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ABSTRACT

ABSTRACT

Background and Motivation: Hydrological models mainly rely on empirical functions to describe root
water uptake. However, in case of water limitation due to either scarce or heterogeneously distributed
soil water, plants have developed strategies to adapt. One short-term strategy is the regulation of
stomatal aperture either by plant hydraulics or phyto-hormones. The latter are thought to act as a kind
of sensor for dry soil. It can be assumed that hormones are produced locally in single root segments as
function of low root water potentials. After being transported with the xylem stream they become
effective in stomatal closure. Long-term adaptation strategies are mostly related to changes in carbon
allocation within the plant and result in growth adaptations. Both strategies often remain insufficiently

represented in hydrological models.

Methods: R-SWMS, a mechanistic soil and root water flow model that operates at the scale of a single
root system was used to conduct a variety of virtual experiments. The model simulates three
dimensional water flow through the soil, to, and within the roots. It was extended by a module to
account for additional hormonal signalling, subsequently testing its influence in virtual split-root
experiments. In a next step, direct mathematical relationships that link effective soil water potential
and transpiration were derived. Considering the long-term adaptation strategies, the numerical model

was modified to incorporate measured dynamic root architectures.

Results: Measured hormone concentrations in the leaves and some phenomena, like e.g. oscillations in
stomatal aperture, were reproduced by the model. The direct relationships between soil water potential
and transpiration showed that the stomatal behaviour depends on the underlying control and its
parameterization. Experimental data, visualizing root systems over a 30 day growth period, were
obtained from UFZ Halle, Germany, by CT scans. This dataset showed that plants grown under
permanently limited water supply were considerably smaller with correspondingly less total water
uptake compared to plants with initially unrestricted water resources. In combination with the
numerical model, the flow dynamics in the soil-root system were resolved. The predicted location of

root water uptake was found to be different from the measured zone of water depletion.

Conclusion: The implementation of bio-physical relationships into a mechanistic root soil model
resulted in a powerful tool to identify key processes for plant water use in agricultural environments.
This work provided new direct relationships between the effective soil water potential and
transpiration rate in case stomata are controlled by hormones. In combination with an experimental

dataset it gave new insights into water pathways within the soil-plant continuum.
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Hintergrund und Motivation: Hydrologische Modelle beschreiben Wurzelwasseraufnahme meist auf
Basis von empirischen Funktionen. Fiir den Fall einer limitierten Bodenwasserverfiigbarkeit, entweder
durch Knappheit oder durch heterogene Verteilung, haben Pflanzen jedoch Strategien entwickelt, die
es ihnen ermoglichen sich anzupassen. Eine kurzfristige Strategie ist die Regulierung der stomatéren
Leitfahigkeit entweder als Funktion des Pflanzenwasserpotentials oder von Phytohormonen. Letztere
konnen als eine Art Sensor fiir trockenen Boden betrachtet werden. Man kann annehmen, dass
Hormone lokal in einzelnen Wurzelsegmenten als Funktion eines niedrigen Wurzelwasserpotentials
produziert werden. Nach dem Transport der Hormone im Xylem zu den Bléttern kdnnen sie dort die
stomatdre Leitfdhigkeit beeinflussen. Langfristige Anpassungsstrategien sind meist mit einer
Verdnderung in der Kohlenstoffverteilung innerhalb der Pflanze verbunden, was wiederum in eine
Anpassung des Pflanzenwachstums resultiert. Beide Strategien sind oftmals nicht hinreichend in

hydrologischen Modellen représentiert.

Methodik: Mithilfe von R-SWMS, einem mechanistischen Boden-Wurzel Modell, welches fiir die
Skala einer einzelnen Pflanze ausgelegt ist, wurden eine Reihe von virtuellen Experimenten
durchgefiihrt. Das Modell beschreibt den Bodenwasserfluss, die Wurzelwasseraufnahme und den
Wassertransport in der Wurzel und wurde mit einem Modul zur hormonellen Signaliibertragung
erweitert und dessen Einfluss an virtuellen ,split-root* Experimenten getestet. Als nidchstes wurden
direkte, mathematische Relationen fiir hydraulische und/oder hormonelle stomatdre Kontrolle
entwickelt, welche den Zusammenhang zwischen effektivem Bodenwasserpotential und
Transpirationsrate beschreiben. In Anbetracht der langfristigen Pflanzenstrategien wurde das
numerische Modell erweitert um gemessene, dynamische Wurzelarchitekturen berticksichtigen zu

koénnen.

Ergebnisse: In Blittern gemessene Hormonkonzentrationen sowie einige Phinomene, wie z.B.
oszillierende stomatire Leitfdhigkeit, konnten vom Modell reproduziert werden. Die direkten
Relationen zwischen Bodenwasserpotential und Transpiration konnten zeigen dass das Verhalten der
Stomata von dem jeweiligen Kontrollmechanismus und seiner Parametrisierung abhédngt.
Experimentelle Daten, welche die Entwicklung von Wurzelarchitekturen iiber einen Zeitraum von ca.
30 Tagen zeigen, wurden am UFZ in Halle mit Hilfe eines CT Scanners erhoben. Diese Daten zeigten,
dass Pflanzen unter permanent limitierter Wasserversorgung, im Vergleich zu Pflanzen mit anfangs
uneingeschrinktem  Wasserangebot, erheblich kleiner mit dementsprechend geringerer

Wasseraufnahme waren. In Kombination mit dem numerischen Modell wurde die FlieBdynamik des
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Boden-Wurzelsystems detailliert dargestellt. Der errechnete Ort der Wurzelwasseraufnahme stimmte

demnach nicht mit dem Bereich der gemessenen Wassergehaltsminderung iiberein.

Schlussfolgerung: Die Implementierung von biophysikalischen Beziehungen in ein mechanistisches
numerisches Boden-Wurzel Modell ergab einen interessanten Ansatz zur Identifizierung von
Schliisselprozesse fiir Pflanzenwassernutzung im landwirtschaftlichen Kontext. Die vorliegende
Arbeit konnte, im Fall einer hormonellen Signaliibertragung, neue, direkte Relationen zwischen
effektivem Bodenwasserpotential und Transpirationsrate ermitteln. Die Kombination zwischen
experimentellen Daten und numerischem Modell ergab des Weiteren neue Aufschliisse von

Wasserfliissen im Boden-Pflanze Kontinuum.

il



v



LIST OF PUBLICATIONS

LIST OF PUBLICATIONS

Huber, K., J. Vanderborght, M. Javaux, N. Schréder, I. Dodd, and H. Vereecken (2014),
Modelling the impact of heterogeneous rootzone water distribution on the regulation of
transpiration by hormone transport and/or hydraulic pressures, Plant and Soil, 1-20.

Huber, K., J. Vanderborght, M. Javaux, and H. Vereecken, Transpiration reduction due to
hydraulic versus chemical signalling from a partially dry root zone - a simulation study, Plant
and Soil (submitted).

Koebernick, N., K. Huber*, E. Kerkhofs, J. Vanderborght, M. Javaux, H. Vereecken, and D.
Vetterlein, Measuring and modeling three-dimensional water uptake of growing broad beans
(Vicia faba L.) within split-soil columns, Frontiers in Plant Science (in preparation).
* shared first co-authorship

Koebernick, N., U. Weller, K. Huber, S. Schliiter, H.-J. Vogel, R. Jahn, H. Vereecken, and D.
Vetterlein (2014), In Situ Visualization and Quantification of Three-Dimensional Root System
Architecture and Growth Using X-Ray Computed Tomography, Vadose Zone Journal (8).
Dodd, 1. C., J. Puertolas, K. Huber, J. G. Pérez-Pérez, H. Wright, and M. Blackwell, The
importance of soil drying and re-wetting in crop responses to deficit irrigation, Journal of

Experimental Botany (submitted).




vi



TABLE OF CONTENTS

TABLE OF CONTENTS

ADSITACE ..ottt ne i
ZUSAMIMENTASSUIEZ ...ttt ettt ettt b bbbttt et b e bt eb ettt a et et eseeseebeebesbesbennen ii
LiSt Of PUDLICAtIONS. .....cvevieiiiiiieiciciciieetete ettt v
Table OF CONLENLS .......oouuiiiiiieieicicecc ettt vii
LSt Of ADDIEVIALIONS ......eouiitiitiiirieicietetee ettt sttt ettt ettt e be b b a e eene Xi
CHAPTER L. e et saa e e b saae e 1
General Introduction and ODJECTIVES.........ceerirerierieieiiieieeteeteet ettt ettt sbe b aes 1
1.1 S0Il WAl TIOW ...t 2
1.2 Plant Water UPLAKE .......eoveieieiieiietietieteteteete ettt ettt b s bbbttt ettt nee e 3
1.3 Modelling soil water flow and root water UPtake.........c..coeruerierieieinininineeeeeeeesese e 5
1.4 ROOT QTCHITECTULE ...euveuveiteiieiieiiettet ettt ettt sttt ettt et et eb e bt bt e b et et et e e st e bt ebesbenee e 7
1.4.1 Observation of 100t arChItECTUIES .........c.coveueriruiririeirieirtccrte et 7
1.4.2 Root architectural MOAEIlINg ...........ccvueiriiiiriiiniiiiicirccere et 8

1.5 Motivation and ODJECHIVES ......cceeiriririerierieieieieeeeeteeteetestese e seseeseesesseesessessessessesseseesassessessenses 8
1.5.1 Short-term adaptation — modelling stomatal cloSure...........c.cecceveverenerenenenenieecrceeeen 8
1.5.2 Long-term adaptations — observing and modelling root architecture............c.ccoeeveeererenncnnee 9
CHAPTER 2.ttt et sttt ettt st e e bt e e e bt et e et e e sab e esbe e ebeesabeesaneenneean 11

Modelling the impact of heterogeneous rootzone water distribution on the regulation of transpiration

by hormone transport and/or hydraulic PreSSUIES ..........ccecveiririririenieieieieeeteeee e seeseeeeeeneenes 11
2.1 INETOAUCHION ..ottt b ettt eb e ebene 12
2.2 MOAE]L APPTOACK . ....ccuieuietietitititetetete ettt ettt ettt e b e s besbesbe et e st e st eseeseesessessessensenseneenes 15

vii



TABLE OF CONTENTS

2.2.1 Definition of water potential, water pressure, and pressure head.............ccecvverererierieniennns 15
2.2.2 Concept of stomatal CONAUCLANCE .........c.coveirieiiriiienieiiieicirtct ettt 15
2.2.3 Hydraulic SIGNAIIING ........cccveiiieiiriieieeiee ettt ae st et saeeneesseennessnenne 17
2.2.4 Chemical SIZNAITING .........ccevverieieieieieeeeetertete ettt ettt seesessesbesseaesensenneseens 19
2.3 Materials and MEthodS .........cocoiiiiiiininininecce et 22
2.3.1 VIrtUal @XPETIIMENLS .....euvitiutenienieiietieteetestestertestetetesteteetestesbesbebestesteneeseebeebesbessesensenseneeneane 22
2.3.2 SOOI DOMAIN. ....cuiiuiiiitiitiieieete ettt ettt ettt b e bbbttt b bbbt st b ae e eneeneene 22
2.3.3 ROOTE SYSTEITL ..ttt ettt ettt ettt et eb et b e bbbt et e st e bt e bt sb e e b s beae st e e eneeneene 24
2.3.4 Boundary and Initial CONAItIONS ........eeeeruerieriieieriieieceee et 25
2.3.5 Definition of effective rootzone pressure head...........ocvvieivirienenieniecieieeeeeeceee e 26
2.4 ReSults and DISCUSSION ......ccueruieeieiieiieiieiertesiesiestetet et et ettt et st e teste st et esee st eseesestestesesensenseneens 27
2.4.1 Influence of stomatal regulation MEChaNISMS .........ccoeereririirienienieieieeeeereeeeeeeeee 27
2.4.2 Effect of chemical signal concentration and linkage to soil pressure head ...........c.ccoeeeenenne 29
2.4.3 Effects of sigNal transPOITt.........cccoveueririeirieirieinieenietet ettt ettt ettt sae e aenee 30
2.4.4 SenSItIVILY ANALYSIS ...eovietirtiteieieieteeieete sttt ettt ettt ettt ettt b e bbbt ae et ene e 31
2.4.5 Alternated partial T00tZONE AIYING......cceviriiriirieieiiieireet et 33
2.5 CONCIUSIONS ...ttt et ettt b e bbb et et et e st e st e st bt ebesbe st et e b et eneeneenis 37
CHAPTER 3.ttt ettt e st ettt st eebe e e bt et e et e e sat e e bt e eabeesaneesaaeeneeean 39

Transpiration reduction due to hydraulic versus chemical signalling from a partially dry root zone — a

SIMUIALION STUAY ..ttt ettt ettt ettt et st e st e st et et et en e e st eseeseebeebesbensenseneeneenene 39
3.1 INTOQUCHION ..ottt 40
3.2 MEROS ... 42

3.2.1 Numerical mechanistic model, R-SWMS ..o 42

3.2.2 Direct relation between transpiration and root zone water distribution including chemical

SIZNAILIILE .ttt ettt ettt sttt ettt b et be bt e b s bbb ae et ene b et 44

3.2.3 MOAEL SEIUP .eveetieieeeieie ettt ettt ettt ettt e s e e teeseesseesseeseenseeneenseeneenseensesseensenneanns 49

viii



TABLE OF CONTENTS

3.2.4 SCONATIOS ...ttt 55

3.3 Results and DiSCUSSION.........c.ccuiuiuiiiiiiieiiiciieeerec e 56
3.3.1 Comparison of the direct and the numerical relations.............ccceeverierieirenineneneneneeeene 56
3.3.2 Verification of the asSUMPLIONS.......cc.eeirirerierierieieiteieeieet ettt ettt ene 60
3.3.3 SenSItIVILY @NALYSIS ...eeuieriieieriieieiieiesteeeteste et et et e eseeseesteesae s st essesseesessaesseeneesseensennaenne 63
3.3.4 Applicability of these approaches ............cocevevierieiirininiinieeeeeee e 64

3.4 CONCIUSION.....uimiiiiiiii ettt ne 67
CHAPTER 4 ...ttt st e e e et e st e e s e e bt e e b e e saa e e aaeenee e 69

WIthIN SPIE COIUITINS ...ttt ettt sttt eaes 69
4.1 INETOAUCTION ...ttt ettt et e et e e et e e eteeeteeesbeeeaeeebeeensaeeaseessseenseeenseessseeseeans 70
4.2 Materials and MethodS ..........cc.ooouiiiiiiiie ettt ettt et et eaeeeaaeea 73
4.2.1 EXPEIIMENLS.......eeviriirieriesiesieieieiteiteteeteetestesteaesteseeseeseeseesessessessessensesseseesensassessessansensensenseneas 73
4.2.2 Modelling 0f RWU ....c.cooiuiiiiiiiiicieciee ettt 71
.3 RESUILS ..ttt ettt ettt ettt ettt e et ettt ettt e e ae et e eteeebeeateeteeateeaeenteeaeennas 82
4.3.1 EXPerimental TESUILS ........couerieieiiiitiitieieeieeete ettt 82
4.3.2 SIMUIAtION TESUILS .....viiiiiiiii ettt ettt et ete e e ae e s aseeeraeenaeeenneas 86
4.4 DISCUSSION ...veiuviieetiieitieetteeeteeeteeeteeetteeeteeeaeeetbeeeaeeessaesseeesssesseassaesaseesesansseeaseeesseesseenseeasseenseeans 96
4.4.1 Influence of paraffin layers on plant growth ..........cccceceverereneneneneieeee e 96
4.4.2 Relation between measured water loss and RWU ..o 96
4.4.3 Predawn collar POtEntial:.......ccceieiririiriiiiieeiee ettt 97
4.4.4 Determination of RSA With CT.....cccoiiiiiiiiice e 98
4.4.5 Parameterization of root hydraulic cONAUCHIVILY .......ccccvvirerierierieieieieieeeeee e 98
4.5 Conclusion and OULLOOK ..........c.cceeuiiiiiiieiecte ettt ettt ettt et a e ae e reeseeaseeseesaesaeenseeaeennas 99

(O 1Y o 11 =13 TSP 101

ix



TABLE OF CONTENTS

General Conclusions and OULLOOK............ccooueiriiiiiiiiiiiicice et 101
5.1 CONCIUSION. ...t 101
5.2 OULIOOK ..ttt ettt bbbt b bbbttt eb bbbt et neene 103

ACKNOWICAZEIMEIILS .....covitiiiiiieteieteitet ettt ettt ettt ettt ettt be s bbbt aene 115

BIDIHOZIAPNY -ttt bbbttt b e bbb bt tene 117

LSt OF TADIES ...ttt 125

LISt OF FIGUIES ...ttt ettt et ettt st et et et et e e aeebeebeebesbenbesentens 127

CUITICUIUM VTR ...ttt 129




LIST OF ABBREVIATIONS

LIST OF ABBREVIATIONS

a Production rate of hormones per dry mass of a root segment NM!'L!T!
A, Cross sectional area L’

A, Lateral surface area L’

Cq Boolean variable -

€L, Cleaf Concentration of hormones arriving in stomata NL?
Sary Fraction of roots in dry soil

g Gravitational acceleration LT?
H Total potential L

h Matric head L

hoy Threshold pressure head for onset of hormonal signal production L
Perie Critical pressure head L
N Effective soil pressure head L

hy Xylem pressure head L

i Index for a root segment -

J, Radial root flow LT
Jy Axial root flow 1!
K Soil hydraulic conductivity LT!
k Index for a soil voxel -

K, Radial conductivity T!
K", Axial conductivity LT!
Koot Equivalent root hydraulic conductivity Lpit!
K Saturated soil hydraulic conductivity LT!
K, Axial root hydraulic conductance L’T!
/ Length L

LA Leaf area L
Lw Leaf width L’

m Shape parameter of Van Genuchten equation -

M Hormonal signal mass M

n Shape parameter of Van Genuchten equation -

P Hydrostatic head L

S Sink term in Richards equation T!

S Degree of Saturation -

X1



LIST OF ABBREVIATIONS

Se Sensitivity parameter of stomata to chemical signal L’N!

Sh Sensitivity parameter of stomata to hydraulic signal L'

Sy Fitting parameter / Sensitivity parameter of stomata to hydraulic P
signal

SSF, s Standardized sink fraction -

t Time T

Tt Actual transpiration rate L’r!

Toor Potential transpiration rate LTt

Vouger Volume of buffer for hormonal signal L

z Gravitational head

a Inverse air entry value L'

a Relative stomatal aperture -

ag Residual relative stomatal aperture -

0 Volumetric soil water content ’L?

0, Residual volumetric soil water content L’

05 Saturated volumetric soil water content L’

p Density ML

Yieas Leaf water potential P

Yiim Threshold water potential P

l/lroot,dry P

Soil water potential in dry or wet soil fraction
ll}root,wet

xii



CHAPTER 1

CHAPTER 1

GENERAL INTRODUCTION AND OBJECTIVES

With 85% of the total fresh-water use, agriculture has a higher water demand than any other sector on
this planet [Foley et al., 2005] and irrigation alone consumes 70% of the total withdrawn fresh-water
[Foley et al., 2011]. A considerable part of this water is taken up by plant roots. The quantity of water
uptake is foremost dependent on the size of the plant and the atmospheric conditions (vapour pressure
deficit, temperature, and wind speed). The location of water uptake is determined by the root
morphology, the hydraulic properties of the roots, and the soil properties (texture) and state (soil
moisture), which itself is inherently heterogeneous. Even if all these parameters could be measured at
a single point in time, plants have the ability to adjust to changes in their environment with a multitude
of different mechanisms [Lambers et al., 2008]. This adjustment, with a focus on plant root systems,

to soil heterogeneity will be the main topic of this thesis.
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1.1 Soil water flow

Soil is a porous medium consisting of a composite of minerals and organic matter in different grain
sizes and aggregates. The upper layers of the unsaturated or vadose zone, where plant roots are
growing into, is characterized by a high temporal and spatial variability of the water content. The
spatio-temporal distribution of water content is driven by soil boundary conditions (rainfall, aquifer
level, lateral fluxes) and affected by hydraulic and structural soil properties. By extracting water out of

the soil system, plants also impact soil water content distribution and fluxes.

Soil water redistribution fluxes take place when total water potential gradients exist. Total potential of
soil water is defined as the sum of several components, but in this thesis the three principal

components will be considered as driving forces of water flow:

H=h+z+P 1.1

Where H [L] is the total potential head, /4 is the matric head, P [L] is the hydrostatic head and z [L] is
the gravitational head. Soil water content is related to soil matric head through the soil moisture
retention characteristic [Van Genuchten, 1980]. Together with the soil hydraulic conductivity curve,

they characterize the soil hydraulic properties.

Soil hydraulic properties of natural soils are hardly uniform but heterogeneous in the lateral as well as
the vertical direction. The most common heterogeneity is the stratification of soils with layers of
different soil materials and properties (horizons). Even in managed and tilled agricultural fields the
heterogeneity might be large due to different geomorphological features within one field. While there
is a wealth of research concerning water movement within the soil [Vereecken et al., 2008] it is still

not well understood how plants adapt to this heterogeneity.
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1.2 Plant water uptake

While plants use only a small amount of the water they take up for their metabolism, most of it is lost
through the stomata, small apertures in the leaves, in exchange for CO, uptake. Even though there has
been a scientific debate [Tyree, 1997; Zimmermann et al., 2004], current consensus still refers to the
cohesion-tension theory to describe water transport in plants. It was first proposed in 1894 by Dixon
and Joly and regards the connection between soil, plant, and atmosphere as a continuum (SPAC)
where root water uptake, ascension of water in plants and its subsequent transpiration into the
atmosphere is passively driven by the vapour pressure deficit (VPD) between the water in the stomata
and the relatively dry air. The VPD exerts a negative pressure in the plant and can be as high as 100
MPa (Figure 1.1 A) and drives water up in trees over 100 m high. The cohesion of the water to the
xylem (water-conducting plant tissue) walls together with the tension of the water molecules prevents

the water from cavitation above 10 m height.

For water to reach the atmosphere, it has to overcome several resistances. Water flow towards the
roots is controlled by the hydraulic conductivity of the soil, which is itself a function of the soil water
content [Mualem, 1976; Van Genuchten, 1980] (Figure 1.1 B). The driver is the water potential
gradient between soil and root surface. Even though often neglected, the rhizosphere in the immediate
vicinity of the roots, exhibits very own hydraulic properties that can result in higher or lower hydraulic
rhizosphere conductivities, depending if the soil is drying or wetting [Zarebanadkouki and Carminati,
2014]. The radial uptake is driven by the water potential gradient between the soil surface and the root
xylem. According to the composite model [Steudle, 2000; Steudle and Peterson, 1998], water can
follow three different paths into the root (Figure 1.1 C): The apoplastic pathway along cell walls and
within intercellular spaces[Eshel and Beeckman, 2013], the symplastic pathway through the
symplastic continuum that connects individual cells and the transcellular pathway through the cell
membranes. The permeability of the cell membranes depends on water channels (aquaporins), whose
quantity and expression shows a high plasticity depending on environmental conditions [Parent et al.,
2009]. Before water reaches the xylem it has to overcome the Casparian band, which is a suberized
ring around the xylem and phloem [North and Nobel, 1991], which can only be overcome by the
symplastic or the transcellular pathway. Water will be taken up in varying ratios from each of these
pathways, depending on the individual resistance of each way. When water is within the xylem, it is
quickly transported upwards (with velocities between 1-10 m h™). The xylem conductivity is usually
not limiting, only when embolization in the vessels occurs it can be significantly reduced (see review
by Rockwell et al. [2014], Figure 1.1 D). In the leaves the water is pulled from the xylem into the
mesophyll cells. It leaves the plant by the stomata. The largest gradients in water potentials are found

between stomata and atmosphere. Thus opening and closing of stomata is a main regulator of the
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pressures in the whole plant system. At last the water molecule has to overcome the boundary layer
resistance, which is due to a layer of still air on the leaf surface. The thickness of this layer depends on
wind-speed. These resistances are connected in series (some in parallel), so that the smallest resistance
will eventually control the complete system. As the resistances are variable under different
environmental conditions, the controlling resistance will change during the duration of a day, a season,
and a plant life. Mathematical representations of these relationships can be used to set up models that

describe basic soil-root systems.

N

Watm = -95 MPa

Wieaf = -0.6 MPa

1

LI—‘root =-0.5 MPa
o<

I.erl ‘ Wsoil = -0.2 MPa

Figure 1.1 Water flow in the soil-plant-atmosphere continuum (SPAC). A. Cohesion tension mechanism. The
water flows along the SPAC following the gradient of water potential between the different compartments. B.
Water movement in the soil. The water flows in the soil following local gradient of matrix forces. Close to the

root surface, the radial nature of the water flow induces a strong water potential gradient. C. Radial movement of

water in the root. Water entering the roots has to traverse several cell layers using a combination of symplastic,
cell to cell and apoplastic pathway. Blue arrows represent pressure-driven convection while green arrows
represent osmotically-driven flow. D. Axial movement of water in the root. Water moves in xylem vessels

following water potential gradients between roots and leaves. The path can be interrupted locally at embolized
vessels (cavitation). E. Importance of the root system architecture as an integrative element. The analogy

between the root system hydraulic architecture and an electric network makes it possible to predict the sites of

water uptake within the root system. [modified from Eshel and Beeckman, 2013]
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1.3 Modelling soil water flow and root water uptake

The Richards equation [1931], which is derived from Darcy and the continuity equations, describes
flow in variably saturated soils and is usually solved numerically. The Richards equation (Eq. 1.2)

states in three dimensional notation:

0 K (h)
o=V KWVm] +—

+S(x,v,21) 1.2

where K [L T"'] is the hydraulic conductivity of the soil, x, y, z [L] are respectively the two horizontal
dimensions and the elevation, and S [T™] is the sink term. Depending on the extent of the problem,
root water uptake is modelled in different dimensionalities. For field or larger scale problems, the soil
is usually represented as a one dimensional soil column with the sink term as an empirical function
that depends on the root length density distribution, a stress term to account for unfavourable water
availability, and a compensation term [Javaux et al., 2013]. Some physical processes, like
compensation of water uptake, are not explicitly accounted for, but empirical functions have to be
parameterized [Jarvis, 1989]. Especially in large scale simulations with small scale heterogeneity, this
factor proves difficult [Kuhlmann et al., 2012]. Explicit solutions of the sink term require, on the other
hand, a larger set of parameters, including the age and root type dependent root hydraulic resistances,
which are hard to measure. As this approach is computationally more expensive it is usually only
applied either at a single root or at the single plant scale [Schneider et al., 2010]. An explicit model on
the other hand has the advantage to intrinsically account for compensation or water redistribution in
the soil via the roots (hydraulic lift) [Caldwell et al., 1998] by solving the soil and root equations.
Recent developments allow to combine the advantage of both methods by taking into account the
hydraulic architecture of the root system and then solving root water uptake via a macroscopic

approach [Couvreur et al., 2012].

For an explicit model, the root system, as explained in a previous paragraph, can be mathematically
described by Ohm’s analogy [Cowan, 1965; van den Homert, 1948] (Figure 1.1 E). The resulting
equations for radial flow into the roots (Eq. 1.3) and axial flow through the root xylem (Eq. 1.4), as
stated by Doussan et al. [2006] were combined with a numerical soil model [Simunek et al., 1995] and

named R-SWMS [Javaux et al., 2008].

Ir= K;Ar(hs,int - hx) 1.3
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_ . dh,(z) dz
Je = —KxAx< ot 1.4

where J, [L* T"'] and J, [L’ T™'] are the radial and the xylem flow, respectively, K", [T"'] is the radial
conductivity, K, [L T"'] the axial conductivity, 4, [L] the pressure head at the root interface, A, [L]
the xylem pressure head, / [L] the length of a single root segment, 4, [L*] the lateral surface area, and

A, [L*] the cross sectional area of a root segment.

The root and the soil water flow equations are coupled via the sink term of the Richards equation (Eq.
1.2) and the water potential at the soil-root interface for the Doussan equation, hg i, (Eq. 1.3). Both sets
of equations are solved iteratively until the error between J, and S is smaller than a threshold value. A
typical setup for this model, which has been used throughout this thesis, is shown in Figure 1.2 with a
tap root system located within an approximated cylindrical domain. An important input for this kind of

models is a realistic root architecture.

Figure 1.2 Typical R-SWMS setup with a root grown within a cylindrical domain. The soil is coloured according to its water
content from dry (red) to wet (blue).
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1.4 Root architecture

1.4.1 Observation of root architectures

Experimental observation of root system architecture and its development still proves challenging
because roots are rendered invisible by the opaque growth medium. Probably the earliest architectural
descriptions of root systems within their soil environment were made by Weaver et al. [1924] and
perfected by Kutschera [1960]. They excavated the root system layer by layer in the field and
subsequently depicted the root system by drawing. These works resulted in beautiful images and
insights into the various types and adjustments of root systems (Figure 1.3 a). Nowadays non-
destructive imaging techniques allow the direct observation of plant roots (and in some cases soil
water) and their temporal development within soil. The most advanced techniques for imaging soil-
grown roots include X-ray computed tomography [Mooney et al., 2012] (Figure 1.3 b), neutron
radiography [Oswald et al., 2008], magnetic resonance imaging [Pohlmeier et al., 2008], transparent
soils [Downie et al., 2012], or light transmission through a thin soil layer [Garrigues et al., 2006].
However, these methods are hitherto either constrained to quasi two-dimensions (rhizotrons) or very
small root systems. Reconstructions of these 3D root structures can be used as inputs for the

simulations.

14.5cm

Figure 1.3 Root growth adaptations: a) Pinus nigra (nigra) with roots grown into two contrasting soil environments: fractored
rock above an embankment of loose gravel [Kutschera and Lichtenegger, 2002]; b) p-CT scans of Vicia faba after 12, 16, 20,
and 24 days of growth in a sand-filled cylinder of 6.25 cm radius and 21.5 cm height [Koebernick et al., 2014]
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1.4.2 Root architectural modelling

Root system architectures can also be obtained by modelling. And, again, depending on the problem,
the root structure can either be explicitly modelled in three dimensions or described as a continuous
function in a single dimension [i.a. Dupuy et al., 2010]. In the present work we mainly worked with
architectural models. A recent review [Dunbabin et al., 2013] showed the progress of root growth
modelling from the 1970’s to now. There are two main mathematical approaches to describe root
growth at the system scale: L-systems [Leitner et al., 2010b; Prusinkiewicz et al., 1990], a string-based
model that multiplies existing structures, and vector addition [Lynch et al., 1997; Pages et al., 2004].
The model used in parts of this thesis was developed by Clausnitzer and Hopmans [1994] and is of the
latter category. A single root branch consists of several connected nodes with a root segment attached
to each root node. The branches are all connected and eventually converge to a single seed at the top
of the root system. The root system grows by creating new segments at the root tips. Depending on the
soil environment around the existing tips both, direction and length, of the new segments were
adjusted. The influencing soil states for growth in this model are soil resistance, temperature and
solute concentration. Together with soil and root water flow dynamics, as simulated with R-SWMS, it
is possible to simultaneously describe root growth and water uptake, which is a major advantage of

this model compared to others.

1.5 Motivation and objectives

The main objective of this thesis is to understand how root systems and consequentially plants react to
and subsequently affect spatial heterogeneity of soil water distribution. We particularly look at short

and long term reactions as a function of environmental conditions.

1.5.1 Short-term adaptation — modelling stomatal closure

For fast changes in soil water availability, e.g. higher transpirational demand during midday, stomata
can close. In plant physiology a multitude of triggers are known for stomatal closure, but for
hydrological models stomata usually only react to integrated soil water potential [Feddes et al., 1978].
One, highly discussed [ W Davies et al., 2002; Holbrook et al., 2002], strategy is the sensing of dry soil
by plant roots, and a subsequent release of a chemical/hormonal signal from these roots. The
hormones are then thought to be transported with the transpiration stream within the xylem to the plant

leaves where they initiate stomatal closure.
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In Chapter 2 the implementation of a hormonal signal, using a particle tracking algorithm, into the
explicit soil and root water flow model R-SWMS is described. The signal is produced in the root
segments as function of local xylem water potential. The subsequent convective transport within the
xylem towards the leaves, where it triggers stomatal closure, initially leads to very strong oscillations
in stomatal aperture. Even though this effect can be observed to various degrees in certain plant
species, a buffer with a certain volume, representing the plant shoot, was added to the model to damp
the signal. The modelled hormone concentrations arriving at the leaves were comparable to previously
experimentally observed hormone concentrations. We set up virtual split-root experiments where one
half of the root system was continuously irrigated and the other half subjected to drying. Hormonal
signal could be entrapped on the way to the leaves as root water uptake ceased with continuous soil
drying. After re-wetting of the dry soil, the trapped particles were flushed out and transpiration rate
was temporally decreased. However, comparing the differences between hydraulic and/or hormonal

stomatal control only showed slight discrepancies.

The aim of the third chapter was to derive simple relationships between available soil water, expressed
as the fractions of roots in dry soil, to transpiration reduction. The commonly used hydraulic
relationships were extended by a term to account for additional or exclusive hormonal stomatal
control. To verify these simple relations virtual split-root experiments, with either horizontally or
vertically split domains, were simulated with R-SWMS. The outputs from the numerical simulations
were in good agreement with the theoretical relationships. Marked differences in stomatal behaviour
depending on the control were found. Under certain conditions, leaf water potential is kept constant
when transpiration is reduced over a wide range of effective soil water potentials (isohydric behaviour)
in plants that are controlled by hydraulics. Contrary, leaf water potential of plants that are only
controlled by hormones, varies with effective soil water potential (anisohydric behaviour). The latter
behaviour can also be distinguished by a unique relationship between the ratio of actual to potential

transpiration to the fractions of roots in dry soil.

1.5.2 Long-term adaptations — observing and modelling root architecture

For more persistent soil heterogeneities, e.g. due to soil morphology or structure, plants can adjust by
changing their root and shoot architecture. By controlling this heterogeneity in split-root experiments

the influences on root development and plant water use can be demonstrated.

In Chapter 4 an experimental data set was analysed and subsequently compared to 3D simulations of
soil and root water flow. At UFZ in Halle, Germany, broad bean plants (Vicia faba) were grown in

soil-filled cylinders with and without horizontal paraffin splits. While the paraffin layers restricted
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vertical soil water redistribution within the separated compartments, root growth was not inhibited by
the paraffin. The plants were exposed to a single drying period during which soil and plant water
statuses were measured. The root systems of the bean plants were CT-scanned every second day and
the resulting binary images of the consecutive root systems were reconstructed using a virtual reality
system to obtain connected root architectures. Time series of the reconstructed root architectures were
used in the detailed root and soil water flow model to simulate soil and root water potentials as well as
individual fluxes through the roots and the soil. The plants grown in the split setup were overall
smaller with less transpiration rates and lower stomatal conductance than the plants grown in vertically
unrestricted soil. Comparison between simulated and measured soil water potentials revealed that in
most cases the split layers were not completely hydraulically isolating. Nevertheless, the layers
substantially restricted vertical flow through the soil, which led to lower predawn collar water
potentials, which can in turn be associated with lower stomatal conductance and reduction of plant

growth.

This thesis is a combination of work published and unpublished. Some passages within one chapter

may be repeated in other chapters. I herewith apologize to the reader of the complete document.
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CHAPTER 2

MODELLING THE IMPACT OF HETEROGENEOUS ROOTZONE
WATER DISTRIBUTION ON THE REGULATION OF TRANSPIRATION

BY HORMONE TRANSPORT AND/OR HYDRAULIC PRESSURES

This chapter is based on a journal article published as:

Huber, K., Vanderborght, J., Javaux, M., Schroder, N., Dodd, 1. C., Vereecken, H. (2014) Modelling
the impact of heterogeneous rootzone water distribution on the regulation of transpiration by hormone

transport and/or hydraulic pressures, Plant and Soil, 1-20.
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2.1 Introduction

Plants lose large amounts of water to the atmosphere through stomata that open for CO, uptake and
carbon assimilation. This water loss is compensated by water uptake from the soil. When soil dries,
there may be damaging effects of root shrinkage and subsequent loss of contact with the surrounding
soil, and the low plant water potentials required to maintain soil water uptake may induce xylem
cavitation [Barigah et al., 2013]. However, effective stomatal regulation prevents excessive loss of
water when the soil dries out [Brodribb and McAdam, 2011]. This mechanism represents the main

short-term regulation of water flow between the soil and the atmosphere [7aiz and Zeiger, 2006].

In many experiments, leaf water potential is correlated with stomatal closure [Buckley, 2005]. One
obvious strategy to avoid cavitation is to close stomata to maintain the leaf water potential (\V,) at a
certain level. This is called pressure homeostasis (isohydric behaviour). On the other hand, in some
species, stomata are insensitive to changes in W within a certain range, and their stomata remain fully
open during soil drying and higher transpiration demand. Large diurnal variations of Y1 may occur,
leading to so-called anisohydric behaviour [Franks et al., 2007], in contrast to isohydric species where
low soil water potentials cause stomatal closure which maintains ¥. The hydraulics of the root and
shoot system provide a direct link between root-zone water potential, transpiration flow and leaf water
potential and may influence long-distance hydraulic signalling thereby linking plant water potentials

and stomatal closure [Christmann et al., 2013].

However, plants have also developed non-hydraulic strategies to regulate transpiration [Tardieu and
Simonneau, 1998]. Experiments that split the roots between two soil compartments have suggested
that hydraulics alone cannot explain certain stomatal responses. Although drying part of the root
system decreases stomatal conductance in the absence of changes in leaf water potential, continued
drying of parts of the rootzone actually increases stomatal conductance [Khalil and Grace, 1993; Stoll
et al., 2000]. These effects were proposed to result from the roots in drying soil synthesizing a
chemical signal which is transported from the roots to limit stomatal conductance, but then stomata re-
open when signal transport is restricted as the soil becomes too dry. These split-root experiments have
been upscaled to implement partial rootzone drying as a water-saving irrigation technique to improve
crop water use efficiency, with periodic alternation of wet and dry sides of the rootzone to ensure
continued signal transport to the shoots [Bravdo, 2005; Dodd et al., 2006; Kang, 2004; Stoll et al.,
2000].

The production, transport and release of chemicals such as the phytohormone abscisic acid (ABA) or
hormone precursors such as 1-aminocyclopropane-1-carboxylic acid (ACC - the ethylene precursor)

into leaves [Tardieu and Davies, 1993; Wan and Zwiazek, 2001] can be critical in stomatal regulation

12
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[W J Davies and Zhang, 1991]. However, the source of chemical signals that are important for
stomatal regulation is contentious. Early evidence for root ABA production [Hartung and
Aboumandour, 1980] was supported by later observations that xylem ABA concentrations increase
significantly under water stress conditions and correlate with stomatal closure [Schurr et al., 1992].
Furthermore, soil drying increases xylem sap pH, which enriches ABA in the leaf apoplast by
decreasing ABA uptake by mesophyll cells [ Wilkinson and Davies, 1997]. These mechanisms suggest

that root sourced ABA can act as a long-distance signal initiating stomatal closure.

In contrast, other studies cast doubt on the hypothesis of root sourced ABA acting as a long-distance
signal for stomatal closure. Reciprocal- and self-grafts of wild-type and ABA-deficient tomatoes
demonstrated that stomatal regulation depends on the shoot genotype only, and is independent of the
rootstock [Dodd, 2009; Holbrook et al., 2002]. Furthermore, osmotic stress applied to the roots reveals
ABA-dependent reporter gene expressions only in the leaves [Christmann et al., 2007]. Those
experiments suggest that leaves are the main source of ABA, and a subsequent basipetal transport of
ABA via the phloem towards the roots, where the hormones are recycled to the xylem and transported
upwards again. However, the proportional contributions of ABA recycling and root synthesis to xylem
ABA concentration vary according to the root environment [Wolf et al., 1990]. Mechanistically, both
sources of an additional chemical signal can be (mathematically) described by the same approach,
namely a production or a release of the chemical within the roots into the xylem and a subsequent

transport to the leaves.

In hydrological models, signalling between rootzone conditions and stomatal closure is not modelled
explicitly but stomatal regulation in response to low soil water potentials is implicitly accounted for
through “stress functions”. These functions relate the reduction of the potential transpiration rate
directly to bulk soil water potential (instantaneous effect) thereby bypassing other variables that
control stomatal conductance and root-to-shoot signalling mechanisms . An oft-used stress function is
the Feddes function which describes the transpiration reduction factor as a piece-wise linear function
of soil water potential [Feddes et al., 1978]. The decreasing part of the function for low soil water
potential implicitly represents the effect of soil water potential on stomatal closure. However, this
relationship is indirect and may therefore depend on other factors. For instance, for the same bulk soil
water potential, lower leaf water potential may be expected with higher transpiration rates. On the
other hand, when production rate of the hormonal signal is not a function of sap flow rate, a higher
transpiration rate will dilute the signal, causing lower signal concentrations in the leaves. Depending
on which mechanism relates soil water potential to stomatal conductance, the impact of higher

transpiration rate on the onset of stomatal closure will be different.
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As discussed above, several models link stomatal conductance to environmental factors. However,
most of these models “do not include satisfactorily the effects of drought, impairing our capacity to
simulate plant functioning in conditions of limited water supply” [Damour et al., 2010]. Here, a new
model is presented that combines both hydraulic and chemical signalling processes into a common
modelling framework. A 3D model that explicitly solves the water flow equations in the root system
[Javaux et al., 2008] was coupled to a model that simulates signal production in the rootzone and
transport through the root system to the leaves. Hereby, the stem and leaves were not explicitly
considered but only modelled as an additional root segment with the same volume as the total root
system. First, how the different signalling mechanisms are implemented in the model is discussed.
Secondly, the effect of different signalling processes on the relation between soil water potential and
transpiration is demonstrated and a sensitivity analysis presented. Finally, water and chemical flows
from different parts of the rootzone of split-root plants, and whole plant transpiration were modelled
during alternate partial rootzone drying. This study intends to (i) simulate observed plant behaviour
during partial rootzone drying and (ii) show the impact of a chemical signal on the relation between

soil water potential and transpiration reduction.
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2.2 Model approach

2.2.1 Definition of water potential, water pressure, and pressure head

Plants take up water from the soil through their roots and transport it to the leaves where it is
transpired through the stomata. The driver for this transport is the difference in water potential (a
measure of the energy state of water) between the atmosphere and the soil. The energy of the plant (or
soil) water or water potential can be either stated as fofal water pressure (3 [Pa], energy per volume)
or as hydraulic head (H [m], energy per weight). Tofal water pressure and hydraulic head can be
converted using Eq. 2.1a. Gradients in total water pressure or hydraulic head are relevant for driving
water flow. The total water pressure and hydraulic head represent the sum of different partial
potentials, including the gravitation potential or the energy of water due to its elevation above a certain

reference height.

H=1y /(pg) 2.1a

h=H-2z 2.1b

where p [kgm™] is the density of water assumed to be constant, g [m s?] the acceleration due to
gravity, and z [m] is the height above a reference level. By approximating g as 10 ms™ and p as
1000 kg m™, we can state that /# [m] = 10000 i [Pa] or that a pressure head of 1 cm approximates a
pressure of 1*10“MPa.

2.2.2 Concept of stomatal conductance

Stomatal closure is the main short-term control mechanism that decreases actual transpiration (T,) as
the soil dries. The potential transpiration (7},,) represents the transpiration of the plant under the same
climatic conditions but in a well-watered soil. Following Tardieu and Simonneau [1998], who
classified stomatal sensitivities for different plant species, anisohydric behaviour refers to stomata that
remain fully open during drying until the plant reaches its permanent wilting point. The leaf pressure
head, h;, of anisohydric plants thus shows strong fluctuations with changes in soil water availability
and transpiration rates (e.g. diurnal or seasonal cycles). In contrast, isohydric plants try to regulate hy

and keep it higher than or equal to a certain threshold which is higher than the permanent wilting point
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value, thereby reducing T, when soil is drying. We chose an adapted version of the Tardieu and
Davies (1993) model that describes stomatal conductance as a function of the internal plant variables

hy and concentration of chemical signal in the leaves.

Relative stomatal conductance a, relative to the maximum conductance under the same conditions but

when water content is optimal, was calculated using:

@ = ag + (1 — ag)eCA-c)sca—cq) e n M lerit 22a

where ag [-] is the residual relative stomatal aperture, ¢, [nmol cm™] is the concentration of chemical
signal in the leaf, 4, is the leaf pressure head and 4., is a threshold pressure head in the leaf, s, [cm’l]
and s, [cm® nmol™] are fitting parameters for pressure head and signal concentration respectively. The
variable ¢, is a Boolean variable that either enables only pressure head regulation (¢,=1) or an
interaction between chemical and pressure regulation (c,=0). Equation 2a is valid for A;<h..,

otherwise

a=ap+ (1—ag)e5ccw) 2.2b

where at concentration ¢; = 0, o will be equal to 1. Note that a corresponds with the ratio of actual
transpiration, 7, to the potential transpiration, 7,,, with values between or (residual stomatal
conductance) and 1. The effect of both hydraulic and chemical signalling (‘H+C’= hydraulic and
chemical control) on the transpiration reduction as described by Eq. 2.2a is illustrated (Figure 2.1).
While keeping the concentration of the chemical constant, o is plotted versus h; (parameters are
detailed in Table 2.1. Different lines represent o for different signal concentrations. Lower leaf water
potentials as well as higher chemical concentrations decrease transpiration. An anisohydric plant
(‘NR’ = No Regulation) keeps the ratio a at 1 and thus actual transpiration equals potential
transpiration until the permanent wilting point is reached (acc. Eq. 2.2a, this would correspond to
s. =0 and &¢,; = hyp). For the case s, = 0 and s. > 0, the leaf conductance does not directly depend on
h;, and reduces only with increasing concentrations (‘C’= chemical control). With chemical control
only, it should be noted that an indirect relation between stomatal conductance and leaf water potential
follows from the fact that the chemical signal is produced as a function of root water potential which is

hydraulically linked to leaf water potential.
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Another extreme case would be a hydraulically controlled plant (‘H’ = hydraulic control) in which the
leaf conductance remains constant as long as the leaf pressure head, h;, stays above a critical pressure
head, A.,;;. When h; equals A,.,;, stomatal conductance is reduced until the transpiration from the leaves
to the atmosphere matches the transpiration stream in the plant that is driven by the hydraulic head
difference between the rootzone and the leaves where the pressure head equals /... This corresponds
with ¢, = 1 and s, equal to infinity so that Eq. 2.2a is a step function in terms of /,. Such step functions

are often used to describe stomatal closure in hydrological models [Feddes et al., 1978].

In Figure 2.1, the curves shown represent lines on the a(h;, ¢;) surface that are obtained when the
signal concentration ¢; is kept constant. These curves demonstrate the behaviour of the a(h;, c¢z)
function but do not represent a projection of the trajectory of a(h;, ¢;) on the 4, axis during a drying

event, in which both %, and ¢, change over time. Thus these curves only represent the stomatal

response for a single concentration value.

|
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Figure 2.1 General behaviour of Eq. 2.2a over varying leaf water potentials, where multiple lines refer to different signal
concentrations (arrows indicate towards higher concentrations; (0.5, 1, 2)*10” nmol cm™). NR: No regulation, H+C:

hydraulic and chemical control (s, = 5%10' cm®mol™, s, = 1¥10” ecm™, ag = 0.1; hey = -5500 cm); H: hydraulic control
(5¢ = 0; sp,= 1%10'%; ag = 0.1, ey = -5500 cm), C: chemical control (s, = 5*10'% s, =0, ag = 0.1)

2.2.3 Hydraulic signalling
R-SWMS [Javaux et al., 2008] calculates the pressure head in the leaves, /;, by solving the hydraulic

equations within the xylem network, between the xylem and the soil-root interface, and between the
soil-root interface and the bulk soil. The water flow distribution in the soil and root systems can be
predicted in 3-D by solving respectively the Richards [1931] and the equations from Doussan et al.
[2006]. Radial uptake /- [m3 s-1] and axial flow within the root xylem, /; [m3 s-1] are defined for each

root segment, i, by the equations from Doussan et al. [2006]:
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Ir= K:Ar(hs,int - hx) 23a
Ah, Az

]X = —K;Ax (l_ + l_> 2.3b
i i

where K;*[s1] is the radial conductivity, 4, [m2] the root outer surface, /s the soil pressure head at
the root-soil interface and hy the pressure head in the root xylem, Ay [m s] the xylem hydraulic
conductivity, Ay [m?] the root cross-sectional area, 44 the difference in pressure head within the root
segment, 4z [m] the difference in elevation, and /;, the length of the root segment. The R-SWMS
model [Javaux et al., 2008; N Schroder et al., 2012; T Schroder et al., 2009] was used to solve these
equations numerically by coupling, on a voxel basis, the sink term of the Richards equation to the root
water uptake (3J,). Thus distributions of pressure heads within the soil and the root system and the

root-water-uptake distribution within the soil could be predicted.
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The shoot and leaves were effectively modelled with a segment connected to the root system collar.
The length of this segment was relatively short so that the pressure head drop across this element was
small. The simulated leaf pressure heads were therefore similar to the pressure heads at the root collar.
By increasing the effective length or reducing the xylem conductivity of this segment, a larger
pressure head difference between root collar and leaves can be simulated. However, accounting for an
extra pressure drop between the root collar and the leaves will not influence the effect of different

signalling mechanisms.

2.2.4 Chemical signalling

Chemical signalling refers to the loading of chemical signals into the xylem of plant roots as a
function of rootzone water potential, their transport in the xylem to the shoot, and the regulation of
stomatal conductance by their concentrations in the leaves. Thus production of chemicals in the leaves
as a function of the leaf pressure head is not considered as chemical signalling between roots and
leaves. Rootzone conditions and stomatal conductance are in this case related by hydraulic signalling.
The concentration ¢, in our model therefore only refers to the concentration of chemicals in the leaves
that originate from the roots. This implies that the function a(h;, c¢;) cannot be parameterized based on

chemical concentrations that are measured in the leaves.

Production of chemicals in the roots
The chemical production rate in a segment i, Mg, [mol d’l], is modelled as a function of the

pressure head in the root xylem, /y;, and the dry mass of the root segment m; (gpy) following Dodd et
al. [2010] and [Liu et al., 2005].

0 for |hRoot,i| < |hol 24
Msignal,i = {

a (|hxi| — lhol)m; for [hroot,i| = 1hol

where a [mol gpy' m™ d] is the production rate per dry mass of the root segment and pressure head,
and /Ay [m] a threshold pressure head, below which production is started. This threshold was
introduced to avoid hormone production for unstressed conditions and to lower computational costs

for the particle tracking algorithm, as explained below. As ABA production was independent of root
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type or age but dependent on root water potential [Simonneau et al., 1998], a and hy are considered to

remain constant in time.

Hormone transport to the leaves

Hormone transport in the root system was simulated using a particle tracking algorithm. At each time
step, 4¢, in any particular segment i, when [Aroosi/ = [hof, one particle with the mass Msigna,i*At is
generated. This particle is transported with the root water flow towards the leaves. By knowing the
water flow through the root system, the xylem flow velocity vz;in a given root segment, is calculated

by Eq. 2.5.

v =2 2.5

where J,; [m® d'] is the axial water flow through the root segment  and Ay, [m’] is the cross section

of the segment.

To account for particle mixing in the shoot, this segment was modelled as a perfectly mixed buffer
with a volume, Vg, that was a predefined multiple or fraction of the total root volume, Vg, (Eq.
2.6), representing the shoot volume. For herbaceous plants, the root:shoot ratio decreases with age and
is strongly influenced by environmental conditions [Wilson, 1988]. Crop growth models (e.g. gecros)
assume variations over a plant life from 0.5 to 2.0 [Yin and van Laar, 2005]. A reference buffer size,
equalling the total root volume (root:shoot = 1.0), was assumed. A transpiration rate of 10 cm®d and
a buffer volume of around 1 cm® (plant age around 20 days) leads to an average residence time of the
chemical in the buffer of around 0.1 days, within the range of previously observed half-life of ABA in
stressed plants [Liang et al., 1997]. The concentration in this uppermost segment, ¢; at time +4¢t was

calculated from the concentration at time t; as:

Xmass — ¢y, (tj)TactAt

a(t+At) = ¢, (t) + 2.6

VBuffer

where Zmass is the mass of all particles that arrive in the upper segment during time ¢ and §+4¢
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To evaluate the impact of chemical transport from the roots to the leaves, a model in which root
produced hormones are assumed to arrive instantaneously at the leaves (‘H + C, i’) was considered, so
that ¢; [nmol cm™] can be calculated as the sum of the root tip production rates, EMs;ignar,i=Msignaiton
divided by the actual transpiration (Eq. 2.7). In this approach it is not necessary to simulate transport

through the root system.

MSignal,totAt - CL(tj)TactAt

2.7
VBuffer

a(tj+At) = c.() +
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2.3 Materials and Methods

2.3.1 Virtual experiments

First, a split root experiment in which one part of the rootzone was dried was simulated to compare
different mechanisms that relate heterogeneous rootzone conditions to stomatal closure and
transpiration reduction: hydraulic (H), chemical transport (C), the combination of both (H+C), and a
hypothetical instantaneous chemical signal (H+C,i). Second, to evaluate the model’s general behaviour
and its response to changes in the parameters of the stomatal model (s, s;, Ay) (Eq. 2.2a), a sensitivity
analysis was carried out by varying each parameter by one order of magnitude. Additionally shoot
buffer size was varied from 0.02 to 2* Vg, (see Appendix A.1). Third, the impact of chemical versus
hydraulic signalling on transpiration when rootzone drying was alternated between the two soil

compartments was tested for a constant and for a transient, diurnal, transpiration demand.

For all simulations, daily irrigation rates as well as the daily transpiration demand (7},,) remained the
same. Different responses were thus due to a different parameterization (sensitivity analysis) and/or
due to different signalling mechanisms (H, C, H+C, H+C,i). Details of the soil compartments, root
system and boundary conditions are given below. Parameterization of the setups and sensitivity

analyses are given in Table 2.1 and Table 2.2 respectively.

2.3.2 Soil Domain

The soil domain (Figure 2.2) of 7x3x15.5cm’ was subdivided by a grid with voxel sizes of
0.25x0.5x 0.5 cm’. To simulate spatially variable water application leading to contrasting water
distribution over the rootzone, the domain was split in two equal parts, separated by a non-conductive

layer in the y-plane with a width of 4 voxels (
Table 2.3, #2). Soil parameters for the two compartments were set to a clay loam (

Table 2.3, #1) taken from Carsel and Parrish [1988].

22



CHAPTER 2

Table 2.1 Parameters for Eq. 2.1a - 2.3a and root hydraulic conductivities (parameters in italic are for the transient
simulations with diurnal variations in transpiration rate)

H C H+C H+iC
hydraulic ~ chemical hydr.+chem. hydr. + instantaneous chem.
signaling  signaling signaling signaling

Chemical transport no yes yes no
hcpil[cm] -5500
-8500
sfem’® mol™] 0 5%10'"°
sp[em™] 1*%10'% 0 1*10™
a’[mol g’ cm " d™] - 2.755%10™2
hy [cm] - -4500
-7500
ag[-] - 0
Vpurer[c1’] 0 0.97 (= 1*Vyee) 0
Kg[d"] 4.32%10°
1.728*107% **
Kx"[em® d] 4.32%107

*from Simonneau et al. [1998], Fig.8
® Parameter from Doussan et al. [1998b]

Table 2.2 Parameters that were varied in the sensitivity analysis

VBufter =
s [em® mol ] sp[em™]  hy [cm] Impact
Vroot™
Reference 5%10™ 1¥10™ 4500 1
s.%0.1 5%10° 1*10* -4500 1 magnitude
s:*10 5%10" 1*10* -4500 1 of
sp*0.1 5%10° 1*10° -4500 1 transpiration
$p*10 5%10' 1*¥107 -4500 1 reduction
hy+1000 5%10' 1*¥10* -3500 1 onset of
hy-1000 5%10" 1*10* -5500 1 }tmnsp. reduc.
V5*0.02 5%10" 1*10* -4500 0.02 oscillations
Vi*0.1 5%10' 1*#10* -4500 0.1 of
Vg*0.5 5%10' 1*¥10* -4500 0.5 the
Vg*2 5%10" 1*¥10* -4500 2 system
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Table 2.3 Soil hydraulic parameters of the Mualem van Genuchten equations [Van Genuchten, 1980]

Material (7. Osas a n m 1 K

Number , ;
[+ [+ [em™] [+ A [ [emd]

1 0.095 0.41 0.019 1.31 0.237 0.5 6.24
2 0.095  0.41 3%10° 1.5 0333 0.5 0
2.3.3 Root System

The root system was considered to be static (non-growing) during the simulation (25-40 days), to
focus on non-growth related plant responses to water deficit. The split-root system was generated by
using the root growth module within R-SWMS (Figure 2.2), as previously described [Clausnitzer and
Hopmans, 1994; Somma et al., 1998].Both soil compartments have an equal number of root tips but
root structures are not mirror images of each other as the growth model includes a random component.
With the same input configuration, two subsequent runs of the growth model result in different root
structures. Since the root surface in the two compartments differed by 1.8 % and the root length by
2.1 %, simulated root water uptake rates from the two compartments deviated by 1.2 % when uniform

irrigation was supplied to both soil compartments.
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Figure 2.2 3D distribution of soil water content within the soil domain [cm® cm™] at Day 25, after stopping irrigation of the
right compartment, together with distribution of water potential in the root xylem [cm] ~ y [10™ MPa]. The soil domain was
7x3x15.5cm’. The detail shows the particles, representing a chemical signal, within the roots

2.3.4 Boundary and Initial conditions

The upper soil boundary condition was set to a flow boundary (Cauchy type). Both soil compartments
were independently, uniformly irrigated during the first five days (each side received 5.85 cm’d”,
irrigation rate = 0.65 cm d). On subsequent days, one side of the root system received 11.7 cm’d’
whereas the other compartment was not irrigated. Irrigation of the two soil compartments was
sometimes alternated, as in PRD experiments under field conditions. Lateral walls of the soil domain

were set to a no-flow condition and the bottom to free drainage, i.e. dh/dz = 0.
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To solve the flow equations in the root system, the transpiration rate, 7,., = a7po, Was set as a flow
boundary condition at the upper segment connected to the root network. The potential transpiration
rate was either kept constant over time with 7.~ 10 cm3d-lor transient with a diurnal cycle that was
modelled as a truncated sine with zero transpiration during night (12 h). For the C, H+C and H+C.i
scenarios, the relative stomatal conductance o was derived from the pressure head and chemical signal
concentration in the leaves. For the H scenario, a flow boundary condition was used with « = 1 for
hy> he. When by = h,,;;, the boundary condition was switched to a so-called Dirichlet condition for

which /4, was kept at a constant pressure head /.

The steady state water pressure heads obtained under uniform irrigation were used as initial condition.
Simulation durations, with varying irrigation regimes and stomatal regulation, ranged from 25 to 40

days.

2.3.5 Definition of effective rootzone pressure head

Typically in hydrological models a piece-wise linear relation between rootzone pressure head and
transpiration rate [Feddes et al., 1978] is used to relate the reduction of transpiration and soil water
potential. To investigate the effect of chemical signalling on this relationship, we calculated averaged
rootzone pressure heads in the entire rootzone and in each of the two compartments of the split root

experiment.

Couvreur et al. [2012] derived a procedure to define an effective rootzone hydraulic head Ases that
takes the root architecture into account by only considering soil voxels that are affected by root water

uptake:

Yie=1(hx + Zp)si
T e *

where the subscript & stands for the k" soil voxel and s [-] is the standardized sink fraction (SSF [-])
that corresponds to fraction of root water uptake from this voxel for the case that the hydraulic heads

(/1+2) are uniformly distributed in the rootzone [Couvreur et al., 2012].

26



CHAPTER 2

2.4 Results and Discussion

2.4.1 Influence of stomatal regulation mechanisms

Initially, the effect of different mechanisms (NR, H, C, H+C) that relate the rootzone water pressure
head with stomatal conductance on the pressure head in the leaves and on transpiration rate were
simulated (Figure 2.3). During the first five days, when irrigation was applied uniformly to both soil
compartments, the plant was unstressed (7, = T,,, Figure 2.3 b). After switching to non-uniform
irrigation (Day 5), while keeping the amount of applied water constant, the pressure head at the leaves
started to drop (Figure 2.3 a). Until approximately Day 9, the pressure heads for the different
mechanisms are similar and actual transpiration rates equal potential transpiration rates. Water uptake
from the drying compartment progressively decreased until it ceased around Day 18, when the

irrigated compartment alone supported transpiration (Figure 2.3 d).

For the NR case, after Day 9 transpiration remained constant over time but the pressure head at the
leaves declined until about Day 20 when it reached a steady state (ca. -6400 cm = -0.64 MPa, Eq.
2.1a). When only one compartment is irrigated, the same volume of water must be taken up and
transported to the leaves through fewer roots, thus the pressure head drop between the soil and leaves

becomes larger and the pressure head at the leaves smaller (Figure 2.3 c).

For the H case, stomatal conductance regulates the pressure head in the leaves and keeps it constant
when 4., =-5500 cm is reached. Thus the pressure head at the leaves cannot decrease to the value
(-6400 cm) required to maintain a steady transpiration rate when only one compartment of the
rootzone is irrigated. Consequently, transpiration starts to decrease when the pressure head at the

leaves becomes -5500 cm, until it reaches a new steady value after around 25 days.

For two of the chemical signalling cases (C, H+C), transpiration was reduced earlier than in purely
hydraulic regulation (H). Since chemicals were produced at pressure heads in the rootzone
below -4500 cm (Table 2.1, Ag), chemical signalling started to decrease stomatal conductance and
transpiration for leaf pressure heads slightly smaller than -4500 cm in the case of instantaneous
transport (H+C,i) and more negative values when convective transport in the plant root system was
considered. Although there are some differences between chemical (C and H+C) and hydraulic (H)
controls, the transpiration rate as well as the pressure head at the leaves were similar when steady state
was reached (data not shown). Responses to an instantaneous chemical signal (H+C,i, Eq. 2.6) were
comparable to hydraulic only signalling (H) but with a higher steady state pressure head of

around -4800 cm.
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Generally, simulated transpiration rate evolved similarly with time for the different cases. However,
transpiration rate monotonically declines for the H and H+C,i cases whereas for C and H+C cases it
starts to gradually increase again at around Day 15 (Figure 2.3 b). This recovery of transpiration
during uninterrupted drying of one part of the root system was previously reported from split-root
experiments [Khalil and Grace, 1993; Stoll et al., 2000]. Our simulations indicate that it could be
explained by the decline in water uptake from the drying compartment (Figure 2.3 d) and, for the C
and H+C case, the corresponding decrease in transport of chemicals produced in the drying
compartment. After reaching a peak at Day 14, the mass flux of chemical signals from the dry root
system to the leaves declines again (Figure 2.4), as demonstrated experimentally [Dodd et al., 2008b].
When comparing transpiration rates (Figure 2.3 b), transport limitation of chemical signals produced
in the drying roots (H+C) leads to 50% less transpiration reduction than in the case of instantaneous

chemical signal transfer to the shoot (H+C,i).
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Figure 2.3 Responses of the soil-root system: a) leaf water potential and b) transpiration rate, and c) effective soil water
potential and d) water uptake from the two soil compartments for different mechanisms that link rootzone water potential
with stomatal conductance and transpiration: NR = no reduction of transpiration, H = hydraulic control, C = Chemical
control, H+C = hydraulic and chemical control, and H+C,i = hydraulic and instantaneous chemical signalling
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2.4.2 Effect of chemical signal concentration and linkage to soil pressure head

These simulations allow chemical signal concentrations and mass fluxes coming from the two parts of
the split root system and arriving at the shoot to be examined (Figure 2.4). A signal concentration
range between 1*¥10* and 1 nmol cm™ (1 nmol ecm™=1uM or 1000 nM) matches the observed
concentration ranges of ABA in xylem sap [Li et al., 2011; Martin-Vertedor and Dodd, 2011; Stoll et
al., 2000]. Signal concentration in the transpiration stream arriving from the dry side is nearly three
orders of magnitude higher than the concentration coming from the irrigated side (Figure 2.4). Ranges
of two orders of magnitude were observed experimentally [Dodd et al., 2008b]. However, the mass
flow of chemical arriving from the dry compartment is only about twice as high as the flow from the
irrigated compartment, due to limited transport of chemical signals out of roots in dry soil (Figure 2.4
a). The model also simulated chemical signal production in the irrigated rootzone, which considerably

contributed (ca. 30 %) to the total mass that arrived in the shoot (Figure 2.4 a).
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Figure 2.4 Concentration effect: Chemical signal arriving at the leaves from the dry (dashed line) and the irrigated (dash-
dotted line) compartment and total (solid line). a) Comparison of mass fluxes and b) concentrations of chemical signal for the
H+C case

The distribution of pressure heads in the root xylem and in the soil voxels where water is taken up for
a uniform hydraulic head distribution (SSF>0) is shown before and after the partial irrigation started
for the H+C scenario (Figure 2.5). Since root water uptake in the irrigated part increased, the pressure
difference between soil and root xylem increased and the pressure head in the roots decreased in the
irrigated part of the rootzone even though the effective soil water pressure head increased.
Furthermore, the pressure heads in the roots varied considerably so that the root pressure head

decreased below Ay in parts of the irrigated root system (Figure 2.5 a) and thus chemical signal was
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produced. This illustrates that, for this study, signal production in the irrigated part of the rootzone,
which is related to the local water pressure head in the roots, cannot be directly linked to the effective
soil water pressure in that part. This missing link was previously observed in an experimental study
[Puértolas et al., 2013]. Since the flow from the non-irrigated part ceased, the pressure heads in the

non-irrigated part converged to the leaf pressure heads (Figure 2.5 b, see also Figure 2.3 a, c).
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Figure 2.5 Comparison of root xylem and soil water pressure heads (only soil voxels where SSF>0) for H+C at uniform
irrigation (Day 1, left side) and for non-uniform irrigation (Day 25)

2.4.3 Effects of signal transport

Several authors attempted to link soil water content to xylem ABA concentrations [Dodd et al., 2008b;
Liu et al., 2008] by assuming that soil water content was the driver for ABA production. Thus signal
concentration in the shoot was plotted against the degree of (soil water) saturation
(§=(0-6r)/(6s- 6r) of the drying compartment (Figure 2.6). For comparison, signal

concentrations were calculated by injecting all rootzone produced chemicals instantaneously into the
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shoot. In this case, signal concentration continuously increased and was consistently one order of
magnitude higher. When transport of the chemical signal with xylem water flow in the root system
was simulated, a peak concentration was reached at a relative saturation of around 0.27, as in split-root
experiments demonstrating a peak shoot hormone concentration at an intermediate soil water content
of the drying compartment [Dodd et al., 2008b; Liu et al., 2008]. Thus linearly relating hormone
production to root pressure head may lead to this type of behaviour when transport of chemical signals

from a drying part of the rootzone becomes limiting.
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Figure 2.6 Transport effect: Concentrations of the chemical signal in the leaves versus the degree of saturation of the drying
compartment for the case that the rootzone produced chemicals are transported with the water flow from root system to the
leaves (‘with transport’) and for the case that the rootzone produced chemicals are instantaneously injected in the shoot
(“instantaneous’) (Eq. 2.7)

2.4.4 Sensitivity analysis

Stomatal conductance and resulting actual transpiration rate was modelled versus time and versus the
effective soil water pressure head for different values of parameters used in Eq. 2.2a (Figure 2.7). Both
sensitivities of this equation, s, and s, influence the magnitude of the transpiration reduction but not
when transpiration is reduced (Figure 2.7 a). A higher sensitivity of stomatal conductance to chemical
signal concentration (larger s.) decreases transpiration to a greater degree. The sensitivity to the
pressure head is smaller and the influence of the pressure term in Eq. 2.2a is negligible when sj
becomes smaller than 1*10™* cm™. The onset of reduction is related to the threshold for the release or
production of chemical signals in the roots, Ap. This parameter also influences the magnitude of
transpiration reduction since it determines the chemical production rate as function of the root water

pressure head.
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When a threshold pressure in the leaves is maintained (H case), linear piece-wise relations (step
functions) between transpiration reduction and the effective soil water pressure head as defined in Eq.
2.1a, which represents a soil water pressure head sensed by the roots, are obtained for a given potential
transpiration rate [Couvreur et al., 2012; Javaux et al., 2013]. This agrees with the functions typically
used in soil water flow models to describe the reduction of transpiration as a function of soil water
pressure head [Molz, 1981]. If an additional chemical signal is considered, similar piece-wise linear
relations between transpiration reduction and effective soil pressure head are obtained (Figure 2.7 b).
The slope of the a(hser) increases with increasing s. and s, and the onset of the transpiration reduction
shifts towards lower effective soil water pressures for smaller s values. These results suggest that the
effect of chemical signalling may be approximated by functions that relate transpiration reduction
directly to soil water pressure head and that similar functions are obtained when only hydraulic
signalling is considered. However, despite their similarity to piece-wise linear functions, the
relationships obtained for chemical signalling (when soil pressure head is related to transpiration
reduction) show some peculiarities when transport of chemicals produced in dry rootzones becomes
limited. As observed experimentally, the relationship loses its linearity and transpiration recovers
when chemicals produced in the dry rootzone are no longer transported to the shoot [Dodd et al.,
2008a; Liu et al., 2008], thus increasing total root water uptake with decreasing effective soil water

pressure head.

The influence of shoot volume on transpiration is explored in Appendix A.1.
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Figure 2.7 Sensitivity analysis of the parameters of Eq.2.2a: a) Transpiration rate over time and b) transpiration reduction
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32



CHAPTER 2

2.4.5 Alternated partial rootzone drying

Constant transpiration demand

When irrigation was alternated between wet and dry soil compartments after 15 days, Simulation 1
regulated stomata only as a function of leaf pressure head (H) while Simulation 2 included an
additional chemical signal (H+C).Additional simulations of C and H+C,i were not included as
responses were similar to the H+C and the H case, respectively (see also Figure 2.3). During the first
five days, when irrigation was applied uniformly to both soil compartments, actual transpiration
equalled the potential transpiration (Figure 2.8 a) in both simulations. Transpiration began to decline
about four days after changing to partial irrigation. The general course of transpiration is similar for
the H and H+C cases, even though transpiration was less in the H+C case, indicating that both

hydraulic and chemical signalling can produce similar plant responses during alternate PRD.

However, immediately after alternating irrigation at Day 20, the transpiration rate of H+C sharply
decreased, associated with an increased signal concentration in the shoot (Figure 2.8 c, black solid
line). After an initial drop, signal mass flux from the previously non-irrigated root system showed a
distinct peak for about a day. With continued re-wetting of this compartment (Figure 2.8 b) and
increased water uptake from roots contained therein, chemicals accumulated in the roots can again be
transported to the shoot. Interestingly, signal mass flux from the now-drying compartment is reduced.
As this compartment still contains water from the previous irrigation cycle, and the other compartment
is now irrigated, a larger part of the root system can contribute to water uptake (Figure 2.8 b). This
leads to a more homogeneous distribution of soil water pressures and thus a relaxation of the total root

system with higher root water potentials than under stress conditions.

Increased transport of chemical signals upon rewetting part of the rootzone (presumably originating
from previously stressed parts of the rootzone) was observed in field experiments with grapevine in
the morning shortly after the onset of transpiration [Romero et al., 2012] and in pot-grown tomato
plants for 8 hours after alternating irrigation [Dodd et al., 2006]. Production and accumulation of
chemical signals during periods without root water uptake (e.g. during night or in non-irrigated parts
of the rootzone) and subsequent transport when root water uptake starts again (e.g. in the morning or
re-wetting of roots in dry soil) may be critical in regulating transpiration of plants exposed to PRD,
and may contribute to the agronomic advantages of alternated partial rootzone drying over deficit

irrigation [Dodd, 2009].
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Figure 2.8 Partial rootzone drying with constant transpiration demand: a) Actual transpiration rate for regulation as a function
of hydraulic signalling (H) and of hydraulic + chemical signalling (H+C), Tpot remained at 10 cm® d”'. Irrigation was either
applied uniformly or partially at the right or the left compartment. b) Effective soil water pressure head for the total soil
domain for H and H+C. c¢) Concentration of chemical signal in the shoot and mass flux of chemical arriving at the shoot from
both compartments. Values are averaged over 0.1 days
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Transient transpiration demand

To obtain more realistic conditions, the previously described scenario was modified by applying a
diurnal, sinusoidal transpiration demand and an alternating irrigation cycle with a frequency of five
days. Irrigation was only applied during day time at a constant rate of 2.6 cm d”' (= 11.7 cm*d™), when
plants transpired. Again, during the first five days, irrigation was uniform and the actual transpiration
equalled the potential daily averaged transpiration of 10 cm® (Figure 2.9 b). About three days after
changing to partial irrigation, transpiration declined. Unlike simulations with constant transpiration
demand, transpiration rate did not recover immediately after alternating irrigation but remained low
for another day until it recovered again. Here, the transpiration reduction was slightly higher for the
purely hydraulic case (H) due to parameterization of either 4,,; or the parameters of Eq. 2.2a (see the
section ‘Sensitivity’). Generally, transpiration was similar with and without additional chemical

signalling, suggesting it could be described by a hydraulic signal alone.

Effects of an alternation event on the daily courses of transpiration and chemical signalling were
examined in more detail (Figure 2.9 b). Initially, actual transpiration follows potential transpiration
(light grey) and as maximum transpirational demand at midday approaches, both cases start to reduce
their transpiration rate. 7,., equals T, again in the ‘evening hours’. Thus, both cases reproduce the
well-known midday depression in transpiration and its subsequent recovery. Before switching the
irrigation, the drying side of the root system provides most of the chemical signal that decreases
transpiration. This is maintained for 2 days after the irrigation was alternated, reflecting a lag phase of
the system due to the time it takes to re-wet the previously dry soil, and dry out the previously

irrigated rootzone.
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Figure 2.9 Partial rootzone drying with transient transpiration demand: a) Cumulated actual daily transpiration for regulation
as a function of hydraulic signalling (H) and of hydraulic + chemical signalling (H+C), T, remained at 10 cm® d™. Irrigation
was either applied uniformly or partially at the right (R) or the left side of the compartment (L). Amount of irrigation per day
remained constant. b) Daily course of mass flux of chemical signal arriving at the leaves from each compartment and of the
actual transpiration for H and H+C in comparison to potential transpiration (light grey). Irrigation was only applied during
day (indicated by black bars)
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2.5 Conclusions

We developed a model that simulates the effect of a root-produced chemical signal on stomatal
regulation, transpiration and root water uptake. This model evaluated the impact of different
regulatory mechanisms on plant transpiration when the root system is in a soil with spatial variations
in soil water potentials. The model reproduced some experimental observations such as absolute
xylem ABA concentrations, transient effects of root-produced chemical signals on transpiration, a
transpiration restriction when previously dried roots re-commence water uptake, and transpiration
oscillations (see Appendix A.1). Those effects are attributed to transport limitations of the chemical
signal from the roots that emerge when parts of the root zone dry out strongly so that there is no
uptake and water flow from these regions. Transport limitation leads to a reduction of the stomatal
regulation that may result in an increase in transpiration during a drying process. This phenomenon
cannot be reproduced by classical root water uptake models that describe relative root water uptake
(relative to potential transpiration) only as a function of rootzone water potential. Another transport
related example is that of the flushing of chemical signals from a dry rootzone upon rewetting. This
flush may lead to a temporal decrease in transpiration rate but may as well have other plant
physiological effects. However, effects of chemical signals on modulating tissue hydraulic
conductivity (e.g. via altering aquaporin expression in the leaves) that may enhance the impact of

hydraulic signals on stomatal closure [Pantin et al., 2012] were ignored in this study.

Alternatively, chemical signalling seems less important over longer time scales, since models that
predicted root water uptake based only on hydraulic signalling adequately simulated plant responses to
drying soil. However, a detailed soil and root water uptake model shows that soil moisture
heterogeneity influences plant hydraulics. Contrary to current assumptions, simulations indicate that
effects of heterogeneous distribution of rootzone soil water potential and alternate partial rootzone
drying on stomatal conductance can largely be explained by hydraulic signalling. This suggests that
the spatial dynamics of root water uptake from soils with temporally varying spatial distributions of
water content may be described by models that consider only the hydraulics of the soil-root system,

even when the mechanism that relates transpiration to soil water potential is chemical signalling.

Furthermore, the model allows the effects of a simultaneously increasing rate of signal production and
a decreasing water uptake rate on signal concentration in PRD plants to be quantified. While the mass
fluxes from the dry side were about twice as high as those from the irrigated side, the concentration
difference was three orders of magnitude. Therefore, measuring signal concentrations from roots in
drying soil [Dodd et al., 2008a; b] may overestimate effects of chemical signalling on transpiration, as
water (and signal) transport out of these roots decreases. Chemical signal fluxes cannot be linked

directly to bulk nor effective soil water potentials (see also Eq. 2.8), as the heterogeneous distribution
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of soil and root water potential might initiate chemical signalling in only parts of the root system. To
verify this model, experiments should simultaneously measure chemical signalling (concentrations and
mass fluxes) as well as soil and root water potentials in both soil compartments of plants exposed to

PRD.

The sensitivity analysis showed that the fitting parameters for hydraulic and chemical signalling s, and
s. both influence the magnitude of transpiration reduction while the threshold pressure head for
chemical signal production 4, affects the onset of transpiration reduction. Although the relationship
between soil water pressure and regulation of transpiration became non-linear for chemical signalling
alone, further investigations are needed in relation to the distribution of soil moisture heterogeneity

and to soil and root hydraulic properties.

In conjunction with experiments, the model might prove useful to further investigate the influence of
soil properties (e.g. soil water holding capacity) on root water uptake patterns, chemical signalling and
stomatal regulation. Being able to simulate chemical signalling between root and shoot may allow
simulation of other physiological effects related to shoot growth and assimilate redistribution, that may

be important for optimizing irrigation strategies such as PRD.
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CHAPTER 3

TRANSPIRATION REDUCTION DUE TO HYDRAULIC VERSUS
CHEMICAL SIGNALLING FROM A PARTIALLY DRY ROOT ZONE — A

SIMULATION STUDY

This chapter is based on a journal article submitted as:

Huber, K., Vanderborght, J., Javaux, M., Vereecken, H. Transpiration reduction due to hydraulic
versus chemical signalling from a partially dry root zone — a simulation study, Plant and Soil,

(submitted).
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3.1 Introduction

Plants subjected to low soil water availability have developed different strategies to cope with drought.
One of these is stomatal closure to minimize water loss to the atmosphere. Experimentalists observed
two types of plant stomatal reaction to low water availability: isohydric, when leaf water potential was
kept constant at a certain threshold, or anisohydric, when large fluctuations in leaf water potential
were observed under different water statuses [Tardieu and Simonneau, 1998]. The control of leaf
water potential on stomatal closure has been known for decades [Gardner and Ehlig, 1963]. More
recently, chemical signals by plant hormones originating from plant roots or other plant tissues that
control stomatal closure, e.g. abscisic acid (ABA), were discovered [Gowing et al., 1990; Stoll et al.,

2000].

Although there is a multitude of models that describe stomatal conductance in relation to
environmental factors [Damour et al., 2010], there still remains a need to understand whether the
current approaches that link stomatal conductance to soil water availability are valid if transpiration is
regulated by chemical signalling [Javaux et al., 2013]. Furthermore, the observed stomatal behaviour
(anisohydric or isohydric) does not necessarily imply a priori a specific control mechanism. For
instance, depending on hormone production and corresponding stomatal sensitivity, a chemical

signalling could either result in iso- or anisohydric behaviour [ Tardieu and Simonneau, 1998].

Two types of models were proposed to simulate stomatal regulation induced by drought. On one hand,
empirical models try to relate stomatal closure directly to soil water potential and/or root zone soil
moisture content. These relations were obtained from experiments, which have proven since decades
the link between transpiration reduction and low soil water content. Eco-hydrological models compute
stomatal regulation often as a function of lumped soil water content[Rodriguez-Iturbe and Porporato,
2005]. In hydrological models stomatal regulation is implicitly accounted for through stress functions,
which relate the reduction of the potential transpiration rate to bulk soil water status. There are
functions that link the reduction factor linearly to the soil water potential [Feddes et al., 1978] or to the
matric flux potential [van Lier et al., 2006]. In addition to soil water potential, these stress functions
also depend on the transpiration rate with a stronger reduction in transpiration rate for the same soil

water potential when the transpiration rate is higher.

On the other hand, mechanistic models aim at linking stomatal regulation to plant variables triggering
or controlling the stomatal aperture in a more direct way. These models use functional relationships
between hormone concentrations, plant hydraulic variables like leaf water potential and stomatal
resistance [Tardieu et al., 1993]. In order to further link plant variables (e.g. leaf water potential and

leaf hormone concentrations) with soil environmental variables (e.g. soil water potentials in the root
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zone), meteorological conditions (e.g. potential transpiration rate or the transpiration rate when
stomata are fully opened), but also plant properties (e.g. root hydraulic architecture, hydraulic
conductivities of roots, production of hormones as a function of root water potentials), eco-

physiological models have been developed [Rodriguez-Iturbe et al., 2001].

For the case that stomatal regulation is only a function of the leaf water potential (i.e. fully hydraulic
control) and that this function is a step function (i.e. stomata are not closed when the leaf water
potential is above a critical threshold value and adjust their aperture to keep a constant leaf water
potential), a hydraulic model of the soil-plant system can be used to describe the transpiration fluxes
[Doussan et al., 2006; Javaux et al., 2008]. Direct relations between hydraulic properties of the root
system, the spatial distribution of the soil water potentials, the maximal possible transpiration rate, and
the distribution of the water uptake in the root zone emerged from a theoretical analysis of such a

system [Couvreur et al., 2012; Javaux et al., 2013].

However, such relations have not been established for the case that chemical signalling by plant
hormones also plays a role. In order to bridge the gap between models and observations we included a
module, which explicitly accounts for chemical signalling, to a numerical mechanistic root and soil
water flow model. Recent attempts to model both hydraulic and chemical control of stomata showed
promising results to reproduce experimental observations [Huber et al., 2014]. Therefore, in this
manuscript, we use simulations with this model to investigate the relation between transpiration
reduction, water potential distribution in the root zone, and potential transpiration rate for different
signalling mechanisms: hydraulic versus chemical signalling. We set up a series of virtual split root
experiments with vertical and horizontal splits to further evaluate the influence of soil water
heterogeneity on transpiration regulation. In addition, similar to what was done by Couvreur et al.
[2012] for the hydraulically controlled soil-plant system, we did a theoretical system analysis of the
chemically controlled and chemically-hydraulically controlled systems from which novel direct
relations emerged. These relations, which might be useful in larger scale models to describe stomatal
closure in a quantitative and mechanistic but simple way, were evaluated by simulations with the
numerical model. In the following text we will refer to signalling by chemicals as ‘C’, and by both
hydraulics and chemicals as ‘H+C’. We hypothesise that H+C controlled plants result in apparent

isohydric behaviour, while C controlled plants lead to apparent anisohydric behaviour.
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3.2 Methods

3.2.1 Numerical mechanistic model, R-SWMS

Soil-root water flow model and water potentials

R-SWMS (Root-Soil Water Movement and Solute transport modelling) is a coupled soil and root
water flow model that computes water fluxes through the soil-plant-atmosphere continuum as a
function of the hydraulic gradients in the system [Javaux et al., 2008]. The Richards equation
[Richards, 1931] is solved for a three-dimensional regular soil grid. The root architecture is explicitly
represented in three dimensions. The water flow into the root xylem is governed by the pressure
gradient between the soil root interface and the xylem pressure. The resulting radial flow is equal to
the sink term of the Richard’s equation. Flow through the roots towards the shoot is explicitly

modelled and is driven by pressure gradients within the root system [Doussan et al., 2006].

The total water potential is expressed as the energy per volume of water, which is equivalent to a
pressure. The total water potential consists of different partial potentials. In the R-SWMS simulations,
the partial potentials related to the elevation and to the water pressure are considered. For the water
pressures, the difference to the atmospheric pressure is considered so that negative water pressures
refer to pressures that are smaller than the atmospheric pressure. Partial potentials related to the

osmotic potential can also be included [Schrdder et al., 2013], but were not considered in this study.

Chemical Signalling

In R-SWMS an additional chemical signalling was implemented [Huber et al., 2014] using a particle
tracking algorithm that generates during each time step and in each root segment a particle with a mass
that is proportional to the duration of the time step and that depends on the local xylem water pressure.
If the xylem water potential is lower (more negative) than a threshold water pressure, 1, particles are

created.

The production rate of chemical in a root segment, M;, (N T™') is given by Simonneau et al. [1998]:

M;=ami|hy; = Yum|  fOr Yoi < Yuim 3.1
M;=0 foryy; = Yum
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where a (N P" T'M™) is the production rate per root mass, m; is the mass of segment i and y; is the
xylem water pressure in segment i. The particles are further transported via the xylem water flow
calculated by the root water flow model upwards towards the shoot, which is represented by a single
segment with a volume, Vi, [L3]. This shoot segment acts as a mixing bucket or buffer and was
introduced to suppress oscillations in stomatal regulation [Huber et al., 2014]. The total mass of
chemical signal in the shoot volume is calculated by adding the newly arrived chemical mass to and
subtracting the mass that flows out from the prevalent mass in the shoot. The concentration is obtained
by dividing the total mass by the volume of the shoot. The resulting concentration affects stomatal

closure.

Tardieu and Davies [1993] proposed the following relation between stomatal aperture, signal

concentration, and leaf water pressure, Eq. 3.2:

Toct = Tpot {ar +(1-a) exp[_sccleaf exp(spllpleafD]} 3.2

where T, (L? T’l) is the actual transpiration, 7, (L? T’l) is the potential transpiration, i.e. the
transpiration when stomata are fully open, a, (-) is the residual stomatal aperture, c;.s is the chemical
concentration in the leaves [N L™, [Yieql [P] is the absolute value of the leaf water potential, and s,

(LN and Sp (P") are fitting parameters.

In R-SWMS, an H+C scenario is modelled using Eq. 3.2 with 5,# 0 and Eq. 1 3, <0, and the C
scenario using Eq. 3.2 with s, = 0 and Eq. 3.1 with y;;, = 0. For the H scenario, Eq. 3.2 is not used
directly but a critical water pressure ¥,y is defined in the shoot/leaves. As long as Wiy > Wimm Tact
is equal to T, When W, = Win n, the water potential in the leaves is kept constant and the water flow
from the soil to the root and the shoot is calculated from the difference between the soil water pressure

and ;, z considering the soil and root resistances to flow in the system.

Although R-SWMS can be used to simulate the behaviour of single plants in which transpiration is
controlled by chemical signalling, simpler models are needed to get insight into fundamental
differences of the plant stomatal regulation by chemical or hydraulic signalling. Such models are also
potentially useful for large scale system models (crop models), in which stress prediction is crucial but

still poorly estimated.
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3.2.2 Direct relation between transpiration and root zone water distribution

including chemical signalling

In order to assess the regulation of transpiration by chemical signalling directly, a simple relation
based on the following assumptions was developed (Figure 3.1): (i) soil is constituted of two isolated
compartments, (ii) the wet part is constantly irrigated and the water pressure at the root-soil interface
in the wet part, P, remains close to zero, (iii) soil water pressure and root xylem water pressure in
the dry parts of the root zone ¥,q.,a is equal to the leaf water pressure 1., and differences in total
water potential due to differences in elevation are neglected, (iv) chemical signal is only produced in
the dry part of the root zone and is a linear function of the water pressure in the root, (v) the produced
chemical signal is instantaneously effective in the stomata (no transport limitations considered), and
(vi) the fraction of the water uptake from a compartment to the total water uptake by the entire root
system when water pressure in both compartments is equal, is equal to the root mass fraction in the
compartment. The last assumption implies that the distribution of fine and coarser roots and roots

segments with different hydraulic conductivities is the same in the different compartments.

Wiear a

Wrootmet
fay -y

Wrootwet

Figure 3.1 Schemes of the different split-root setups at steady state, where water uptake is only maintained by the wet (blue)
part: vertical split (a), horizontal split with irrigation from the top (b) and from the bottom (c).

According to the third, fourth, and fifth assumption, dividing the production of signal by the actual

transpiration results in the signal concentration in the leaves ¢y, (N L'3), Eq. 3.3:

fdrya*lll)root,dry - lpliml fdrya*|1/)leaf - lpliml
Cleaf = = 33
Tact Tact
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where a* (N P T™) is the signal production rate of the total root system which is multiplied by Sarvs
representing the mass fraction of the roots in the dry compartment, to account for the fact that only

roots in the dry compartment are producing the signal.

With the assumption that stomata close completely during night (o, = 0) and that the pressure
difference between the dry and the wet soil compartment is large enough (Y,,01wer = 0), combining Eq.

3.2 and 3.3 becomes (H+C) for Wieor < Wi

_Scfdrya*

Toer = Tpot exp T
act

|1»bleaf - ¢lim| exp(spllpleafD 3.4

This equation relates T, to W, and T, but does not include the effect of the water flow in the soil
root-plant system on the water pressure differences between the soil and the leaves. Based on the
second and third assumption, it can be stated that the plant-soil system is in a steady state and that the
actual transpiration is maintained only from the wet part of the soil and thus driven by the water
pressure gradient between the leaf 1., (P) and the root-soil interface in the wet soil compartment

l/)ront, wets Eq 3.5:

Tact = (1 - fdry)Kroot(lproot,wet - lpleaf) 3.5

or

Tact

Yiear = Prootwet ~ 77— N
eaf rootwe (1 - fdry)Kroot

where K, (L3 p! T’l) is the effective hydraulic conductivity of the entire root system. According to
assumption (vi), fa, can be either the mass fraction of roots in the dry compartment or the fraction of
water that would be taken up from the dry compartment when it is equally wet as the wet

compartment.
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Based on this assumption and since water uptake only occurs from the wet part, the effective
conductivity of the root system in the wet part is a fraction (1-f;,) of the conductivity of the entire root

system, K,,,,. Combining Egs. 3.4 and 3.5 and assuming ), o, = 0 leads to:

_Scfdrya* 1»[)lim |
Toet =T exp[ - exp(s,|y 3.6
act pot (1 - fdry)Kroot wleafl ( pl leafl)
This relation can be further rewritten as:
1 w]liml Tact
Tact = Tpot exp{—s fa a*[ - exp |s, |————|| 3.7
“ po ey (1 - fdry)Kroot TaCf P (1 - fdry)Kroot

Eq. 3.7 provides an indirect relation between T, T, plant parameters (sc, Sp, @* Wim Koor), and the

fraction of roots in dry soil which can be solved for T,,, iteratively.

Once T, is known, 1., can be calculated from Eq. 3.5 so that the effective soil water pressure P,piey

(P) can be described according to Couvreur et al. [2012]:

wsoil,eff = (1 - fdry)lproot,wet + fdrylpleaf 3.8

Where according to assumption (vi) (/-fz,) and 3., take up the role of the standard sink term fractions

in the wet and dry parts of the root zone respectively. Plugging Eq. 3.8 into Eq. 3.5 leads to:

Toct = Kroot(lpsoil,eff - 1»[)leaf) 3.9

which is exactly the same equation as derived by Couvreur et al. [2012] to assess the effect of the soil
water pressure and its spatial distribution on the transpiration rate. However, in contrast to Couvreur et
al. [2012], who consider a isohydric plant behaviour with a constant We, = Wimu for T < Ty,

according to Eq. 3.6, y..rchanges with T,,,.
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Apparent isohydric behaviour

Through inspection of Eq. 3.6, conditions or plant properties or parameters that lead to an isohydric
plant behaviour can be inferred. In isohydric plants, leaf water potential is kept larger than or equal to
a fixed value: Yiear 2 Yiimn. According to Eq. 3.6, such a behaviour can be obtained for s, > 0 since
stomatal conductance decreases sharply with [, when [eqd > 1/s, so that Yiumn = 1/s,. Also for
s, =0, when only chemical signalling is considered or active, apparent isohydric behaviour may
emerge. When the sensitivity of the stomatal conductance to the chemical signal is sufficiently large,

Sr:fdrya*

i.e. for a relatively large ———=——
vey & (1_fdry)Kroat

, the actual transpiration rate decreases sharply within a relatively

narrow range of Wi = Yroorary < Wiim SO that Yiimu = Yy,

Apparent anisohydric behavior

When s, is close to zero, i.e. [, must be very large before the stomatal conductance starts to
decrease drastically with increasing |1, the leaf water potentials can vary over a large range before
a pronounced effect on the stomatal closure arises. For chemically controlled plants (C) with 1, =0

and s, = 0, and for | W,eo;wer] << |Wiearl, Eq. 3.6 simplifies to:

—Scfary@” ]

Toct = Tpor €Xp |77
act pot P [(1 - fd‘ry)Kroot

This equation illustrates that the relation between 7,./7,, and f;, neither depends on ., nor on

Wsoil,eff-

Further the three parameters s, a*, and K,,,, can be grouped in a dimensionless factor so that a change
in one of these parameters can be compensated by a change in the other parameter without any effect
on the relation between 7, and fg,. Eq. 3.10 implies that for chemically controlled plants, the relation
between the water pressure in the root zone and the transpiration rate is fundamentally different from
the relation for hydraulically controlled plants. For a given fg,, the ratio of T,./T,, is constant and
therefore independent of 7). According to Eq. 3.9, this implies that for a given f;,,, the difference
between effective soil water and leaf water pressure will be larger for a larger 7,,,, which implies in
turn that for larger 7o, Wieqr Will be smaller, even when T, < T,,,. In other words, the control exerted
on stomatal closure in C plants cannot maintain a critical threshold leaf water pressure that is

independent of the atmospheric demand for water or 7, leading to apparent anisohydric behaviour.
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For H or H+C plants, the leaf water pressure varies within a small range when 7, < T, . According

to Eq. 3.9, this implies that for a given Wiep Tae is independent of T, (When T, < Tpop).

In the following, relations between Weqs Woirerr and Ty, for chemically controlled plants are derived.
With assumption (ii) Ysoirerr = faryWiear and for s, = 0 and 1, = 0, T, can be written for C plants

in terms of Ygpp ¢ 5 aS:

_Sca*lpsoil,eff]

Tact = Tpot exp [ T
act

Using Eq. 3.8 with assumption (ii) [Y,erwer] << |Wieq] and Eq. 3.5, yeqrcan be related to 7, and f;, for
C plants as:

T, -, a*
Viear =~ 7m0 exp[ cfuy ] 3.12
(1 - fdry)Kroot (1 - fdry)Kroot

Eq. 3.12 shows that 1., does not remain constant when 7, (for a constant 7,,,) decreases due to an

increasing fg,.

The direct relations given above hinge on several assumptions. By comparing relations obtained from
numerical simulations of 3-D flow and transport in the soil-plant system with the relations given above
the validity of these assumptions and approximations for isohydric and anisohydric behaviour will be
assessed. Further the comparison between the H (Eq. 3.9 with Wes = Wi 1) and the H+C model (Eq.
3.6) will indicate if the simple hydraulic approach is valid to describe stomatal regulation or in which
cases an additional hormonal signal is needed. A sensitivity analysis will show to which extent

variations of s, and K,,,, influence the stomatal regulation mechanism.
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3.2.3 Model setup

Numerical model
Soil

We set up a cubical domain with 20 cm side lengths, z,,, and a uniform discretisation of 0.5 cm and
either one horizontal or two vertical, hydraulically impermeable, split layers (Table 3.1) with a width
of two voxels. Soil hydraulic parameters for the bulk soil were set to those of a clay loam (Table 3.2,
#1) [Carsel and Parrish, 1988] and for the impermeable layers to a non-conductive material (Table

3.2,#2).
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Table 3.1 Model setups, the sketches for the setup show the irrigated compartments (in blue).

horizontal split

vertical split

Fraction of

irrigated
soil domain

Fraction of
root length
in dry soil,
Sary

Water input:

top (T) or
bottom (B)

top
boundary
condition *:

bottom
boundary
condition *:

0.95

WP

NF

0.5

0.68

WP

NF

0.22

WP

NF

WP

NF

0.05

NF

WP

0.5

0.32

NF

WP

0.78

NF

WP

NF

WP

~0.75 ~0.5 =0.25

T T T
F F F
D D D

* flow (F), water potential (WP), no flow (NF), free drainage (D)
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For the horizontal setup one thin impermeable layer was inserted at one of three soil depths (0.25, 0.5,
or 0.75%*z,,) to divide the domain in two compartments. Boundary conditions were set to a constant
water pressure either at the bottom (0 hPa) or at the top (-20 hPa). The remaining boundaries were
defined as no flow. The vertical split was arranged by two thin impermeable perpendicular vertical
layers that divided the simulation domain into four equal compartments (Figure 3.2, insets). The top
boundary conditions of each of these compartments could be set individually to a flow condition.
Either 25, 50, 75, or 100 percent of the top surface was irrigated but the amount of water that was
applied, Q,, (L T"), was always larger than the pre-defined transpiration demand, 7, »or. The bottom

boundary was set to free drainage.

As initial conditions the water pressure for the horizontal split was in a hydrostatic equilibrium with a
bottom water pressure of 0 hPa. The vertical split setup started initially with steady state flow
conditions in the entire domain, which were obtained in a separate, preliminary run under uniform

irrigation.

Table 3.2 Soil hydraulic parameters of the Mualem van Genuchten equation [ Van Genuchten, 1980]

Material Or Os o n 1 Kat
number [cm3 cm-3] [cm3 cm-3] [em™] [-] [-] [em d™]
1 0.095 0.41 0.019 1.31 0.5 6.24
2 0.095 0.41 3*10° 1.5 0.5 0
Root

Two static (non-growing), fibrous root systems: one for the vertical and one for the horizontal splits
were generated with the R-SWMS root growth model [Clausnitzer and Hopmans, 1994] and used for
the simulations (Figure 3.2). The root systems varied slightly in their root length density distributions.
Root fractions in the vertical split setup were equally distributed over the four compartments, while for
the horizontal split the fraction of roots did not equal the fraction of the soil domain that was irrigated.
The fraction of roots, f;,, was defined equal to the relative root length per compartment. For the
vertical split the resulting maximum difference in water uptake from each compartment was lower
than 0.4 % under uniform irrigation. The uptake from the horizontal split roots followed the root

length density distribution in case of hydrostatic equilibrium.
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Figure 3.2 Root length densities over depth of the domain for (a) the vertical and (b) the horizontal split setup, where the
horizontal lines represent the individual height of the split layer. The insets show the root architectures within the soil

domains.

Root hydraulic parameters for radial conductivity and axial hydraulic conductance were chosen from a

data set for maize plants [Doussan et al., 1998b] and kept uniform and constant for all root segments.

According to Couvreur et al. [2012], the system hydraulic conductivity, K,,., can be derived directly

from the simulated water uptake by the system for a uniform soil water pressure distribution and a

given leaf water pressure. The water uptake that is simulated for this case in a single voxel and divided

by the total water uptake represents the so-called standard sink fraction, SSF. The SSF distribution in

the soil is subsequently used to calculate the effective soil water pressure ;¢ as:

Ysoiterf = Z SSF; Ysoiri
7

3.13

where i refers to the i soil voxel. It should be noted that when ,; is uniform in a soil compartment

and when the sum of the SSFs in the dry and wet compartments equal /., and (I-f,), respectively, Eq.

3.8 is obtained.
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To root water pressure in the dry and wet compartments respectively were calculated from the

simulated water potentials in the dry and wet compartments using:

" _ Lieary SSFi Wsoiri 3.14
root,dry Ziedry SSFi .

and analogous for the wet compartment.

In Table 3.3, the parameters used for the simulations and the different types of control (H+C, C) are

given.
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Table 3.3 Parameterization for C and H+C controlled stomata

C H+C
Tyor 30, 50, 100
[em’ d']
Koo 0.0085
[em® hPa d']
Se 5%107 5%10"
[em® mol”']
Sp 0 1*¥10™*
[hPa’']
Pim 0 -6000
[hPa]
a*— DIRECT. 3.0%10™" 2.7%107™"
[mol hPa™ d’']
a - RSWMS 2.75%107°
§ [mol g'tha'I d']
-§ Lr 1.78%10°°
E [’y
S Kx 4.32%107b
§ [em® d']
% Vbuger 14.21 (vertical)
[em’] 14.26 (horizontal)

* [Simonneau et al., 1998]
b Lr, radial hydraulic conductivity; Kx, axial hydraulic conductance [Doussan et al., 1998b]
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3.2.4 Scenarios

The relations between transpiration, root zone water potential and fraction of roots in dry soil obtained
from numerical simulations and from approximate direct relations were compared for H+C and C
plants and for three potential transpiration rates. Each numerical setup consisted of 12 individual runs

(4 vertical + 8 horizontal splits).

The parameters for the direct relations were equal to the parameters used in the numerical model. As
the value for the sensitivity to leaf pressure s, was chosen in a way that 1/s, > 1;;,, the hormone
production and stomatal closure due to hormone concentration starts at higher pressures than the
amplification of the hormonal signal by the leaf pressure. The only parameter that could not be
directly transferred to the theoretical model was the signal production a. The numerical model uses a
production rate at each segment, a, while in the theoretical model a* refers to a global signal
production rate (Table 3.3). In theory a* = m a. With a total root mass of 14.2 g this would lead to a
value of a* =3.85 * 10™!! (mol hPa-' d). However, using this value led to a too strong reduction in
transpiration predicted by the direct relations. A first reason is that due to transport limitations part of
the produced mass was trapped in the root system. A second reason is that the simulated y 4, were
still considerably larger than the ., so that the production of chemical signal was overestimated
when 4, was assumed to be equal to ... Especially for the H+C case, in which signal is only
produced when W,y < Win, this had an important impact. Therefore, a* was manually adjusted to
match the transpiration reduction. It must be noted though that the same a* was used for all scenarios

with different f3,, and T,
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3.3 Results and Discussion

3.3.1 Comparison of the direct and the numerical relations

The numerical simulations indicated that responses for the vertical and the horizontal splits were
comparable so that all simulation results were combined and compared with the direct relations
(Figure 3.3) between T,./T,,, leaf and soil water pressure, and the fraction of roots in dry soil. The
results from the numerical model refer to the states after a maximum of 100 days simulation time.

Most of the runs established a steady state; however, 17 of the 72 runs did not reach steady state.

For illustration, distributions of water potential in the root xylem and soil water contents at steady state
and the time course of root water uptake from each soil compartment are given for the 50% splits (2 x

horizontal, 1 x vertical) in Appendix B.1.

For H+C control the direct relations (Eq. 3.6) match the numerical results qualitatively (Figure 3.3 a-
c). When plotted versus . the relative transpiration rate 7,./T,, remains equal to one with
decreasing ., until a critical leaf pressure head is reached. Since .., is approximately equal to the
root water potential in the dry zone, W04, N0 signal is produced and no reduction in transpiration
takes place as long as Wean and W, are larger than . In this range, ., decreases due to a
decreasing fraction of roots in the wetted zone and therefore a lower effective hydraulic conductivity
of the root system (7-f;,) Ko s0 that a larger gradient between the wetted root zone and the shoot is
required to sustain the potential transpiration. When o4y and ., become smaller than ,,
hormone production in the dry root zone is triggered, stomatal conductance decreases and 7.
becomes smaller than 7. According to Eq. 3.2, the reduction depends on the hormone concentration
which in turn depends on the hormone production rate and the transpiration rate. For a higher
transpiration rate, the dilution of the produced hormone concentrations is larger and ;, is reached for
a smaller fraction of roots in the dry zone. Consequently ., must be smaller for a high than for a low
potential transpiration to achieve the same hormone concentration and consequently the same

transpiration reduction (Figure 3.3 a).
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hydraulic + chemical control
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Figure 3.3 Relative transpiration rates at steady state for hydraulic + chemical (a-c) and chemical control (d-f) over leaf water potential (a, d), effective soil water potential (b, ¢), and fractions of
roots in dry soil (c, f). The numerical results (R-SWMS) are depicted as symbols and the corresponding theoretical results that were derived either by Eq. 3.6 or Eq. 3.10 are shown as lines.
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The relation between T,./T,o and ., is non-monotonous. For high Ty./Tyor, Tues/Tpor decreases with
decreasing W, until a minimal ., is reached after which 7,./T,,, decreases with increasing W, In
our model setup, 7, decreases since a larger part of the root zone is in the dry soil compartment.
When f;, increases, the effective hydraulic conductivity of the root system (7-fy,)K,., decreases and
the fraction of the root system in which chemical signals are produced increases, which leads to a
reduction in stomatal conductance. When f;,, is small, i.e. for high T,./T,,., besides an increase in the
fraction of roots that produce hormones, also increase in production rate due to a decrease in ¥oo;4ry OF
Viear 1s Tequired to reduce T,/ Ty For larger fy,, the increase in hormone production and decrease of
the dilution when 7,./T,, decreases is large enough to decrease the stomatal conductance so that the
production rate may decrease and hence W,oay and W, may increase with decreasing To./T o

Although the non-monotonic behaviour may be observed for the different transpiration rates, except
for the highest one, the difference between the minimally reached ., and y, is not so large. This
implies that a quasi isohydric behaviour of the H+C plant emerges with a more or less constant
Wiear= Wiimn When T, < T, Figure 3.3 illustrates that, for the scenarios considered, this constant .,
or W,z was almost equal to the threshold root water pressure y;, that triggered hormonal production
(-6000 hPa, Table 3.3). The relation between 7,./T,, and ..y that is derived from the numerical
simulations and the approximate direct relations for the H+C control is monotonous. Opposite to the
relation between T/ Tpor A0d Wiear , Wroiref 1S for the same T,/ Ty, lower for a low than a high T),,,. This
is in line with relations that were derived for isohydric plants [see e.g. Couvreur et al., 2012; Javaux et
al., 2013]. T,./T,, remains equal to one with decreasing W,y until a critical ;5 is reached. This
critical o is smaller (more negative) for smaller transpiration rates. For smaller Wiieps Tuct/Tpor
decreases and for a constant K,,, and ., a linear decrease of T,./T,, with a decrease in Wy
emerges from the hydraulics of the soil-plant system [Couvreur et al., 2012]. The plot of T../T)u

VETSUS fyy, is a mirror image of the response of T/ Tpor 10 Yioit e

For the C controlled plant, the direct relations between 7,./T,, and s are also non-monotonic and
for the same T7,./T,, more negative yj,, are obtained for higher than for lower 7,,. Again, the
relations between 7T,./T,, and ., that were derived from numerical simulations corresponded fairly
well with the direct relations. However, the range of 7,./7,, that was simulated by the numerical
model was not large enough to validate the non-monotonic behaviour. The numerical simulations only
indicated that y;,.,, decreased with increasing transpiration reduction or decreasing 7T,./T,,. The
relation between 7,./T,, and W, for the H+C and C controlled plants are qualitatively similar.
However, for the C plant, the leaf water potentials were more negative, and varied more with 75,./T,,

and with T,,,, which is typical of anisohydric behaviour.
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Despite the qualitative similarities in the relations between T,.,/T,, and W, for the H+C and C
controlled plants, the different sensitivities to production of signalling chemicals in the root zone (only
after a certain root zone pressure, y;,, was reached with a high sensitivity to signal concentrations for
H+C or production for all negative root zone pressures and a low sensitivity to signal concentrations
for C) the relations between root zone conditions, ey and fy,, potential transpiration, 7,,, and
transpiration reduction, T,./T,, were completely different. The C parameterisation leads to a unique
relation between 7T,./T,, and fy,, which is independent of T, (Figure 3.3 f) and in which T,./T,
decreases monotonously with increasing £y, (Eq. 3.10). For the same f;, and the same T,./T,,, the leaf
water pressure must be lower for a larger 7, to sustain a larger transpiration flux. This leads to a
lower water pressure in the dry root zone and a higher production in signal rate. Since for the C-
parameterization both T, (Eq 3.5 a for Wisr << Wuo,we) and the signal production rate (Eq. 3.1 with
Wiim = 0) are proportional to .., which is equal to .4, the higher production rate is offset by a
higher dilution so that the hormone concentration and consequently 7,.,/7,, do not depend on T,,,. The
lower sensitivity of the stomatal closure to hormone concentrations in the C-parameterization led to a
small sensitivity of T,./T,s to fa, for fz, smaller than 0.6. The fact that T,./T,, was not dependent on
T, and did not vary a lot with fy, for £, <0.6 explains why the leaf water potentials decreased
considerably with decreasing 7,./T,, before they reached their minimum and were much smaller for
larger T,,. The non-monotonic relation between T,./T,, and ., and the large differences in these
relations for different 7, are translated into the relation between ../, and ¥y Opposite to the
H+C parameterization, the relation between 7T,./T,, and Wy 1is non-monotonic and the same

reduction in 7./, occurs for higher 7, at lower W qy

The good comparison between numerical simulation results and direct relationships suggest that the
direct relationships can be used to predict plant transpiration as a function of the water status in the
root zone for different parameterizations of stomatal regulation by plant hormones that lead to either
isohydric or anisohydric plant behaviour. Isohydric behaviour may be described by Eq. 3.9 with y.,~
Wiy =~ Wim., Whereas anisohydric behaviour, which implies additional chemical signalling, can be
explained by Eq. 3.9 in combination with Eq. 3.12. However, to derive these relationships several

assumptions were made that are discussed in more detail in the following.
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3.3.2 Verification of the assumptions

Part of the assumptions that were made to derive the approximate direct relations were taken over in
the setup of the numerical simulations. Two isolated soil compartments between which no water flow
can take place and a steady state condition with a soil compartment that is kept wet were also
implemented in the numerical simulations. The distribution of roots and their hydraulic properties

were defined so that also assumption (vi) was satisfied in the numerical simulations.

Assumption (i) soil is constituted of two isolated compartments and plant roots do
not cross the compartment boundaries

Splitting up the root network in two separated parts was the basis to link the root water potential in the
dry soil part to the leaf water potential (assumption iii). This assumption was violated in the horizontal
split setups in which the root system crossed the different compartments. However, according to the
results shown in Figure 3.3, this violation did not affect the agreement between the outcome of the

numerical simulations and the predictions using the direct relations.

Assumption (ii), Wroot,wet = 0

The root water pressure at the root-soil interface of the irrigated compartment was never lower
than -450 hPa (data not shown). Thus assumption (ii) is valid. The water pressure in the xylem, ¥, e
however, was always lower than -2000 hPa (Figure 3.4), which is due to the radial hydraulic resistance
of the root system. While the vertical splits show a marked difference between dry and irrigated xylem
water pressure (Figure 3.4 b, d), the xylem water pressures in the two compartments were very close
for the horizontally split domains (Figure 3.4 a, c). Since there was almost no radial flow in the roots
in the dry part, the water pressure in the xylem of the dry part of the root system was nearly equal to

the water pressure at the root-soil interface: ¥ 4 = W04 (data not shown).
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Figure 3.4 Comparison of leaf and root xylem water potential of the dry and irrigated compartment for (a, b) the H+C and (c,
d)the C control and T,,,*1 for (a, c) the horizontal splits where the boundary condition is indicated for each fy in orange for
top irrigation and blue for bottom irrigation, respectively; (b, d) depict the vertical splits.

Assumption (iii), Yieaf = Yroot,dry

Figure 3.4 illustrates that this assumption is not fully correct. Although the difference between
Wsdry = Wroorary and Pyeqr is decreasing with larger root fractions in dry soil, a small difference between
the dry roots and the leaf water potential remains. For the vertical splits, this difference is due to a
small uptake from the dry root zone because equilibrium between the dry root zone and the shoot was
not yet reached at the end of the simulations. However, the uptake was smaller than 5% of the total
water uptake (data not shown). Especially for H+C controlled horizontal splits, the assumption is
much less well met for small f;,. In contrast to the vertical split scenarios, the shoot segment is not
connected in parallel but in series to the dry and wet soil. As a consequence, the xylem root water
potentials in the dry and wet compartments are similar for the horizontal splits. When water flows
from the wet compartment through root segments in the dry compartment to the shoot (i.e. when

irrigation is from the bottom), the water potentials in the dry compartment are closer to the potential in
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the shoot. However, when the dry compartment is below the wet compartment (irrigation from the
top), the water potentials in the shoot are closer to the potentials in the wet root segments, which can

especially be observed for higher transpiration rates (Appendix B.2).

Assumption (iv), signal production only at the dry side of the root system

For the vertical split, there is a considerable difference between xar, and Pxwe: (see Figure 3.4 b and
d). For the H+C case, in which chemical production starts for 1x < Ym, no signal is produced in the
wet zone whereas nearly all root segments in the dry zone produce signal (Appendix B.3). For the C
case, all root segments produce signal but since Yxary < Pxwes, most of the signal is produced in the dry

zone. For the vertical splits assumption (iv) can be considered valid.

For the horizontal splits, Pxap and Yxwe: are similar and for irrigation from the top, PYxwe: is even
smaller than xay (Figure 3.4 a and c). Assumption (iv) is therefore clearly violated for the horizontal
split experiments. Because the pressure heads are similar in both compartments, it could be assumed
that the production of chemical signal takes place in both compartments so that instead of using Eq.

3.3, the concentration in the leaves could be calculated as:

a* |lpleaf - lpliml

Cleaf =
Toct

Deriving direct relations between transpiration reduction and soil and plant parameters using Eq. 3.15
is straightforward. An evaluation of these functions indicated that the direct relations showed a similar
behaviour as shown in Figure 3.4 but that an adjustment of the a* parameter might be required.

Therefore, we continued to use the equations that were derived based on Eq. 3.3.

Assumption (v), immediate effect of chemical signal (no transport limitation)

A previous study showed the impact of transport of chemical signalling on transpiration reduction
(Huber et al., 2014). Due to transport limitations (when uptake is close to zero) chemicals can be
trapped in the roots in dry zones, which can lead to a reduction by an order of magnitude of chemical
signal arriving at the leaves. Transport limitation can further result in a slight re-opening of stomata
during prolonged drying as the trapped signal cannot be effective in stomatal closure. These
simulations showed that the effective signal was around 60 % of the total signal produced. This
transport related effects are quite minor in comparison to the actual stomatal response and might be

accounted for by the adjustment of a*.
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3.3.3 Sensitivity analysis

Figure 3.5 shows the sensitivities of Eq. 3.6 and 3.10 with respect to the parameters K,,,, and s.. Both
were varied separately by one order of magnitude. For the H+C parameterisation the slope between
relative transpiration and .. is influenced by K, Further, for a given T,./T,,, the difference
between soil and leaf water pressure is decreasing with higher K,,,,. The parameter s, affects slope as
well as curvature of the relation between relative transpiration and water potentials. As noted before,
for high values of s, this relationship becomes almost linear and has a response comparable to Eq. 3.9
(isohydric behaviour) whereas for low s, the variation of ., with T,./T,, increases and the relation
between 7,./T,o and P, becomes more nonlinear, and even non monotonous. This resembles more

an anisohydric behaviour.

In the C cases the relation between T./T,o t0 Ysoi.¢p s independent of K., and non-monotonous. The
parameter s, is highly sensitive and responsible for the slope and curvature of Tu./T,or (Psoirep). For

lower values of s, the response of stomatal closure to soil drying is almost negligible.

The sensitivity of Eq. 3.6 to Yy, on Wsoiler and Yiear is shown in Appendix Figure B. 4.
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Figure 3.5 Sensitivity analysis for the two parameters K, (a, ¢) and s, (b, d) as a function of effective soil water potential (in
blue) or leaf potential (in red) for hydraulic + chemical (a, b, Eq. 3.6) and chemical control (c, d, Eq. 3.10)

3.3.4 Applicability of these approaches

For H+C parameterisation a reduction in 7T, occurs for higher ),y when T, is higher and the
relation between Tie/T o VErsus .4 may be approximated by a piecewise linear relation. This type
of apparent isohydric behaviour is assumed in many soil hydrological models (e.g. [Feddes et al.,
1978]). Couvreur et al. [2012; 2014] used this approach to describe root water uptake as a function of
the hydraulic conductivity of the root system and assumed a fixed leaf water potential. The relations
predicted by this approach (Eq. 3.9 with ;. = ;) are given by dashed lines in Figure 3.6. If
stomatal regulation leads to a more or less constant s with decreasing 7,./T,., the approach
reproduces the course of T,./T,, Versus ¥, oy relatively well. However, with increasing 7,,, and for

the considered parameterisation of the stomatal conductance, the stomatal regulation was not ‘able’ to
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maintain the leaf water potential close to ¥, but led to considerably smaller ., values.
Consequently, the ratio of T,.,/T,, was for the same 1,y considerably larger than predicted assuming
that 1e.r = Y. These results indicate that despite the fact that the transpiration reduction as a function
of Wyoiep for different 7, shows a behaviour that points at an anisohydric behaviour, the transpiration
reduction cannot be predicted well using a model that assumes a perfect isohydric behaviour (Eq. 3.9
with constant W, = Wi and constant K,,,). Further, the sensitivity analysis revealed that with
decreasing sensitivities to chemical signalling simulated 7,.,/7,, correspond more to apparent
anisohydric behaviour (Figure 3.5 b). Thus even if the plant is controlled by hydraulic as well as

chemical signalling, it does not necessarily have to result in an isohydric behaviour.

a
1 1
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i control:
0.8 i 0.8 Eq.36
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Figure 3.6 Comparison between the two theoretical models with either hydraulic + chemical (Eq. 3.6, lines with symbols) or
hydraulic control (Eq. 3.9, lines): Relative transpiration rates as a function of Wy, (a) and W o (b) for three different
transpiration demands.

C control predicts that the relative transpiration reduction in relation to f, is independent of 7),,,. This
behaviour was observed by Tardieu and Simonneau [1998] for sunflower, where the relation between
stomatal conductance and the concentration of ABA was independent of vapour pressure deficit,
which for the conditions in their experiment was linearly related to the potential transpiration. Several
species are known to exhibit anisohydric behaviour with different intensities of stomatal closure:
sunflower with a low sensitivity [Tardieu and Simonneau, 1998], or Eucalyptos gomphocephala
[Franks et al., 2007] and an anisohydric cultivar of grapevine [Rogiers et al., 2012] which show

pronounced stomatal closure but still high variations in leaf water potential.

As fa, can be directly related to the bulk soil water content, model approaches that relate stomatal
closure to bulk soil water content like the FAO approach [Allen, 1998], might be valid to describe

anisohydric plant behaviour.
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A recent study suggests that plant behaviour cannot be strictly classified as either anisohydric or
isohydric, but rather in between [Klein, 2014], which also emerged from the H+C simulations. The
behaviour might also change during the lifetime of a plant with changing root architectural
conductivity [Sade and Moshelion, 2014]. The direct relation shows that smaller K, led to a more
anisohydric behaviour (see Figure 3.5 a). It will be of interest how these relationships change
dynamically, as K,,,, depends on root hydraulic conductivities, which change with age but also with
environmental conditions in time-scales as fast as hours [Chaumont and Tyerman, 2014], and on root

architecture.
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3.4 Conclusion

Two simple equations were derived to describe transpiration of plants of which stomata are controlled
by hydraulic and/or chemical signalling. Both are in good agreement with relations derived from
simulations with a numerical mechanistic model, which solved the plant hydraulics as well as

chemical signalling and transport explicitly.

The results indicate that a completely different relation between the reduction of plant transpiration,
soil water status and potential transpiration rate is obtained depending on how the production of
hormonal signals in the root zone and the sensitivity of stomatal closure to hormone concentrations are

parameterized.

The commonly used piece-wise linear relationship between the ratio of the actual to the potential
transpiration and the effective water potential at the soil root interface is based on the assumption of a
constant leaf water potential when transpiration is reduced due to low soil water availability. H+C
controlled plants can keep leaf water potential constant when T}, is not too large and the conductivity
of the root system (K,,,) and the sensitivity to chemical concentrations (s.) are sufficiently large.
Otherwise, leaf water potential depends strongly on the effective soil water potential at the soil root

interface and the potential transpiration.

A simplified equation relating actual and potential transpiration for C controlled plants was derived by
omitting the water pressure threshold for signal production and stomatal regulation. Contrasting to
H+C controlled plants, for C-controlled plants the ratio of the actual to the potential transpiration rate
is a unique function of the fraction of roots in dry soil. This emerging behaviour is to some extent
analogous to eco-hydrological models that describe root water uptake only as function of the lumped
soil water content in the root zone [Rodriguez-Iturbe and Porporato, 2005]. It implies that for the
same soil water availability or the same amount of roots in dry soil, the actual transpiration is larger

with a lower leaf water potential for a high than for a low potential transpiration rate.

Based on this theoretical study, it could be concluded that datasets in which the transpiration rates and
leaf water potentials are measured for the same soil water availability but with different potential
transpiration offer great potential to discriminate between contrasting plant behaviour and
parameterize their control mechanisms. A next step would be to investigate the impact of different
control mechanisms on total water uptake, plant growth, and field water balances over an entire
growing season. This would require simulations that consider more realistic spatial and temporal

distributions of the soil water content.
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CHAPTER 4

MEASURING AND MODELLING THREE-DIMENSIONAL WATER
UPTAKE OF GROWING BROAD BEANS (VICIA FABA L.) WITHIN

SPLIT COLUMNS

This chapter is based on a journal article in preparation:

Koebernick, N., K. Huber*, E. Kerkhofs, J. Vanderborght, M. Javaux, H. Vereecken, and D.
Vetterlein, Measuring and modeling three-dimensional water uptake of growing broad beans (Vicia
faba L.) within split-soil columns, Frontiers in Plant Science (in preparation).

* shared first co-authorship
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4.1 Introduction

Water scarcity is an important abiotic limitation to plant growth and agricultural productivity. Under
water limited conditions, the evolution of root system architecture (RSA) plays a major role for
reaching locations where water is still present, which is often the subsoil. There is no simple
relationship between the amounts of roots present in certain locations and the actual root water uptake
(RWU) from these sites [Pohlmeier et al., 2008]. RWU is repeatedly described as a sink moving down
the profile with time, only weakly related to root length density in a certain depth [Garrigues et al.,
2006; Hainsworth and Aylmore, 1986; 1989; Pierret et al., 2003]. In many of these studies change in
soil water content in a certain depth is assumed to be synonymous with root water uptake. The simple
Martini glass analogy first used by Zwieniecki et al. [2002] illustrates that this assumption is too
simple. When drinking a sip of Martini with a straw, the Martini is taken up from the bottom of the
glass, but a change in “Martini content” is only observed in the upper layer of the glass due to the very
high hydraulic conductivity within the glass. Roots and soil matrix are much more complex than the
Martini-glass system; however, in soil-plant system soil hydraulic conductivity and resulting soil
hydraulic redistribution also obstruct the view on the site of root water uptake and its temporal

dynamics.

This has been known for a long time and a number of strategies have been developed to overcome this

problem.

An experimental strategy to prevent soil hydraulic redistribution is to divide the root zone into
different compartments, which prevent water flow between compartments to permit controlled
heterogeneous distribution of soil moisture [Drew, 1975; Herkelrath et al., 1977]. In case of horizontal
splits, the split layers should additionally be penetrable by roots, which can be, for example, achieved
by applying wax. When roots take up water in a given compartment the change in water content can
be directly related to root water uptake from this compartment. This assumption can, however, only be
drawn if the split layers are completely hydraulically isolated (not leaking). If there is significant
hydraulic redistribution either through the soil or the roots between the soil compartments, local water

content changes do not correspond to RWU [Neumann and Cardon, 2012; Vandoorne et al., 2012].

A second experimental strategy is to directly observe water flux in soil as it has been successfully
demonstrated by Zarebanadkouki et al. [2012]. They imaged water flow into roots using neutron
imaging of deuterated water. However, this method is hitherto either constrained to quasi two-

dimensions (rhizotrons) or very small root systems and to short time scales.
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An alternative approach is to quantify the amount of water being translocated by root or soil hydraulic
redistribution. Mechanistic root water uptake models that describe water flow in soil, into, and within
roots allow quantifying and locating root water uptake and redistribution of water within the soil and
root system. The use of mechanistic models, like R-SWMS [Javaux et al., 2008], has two
prerequisites: (i) that the dominant processes are known and (ii) that the required input parameters are
available. To fulfil the latter, dynamic information about RSA as well as hydraulic properties of

individual root segments has to be available.

RSA has been obtained in the past by root growth models, i.e. RSA is artificially created based on a
set of crop specific parameters and rules (branching rules, growth rates, etc.) derived from experiments
[Clausnitzer and Hopmans, 1994; Leitner et al., 2010a; Lynch et al., 1997; Pages et al., 2004].
Mostly, one or several typical realizations of RSA obtained from such models for a plant of a certain
age have been used to calculate different scenarios, like root water uptake from saline soils [Schrdder
et al., 2013], performance of varying root architectural traits under different soil moisture regimes
[Leitner et al., 2014], or the impact of stomatal regulation type on root water uptake [Huber et al.,

2014].

Root growth models have been used as an alternative to 3D-data of root systems as these were not
available in the past. However, such data are now becoming increasingly accessible with non-invasive
methods reaching a level of resolution which is sufficient to visualize most or all of the root system.
The most advanced techniques for imaging soil-grown roots include X-ray computed tomography
[Koebernick et al., 2014; Mooney et al., 2012], neutron radiography [Oswald et al., 2008], magnetic
resonance imaging [Pohlmeier et al., 2008], or transparent soils [Downie et al., 2012]. First modelling

approaches based on the use of RSA from non-invasive imaging are available [Stingaciu et al., 2013].

The second challenge remains, i.e. the scarcity of data on root hydraulic properties. Measured data are
primarily from hydroponically grown very young root systems. Certain assumptions have to be made
to separate radial and axial conductivity during the measurements. Nevertheless, there is a wealth of
information on how conductivity changes during root development and these have been used by
Doussan et al. [1998a]; [2006] to scale the conductivity of individual root segments. As roots age the
resistance in the axial pathway typically decreases due to the maturation of xylem vessels, while in the
radial pathway resistance increases with the development of apoplastic barriers [Bramley et al., 2009;

Frensch and Steudle, 1989].

In order to avoid confounding root water uptake and hydraulic redistribution by the interpretation of

local changes in soil water content two of the above strategies were chosen: (i) an experimental
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approach of introducing barriers to avoid soil hydraulic redistribution; (ii) a modelling approach which

takes soil and root hydraulic redistribution into account.

The objective of the current study is to compare experimental (introducing barriers to avoid soil
hydraulic redistribution) and modelling approaches (calculation of soil and root water flow) in respect
to their capacity to localize root water uptake. Local changes in soil water content will be compared to

measured/modelled root water uptake.

For the experimental approach a classical set up using wax barriers [Drew, 1975] was combined with

quantitative measurement of RSA over time via X-ray CT.

For the modelling approach the mechanistic 3D model R-SWMS [Javaux et al., 2008] was used,
which enables a detailed description of soil and root water flow . While R-SWMS so far has only been
applied for static (non-growing) root systems, mostly created by root architectural models, the existing
model was extended by an additional root development module, which uses the measured CT-data of
RSA over time. Doussan’s concept of changing axial and radial conductivity with age [Doussan et al.,
2006] was included by using his root hydraulic parameterization by assigning these parameters to root

age classes derived from the 4D RSA CT-Data.

Apart from modelling the actual experimental setup, experiments with split layers were simulated as

having none and vice versa.

This approach allowed us to (i) reinterpret measurement results, (ii) show the influence of split layers
on plant water potentials that could be linked to differences in on plant/root growth and eventually on

root water uptake and (iii) show where soil water is taken up during root growth.
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4.2 Materials and Methods

4.2.1 Experiments

Two subsequent experiments under the same environmental conditions (growth chamber, 23° C day /
18° C night, 65 % relative humidity, photoperiod of 14 hours, photon-flux density of 350 pmol m?s™)

were conducted with Vicia faba L. cv. Fuego.

The first experiment (3 replications), which will be referred to as “NoSplit” in the following, was
conducted with homogeneously filled soil columns with unrestricted soil water flow. The second (4
replications), referred to as “Split” was similar to the first one, but paraffin layers at 5, 10, and 15 cm
height were established to interrupt soil water redistribution. This method was adopted from Drew
[1975], who showed that root growth was unaffected by such layers. Both experiments were

conducted consecutively, which explains the differences in the second setup.

Experimental setup
“NoSplit” (without Paraffin layers)

The porous substrate was prepared by mixing quartz particles of different size classes, consisting of
85 % sand, 10 % silt, and 5 % clay [Vetterlein et al., 2007]. Additionally 50 g kg of gravel (2-3 mm
@) and 20 g kg of plastic beads (polypropylene, 2-3 mm @) were added to the substrate as internal

reference for digital image analysis.

PVC cylinders (& = 12.5 cm, h = 21.5 cm) were filled up with the substrate by passing it through two
sieves of 4 mm mesh size separated by a distance of 10 cm. This procedure was chosen to avoid
particle size separation during filling. Resulting bulk density of the substrate was 1.52 +0.01 g cm™.
The cylinders had porous plates at the lower end (Figure 4.1 a), which were connected with plastic
tubing to a water source. The soil was gently watered with a nutrient solution (modified from Rémheld
and Marschner [1990]) by capillary rise from the bottom of the sample (soil water potential y = 0 hPa
at z=-21.5 cm). Average volumetric soil water content (0) at the start of the experiment was
31.1 £ 1 %. Vicia faba seeds were surface sterilised in 10 % H,O, solution for 10 minutes, thoroughly
rinsed in deionised water and subsequently imbibed for one hour in a saturated CaSO, solution. Seeds
were placed on wet blotting paper and placed in a dark cabinet at room temperature for 2 days. For
each cylinder, one pre-germinated seed was carefully placed in a prepared cavity in the soil at a depth
of 1 cm. The soil surface was covered by a 2 cm layer of fine quartz gravel. Until shoot emergence
columns were covered with aluminium foil to further minimize evaporation. With the removal of

aluminium foil the drying period was initiated (Day 6).
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“Split” (with Paraffin layers)

The substrate was the same as in the “NoSplit” experiment, however, without the addition of plastic
beads as these caused problems in the segmentation procedure (see below). Soil bulk density was
slightly higher (A =0.12 g/em’).

For the split layers, molten paraftin was casted and flattened to a thickness of approximately 0.5 mm
and cut into a circular shape. At -5, -10, and -15 cm depth a layer of paraffin was placed on top of the
soil and sealed to the cylinder walls using molten paraffin (Figure 4.1 b). For initial irrigation, rhizon
soil moisture samplers (Eikelkamp, Giesbeek, NL) were placed in each soil compartment. Those were
connected over night to bottles filled with 150 ml nutrient solution each. Volumetric water content at
the start of the experiment was 23.8 £ 0.5 % in each compartment. Seed preparation was the same as
in the “NoSplit” experiment. To avoid the formation of cracks in the soil due to the placement of large
Vicia faba seeds, these were planted in a separate seed compartment: a cylinder (J =6 cm, h =3 cm)
filled with the soil mixture and 20 ml of water. When the roots emerged through the paraffin layer at
the bottom of the seed compartment, the small cylinder was placed on the topsoil. The remaining bare
topsoil was covered with gravel to reduce evaporation. The split samples were initially also covered

with aluminium foil, which was removed on Day 4 to start the drying period.
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Figure 4.1 Schematic view of the experimental setup with locations for tensiometers and paraffin layers. (a): NoSplit setup
(b): Split setup
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Transpiration and soil matric potential

The PVC cylinders were placed on weighing cells (KERN 572 ,Kern & Sohn GmbH, Balingen,
Germany), and grown for 30-36 days with no additional watering. Weight data were recorded every 10
minutes throughout the experimental period. Four micro-tensiometers [Vetterlein et al., 1993] were
inserted horizontally through sealed boreholes (“NoSplit™: -1.5, -6.5, -11.5, and -16.5 cm soil depth;
“Split™: -2.5, -7.5, -12.5, -17.5 cm, Figure 4.1) to monitor the soil matric potential (y,,), during drying.

The daily transpiration rate was calculated from weight differences between two subsequent days.
Evaporation was assumed to be negligible due to the layer of coarse gravel on the surface and as
surface was never rewetted during the experiment. Relative humidity was constant day and night
hence dew formation could also be excluded. Only for the seed compartment used in “Split”
experiment, there was no gravel layer and hence water applied initially (20 ml) was assumed to be lost

by evaporation uniformly within the first 7 days.

Leaf area development was estimated by daily measuring the length and width of the lamina of each

leaflet and using the linear model of Peksen [2007]:

LA =0919 + 0.682 LW 4.1

where LA [cm?] is the one-sided leaf area, L [cm] is the length of the lamina, and W [cm] is the width
of the lamina. Stomatal conductance was measured at the end of each day using a steady-state
porometer (SC-1 Leaf Porometer, Decagon Devices, Inc., Pullman, WA, USA). Two measurements
per plant were taken on the abaxial side of the youngest unfolded leaf pair and the mean value of the

two measurements was stored.

CT Scanning and image analysis

One sample from the “NoSplit” experiment and all the samples from the “Split” experiment were
scanned every second day during the night phase with an industrial X-ray micro-CT scanner (X-Tek
HMX 225) with a fine focus X-ray tube. The scanning parameters are summarized in Table 4.1. Due
to the height of the cylinders separate scans of the upper and the lower part of the sample had to be
performed. In the NoSplit setup the mechanism for attaching the porous plate to the soil cylinder at the
bottom required an additional plastic ring for sealing reasons which caused photon starvation at the

lower end (7 cm), thus not the entire root system could be imaged.
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Table 4.1 X-ray settings for the different experimental setups

NoSplit Split
Voltage [kV] 200 210
Current [pA] 250 500
Number of Projections 800 2000
Exposure time [ms] 200 200
Resolution [um] 245 277

After alignment of the images and combination of the upper and lower half, the raw images were
filtered with a total variation (TV) filter [Rudin et al., 1992], to remove small scale noise while
preserving edges. Additionally a pseudomedian filter [Pratt, 1991] was used to enhance the contrast
between roots and soil and to remove beam hardening artefacts. Roots were segmented from the
background using a region growing algorithm. A more detailed description of the technical procedure

can be found in [Koebernick et al., 2014].

For the subsequent simulations, a connected root structure was required. Thus, the binary images had
to be manually reconstructed using a three-dimensional virtual reality system (for a detailed
description of this method see Stingaciu et al. [2013]). The average length of the reconstructed root
segments was 0.087 +0.008 cm. Due to the labour-intensive manual reconstruction only one
replication of “NoSplit” (NoSplit 2) and two replications of the “Split” (Split 1 and Split 3) experiment
were reconstructed. Split 1 and Split 3 were chosen to cover the contrasting root architectures in the

“Split” experiment.

For the determination of root age of each segment at each time step, the reconstructed and stored root
system of the precedent scan was opened simultaneously with the image of the subsequent scan. Using
the overlay of both scans newly grown roots could be identified and added to the existing root
structure. The temporal resolution of the growing root architecture was limited by the time interval
between two CT scans (2 days). To obtain smoother root growth, the origination time of a segment s,

t;, grown between times t; and t;.; when a CT scan was made, was calculated as Eq. 4.2:
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l
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where Al [L] is the length of all segments that grew between time t; [T] and t;,; and that are connected
to the same connection point of the root system at time t; as the root segment s, and I; is the length of

the segments that emerged before segment s and that are closer to the connection point than segment s.

Destructive measurements

Roots were extracted from the soil by washing using sieves of 3 and 2 mm mesh size successively. In
the “Split” experiment, compartments were analysed separately. In the “NoSplit” experiment, the roots
grown into the lower 7 cm of the cylinder that could not be imaged were harvested separately. Roots
were stored in Rotisol and subsequently scanned on a flatbed scanner (EPSON Perfection V700
PHOTO). The images were analysed with WinRHIZO 2009b (Regent Instruments, Inc., Quebec,
Canada) to obtain total root lengths.

4.2.2 Modelling of RWU

For the simulation of RWU the model R-SWMS was used. R-SWMS is a numerical model solving the
water flow equation in the root network and in the soil [Javaux et al., 2008]. The numerical solution of
the Richards equation [Richards, 1931] with a sink term (soil water flow) is based on SWMS 3D
[Simunek et al., 1995]. The finite mesh for soil is made of rectangular voxels which are automatically
subdivided into 6 tetrahedral elements. A Galerkin finite element approach is applied which uses
tetrahedral elements for its spatial discretization. The time component is incorporated using an implicit
backward finite difference method. A solver based on a conjugate gradient method is integrated and

the solution is obtained from a Picard iterative numerical scheme.

The water flow equation for the root network is solved based on the radial and axial flow equations
and the mass balance at each root node, resulting in a system of linear equations for h,, the xylem

water potential. The system is solved with a biconjugated gradient method.
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The root and the soil water flow equations are coupled through the definition of the sink term of the
Richards equation and of the water potential at the soil-root interface for the Doussan equation
[Doussan et al., 2006]. The sink term of the Richards equation is defined as the sum of all radial root
flow located within a cuboid divided by the cuboid volume. The soil-root interface water potential at
each root node is defined as the distance weighted average of the water potential at the soil voxel

nodes.

Model setup
The samples NoSplit 2 from “NoSplit” experiment and Split 1 and Split 3 from “Split” experiment,
with fully reconstructed root architectures, were used for the setup of virtual experiments in R-SWMS.

In the following when referring to modelled data names of samples will be written in italics.

Soil domain

Domains were defined rectangular with a discretization of 0.5 x 0.5 x 0.25 cm®. The domain size was
14 x 14 x 21.5 cm’ for the “NoSplit” experiment. The domains of the “Split” experiment differed in
the z-direction (z=20 cm for Split 1; z=20.25 cm for Split3, Figure 4.2). The cylindrical geometry of
the soil columns was approximated using Pythagoras’ Theorem with a cylinder radius of 7 cm. Voxels
belonging to this cylinder were defined as soil material; voxels on the outside were defined as wall
material. The water retention characteristic was described by a bimodal Mualem - van Genuchten
expression [Durner, 1994; Van Genuchten, 1980]. The soil hydraulic parameters were derived from

separate HyProp measurements [Peters and Durner, 2008] (

Table 4.2). Paraffin layers were defined as 0.5 cm thick layers within the cylinder. All soil boundary
conditions were defined as zero flux. Initial conditions were defined according to the initial conditions
at the start of the drying period in the experiments. Soil matric potential was in hydraulic equilibrium

in the NoSplit and in the Split setup, soil water content was equal in each compartment.
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Soil Pressure (cm) Root Age (d)
n . 800 10 20 30
[ . i L —
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Figure 4.2 Root system architectures at the end of the experiment within their respective soil domains for a) NoSplit after 32
days, b) Split 1 after 30 days, and c) Split 3 after 34 days of growth. Root systems are colored according to root age and the
soil according to soil water pressure.

Table 4.2 Soil hydraulic parameters for the Mualem-van Genuchten expression. Saturated and residual water content, 0, and
0;, respectively; van Genuchten shape parameters, o and n; pore connectivity parameter A; and saturated hydraulic
conductivity, K. For the soil, a bimodal 0(y) relation (Durner, 1994) was used.

Material 0, s o n w2 o2 n2 2 K
[em®cm®]  [em’ em™) [em™] [-] [-] [em™]  [[1 [] [emd']

Soil 0.01 0.35 0.05 4 035 0.0033 13 0.5 170
Wall 0.01 0.35 0.000003 1.5 - - - 05 0
Paraffin
non- 0.01 0.35 0.000003 1.5 - - - 05 0
conductive
semi- 0.01 0.35 0.000003 1.5 - - - 05 0.001
conductive
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Root architecture

The root architectures for the simulations were obtained from the manually reconstructed CT images.
Root hydraulic properties were based on an age dependent parameter set by Doussan et al. [2006] for
Lupinus  angustifolius. Radial conductivity of roots was given a constant value of
8.64x 10*cmd'hPa’'. The axial conductance increased stepwise with segment age and are
summarized in Table 4.3. In Doussan et al. (2006) axial conductance (i.e. xylem conductance) of
lateral roots increased with age, whereas taproot axial conductance increased with distance to the tip.
Thus for the tap root the age information needed to be converted to distance information. For this the
given distances were divided by the mean measured elongation rate of the taproot (0.7 cmd™) to

translate distances to ages.

Table 4.3 Age dependent root axial conductance for the taproot and lateral roots (changed after Doussan, 2006)

Taproot Lateral roots

Age [d]  Axial conductance  Age [d]  Axial conductance

[em* d’ hPa’'] [em* d’ hPa’']
0 0.000864 0 0.002376
2.85 0.01728 8 0.00864
14.28 0.11232 11 0.01296

28.58 0.2592

To allow root growth in the model the most recent root architecture including the origination times for
each root segment were used. At a given simulation time only the root segments with an origination
time smaller than the actual simulation time were taken into account. The root system was updated at

each further run-time step thus enabling predefined root growth over time.

The measured daily transpiration rates of each sample were converted to a periodic step function with
zero flow during the night and so defined the root flow boundary conditions in the model at the root

collar
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Scenarios

Each of the three samples was exposed to two or three scenarios to analyse the effect of paraftin layers
on RWU. In the first scenario (4), a continuous soil domain without any split layers was used. In the
second scenario (B), three non-conductive paraffin layers were defined. Finally, the third scenario (C),
aimed to achieve best agreement to measured data for “Split” experiment by including the possibility
of leaking paraffin layers. The leakage was simulated by assigning a low hydraulic conductivity of
0.001 cm d”' (Table 4.2) to the split layers. Sample Split 1 was simulated with three slightly conductive

layers, and Split 3 with a non-conductive layer at -5 cm and two remaining slightly conductive layers.
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4.3 Results

4.3.1 Experimental results

As expected, plant performance differed markedly between the two experiments (Figure 4.3). In the
“NoSplit” experiment plants were bigger and had a larger leaf area (Figure 4.3 a). Leaf growth was
initially the same in both experiments, but after Day 15 leaf area increased more in the “NoSplit”
experiment. A similar pattern could be observed for total root lengths obtained from CT images over
time (Figure 4.3 c). Root elongation was similar for both, “Split” and “NoSplit” experiment, until Day
10. Afterwards elongation rate was higher for “NoSplit”. Root length estimations from destructively

harvested roots using WinRHIZO were on average higher than estimations from CT (Table 4.4).

The vertical root length distribution over depth in the ”Split” experiment differed between Split 1 and
the remaining samples. Compartment I in Split 1 contained about 3/4 of the total root length, while the

distribution for the other replications of the “Split” experiment was more even (Table 4.4).

In both experiments transpiration rate initially increased with leaf area (Figure 4.3 b). In “NoSplit” a
sharp decrease in transpiration rate was seen at Days 23, 25, and 28, respectively for the different
samples. Transpiration reduction occurred earliest in NoSplit 3, which was also the largest plant with
the highest transpiration rate up to that day. In the “Split” experiment, transpiration reduction could be
observed earlier, although the reduction in transpiration was not as strong as in the “NoSplit”
experiments. The lower leaf areas and smaller transpiration rates in the “Split” experiment were
accompanied by lower stomatal conductance of the youngest unfolded leaves in comparison to the
“NoSplit” experiments (Figure 4.3 d). Stomatal conductance decreased already from the first
measurement, i.e. Day 10, in the “Split” experiment. In the “NoSplit” experiment the variability of
stomatal conductance in the different samples was very high, but low values were not measured until

Days 23/24.
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Figure 4.3 Measured plant traits over time from day 5 until day 35. Gray symbols represent traits from the NoSplit setup,
black symbols the traits from the Split setup, respectively. Different symbols represent replications. a) One-sided leaf area, b)
Evapotranspiration rate, c) total estimated root length of the samples used for modelling, d) axial stomatal conductance of the
youngest unfolded leaves, data points represent the mean of n=2 measurements.
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Table 4.4 Root length estimations from CT images and from destructive measurements at the end of each experiment.

Length CT Length WinRhizo (WinRhizo-CT)/WinRhizo

[cm] [cm] []
NoSplit 1 - 1504 -
NoSplit 2 1022 1414 0.27
NoSplit 3 - 2023 -
Split1  Total 270 326 0.17
Comp. I 196 240 0.18
Comp. II 44 48 0.08
Comp. 11 20 27 0.26
Comp. IV 10 11 0.10
Split3  Total - 335 -
Comp. | - 79 -
Comp. II - -
Comp. IIT - 213 -
Comp. IV - 43 -
Split4  Total 319 368 0.13
Comp. I 126 132 0.05
Comp. 11 64 69 0.07
Comp. IIT 90 125 0.28
Comp. IV 38 41 0.07
Split5  Total - 573 -
Comp. I - 143 -
Comp. II - 234 -
Comp. IIT - 158 -
Comp. IV - 38 -

*  Value for Compartment II and III combined
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The addition of paraffin layers (“Split” experiment) also had a pronounced effect on the temporal
development of the soil matric potentials in the different soil compartments (Figure 4.5 a-c). For the
sake of brevity only the results of the samples that were later used for modelling are presented (the
remaining samples behaved similarly, see Appendix C.1). In NoSplit 2, soil matric potential remained
high during a long period (approximately until 25 days after the start of the experiment) and there
were only small differences between the matric potentials at different depths. After 25 days, the time
at which the transpiration in the no-split experiment started to decrease (Figure 4.3 b), the matric
potentials decreased strongly and more or less simultaneously at different depths in the column. For
the “Split” experiments, the matric potentials started to decrease much earlier (from Day 10 onwards)
and sequentially from the top towards the bottom compartments. Except for the upper compartment in
Split 3, the decrease of matric potential was more gradual and less abrupt than in the “NoSplit”
experiments. The tensiometer readings for the “Split” experiment showed a pronounced day-night

cycle in the upper and a more damped diurnal signal in the lower compartments.

Water depletion from each compartment was calculated from measured tensiometer values assuming a
uniform matric potential within a layer and using the substrate specific water retention curve (Table
4.2). These data were compared to total water loss derived from weighing cells (Figure 4.4). When air
bubbles started to form in the tensiometers no further water content change could be calculated. The
calculated water content at this point was 10.5% (for h =-450 hPa) in both Compartments I and II of
Split 1, and 9.8 % (for h =-649 hPa) in Compartment I of Split 3. While the difference between
calculated and measured cumulative water depletion converged to below 10 % (+9 % Split4, -5 %
Splitl) at the end of the experiment, comparison of the slopes over time indicates a poor fit of the
dynamics. Calculated water depletion was clearly overestimated in the moist range and underestimated

in the dry range, especially in Split 3.

The arrival times of roots in Compartment III and IV in Split 1 were Day 12 and 18, respectively,
nonetheless there was significant (even if overestimated) water depletion from both compartments

before these dates.

85



CHAPTER 4

400
water depletion from Split 1
= Comp. |

300 mm Comp. |l

= Comp. Il
mmm Comp. IV
Transpiration

200

-
o
o

15 20 25 30

400

300

. 3.
Cumulative water volume [cm’]

N
o
o

100

Time [d]

Figure 4.4 Cumulative water depletion from each compartment over time compared to cumulative transpiration from day 11
until the end of the experiment. Filled areas represent cumulative water content change in the different compartments
calculated from tensiometer measurements. Gray line and scatters represent cumulative transpiration measured with balances.
White asterisks denote the point, when the tensiometer in the compartment showed air bubbles.

4.3.2 Simulation results

The three samples (NoSplit 2, Split 1 and Split 3) representing different RSA were subjected to three
different scenarios: (4), a continuous, unrestricted soil domain, (B) a soil domain with non-conductive
split layers, and (C) with semi-conductive split layers. Mean simulated soil matric potentials in four

layers were compared to the measured tensiometer values (Figure 4.5).
Choice of scenario

In scenario (4) (continuous soil domain) (Figure 4.5 d - f), the simulated matric potentials in the
different soil layers started declining strongly and nearly simultaneously only towards the end of the
simulation period. The simulated decline occurred the earliest and was the strongest in the “NoSplit”

experiment reflecting the larger cumulative transpiration from this experiment.

86



CHAPTER 4

For the “NoSplit” experiment, the simulated matric potentials for scenario (4) showed a similar
behaviour as the measurements (Figure 4.5 d). The timing and the slope of decrease fitted the
experimental data well. The lowest tensiometer (-16.5 cm) was an exception, probably due to the fact,

that the deep roots could not be detected in the CT and were missing in the model.

For both samples of the “Split” experiment (Figure 4.5 e, f), the measured matric potentials of the
upper two tensiometers started decreasing much earlier than the simulated matric potentials in scenario
(4) of these tensiometers. This illustrates the effect of the paraffin layers on the soil water distribution

in the “Split” experiment which is ignored in scenario (4).

Scenario (B) with non-conductive paraffin layers was simulated only for the “Split” experiment
(Figure 4.5 g, h). The simulated matric potentials of the tensiometers decreased also sequentially from
top to bottom but the time lag between these decreases was much larger than in scenario (4) for the
same samples. The simulated water potentials started to decrease shortly after roots arrived in a
compartment. In Split 3 (Figure 4.5 h), simulated average water potential in Compartment I decreased
to about -2000 hPa until Day 15 and remained at this level thereafter only showing pronounced diurnal
fluctuations thereafter until the end of the simulation run. In both samples of the “Split” experiment
(Figure 4.5 g, h) for scenario (B) the simulated changes in water potential in Compartment IV were

very small due to the small fraction of roots in these compartments.

Scenario (B) was not able to reproduce the measured dynamics of soil matric potentials of the “Split”
samples. Measured matric potentials did not show a sequential stepwise decrease but a more gradual
decrease that started earlier than the simulated decrease and sometimes even earlier than the root
arrival time in a compartment. One exception was the matric potential in Compartment I of the Split 3
sample. Scenario (B) produced large water potential differences between the different compartments,

which were not in agreement with the measurements.

The previously described results indicate that paraffin layers were not perfectly isolating, but that there
must have been water redistribution between neighbouring compartments, albeit at a lower rate than in

completely unrestricted soil. Thus, scenario (C) was applied.

For Sample Split 1 in scenario (C) (Figure 4.5 j), the simulated matric potentials of Compartment [
showed a slower decrease than those obtained with scenario (B) or (4). At the same time scenario (C)
resulted in an earlier decrease of matric potential in the lowest compartment compared to scenario (B).
The pronounced measured diurnal pattern of soil matric potential in compartment I was successfully

reproduced in scenario (C).
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Likewise, for Sample Split 3 simulated matric potentials of scenario (C) showed the best agreement
with measured tensiometer data. Here the assumption that all layers except the top layer were leaking

was important for obtaining the good agreement.

As expected, for the sample NoSplit 2 from “NoSplit” experiment (Figure 4.5 i), agreement between
measured soil matric potentials and those simulated with scenario (C) was very poor. However it is

interesting to note the influence of, albeit leaking, hydraulic barriers to soil water potentials.

In contrast to experimental approaches which can only detect changes in soil matric potential, the
simulation results allow disentangling the different fluxes which contribute to local changes in matric
potential and soil water content. The evaluation of fluxes was restricted to those simulations which
showed the best agreement between measured matric potentials and simulated once, i.e. scenario (4)

for sample NoSplit 2, scenario (C) for samples Split 1 and Split 3.
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Figure 4.5 Soil matric potentials for the three samples (top to bottom) within the different compartments. (a) — (c): Values measured by the tensiometers in the experiments. (d) — (k): Comparison
of different scenarios with the measured values, repeated in dashed, grey lines. (d) — (f): Simulation A — unrestricted soil domain, (g) — (h): Simulation B — impermeable layers, (i) - (k):
Simulation C — semipermeable layers.

89



CHAPTER 4

Simulated flow dynamics

The water balances of the single soil compartments are depicted in Figure 4.6. In case of impermeable
split layers, the storage change within one soil compartment should equal root water uptake. However,
if the split layers are leaking, which is the case for most of the layers, the net flow through the split

layers in addition to the storage change equals root water uptake.

For sample NoSplit 2 (Figure 4.6 a) simulation showed that RWU was largest in the upper
compartment, where it started to decrease from Day 25 onward. The 5-10 cm layer only started to
significantly contribute to RWU from Day 17 onward and the 10-20 cm layer only after Day 20, which

is related to root arrival time.

It is interesting to note that “early morning values” of RWU in the 0-5 cm layer remained higher than
those in the other layers even after 25 days i.e. during a period were overall contribution of the lower

layers to RWU had increased and total transpiration rate was reduced in the experiment.

Simulations showed soil hydraulic redistribution of water from the lower layers to the top 0-5 cm, with
higher flow rates during day than during night. At 5-10 cm depth inflows from the deepest soil layer
and outflows to the 0-5 cm layer were almost of the same magnitude, so the resulting net flow
oscillated around zero. Soil hydraulic redistribution started to decrease after Day 25 and seized after

Day 31.

Since RWU from a layer corresponds to the sum of the net water flow into and the decrease of the
water storage in a soil compartment, it is evident that RWU in a soil layer cannot be derived from
water storage changes in that layer. In 0-5 cm layer RWU is considerably larger than the changes in
water storage whereas the opposite is true for the 10 to 15 cm layer. It is clearly visible that RWU and
storage change didn’t correspond to each other as long as there was significant hydraulic

redistribution.

Substantial soil hydraulic redistribution occurred also in the samples Split 1 (C) and Split 3 (C),
although K, values of paraffin layers were only 0.001 cm d' (Figure 4.6 b, ¢). In both simulations
RWU did not correspond to water storage change with the exception of Compartment I in Split 3,
which was assumed to be separated by a non-conductive split layer. RWU from Compartment IV was
very small in both cases while the change in soil water content was substantially higher due to flow
across the split layer. The same pattern was observed in Compartment III, but net outflow of water
started earlier and was eventually compensated by inflow from Compartment IV. Compartment II

showed a contrasting behaviour between the two samples of the “Split” experiment. In Split 3 the non-
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conductive layer at the top prevented water movement in the soil to Compartment I, and the fraction of

RWU from compartment Il was considerably higher in Sp/it 3 than in Split 1.

In both simulations of the “Split” experiment, there was significant hydraulic redistribution via deep
roots into Compartment I. Root hydraulic redistribution was much more pronounced in Split 3.
According to the simulations the redistribution occurred during night and the water was taken up by

the roots during the next day.

The comparison of cumulative root water uptake from the different compartments with cumulative
water depletion at the end of the simulations highlights the importance of including soil hydraulic
redistribution when analysing the pattern of RWU (Table 4.5). This is most obvious in the unrestricted
example of NoSplit 2, where 69% of RWU occurred in the 0-5 cm layer, while the water depletion in
this layer was only 16% of total water depletion. But even in Compartment I of Split 3, which was
assumed to be perfectly isolated, RWU and water depletion are slightly different, which is probably

due to the discretization of the simulation outputs and rounding errors.
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Figure 4.6 Modelled water flow dynamics over time in the a) NoSplit 4, b) Splitl C, and c¢) Split3 C scenarios. Dashed black
lines represent root water flow. Dark yellow lines represent the net flow across the paraffin layers from neighboring
compartments. Negative values indicate water removal, positive values water addition to a compartment, respectively. Blue
lines represent the resulting change of soil water content in the compartment with positive values denoting a decrease in
water storage and negative values and increase in storage. Plotted values are flow rates at four discrete times per day.
Because there is only one value for the night phase, flows at night appear as single peaks. The inlays at the top show the
dynamics in Compartment I between Days 20-22 (as indicated by the black bars) at a higher temporal resolution (10/d),
showing the dynamics of RWU and hydraulic redistribution.
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Table 4.5 Total root water uptake and water depletion in each soil compartment at the end of each simulation.

Simulation RWU [ecm?]  Water depletion [cm?]
NoSplit A Total 660.4 657.4
Comp. I 456.2 105.8
Comp. II 124.3 139.6
Comp. III 79.9 412
Split1 C Total 387.7 386.7
Comp. [ 336.8 121.6
Comp. II 32.2 82.4
Comp. 111 17.2 84.6
Comp. IV 1.5 98.2
Split 3 C Total 358.4 358.2
Comp. I 101.8 97.8
Comp. II 175.5 87.8
Comp. III 66.7 81.9
Comp. IV 14.4 90.6

Pre-dawn water potential at the root collar

Simulated pre-dawn water potential at the root collar (y,qs) was used as an indicator for plant water
status (Figure 4.7). y,q is independent of actual transpiration rates and can therefore be used to
compare different samples. y,q is generally thought to be in equilibrium with the soil water potential
provided that night induced interruption of transpiration is long enough and flow rates in soil root
systems are high enough to reach this equilibrium [Donovan et al., 2003]. However, the soil matric

potentials, simulated in this study were clearly not in equilibrium, especially for the two split samples.

In sample NoSplit 2, simulated predawn wy,q decreased only slowly until Day 25 and was in
equilibrium with soil matric potential in the topsoil (-1.5 cm depth). From Day 25 onwards there was a
strong decrease of topsoil matric potential and an according decrease of y,q After Day 30, y,q was
more negative than the topsoil matric potential. The disequilibrium increased until the end of the
experiment. ,q was more negative than the wettest soil accessible to the plant (i.e. the soil at

maximum rooting depth) over the entire drying period.
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In both split samples y,q was more negative than the matric potential at maximum rooting depth but
less negative than the topsoil matric potential, indicating that the system did not reach equilibrium at
the end of the night. y,qin Split I was closer to the matric potential in the topsoil, reflecting the higher
redistribution through the split layers in Split 1.
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Figure 4.7 Predawn water potential at the root collar (W) Over time. Gray bars represent Wy, The solid line represents
soil matric potential (y,,) in the top 5 cm of the soil, the dashed line represents y,, at maximum rooting depth.
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To illustrate the impact of the split layers on plant water status, predawn water potentials of the
different scenarios with and without paraffin layers (C vs. 4) for each sample were compared. The
difference of absolute collar water potentials for the two contrasting soil environments was calculated
(AlWpd = [Wpdl C - [Wpa| 4) (Figure 4.8). As expected, collar potential was constantly more negative in
scenario C than in scenario 4. Ay, in Split I and in NoSplit 2 had the same magnitude and dynamics,
while in Split 3, where the upper paraffin layer was non-conductive, it increased more rapidly and had

a higher magnitude, indicating an effect of the degree of hydraulic isolation.
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Figure 4.8 Influence of split layers on collar water potential. Difference of absolute predawn collar water potentials for each
root system subjected to different scenarios; 4|ypp| = |Wep,c| — |Wep 4|
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4.4 Discussion

The available data set was ideally suited for the applied model. The combination of these two methods
allowed to get a more in depth understanding of the processes within the soil-root system and also to

reinterpret the measurement results.

4.4.1 Influence of paraffin layers on plant growth

CT measurements could give insight into the changes of growth behaviour caused by the addition of
wax layers. However, the mechanisms behind these changes remain unclear. Use of the model could

bridge the gap to internal plant water potentials. This enables an interpretation of plant water stress.

Experimental results as well as simulations suggested strongly that most of the paraffin layers were
not perfectly hydraulically isolating. Tomographic images and visual inspection after destructive
harvest showed, however, no evidence of cracks or holes in the wax layers. It is possible that there
were cracks at the container walls that were formed due to shearing of the paraffin caused by the
weight of the soil in the upper compartments. The only paraffin layers that were evidently tight were
consequently the uppermost layers in the samples Split 3-5. Drew [1975] suggested the use of layers

as thin as 0.2 mm, which is even thinner than the layers that were used in this study.

Roots easily penetrated the paraffin and grew into the lower compartments. However, a few roots
continued to grow horizontally within the soft paraffin layers (see Appendix C.2). Taproots and
vertically oriented laterals were not affected by paraffin layer. While the paraffin had only a small

effect on root morphology, it did affect the extent of the root system.

The plants in the “Split” experiment were overall smaller with lower root densities. Inserting
additional split layers generated a substantial resistance to vertical water flow within the soil or water
redistribution in the soil column. A restriction of this redistribution led to lower simulated predawn
root and collar water potentials, which were related to lower measured stomatal conductance. The
lower predawn water potentials pointed at plant stress that resulted in a restriction of root and shoot
growth. Even though the root-shoot ratio was shown to increase in Vicia faba in dryer environments

[El Nadi et al., 1969], this could not be observed in this experiment.

4.4.2 Relation between measured water loss and RWU

The simulations showed the location of root water uptake, which clarifies that measured changes of

water content cannot be readily interpreted as root water uptake, which has mainly two reasons: First,
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the relation between pressure head and water content is non-linear, which forbids the extrapolation of
a single tensiometer reading to the total soil compartment without knowing the gradients. The
development of gradients around root water uptake can be seen in Appendix C.3. And, second,
hydraulic redistribution in the soil but also in the roots mean that the measured change in water
content or storage change within one soil compartment is not equal to water uptake. Even a small
conductivity of the split layer can lead to considerable hydraulic redistribution of soil water. Using
Hagen-Poiseuille values from the simulation, an approximation of the size of the rupture can be

calculated:

ot Ay

= 4.
8n I 3

In Split 1 between Compartment 1 and 2 (first paraffin layer) on Day 23 the water flow through the
soil layer Q is approximately 10 cm® d™' (1.157 m® s™), the viscosity of water 1 is 0.001 Pa s, the
gradient in soil water potential between the compartments Ay is approximately 200 cm (=2*10* Pa),
and 1 is the length of the paraffin layer with 0.5 cm (5*10~ m). Using all these rough estimations, this
would result in a radius of 2.92*10° m (30 um).

Even if the vertical soil flow is restricted, the hydraulic redistribution through the roots might still be a
substantial amount of water that is exchanged between the roots and the soil in the drier regions of the
root zone. The amount of water that can be redistributed depends on soil type as well as root properties
(architecture, hydraulic conductivities) [Neumann et al., 2014]. In this case, however, the net root

water uptake should correspond to soil water depletion.

4.4.3 Predawn collar potential:

Simulation results suggest that predawn collar water potential is not related to the water potential in
the wettest but in the driest part of the root zone and that in case water redistribution in the soil is
restricted, there are large differences of water potentials in the root system. Disequilibrium between
plant and soil water potentials was caused by the heterogeneity of soil water potential. In the
simulations of the “Split” experiment the heterogeneity of soil water potential led to hydraulic
redistribution via the root system during the night. Water was taken up in the lower, wetter
compartments and was released by the roots in the drier top compartment. This leads potentially to the

equilibration of the system but is ultimately limited by the soil-root resistance to water flow. The

97



CHAPTER 4

largest redistribution, however, takes place through the leaking split layers. For this reason, y,q of
Split 1 where the complete soil domain was drying more or less simultaneously, was very close to the
potential of the dry topsoil, while in Split 3, with Compartment I being perfectly hydraulically isolated,

Wypa Was between the potentials of the topsoil and the soil at maximum rooting depth.

4.4.4 Determination of RSA with CT

Compared to subsequent WinRhizo scans CT imaging lost up to 27 % of the total root length (Table
4.4). One reason is the coarse resolution of the CT scans that enables to visualize only roots with a
diameter larger than twice the resolution of 245 pm or 277 um, respectively. Due to their hydraulic
properties, however, these undetected roots contribute largely to root water uptake [Eshel and
Beeckman, 2013]. The average root diameter measured with WinRHIZO was 1.07 + 0.13 mm and
roots with a diameter below 0.5 mm amounted to only 3.5 % of total root length. As in some of the
experiments the soil started to form cracks during desiccation, roots growing into these cracks could
not be detected by the CT scanner. Further roots that grew along the cylinder walls are often lost in the
course of data processing, when edges of the domain have to be removed. In the split setup, roots
sometimes remained within the soft paraffin layers, which were eventually undetectable with X-ray

CT as there is no contrast between paraffin and roots.

4.4.5 Parameterization of root hydraulic conductivity

The root hydraulic parameters were derived from literature data and could not be validated by direct
measurements or simulation results. Measurements of pressure heads in the collar or the leaves would
be needed to evaluate the root hydraulic properties and/or to optimize these properties. However, for
known root architecture and transpiration rates, the order of the collar water potentials that were
simulated for the different experiments will remain the same if it is assumed that the hydraulic
properties of the root segments and how they depend on age does not differ between the different

experiments.
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4.5 Conclusion and Outlook

1) Plants grown in split experiments with paraffin layers developed less than plants grown under the

same conditions in no-split experiments.

2) Using a simulation model in combination with data of the root architecture development, it was
found that the split layers generated an important resistance to vertical water flow or water
redistribution in the soil column. Vertical redistribution of water was an important process to provide
the root system with sufficient water for uptake. A restriction of this redistribution led to lower
simulated predawn root and collar water potentials which were related to lower measured stomatal
conductance. The lower predawn collar water potentials pointed at plant stress that resulted in a

restriction of root and shoot growth.
3) Vertical water redistribution makes it impossible to link root water uptake to soil water depletion.

4) If vertical redistribution of water through the soil is restricted, there may be nevertheless a
substantial amount of water that is exchanged between the roots and the soil in the drier regions of the

root zone.

5) Simulation results suggest that predawn collar water potential is not related to the water potential in
the wettest but in the driest part of the root zone and that in case water redistribution in the soil is

restricted, there are large differences of water potentials in the root system.
6) Paraffin layers are not perfectly hydraulically isolating different soil compartments.

7) Conclusions 2-6 could not have been made without soil and root water flow simulations. To setup
the model, data on the dynamic root architecture was essential. The agreement between measured and
simulated soil water potentials and their dynamics for the different root architectures and experimental
conditions (scenarios for the different soil setup) while making use of the same set of root hydraulic
and soil parameters for all the simulated experiments indicates that the flow processes in the coupled

soil-plant systems were well represented in the model.
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CHAPTER 5

GENERAL CONCLUSIONS AND OUTLOOK

5.1 Conclusion

The question how to incorporate short term plant responses to soil heterogeneity in existing models,
was targeted by implementing hormonal signalling for stomatal closure into an explicit soil and root

water flow model.

A root originated hormonal signal can lead to significant oscillations in stomatal aperture, an effect
that was previously observed in several species. With the additional implementation of a buffer,
representing the plant’s shoot volume, these oscillations could be supressed. The simulated hormone
concentration, arriving at the leaves, was within the range of measured ABA concentrations. The
transport of the hormonal signal within the plant can play a significant role, as in dry zones of the
roots, when water uptake cannot be uphold anymore, the hormones can be trapped. Re-irrigation of
these parts of the root zone can then lead to a flush of the accumulated signal and an initially larger
stomatal closure, even if water availability is, after irrigation, in a more favourable state. However, for
the presented scenario, the response of an additional hormonal signalling was only slightly different

from a system with hydraulic control.
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In the next chapter a theoretical framework was built to determine in which cases (additional)
hormonal signalling has to be taken into account to disentangle the influence of hormonal and
hydraulic stomatal control. A theoretical relationship for steady state conditions was derived to
account for plants that are additionally to hydraulics also or only controlled by hormonal signals.
Depending on the mode of control, fundamentally different behaviour of stomata in case of
heterogeneously distributed water availability was observed. Hydraulic and chemical control resulted
in a piece-wise linear relationship between soil hydraulic potential and stomatal regulation, similar to
isohydric behaviour and also similar to stress functions implemented in hydrological models.
Chemical control alone, on the other hand, resulted in leaf water potentials that depended strongly on
soil water potential: a behaviour which has previously been shown for anisohydric plant species.
Chemical control further implies that for the same water availability, the actual transpiration is
increasing with potential transpiration rate: A relationship, which is, to some extent, used in eco-
hydrological models. The theoretical relationships were compared with the numerical solutions and
were in good agreement. Even though the theoretical framework hinges on several assumptions and
simplifications, most of these were shown to be justifiable. This study enables to identify different

plant behaviour and to study their control mechanisms.

The next part was related to long-term plant adaptations and was investigated by using numerical
simulations to analyse an experimental data set of plants that were grown under permanently restricted

soil water availability.

In experiments, where bean plants were grown in vertically unrestricted soil columns and in soil
columns with additional horizontal split layers, it was shown that plants developed less in respect to
overall size, stomatal conductance, and transpiration rate in case of restricted water availability. Time
series of the CT scanned root systems were reconstructed to gain digitized dynamic root architectures
for the subsequent numerical simulations. Comparing measured with modelled soil water potentials
showed that most of the split layers were not perfectly hydraulically isolating and a considerable
amount of water was redistributed between the individual soil compartments. The vertical water
redistribution made it impossible to link root water uptake to water depletion from one soil
compartment. Regardless of the redistribution, the split layers still resulted in lower predawn root and

collar water potentials, which can be related to a reduction in stomatal conductance.
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5.2 Outlook

The presented model for hormonal signalling might prove useful to investigate the influence of soil
properties on stomatal behaviour and, in conjunction with experiments, might allow the optimization

of irrigation strategies, such as the already applied alternated partial root zone drying.

The theoretical relationships between effective soil water potential and transpiration rate could be of
use to determine the underlying control mechanisms of stomata in different plant species. This would
require an experimental data set with measured leaf water potentials and transpiration rates for the
same soil water status and varying potential transpiration. It would be further interesting to investigate

the impact of different stomatal control mechanisms on plant growth and uptake on the field scale.

The combination of experimental data and numerical simulations offers more than the previously
described synergetic effects. A new approach to determine dynamic root growth responses in a
heterogeneous soil environment would be to link measured local root growth parameters to simulated
local soil water potentials. In contrast to commonly used rhizotron experiments, this would offer an in-

situ method to quantify root growth within a rather unrestricted soil environment.

Plant transpiration rate depends not only on the soil state, i.e. water availability, but also on
atmospheric conditions, like radiation intensity or vapour pressure deficit. To describe the complete
soil-plant-atmosphere continuum, the coupling to simulation modules that represent the above ground
part of the plant and the atmosphere, i.e. crop growth models, would be the next logical step. The
description of the full soil-plant atmosphere continuum would enable to replace the upper boundary
condition for root water uptake with a dynamic stomatal model that depends on plant size and
atmospheric conditions. This would also allow to determine carbon uptake by the stomata and to

calculate carbon allocation within the plant.
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Appendix A

A.l Influence of shoot volume (buffer size) on transpiration reduction

When shoot volume was smaller than 0.5%*Vy,y, multi-frequency oscillations in simulated transpiration
occurred (Figure A. 1) for all scenarios which included chemical signalling. When averaged over time,
the trend of transpiration and the signal concentrations (data not shown), were independent of buffer
size. Oscillations in stomatal conductance have been observed in several plant species [Buckley, 2005],
including cotton (with frequencies ranging from 1.3 - 1.8 h™') [Farquhar and Cowan, 1974; Marenco
et al., 2006; Passioura and Tanner, 1985] and citrus trees when exposed to high vapour pressure
deficits (mandarin tree, frequency ca. 1.8 h') [Dzikiti et al., 2010]. Regardless of the physiological

explanation (and site) of this buffer, simulations revealed that, stomatal conductance can oscillate due

to a chemical signal arriving from the roots.
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Figure A. 1 Influence of buffer size: Oscillations in transpiration rates are related to buffer size. A buffer size of 1¥Vy,o

corresponds to an average residence time of 0.1 days and a root:shoot ratio of 1.
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Appendix B

B.1 Time courses of water uptake depending on the boundary

conditions

Three simulations with the same fraction (50%) of dry soil domain were chosen to compare the
influence of the boundary conditions on the transpiration regulation. As the root length density profile
was not uniform over depth this results, for the horizontal splits, to an fy, (fraction of roots in dry soil)

0f 0.32 for the bottom irrigation and 0.68 for the top irrigation respectively.

In Figure B. 1 the root systems are depicted at the end of the simulations, after 100 days (a, c, e). It
might be worth noting that the most negative xylem water potential and the smallest transpiration rate
is found in the horizontal split with top irrigation, this, however is not due to the boundary condition
but rather to the highest fgy,. Nevertheless, the differences can be compared by looking at the right
panel of Figure B. 1 (b, d, f). The uptake is largely compensated by the irrigated compartments.
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Figure B. 1 Simulation domain for horizontal and vertical split setup with 50% of irrigated soil domain, which is shows the
water content from blue (= high water content) to yellow (=low water content). The root system is coloured by the xylem
water potential from red (=low water potential) to blue (=high water potential). a) horizontal split with bottom irrigation and
b) the water uptake over the soil depth and over the duration of the simulation (100 days), small panel at the top shows total
root water uptake over time, ¢) horizontal split with top irrigation and d) water uptake over the soil depth for this simulation,
small panel at the top shows total root water uptake over time e) vertical split with the two compartments on the left irrigated
and f) water uptake from the four soil compartments and the total uptake. Asterisks indicate values taken for the comparison
to the direct model. Ty = 50 em’ d”!, C controlled plant.
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hydraulic + chemical control

chemical control

Figure B. 2 Gradients between leaf and root water potential for H+C control (top panel) and C control (bottom) over different
transpiration rates (a, b, e, f: Tpot =30 cm’ d”!, and ¢, d, g: Tpot = 100 cm® d™!). The boundary condition of the horizontal
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B.3 Signal production for H+C
Signal production for H+C control. For the vertical split root system the signal is produced only in and
throughout the dry compartments. The horizontal splits show that only a small amount of roots are

contributing to signal production.

PHxylem
-6e+003 -

6.06e+003 M-6060

Figure B. 3 Signal production in the root system for horizontal split with a) bottom irrigation (4, = 0.78) and b) top irrigation
(fary = 0.68) and for vertically split domain (fg, = 0.5). The soil is coloured in blue = high and yellow = low soil water
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content; the roots are coloured according to the water potential in the xylem in blue for W,y > Yy, and in red for Py < Wiy,
i.e. for roots that produce chemical signal.
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Figure B. 4 Influence of Yy, on leaf and soil water potentials for H+C control.
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Appendix C
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Figure C. 1 Development of soil water pressure y,, over time of the samples not used for modelling. Different colors
represent measurements in different depths / compartments
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C2 Roots growing through paraffin layer

Root growing into wax layer

Root appearing from wax layer

Figure C. 2 Influence of paraffin layer on root growth: roots grow either unimpeded (left), but can also be deflected within
the soft paraffin and later re-penetrate the soil. Split 1, Day 12, Layer at -5 cm, Height of image section: 13.5 mm
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C3 Gradients of soil water pressure around the roots
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Figure C. 3 Water potential gradients gradient around the roots: (a) Plane spans the range (min - max) of water pressures
within each of the four soil compartments, line shows the mean (b) slice at z=-12 cm showing gradients of soil water pressure
around the roots (black circles); Split I scenario
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