively, and

pronounced differences between the cereal anatharle were observed as well.
2.4.1. Root architectural responses to soil compaech
2.4.1.1. Shallower root growth under soil compattio

In the current study soil compaction caused soylealrtriticale roots to grow shallower and
penetrate the soil less deep. Angles between titecrown and the soil surface of triticale were fib°
30° smaller under compaction than under loose tiongi and the D95 at flowering was reduced
significantly due to soil compaction. For soybela@ D95 was also significantly reduced due to soil
compaction, while shallower root angles were olegtianly at the first sampling time point. These
contradictory results may be explained by the fihett the number of adventitious roots (Table 2.3)
and their lateral branching density (Figure 2.2)en@gher at the second compared to the first
sampling time point. However, these results cowadpd to previous field studies, where root angles
of narrow-leafed lupins were more shallow (Chealgt2014b) and rooting depths of wheat
(Barraclough and Weir, 1988; Chen et al., 2014b) soybean (Botta et al., 2010) decreased due to
soil compaction. Increased topsoil rooting duedibcmpaction in wheat was shown in a previous
study under controlled conditions (Nosalewicz aipldc, 2014). Since the diameter of the
investigated soil columns was relatively small,ibontal root growth may have been restricted.

Therefore, the penetration depth of the radicle the bulk soil was taken as a measurement for the
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direction of root growth instead of root angleseThitial root penetration 2 DAS decreased in
triticale, soybean and also wheat by 56 to 82%tduecreased soil bulk density as observed for
wheat and pea (lijima and Kato, 2007). In the fibled number of nodal roots in triticale decreased
between 15% and 70% under top- and subsoil congmactimpared to the uncompacted treatment
(Table 2.3), which corresponded to results obtaimater controlled conditions (Grzesiak et al.,
2013). In soybean the number of adventitious ra@ts increased in response to increased soil bulk
density 14 DAS under controlled conditions. Yettha field number of AR was not altered due to

compaction.
2.4.1.2. Decreased lateral root number under sorhpaction

Lateral root growth was suggested to be increasddrsoil compaction to compensate reduced
axial root growth (Bengough et al., 2011), whichsva@t observed in the current study. Instead,dater
root numbers of field-grown triticale and soybeagrevreduced in response to soil compaction.
Remarkably, lateral branching density in the topsas lower in SSCom than in Ctrl (Figure 2.2),
even though soil bulk density and mechanical impedan the topsoil was not different between the
two treatments (Table 2.2). In soybean the numbkRaat the taproot was reduced in response to
increased soil strength but not at adventitioussr@@igure 2.2). In other field studies decreasing
specific root lengths under soil compaction weporeed for field-grown barley (Hernandez-Ramirez
et al., 2014), wheat (Barraclough and Weir, 198®) marrow-leafed lupins (Chen et al., 2014b). Such
measurements can be related to lateral branchimgtgdout are influenced to a large extent by root
diameters and different root classes present isdiieHowever, these observations correspondeo th
results obtained in the current study. Reduced mumblateral roots have been reported under
controlled conditions at similar levels of soil coaction for tomato (Tracy et al., 2012b), barley
(Pfeifer et al., 2014a) and triticale (Grzesiallet2014). This was also shown in the currentystod
triticale, soybean and wheat under controlled diomt. Lateral root initiation was delayed in all
species (Figure 2.5, Supporting Information Figb2el) indicating that the same responses of the
lateral root system to soil compaction occurredath environments at different developmental

stages.

43



2.4.1.3. Root diameters responded differently tiocempaction among crops and developmental

stages

While rooting depths, growth directions and rootters showed mostly consistent responses to
soil compaction, acclimations of root diametersitweased soil compaction differed among species.
As observed for mature wheat (Materechera et @@2)and barley (Hernandez-Ramirez et al., 2014)
root diameters of triticale increased in the figldesponse to soil compaction. Nodal root dianseier
TSCom were 38 to 63% larger compared to Ctrl. Ander lateral root numbers, compacted subsoil
affected root diameters in the topsoil leading sigaificant increase of root diameters in SSCom
compared to Ctrl (Figure 2.2). This was consisterthe results obtained under controlled conditions
for primary and seminal roots of triticale (Fig@®) and wheat (Supporting Information Figure S2.1)
Also under controlled conditions increasing ro@trdeters as a response to compacted soils have been
observed in barley (Pfeifer et al., 2014a) anctaié (Grzesiak et al., 2013). In soybean secondary
root thickening showed a large effect on the respsif root diameters to soil compaction. Diameters
of young roots in the field, represented by advinis roots 42 DAS, were 15 to 31% larger in Com
than Ctrl (Figure 2.2). This response corresporidesgtedlings under controlled conditions, in which
the taproot diameter also increased in almostaheesorder of magnitude in response to soil
compaction (Figure 2.5). Similar results were régain previous studies with soybean (Ramos et al.,
2010), tomato (Tracy et al., 2012b) and pea (lijand Kato, 2007). However, as roots became more
mature diameters were indifferent between Com and€even larger under Ctrl compared to Com
(Figure 2.2), which was not observed in matureovaleafed lupins (Chen et al., 2014b). Smaller
diameters of soybean roots at later stages shatetdhot only root elongation was lower under

compaction but also radial root growth was slowmeaeisponse to increased soil strength.
2.4.2. Root anatomical responses to soil compaction
2.4.2.1. Root cortical proportion explained altenet diameters

In triticale increased root diameters in respoonssoil compaction were related to increased
cortical proportions within the root cross sectiohise area of the vascular cylinder remained

unaffected by soil compaction, whereas corticahgand proportions increased significantly due to
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soil compaction in both environments (Table 2.4jisTcorresponded to other studies on seedlings of
triticale, wheat, rye, barley (Lipiec et al., 2052 rice (lijima and Kato, 2007) and partiallywtbeat

in the current study (Supporting Information TaB22). Furthermore, increasing total root cross
section areas were positively correlated £M.44, p < 0.01) with increased cortical propo s

(Figure 2.4), suggesting that increased root diaraatere caused by larger root cortices. Positive
correlations of increasing cortical proportions anot diameters were observed in 30-day-old wild
mono- and dicotyledonous plant species exposddddihg (Striker et al., 2007). Contradictory te th
results from Striker et al. (2007), the relatiopsbétween total root cross section areas and abrtic
proportions of soybean roots was negativeR.42, p < 0.05). Larger cross sections weredeaeltn

a smaller share of cortical tissue (Figure 2.4)ictvlvas mainly caused by slower secondary
thickening under compaction. As reported for pesdbegs (lijima and Kato, 2007) and saplings of
narrow-leafed ash (Alameda and Villar, 2012), caitproportions of the taproot increased as a
response to compacted soils in both environmerasigder, this increase in ArCP was related under
controlled conditions to increased (Figure 2.5) emithe field to decreased TR diameters (Figurg. 2.2
The vascular area of the TR in the field, which W&% smaller in the compacted compared to the

uncompacted treatment, also indicated decreasé radt growth.
2.4.2.2. Soil compaction induced the formationoafticortex aerenchyma

The occurrence of root cortex aerenchyma has pitiriagen related to flooded and therefore
anaerobic conditions (Thomson et al., 1992; Thoetad., 2005; Yamauchi et al., 2013; Takahashi et
al., 2014). If oxygen diffusion rates in soils aseluced or inhibited, RCA provides oxygen to the
growing root tip. Recent studies also reported, tie formation of RCA in maize was increased by
low nitrogen supply (Saengwilai et al., 2014a) dnalight (Chimungu et al., 2015b). In the current
study soil compaction caused increasing percentag@€A in triticale and to a smaller extent algo i

soybean (Figure 2.3).

The fraction of the root cortex that was occupieth\RCA increased under controlled conditions
in PR and SR of triticale and to a larger exterii® of triticale in the field (Table 2.4). In both

compaction treatments in the field (TSCom and SSQbmoccurrence of RCA was higher than in
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Ctrl. Furthermore, increased root cortical areasevpesitively correlated @= 0.54, p < 0.01) with
increased percentages of RCA in the root corteguffei 2.4), which was previously observed in the
grass specieBaspalidium geminatumnder flooding (Striker et al., 2007). In younglsean roots,
represented by TR under controlled conditions aRddm the field, soil compaction also induced
the formation of RCA (Table 2.4). In older soybeaat tissue the growing vascular cylinder closed
RCA during secondary thickening (Figure 2.3). Thewrence of RCA in both crops has been
observed before under flooded or anaerobic gromtiditions (Thomson et al., 1992; Watkin et al.,
1998; Shimamura et al., 2003; Thomas et al., 2B0%t al., 2013; Marashi and Mojaddam, 2014;

Yamauchi et al., 2014) but not under soil compactio
2.4.3. Links between plant responses to compactiamd altered soil properties

Soil compaction was quantified in this study ugimg two most common measurements: bulk
density and mechanical impedance. In the fieldwarter controlled conditions, soil compaction
caused a significant increase of both parametexisl€12.2), resulting in decreasing plant vigour
(Table 2.5). This has been observed in numeroasestuinder field (Barraclough and Weir, 1988;
Czyz, 2004; Botta et al., 2010; Siczek and Lipiec, 204/idsson et al., 2014) and controlled
conditions (Buttery et al., 1998; Bingham and Barglg 2003; Grzesiak et al., 2013; Grzesiak et al.,

2014, Pfeifer et al., 2014a).

2.4.3.1. Root phenotypic acclimations to compactiere not only triggered by increased

mechanical impedance

Increased root diameters and larger root cortiere wften seen as a direct acclimation of roots to
increased mechanical impedance (Materechera d982; Alameda and Villar, 2012; Lipiec et al.,
2012; Jin et al., 2013; Chen et al., 2014b). Matezea et al. (1992) explained this by suggestiag th
thicker roots facilitated the penetration of contpdcsoils, while Alameda and Villar (2012) proposed
that axial growth is more affected by soil compawtihan radial growth. Decreased lateral branching
under compaction could also be associated to isetemechanical impedance, since lateral roots are
relatively thin compared to axial roots. These @Hef increased soil bulk density and impedance

under compaction were also observed in the custediy for triticale and soybean. Under controlled
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and field conditions the number of LR decreasdubitih crops but root diameters (Figure 2.2 and 2.5)
and cortical areas and proportions (Figure 2.3e@sed as an acclimation to soil compaction.
However, certain root phenotypic responses tocgwmilpaction observed in the current study could not

only be explained by increased bulk density andhaeical impedance alone.

Even though the determined soil physical propeitigdbe topsoil of the treatment with subsoil
compaction and the uncompacted treatment weregnifisantly different (Table 2.2), root
architectural and anatomical traits of triticalergvdifferent. In SSCom lateral root numbers were
decreased and root diameters (Figure 2.2) anccabetieas (Figure 2.3) were higher compared to Citrl
Most likely, these reactions were caused by slomaer infiltration and therefore reduced oxygen
availability due to the compacted subsoil. Thisupported by numerous studies, in which larger root
diameters and root cortices were observed as ansso flooding of wheat (Yamauchi et al., 2014),
tomatoes (Dresbgll et al., 2013) and wild mono- dicdtyledonous plants (Striker et al., 2007).
Furthermore, it is known that soil compaction dases water infiltration rates and hydraulic
conductivities (Lipiec and Hatano, 2003; Ozcobaal £2013; Kuncoro et al., 2014b) resulting in
higher risks of anaerobic conditions. Grzesial.e2814) observed in a recent laboratory study tha
maize and triticale genotypes, which were relayivelerant to water logging were also relatively
tolerant to soil compaction. The occurrence of mtex aerenchyma in both crops of our study was a
further strong indication for low oxygen availabjlunder soil compaction (Figure 2.3). The positive
correlation of root cortical area and aerenchymiaiticale (Figure 2.4) suggested also, that larget
cortices not only facilitate penetration into coroieal layers but also provide more potential space f

RCA.

By combining architectural and anatomical respogesots to soil compaction, responses of
root systems to such conditions could be classifignitwo categories: Initially larger root diamete
facilitate the penetration of compacted layers @mable the root to overcome higher mechanical
impedance as suggested in other studies (Mategeehat., 1992; Chen et al., 2014b). Subsequently,
the formation of RCA allows oxygen to flow towartth& root tip to maintain growth. The ability to do
so will differ between genotypes, which leavestafaoom for detailed investigations in future

studies. The fact that a lot of aspects were coalpatbetween the field and laboratory experiment
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suggests that a rapid screening process of lamyeatype numbers in breeding programmes might be

possible in laboratory studies under controlledditions.
2.5. Conclusions

Our results showed that acclimation responsesatfpleenotypes of soybean and triticale, which
occur in the field at later developmental stagest@a large extent reproducible under controlled
conditions at the seedling stage. Triticale shovwezg consistent responses of root architectural and
anatomical parameters to soil compaction througtimientire growth period. In soybean instead,
initial responses to compacted soils such as iseckeoot diameters and root cortex aerenchyma did
not occur at later growth stages due to secontlérkaning. By combining architectural and
anatomical measurements we could show how rogt@neisto different stresses caused by soll
compaction. Thicker roots with a higher corticabgortion within the cross section were likely
associated to higher mechanical impedance wheneascturrence of root cortex aerenchyma were a
result of reduced oxygen availability. These figdirsuggest that a holistic view considering a et o
abiotic stresses is needed when searching fomptwrtotypes adapted to compacted soils. The
investigations of different genotypes of the sapecges will bring further insights into the

relationship of root phenotypes and plant proditgtimder soil compaction.
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Abstract

Increased soil strength due to soil compactiorodrdsying is a major limitation to root growth
and crop productivity. Energy requirement for rgoiwth increases with soil strength due to
increased root penetration stress. This study atmgdantify how genotypic diversity of root tip
geometry and root diameter influences root elongatinder different levels of soil strength and to
determine the extent to which roots adjust to iasegl soil strength. Fourteen wheat varieties were
grown in soil columns packed to three bulk densitepresenting low, moderate and high soil
strength. Under moderate and high soil strengtilemaot tip opening angle was correlated with
higher root elongation rate, whereas root diametey not related to root elongation. Based on cavity
expansion theory, it was found that an acute tgnam angle reduced penetration stress thus egablin
higher root elongation rates in soils with greateength. Furthermore, it was observed that roots
could only partially adjust to increased soil sg#m Root thickening was bounded by a maximum
diameter and root tips did not become more acutesponse to increased soil strength. The obtained
results demonstrated that root tip geometry issatpl trait governing root penetration stress and
therefore the energy required for the penetratisod with greater strength. As root elongatiotera
was correlated to root tip opening angle, rooggpmetry needs to be taken into account when

selecting for crop varieties that may tolerate hsgh strength.
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3.1. Introduction

Crops, like most other terrestrial plant specieguae essential resources they need for growth
from soil. To do so, roots need to grow through &oaccess water and nutrient pools. Increased
mechanical impedance, which can be caused by cdatbagil layers or soil drying, is the major
limitation to root elongation and hence adverségcis soil exploration and resource uptake (Masle
and Passioura, 1987; Materechera et al., 1992;@mytget al., 2006; Bengough et al., 2011; Kautz et
al., 2013). Under increased soil strength, rooezirte exert higher forces in order penetrate soil
successfully. This leads to higher penetratiorsste and therefore root growth and soil exploration
require more energy when soil strength is incregéedell, 1990a; Bengough et al., 2011; Ruiz et al.
2015; Ruiz et al., 2016). When soil mechanical idgree is increased, root elongation rate decreases
within hours and may entirely cease, leading taifitant yield losses (Bengough and Mullins, 1991;
Young et al., 1997; Valentine et al., 2012). Thegnation of functional root traits, which enaldbe f
resource acquisition at minimum energetic costs, lneeding programmes is a promising approach to
improve agricultural productivity under limited kt@rtility (Bishopp and Lynch, 2015). Saoil
penetration mechanics needs to be combined withstigations of the root phenotype in order to

identify functional root properties enabling for effficient exploration of high strength soil.

Plants use different strategies to overcome thigdirans imposed by increased soil strength on
root growth and crop productivity. Barley and whieave been found to preferentially increase the
extension of their root system into loose compantmef the soil when other compartments are
compacted (Bingham and Bengough, 2003). Furthermoogs of different cereals, maize and
soybean have been shown to use natural or artifi@aropores as pathways of least resistance in
compacted soil or dense subsoil (Stirzaker e @8b6; White and Kirkegaard, 2010; Colombi et al.,
2017). Compensatory root growth into loose compantisiand use of macropores in soils of high
strength were found to be beneficial for shoot grogompared with uniformly compacted soill
(Stirzaker et al., 1996; Bingham and Bengough, 2@aombi et al., 2017). However, to ensure
adequate root-soil contact, which is required ffier uptake of plant nutrients (Stirzaker et al.,&99

Tracy et al., 2011), roots need to grow into bulik. s
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Root thickening is one of the most common respoagesots when growing through soil with
higher mechanical impedance. This adjustment dsrmincreased soil strength reduces the risk of
root buckling and decreases the mechanical stotisgjan the root during penetration (Materechera
et al., 1992; Kirby and Bengough, 2002; Chimungalgt2015). Root thickening in response to
increased soil strength has been observed in arardge of species under field and laboratory
conditions and often coincides with increased caltarea (Atwell, 1990b; Materechera et al., 1992;
Grzesiak et al., 2013; Siczek et al., 2013; Chail.eP014; Hernandez-Ramirez et al., 2014; Colombi
and Walter, 2016). Since root thickening decrepsegtration stress and stabilizes roots, thicksroot
are likely to be an advantage in soils with inceglsiechanical impedance (Materechera et al., 1992;
Kirby and Bengough, 2002; Chimungu et al., 2015)eéent study showed that the genotypic cortical
thickness in maize is related to bending strengthleence to the risk of root buckling (Chimungu et
al., 2015). As a consequence of to the increaskomeoto length ratio in thicker roots, plants nézd
invest more resources into soil exploration whehstength increases (Atwell, 1990a). Cell turnove
and cell detachment rates at the root cap werategpto increase when soil is compacted (lijima et
al., 2003a), which further increases the metalmuigts of root growth and resource acquisition. €hes
cells, which are released from the root cap inéorthizosphere act together with mucilage as a
lubricant reducing the interfacial friction betwettie growing root tip and the soil (Bengough and

McKenzie, 1997; McKenzie et al., 2013).

There is evidence that the penetrability of sofias only influenced by the diameter of the root
but also by the geometry of the root tip. Modeldicdons have shown that the stress experienced by
growing root is concentrated around the root tiplfitand Bengough, 2002). Simulations of stress
field distributions around cones inserted into shibw that this distribution changes with changing
cone opening angle. For cones with an acute opemiglp the stress field is distributed around the
cone, whereas for blunt cones the stress fielodsted at the cone forefront (Ruiz et al., 2016).
Similar results were obtained when comparing lscélcompaction that is induced by growing roots
between maize roots lacking of an intact cap andermaots with a cap (Vollsnes et al., 2010). These
findings can be related to the form of cavity exgidan and the soil deformation pattern. Bluntingof

root tip or a cone leads to a shift from a rathgindrical to a more spherical deformation pattern,
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which causes penetration forces and stressesreaise (Greacen et al., 1968). This increase has bee
shown to happen when root tips are blunted dukgodmoval of the root cap (lijima et al., 2003b).
Furthermore, the lack of a root cap results in é@sed root elongation rates in comparison to roots
with an intact cap (lijima et al., 2003b; Vollsretsal., 2010). The forces and stresses that ot@ur a
root tip during soil penetration can be measureektly in soil (lijima et al., 2003b) or in freerand
nutrient solutions (Misra et al., 1986; Bengough &irby, 1999; Azam et al., 2013; Bizet et al.,
2016). As an alternative, cone penetrometer meamnts combined with quantifications of root tip
and cone geometry can be used to calculate ropetiptration forces and stresses (McKenzie et al.,
2013). Despite the available information, mechdrpcacesses governing root elongation are still
poorly understood (Bengough et al., 2011). Thuschksive information about root traits that may
improve soil penetrability, resource acquisition @nop productivity when soil strength is increased

missing.

The aims of the present study were i) to quantifiethier and how the genotypic diversity of root
tip geometry and root diameter are related to etmtgation rate in soil of different strength aida
guantify adjustments in root tip properties, roatrphology and root anatomy to increased mechanical
impedance. This information was then used to igdss the mechanical and physiological
implications of observed genotypic differences phdnotypic adjustments to increased soil strength.
Experiments were performed with 14 winter wheatieaits (Triticum aestivum L.) in soil columns
with bulk densities of 1.3 g ¢ 1.45 g crif and 1.6 g cif, representing loose, moderately and
severely compacted soil, respectively. Root tipngetoy, morphology and elongation rate in 2-day-old
seedlings were quantified from high-resolutionld&d scans. Combining this information with cone
penetrometer tests enabled root penetration famcdstresses occurring during growth to be
calculated. Furthermore, root morphology and angtemere quantified in embryonic and post-

embryonic roots of 23-day-old plants.
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3.2. Material and Methods

3.2.1. Soil physical conditions, plant material angjrowth conditions

The soil used was homogenized and sieved field2aiim) that was excavated from the top 15
cm of an agricultural field at Agroscope Zurich38%E, 47°27'N, 443 m above sea level). The soil is
classified as a Pseudogleyed Cambisol with a tbpsb{CaC}) of 6.9. The textural composition is
25% clay, 50% silt and 25% sand and organic cadomtent in the topsoil is 1.7%. After sieving, the
soil was stored at 3°C until further use. Differlavels of soil mechanical impedance were achieved
by different packing densities. The soil was padkesix layers of 2 cm height into PVC columns of
4.9 cm diameter and 15 cm height to low (1.3 §);rmoderate (1.45 g chand high (1.6 g ci)
soil bulk density. The surface of each layer waghtlly abraded to ensure homogeneous packing. In
addition, four soil cores of 5.1 cm diameter andrbheight per soil bulk density treatment were
packed in 1 cm layers and slowly saturated fromoweT hey were equilibrated on a ceramic plate, to
determine gravimetric water content at -100 hP#é@u@otential, which is commonly taken to
represent field capacity (Schjonning and RasmusX#(). Soil mechanical impedance was measured
by two individual cone penetrometer insertions ihi® center of the bottom of these soil cores at an
insertion speed of 4 mm minThe steel cone used (2.5 mm radius, 4.33 mmhesgmi-opening
angle 30°) had a recessed shaft and was connectefbtce transducetC 703, OMEGA
Engineering Inc., Stamford CT, UBAo0 calculate the mean penetration force, vaigs the point
at which the cone was fully inserted into the saifil 1.5 cm penetration depth were averaged (~ 650

force measurements).

Experiments were conducted with 14 Swiss winteratiiEriticum aestivuni..) cultivars released
from public breeding programmes between 1910 ad@ 28upporting Information Table S3.1). The
plants were grown in a growth chamber at 63% radatumidity and an average temperature of 21.4°
C with a day-night cycle of 14/10 h. Incident lighés 510 (+ 33, SD) pmot'sn? and soil moisture
was kept constant at a gravimetric water contemmesponding to -100 hPa by daily weighing and

watering during the duration of the experiments.
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3.2.2. Experiment 1: Root tip geometry, morphologynd root elongation rate
3.2.2.1. Root growth and image acquisition

Seeds were pre-germinated at 25°C for 48 hourse&dr soil bulk density-genotype
combination, four seeds of similar size in whicé tip of the first embryonic roots were just vigipl
were selected. They were placed with the emergintsifacing downwards into a small pit of around
5 mm height and 3 mm diameter pinched out fronstiieand then covered with loose soil (1 g9m
To ensure that roots were penetrating the soitaroid artifacts of root pull-out effects, thelso
columns were covered with cotton tissue and a patdd steel plate. After 48 h of growth under the
conditions described, the roots were washed out fhe soil. For each treatment level six individual
roots, which were not touching the border of thaCRdlumn were selected, fixed in FAA (acetic
formaldehyde:alcohol:acetic acid:distilled wated;30:5:35) and stored at 3°C. The roots were
scanned in a flatbed scannEpgon Expression 11000 XL, Seiko Epson Corporaili@apar) at a

resolution of 2400 dpi resulting in a pixel edgedth of 10.6um.
3.2.2.2. Image processing

Root tip geometry was analyzed using a novel talded Root Tip Scan AnalysiROSTA,
which was programmed in a MatLab 2016a environr(ieiné Mathworks, Natick MA, U$AnN
ROSTAregions of interest containing single root tips selected manually from the scans obtained,
while subsequent steps run completely automaticdyng Otsu’s method (Otsu, 1979) root tips were
segmented from the background and the perimetireaioot tip is recognized. The root tip perimeter
was then refined by applying an active contourtengrey value gradient as a feature map (inspired
by Blake and Isard, 1998) and an ellipse was fittedhe refined root tip boundary. To do so, the
boundary point closest to the best fit line wagta&s the initial point, around which 25 point®ath
directions along the root tip perimeter were takea account for a first fit of the ellipse. Thecead
and final fit of the ellipse was based on all baanydpoints located in the half of the ellipse facthe
root tip (Mitchell, 2008). Root tip length and rdgi radius were then determined as the semi-major
and semi-minor axis of the ellipse, respectiveig(Fe 3.1). Root length and root diameter were

measured manually in ImageJ version 1.90ational Institute of Health, Bethesda MD, United
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State$. Root shaft diameter was measured at three rampaaitions along the root and averaged.
Since the root tip diameter was slightly lower thila@ diameter along the root shaft, root volume was

calculated using the average of the three manaateter measurements along the root.

T\
= edge points

“line
perpendicular line
start point
first iterated ellipse

Image processing: ROSTA

Figure 3.1: Image processing and determination of root tipngetoy using Root Scan Tip AnalysRQSTA
software: a) Area of interest containing root tiphwixel edge length of ~ 0.01 mm, b) segmentext tip and
perimeter, c) refinement of perimeter using actiwatour fitting d) and fitting of ellipse on thefireed root tip

boundary and determination root tip radius andtieng

3.2.2.3. Calculation of root penetration force astrkss

The force measured with a cone penetrométey €) consists of a radial and an axial component,
which are further influenced by forces resultingnfrinterfacial friction between the cone and thié so
(Greacen et al., 1968; Bengough and Mullins, 18#hgough and Mullins, 1991). Based on cavity
expansion theory, Ruiz et al. (2016) showed thattédial force exerted by the corgd) can be

calculated as:

F,.c = mrc? cot(ag)o,  (3.1)
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whererc is the radius at the cone basigjs the semi-apex angle of the cone anid the radial

stress. From Eq 3.1, the frictionless steady-staitd force E, ) is obtained as:
F,c = F,ctan(ac) = nre? cot(ac)o, tan(ay) = nrg?o,.  (3.2)
We considered interfacial friction between the cand the soil as proposed by Ruiz et al. (2016).

The total axial force for the conEB4y ¢) is then given by:

lc
Fzmc = Fycluc cot(ag) + 1] = mrg?ay [uc cot(ac) + 1] = nr?o, [MCE +1] (33)

whererc andlc represent the base radius and the length of the, cespectively. The radial stress

(oy) is then readily calculated as:

FZ.MC

l
re? [,uc é +1]

oy = (3.4)
Assuming a conical shape of the root tip, the tlutade acting in the axial direction of the roqt ti

(FZ,M Ra is:
l
Fzmre = F; rlug cot(ag) + 1] = nrg?o,[ug cot(ag) + 1] = nre?o; [MR T—R +1] (3.5)
R

whererg andlg represent the base radius and the length of thdippoespectively. Substituting
Eq 3.4 into Eq 3.5 allows calculating the totaledugenetration force exerted by a root tip duriai s
penetration under the assumption of a conical sfigfgrd as a function of cone penetrometer force

(Fzmo):

rR* [#RTI‘_?;-}_l]

F =X
SNRCE [.Uc e , 1]
Tc

For a spheroid shape of the root tip, Eq 3.5 nézde slightly modified. The shape factor of an
elliptical half-spheroid was used in a previousigtto account for the spheroid shape (McKenzie et

al., 2013). For the total axial force of a sphemaidt tip shapeRz v r9 the following applies:

nlp ) nlp
Fzmprs = Fzr [.URE + 1] = IR0y [#Rm + 1] (3.7)
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Substituting Eq 3.4 into Eq 3.7 allows estimatidmhe total axial penetration force exerted by a
root tip during soil penetration under the assuamptf a spheroid shapE4y rJ as a function of cone
penetrometer forcd=¢ v o):

2 [ iy + 1]
TR UR ZTR
Fzmrs = r_ZTFZ,MC (3.8)
= Juere+1]

For our calculations, we used a coefficient oftioic at the root-soil interfacgif) of 0.1, which is
suggested to be typical for boundary lubricantst¢Himgs, 1992) and a metal-soil friction coeffidien
(uc) of 0.5 (Bengough et al., 1997). Root penetrasimess for a conicabgy) and spheroidSg root

tip shape was then calculated by dividing axiat focce by root tip base arear§):

FZ M Rc
Spe = — 3.9
Rc T[T'RZ ( )
FZM Rs
Sps = — 3.10
Rs T[TRZ ( )

Equations 3.6 and 3.8 are likely to overestiniatg rcandFz v rs respectively because of the
different geometries of the cone and the rootTie cone used here had a radius to length ratio of
0.58, whereas in roots the average tip radiusngtleratio was around 0.23 (Table 3.1). The tipusd
to length ratio represents the inverse of a comsisape factori$F...,9d. When root tips were described
with a spheroid, the average inverse shape fa@byfeig Was around 0.15 (Table 3.1). It has been
shown that there is substantial compressive defiwmmahead of the tip whé8F is large, resulting in
a “spherical” deformation field. In contrast, wh&f is small, there is little deformation in front thie
tip and the deformation pattern is rather “cyliedi? (Vollsnes et al., 2010; Ruiz et al., 2016).
Greacen et al. (1968) showed that expansion ofiladeical cavity requires only 25% to 40% of the
pressure required to expand a spherical cavith@bame diameter. Eq 3.6 and Eq 3.8 only account
for possible differences in root tip shape betweeatments with respect to friction but not with
respect to differences in cavity forms. Assumirgf the pressure required to expand a cavity is

affected by the geometry of the tip (Greacen etl868), it can be hypothesized tkaj, is
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proportional to the respectiv®F. This would yield a geometry factor for a coni@F...9 and

spheroid root tipGFspheroig Of, respectively:

le _mlc
cone = Wlcone e lxte ( )
and
, l(; ZTR lC
GFspheroia = iISFspheroia E = EE (3.12)

3.2.3. Experiment 2: Root anatomy of embryonic angost-embryonic roots

Four individual pre-germinated seeds (25°C, 48flgjrailar size for each treatment combination
were selected and grown for 23 days under the tondidescribed above. After 23 days, roots were
washed out from the soil and 20 mm long root saswere taken 3 cm from the root base for
anatomical measurements. Root anatomy was investigia seed-borne roots and nodal roots from
the first whorl, which represent embryonic and gasbryonic roots, respectively. The samples were
fixed and stored in FAA (10:50:5:35) at 3°C untitther analysis. Root cross sections of around 150
um thickness were cut manually with a razor blad# stained with toluidine blue (0.25% in distilled
water) for 1 min. Cross sections were imaged uaitignegapixel camer®lympus XC10, Olympus
Corporation, Tokyo, Japarconnected to a bright field microscog@ympus AX70, Olympus
Corporation, Tokyo, JapgnRoot cross sectional area, the cross sectioaala the stele and the root
cortex, the area in the cortex occupied with rastex aerenchyma and the number of cortical cell
files were manually measured in ImageJ versionldl.B8ing this information, cortical cell file

diameter dm:r) could be calculated as:

JAroot _ \/Astele
T T

dmqp =
CF Nogr

(3.13)

whereAo andAgee iS the cross sectional area of the root and #le,sespectively, andocr is

the number of cortical cell files.
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3.2.4. Statistics

Statistical analyses were performed in R versia33R Core Team, 2015). Two-way analysis of
variance was used to evaluate effects of soil Hakksity and genotype on root traits. Treatment mean
were compared using Tukey’s honest significaned#hce test at p < 0.05. Analysis of covariance
models based on treatment level means was useddonine whether root diameter or root tip
geometry significantly influenced root growth. Nmear regressions were performed based on
treatment level means with the non-linear leasasgimethod (“nIs”) provided by the R package

“stats”.
3.3. Results

The axial penetration force obtained from cone pengter measurements (semi-apex angle:
30°; base radius: 2.5 mm) at -100 hPa matric piailemtis 6.7 N (+ 0.8, s.e.m.), 8.7 N (+ 0.3, s.&.m.
and 20.9 N (£ 2.1, s.e.m.), for soil bulk densitié4.3 g cnit, 1.45 g crit and 1.6 g ¢, respectively
(n=4). Thus mechanical impedance calculated foctime penetrometer was 0.34 MPa (= 0.04,
s.e.m.), 0.44 MPa (£ 0.01, s.e.m.) and 1.06 MP& 18, s.e.m.) under low, moderate and high soil

bulk density, respectively.

3.3.1. Effects of soil mechanical impedance and gegpe on root elongation rate, root tip

properties and root diameter

Soil mechanical impedance affected root growthrad morphology in 2-day-old seedlings.
Increased mechanical impedance resulted in redootdength and root volume. Root elongation rate
decreased by 40% and 64% under moderate and hidiubodensity, respectively, compared with
roots grown in low density soil (Table 3.1). Rootume also decreased significantly, but the deereas
was smaller than that in length because root demetreased with increasing soil mechanical
impedance. Root shaft diameter, which was deteraisethe mean of three random diameter
measurements along the root, increased with seihgth. An increase in soil bulk density from 1.3 g
cm®to 1.45 g cif and to 1.6 g ciiresulted in an increase in root diameter of 16444,
respectively (Table 3.1). The geometry of the tgotvas determined from high-resolution flatbed

scans with a pixel edge length of 0.1 mm usingwtoraated image processing tool (Figure 3.1).
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These scans showed that the radius and the lehtjth mot tip significantly increased under higfil s
strength compared to low and moderate soil strefighble 3.1). The shape of the root tip was
guantified as the inverse of the shape factor fooree (Eq 3.11) or half spheroid (Eq 3.12),
respectively. Despite the effects of soil strergitthe size of the root tip, the geometry of thet tgp

was not significantly affected by increasing soélahanical impedance (Table 3.1).

Table 3.1: Effects of genotype (GT), soil bulk density (BD)datheir interaction on root tip geometry and root
morphology after 48 hours of growth, analysed \aitialysis of variance (ANOVA). * and ** denote sifjoant
effects at p < 0.05 and p < 0.01, respectively,desotes non-significant effects (n = 6). Differkatters

indicate significant differences between differsail bulk densities using Tukey’s honest significdifference
(HSD) test at p < 0.05.

ANOVA Bulk density average
Trait GT BD GTBD | 1.3gcm® 1.45gcn® 1.6gcn?
Tip radius [mm] P=0.06 ** n.s. 0.255 0.264 0.300
Tip length [mm] * i n.s. 1.13 1.16 1.37
iISFeone [MM mm‘l] o n.s. n.s. 0.230 0.232 0.233
Tip semi-opening angle [°] *x n.s. n.s. 13.1 13.0 3.2
iSFspherois[mm mmi'] *x ns. n.s. 0.148 0.147 0.148
Root tip base area [nfin P=0.08 ** n.s. 0.206 0.22F 0.290
Root length [mm] i b n.s. 45.4% 27.48 16.35
Root elongation rate [mmni'{ o ** n.s. 22.73 13.72 8.17
Root diameter [mm] ** ** * 0.524 0.609 0.754
Root volume [mmj i b n.s. 10.01° 8.08 7.38

Abbreviations: iSF = inverse of congfii/lrot tip) @nd spheroid shape factor (il oot tip); Moot tip =

radius at base of root tied ip = length of root tip.

Apart from the radius and the area at the basleeofdot tip, root properties determined in 2-day-
old seedlings were significantly influenced by ggpe. Genotypic differences were observed for root
elongation rate and root volume, as well as rgoletngth and root shaft diameter (Table 3.1).
Furthermore, significant genotypic diversity wasetved for root tip geometry (Supporting

Information Figure S3.1), which was particularlppounced under high soil bulk density (1.6 gFm
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Analysis of covariance models applied on treatnterdl mean values showed that root tip geometry

significantly affected root elongation rate, wheséar root diameter this was not observed (Tal#2¢. 3.

Table 3.2: Summary statistics from analysis of covariance @hodiroot length as influenced by root tip
geometry or root diameter, soil bulk density (1.8, 1.45 g crii, 1.6 g cn?) and their interaction, based on
mean values (n = 6) of genotype-bulk density cowriidms. Numbers indicate F-values. * and ** denote

significant effects at p < 0.05 and p < 0.01, resigely, n.s. denotes non-significant effects.

Assumed root tip shape Effect Root elongation ratgmm d™]
Cone Bulk density 121.1**
iSFeone 5.2*
Bulk density:iSkne 0.5n.s.
R® 0.87
Spheroid Bulk density 121.1**
ISFspheroid 5.2*
Bulk density:iSkpheroid 0.5n.s.
R® 0.87
Bulk density 107.3**
dMeoot 0.1n.s.
Bulk density:dmq 18.8 n.s.
R? 0.86

Abbreviations: iSF = inverse of congfi/l..ot tip) and spheroid shape factor (&kiy/ml oot tip); Moot tip =

radius at base of root tiped ip = length of root tip, dg,; = root diameter.

3.3.2. Influence of root tip geometry and root diamter on root elongation rate

As indicated by the results obtained from analgsisovariance (Table 3.2), root tip geometry
was related to root elongation rate. The genotgiersity of root tip geometry resulted in diffeten
root elongation rates, an effect which was pardidylpronounced under high soil bulk density (Fegur
3.2). Root tip radius to length ratio, which wasdiso calculate the inverted shape factor of the
conical and spheroid tip geometry (Eq 3.11 and Eg)3was negatively correlated to root elongation

rate (R=0.42, p < 0.05) in the soil with bulk density .@ni®. A similar relationship was observed
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under moderately increased soil bulk density (1145i°), whereas under low soil bulk density (1.3 g
cm’®) root tip geometry was not related to root elormgatate (Figure 3.3). Despite the significant
responses of root diameter to increased mechamepaidance, no correlation between root diameter
and root elongation was observed under any ofdtdslk densities tested (Figure 3.3). Similardy t
root elongation rate, root volume was negativelyalated (R = 0.44 p < 0.01) with root tip radius to
length ratio under high soil bulk density (Suppagtinformation Figure S3.2). These results strongly
suggest that the shape of the root tip is a bpttatictor than root diameter for genotypic root

elongation rate under increased soil strength.

Mont-Calme Probus

245

5mm

Zenith

5mm 5mm

Figure 3.2: lllustration of genetic diversity of root tip geetny and root length after 48 hours of growth istd
with 1.6 g cr® bulk density: ‘Mont-Calme 245’ and ‘Probus’ repeasgenotypes with acute root tip opening
angles whereas ‘Zenith’ and ‘Runal’ are characéetiay blunt root tip opening anglesis the value of the

semi-root apex angle.
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3.3.3. Relating root penetration force and stres®troot elongation rate and root diameter

Combining cone penetrometer measurements withrifion about the geometry of the cone
and the root tips permitted calculation of penedraforces (Eq 3.6 and Eq 3.8) and stresses (Eq 3.9
and Eq 3.10) occurring at the root tip during relaihgation. A geometry facto&F, Eq 3.11 and Eq
3.12) was introduced to account for the differeringfp geometry between the steel cone and the
roots and between the roots of different genotypable 3.1 and Supporting Information Figure
S3.1). The values fdBF ranged from 0.33 to 0.48 if root tips were assutodtave a conical shape
and from 0.21 to 0.30 if root tips were assumeldaee a spheroid shape (Supporting Information
Table S3.2). Calculated penetration forces rangddden 19 mN and 143 mN under the assumption
of a conically shaped root tip and from 14 mN t& hiN for a spheroid tip shape. The resulting root
tip penetration stresses were between 91 kPa e and between 69 kPa and 270 kPa for conical
and spheroid tip geometry, respectively (Supportivigrmation Table S3.3). Calculated genotype
mean penetration stresses were significantly relateoot elongation rate under highf (R0.42, p <
0.05) and moderate soil strengtH €R0.29, p < 0.05). Lower root tip penetration séreesulted in
increased root elongation rate under high and nadeleoil strength, whereas under low soil bulk

density no such correlation was observed (Figute 8.is worth mentioning that these relationships
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changed when the differences in tip geometry amgda¢ghe form of cavity were not taken into
account. The exclusion &F in the calculations of penetration stresses reguitt positive
correlations between root tip penetration stresisraat elongation rate (Figure 3.4). Furthermooet r
tip and root shaft diameter was not significanélated to root tip penetration stress under artjef

assessed levels of soil strength (Supporting Indtion Figure S3.3).
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Figure 3.4: Linear regressions between root tip penetraticesst(S) and root elongation rate determined in 14
wheat genotypes (n = 6) for a) conical and b) smaoot tip geometry. Penetration stresses wemilzed
excluding (triangles) or including (square) geoméactors (Eq 3.11 and Eq 3.12). Black, orangeraad
symbols represent soil bulk density of 1.3 g%h45 g crit and 1.6 g cri, respectively. Rrepresents multiple

r-squared, * denotes significant regression at)05.

Figure 3.5 presents root elongation rate and roait sliameter, respectively, as a function of

calculated penetration forces exerted by rootsenddibngating in soil. Axial root tip penetratiorrde
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was related to root elongation rate following aatag power law function (R= 0.75) for both

conical (Eq 3.6 and Eq 3.10) and spheroid tip sligge3.8 and Eq 3.11). An exponential function,
which asymptotically approached an upper limit, wasd to relate root shaft diameter and root tip
penetration force (R= 0.90). For both tip geometries assumed, thi®upmit was at a root diameter
of 0.78 mm (Figure 3.5), suggesting that adjustneimcreased soil strength in the form of root
thickening is limited. The same relationships betweoot elongation and root elongation rate antl roo
diameter, respectively, were obtained wiBfwas excluded from the calculations (Supporting

Information Figure S3.4).
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Figure 3.5: Root a), b), c) elongation rate and d), e), fhuiter of 14 wheat genotypes (n = 6) grown at a soil
bulk densities of 1.3 g ci(black), 1.45 g ci (orange) and 1.6 g ci(red). a) and d) Cone mechanical
impedance was obtained from penetrometer measutgymeat tip radial force for b) and e) conical af)cand

f) spheroid geometry calculated according to Eq &uid Eq 3.12. Rrepresents multiple r-squared, * and **

denotes significant regression coefficients atqhG5 and p < 0.01, respectively.
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3.3.4. Effects of soil mechanical impedance and g&ype on root anatomy

In embryonic and post-embryonic roots of 23-dayqahhts, root cross sectional area, the area of

the stele and the root cortex as well as the @rtiell file number were significantly affected by

genotype (Table 3.3). Remarkably, the observedaoatomical responses to increased soil strength

were not always consistent between embryonic astigrabryonic roots.

Table 3.3:Effects of genotype (GT), soil bulk density (BD)datheir interaction on root anatomical traits in

embryonic and post-embryonic roots after 23 daygro#th, analysed with analysis of variance (ANOVA)

and ** denote significant effects at p < 0.05 and @.01 respectively, n.s. denotes non-signifiedfects (n =

4). Different letters indicate significant differeas between levels of soil strength using Tukegpisest

significant difference (HSD) test at p < 0.05.

ANOVA Bulk density average
) 1.3g 145¢g 16g
Root class Trait GT BD GT:BD 3 3 3
cm cm cm
Embryonic Cross section area [fjm  **  ** n.s. 0.123 0.188 0.469
Stele area [mfh Kh ok * 0.049%  0.059  0.059
Cortical area [mA) * %% g, 0.074  0.128 0.410
RCA [mnf] ns. **  ns. 0.002  0.01Ff  0.088
RCA [%] ns. **  ns. 1.8 7.6 21.8
Cortical cell file number [#] — *  * * 2.3 3.0 4.9
Cortical cell file diameter
ns. * ns. 0.032 0.03¢  0.05f
[mm]
Post-
_ Cross section area [Mim ~ **  **  n.s, 0.359%  0.413  0.430
embryonic
Stele area [mfi ® %% g 0.079* 0.086¢  0.06%
Cortical area [mf) ¥k kg, 0.281°  0.33%  0.36%
RCA [mnf] ® %k g, 0.084  0.102  0.11°F
RCA [%] n.s. n.s. n.s. 29.9 30.5 30.3
Cortical cell file number [#] **oon.s. *x 6.3 6.5 B
Cortical cell file diameter P=
*k * 0.029*  0.03f  0.037

[mm] 0.06

Abbreviation: RCA = Root cortex aerenchyma
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In embryonic roots, the cross sectional area iser@drom 0.12 mAunder low soil bulk density
to 0.19 mrA under moderate and 0.47 fmand high soil bulk density. In post-embryonic sotitis
response was much less pronounced and no signitidféerence was observed between roots grown
under moderate and high bulk density (Figure 3.6¢ average root cross sectional area under high
soil bulk density corresponded to calculated raatgters of 0.77 mm and 0.74 mm in embryonic and
post-embryonic roots, respectively (Table 3.3).sehealues coincided well with the upper limit of
0.78 mm, to which root diameters of 2-day-old sigdl asymptotically converged with increasing
penetration force (Figure 3.5). Similar results evebtained for root cortical area and cortical fildl
number, both of which increased in embryonic r@ath increasing soil mechanical impedance. In
post-embryonic roots, however, cortical area was #fected and cell file number remained
unaffected by soil bulk density (Table 3.3). Thaestross sectional area of embryonic roots ineictas
due to soil compaction, whereas in post-embryomits stele area decreased in response to

compaction (Table 3.3).

Consistent responses to increased soil strengtvebatboth root classes were observed for root
cortex aerenchyma and cortical cell diameter. lbrganic roots, the percentage of the root cortex
occupied with aerenchyma was several orders of maghigher under moderate and high soil bulk
density when compared to roots from the low bulksity treatment. No difference in the proportion
of aerenchyma within the cortex of post-embryoniats was observed between different levels of soil
bulk density. The area of root cortex aerenchymeemsed significantly in response to increased soil
strength in both root classes (Table 3.3). Cortiedlifile diameter increased in response to irsgda
soil bulk density (Figure 3.6) and coincided, gardarly under high bulk density, with increasingto
cross sectional area (Figure 3.7). Under hightadk density (1.6 g cif) genotypic root cross
sectional area in both root classes was positivetyelated to cortical cell file diameter(R 0.42, p <
0.05, Figure 3.6). Linear regressions betweencumds sectional area and cortical cell file diamete
showed that root thickening in response to increéasd strength was related to increased cortiell ¢
file diameter in both embryonic {R 0.84, p < 0.01) and post-embryonic root§¥R.33, p < 0.01)

(Figure 3.6). Despite the differences between difieroot classes, these results showed that root
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morphological adjustments to soil compaction infiren of root thickening coincided with increased

cortical cell file diameter and accelerated formatdf cortical aerenchyma.
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Figure 3.6: Root anatomy in a), b), c) embryonic and d), epost-embryonic roots of 14 wheat genotypes 23
days after planting: a) and d) Total root crosgieaal area, b) and, e) cortical cell file diamedad c) and f)
linear correlations between cross-sectional arédecelt file diameter, based on treatment means4h €olours
indicate soil bulk density (black: 1.3 g érorange: 1.45 g cfhred 1.6 g cr), dashed and continuous
regression lines denote regressions includingudk densities and highest soil bulk density, refipely.

Different letters indicate significant differencasing Tukey’s honest significant difference (HSBgttat p <
0.05, R represents multiple r-squared, * and ** denotaigant regression at p < 0.05 and p < 0.01,

respectively.
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base of embryonic and post-embryonic roots undébatk densities of 1.3 g cf) 1.45 g crif and 1.6 g cifl.

3.4. Discussion

Quantification of root traits in 14 wheat genotypdswed identification of functional root traits
that determine genotypic root elongation rates umeeased soil strength. Furthermore, it proved
possible to show how and to what extent roots nafflysato increased mechanical impedance with
respect to root tip properties, root morphology andtomy. Combining this phenotypic information
with calculated penetration forces and stressesated mechanical and physiological implications of

genotypic differences and root phenotypic adjustsemincreased soil strength.

Root elongation rate decreased with increasingsstil density (Table 3.1), which is in agreement
with previous findings (Atwell, 1990b; Bengough avidllins, 1991; Young et al., 1997; Jin et al.,
2013; Colombi and Walter, 2016). However, whiletrelmngation rate decreased with increasing soil
strength in all genotypes assessed, the magnifutiesgesponse differed significantly between
genotypes (Table 3.1). Apart from root elongatiate y significant genotypic differences were
observed for root diameter and for the shape aeddfithe root tip (Table 3.1). Under high soilkoul

density (1.6 g cf) in particular, but also under moderate soil ligksity (1.45 g cf), it was
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observed that genotypic root elongation rate cateel with root tip shape. Roots of genotypes with a
acute root opening angle, represented by smalltimoadius to length ratio, elongated faster ih so
with high and moderate soil bulk density comparéti woots of genotypes with a rather blunt tip
(Figure 3.3). Similar results have been reporteddot cap removal, which results in blunted root
tips, on root elongation in maize (lijima et al00Bb; Vollsnes et al., 2010). This effect of rapt t
geometry on root elongation rates could be atteithtiv the distribution of local soil compaction
around the root tip induced by the growing roote Tdck of an intact root cap resulted in increased
penetration stress (lijima et al., 2003b) due twéased soil compaction at the tip forefront rathan
around the tip as observed for roots with intapisg@/ollsnes et al., 2010). Theoretical considereti
showed that more acute root tip opening anglesecahift in the form of cavity expansion from a
more spherical to a rather cylindrical deformatfieid (Greacen et al., 1968; Ruiz et al., 2016).
Moreover, Ruiz et al. (2016) found that differenbesveen measured and modeled penetration stress

in cone penetrometer experiments are influencethdygone opening angle.

Based on this, a geometry factor (Eq 3.11 and E&)3vas introduced in this study to account for
the influence of genotypic root tip geometry on fitien of cavity expansion. It was shown that
decreased penetration stress caused by more aoctigpening angle (Eq 3.11 and Eq 3.12) resulted
in increased elongation rate under high and moéeit bulk density (Figure 3.4). Inclusion of the
geometry factor resulted in penetration forces strebses that were between 25% and 44% of the
values calculated without the geometry factor (Sufpg Information Table S3.3). These reductions
are almost identical to values presented by Greateh (1968). Penetration force was highly
correlated (R= 0.75) with root elongation rate, following a agige power law function (Figure 3.5).
We are aware, that the reported penetration fandsstresses may differ from the actually occurring
values. In the present study, the radial stressvaty expansiond;) was treated as an inherent soll
property and thereforg was assumed to be the same for the steel con@antip despite their
differing diameter. Furthermore, the different peaigon rates of roots (0.004 to 0.02 mm Miand
the cone penetrometer (4 mm fMimight further influence penetration forces andsges (Bengough

et al., 1997). However, the penetration forcesstrabses as calculated in the present study (Eg 3.1
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Eq 3.12) are within the range of previously reparesults for different plant species (Misra et al.

1986; Bengough and McKenzie, 1997; lijima et @Q2b; Azam et al., 2013; Bizet et al., 2016).

It has been argued that root diameter is a crtra#lfor root growth in compacted soil, since thic
roots may reduce penetration stress and prevehtibgof roots (Materechera et al., 1992; Chimungu
et al., 2015). In the present study genotypic dhffiees in root diameters (Table 3.1) were notedlat
to root elongation rate (Figure 3.3) or penetrasittess (Supporting Information Figure S3.3) arat ro
buckling was not observed. As observed for diffesgnall grain cereals in previous studies
(Barraclough and Weir, 1988; Materechera et aBRi%rzesiak et al., 2013; Hernandez-Ramirez et
al., 2014; Colombi and Walter, 2016), root diamet#r2-day-old seedlings increased with increasing
soil bulk density (Table 3.1). However, the datgaoted from our study strongly suggest that this
acclimation of root morphology to increased saiésgth was limited by a maximum root diameter.
This limitation was observed when comparing roatkéning in response to increased bulk density
between embryonic and post-embryonic roots, whiah determined in 23-day-old plants (Figure
3.6). In embryonic roots, average root cross seatiarea increased clearly with increasing soik bul
density (Table 3.3). In post-embryonic roots, whack inherently thicker than embryonic roots, this
response was much less pronounced and root crassnse area was similar under moderate and high
soil bulk density (Table 3.3). The same concluswese reached on examining the regression
between root tip penetration force and root diam@igure 3.5). This relationship closely followed
exponential function that asymptotically convergedn upper limit (R= 0.90), which may be
interpreted as a maximum root diameter. It is wandting that this upper limit, which was 0.78 mm,
corresponded to the diameter calculated from tlservied average cross sectional area of embryonic
and post-embryonic roots under high bulk densigh{& 3.3). To our knowledge, such saturation of
phenotypic or physiological adjustment in respainssoil physical stress has not been reported
previously. Saturation of phenotypic or physiol@diadjustment has been observed for root exudation
in response to increasing aluminum toxicity (Petkeal., 1995; Li et al., 2000) and for the actiwof
antioxidative enzymes with increasing shoot mangam®ncentrations (de la Luz Mora et al., 2009).
The limitation of root thickening as observed ie firesent study can be most likely explained by roo

surface to volume ratio, which is critical for riatit and water uptake (Varney and Canny, 1993;
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Casper and Jackson, 1997). A further increasedndiameter would probably have resulted in root
surface to volume ratios being too low for an a@gesupply of water and nutrients. The finding that
there was no significant adjustment of root tippehan response to increased bulk density (Table 3.1

is a further indication of the limited potential rafots to adjust to increased solil strength.

The energy requirement for root growth and hendeegploration increases with increasing soil
strength due to greater penetration force andss{Rgiz et al., 2015). Results from previous stsidie
suggest that the metabolic costs of root elongatioreases with increasing soil strength due tcelow
root length to volume ratios (Atwell, 1990a) anada increased root meristem activity and cell
detachment rate at the root cap (lijima et al. 3)0The results from the current study suppodehe
findings, since penetration forces and stressegif€i3.4 and Figure 3.5) as well as root diametdr a
root tip size (Table 3.1) were increased in respdasncreased soil strength. Furthermore, root
anatomical properties indicated that plants seaotmterbalance these increased energy demand by
altering the anatomy of the root cortex. As showprievious studies (Atwell, 1990b; Colombi and
Walter, 2016), high soil strength led to increagbdndance of root cortical aerenchyma and larger
cortical cell diameters (Table 3.3). It was showevpusly that a high abundance of aerenchyma and
large cortical cells decreases the metabolic afstsil exploration (Chimungu et al., 2014,
Saengwilai et al., 2014). In these and the custrty, root anatomy was determined near to the root
base, whereas mechanical stress is perceived fyiragathe root tip (Kirby and Bengough, 2002).
Therefore, these root anatomical properties cabpadtirectly related to the energy that is requfced
root penetration but rather to the energy thabissamed in the already grown root. However, rgot ti
geometry governed root elongation rate (Figure, 3d)t penetration stress (Figure 3.4) and thug mos
likely the energy needed to penetrate soils ofeiasing strength. Therefore, acute root tip opening
angels are a promising target trait that can hegiatted into plant breeding programmes aiming to

develop crop cultivars that can better exploressailincreased strength at low metabolic costs.

3.5. Conclusions

In this study it could be shown that the shapéefrbot tip in wheat is a pivotal trait determining

genotypic root elongation rate in soil of increasgength. Combining information about the
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geometry of the root tip with cone penetrometersueaments and cavity expansion theory enabled to
relate root elongation rate with root tip openimgle. Acute root tip opening angles resulted indow
penetration forces and stresses due to a moraddghith form of cavity expansion. Roots could only
partially adjust to increased mechanical impedasioege root tips of a certain genotype did not
become more acute with increasing soil strengthraotthickening was limited. Apart from

governing root elongation rate, the observed mtatiip between root tip geometry and penetration
stress indicated that an acute root tip openindeamgluced the energy and hence the metabolic costs
needed to penetrate soil of increased strengthcéjeéhne geometry of the root tip and the resulting
penetration forces and stresses must be takeadotmint when selecting for crop varieties that

tolerate high soils strength.
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Abstract

Soil compaction of arable land, caused by heavyhimacy constitutes a major threat to
agricultural soils in industrialized countries. Tdegradation of soil structure due to compacti@ase
to decreased (macro-)porosity resulting in incrdasechanical impedance, which adversely affects
root growth and crop productivity. New crop cultisawith root systems that are adapted to
conditions of increased soil strength, are needeyércome the limiting effects of soil compactmm
plant growth. This study aimed i) to quantify thengtic diversity of early root system developmeant i
wheat and to relate this to shoot development udifferent soil bulk densities and ii) to test whet
root numbers are suitable traits to assess thetypoaolerance to soil compaction. Fourteen wheat
genotypes were grown for three weeks in a growstmtier under low (1.3 g ¢y moderate (1.45 g
cm®) and high soil bulk density (1.6 g &n Using X-ray computed tomography root system
development was quantified in weekly intervals,ahhivas complemented by weekly measurements
of plant height. The development of the root systgoantified via the number of axial and lateral
roots was strongly correlated (0.78 < r < 0.88,(341) to the development of plant height.
Furthermore, significant effects (p < 0.01) of gemotype on root system development and plant
vigour traits were observed. Under moderate sahgfth final axial and lateral root numbers were
significantly correlated (0.57 < r < 0.84, p < 0.@%shoot dry weight. Furthermore, broad-sense
heritability of axial and lateral root number wagtter than 50% and comparable to values calculated
for shoot traits. Our results showed that theigeisetic diversity in wheat with respect to rootteys
responses to increased soil strength and thahtoobers are suitable indicators to explain the
responses and the tolerance to such conditionse @t numbers are heritable and can be assdssed a
high throughput rates under laboratory and fieldditoons, root number is considered a promising

trait for screening towards compaction tolerantetas.
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4.1. Introduction

It is estimated that an area of 68 million hectarfegrable land is degraded by soil compaction
(Hamza and Anderson, 2005; Batey, 2009), whiclaised by the increasing use of heavy
agricultural machinery in modern agriculture (Tradyal., 2011). In comparison to undisturbed soils,
compacted soils are characterized by lower (mgoooekity and decreased pore connectivity
(Bottinelli et al., 2014; Chen et al., 2014a; Kuret al., 2014a). This soil structural degradation
adversely affects soil physical functions, whiahitiroot growth and therefore decrease agricultural
productivity (Barraclough and Weir, 1988; Bottaakt 2010; Arvidsson et al., 2014). Decreased void
space in compacted soils leads to higher mechamgpaldance and hence results in reduced root
growth rates and resource uptake (Bengough andridull991; Young et al., 1997; Jin et al., 2013).
Furthermore, crop growth in compacted soils malirbiged due to low levels of plant available water
(Lipiec and Hatano, 2003) and decreased fluid parngates (Kuncoro et al., 2014b; Colombi et al.,
2017). Together these adverse changes of soil gdiyfsinctions lead to decreased physical soll
fertility caused by soil compaction (Abbott and Mhy, 2007). High soil strength may also occur in
dry soils, which are also characterized by incréasechanical impedance (Masle and Passioura,
1987; Bengough et al., 2011). Since high soil gfiftemeduces primarily root system vigour, varieties
with adapted root system traits are needed in dodevercome adverse effects of soil compaction on
crop productivity. The integration of root traitee breeding programmes is suggested to increase th
tolerance of crops to soil derived abiotic stress erefore to contribute to crop productivity end

limited soil fertility (York et al., 2013).

In recent years, the concept of adapting the rggtes architecture of crops in a way that allows
improving crop productivity under poor soil feylireceived growing attention (Bishopp and Lynch,
2015). Root system architecture describes theadmatnfiguration of coarse structures of the root
system based on the gquantification of root numbatsral branching density and root angles in soil
(Lynch, 1995). Among other root architectural pndigs, root numbers were shown to be related in
different crops to the genotypic tolerance to l@iV &ertility. In maize for example, low axial and

lateral root number were observed to enhance pkrdrmance under conditions of low soil nitrogen
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(Saengwilai et al., 2014b; Zhan and Lynch, 201%) amder low soil moisture (Zhan et al., 2015; Gao
and Lynch, 2016). In common bean instead, a highlyaw of basal roots in the topsoil improved
phosphorus uptake and plant vigour in low phospheails (Miguel et al., 2013). A major advantage
of root system architectural traits and root nurabeparticular is that they can be assessedge lar
diversity panels under field conditions at highotlghput rates (Trachsel et al., 2011; Colombi et al
2015; Burridge et al., 2016). The quantificatiorradt dry weight or length instead is much more
laborious and not feasible under field conditiofise heritability of root numbers was reported to be
relatively high in a wide range of crop specieslfdf and Farmer, 1968; Bucksch et al., 2014;
Colombi et al., 2015; Li et al., 2015; Richard ket 2015; Burridge et al., 2016). Besides incregsin
awareness about the importance of roots for crogymtion, it has been suggested that holistic
phenotyping approaches are needed to understamick@sponses to abiotic stress. This may include
simultaneous assessments of above- and belowgtmitsgdand continuous measurements of plant

traits instead of measurements taken at one g in time (Walter et al., 2015).

Like other abiotic stresses such as water or mitsearcity, soil compaction causes alterations of
the root system phenotype. These phenotypic reseparge consistent between different crop species
including major mono- and dicotyledonous crops sagkmall grain cereals, maize or soybean (Tracy
et al., 2012a; Grzesiak et al., 2014; Pfeifer et24l14a; Chen et al., 2014b; Colombi and Walter,
2016). Apart from shallower root growth and incexhsoot diameters, crop root systems show
decreased axial and lateral root numbers in regpansoil compaction. In most of these studies such
alterations of the root phenotype resulted in desgd shoot biomass both under laboratory (Grzesiak
et al., 2014; Pfeifer et al., 2014a) and field dbads (Chen et al., 2014b; Colombi and Walter, 201
It has been shown that these root architecturpbreses to soil compaction obtained from mature
plants in the field can be reproduced in pots withng plants (Colombi and Walter, 2016). In the
same study it was also observed that lateral roidtion in wheat, triticale and soybean seedliisgs
delayed due to increased soil strength. Howevehisnstudy only one variety per crop species was
assessed and thus no conclusive statement couhdtbe about genetic diversity of plant responses to
soil compaction within one species. Leaf and raotvgh rates of wheat, barley, maize and pea were

reported to decrease within minutes to hours whdrssength increased (Masle and Passioura, 1987;
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Bengough and Mullins, 1991; Beemster et al., 1%afng et al., 1997). The susceptibility to
increased solil strength varies considerably betwi#féarent species. It has been shown that legumes
are more sensitive to soil compaction than gra@sesdsson and Hakansson, 2014) and that small
grain cereals show a higher tolerance to increasszhanical impedance than maize (Grzesiak et al.,

2014).

Despite the information about phenotypic respon$esops to soil compaction and the
differences between species, information abouefices within a single species is scarce, butdvoul
be highly desired for plant breeding purposes. #itkdl understanding of the genotypic diversity is
needed to identify root traits, which determinetilerance to increased soil strength (Hamza and
Anderson, 2005). This includes the understandingaoi-shoot relationships in compacted soils as
well as quantitative information about root traudiich determine growth responses and the tolerance
to increased soil strength. Genotypic differendesx@l and lateral root number and shoot vigour
were shown in young triticale, maize and soybeantpl Depending on the genotype, moderate soll
compaction in particular led to decreased, constaaten increased root numbers (Bushamuka and
Zobel, 1998; Grzesiak et al., 2014). However, gsthstudies only two to four genotypes were
evaluated, which did not allow for quantitativetetaents about the influence of root traits on the
tolerance to soil compaction. In other studies sohpaction was simulated with paraffin-vaseline
discs and the capability to penetrate these disssoompared between seedlings of 24 and 81 wheat
genotypes (Kubo et al., 2004; Kubo et al., 2008esE studies reported a positive relationship
between the number of roots penetrating througipinaffin-vaseline layer and shoot dry weight.
Similar results were reported for eight varietiesarow-leafed lupin grown in the field, where the
number of lateral roots was positively correlatethie agronomic performance of the different
cultivars (Chen et al., 2014b). These studies atdit the use of certain root system architectradbt
in order to increase the tolerance to soil compactiowever, due to the destructive measurements,
root-shoot relationships could not be quantifiedaiyically in any of these studies. X-ray computed
tomography (CT) or magnetic resonance imaging eomising approaches to study root system

development in soil over time. Using X-ray microwqauted tomography temporal dynamics of root
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system architecture in response to soil compaetiere quantified in tomato, wheat and soybean

seedlings (Tracy et al., 2012a; Tracy et al., 2@dpmbi and Walter, 2016).

In this study we test the hypothesis whether romtlmer is a suitable trait that could be used in
crop breeding programmes aiming to improve thedolee to compacted soils by: i) investigating
how root system development is related to shootldgwment under increasing soil strength, ii)
guantifying the genetic diversity of root and shaegponses to increased soil strength and iiinggst
whether root numbers may be used to assess thartoéeof different wheat varieties to increaset soi
strength. Fourteen wheat varieties were grown utilee different levels of soil bulk density fordie

weeks, during which root system development andtstpowth were quantified in weekly intervals.
4.2. Material and Methods

4.2.1. Plant material and soil physical conditions

The fourteen winter wheat (iticum aestivuni.) varieties used in this study, originate fromi&s
public breeding programmes and were released tménket between 1910 and 2010 (Table 4.1).
Plants were grown in PVC columns of 4.9 cm innanditer and 15 cm height, which were filled with
field soil (Pseudogleyed Cambisol) excavated abAgope Zurich (8°31'E, 47°27'N, 443 m above
sea level). For the experiments, soil was takem fifte uppermost 15 cm, dried to approximately 22%
gravimetric water content and homogenized beforegxeved through a 2 mm sieve. Soil pH
(CacCl) in the top 20 cm was 6.9 with an organic carbamtent of 1.7% and textural composition of
25% clay, 50% silt and 25% sand. The soil was dtate3° C until further use. Different levels oflso
strength were achieved by compressing the sdilreetdifferent soil bulk densities. Soil was packed
into the columns to low (1.3 g ¢f)) moderate (1.45 g cihand high (1.6 g cif) bulk density in six
layers of 2 cm height. In order to ensure homogsmagckaging surfaces of each layer were slightly
abraded. To ensure proper soil aeration, the caumare closed at the bottom with sheep wool. Each

variety-bulk density combination was replicatedrfomes.

Four individual soil cores of 5.1 cm diameter anchbheight per bulk density were packed with
the same sieved soil as used for plant growthesuidi 1 cm layers to low (1.3 g & moderate (1.45

g cm®) and high (1.6 g ci) soil bulk density. These samples were saturdtedysfrom below and
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equilibrated on a ceramic plate to a matric poédmti -100 hPa in order to determine gravimetric
water content at field capacity (Schjonning andrRassen, 2000). Mechanical impedance at -100 hPa
was determined by two penetrometer insertionstimacenter of the bottom side of the soil cores as
described by Colombi and Walter, (2016). Measumetefration resistance was 0.34 (+ 0.04, s.e.m.)
MPa, 0.44 (x 0.01, s.e.m.) MPa and 1.06 (£ 0.2ns) MPa for low, moderate and high bulk

density, respectively.

Table 4.1: Winter wheat varieties used in the study orderedtng to the year of market release.

Variety name Year of release
Plantahof 1910
Mont-Calme 245 1926
Mont-Calme 268 1926
Probus 1948
Zenith 1969
Arina 1981
Runal 1995
Titlis 1996
Zinal 2003
CH-Claro 2007
Forel 2007
CH-Combin 2008
Suretta 2009
Simano 2010

4.2.2. Growth conditions

Pre-germinated seeds (25° C, 48 h) were selectantding to similar radicle length and seed size.
The emerged radicle (length2 mm) was placed into a hole of 1 mm diameterfmin length,
which was inserted into the centre of the soil ools. Seeds were covered with 1 cm of loose sdil (1.

g cni®). Plants were allocated in a randomized complitekidesign with four blocks and grown for
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23 days in a growth chamber at a day/night cycl&4éf0 h. Incident light was 510 (x 33, SD) pumol s
! m? and recorded average temperature and relativeigiidity were 21.4° C and 63%, respectively.

Soil moisture content was kept at field capacitypQ hPa) by daily weighing and watering.
4.2.3. Root and shoot growth dynamics

Both root and shoot development was recorded fom@st during growth. This was done in weekly
intervals, starting at leaf emergence, which oaliin all plants two days after planting. Similar t
previous studies (Tracy et al., 2012a; Tracy e813; Colombi and Walter, 2016) root system
development was quantified using an X-ray micro potad tomography scanner (Phoenix vjtome|x s
240; GE Sensing and Inspection Technologies Gmbitthatérf, Germany). The top 6 cm of the pot
were scanned at 120kV and 450 pA with 0.1 mm QerfilTo reduce noise in the scans and scanning
time binning of 2 by 2 voxels was applied. The usettings (Supporting Information Table S4.1)
resulted in a scan time of 7 min and a voxel edggth of 0.068 mm. The number of axial and lateral
roots was manually counted in each scan using V&uaio Max 2.2 (Volume Graphics GmbH,
Heidelberg, Germany) in a segment of 4 cm heidattisg 1 cm below the seed base. Axial roots
were only counted if they penetrated deeper tham below the seed base and lateral roots were
counted if they emerged from axial roots at deptitsveen 1 and 5 cm below the seed base (Figure
4.1). Visual detection limits for structures in 8dans are commonly seen to be at diameters that
exceed twice the voxel edge length (Jahne, 200)cel the chosen resolution of 0.068 mm voxel
edge length enabled to quantify first order latevalts. The first time point two days after sowimgs
only used to confirm that roots successfully peatett the soil and was excluded from further
analysis. At the same days at which CT scans warfenmed, shoot development was determined.
These measurements included the number of fullgldped leaves, the number of tillers and plant
height. To quantify plant height, the coleoptileswaarked and plant height was measured from this

mark to the tip of the longest leaf.
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Figure 4.1: lllustration of root system quantification by measf X-ray computed tomography: a) cross sections
taken 1 cm below seed base one, two and three vaétekshoot emergence (WAE) with axial roots merke
(circles). b) Three dimensional arrangement ofrédtieranching points (red markers) within the topn® of the

soil column one, two and three WAE. ¢) Segmentatiomot system two WAE under moderate (1.45 ¢tm

and high soil bulk density (1.6 g ¢in Scale bar = 1 cm.

4.2.4. Diversity of root and shoot traits three wdes after emergence

In addition to axial and lateral root number detfeed from the uCT scans three weeks after
emergence, final root branching density was detegthby dividing lateral by axial root number.
After the final CT scan, roots were gently washatfoom the soil and dried at 60° C for at least 72
hours before determining root dry weight. Shootweyght and root-shoot ratio were further plant
vigour traits that were measured at the end oéRperiment three weeks after emergence. As for
roots, shoots were dried for 72 hours before weighrour additional replications per bulk density o
the variety “Arina” were grown under the exactlyrgaconditions but were never scanned in order to
check whether X-ray irradiation adversely affeqbht development (Flavel et al., 2012). Comparing
their root and shoot dry weights with plants frdra same variety, which were regularly scanned,
allowed excluding effects of X-ray on plant devetemt (Supporting Information Table S4.2). Final
plant height, leaf and tiller number as well ast+glwoot ratio were used as additional plant vigour

indicators.
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4.2.5. Data analysis and statistics

Data analysis and statistics were performed infRioe 3.1.3 (R Core Team, 201%).order to
account for effects of repeated measurementssyetém and shoot development were evaluated in

the ASReml package (Guilmour et al., 2009) for Bhwie following linear mixed effect model:
Vijo = o+ a; + B; + aPij + wi + aBwij + Bwjp + P + &ija (4.1)

whereY represents the measured trait of thedriety { = 1,2,...,13, 14) and of th& pulk density
(j = 1.3 g cri¥, 1.45 g crif, 1.6 cnT), within the I" week after emergenck< 1, 2, 3) and the"kpot
=1, 2,...,167, 168); is the variety effecf is the effect of the soil bulk densityj is the interaction
between the variety and the bulk densityis the effect of the week after emergengay is the
interaction between the variety, the bulk densitg the week after emergengey is the interaction
between the bulk density and the week after ememgyeris the effect of the pot arnds the residual
error. Variety, bulk density, variety-bulk densityeraction and the week after emergence were
treated as fixed factors whereas the remainingfaetere set as random. The numbers of axial and
lateral root were converted by square root transédion to better meet the model (Eq 4.1)
assumptions (Supporting Information Figure S4.Bsdl on the model predictors for all variety-bulk
density combinations, plant height and back-tramséal root numbers were related using the

following square root function:
h=axr>+b (4.2)

whereh is the plant height at one, two or three weelerafinergence, is the axial or lateral root
number at one, two or three weeks after emergeneeahe scaling factor arfalthe intercept.
Performing analysis of covariance (ANCOVA) basedmdel predictors (Eq 4.1) allowed
determining whether bulk density significantly afied root-shoot relationships. To do so, soil bulk
density and transformed (square root) root numbvers used as factorial and continuous variable,

respectively and plant height was treated as resspeariable.

The set of root and shoot traits obtained threekeraéier emergence was evaluated with a two-
factorial analysis of variance (ANOVA), in whichetleffects of the variety, the soil bulk density and

their interaction were treated as fixed effectsaidigthe number of roots was converted by square ro
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transformation (Supporting Information Figure S4T) compare the relative genotypic variability of
root numbers and root and shoot dry weight betvadiféerent levels of soil strength, coefficients of
variation (CV) were calculated for each treatmentl (n = 4). Using one factorial ANOVA, the
relative genotypic variability of root and shodatits could be compared across the three studiedslev
of soil strength. Means between soil bulk dengtyels and genotypes were compared using least
significant difference (LSD) and Tukey’s honestdfigant difference (HSD) tests, respectively at
significance level of p < 0.05. The tolerance dfietées to increased soil bulk density was assessed
based on the proportion between variety meanwadites under high (1.6 g €nor moderate (1.45 g
cni®) soil bulk density and low bulk density (1.3 g &nrespectively. In doing so, values were
standardized in order to account for the effectheforeeding background (pre- and post-green

revolution).

Furthermore, broad-sense heritability was calcdl&be root and shoot traits, which were
guantified three weeks after emergence. To checthéostability of the inheritance under increased
soil strength, heritability was calculated sepdydia each bulk density level. Genotypic varianzas
obtained by setting the replication and the varéetya fixed and random factor, respectively. Mean

based heritability was estimated as proposed lgoRal and Mackay (1996):

2
0,
H:=—2—  (4.3)

2
o

24 Ye

O'g+

r
whereag2 ando¢’ represents the genotype and residual error varjasspectively andis the
number of replications.

4.3. Results

4.3.1. Root system and shoot development in respert® increased soil bulk density

Soil bulk density significantly (p < 0.01) affectall root system and shoot traits, which were
assessed in weekly intervals during plant growtb(& 4.2). Increased soil strength caused delayed
plant development and resulted in decreased pighty lower tiller and leaf number as well as
decreased axial and lateral root number. Compar&xivt and moderate soil bulk density, plant height

and leaf number under high soil bulk density wererdased already one week after leaf emergence by
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25-44%. Two and three weeks after emergence leabauand plant height under high soil bulk
density were around 35% lower compared to the plgrdwn under low and moderate bulk density
(Table 4.3). Moderate soil compaction also led stight reduction in leaf number and plant height o
around 7% compared to the low bulk density treatmiEme strongest effects of increased soil strength
on shoot development were observed for the nunmtt@lens. Under low bulk density plants

developed 2.7 and 4.0 tillers two and three weétks amergence, respectively. These numbers
decreased under moderate soil compaction to 2.@.@nillers per plant two and three weeks after
emergence, respectively, whereas under high slkldansity almost no tillers were developed (Table
4.3). In terms of root number, the responses teeased soil bulk density were in a similar order of
magnitude as for shoot traits. Under high soilrgjth, lateral root number decreased by around 70%
compared to the plants grown at low bulk densitgllathree measurement points. A reduction of axial
roots due to high soil bulk density could be obedriwo and three weeks after emergence (Table 4.3).
Under moderate soil compaction axial root numberetsed only slightly compared to the low bulk
density treatment, whereas two and three weeksefiergence lateral root number was decreased by

11% and 19%, respectively (Table 4.3).

Table 4.2: Effects of variety (V), soil bulk density (BD),dlr interaction and week after emergence (WAE) on
axial and lateral root number (NoAx and NoLat, exjvely), plant height, number of fully developledves

and number of tillers. Significance of effects wigsermined using linear mixed model (Eq 4.1) anddAfests.

* and ** denote significant effects at p < 0.05 an@.01, respectively, n.s. denotes non-signifiedfects (n =

4).

Trait Transformation \Y BD V:BD WAE
NOAX [#] sqrt o * n.s. ok
NoLat [#] sqrt *k *k *k *k
Plant height [mm] ok ok * ok
Leaf number [#] ** ** n.s. ok
Tiller number [#] *x ok * *
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Table 4.3:Bulk density mean values of predictors obtainednftinear mixed model (Eq 4.1) for axial and
lateral root numbers (NoAx and NoLat, respectivabjant height, leaf and tiller number under lowd(# cn®),
moderate (1.45 g ¢y and high (1.6 g ci¥) soil bulk density one, two and three weeks afteergence (WAE).

Values are based on 4 replications of 14 varietiesroot numbers represent back-transformed values.

1 WAE 2 WAE 3 WAE
Bulk density [g cm?] 13 145 16 1.3 1.45 1.6 1.3 1.45 1.6
NoAX [#] 46 49 45| 102 101 72| 167 160 9.1
NoLat [#] 505 481 153| 77.1 689 254/ 1165 941 349
Plant height [mm] 187.1176.5 132.4| 282.0 261.4 168.4320.1 2929 181.4
Leaf number [#] 194 188 105/ 328 3.00 205 439 418 294
Tiller number [#] 036 034 000| 270 205 0.0201 4.03 3.07 0.06

Using a square root function (Eq 4.2) the develagroélateral and axial root numbers was
observed to be significantly (p < 0.01) correlatgth the development of plant height. Pearson
correlation coefficients were between 0.78 and t8&ating a reasonably strong non-linear
relationship between root number and plant height éme (Figure 4.2). Analysis of covariance with
bulk density as a fixed factor allowed determinihg influence of increased soil strength on root-
shoot relationships. The relationship between tivalver of axial roots and plant height was affected
significantly (p < 0.01) by bulk density but not the interaction of bulk density and root number.
Bulk density explained 16% of the total variancbeweas the interaction between bulk density and
root number only explained 0.1% of the total vacefiTable 4.4). In contrast to that, the relatigmsh
between the development of lateral root numberpaudt height remained unaffected by increased
soil bulk density (Table 4.4). Hence, it can bedtoded that more axial roots are needed to maintain

shoot growth under increased soil strength comptarednditions of loose soil (Figure 4.2).
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Figure 4.2: Non-linear regressions and Pearson correlatiofficieats between a) axial and b) lateral root
number and plant height under bulk densities ofglcdi® (black), 1.45 g ¢ (orange) and 1.6 g cir(red),
grey represents regression over all three bulkitlesisSquare, circle and triangle symbol shappsasents
values obtained one, two and three weeks afteeleafgence, respectively; ** denotes significanteation at

p <0.01 (n=4).
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Table 4.4: Effects of soil bulk density, axial and laterabtmumbers (NoAx and NoLat, respectively) based on
linear mixed model predictors (Eq 4.1) and thetieiiaction on plant height using analysis of covaséamodel:
bulk density (1.3 g ¢y 1.45 g crif and 1.6 g ci) was treated as a factor and transformed root euifsiguare
root) was treated as continuous variable; numbelisate proportion of variance (8S.) in percentage
explained by each effect; ** denotes significarieefs at p < 0.01, n.s. denotes non-significareatéf and R

represents multiple r-squared.

Effect SSu/SSat
Bulk density 16.3 **
NoAx** 70.6 **
Bulk density : NoAX* 0.1n.s.
R? 0.87
Bulk density 0.5n.s.
NoLaf* 78.4 **
Bulk density : NoLdt* 0.5n.s.
R® 0.79

4.3.2. Genotypic diversity of root and shoot traitsinder different levels of soil compaction

Besides increased soil strength, root system anok slevelopment were also influenced by the
variety. Axial and lateral root number, plant heigh well as leaf and tiller number were signifitan
(p < 0.01) different between the fourteen investédavarieties (Table 4.2). As observed for the
development of root systems and shoots, genetersity of root and shoot properties were also
observed three weeks after emergence at the ghd ekperiment. Lateral and axial root number as
well as the lateral-axial root number ratio wasigigantly different (p < 0.01) between the diffate
varieties. The same responses were observed fot ghiis such as plant height, leaf and tiller

number, root and shoot dry weight as well as rbobsratio (Table 4.5).
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Table 4.5: Effects of variety (V), soil bulk density (BD) arkieir interaction on axial and lateral root number
(NoAx and NolLat, respectively) and plant vigouramaeters three weeks after emergence analyzed matisis
of variance (ANOVA). Minimum (Min), average (Meaahd maximum (Max) values and Tukey honest
significant difference (HSD) at p < 0.05, valuebmackets for NoAx, NoLat and NoLat/NoAXx represbatk-
transformed values. * and ** denote significanteetk at p < 0.05 and < 0.01 respectively, n.s. #snwon-

significant effects (n = 4).

Trait Transformation V BD V:BD Min Mean Max HSD

2.69 3.70 4.49
NOAX [#] sgrt ko kk n.s.

(7.25) (13.70) (20.16)

5.27 8.80 12.29
NoLat [#] sgrt ko kx *x

(27.82) (77.47) (151.04)

1.76 2.34 2.92
NoLat/NoAX [#] sgrt *k o kx *x

(3.10) (5.48) (8.54)
Root dry weight [g] *ro Rk n.s 0.059 0.386 0.733 247
Shoot dry weight [g] *ho Kk * 0.097 0.454 0.767 18
Root-Shoot-Ratio [-] *ro Rk n.s. 0.58 0.80 1.07 63
Plant height [mm] *h kK * 160.3 264.8 373.3 423
Leaf number [#] *ho Kk * 2.25 3.83 5.00 0.93
Tiller number [#] *E o kx *x 0.00 2.39 5.5 2.04

Furthermore, the obtained data showed that thetgeicorariability of root numbers and root and
shoot dry weight increased with increasing soérfth. The relative genotypic difference of axiadl a
lateral root number and root and shoot biomaskdadspective bulk density mean value increased
significantly with increasing bulk density (Figu4e3). This effect of increasing genotypic variaili
with increasing soil strength was pronounced egflgdor axial root number and root and shoot dry
weight and less for lateral root number. Coeffitsenf variation for axial root number, which were
calculated for each soil bulk density treatmenter®8% under low soil strength and increased to
12.0% and 14.3% under moderate and high soil dtiengspectively. Also for root and shoot dry
weight, a significant increase of CV with increased compaction could be observed. Under low soil
bulk density CV for root and shoot dry weight w&s2P6 and 7.5% respectively. These values

increased to 17.3% and 21% for root dry weight kh@% and 14.1% for shoot dry weight due to a

90



moderate and severe increase in soil bulk densi$pectively. For lateral root number bulk density
mean CVs of 10.1%, 11.1% and 16.4% were obtainddriow, moderate and high soil strength,
respectively also indicating a slight increaseeraypic variability with increasing soil bulk detys

(Figure 4.3).
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Figure 4.3: Relative difference to the bulk density mean (blacl.3 g crit , orange = 1.45 g cfired = 1.6 g
cm’) of fourteen genotypes for a) axial and b) latesat number, c) root and d) shoot dry weight based
genotype mean values (n = 4), represented by ohaiVibars. Coefficients of variation (CV) betweéffiedent
levels of soil bulk density were compared usingiesignificant difference (LSD) tests at p < 0.8fgnificant
differences are indicated with different letters.

Estimations of broad-sense heritability (Eq 4.3)vs&d that the degree of inheritance is
comparable between shoot and root traits. Furthernitovas observed that the heritability of most
traits decreased only slightly in response to iaseel soil strength. Lateral root number and plant
height showed heritabilities of more than 75% uradkethree soil compaction levels. For axial root

number and the number of leaves, broad-sense iiétytaanged from 58% to 75% and was also only

91



slightly lower under high and moderate soil bulksiey compared to low soil strength. The lowest
heritability estimations were observed shoot drigiveunder low soil bulk density (Table 4.6). Most
likely this relatively low value of 48% was caudedthe relatively low genotypic variance of shoot
dry weight under low soil strength (Figure 4.3).

Table 4.6: Estimated broad sense heritability (Eq 4.3) oéband lateral root number (NoAx and NoLat,
respectively) and plant vigour traits using vareeomponents three weeks after shoot emergencitalblity

based on means (n = 4) of fourteen varieties waslleted separately for low (1.3 g &nmoderate (1.45 g
cm®) and high soil bulk density (1.6 g &n

Heritability
Trait Transformation 1.3gcn? 1.45 g cnit 1.6 gcnt
NOAX [#] sgrt 0.67 0.66 0.56
NoLat [#] sqrt 0.92 0.89 0.75
NoLat/NoAX [#] sgrt 0.86 0.66 0.50
Root dry weight [g] 0.54 0.70 0.56
Shoot dry weight [g] 0.48 0.65 0.64
Plant height [mm] 0.95 0.91 0.93
Leaf number [#] 0.74 0.67 0.65

4.3.3. Tolerance to increased soil strength amongunieties

Besides significant genotypic responses to diffielerels of soil bulk density, root and shoot sait
that were assessed three weeks after emergencaigmifecantly affected by increased soil bulk
density (Table 4.5). Furthermore, as illustrate&igure 4.4, the magnitude of the responses in root
numbers to soil compaction differed among the asskgarieties. Generally, increased soil strength
resulted in decreased plant vigour and root numbessrage shoot dry weight decreased by 19% and
82% under moderate and high soil strength, respagtivhen compared to plants grown under low
bulk density. In comparison to plants from the lowk density treatment, root dry weight was 36%
and 87% lower due to moderate and high soil conaatespectively (Supporting Information Table
S4.3). Therefore, root-shoot ratios decreased @& under low soil strength to 0.75 and 0.70 under

moderate and high soil bulk density, respectivelythermore, lateral and axial root number as well
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as lateral-axial root number ratio decreased dumedderate and high soil compaction by 4% to 19%

and 45% to 70%, respectively.

NoAXx: 58%
NoLat: 26%

Arina

NoAx: 100% NoAXx: 56%
NoLat: 97% NoLat: 33%

Titlis

— { NoAXx: 81% NoAXx: 53%
. mswNolL at: 78% ! s NolLat: 33%

Probus

NoAx: 84% R, NoAx:45%
NolLat: 62% N NolLat: 21%

CH-Combin

Figure 4.4: Genetic diversity of root system phenotype amony &zlected genotypes under low (1.3 g°gm
moderate (1.45 g ¢ and high soil bulk density (1.6 g Enthree weeks after shoot emergence. “Arina” and
“Titlis” represent cultivars, which are relativelylerant to moderate soil compaction indicated tioyvwsing no or
only small decrease in root numbers, “Probus” add-Combin” represent cultivars, which are sensitive
moderate soil compaction. Percentage values iratbatrelative number of axial (NoAx) and latex@dts
(NoLat) when comparing genotype mean values unaetenate and high soil bulk density to low soil bulk

density. Scale bar =3 cm.
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Despite these general responses of root numbenoahdnd shoot dry weight to increased levels
of soil compaction, the magnitude of these respodgéered particularly under moderate soll
compaction. The strongest responses to moderdteosapaction were observed in root dry weight,
followed by lateral root number and shoot dry weidie number of axial roots were least affected
by the increase of soil bulk density from 1.3 t5lg cn?® (Figure 4.5). Furthermore, the effect of
moderate soil compaction on axial and lateral mwhber varied considerably between different
varieties. In certain varieties (Arina, Mont-Cal2@8, Titlis) axial root number was not affected or
even increased in response to moderately incresmsilulk density, whereas in other varieties (CH-
Combin, Mont-Calme 245, Probus) the number of axiats decreased by almost 20% (Figure 4.5).
Similar responses were observed for the numbeatefdl roots, which decreased by more than 25% in
some varieties (CH-Combin, Probus, Plantahof), edé®in other varieties (Arina, Mont-Calme 268,
Titlis) the number of lateral roots remained constander moderately increased soil strength (Figure
4.5). This genetic diversity in the responses taenate soil compaction was also observed for shoot
dry weight. The reduction of shoot dry weight doertoderately increased soil strength in the most
sensitive varieties was more than 25%. In otheietias instead, moderately increased soil bulk
density did not affect shoot dry weight (Figure)41B6 contrast to root numbers and shoot dry weight
root dry weight was reduced in all varieties unaderate soil bulk density compared to the plants
grown under low soil strength. However, also fapanses of root dry weight to moderately increased
bulk density considerable genetic diversity waseobed (Figure 4.5). Under high soil strength root
numbers and root and shoot dry weight decreasali \arieties compared to low and moderate soil
compaction. As observed for plants grown under magdesoil strength, the responses of axial and
lateral root number to high soil compaction amdrgyitivestigated varieties covered a wider range

than those of root and shoot dry weight (Figurg.4.5
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Figure 4.5: Boxplots of relative a) axial and b) lateral rooimbers, c) root and d) shoot dry weight based on
mean values (n = 4) of 14 genotypesler moderate (1.45 g chrorange) and high bulk density (1.6 g&m
red), expressed as the ratio between genotype wada@s under increased and low (1.3 g*tbulk density;

Dashed line represents low bulk density.

To assess the tolerance of the different varieétis®il compaction, correlations between root grait
and shoot dry weight were performed based on ptiopsrof the respective traits. This was achieved
by dividing the variety mean value obtained undederate or high soil bulk density by the variety

mean value under low soil bulk density. In doingwsadues could be standardized and corrected for
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the influence of the different breeding backgrouRtese analyses showed significant (p < 0.05)
positive correlations between the root systemaiaitd shoot dry weight under moderate soil bulk
density. Proportions of shoot dry weight, were pasly correlated (0.57 <r < 0.65) with proportson
of axial and lateral root number as well as witbgartions of root dry weight (Figure 4.6). Shooy dr
weight of varieties, which maintained or increaiegr axial root number under moderate soil
compaction, decreased only slightly even thoughréspective root dry weight decreased by more
than 20%. The same but less pronounced findinge wiatiained for the relationship between relative
lateral root number and relative shoot dry weighder moderately increased soil bulk density. Under
high soil strength, no significant correlation beém proportions of shoot dry weight and root
numbers were found (Figure 4.6). The same reswte achieved, when correlating actual root
numbers and root dry weight to actual shoot drygieiUnder moderate soil compaction increased
numbers of roots as well as root dry weight welatee to increased shoot dry weight (0.68 < r <
0.84). Yet under high and low soil bulk densitysignificant relationship between below- and
aboveground traits was (Figure 4.7). These reshtigved that the tolerance to soil compaction differ

significantly among wheat varieties and that raahbers are suitable to explain this genetic ditgrsi
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Figure 4.6: Linear regressions and Pearson correlation cagffie between relative shoot dry weight and
relative a) axial and b) lateral root number andetgtive root dry weight, expressed as the ragiovben
genotype mean values under increased (1.45% orange; 1.6 g cth red) and low (1.3 g cf) bulk density.
Dashed lines represent low bulk density. * denetgsificant correlation at p < 0.05, n.s. denotes-significant

correlations (n = 4).
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respectively, n.s. denotes non-significant corretet (n = 4).

4.4. Discussion

The main aim of the current study was to evaluaestiitability of root number as a target trait for
improving the tolerance to soil compaction. Quairtd root system and shoot development across
fourteen wheat varieties grown under three levesoib bulk density revealed how root-shoot
relationships are affected by increasing soil gjtienFurthermore, it was possible to show that root

numbers are heritable and may explain the genotgpgcance to compacted soils.

4.4.1. Axial root number determines shoot growth dyamics under increased soil bulk

density

To better understand how increased soil strendgetafwhole plant growth and root-shoot
relationships, lateral and axial root number ad a&plant height, leaf and tiller number were
quantified in weekly intervals. Compared to theuoohs packed to 1.3 g éhmechanical impedance
increased by around 30% and 200% under moderathighdoil bulk density, respectively. This
increase of soil strength due to higher soil bidkgity is comparable to previous studies (Grzesiak

al., 2014; Nosalewicz and Lipiec, 2014; Colombi &uditer, 2016) and significantly affected root
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system and shoot development (Table 4.2). Shoatlolement was delayed due to increased soil
strength (Table 4.3), which corresponds to prevaiudies in wheat, barley and maize (Masle and
Passioura, 1987; Beemster et al., 1996; Young,et3$7). Similar to shoot growth, root system
development was delayed due to increased soildrrkity. As observed previously in different small
grain cereals (Colombi and Walter, 2016), the atiibn of axial and lateral roots was deferred in

response to increased soil strength at early sEgaant development (Table 4.3).

The simultaneous quantification of plant height amat numbers in response to increased soil
bulk density over time enabled to relate above-l@@idwground growth. These results showed that
under all levels of soil strength, axial and lateoat numbers were highly correlated (0.78 < r.88)
with plant height following a square root functi@ifigure 4.2). Similar results were obtained in
broccoli seedlings, where it has been shown thatlemgth explained responses of leaf area to soil
compaction (Montagu et al., 2001). In this and p#tedies (Grzesiak et al., 2014; Nosalewicz and
Lipiec, 2014) root traits were not assessed coatisly during growth, which does not allow
investigating how soil strength affects the dynanatroot-shoot relationship. If soil bulk density
increased, more axial roots were needed to maistaint growth (Figure 4.2), whereas no such effect
could be observed for the relationship betweemdateot number and plant height (Table 4.4). This
finding demonstrated that early plant developmeten increased soil strength was mainly driven by
axial and only partially by lateral roots. Most pably this was caused by the fact that thick raots
less prone to buckling compared to thin roots (Matieera et al., 1992; Lipiec et al., 2012; Chimungu
et al., 2015a). Hence, the obtained results ingittadt axial roots, which are inherently thickearth

lateral roots, were of increasing importance fatygalant vigour when soil strength increases.
4.4.2. Root numbers are suited to assess tolerartodncreased soil bulk density

Root system and shoot development (Table 4.2) dsaseoot and shoot traits obtained three
weeks after emergence (Table 4.5) were signifigatitferent among the fourteen investigated
varieties. Genotypic differences in response toeiased soil strength were observed in maize, wheat
and triticale (Bushamuka and Zobel, 1998; Kubd.ef804; Kubo et al., 2006; Grzesiak et al., 2014)

whereas other studies did not report significafiednces between genotypes (Tracy et al., 2012a).
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Certain studies investigated only two to four ggpes (Bushamuka and Zobel, 1998; Tracy et al.,
2012a; Grzesiak et al., 2014), which did not altelating root traits to genotypic plant performance
or compaction was simulated using paraffin-vasdiis&s instead of using actually compacted soil
(Kubo et al., 2004; Kubo et al., 2006). The resalitained in the current study revealed a genetic
diversity of root and shoot traits in wheat in r@sge to soil compaction. Besides this genetic dityer
of root and shoot traits (Table 4.5), increasingalality of traits among varieties were observert d
to increased soil bulk density, which correspomdgrevious studies (Bushamuka and Zobel, 1998;
Grzesiak et al., 2014). Compared to loosely paskddthe genetic variability of axial and laterabt
number three weeks after emergence increased omatirate and high soil bulk density, which is
indicated by the increase of coefficients of vawiawith increasing soil strength (Figure 4.3). &ls
genotypic diversity of root and shoot dry weightteg end of the experiment was higher under

moderate and high soil strength compared to pignoiwn under low soil bulk density (Figure 4.3).

Below- and aboveground responses to compactedeod observed to differ between varieties, as
illustrated in Figure 4.4, and the magnitude oStheesponses was different for root numbers and
shoot dry weight when compared to root dry weigtigre 4.5). Under moderate soil compaction
some varieties increased their root numbers anot sirg weight remained unaffected. In other
varieties instead, already a moderate increaseilodtsength led to a reduction of root numbers and
shoot dry weight of 18% to more than 30% (Figui.4Decreasing, constant or even increasing plant
vigour in response to moderate soil compaction etserved in wheat, barley and maize (Bushamuka
and Zobel, 1998; Bingham and Bengough, 2003; Gakesial., 2014; Nosalewicz and Lipiec, 2014).
Relative root dry weight instead was reduced ivaitleties due to moderately increased soil
compaction (Figure 4.5), resulting in reduced mstodot ratio under moderate compared to low soll
bulk density. The discrepancy between root numhbedsroot dry weight in response to moderate soil
compaction can be most likely explained by decréaset length, which was observed in response to
compaction in a wide range of monocotyledonous spgzies (Bingham and Bengough, 2003; Tracy
et al., 2012a; Grzesiak et al., 2014). Under hghtailk density similar but more severe responses

were observed. Compared to low and moderate shildansity, root and shoot biomass as well as
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root numbers decreased in all genotypes and thegast response was observed for root dry weight

followed by shoot biomass and root numbers (Figusg.

Previous studies observed that root numbers infleienop performance under abiotic stress
including low water availability (Zhan et al., 2Q1Gao and Lynch, 2016) or low levels of plant
available soil nitrogen (Saengwilai et al., 2012ban and Lynch, 2015) and phosphorus (Miguel et
al., 2013). Furthermore, the assessment of roobetsris possible under field conditions at high
throughputs in a wide range of mono- and dicotytexrs crops (Trachsel et al., 2011; Colombi et al.,
2015; Burridge et al., 2016; Colombi and Walterl @0 Measurements of root biomass or root length
in the field instead are challenging and laboridssults from the current study showed that axidl a
lateral root numbers not only respond to soil coctipa but also determine early shoot vigour under
moderately increased soil strength. Similar to lteseported for narrow-leafed lupins (Chen et al.,
2014b), variety mean values of relative axial atdrial root number were significantly related (057
r < 0.65, p < 0.05) to relative shoot dry weighig(FFe 4.6). Varieties, which maintained their root
numbers under moderate soil compaction comparedrtditions of loose soil showed less decreasing
shoot dry weight than varieties, in which mode@mpaction led to a decrease of root numbers.
Remarkably, this relationship could be shown ebeugh root dry weight decreased in all assessed
varieties due to moderate soil compaction (Figuég. Also absolute root numbers were positively
correlated to shoot dry weight (0.68 < r< 0.84, ®.61) under moderately increased soil strength
(Figure 4.7). Under severe soil compaction no §icamt relationship between shoot dry weight and
root numbers or root dry weight could be obsenkdure 4.6 and Figure 4.7). Mechanical impedance
in the severely compacted columns was most liketwa the limit at which genotypic differences
affect shoot performance (Kubo et al., 2004). Famtiore, calculations of broad-sense heritability
showed that root numbers are supposed to be ®iatiighly heritable. Even under high soil strength
estimations of 56% and 75% heritability were olgdifor axial and lateral root number, which was in
a similar range than the values observed for fiaight, leaf number or shoot dry weight (Table 4.6)
These results are comparable to other studieshichveritability estimations for shoot and roa@tts
were evaluated in mono- and dicotyledonous cropc®/and Farmer, 1968; Bucksch et al., 2014;

Colombi et al., 2015; Li et al., 2015; Richard ket 2015; Burridge et al., 2016). Taking into acebu
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these heritability estimations and the significafiuience of root number on shoot biomass, the
number of roots is suggested to be a suitableatali¢co assess the genotypic tolerance to soil

compaction.
4.5. Conclusions

With the current study we demonstrated that edqrbpsdevelopment of wheat on compacted soll
is closely related to the number of axial rootserEy, significant genetic variability between
fourteen different wheat varieties could be shovith wespect to their tolerance to increased sdki bu
density. In particular under moderate soil comuextthe genotypic capacity to maintain the number
of axial and lateral roots resulted in higher sHdomass production. Furthermore, root numbers
showed relatively high heritabilities and can bseased at high throughput rates even under field
conditions. Therefore, it can be stated that roamhler is a promising target trait for crop breeding
programmes aiming to improve the tolerance of ctopmpacted soil. For future studies, it would
be desirable to evaluate whether the presenteth§indre transferable to other species and to fyant

root-soil interactions underlying crop productivig compacted sails.
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Abstract

The structure of compacted soils is characterizeddereased (macro-)porosity, which leads to
increased mechanical impedance and decreasedrinisport rates, resulting in reduced root growth
and crop productivity. Particularly in soils witigh mechanical impedance, macropores can be used
by roots as pathways of least resistance. Thig/stuwestigated how different soil physical states
relate to whole plant growth and whether roots growards spots with favourable soil physical
conditions. Experiments were conducted under cthettand field conditions. Soybea@lfcine max
L.), wheat {riticum aestivuni.) and maize4{ea mayd4..) were grown on uncompacted soill,
compacted soil and compacted soil with artifici@lamopores. The interactions between roots and
artificial macropores were quantified using X-rayrgputed tomography. Active growth of roots
towards artificial macropores was observed fotratte species. Roots grew either into macropores
(predominantly in maize) or crossed them (predontigan wheat). The presence of artificial
macropores in compacted soil enabled all threeispéa compensate for decreased early vigour at
later developmental stages. These results showabtt sense their physical environment, enabling
them to grow towards spots with favourable soilditons. The different kinds of root-macropore
interaction indicated that macropores serve aghagfdeast resistance and a source of oxygen, both

resulting in increased crop productivity on compdctoils.
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5.1. Introduction

An estimated 33 million hectares of arable lan&imope and 68 million hectares worldwide are
degraded due to soil compaction (Van den Akker@aarache, 2001; Hamza and Anderson, 2005;
Batey, 2009). This soil compaction, which is maichused by heavy agricultural machinery (Tracy et
al., 2011), results in increased soil bulk deraitgt decreased pore connectivity. In particular,
macropore volume is reduced in compacted soilstifi&dii et al., 2014; Chen et al., 2014a). Bulk
density and porosity are relatively simple measem®@sto quantify soil compaction, but do not
describe actual soil functions. It has been propdisat soil physical functions such as mechanical
impedance, gas diffusivity, air permeability anditaulic conductivity are more suitable to relat# so

compaction and plant productivity (Stirzaker et 8896; Colombi and Walter, 2016).

Due to their decreased void space, which is nefatatisplacement of soil particles, compacted
soils exert higher mechanical impedance than uneected soils (Valentine et al., 2012; Suzuki et al.,
2013; Hernandez-Ramirez et al., 2014). Furtherndeereased macroporosity and pore connectivity
cause decreased water infiltration rates and h{idreenductivity (Lipiec and Hatano, 2003; Chen et
al., 2014a; Kuncoro et al., 2014b) as well as logas diffusivity and air permeability (Stirzakeradt,
1996; Scholl et al., 2014; Kuncoro et al., 2014thlis increases the risk of anaerobic conditions in
compacted soils compared with uncompacted soikscfTet al., 2011). Due to less plant available
water in compacted soils (Lipiec and Hatano, 208@potranspiration dries out compacted soils
more likely than uncompacted soils, which furthmaréases penetration resistance. Increased
mechanical impedance and decreased fluid transgtes decrease root growth and can both be
summarized as loss of soil physical fertility (Altlcend Murphy, 2007) caused by compaction.
Decreased root growth leads to restricted accessltovground resources and therefore decreased
plant productivity (Hamza and Anderson, 2005; Bag809; McKenzie et al., 2009; Walter et al.,

2009; Tracy et al., 2011; Downie et al., 2012).

Besides decreased root growth, soil compactionesatiemendous alterations to the root
phenotype. Decreasing numbers of axial and latecds$ in response to soil compaction have been

observed for several crops, including small grareals, maize and soybean (Coelho Filho et al.,
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2013; Grzesiak et al., 2013; Grzesiak et al., 2@1difer et al., 2014a; Colombi and Walter, 2016).
Furthermore, roots from compacted soils have beported to show greater root diameter, larger root
cortical area and increased abundance of rootxcagenchyma compared with roots grown in
uncompacted soil (lijima and Kato, 2007; Alamedd ¥iilar, 2012; Lipiec et al., 2012; Siczek et al.,
2013; Colombi and Walter, 2016). In most of thasglies, such changes in root phenotype were
related to decreasing plant vigour (Grzesiak eR8ll3; Siczek et al., 2013; Grzesiak et al., 2014;
Pfeifer et al., 2014a; Colombi and Walter, 201&ixtkermore, it has been shown that legumes are
more sensitive to soil compaction than grassesi@ason and Hakansson, 2014) and that the
tolerance to mechanical impedance differs betwpenias (Bushamuka and Zobel, 1998; Busscher et

al., 2000a; Grzesiak et al., 2014).

Despite this knowledge on the responses of planteinpacted soils, relatively little is known
about how roots interact with spots within the st provide more favourable or more hostile
conditions for growth. Detailed information abol¢ trelationships between soil physical properties
and whole plant development is needed to identbphlysiological processes limiting plant growth
under compaction. Such information can help in tgmreg mitigation strategies for compacted soils
(Hamza and Anderson, 2005), since plant rootsraang the major drivers for the recovery of soil
functions after compaction. Roots contribute ts gtructural recovery by creating new macropores
due to bioturbation and acceleration of localizeitidrying which can result in crack formation

(Dexter, 1991; Bottinelli et al., 2014; Scholl & 2014).

It has been proposed that roots sense their sutimgienvironment not only by direct contact with
the soil matrix or soil solution (Passioura, 2002)e term “trematotropism” was introduced by Dexter
(1986) to describe the ability of roots to sensledifrom a certain distance and grow towards theem t
exploit them as paths of least resistance. Pagtdréind Musgrave (1998) used the term “oxytropism”
to describe growth of pea roots towards higher entrations of oxygen. Trematotropism and
oxytropism can both be interpreted as an abilityoots to adjust to soil heterogeneity and avoid
unfavourable soil conditions. For example, it hasrbshown that roots of different wild grass specie
avoid obstructions in the form of large pieces@ivgl (Semchenko et al., 2008). A number of studies

investigating the interaction between roots androfaares under laboratory and field conditions have

107



concluded that roots use either naturally occumniagropores (Stirzaker et al., 1996; de Freitas. et
1999; White and Kirkegaard, 2010; Athmann et #1132 Kautz et al., 2013; Han et al., 2015) or
artificial macropores that were experimentally imse into the soil with steel rods (Stirzaker et al
1996; Nakamoto, 1997) as pathways to reach deepdayers. This behaviour of roots in following
the path of least resistance is more pronouncée ifmpedance of the surrounding bulk soil is
increased (de Freitas et al., 1999; White and lgialeed, 2010; Kautz et al., 2013). Some studies have
concluded that such root-pore interaction mustltésam active growth of the roots towards the

pores, rather than from random growth (Stirzakexd.etL996; White and Kirkegaard, 2010).

However, the methodologies used in these studies their limitations. For example, endoscopy
only allows rather large pores (> 5 mm) to be itigased, while measurements along a profile wall or
of slices of soil only permit quantification in tvedmensions. Non-destructive imaging approaches
such as X-ray computed tomography (CT) or magmesonance imaging are promising tools to
overcome these limitations. Using these techniqued traits have been quantified at sub-millimetre
resolution in pots (Metzner et al., 2015) and idisturbed samples excavated from the field (Pfeifer
et al., 2015). In such a pot study it was obsetkiatibarley roots predominantly cross artificial

macropores, rather than growing into them (Pfeateal., 2014b).

Another methodological limitation is that studiasestigating the response of plants to
compaction and macroporosity are often performet young plants (Stirzaker et al., 1996;
Nakamoto, 1997; Pfeifer et al., 2014b). This allmmty immediate effects of soil physical functions
on plant performance to be observed and not eftgtdig later during plant development. Combined
assessment of soil physical functions, root-sailcstire relationships and sophisticated shoot
phenotyping is necessary to identify soil physi@nomena controlling plant development and

drivers for soil recovery after compaction.

The aim of the present study was to determine laMcempaction and the presence of vertical
macropores in compacted soil affect whole planetigument. This was done by: i) quantifying the
effects of soil compaction and the presence dfi@ai macropores in compacted soil on crop

development and performance and ii) investigatihgtiver and how crop roots interact with artificial
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macropores in compacted soil. Experiments were wtted with soybean, winter wheat and maize in
a growth chamber (young plants) and in the fieldt(me plants), representing a controlled and nktura
field environment, respectively. Plant-pore int¢i@ts were quantified using X-ray micro CT and a

set of soil physical properties and plant vigoaitsrwere determined.
5.2. Material and Methods

5.2.1. Plant material and root system properties

The crop species used in the study were: soyl@lgiie max.., variety Merlin), winter wheat
(Triticum aestivuni., variety Arina) and maiz&Zg¢a mayd. ., variety LG 30.222). Beside their
importance for global agriculture, these crops vadrasen due to their differing root systems. Sogbea
is characterized by a taproot system, whereas vamehinaize have a fibrous root system with roots of

rather small and large diameter, respectively.
5.2.2. Experimental set-up and growth conditions

Experiments were conducted under controlled camabtin a growth chamber and in the field. The
soil (Pseudogleyed Cambisol) used in the growtmitea experiments was taken from the same site
at Agroscope Zurich, Switzerland (8°31’E, 47°27243 m above sea level) where the field
experiments were conducted. Soil texture consist@$% clay, 50% silt and 25% sand with 1.7%

organic carbon and pH (Caftbf 6.9 in the top 20 cm.
5.2.2.1. Soil columns for growth chamber experiment

Soil was excavated from the top 15 cm of the swifile, dried to approximately 22% gravimetric
water content, homogenized and sieved through enZmve. Plants were grown in PVC columns of
4.9 cm inner diameter and 15 cm height. The botibthe columns was closed off with filter paper
and a 1 cm quartz-sand layer (particle size 0.2¥inij was added. On top of the sand layer, soil was
packed in six layers of 2 cm height to a bulk dgnsi 1.3 and 1.6 g cf) representing loose (Ctrl)
and compacted (Com) soil, respectively. The surfd@ach packed layer was slightly abraded to

ensure homogeneous packing. In a third soil treatnaensely packed soil (1.6 g ¢hwas vertically
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perforated five times with a stainless steel wiré.@5 mm diameter to create artificial macropores

(ComAP). The artificial macropores were allocatea icross-like pattern (Figure 5.1a).

Seeds were germinated at 25°C for 48 h and selactatding to homogeneous length of radicle
and seed size. In every column, 1 cm of loose(&aijlcni®) was added on top of the packed layers
and a 1 mm wide and 5 mm deep hole was made itethitee. The seed with emerged radicle was
placed into this hole and covered with 0.5 cm lcsie(0.8 g crif). Before planting, soybean seeds
were coated with rhizobia inoculurBradyrhizobium japonicupHiStick; Becker Underwood, BASF,
Little Hampton, United Kingdom). Each soil treatrhé@trl, Com and ComAP) was replicated four

times for each crop species.

All plants were grown for 20 days in a growth chamtyvith a day/night cycle of 14/10 h at 59%
relative air humidity and an average temperatur2006°C. Average incident light was 417 (+ 20, SD)
umol s* m?. Columns were weighed and watered daily to keestil water content constant at a
level corresponding to a matric potential of -1@&hwhich represents a typical value for field

capacity (Schjonning and Rasmussen, 2000).
5.2.2.2. Field experiments

Field experiments were conducted on the Soil StredDbservatory (SSO) at Agroscope in
Zurich, Switzerland. The SSO was established img@#014 as a long-term field experiment with
compacted (Com) and uncompacted (Ctrl) plots agdrig three blocks to study recovery of
compacted soil. In March 2014, plots were compauagag a heavy agricultural vehicle with four
wheels and 80 kN wheel load (for detailed informatsee Colombi and Walter (2016)). Tillage

treatments varied slightly between crops (Suppgtinformation Table S5.1).

Soybean seeds were inoculated vidthaponicunbefore sowing on 20 May 2014. Until harvest
on 24 October, mean day and night temperature W@SQ@ and 11.9°C, respectively, and total
precipitation was 528 mm. Winter wheat was sowrd biNovember 2014 and harvested on 4 August
2015. Until harvest, average day and night tempegatvas 13.7°C and 5.2°C, respectively, and 736
mm of precipitation were recorded. Maize was sow2d May 2015 and experienced mean day and

night temperature of 24.2°C and 13.3°C, respegtjvetitil harvest on 28 September. Cumulative
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precipitation from sowing to harvest was 262 mmwiBg density and fertilisation rate were similar to

on-farm conditions (Supporting Information Table 35

In the compacted plots of all crops, artificial mamres (ComAP) were created shortly after
germination in five or six 0.25 Tisquares along a 2 cm by 2 cm grid (Figure 5.1dihgithe same
stainless steel wire as in the growth chamber éxgeits. In the context of soil management, soil
perforation could be seen as an alternative apprimacommonly applied tillage operations in order t
create potential pathways for roots and to impisniedrainage and aeration. Perforation depth was
around 30 cm for soybean and wheat and, due ttivediadry soil, 20 cm for maize. Roots and shoots
were sampled 91 days after sowing (DAS) for soyb2a8 DAS for wheat and 70 DAS for maize.
This sampling time corresponded to the stage obnwapin filling in soybean and to flowering stage

in wheat and maize.
5.2.3. Soil physical properties

Soil physical conditions in the growth chamber eipent were determined from packed soil
samples of 100 ml volume and 5 cm height. Fourcswiés per treatment (Ctrl, Com and ComAP)
were packed in 1 cm layers with sieved soil to ik bensity of 1.3 and 1.6 g ¢iFive artificial
macropores were made in the ComAP samples in the pattern as described above. The samples
were slowly saturated from below for two weeks #reh equilibrated on a ceramic plate to a matric
potential of -100 hPa. Air permeability (Karf’]) and relative gas diffusion coefficient (Dp/D)[-
were measured and calculated according to Mardghak (2016). Mechanical impedance was
measured by two penetrometer insertions into th®imoend of the soil samples, as described in
Colombi and Walter (2016). During wheat growth, tix¢gen concentration in soil air was monitored
in four additional soil columns of each soil treatrhvia 4 cm long gas-permeable tubes connected to
gastight access tubes inserted to 6 cm depth ibutesoil. Oxygen concentration in soil air was
measured daily from 3 to 18 DAS with a commercasd gnalyser (CheckMate 9900 benchtop
headspace ILO, gas analyser; PBI Dansensor A/S, Ringsted, Dennratke morning immediately

after watering.
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In the wheat plots, three undisturbed soil sampte0 ml and 5 cm height per block were taken
from 10 and 30 cm depth in each treatment. Gaspahcharacteristics and mechanical impedance
were measured as described above, at a matrictjpdteit 100 hPa. Soil bulk density was determined
from the same field samples using the oven-dryiethod (105°C for four days). Soil bulk density
was also measured in the soybean plots (only CahCar) and the maize plots (all treatments) at 10

and 30 cm depth, with three replicates per block.
5.2.4. Interaction of roots with artificial pores

The interaction of crop roots with inserted macregovas quantified from X-ray micro CT scans
(Phoenix vitome|x s 240; GE Sensing and Inspedtmhnologies GmbH, Wunstorf, Germany). For
plants from the growth chamber, the entire soiliool was scanned using the multi-scan option. In
the field, two undisturbed samples of 10 cm diamaiel 10 cm height were excavated in PVC tubes
from 0-10 cm and 13-23 cm depth of each perforatgdre (Figure 5.1c). The excavated samples
were kept moist and stored at 3°C until scannirng Jettings used resulted in a8 and 12Gum
voxel edge length for soil columns and field saraptespectively (Supporting Information Table
S5.2). Visual detection limits for structures irrd§¢ CT scans are at diameters that exceed twice the
voxels edge length (Jahne, 2002). Hence the viietattion limit for roots was at a diameter of
around 17Qum and 30Qum for samples from the growth chamber and the fiespectively. This

represented 2.5 times the respective voxel edggHen

All quantifications from reconstructed CT scanseavperformed in Visual Studio Max 2.2
(Volume Graphics GmbH, Heidelberg, Germany). lirst tep, artificial pores were counted and the
number of hits of each pore by roots was determifiecbe considered an actual hit, the root needed
to fully enter the artificial macropore and nottjtmuch the outer edge. These hits were then divide
into two different classes of interaction: “crogmty defined as when the root stayed in the parafo
distance of less than 5 mm, and “colonisationsfinge as when the root grew for a distance of more
than 5 mm within the pore (Figure 5.1d and 5.1ej second step, all visible roots were counted and

classified into roots that hit an artificial macoop and roots that never crossed or colonised an
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artificial macropore. In the case of field sampkatistical evaluation was based on average vétues

the two soil depths.

OO 000 000 O
L0 00 000 D)

Figure 5.1: Perforation of compacted soil with steel wire @@n2 by 2 cm grid in a) soil columns and b) in the
field. c) Root sampling in the field in 0-10 cm depd) Crossing (Cr) and colonisation (Col) of factal
macropores by soybean roots grown in soil colurap¥.ertical cross-sections of reconstructed contpute
tomography scans of crossing and colonising soybaas grown in soil columns. f) Artificial macropes of a

field sample at their actual position (grey) anigrafotation around the central z-axis (yellow).

5.2.5. Preferential root growth towards artificial macropores

The observed number of root hits per artificial nopores was compared against the expected
number of hits if the roots had grown randomly, etiwas determined by counting the number of hits
per virtually reallocated macropore. For this,fanitil pores were segmented using the region-grgwin
algorithm of Visual Studio Max and rotated arouhd tentral vertical axis (soil columns 45°, field

samples 90°) of the reconstructed scan (Figurg.5A&fdescribed above, hits were only countedsf th
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root crossed the virtually reallocated pore andifribjust touched the edge. Expected and observed
number of hits were compared in order to determihether roots grew randomly or grew
preferentially towards pores. To further test thpdthesis of preferential root growth, four additb
soil columns per crop were prepared. These columens packed to a bulk density of 1.6 gtamd
macropores were inserted not in a cross-like pattart all in one half of the soil column. To
determine the expected number of hits, segmenteaxs peere rotated 180° around the central vertical

axis and the observed number of hits was deternmaratescribed above.
5.2.6. Plant vigour

In addition to the field samples from ComAP, foield samples of 10 cm diameter and 10 cm
height were taken per block from 0-10 cm and 121@3depth in Ctrl and Com. Roots from all field
samples and soil columns were washed gently oteanen sieve and dried at 60°C for four days

before weighing.

Just after root samples were excavated from tid fidoveground plant traits were determined
using the same plants from which the roots wereptainin soybean and maize, each belowground
sample corresponded to a single plant, whereas@ateach belowground sample corresponded to 5-
8 individual plants. Shoots of plants grown undamtmlled conditions were sampled 20 DAS
immediately after the root system was scanned bgyXCT. To determine leaf area, leaves of
different positions on the stem were harvestedigaan a blue background and covered with a
transparent plastic sheet. Together with a sizzeate, images of leaves were captured under
constant illumination with an 18 megapixel caméZar{on EOS 600D; Canon, Tokyo, Japan) with a
lens (EF-S18-55mm /3.5-5.6 ISIl; Canon, Tokyo,algffixed to a focal length of 35 mm and an
aperture value of 9, resulting in pixel edge ler@ftb0-80um. In order to relate the effect of soil
treatments to plant development stages, imagestaleza separately for each leaf level of the main
shoot. Leaf area was evaluated in ImageJ versithgl(National Institute of Health, Bethesda, MD,

United States). Afterwards, entire shoots wereddaie60°C for four days prior to weighing.
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5.2.7. Statistical evaluation

Chi-square tests were used to compare observeeg@edted number of root hits per artificial
macropores. All other evaluations were based olysisaf variance (ANOVA) and treatment means
were compared using ANOVA least significant diffeze (LSD) tests. For air permeability, the raw
data were converted to base 10 logarithm befotistital evaluation. All statistical analyses were

performed in R version 3.1.3 (R Development CorariigVienna, Austria).

5.3. Results

5.3.1. Soil physical properties

Soil physical responses to soil compaction andibsequent perforation of compacted soil were
highly consistent between packed soil from the ghosthamber and undisturbed soil from the field
experiments. Mechanical impedance in packed angswmded soil samples was increased by 20-
200% due to soil compaction and not affected hji@ai macropores in compacted soil (Table 5.1).
However, the artificial macropores created posgblaways of very low or no mechanical
impedance. Air permeability (Ka) and relative géfudion coefficient (Dp/D0) decreased as a result
of compaction. Creation of artificial macroporecompacted soil significantly increased gas
transport rates in undisturbed and packed soil Enphe Dp/D0 and lggKa) values obtained were
at least 1.5-fold higher in compacted soil withfeitl macropores than in compacted soil without
artificial macropores (Table 5.1). Furthermore, @ty concentrations in soil air measured during
wheat growth under controlled conditions differedvieen soil treatments. Measured oxygen
concentrations in bulk soil air were highest inempacted soil, followed by compacted soil with
artificial macropores. The lowest oxygen conceiret were recorded in the air from compacted soil
without artificial macropores (Supporting InformatiFigure S5.1). Soil bulk density in the field was
increased by soil compaction, particularly at 10dapth. Artificial macropores in compacted soil did
not affect soil bulk density compared with that@mpacted soil without artificial macropores, excep
at 10 cm depth in the wheat plots (Table 5.2). difference in bulk density between ComAP and
Com in that case was possibly caused by the lomg $pan of 218 days between soil perforation and

sampling.
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Table 5.1:Mechanical impedance, air permeability (Ka) andtiee gas diffusion coefficients (Dp/DO0) of

uncompacted (Ctrl), compacted (Com) and compadtiéadvih artificial macropores (ComAP) measured in

packed (soil columns) and undisturbed (field) soiles at a matric potential of -100 hPa. Diffeletters

indicate significant differences of the means usaagt significant difference (LSD) test at p <3(8oil

columns: n = 4, field n: = 3).

Environment Parameter Ctrl Com ComAP LSD
Soil columns Impedance [MPa] 034 1.06 0.9¢ 0.26
logio(Ka [um?]) 0.32 0.04 1.40 0.62
Dp/DO [-] 0.0008 0.0009 0.0027 0.0017
Field 10 cm depth Impedance [MPa] 0.81 1.09 0.95 42 0.
logio(Ka [um?]) 0.60° 0.38 1.17P 0.53
Dp/DO [-] 0.0040 0.0013 0.0089 0.0079
Field 30 cm depth Impedance [MPa] (56 0.86 1.08 0.25
logio(Ka [um?]) 0.65" 0.38 1.08 0.59
Dp/DO [-] 0.0036° 0.0002 0.0064 0.0060

Table 5.2: Soil bulk density @) in the field in uncompacted (Ctrl), compacted if§@nd compacted soil with

artificial macropores (ComAP) for the three cropaps tested. Different letters indicate significdifferences

of the means using least significant difference).&st at p < 0.05 (n = 3).

Year Crop Depth[cm] po[gcm?: Ctrl  py[gcm®: Com p,[gcm®: ComAP LSD

2014 Soybean 10 1.34 1.46 NA 0.09
30 1.50 1.55 NA 0.16

2015  Wheat 10 1.50 1.55 1.43 0.08
30 1.44 1.49 1.50 0.11

Maize 10 1.4% 1.67 1.59 0.12
30 1.40 1.46 1.48 0.10

5.3.2. Interaction of roots with artificial pores

For all three crop species studied, between 0.d4L&8b5 root hits per single artificial macropore

were counted in the CT scans from the growth chambe the field. Once reaching an artificial
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macropore, the roots of soybean, wheat and matzavied differently. Under both controlled and field
conditions, the interactions of maize roots wittifigial pores were predominantly characterized as
colonisations, which occurred 54-122% more freqydahtin crossings (Figure 5.2). In contrast to
maize, soybean roots crossed and colonised aatifitacropores at an equal extent (Figure 5.2). Due
to sample size and the resulting visual detectiuit for roots in the reconstructed CT scans, fine
roots of soybean could not be quantified in thielfsamples. This resulted in a lower number of
observed hits in field samples compared with sasioten the growth chamber (Figure 5.2, Table
5.3). Also due to different voxel resolutions lafeoots of wheat could be seen in scans from the
growth chamber, but not in scans from the fielddelcontrolled conditions, interactions of wheat
roots with artificial macropores were predominamilyssified as crossings (Figure 5.2). In the field
colonisations of artificial pores by wheat rootsweed slightly more often than crossings (Figure
5.2). However, the number of crossings in the figkd probably underestimated, since lateral roots,

which grow more horizontally than main roots, weog visible in the scans.

Although root-pore interactions were quantifieclhthree species, most of the roots in the
samples did not interact with the artificial macvogs. Between 72 and 91% of the roots visible én th

reconstructed CT scans neither crossed nor colbaidgicial macropores (Figure 5.3).

117



(@] (@]
<7 a) & b)
. T
[
2w | b 5 @
a = 0 T
i i
n
2 o] 2 3 9] a a
= A
o)) (o))
= £
» 0 a L 0 |
2 o T S o b
put C -
O 3
o | o |
o . o .
Soybean = Wheat Maize Soybean  Wheat Maize
o o
=1 ©C) = d)
S T &
0 | ® 9 |
o o o © =
o a
#* © | a E o |
n
2 ° a T 2 °© b
o 1T o
A b > X4 @
(@] (@]
=3 =
@ o | S o
° o 2 o
O &)
o | o |
O - O .
Soybean  Wheat Maize Soybean  Wheat Maize

Figure 5.2: Interaction of roots with artificial macroporesdampacted soil in a) and b) in soil columns and c)
and d) the field, expressed as a) and c) mean nuohlceossing roots and b) and d) mean number loinising
roots per individual artificial macropore. Diffettdetters indicate significant differences of theans using the
least significant difference (LSD) test at p < 0.B8or bars represent standard error (soil columns4, field:
n=3).
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Figure 5.3: Proportion of total number of counted roots eittr@ssing or colonising (grey) artificial pores or
neither crossing or colonising (black) artificiares in a) soil columns and b) the field. ¢) Typjiature of
maize root system (orange) and artificial macropdgeey transparent) from 0 to 10 cm depth in thlel fError

bars represent standard error (soil columns: nfield, n: = 3).

5.3.3. Preferential root growth towards artificial macropores

Virtually reallocating the artificial macroporesthin the reconstructed scans (Figure 5.1f)
allowed the expected number of hits per pore itsdad grown randomly to be estimated. For all
three crops and in both environments, the expeutatber of hits was between 36% and 64% lower
than the observed number when pores were at ttteialgposition. This was particularly obvious in
the soil columns where the artificial macroporesennited to one half of the column. Chi-square
tests were highly significant for all crop-enviroant combinations (p-values between 0.025 and <
0.001; Table 5.3). Based on these findings, thaetified interaction of roots with artificial
macropores was not a coincidence, but was thetrefsdirected root growth towards the pores. This
directed growth was also evident when using a rajbalitative and visual approach, where bending
of roots towards a nearby artificial macropore whserved (Figure 5.4a). Furthermore, in the

treatment where macropores were inserted into @amdyhalf of the soil columns, more roots were
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present in the perforated half than in the unpatéat half and roots in the perforated half grewpdee

(Figure 5.4b and 5.4c).

Table 5.3: Observed root hits per artificial macropores atrthctual position and expected hits of reallodate

artificial macropores by roots under controlled ditions in soil columns and the field. Artificiabpes were

inserted into the soil columns either in a croke-pattern (Cross) or only in one half of the cau8plit), (soil

columns: n = 4, field: n = 3; chi-square test).

Observed hits

Expected hits

Environment Pattern Crop i pore’] i pore’] p-value
Soil columns Cross Soybean 1.65 1.05 0.025
Wheat 1.65 0.70 <0.001
Maize 1.30 0.75 < 0.001
Split Soybean 1.2 0.45 <0.001
Wheat 1.65 0.65 <0.001
Maize 1.2 0.65 < 0.001
Field Soybean 0.75 0.39 < 0.001
Wheat 0.74 0.40 < 0.001
Maize 1.28 0.46 <0.001
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Figure 5.4: lllustration of directed root growth towards adiél macropores (grey transparent): a) Soybean

main root crossing artificial macropore and latecalt colonising the same artificial macroporemntgize and c)
soybean seedling grown in soil columns: red cotepresents roots in compacted soil, green colaisrio

perforated compacted soil.

5.3.4. Plant vigour

Significant differences in vigour traits of 20-dalgd seedlings from the growth chamber were
observed between densely and loosely packed daihos. Artificial macropores increased plant
vigour compared with plants from compacted colunbus the differences were not significant
(Supporting Information Table S5.3). Root dry wetighall crops decreased by 36-72% in Com and
ComAP compared with Ctrl. The reduction in shogtweight was of a similar order of magnitude
for wheat and maize, whereas for soybean the deziaahoot dry weight was not significant. Total
leaf area was reduced by 26-70% in the ComAP amd {B@atments compared with loosely packed
columns. Root-shoot ratio of all species was nigicééd by different soil treatments (Supporting

Information Table S5.3).

In the field, all three species showed decreasaut pigour due to soil compaction, but also

significantly increased vigour due to the presesfcartificial macropores in the compacted soil.
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Comparison of leaf area for different leaf positiam the stem showed that the beneficial effects of
artificial macropores in compacted soil on plardvgth occurred later than the adverse effects of
compaction. In soybean, leaf area decreased in@@whComAP compared with Ctrl starting at tffe 6
leaf. Leaf area from thé"to the 18' leaf was larger in ComAP than in Com (Figure Si5)naize,

the observed pattern of leaf area with respe@abposition was very similar to that in soybean.
Adverse effects of soil compaction on plant vigauare visible at the"4leaf, while from the 8leaf
onwards, leaf area increased under ComAP compathddam (Figure 5.5). The effects of the
different soil treatments on the productivity ofmtér wheat were slightly different. Leaf area at
individual leaf positions reflected the effect oflcompaction, but not of artificial pores in coagted
soil, on plant vigour development. However, comgdamih wheat plants grown on compacted soil,
plants from compacted plots with artificial macrog@developed significantly more tillers (Figure
5.5). Shoot dry weight also responded significatdlgoil compaction and the presence of artificial
macropores in compacted soil. On uncompacted ampacted soil with artificial macropores, the
mean dry weight of individual soybean plants wasiad 22 g, compared with 15 g under compaction
without artificial macropores. In wheat, the effeof soil treatments on plant dry weight were of a
similar order of magnitude: Shoot dry weight drapf®m around 6 g per plant in Ctrl and ComAP to
3.6 g per plant in Com (Figure 5.5). Due to strbfagk effects, significant differences in plant dry
weight were only found between Ctrl and Com (Sufipgrinformation Table S5.4). Dry weight of
single plants decreased from 131 g in the uncoregdaalbts to 107 g and 85 g under ComAP and

Com, respectively (Figure 5.5).

Root dry weight, expressed as the sum of root drfenin both sampled depths, was also reduced
due to soil compaction. In soybean, wheat and maize dry weight was decreased under
compaction by roughly 40% compared with the uncartgzhplots. Root dry weight in compacted
plots with artificial macropores was around 40%hieigthan in compacted plots for wheat and
soybean, whereas in maize just a very small inergasoot dry weight was observed due to

macropores in compacted soil (Supporting Infornmaifiable S5.3).
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Figure 5.5: Leaf area with respect to different leaf positiémsfield-grown a) soybean, b) wheat and ¢) maize

plants. Shoot dry weight of field-grown d) soybeanwheat and f) maize plants. Shading of all syisibad

bars: uncompacted soil (open symbols; Ctrl), cortgzhsoil (closed black symbols; Com) and compasteid

with artificial macropores (closed grey symbolsn@P). Different letters indicate significant difearces of the

means using least significant difference (LSD) &tgi < 0.05. Error bars represent standard enrer3).

5.4. Discussion

Quantification of the interactions between rootd artificial macropores in compacted soil

revealed that roots of the three crop speciesetiugtiew preferentially towards spots with more

favourable soil physical conditions. The X-ray mi€T scans showed that roots of different species

interacted differently with artificial macroporeseated in compacted soil. By combining experiments

in a growth chamber with field experiments, it vpassible to show that these responses were

consistent between controlled and field conditidrige data also showed that soil compaction
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decreased plant growth at an early developmeragéstvhereas artificial pores in compacted soil

enabled the plant to compensate for the decreasidvigour at later developmental stages.
5.4.1. Artificial macropores increased gas transpamrates in compacted soil

Soil physical properties differed significantly imeen loose, compacted and compacted soil with
artificial macropores. As proposed previously &tieer et al., 1996; Colombi and Walter, 2016), the
combination of different soil physical measuremgmtsvided an adequate picture of the physical
environment of roots. In particular, the measuresiensoil physical functions showed the effects of
the different soil treatments on soil physicalifityt The highest gas diffusivity and air permddbi
values were recorded in ComAP, followed by Ctrl @uin (Table 5.1). Furthermore, the oxygen
concentration in soil air measured in soil columias increased in compacted bulk soil due to the
presence of nearby artificial macropores (Suppgriormation Figure S5.1). Particularly in poorly
aerated soil such as compacted soil and underamelittons, macropores can mediate soil hypoxia.
These observations confirm findings in previousl&s regarding the effects of macropores on soil
physical fertility. Naturally occurring and expeemtally constructed macropores increase fluid
transport rates and were described as potentilavags for roots to reach water and nutrients
(Stirzaker et al., 1996; Valentine et al., 2012nKaoro et al., 2014a). Mechanical impedance in the
bulk soil was only affected by soil compaction avad by the presence of artificial macropores (Table
5.1). Soil bulk density in the field was generallyt different between Com and ComAP, except at 10
cm depth in the wheat plots (Table 5.2). Uplifsofl caused by increased root growth (Supporting
Information Table S5.3) or more pronounced wettinging cycles due to the presence of artificial
macropores may have caused this discrepancy. Neless, these results show that certain soil
physical functions that are adversely affecteddmgaction can be recovered by inserting continuous

vertical macropores into compacted soil.
5.4.2. Roots of different species interacted diffently with artificial macropores

In the present study roots of soybean, wheat arigenshowed differing behaviour towards
cylindrical and vertical artificial macropores, whiprovided a potential path of least resistanceaan

continuous connection to atmospheric air. In treeaa maize, the artificial pores were mainly uasd
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a path of least resistance, since most interactiamne classified as colonisations (Figure 5.2).hSuc
root behaviour in searching for and following agyas a path of least resistance, was described as
“trematotropism” by Dexter (1986). Trematotropisrasaalso observed to some extent for soybean
roots and to a lesser extent for wheat roots. ybheaan, less than 50% of the roots that reachedea po
remained within it. The remaining soybean rootsriatting with artificial pores crossed the pores
(Figure 5.2). In contrast to maize, wheat rootglpneinantly crossed artificial pores rather than
remaining within them (Figure 5.2). This behaviawas particularly observed in scans from the
growth chamber samples, where lateral roots we gl visible. Owing to their horizontal growth
direction, lateral roots are more likely to re-eritee bulk soil immediately after entering an aciél
macropore than vertically growing main roots. Farthore, it has been shown that lateral roots
preferentially grow into less porous areas in tie(8ao et al., 2014). The number of crossings in
field samples may have been underestimated, hoywswee lateral roots of wheat were not visible
due to the lower voxel resolution. Overall, thearved trematotropic behaviour of crop roots idrie |
with other reports of artificial and natural maooogs being used by roots as a path of least rasesta
to reach deeper soil layers (Dexter, 1986; Stirzakal., 1996; Nakamoto, 1997; de Freitas et al.,

1999; White and Kirkegaard, 2010; Athmann et &112 Kautz et al., 2013; Han et al., 2015).

The methodologies used in previous studies, suemdsscopy and examinations of profile walls
or slices of soil cores, did not allow crossingsnaicropores by roots as defined in the preseny $tud
be observed. Use of X-ray CT in a previous potystedealed that barley roots also cross, rather tha
colonise, artificial macropores in compacted defe{fer et al., 2014b). The observed crossings of
artificial macropores by roots indicate that rosted the macropores as a source for oxygen, which i
needed to maintain aerobic root respiration. Tfiecewould be particularly pronounced under moist
and poorly aerated conditions (Dexter, 1986). Guutiis and vertical macropores accelerate soil
drainage (Lipiec and Hatano, 2003; Chen et al.420Kuncoro et al., 2014a; Kuncoro et al., 2014b)
and increase oxygen supply to the soil (Suppottifgymation Figure S5.1). Based on the results of
the present study, there are two possible explamafor the differing behaviour of roots of diffate
plant species to macropores. On the one handjffeeetice between the species could be explained

by their tolerance to increased mechanical impeglavaize, which predominantly used macropores
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as a path of least resistance (Figure 5.2), is knfowits relatively low tolerance to increased
mechanical impedance compared with small grainate(&rzesiak et al., 2014). Wheat, in contrast,
predominantly crossed macropores (Figure 5.2) sakddwn to be less sensitive to increased
impedance than maize (Grzesiak et al., 2014). dleeance of soybean roots to increased mechanical
impedance was observed to be higher than that ienfBushamuka and Zobel, 1998), but lower than
that of wheat (Busscher et al., 2000a). This cpoeds to our finding that soybean roots were eguall
likely to cross or colonise an artificial macropoBesides the different degree of tolerance to
mechanical impedance among the investigated spacigphysical properties are suggested to
determine as well whether roots remain in artifiai@cropores or only cross them. The likelihood tha
roots would stay in the pores presumably increages the mechanical impedance of the bulk soll
increases due to soil drying. Therefore it is a@lgggested that roots would rather cross such waeértic
macropores under moist conditions, when re-entenitagthe bulk soil is less restricted by mechahica

impedance.

A second possible explanation for the distinctiyedent behaviour between roots of different
species with artificial macropores is root-soil taat, which is crucial for uptake of e.g. phosplsoou
potassium (Stirzaker et al., 1996; Tracy et al1130It has been observed previously that macrepore
are often occupied by more than one living or dead (White and Kirkegaard, 2010), which enables
better root-soil contact than with a single ronttHe present study, the artificial pores made in
compacted soil were 1.25 mm in diameter and theelier of maize roots is usually larger than 1 mm
(Lipiec et al., 2012), enabling good root soil @attwithin the artificial macropores. Wheat and lyew
emerging soybean roots have smaller diameter (&igial., 2012; Tracy et al., 2012a; Colombi and

Walter, 2016), which would not allow for sufficierdot-soil contact within artificial pores.
5.4.3. Roots grew preferentially towards artificialmacropores

Despite the differences in interaction with artdlanacropores between roots of wheat, soybean
and maize, all three species showed directed rowith towards artificial macropores. The observed
number of hits (sum of crossing and colonising squar artificial pore) of roots on the artificiadnes

was 57-178% higher than the number, which coulddpected if the roots had grown randomly
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(Table 5.3, Figure 5.4). Since the roots needeaptder through compacted bulk soil to reach an
artificial macropore, trematotropism alone doessasve as an explanation for such directed growth.
“Oxytropism”, a phenomena describing the movememgfrowth towards higher oxygen
concentration, has been observed for pea rootsefffeld and Musgrave, 1998). Taking into account
the increased gas diffusivity and air permeabidify to artificial macropores in the present study
(Table 5.1, Supporting Information Figure S5.1)ytoapism seems to be the driving mechanism for
roots to sense pores and grow towards them. Ibéas suggested that roots sense different
environmental properties and prefer to grow intaerfavourable parts of the soil and avoid more
hostile parts (Passioura, 2002). In our studyfieietl macropores and the bulk soil immediatelyites
these represented such spots of favourable sadigadyconditions. Moreover, they provided roots
with an environment in and around which soil phgbkfanctions had at least partially recovered from
compaction. Oxygen transport to the bulk soil arbtive artificial pores was accelerated (Supporting
Information Figure S5.1) and the artificial macroggserved as a continuous connection to
atmospheric air and as a path of least resist@ntmw other studies have observed similar results,
such as increased lateral root initiation into eresoil (Bao et al., 2014) and avoidance of
unfavourable soil structure (Semchenko et al., 2088raction of roots to macropores has been
proposed (Stirzaker et al., 1996; White and Kirkeda2010; Pfeifer et al., 2014b), but to the loést
our knowledge has not been quantified previousl/réported in other studies (Cornish, 1993; Rasse
and Smucker, 1998; Pfeifer et al., 2014b; Han.eR8I5), the vast majority (> 70%) of the roots

neither crossed nor colonised artificial macropg@régure 5.3).

5.4.4. Artificial macropores in compacted soil comgnsated for decreased early vigour at

later developmental stages

Plant vigour of wheat, soybean and maize was sigmifly altered by the different soil treatments.
Compared with the uncompacted treatment, dry shioatass of all three crop species was decreased
due to compaction, by 24-70% and 31-45% in thernokiand the field, respectively (Figure 5.5,
Supporting Information Table S5.3). Dry root biomasthe samples excavated from the field and the
soil columns decreased in a similar order of mamgigtin response to compaction (Supporting

Information Table S5.3). Decreasing crop produttivésulting from restricted access to deeper soil
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layers (McKenzie et al., 2009) and soil compactiaa been shown for various species in the field
(Barraclough and Weir, 1988; Botta et al., 2010jidsson and Hakansson, 2014; Colombi and
Walter, 2016). Also in young plants, grown undémoliaatory conditions soil compaction results in
reduced plant vigour (Young et al., 1997; Buttergle 1998; de Freitas et al., 1999; Bingham and
Bengough, 2003; Grzesiak et al., 2013). Such studith seedlings have shown that the adverse
effects of soil compaction on plant growth occuvexty early developmental stages, which
corresponds to the findings in this study. In res@oto soil compaction, dry shoot biomass of plants
from the growth chamber in the present study wasedesed at 20 DAS (Supporting Information
Table S5.3). Plants grown in compacted soil infigld showed progressively decreasing leaf area
starting between leaf position 4 and 6 comparel plants from uncompacted soil (Figure 5.5).
Comparing the experimental data for young and regtlants showed that the beneficial effects of
artificial macropores in compacted soil on plamgfotir occurred later than the adverse effects of
compaction. In the growth chamber, plants wereytnmg to show increased vigour due to artificial
macropores in compacted soil (Supporting Infornmafiable S5.3). In the field, leaf area increased
from leaf position 7 and 9 onwards in soybean ang @ respectively, in ComAP compared with
Com. In wheat, this effect occurred during tillgristage (Figure 5.5). As previously observed in
laboratory studies (Stirzaker et al., 1996; detasegt al., 1999), dry shoot biomass in the fiedd w
27-67% higher due to the artificial pores in contpdcsoil (Figure 5.5). Remarkably, this increase in
biomass occurred even though less than 30% obtits crossed or colonised artificial macropores
(Figure 5.3). These findings suggest that in atyesaige of plant development, the increased
mechanical impedance of compacted bulk soil ledkttreased early vigour. As plant development
progressed, soil functions provided specificallydptficial macropores in compacted soil, allowbd t
plant to compensate for poor early vigour. Sin@ssing and colonisation occurred in all three sdidi
species, the artificial macropores in compactedfglilled different purposes for the growing plkan
Increased soil aeration due to the artificial mpores helped to maintain aerobic root respiration,
whereas roots used artificial macropores as agfd#@ast resistance to reach resources in deeper so

layers. This combination of providing oxygen angogential path of least resistance for growing soot
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was most likely the cause for the beneficial effeaftartificial macropores in compacted soil ompla

vigour.
5.5. Conclusions

Combining soil physical measurements with obseowatiof root-pore interactions and detailed
shoot measurements allowed the influence of diffeseil physical conditions on belowground and
aboveground plant development to be quantified.r€balts showed that roots sense their physical
environment and grow preferentially towards ari@ienacropores. The benefit of vertical macropores
for plant growth is evident when considering theréased soil aeration due to perforation of
compacted soil (Table 5.1) and the different intBoas of roots with these pores (Figure 5.2). Besi
serving as a path of least resistance to reacledsep strata, macropores served as a source of
oxygen for growing roots. Thus creation of verticacropores increased soil physical fertility and
resulted in increased crop productivity of all #nspecies. For future research it would be desiriabl
investigate root-macropore interactions and digkot®t growth towards macropores at a range of soil
physical conditions and to look at the underlyingchlanisms of preferential growth. Since
macropores in naturally structured soil cover aswiahge of shapes, geometries and orientatiorss, thi

should additionally be taken into account in furtbieidies on root-macropore interactions.
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6. General discussion

The major aim of the presented thesis was to ifjepdissible strategies for the recovery of crop
yields after arable soil has been compacted. Thsapproached i) by testing whether compaction
effects occurring in the field can be adequatatyusated in soil columns and hence evaluating the
suitability of soil columns as a model systembif)quantifying the genetic diversity with respext t
the penetration ability of roots through soil ofli@eased strength and root-shoot relationships under
compaction and iii) by evaluating how roots inténath artificial macropores in compacted soil and
how these pores affect soil physical functions enogh development. The obtained results suggest that
soil columns may serve as a model system for #ié, fsince phenotypic responses as well as the
interactions of roots with artificial macroporescoing in the field were reproducible in soil
columns. However, certain soil physical propertifsompacted soil such as low soil oxygen contents
are —without further manipulation— neglected in Bw@lumns. Genetic diversity of root and shoot
traits among the investigated fourteen wheat viasetould be shown. The geometry of the root tip
and root numbers were observed to be pivotal tnatigch determine the capability to penetrate
compacted soil and shoot development on compaotkdespectively. These observations
demonstrate that specific root traits might begraéed into plant breeding programmes aiming to
develop varieties that are tolerant to compactamthermore, it could be shown that roots actively
grow towards spots of higher soil physical fegiliepresented by artificial macropores in compacted
soil. This preferential root growth enabled plaotsompensate for decreased early vigour at later

plant developmental stages.

Thus, it can be stated that multi-level phenotygi®gpporting Information Table S8.1) is a
suitable approach to identify and evaluate strategvhich contribute to yield recovery on compacted
soils. Since the evaluated strategies were progotiot growth, they will not only mitigate crop ide

but also recover soil physical functions that walgersely changed by soil compaction.
6.1. Soil columns are suitable model systems forropaction experiments

Evaluating whether soil columns can be used asdehsystem for the field is crucial, since

confounding factors occurring in the field can batcolled to a large extent in experiments condilicte
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under controlled conditions. Furthermore, experitaém pots allow for far higher throughput
compared to field studies. Nevertheless, experisnengrowth chambers or greenhouses may neglect
certain phenomena that are present in the fieldr&fbre, the reproducibility of results derivednfro

the field under controlled conditions needs be etku

6.1.1. High consistency of phenotypic responsesdoil compaction between field and

controlled conditions

Soil compaction caused tremendous alterationseofdabt phenotype, including changes of rooting
depth, root system architecture and root morphokogyanatomy under field conditions. As observed
in other studies (Barraclough and Weir, 1988; Bettal., 2010; Hernandez-Ramirez et al., 2014;
Chen et al., 2014b), roots of triticale and soybgw more shallow in response to soil compaction
(Table 2.3). Corresponding to these field derivesults, the penetration of roots into compacteld soi
in soil columns was significantly lower comparedstol columns that were loosely packed. Soll
penetration after two days of growth by roots iiciale, soybean and wheat decreased between 56%
and 82% due to an increase of soil bulk densityfio34 g crit to 1.6 g crit. Furthermore, also a
moderate increase of soil bulk density from 1.3r5’ ¢o 1.45 g cri in soil columns resulted in a
reduction of root elongation rates in wheat of 40%ble 3.1). These observations correspond to
previous studies, in which reduced root elongataias due to increased mechanical impedance were
observed in seedlings of various mono- and dicdgmeus species (Goss and Russell, 1980; Atwell,
1990; Bengough and Mullins, 1991; Young et al.,Zt90roser et al., 1999a; Croser et al., 1999b;

lijima and Kato, 2007).

As observed for rooting depth and root elongatairs, root architectural as well as plant vigour
responses of crops to soil compaction were sirbidgween soil columns and the field. Decreased
lateral and axial root number in response to cotiqragvas observed in soil columns for triticale,
soybean (Figure 2.5) and different wheat genotypegire 4.2 and Figure 4.4). The same responses
were obtained in field-grown soybean and tritiqgallnts 42 and 91 days after planting (Figure 2.2)
and these results correspond to observations er sthdies (Barraclough and Weir, 1988; Tracy et

al., 2012b; Grzesiak et al., 2014; Hernandez-Radteal., 2014; Chen et al., 2014b). These root
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architectural responses to soil compaction may ladsimterpreted as a delay or reduction in the
development of the root system. This reductiomedevelopment of the root system resulted in
reduced shoot development in triticale and soyliredme field (Table 2.5) and under controlled
conditions in wheat (Figure 4.2). Consequentlynplaomass of young and mature plants as well as
actual crop yields decreased due to soil compadatidniticale, soybean, maize and wheat (Table 2.5,
Figure 4.5, Figure 5.5, Supporting Information Ba8b.3 and Supporting Information Table S6.1),
which is in agreement with results from other stsdBarraclough and Weir, 1988; Buttery et al.,
1998; Bingham and Bengough, 2003; £23004; Botta et al., 2010; Siczek and Lipiec, 2011

Grzesiak et al., 2013; Arvidsson and Hakanssor42Gizesiak et al., 2014; Pfeifer et al., 2014a).

Furthermore, root morphological and anatomical stdpents to increased soil bulk density, which
occurred in the field could be reproduced in plané were grown in soil columns. Root thickening i
response to soil compaction was observed in soyletcale (Figure 2.5) and wheat (Table 3.1,
Figure 3.6 and Supporting Information Figure S2rider controlled conditions and in field-grown
triticale (Figure 2.2). Due to secondary radialtrg@wth in soybean, increased root diametersen th
field in response to compacted soil could only bseoved in newly emerged roots (Figure 2.2).
Particularly in wheat and triticale and to a snradletent also in soybean, increased root diameters
coincided under field and laboratory conditionshwiticreased cortical area and increased abundance
of cortical aerenchyma (Figure 2.3, Figure 2.4,1&8 2.3 and Figure 3.7). These findings about root
morphological and anatomical acclimations to sorhpaction correspond to results from other
studies, in which root thickening and an incredsh® cortical share within root cross sectionsaver
observed in response to soil compaction (Materecheal., 1992; lijima and Kato, 2007; Ramos et
al., 2010; Alameda and Villar, 2012; Lipiec et &012; Tracy et al., 2012b; Grzesiak et al., 2013;

Hernandez-Ramirez et al., 2014; Pfeifer et al. 4201

Not only responses of plant growth or the root @ityme to soil compaction could be compared
between experimental scales, but also the interacti roots with artificial macropores in compacted
soil. As concluded previously (Stirzaker et al.989White and Kirkegaard, 2010), roots were acyivel
growing towards these artificial macropores unéddfand controlled conditions (Table 5.3). In epit

of this common behaviour of wheat, soybean and enélie species interacted differently with these
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macropores. Irrespective of the experimental seeheat roots predominantly crossed the artificial
macropores, whereas maize roots predominantly greide the pore and in soybean both types of

interactions occurred to an equal extent (Figu2g. 5.

6.1.2. Controlled conditions may not entirely addrss field conditions

Despite the high consistency between field andrktboy conditions, certain results observed
under field conditions could not be reproducedaih@lumns. It is known that soil structural
degradation caused by soil compaction increasessthef hypoxia and it was discussed that this may
affect root growth (lijima and Kato, 2007; Tracyakt, 2011; Hernandez-Ramirez et al., 2014). Fluid
transport rates like air permeability or gas diffitg, which can be used to quantify compaction
induced degradation of soil structure, were contgarbetween undisturbed und packed soil cores
(Table 5.1). However, measurements of oxygen ctsiarthe soil air from soil columns did not show
signs of hypoxia in compacted soil (Supporting tnfation Figure S5.1). This implies that it would be
necessary to manipulate soil air to simulate sgildxia of compacted soils, which was shown to be

possible in a similar set up as the ones useckipiisented thesis (Masle and Passioura, 1987).

A further limitation of experiments at the pot oilcolumn scale is that plants can only be grown
for a few weeks. This limited growth period does atow quantifying processes, which happen
beyond the initial plant developmental stages. Bseoved previously in tomato, soybean and pea
(lijima and Kato, 2007; Ramos et al., 2010; Tracgle 2012b), the diameter of young soybean roots
increased in response to soil compaction (Figl2ead Figure 2.5). However, due to slower
secondary root thickening under compaction, soybeandiameter was smaller in compacted soll
compared to loose solil at later developmental stéggure 2.2 and Figure 2.3). Furthermore, also th
effects of artificial macropores on plant performanvere not observed in plants grown for 20 days in
soil columns (Supporting Information Table S5.3)oking at leaf sizes of field-grown plants, which
were taken from different positions at the plaaygaled that the beneficial effects of artificial
macropores in compacted soil are temporally shiftedpared to the adverse effects of compaction.
As observed in 20-day-old plants grown in soil cohs (Supporting Information Table S5.3), the size

of early developed leaves was reduced due to caiopaand was not affected by soil perforation. The
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beneficial effects of artificial macropores in camaped soil on plant development instead occurred at
later developmental stages. This resulted in irr@@dinal dry biomass compared to plants from
compacted but not perforated soil (Figure 5.5),clwltorresponds to results from similar studies

(Stirzaker et al., 1996; de Freitas et al., 1999).
6.2. Focal root traits may be used to overcome adwe effects of soil compaction

The integration of functional root traits into bdé®y programmes is suggested to be a promising
approach to enhance crop productivity under limg#teidifertility or low input conditions (White et.a
2013; York et al., 2013). Genetic diversity witlarsingle species was successfully used to identify
functional root traits, which enable to sustainpcppoductivity under low soil fertility. Most of ¢h
work that has been done so far focused on wateutoient scarcity and not on soil physical stresses
It has been shown that low numbers of axial aretdaroots enhance water uptake under low soil
moisture in maize resulting in higher biomass potidn (Zhan et al., 2015; Gao and Lynch, 2016).
Steep root growth angles and low root numbers wiserved to improve nitrogen uptake and plant
growth in maize under low soil nitrogen (Saengwdal., 2014b; Zhan and Lynch, 2015). Increased
root porosity was shown to be related to the toleeao flooding in barley (Broughton et al., 2015),
whereas increased topsoil rooting contribute thidigphosphorus uptake in common bean (Miguel et
al., 2013). Furthermore, other results suggestaidetinigh abundance of root cortical aerenchyma and
large cortical cells contribute to higher plantgwotivity under drought and low soil nitrogen inizea

(Chimungu et al., 2014a; Saengwilai et al., 20Ctamungu et al., 2015b).
6.2.1. Root tip shape governs root elongation undéncreased soil strength

To ensure enough root soil contact, which is reglin particular for the uptake of immobile
nutrients like phosphorus or potassium, roots teegow through bulk soil (Stirzaker et al., 1996;
Tracy et al., 2011). Hence, root traits that inseesoot elongation rates in soil of increased meichh
impedance need to be identified in order to sé@atompaction tolerant varieties. There is evidenc
that the shape of the root tip is related to réatgation in compacted soil and that this might be
explained by the penetration stresses occurringpglgavity expansion. Local soil compaction, which

is induced by growing roots, was shown to be cotma&d at the forefront of the root tip when thge ti
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opening angle is rather blunt. For a root with amta tip shape, these zones of local compactioe wer
located not at the front of the tip but were disited around the root tip (Vollsnes et al., 2010).
Comparing simulated stress fields around conesbiitht and acute opening angles, respectively
resulted in the same observation (Ruiz et al., p(Aithermore, decapped root tips exerted higher
penetration forces and stresses than roots withtact root tip when penetrating into compacted soi

(lijima et al., 2003b).

Both, soil compaction at the forefront of the raptand increased penetration stress due to a blunt
tip opening angle, resulted in decreased root elbmig rates (lijima et al., 2003b; Vollsnes et al.,
2010), which corresponds to the results presentéiaei current thesis. Under high soil bulk density
(1.6 g cni) genotypic root elongation rates were correlateldw root tip radius to length ratio
(Figure 3.3). If the shape of the root tips wa®talto account when calculating penetration forces
and stresses (Eq 3.11 and Eq 3.12), it could bersiivat roots with a rather acute opening angle
exerted less penetration stress resulting in higlarelongation rates (Figure 3.4). It was propose
that the penetration forces and stresses requora dylindrical cavity expansion are only 25% to
40% of the forces and stresses needed for a spheaidty expansion (Greacen et al., 1968). These
considerations correspond to the experimental pi@gsented in the current thesis. Forces and sfresse
which were calculated without the suggested gegnfiettors (Eq 3.11 and Eq 3.12), were around 2.5
to 4 times higher than the respective values wiagutated including these geometry factors
(Supporting Information Table S3.3). Irrespectivieatiher calculations of penetration forces and
stresses included the geometrical conversion factionot, the resulting values were in the range of
previous studies (Misra et al., 1986; lijima et 2003b; Azam et al., 2013; Bizet et al., 2016)eJt
results strongly suggest that acute tip openindeantpntribute significantly to the penetrabilify o

compacted soil since they reduced penetrationsetsest the root tip.
6.2.2. Genetic differences in root diameter do naiffect root elongation

Root thickening as an acclimation to increasedstoiingth was observed in field-grown triticale
and soybean (Figure 2.2). Under controlled conadlitithe same responses were observed in soybean,

triticale (Figure 2.5) and wheat (Table 3.1, Tah@ and Supporting Information Figure S2.1). Since

136



increased root diameters reduce penetration saresghe risk of buckling (Materechera et al., 1992;
Chimungu et al., 2015a), it has been proposedficker roots promote root growth in soil of
increased strength (Materechera et al., 1992; Kariy Bengough, 2002). Furhtermore, root and stele
diameter were observed to determine root bendidgemsile strength, which was related to the
genotypic penetrability of roots through wax lay@Zsimungu et al., 2015a). Root diameter and root
cross sectional area were significantly differenbag the assessed fourteen wheat genotypes (Table
3.1 and Table 3.3). However, the obtained resudtsidt show any significant relationship between
root diameter and root elongation rates (TableaB@® Figure 3.3). Similar to results reported by
Vollsnes et al., (2010) and lijima et al., (2003io)pt elongation rate was determined by the shépe o
the root tip and not by the root diameter when canimg different genotypes under the same soil bulk
density. Furthermore, root thickening as a morpgickl adjustment of roots to increased soil
mechanical impedance seemed to be limited. In eonlicyroots, root diameter (Table 3.1) and root
cross sectional area (Table 3.3 and Figure 3.8¢#&sed clearly due to higher soil bulk density.
However, in post-embryonic roots, which are inh#éyethicker, the response of root diameter to
increased bulk density was much less pronouncea€1a3 and Figure 3.6). This limitation of root
thickening was also observed when comparing raothdter and calculated penetration force. The two
parameters were related following an exponentiattion that asymptotically converged to an upper
limit of 0.78 mm diameter (Figure 3.5 and Suppartinformation Figure S3.4). Hence, even though
more penetration force was required for growthinooease in diameter occurred. Most likely this
limitation of root morphological adjustment and ragical optimization occurred due to too high
root volume to surface ratio. A further increaseaat diameter would cause the volume to surface
ratio to be too high to sustain the required uptafkeater and nutrients (Varney and Canny, 1993;

Casper and Jackson, 1997).
6.2.3. Shoot growth responses to soil compactionearelated to root numbers

Root numbers were shown to be related to the gpitotylerance to soil compaction in wheat and
narrow leafed lupin (Kubo et al., 2004; Kubo et 2006; Chen et al., 2014b). It was possible in the
current thesis to study root system development time by means of X-ray computed tomography

(Figure 2.5, Figure 4.2 and Supporting Figure SZbmbining weekly counts of roots with weekly
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measurements of plant height in fourteen wheattias under three different levels of soil bulk
density (1.3 ¢, 1.45 cn® and 1.6 g cif) showed that there are significant differencesvben
genotypes regarding their root and shoot developiffeble 4.2). This approach further enabled to
show that the development of the root system —aspibas the number of axial and lateral roots at
each scanning time point— was correlated to theldpment of plant height (Figure 4.2). Root
numbers were also suited to describe the genotglgiance to increased soil strength. Varieties,
which show a high number of axial and lateral raste/hich maintained their root number were
relatively tolerant to moderate soil compactiondginmoderate soil bulk density (1.45 g 9melative
or absolute root numbers counted three weeks gdt@nination were significantly correlated with
shoot dry biomass (Figure 4.6 and Figure 4.7% Waorth noting that these relationships occurrezhev
though root dry weight decreased in all assessedtgees by at least 25% due to an increase in bulk
density from 1.3 g ciito 1.45 g crif (Figure 4.5). Under low (1.3 g ¢hand high soil bulk density

(1.6 g cnf) instead, no such relationship could be obserFeglite 4.6 and Figure 4.7).

Root numbers are suggested to be a promisinguraéin screening for compaction tolerant
varieties, not only due to these root-shoot reteiips. It has been demonstrated that root numbers
can be assessed at high throughput rates even figldezonditions (Trachsel et al., 2011; Colombi e
al., 2015; Burridge et al., 2016). The possibiltyphenotype a large number of plants in a relbtive
short time is crucial for breeders (Passioura, 20ifice in such programmes hundreds of genotypes
need to be evaluated at multiple sites. A furtlacial aspect, when discussing about the poteaitial
a certain plant trait to be integrated into breggirogrammes, is its heritability. As reported in
previous studies (Wilcox and Farmer, 1968; Bucksichl., 2014; Colombi et al., 2015; Li et al., 2015
Richard et al., 2015; Burridge et al., 2016), noatbers showed even under compaction heritabilities
above 50% and were comparable to heritabilitieisnesed for shoot traits such as plant height dr lea

number (Table 4.6).
6.2.4. Beneficial effects need to be validated undield conditions

The presented data showed that several root &a@tgvolved determining the genotypic tolerance

to soil compaction. Root tip geometry was moretegldo the potential of certain varieties to eldega
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in soil of increased mechanical impedance, whateasumber of roots was related to early plant
vigour under increased soil bulk density. Sincénlparameters can be assessed at relatively high
throughput rates, they seem promising target tfaitbreeding programmes aiming to develop
compaction tolerant varieties. However, the daés@nted and discussed here is only based on
experiments, which were performed with seedlingdenrtontrolled conditions. It will be crucial to
evaluate, whether acute root tip opening angldsgir numbers of roots are related to the genotypic
tolerance to soil compaction in the field. Therev&lence that this might be the case. It has been
shown that root traits, which determine the toleeato low soil moisture or nitrogen were the same i
pot experiments and in the field (Chimungu et2014a; Saengwilai et al., 2014a; Chimungu et al.,
2014b; Saengwilai et al., 2014b; Zhan and Lyncii52@ao and Lynch, 2016). Such laboratory to
field correlations were even found when comparageseed genotypes that were grown on filter
paper with the same genotypes grown in the fieltb(iias et al., 2016). Furthermore, the
comparability between results obtained from sadiisms and the field as discussed in chapter 6.1.
suggests that root number and root tip shape soeohlimportance in the field. It is important tote
that soil mechanical impedance was most likelyathlg limiting factor for root growth in the
experiments presented in the third and fourth @rapiue to regular watering and the resulting ratri
potential of -100 hPa, water was unlikely to betiing and the measured oxygen contents of the soll
air were far from hypoxia (Supporting Informatioiglire S5.1). Since soil hypoxia and low plant
available water content result from soil structwledjradation in compacted soils, both phenomena are
likely to affect plant growth in compacted soil. hde, traits that help the plant to acquire and use
water more efficiently or traits that enable to main aerobic root respiration need to be takem int

account, when screening for compaction tolerarietias.
6.3. Soil perforation as an alternative to tillage

Crop yields in the field were significantly increalsdue to tillage of initially compacted soil. hret
two first field seasons after compaction in Mar€i2, grain and silage yield of triticale and maize,
respectively, were increased due to tillage indhit compacted plots when compared to yields from

compacted but unploughed plots (Supporting Infolonat able S6.1). This positive effect of tillage
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after soil compaction on crop productivity coulddogected and has been observed previously (Botta
et al., 2006; Botta et al., 2010; Wang et al., 20However, intensive tillage over long perioddiofe
may lead to subsoil compaction in the form of plolayers, which show the same adverse soil
physical properties like compacted soil (Krzic let 2000; Martinez et al., 2016a; Martinez et al.,
2016b). Deep tillage or deep ripping, which is usethetimes to alleviate soil compaction, may also
cause severe recompaction and might be too exme(idamza and Anderson, 2005). Therefore,
alternative soil management approaches, whichisasig contribute to the recovery of soil physical

functions and crop yields on compacted soils, asgad.

A possible approach might be the perforation dfiscarder to create artificial cylindrical
macropores. Such macropores, particularly whemtaievertically, are relatively stable to uniaxial
compression that may result from tractor passigg8er et al., 2008a; Schaffer et al., 2008b).
Besides providing a path of least resistance fotsron compacted soil, natural or artificial mawogs
are known to increase fluid transport rates in &tirzaker et al., 1996; Valentine et al., 2012;
Kuncoro et al., 2014b). This recovery of soil plegsifunctions, which were adversely changed due to
compaction, was observed in the current thesisidisturbed and repacked soil samples (Table 5.1).
Furthermore, the perforation of compacted soilttethcreased oxygen diffusion into the bulk soil in
comparison to compacted soil without artificial mauores (Supporting Figure S5.1). The interaction
of roots with artificial macropores (Figure 5.2hieh was quantified for maize, wheat and soybean in
the field and repacked soil columns, resulted faaracted root growth (Table 5.3). As proposed by
others (Stirzaker et al., 1996; White and Kirkeda2010), roots were growing actively towards the
artificially created macropores. This preferentaadt growth might be explained by a phenomenon
called “oxytropism”. It describes the movement mwgh of organisms towards higher oxygen
concentrations and has been shown to occur in afqisa seedlings (Porterfield and Musgrave,

1998).

Once reaching such a pore, distinctly differentdvidur was observed for the different species.
Maize roots predominantly stayed in artificial m@mores and used them as pathways of least
resistance (Figure 5.2). This strategy of a roagarch for a pore and exploit it as a path ot leas

resistance is known as “trematotropism” (DexteB6)9In wheat instead, roots were predominantly
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crossing the artificial pores and in soybean crmpaind colonisation of pores by roots occurrechto a
equal extent (Figure 5.2). These differences innteraction of roots with artificial macroporesutd
have been caused by the different degree of slikitiépto increased mechanical impedance between
the three species investigated (Bushamuka and Zo®@8; Busscher et al., 2000b; Grzesiak et al.,
2014). However, for a final conclusion about thigliional studies are required, in which macropores

are inserted into soils of different bulk densibgdanechanical impedance.

In all three species, the presence of artificiatropores showed similar effects on shoot growth.
Like tillage, the perforation of compacted soiluksd in increased shoot growth compared to plants
grown in compacted soil, which was not perforatédyre 5.5). This finding corresponds to other
studies, in which plants were grown on compactetmarforated soil (Stirzaker et al., 1996; de
Freitas et al., 1999). Considering the fact thes aan 30% of all roots interacted with these pore
(Figure 5.3) and that wheat roots predominantlgsed the artificial pores suggests that these pores
did not only serve as a path of least resistanie.ificrease in plant vigour due to artificial
macropores was at least partially caused by othieplsysical functions than mechanical impedance,
which were affected by compaction and subsequefiinagion. As shown in the current thesis (Table
5.1) and in a previous study (Stirzaker et al.,6)98uid transport rates were increased in conmgzict
and perforated soil compared to compacted soilouitlartificial macropores. Therefore, it is
suggested that increased oxygen availability inldoation with the possibility to use artificial e

as a path of least resistance caused the increg@anit vigour.

These results demonstrate that root growth and mr@guctivity on compacted soils are not only
restricted by increased mechanical impedance batdule to decreased fluid transport rates. Hence,
soil management approaches aiming to alleviateradwaffects of soil compaction in the long-term
need to holistically address soil structural degtih, which was caused by soil compaction. Soil
perforation seems to fulfil these requirements;esih opens pathways of least or no resistance to
growing roots while increasing at the same timédmiinage and aeration. However, substantial
development especially on the technical side isl@@eintil such an approach can be applied at the

hectare scale.
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6.4. General conclusion: multi-level phenotyping eabled strategies for yield recovery

after soil compaction to be identified

Combining different phenotyping methodologies tamjify plant properties from the tissue to the
canopy level enabled to gain a broad understaratiogt soil-plant relationships under soil
compaction. It was possible to show that compadffects root properties such as root elongation
rates and root system development or root morplyadog anatomy. Particularly for root tip geometry
and root system development genetic variability mgndifferent wheat cultivars could be shown.
Since these properties were positively correlateddt elongation rate and shoot development under
increased soil strength, they seem to be promisirgget traits for the integration into breeding
programmes aiming to develop compaction tolerarietias. Furthermore, plant responses to
compacted soil were to a large extent comparaliledsn the field and controlled conditions. This
shows that pot experiments can be used as modehsyshat allow soil structural and physical
properties of compacted field soil to be simulatdeince, investigations at the soil column scale may
be used to screen large diversity panels or tdiigemnctional root traits prior to more laboriotisld
experiments. Beside the identification of roottgahat are of use in compacted soils, multi-level
phenotyping also enabled to relate soil structana physical properties to root growth and plant
performance. It could be demonstrated that rootiffdrent species grow actively towards spots of
more favourable soil physical conditions in compdctoil, which were represented by artificial
macropores. Even though only a small proportioallafoots interacted with these pores, plants

showed increased shoot growth compared to plantgrgon compacted soil without artificial pores.

Therefore, multi-level phenotyping is suggestetida promising approach to identify strategies
to overcome limitations of compacted soils on ad shoot growth. Since the presented approaches
increased root growth, they will not only contrieub yield recovery but also to the recovery of soi
physical functions that were changed due to saitgaction. For future research it would be desirable
to expand the presented approaches to other s@ilgath stresses such as soil hypoxia or fluctuation
of soil moisture. The integration of more diversanp material —either species or genotypes— in such

studies would further advance the understandingtadmil-plant interactions.
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8. Supporting Information

8.1. Supporting Information: General introduction

Supporting Information Table S1.1: Chapter overview with experimental scales, usadtphaterial, plant

phenotypic and physical quantifications.

Experimental Plant Root Shoot Soil physical
Chapter : . : N
scale material phenotyping phenotyping  quantifications
Triticale (x Root system
N _ Shoot dry
Triticosecal@ architecture _
biomass _ ,
Soybean Root system Soil bulk density
, , Leaf area _ )
) Field (Glycine max development - Soil mechanical
index
Soil columns L.) Root morphology Leaf impedance
ea
Winter wheat  Rooting depth
N greenness
(Triticum Root anatomy
. . (SPAD)
aestivumlL.)  Root dry biomass
Soil bulk density
o , Soil mechanical
14 varieties of Root tip geometry )
_ impedance
_ winter wheat Root morphology _ _
3 Soil columns N Root tip axial
(Triticum Root growth
_ forces
aestivumL_.) Root anatomy _
Root tip
penetration stress
o Root system
14 varieties of _ Shoot _ .
_ architecture Soil bulk density
_ winter wheat development _ )
4 Soil columns N Root system Soil mechanical
(Triticum Shoot dry _
_ development _ impedance
aestivuniL.) _ biomass
Root dry biomass
Soybean
(Glycine max _ _ _
Root soail Soil bulk density
L.) _ _ Leaf area per _ )
, , interactions Soil mechanical
Field Winter wheat _ leaf level _
5 _ N Root dry biomass impedance
Soil columns (Triticum _ Shoot dry _ -
_ Preferential root _ Air permeability
aestivuniL.) biomass o
_ growth Gas diffusivity
Maize ¢Zea
maysL.)
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8.2. Supporting information: Chapter 2
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Supporting Information Figure S2.1: a) Root diameters (dm) of wheat seminal rootstgndteral root number
(#LR) at wheat seminal roots grown under compaf@in) and loosely (Ctrl) packed soil and measures 8,
11 and 14 days after sowing (DAS). Error bars regméstandard errors (n = 4). Typical picturesit€ale

roots from c¢) Com and d) Ctrl.
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Supporting Information Table S2.1: Treatment means of root architectural traits 42 &h DAS from field-grown triticale under topsodropaction (TSCom), subsoil

compaction (SSCom) and without compaction (Ctrt} field-grown soybean on compacted soil with shvaltitlage (Com) and without compaction (Ctrl); @ifent letters

indicate significant differences of the means base&NOVA with least significant test at p < 0.05% 3).

Triticale Soybean
Distance Distance
DAS Trait Root from root TSCom SSCom Ctrl Trait Root from root Com Ctrl
base [cm] base [cm]
) Diameter
42 Diameter [mm]  NRo1 10 NA NA NA ] TR 10 0.726 1.478
mm
AR 10 0.613 0.531
Number of LR Number of
L NRyo1 9-11 NA NA NA L TR 9-11 3.667 5.333
[# cm’] LR [# cm]
AR 9-11 4.583 3.583
) Diameter
91 Diameter [mm]  NRo1 10 0.718 0.63F 0.517 - TR 10 0.938 2.22%
mm
NRyo3 5 NA 0.873 0.612 AR 10 0.906 0.966
10 NA 0.555 0.485
Number of LR Number of
) NRyo1 9-11 2.069 2.583 4.069 . TR 9-11 3.4424  6.167
[# cm’] LR [# cm]
AR 9-11 5.167 4.625

Abbreviations: NR,;= nodal root from the first whorl, N&;= nodal root from the third whorl, TR = taproot, ARadventitious root, LR = lateral root
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Supporting Information Table S2.2: Treatment means of root architectural and anatalraits and plant
vigour traits 14 days after sowing of winter whgedwn under controlled conditions in compacted (Cand
loose soil (Ctrl). Different letters indicate sifioant differences of the means based on ANOVA \gtst
significant test at p < 0.05 (n = 4). AbbreviatiaifsTable 2.1.

_ Distance from
Trait Root Com Citrl
root base [cm]

Number of NR NR 0.5 0
Diameter [mm] PR 3 0.68 0.478
Diameter [mm] SR 3 0.698 0.472
Number of LR [# cm-1] PR 4-6 1.00 2.75
Number of LR [# cm-1] SR 4-6 1.750 2.87%
ArV [mm2] PR 3 0.0421 0.0441
ArC [mm2] PR 3 0.241 0.168
ArCP [%)] PR 3 84.92 73.59
ArC/ArvV PR 3 5.859 4.059
RCA [%] PR 3 21.539 6.397
Shoot DW [g] 0.0284 0.053%
Root DW [g] 0.0226 0.0246
Root-shoot ratio 0.873 0.464
SPAD 38.05 43.55

Abbreviations: NR = nodal root, PR = primary rdd® =lateral root, DW = dry weight
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8.3. Supporting information: Chapter 3
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Supporting Information Figure S3.1: Diversity of root tip shape determined in 14 whgamotypes under low
(1.3 g cn®, grey), moderate (1.45 g émorange) and high (1.6 g éhred) soil bulk density (n = 6). Root tip
shape is expressed as the inverse of shape f&E)rqf a) a cone and b) a spheraiding root tip radius (r) and
length (1). Vertical bars represent least and hbsigsificant difference (LSD and HSD, respectiyedy p <

0.05.
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Supporting Information Figure S3.2: Influence of root tip geometry and root diameteroot volume after 48
h of growth determined in 14 wheat genotypes ().t Bear regressions between root volume and sever
shape factor (iSF; calculated using root tip radiysind length (1)) of a) a cone and b) a sphegaidmetry and
c) root diameter. Black, orange and red represghbslk density of 1.3 g cify 1.45 g crif and 1.6 g ci,
respectively. Rrepresents multiple r-squared, * and **denotesificant regression at p < 0.05 and p < 0.01,

respectively.
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Supporting Information Figure S3.3: Relationship between estimated root tip penetrattoesses and a) and

c) root tip diameter and b) and d) average roandiar measured at three positions along the rdouinteen

wheat varieties (n = 6); Penetration stresses warilated excluding (triangles) or including (seukq 3.11

and Eq 3.12) geometrical conversion factors assgiajrand b) cone and c) and d) spheroid tip sHapeurs
denotesoil bulk densities of 1.3 g cir(black), 1.45 g ci(orange) and 1.6 g cin
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Supporting Information Figure S3.4: Root a), b), ¢) elongation rate and d), e), fyrdiger of 14 wheat

genotypes (n = 6) grown at a soil bulk densities.8fg cr? (black), 1.45 g ci (orange) and 1.6 g chred).

a) and d) Cone mechanical impedance was obtainedgenetrometer measurements, root tip radial flanck)

and e) conical and c) and f) spheroid geometryutaiied according to Eq 3.6 and Eq 3.8, respectiily

represents multiple r-squared, ** denotes significa@gression coefficients at p < 0.01.
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Supporting Information Table S3.1: Winter wheat varieties of Swiss origin used in shedy ordered

according to the year of market release.

Variety name Year of release
Plantahof 1910
Mont-Calme 245 1926
Mont-Calme 268 1926
Probus 1948
Zenith 1969
Arina 1981
Runal 1995
Titlis 1996
Zinal 2003
CH-Claro 2007
Forel 2007
CH-Combin 2008
Suretta 2009
Simano 2010
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Supporting Information Table S3.2: Inverse shape factors for root tip shape (iSF)rasdlting geometry factors (GF) used to accountliiferent geometries of cone

penetrometer and roots (Eq 3.11 and3Ek for cone and spheroid root tip shape, respagji Values represent genotype mean values (nun@er bulk densities of 1.3 g tm
3 1.45gcniand 1.6 g ci.

ISFcone GFcone ISFspheroid GFspheroid

Variety 1.3 1.45 1.6 1.3 1.45 1.6 1.3 1.45 1.6 1.3 1.45 1.6

Arina 0.217 0.230 0.211 0.376 0.399 0.366 0.138 40.1 0.135 0.240 0.254 0.233
CHClaro 0.257 0.236 0.244 0.446 0.408 0.423 0.164 .15@® 0.156 0.284 0.260 0.269
CHCombin 0.248 0.225 0.237 0.430 0.390 0.411 0.158.143 0.151 0.274 0.249 0.261
Forel 0.220 0.230 0.226 0.381 0.398 0.392 0.140 46.1 0.144 0.243 0.253 0.250
MC245 0.241 0.240 0.221 0.418 0.416 0.382 0.154 53.1 0.140 0.266 0.265 0.243
MC268 0.229 0.218 0.236 0.397 0.378 0.409 0.146 39.1 0.150 0.253 0.241 0.260
Plantahof 0.218 0.222 0.209 0.378 0.385 0.361 0.139.142 0.133 0.241 0.245 0.230
Probus 0.221 0.216 0.201 0.384 0.374 0.348 0.141 1380. 0.128 0.244 0.238 0.221
Runal 0.270 0.243 0.248 0.468 0.420 0.429 0.172 59%0.1 0.158 0.298 0.268 0.273
Simano 0.188 0.237 0.241 0.326 0.411 0.417 0.120 1510. 0.153 0.208 0.262 0.266
Suretta 0.242 0.232 0.245 0.419 0.402 0.424 0.154.1480 0.156 0.267 0.256 0.270
Titlis 0.233 0.231 0.241 0.404 0.400 0.417 0.148 140. 0.153 0.257 0.255 0.266
Zenith 0.229 0.222 0.274 0.397 0.385 0.475 0.146 1410. 0.175 0.253 0.245 0.302
Average 0.232 0.230 0.234 0.402 0.399 0.405 0.148.1470 0.149 0.256 0.254 0.258

Abbreviations: iSF = inversion of congy{ftiyl ot ip) and spheroid shape factor {&fifml oot tip); oot tip = radius at base of root tigyl ip = length of root tip
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Supporting Information Table S3.3: Influence of geometry factor (GF) on axial foré@ &nd penetration

stress (S) exerted by root tips during soil petietnaGF was used to account for geometry of carefrometer

and cone (Eq 3.11) and spheroid root tip shape3(Eg), respectively. Presented minimum (Min), agera

(Mean) and maximum (Max) values are based on aeayhgix individual roots in 14 genotypes and ttse#

bulk densities.

F [N] S [kPa]
Shape GF Min Mean Max Min Mean Max
Cone No 0.047 0.122 0.3283 2515 472.7 856.7
Yes 0.019 0.049 0.143 91.0 189.4 368.1
Half spheroid No 0.056 0.143 0.379 2911 397.3 22
Yes 0.014 0.036 0.108 69.42 141.3 270.1
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8.4. Supporting information: Chapter 4
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Supporting Information Figure S4.1: Residual plots from linear mixed models (Eq 4.4ihg ASReml for R

for a) and b) axial root number and c¢) and d) &teyot number a) and c) before square root tramsftion and

b) and d) after square root transformation (n = 4).
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Supporting Information Figure S4.2: Residual plots from two factorial analysis of waute model for a) and
b) axial root number and c) and d) lateral root bara) and c) before square root transformationbdraohd d)

after square root transformation (n = 4).
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Supporting Information Table S4.1: Settings of X-ray computed tomography scannerrandnstruction

details.

Parameter Setting
Images scan [#] 1600
Averaged images [#] 1
Skipped images [#] 0
Current LA] 450
Voltage [kV] 120
lllumination time per image [ms] 131

Filter

Binning 2 by 2 voxel
Scanning time [min]
Voxel edge lengthym]

Beam hardening corrections

0.1 mm copper
yes
7
68

3.6

Supporting Information Table S4.2: Effects of radiation exposure (X-ray), soil bukkrity (BD) and their
interaction in the variety “Arina” on root and shalry weight; ** denotes significant differencespat 0.01,

n.s. denotes non-significant responses (n = 4).

Trait X-ray BD X-ray:BD
Root dry weight [g] n.s. *x n.s.
Shoot dry weight [g] n.s. *x n.s.
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Supporting Information Table S4.3 Summary of variety mean values (n = 4) of axial &teral root numbers

(NoAx and NolLat, respectively), root and shoot dsight (RootDW and ShootDW, respectively) under low
(1.3 g cnT), moderate (1.45 g cihand high (1.6 g ci¥) soil bulk density three weeks after emergencelautil

density mean values (Average).

NOAX [#] NoLat [#] RootDW [g] ShootDW [g]

Variety 1.3 145 1.6 1.3 145 1.6 1.3 1.45 16 1.31.45 1.6
Arina 155 175 9.0/ 106.3 107.5 28.0 0.568 0.4487®| 0.686 0.586 0.113
CHClaro 17.8 16.8 8.5 146.0 103.5 38.0 0.697 0.40M74| 0.695 0.570 0.128
CHCombin 185 155 8.3 1435 88.8 30.8 0.661 0.30400| 0.677 0.504 0.117
Forel 150 150 7.3 1058 92.3 285 0.613 0.34059(00.646 0.516 0.097
Mont-

Calme 245 18.8 16.0 10.3 109.8 103.8 448 0.653 0.407 0)J079180 0.566 0.138
Mont-

Calme 268 17.8 20.3 11.0 1515 140.3 460 0.729 0.517 0)J087080 0.717 0.112
Plantahof 16.5 16.3 103 1240 91.8 415 0.701 6.48.092| 0.705 0.535 0.158
Probus 175 143 93 895 69.8 29.8 0.701 0.409050.10.767 0.561 0.131
Runal 178 190 93 1215 93.0 40,5 0.706 0.40909}10.685 0.530 0.130
Simano 188 17.3 10.p 116.0 1035 3f.5 0.733 0.53903| 0.683 0.586 0.134
Suretta 148 140 8.0 1173 84.3 31.3 0579 0.328890 0.703 0.517 0.141
Titlis 148 148 83| 86.0 835 285 0.595 0.395 88.00.652 0.544 0.117
Zenith 155 145 8.8 1125 855 318 0.643 0.429074| 0.654 0.534 0.103
Zinal 16.8 158 9.3 117.0 833 373 0.582 0.382 9@,00.609 0.486 0.119
Average 169 16.2 9.2| 117.6 951 353 0.654 0.416 0.087850.60.554 0.124
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8.5. Supporting information: Chapter 5
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Supporting Information Figure S5.1: Difference in O2 concentration between ambieniraihe growth
chamber and soil air measured in soil columns duniheat growth from 3 to 18 days after sowing in
uncompacted soil (open symbols), compacted saitéd black symbols) and compacted soil with aidiffic

macropores (closed grey symbols). Error bars reptegandard error (n = 4).
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Supporting Information Table S5.1: Agronomic information on the field experimentstag Soil Structure Observatory (SSO), AgroscopetZgniand. Tillage treatments in

uncompacted (Ctrl), compacted (Com) and compadted with artificial macropores (ComAP), sowing diy and fertilisation rates.

_ _ Tillage Com & Sowing density Fertilisation
Year Crop Previous crop Tillage Ctrl N Remarks
ComAP [# seeds ] [kg hal]
Perennial grass- Mouldboard plough; Chisel plough;
2014 Soybean _ 60 K:50.0; Mg: 4.3
legume mixture 22 cm deep 5 cm deep
Summer Perennial grass- Mouldboard plough; _ N: 93.2; K: 105; Not part of this
2014 N _ No tillage 280
triticale legume mixture 22 cm deep Mg: 8.5 study
_ Chisel plough; Chisel plough; N: 131.0; P: 7.8
2014/15  Winter wheat Soybean 280
5 cm deep 5 cm deep K:30.7; Mg: 2.9
_ . Mouldboard plough; _ N:113.4; P: 20.1
2015 Maize Summer triticale No tillage 9
K: 124.5; Mg: 4.6

22 cm deep
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Supporting Information Table S5.2:

columns and field samples.

Sample dimensions and X-ray computed tomograpttyngs of soil

Parameter Soil columns Field
Sample diameter [mm] 49 100
Sample height [mm] 150 100
Subscans per sample [#] 4 1
Images per subscan [#] 1600 1600
Averaged images [#] 1 1
Skipped images [#] 0 0
Current pA] 450 450
Voltage [kV] 150 120
lllumination time per image

(] 131 1000
Filter 0.1 mm copper 0.4 mm copper

Binning 2 by 2 voxel
Total scan time [min]

Voxel edge lengthym]

yes
28

68

yes
27

120
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Supporting Information Table S5.3: Plant vigour parameters obtained from soil columingncompacted
(Ctrl), compacted (Com) compacted soil with ariéfilanacropores (ComAP) and root dry weight of field
samples (sum of two samples from 0-10 cm and 18a28epth) under Ctrl, Com and ComAP. Differentdett
indicate significant differences of the means usaagt significant difference (LSD) test at p <5).(soil

columns n = 4, field n = 3).

Environment Crop Trait Ctrl Com ComAP LSD
Soil columns Soybean Root dry weight [g] G25 0.14 0.16°  0.086
Shoot dry weight [g] 0.55 0.42 0.43 0.14
Root/Shoot ratio [g§ 0.44 0.33 0.36 0.11
Leaf area [cfi) 57.5° 38.7 39.4 11.3
Wheat Root dry weight [g] 0.83 0.09F 0.17 0.060
Shoot dry weight [g] 078 0.08%  0.098¢  0.031
Root/Shoot ratio [ 1.16 1.15 1.13 0.62
Leaf area [cf) 34.2 10.2 13.0° 7.8
Maize Root dry weight [g] 038 023 0.28 0.15
Shoot dry weight [g] 039 022 0.28 0.13
Root/Shoot ratio [gY 1.00 1.06 1.13 0.41
Leaf area [cf) 68.4 453 50.8° 19.7
Field Soybean Root dry weight [g] 1%5 0.9 1.33° 0.43
Wheat Root dry weight [g] 292 187 2.53" 0.90
Maize Root dry weight [g] 10.45 6.54 6.79 4.27
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Supporting Information Table S5.4: Effect of soil treatment (Trt) and block on shdog weight in the field
and average shoot dry weight on uncompacted (€trfppacted (Com) and compacted soil with artificial
macropores (ComAP). * and ** indicate significaffeets at p < 0.05 and p < 0.01, respectively. @ght
letters indicate significant differences (p < 0.85}he means using least significant differenc8fl test at p <
0.05 (n =3).

Factor Shoot dry weight [g]
Crop Trt Block Ctrl Com ComAP LSD
Soybean * 0.723 221 15.2 22.7 5.0
Wheat * 0.313 635 3.6 6.0} 1.6
Maize *x * 131.7 84.8 107.8 20.7
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8.6. Supporting information: General discussion

Supporting Information Table S6.1: Crop yields from crop rotation treatments in tb#é structure observatory

after compaction in 2013. Triticale yield refersdiy grain yield, maize yield refers to dry silageld.

Year Crop Compaction Tillage Yield [t ha]

2014 Triticale No Yes 35
Yes Yes 2.8
Yes No 0.3

2015 Maize No Yes 17.1
Yes Yes 15.2
Yes No 5.9
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