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Abstract. How much watecan betaken up by rootand how this depends on the raod watedistributions in the root zone
are important questions that need to be answered to describe water fluxes in-piensaimosphere systerPhysically-
basedoot water uptake (RWUnodelsthat relate RWU to transpiration, rod¢nsity and water potential distributions have
been developed but far less used or te§tbid study airs atevaluaing the simulatedRWU of winter wheaby the empirical
FeddesJarvis (FJ) model anthe physicallybased CouvrewfC) modelfor different soil water conditions and soil textures
againstsap flow measurementsSoil water conten{SWC), water potential, and root development were monitored non
invasively at six soil depths in two rhizotron facilitiéstwereconstructedn two il textures stonyvs. silty with each three
water treatmentsshdtered, rainfed, and irrigate®oil and root parameters of the two modelgere derived from inverse
modeling and simulated RWU was compared with 8ow measurementfor validation The different soil types and water
treatments resulted in different crop biomass, root densities andistrtbutions with depthThe two models simulated the
lowest RWU in the sheltered plot of the stony soil where RWU was also lower than the p&@itialn the silty soil,
simulated RWU was equal to the potential uptake for all treatments. The variation of simulated RWU among the different
plots agreed well with measured sap flow but the C model predicted the ratios of the transpiration fluxeisdidypes
slightly better than the FJ moddlhe roothydraulicparameters of the C model could be constramethefield databut not

the water stress parameters of the FJ modé. Was attributed tdifferences in root densities between diféerent soils and
treatments which are accounted for by@model whereas the Fdodel only considers normalized root densitidge impact

of differences in root density on RWU could be accounted for directlthéyphysicallybased RWU modébut notby

empirical models that use normalized root density functions.

1 Introduction

Root water uptake (RWU) ia vital process for plant functioning since cionditions nutrient transportand balances
transpirationEstimating RWU isneededo make predictionsf crop water useto assess water and nutrieseefficiency in
function of root architecture and enviraental controlsand to desigrfficient waterand nutrienresourcesnanagement in
agricultural practicegMolz, 198]). However, quantifying RWU for watemd nutrienimanagemenin different regions and
climatescontinues to be a challendee to thdack of knowledge of key RWlgarameterand appropriate descriptiarfi the
RWU procesgVereecken et al., 20)6Typically, RWU is estimated from the @anspiration demand, which is calculated from
the canopy energy balanaader the assumption that the crop is wedltered Different soil water balance models have been
developed that allow estimating RWU using different parameterizations of the rooh systewater ugake mechanisms
However,the availability of field plot scale experiments in different soil textures and for different soil water regimesehat

needed to validate and improve these models is very limited.
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In many soil water balance models that are used to prR#filtt Richards equatiors usedfor calculating water flow in
unsaturated soilanda sink termis defined that descris&RWU:

— 0 (K)o (h+2z)-S 1)

whered represents the volumetric soil water content (SWE)L[E], t time [T], K the soil hydraulic conductivity [L ], hthe

soil water pressure head (SWP) [L}he elevation [L]andSthe sink term [E L T-!] defined as the volume of water removed
from a unit volume of soil due to root extractighpopular macroscopic RWU model that has been used to quantify the sink
term isthe Feddes moddFeddes et al., 19F®ecause oits simplicity andlow datarequirrment(Skaggs eal., 2006 Luo et

al., 2003 Peters et al., 20)7It uses the normalized root length density distribution and stress functions to determine the
distribution of the sink term in the root zorecewise lineastress functions defirf@ow the sink term at one location in the

root zone igeduced as a function of the SWP and this function depends in turn on the potential transpiration rate. This model
was refined lateto theFeddeslarvis model by adding a factoraccount for increasedater uptakei,e. uptake compensation

from moister soil layersrhen uptake from drier layers is redudddrvis, 1989Gi mTnek and Hopmans, 20

Besides transpirational demand aod water pressureead(SWP), RWU is alsoinfluenced by root hydraulic properti@se.

root hydraulic conductangevhich may vary over time due toot developmenand growth(Doussan et al., 199&teudle,
200Q Javaux et al., 20Q08Root hydraulic popertiesdetermine the resistance to water flaithin the plant and define the
water potential losses along thap flowfrom the roots to the shoot and the leaggschmann et al., 20)4The relation
between soil water and leaf watgotentials,and sapflow depends on root hydraulic properties which therefore should be
considered in RWU modelévereecken et al., 2015/adez, 2013 Physicallybased macroscopic RWlhodels were
developedhat describsvater fluxedn thesoil-root (or soitroot-plant)system based on water potentials and conductivities or
conductances of the soil and the root systéimah and Hanks (1978haracterizé water uptake as a function of root density,
axial root conductan¢and water potential at the root collateinen (2001)onsidered root hydraulic properties and water
pressure head at theot-soil interfacen the RWU modebut without consideringvater uptake compensatioran Lier et al.
(2008)developed a-D water flow modein which RWU rate was a function of root surface water potential and root radius.
This model considered implicitly lateral flow from soil to root with implicit compensation mechanism but did not include the

information ofaxial root hydraulicconductances

In order to present a mechanistic description of the RWU process that contairslphgsifined parameter€ouvreur et al.
(2012)developed a-® model based on the approach of root system hydraulic archit¢Btomesan et al., 2008avaux et
al., 2008. In this model, RWU is dependent on root system hydraulic conductégr);et{e root distribution, and the difference
between the local soil water potential and the water poteattidde rootcollar. Variations of this potential difference with
depth in the root zone lead to water uptake compens&iorcrops with small lateral variations in root length den$iyD),
this 3D model could be upscaled to é@dlmodel(Couvreur et al., 2014avhich shows similarities to the modgeif Nimah
and Hanks (1973and of Ameru and Kumar (2008)Cai et al. (2017pbtained theoot hydraulicparameters of the-
upscaled Couvreur modielr winter whea{Couvreur et al., 243 by inverse modelingsing time series «foil water potential,
water content, and root length density measurenieriee field Since theupscaledoot hydraulic parameters have physical
meaningtheupscalegarametersbtained from inversmodelingcould be compared to ameerefound to beconsistent with
parameters that were derived from direct measurenoémmgdraulic properties of root segmeatsd models of the hydraulic

root architectur¢Couvreur et al., 2013a
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Another way to validate the inversely estimated parameters is to evaluate whether the model is able to predict the RWU an
its reduction when SWP decreadesr crops with a small water capacity, the RWU corresponds closely with the transpiration

rate. Measurements of crop transpiratiam thereforde used to parameterize or validate RWU models.

Many techniquebavebeen used to investigate transpiratiangingbetweerthe singleplantandcatchment scaléTwine et

al., 2000 Allen et al., 1989 Jaeger and Kessler, 199'At the field plot scale, weidghg lysimeters allowto measure
transpiration(e.g.,Groh et al., 2016Garréet al., 201). A disadvantage of lysimeters is that they are costly and, although
possible(e.g.,Garréet al., 2011 Vandoorne et al., 20)2root distributions are difficult to measure in lysimetarsl their
spatial growthis influenced by the confined soil space which also frequently causes undesired boundaryeaffbayh foot
length densities at lysimeter wall&jeasuring ap flowwith the thermoelectric methasla directandin situtechniquewhich
wasdiscoveredy Huber (1932)It was used to estimate transpiration for different trees sp@grasier et al., 1998 ermak

et al., 2004Massai and Remorini, 20p@nd cropgChabot et al., 2003 .angensiepen et al., 201@ohen et al., 1993Due

to limitations ofsensorinstallationon small and vulnerable crop stems, sap flow measurements on crops with small stem
diameters of less than 5 mamepracticallychallenging.Senock et al. (1996)rovided fird sap flow measurements for wheat
under field condition but the values were within 1% of gravimetric measuremesand the experimental verification af

high sap flow ratéup to 5 g h) is not availableApplying an empirical method for calculating sap flirem standardstem
heatsensor outpufd.angensiepen et al. (201dbtained closeagreements betweeneasuredap flow and transpiration rates
measured witla standaréddy covarianceystem Continuous sap flow measurements can be carried out with modern logging
techniquege.g. multiplexer and data loggerproviding insight into the temporalynamics of transpiratioand how for
instanceRWU changes when SWP decreases over time. The use of sap flow measurements tdhedidiesesoRWU was
demonstrated for tre¢&ong et al., 2008Howard et al., 1996Green and Clothier, 1998but for crops, irparticularwheat,

sucha validation has not yet beperformedunderfield conditions

The main objective ofis study is to investigatghether physicalibased1-D Couvreur modeland empirical (Feddetarvis
model) modeldor RWU can simulate the effect of different sedéter availabilityon wheatRWU resuling from differences

in soil water application and differences in soil water retentioaracteristicsThis includes testing whether parameters of
thesemodek can becalibrated using measuremenfssoil water content, water potentiand root density and validating the
calibratedmodel against sap flow measuremerecond,we investigated whethedifferences incrop shootand root
developmergbetween treatments with different soil water availabiégd to different model parameter estimates and whether

theseparameters estimates can be linkedirectly observable properties of the root system.

Therefore, water potentials and contents, root distributions, crop development and sap flow werrednionsig plotgtwo
soil types and three water application treatmeats)used to parameterize twoNRJ models: the Feddekarvis model (FJ

model) and the plsjcdly -based Couvreur model (@odel).

2 Materials and methods

The experimental set up of the plots was described in det@diiet al. (2016and the model setup and the inverse modeling
procedure that was used to deternthme parameters b@ai et al. (2017)For more detailed information on the setup and the

inverse modeling procedure, we refer the reader to these publications.
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2.1 Setup of the test site

Two instrumented rhizotron facilities were constructedhie tipslope anthe downslopeof a cropped fieldin Selhausen
(Germany, 50%52'N, 627'E) The field is on avest-facing slope (smaller tharP¥and characterized keyhigh stone content

(up to 60%) in the upslope arsilty texture in thedowrslope.Thesoil water content at field capaciy330 cm) was0.15and
0.09in thetopsoil (07 30 cm) and subsoil (30120cm) of thestonysoil, 0.37 and @9 in the top and subsoil of thsilty

soil, respectivelyThe water content at wilting poi#15000cm) was 0.07 and 0.06 in the toand subsoil of the stony soill,
0.25 and 0.19 in the teand subsoil of the silty soil, respectivelyachfacility was divided into three plots of 7 m length x
3.25 m width. To produce a gradient in soil water availabitibg plot was sheltered from rain, one plot was rainfed, and one
plot was irrigatedy drip-irrigation. A sketch of the facilities with the location of the sheltered, rainfed and irrigated plots and

the wooden framed trenches is showiiig. 1.

Precipitation and other meteorological data for the calculation of refeegapetranspiratio(ET,) using thdcFAO56 Penman
Monteith equatior(Allen et al., 1998 were obtained from aeatherstationlocatedbetweenthe twofacilities (21 m away

from the lower facility) The average annual precipitatifor the past 50 years in this aneas 699 mm{Knaps,2016.

Winter whea{variety Ambellg wassown at a density 08007 320seedsn? on 31 Oct. 201& all plotsandharvested on 17
July 2014in the stony soi(upper facility)andon 31 July 2014in the silty soil (lower facility) as the contrasting seiwater
regimes in the twesoils affectedripening times. Total shootbiomass wasarvestedn an areaof 7.31 n? (3.25m x 2.25m)

in each plot andveighedafter oven drying. Leaf area index (LAI) was measursithga plant canopynalyzer (LAF2200,
LI-COR, Inc. USAxndrangedrom 0.8 to 2.5 irthe stony soiand from 0.8 to 4.0 ithesilty soil betweer8 Apr.and14 July
2014 (Fig.28). Precipitationdepthbetweertheseeding and harvestas 434.49 mnn the rainfed ploof thestonyand495.89
mm of the silty soil, the difference resulting from differegrowth period lengthén both facilities. Fig. 2 shows the
cumulativeamount of water received llge three plotén both soils The aridity index, defined as the ratio of precipitation to
reference evapotranspiration, wag lom 11 Feb(date for first root measurement) 16 July (one day before crop harvest
in the stony soil)in the test siteln the sheltered plots, the atigiindex was0.33 and 0.37 for the stony and silty soils

respectivelyfrom 11 Feb. to 16 July

2.2 Measurements of soil moisture, root distribution, and sap flow

Soil water content and potential
Time domain reflectomete(3DR), tensiometers (T4e, UMS GmbH, Minchen, Germany), and matrix water potential sensors
(MPS-2, Decagon Devices Inc., UMS GmbH Minchen, Germpawgre installedn each ploat 0.1, 0.2, 0.4, 0.6, 0.8, and 1.2

m depthin thevertical walls of the faciliesto monitor hourly SWC and soil water potential.

Root observation

Root distributiors were measuredon-destructivelyat weekly intervalsfrom 11 Feb. 2014 to 1July 2014 inthe stony soil
and from 14 Marto 24 July 2014 inthe silty soil with a minirhizotron camera (Bartz Technology Corporation, Carpinteria,
CA, USA)in 7-m-long horizontally installed rhizotubeZhree replicates athizotubes were installed at the same depths as
the soil moisture sensors. Root imagéth the sizeof 16.5 mm x 23.5mm were taken from left and right sides atf@d
locations along eadinbeand were analyzed subsequeniyng the softwarRootfly (Wells and Birchfield, 20080 determine

the length of roots per area of the imaBeot length densities were therefore expressed in units of length per stidace.
calculate the total root length below a unit surface dretroot lengthand root countper image surfacerereconsidered in

Cai et al. (2017)We assumed that root lengths in the images were proportional to root ddsimts.root counts has the

4
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advantagef avoidingto use the empirical soithicknesqe.g.2 mm)viewed by the cameria the estimation of absolute total
root length The oot countswereassociated witla soil volume that corresponds with tdemeter(height, 64 mm)and the
radius(width, 32 mm)of the tube, anthe image widti{depth,16.5 mm)to obtain an estimate of root length dengiBai et
al., 2017. The root densities were subsequently integrated over depth to obtain the total root length belsurfacmiarea.

Sap flow

Sap flowwasdeterminedwith SGA3 Dynagagesap flow sensordDynamax Inc., Houston, USA five randomly selected

wheat tillerslocatedin the center oéach plotThey werecontinuously operated from 23 M2@14to 6 July2014 Signalsof
thesapflow sensors werscanned every 60 seconslish Dynamaxcontrol unitsconsisting ofvoltage regulatorsAM 16/32B
multiplexersand CR1000datalogges (Dynamax Inc., Houston, USAGampbell Scientific, Logan, Utahyhe readings were
avaaged every 10 minutes, stored in a text file and processed with an R script containing the standard calculation procedure
for computing saglow from Dynagagediles (Dynamax, 200Pand an improved pogirocessing method for removing the
noisefrom standard calculatior(bangensiepen et al., 201 iller densitywas determineéh a fixed area of 1 Afor each

plot and used for converting average sap flow rgt’(tiller) to anareabasedranspiration ratécm d%).

2.3 Root water uptake models and parameterizations

Model description

We used two D RWU models: the Fmodel(Gi mTne k and )Jaodmhephysisaly-bazedi Ghébdel(Couvreur et
al., 2012 Couvreur et al., 2013aboth of whichconsidered water uptake compensation. The two models have been
implemented in Hydrud D (Simunek et al., 200)6The sink term in the two modelscalculated with following equations
Si(2) = Tpot UH(N)NRLD(2)f (2)

Sc(2) = min(Tpot, Tac) SSKZ) + KeomH(2) - He) SSK2) ©))
whereS; andS: are the sink tersaccounting for RWU rates jnespectivelythe FJ and C models LT, zelevation [L],

Tpot and Tact the potential transpiration and transpiration under water stress conditiofh, [ITthe water stress function
described beloy+], hthe measured soil water pressure head (SWPNR],D thenormalized root length densifly],1 the
water uptakecompensatory factor]] SSFg) is the standard sink term fraction{Lwhich corresponds with the uptake at a
certain depth when the hydraulic heads in the root zone are unKgsimthe compensatory RWU conductance of the root
system [T1], H the total hydraulic head (sum of pressure head and elevation heat)dH, the effective root zoneydraulic

head[L]. Heis the integration of soil hydraulic head and root distribution along the rooting dgppth']) profile:
He=, '0433&0Qa (4)

When thetotal resistance to flow in thexial direction is small (large axi@lonductancend/or small transport distancé)en

the three dimensional version of the C model reproduces exactly the flow in the root system that is predicted by solving the
flow equations in the root system for boundaspditions thatorrespond witlthe soil water potentia(€ouvreur et al., 2014b
Couvreur et al., 2032In these condition&compshould be equal t&s When this condition does not hold, then thedel is

not an exacsolutionanymoreis not exact anymore but the impact of the resistance to flow in the axial direction can be
represented by using a small&fmp(Couvreur et al., 2014bThis was shown by comparing detailed simulatiosisig a

coupled soiroot model(Javaux et al., 20Q8gainst simulations with the C mod@&ouvreur et al., 2014bThe second
assumption is related to the upscaling. The model we are usingis\aersion of the @ model. It assumes that the water
potentials at the root interface can be represented by the average bulk water potentials at a certain depth.uBsesgchbn n
simulations, it was found that this assumption seems to hold well for crops with a more or less homogeneous laterahdistribut

of the roots (like wheat) but less so for crops in which there is quite a lot of lateral variability in root déwsityaze)

5
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(Couvreur et al., 2014aThe third assumption that we made (which is not a model assumption but an assumption about the

link between the standard uptakecfian and the root density) is that the standard uptake fraG@BR,is equal to thé\RLD.
This assumption can be made when the average radial conduadanmaissegments at a certain depth do not vary a lot with

depth and when the resistance to flow in the axial direction is not too large.

TpotiS given by:

Toot = EToKc (1- €AY (5)
whereKc is the crop coefficient] that accounts for changesemapotranspiratiowith crop developmentllen et al., 1998
(Table1), LAI the leaf area index-], andk the lightextinctioncoefficient (0.6 wasised(Xin-Yang and YangRen, 2013
Rodriguez et al., 200Droud, 2012Bingham et al., 2009. In theC model,the leaf water hydraulic heaHeaf [L] is related
to Tpot, the equivalent root system hydraulic conductakeg[T'Y], and the effective root zorwydraulic headH. [L], by:

Tpot = Krs(He - Hiear) (6)

as long a#ear [L] is larger than a criticdleaf hydraulic headiliear crit (-16000 cm was used in this stu@y/esseling, 199).
When the leaf water potential equédisas crir, the transpiration rate is reduced and the adtaakpiration rat&,. is obtained
from:

Tact = Krs(He- Hieat crit) (7)

The parameter$;s andKcomp[T' 1] of the C model depend on the roevelopment sincthe root system conductance increases
when the root system grows. In line wiflai et al. (2017)we assumed thdt,s andKcompwere proportional to the total root
length of the root system that is derived from the integral oRiti2 over depth.

For the B model, the RWWunder water stress conditiovas constrained by piecewise function(§) that is dependent on
SWP.

T Qe afip

v on qfig

Gm=,, v “ofie 8)
o (oL Teic

wherehy 4 and hy 3 are the threshofdof SWP where RWU is completely constrain&l=0), and arrives the maximum,

respectively. The value &k is a function ofTpo (Brandyk and Wesseling, 1985

0 Y oN THY
he= "0 Y oN YRY 9)
Q Quai Q

where &nand Tz were set td.02 cm h and 0.004 cmh(Yang et al., 2000

The water uptake compensation in thenodel is described by theecond ternon the right-hand sideof Eq. 3 For the FJ
model it is controlled by an empirickctor ( ) that is water stress related:

[ = 1/maxf, ¥o) (10
v=1 Q.2,80Q4 11
where ¥ is the critical water stress threshold {vhich rangesbetween 0 and 1 correspaong to, respectively,full

compensation and secompensatiofGi mTnek and Harpspl®89s, 2009

The soil hydraulic propertiesvere described by the combinddualemvan Genuchten equatioriMualem, 1976 Van
Genuchten, 1980
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= T e v mm (12)

— Qai Q
K(S) = Ks&[1 - (1- ') (13)
whered; andds are the residual and saturated water contéhtyL , J)n(f>1),m(m= 1- 1/n), and areshapearameters,

K andKs are the unsaturated and saturated hydraulic conductivity][L% is the effective saturation][ (d - d;)/(ds - df).

Inverse Modeling and model setup

The parameters of the van Genuch{#880 soil water retention functiomverefitted using measured SWC and soil water
headdata(Cai et al., 201p(Table2). The parameterss, |, han, hs;, andy. of the FJ modekKs, andKcompof the C model were
inversely estimatedy fitting simulated tchourly measured SWP and SWEor the stony sojla time series from 11 Feb. to

14 July 2014 and fothesilty soil from 22 May to 3QJuly 2014 was usedesides the time series of the S\afl SWC, also
other variables that were derived from these time sesieh as changes in SWP and SWC over time and water storage in the
soil profile wereincluded in the objective function that was minimized infitiimg procedureas described i€ai et al. (2017)

and werefer forthe details to that papeBriefly, the objective function in this study wHee weighted surof normalized root
mean squared erroo$ differentvariables: SWC, SWP, and changes in SWC and SWP tiwes; total SWC in the soil profile

and corresponding changes over tinte the currenstudy observationsand simulations o$oil moisture dynamicéor the
three treatments per soil tyfiee. stony and silty soijswere lumped into one objectivenctionwherea<Cai et al. (2017used

only data from the sheltered plot in the stony.ddénce, br each soil typethe same soil anRWU parameters were used to
simulateRWU for the three treatmentBut, since the two objective functions with data from the two different soil types were

optimized independently, different soil and RWU parameters were obtained for the two dgt@lent

The XD Richards equation was solvedmericallyusing Hydrus ira 145 cm deep soil profile féine stony soiand a 300 cm
deep profile forthe silty soil using a spatiatliscretzation of 1 cm.Two soil layerswith different hydraulic propertieghe
topsoil (07 30 cm) and the subsoil (30145 cm forthe stony soibnd 30i 300 cm forthe silty soil), were considered at both
facilities An atmospheric boundary condition was used atttipeand a free drainage boundary condition at the bottom
(Simunek et al., 2093 The soil water pressure heads measured at the start of the simulation period werasisi¢dl
conditions In order to consider the root development during the growing period, the simulation period was ispione
week periods during which constant RLDprofile was assumedihe parameterks and K¢omp 0f the C model| which were
assumed to depend on the total root lengrehenceadjustedat weely intervals One set of parameteris_ini andKcomp_ini
that correspond with tHRWU parameters from the sheltered plot during the first week of the simulation periodstiarated
using inversamodeling Ks and Keomp during theith weekof a certainwater treatmentvere obtained bgcalingK:s_ini and
Keomp_iniWith the ratio of theéntegrated root lengtfintegration of RLDover the soil profilgin weeki in that water treatment
to the integrated root length during the first waethe sheltered ploT he initial conditions of a onereek period were derived

from the simulated SWP profile at the end of the previousveeek simulation period.

Themodel results were evaluated in terms of root mean square error (Rii&#) bias error (ME), arah indexof agreement

(d):

RMSE= B “YQda 0 i j0U (14
ME=B "Y'Q&a 0 @i 0 (15)
d=1-B "YQa 0 ®i B "YQ& 0 oi 9 oi 0 ad (16)

whereSimandObsare simulated and measured varialléstheindexof agivenvariable, and N the number abservations
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3 Results and discussion

We first discuss the effect of water treatments and soil textures on crop and root development. In the secordisoagswe
the inverse estimation ®WU parameters of the FJ and C models from meass¥¢@ and SWPIn the third part, simulated
RWU by the two models in the different soils and water treatments are discussed ancedonithesap flow measurements.
In the last part, we discusssensitivity analysis that was carried out to evaltree=ffect of the different development of the

wheat crogn the different soils and water treatmeatsthe simulated water uptake.

3.1 Effectof water treatment on crop and root development

Tiller densitesand crop biomass in the thrdéferent water treatments the twosoilsare shown in Table Eontrastingsoil
wateravailability affecteccropbiomassgyrowth andyield. Less water applicatigisheltered plot receivesb.13% and 44.52%

of the water received by the irrigated plotghe stony and silty soil, respectiveligure 2b reduced the tiller density the
sheltered plot with respect to the irrigated fipt38.4 % in the stonyand11.3 % in the silty plots and reduced the biomass
by 58.8 % in the stonyand40.8 % in the silty plots The biomass of whean the treatments that received less watas
reducedstrongerthan the tiller density as was alsportedoy Musick and Dusek (19807 he tiller density and biomass were
generallyhigher in thesilty than in stonysoil, especially for the sheltered plo&milar difference werefoundin LAI between
the two soils (Fig. 2a). TheeakLAl was higher in each plot of the silty soil thae ttorresponding plaif the stony soilThe
higher water holding capacity of the silty soil supplying mavailablewater in the subsoil for root extitamn may account
for the differenceNote that there was mdifference ofLAlI amongall the plots of the twasoils until the beginning of April.
The deviation of LAl between the plots with different water treatments starteshd 50 days earliém thestony than irthe
silty soil eventhough the irrigation was applied earlier in the stony.plbisindicated thamore water wasvailable in the

silty soil than in the stony soil due to the different soil properties.

As for thebelowgroundart of the crops, RLD decreased gradually downwards for all plots of the two facilities at the beginning
of the measurements (Fig). The RLD in the shallow layers1( to -20 cm) wassimilar in the stony andilty soils ranging

from 012 to 0.67 cm cm?. However Jarger differences in RLD between the two soils were observed at greater déptis (

-120 cm depth). In the stony soil, maximal root densities were observed at shallower dipitrs {n the sheltered and
irrigated plots and60 cm in therainfed plot) than in thesilty soil (-60 cm in the irrigated anéB0 cm in the sheltered and
rainfedplots). Furthermore, the maximal root length densities were considerably highersittyhiban in the stony soil (note

the difference in color scal€jhe root density distributions showing maximal densities at greater depths are markedly different
from the root density profiles that have been observed for winter whiget soil coringn loamy soil(Zhang et al., 2004and

in soils with seven different texturésom clay tosandy loam(e.g.,White et al., 2015Zhang et al., 2004 Thismight on the

one hande due ta great amount of watetored at those depin the silty soilbut probably also nutrient distribution in the

soil profile at this sitewhich might havepromoted root development in deeper soil lay@tsorupKristensen et al., 2009

Yang et al.,, 2008 On the other handsome studies indicated that root length densities estimated frizotubes may
underestimate the root densitiesinmfacesoil layersdue to temperature effexqfitter et al., 1998 or rootsgrowing parallel

to the horizontal plane not intersecting the tube surfisleer and Barrs, 1991We obtained root lerigs ranging front.5

to 7.0km nT2 which is within the range of the results frafthite et al. (2015vho investigated root development of 11 winter
wheat varietiesn four different soils (from clay to sandy loam) in the URhey found an average of 9.8 km?finom the
samples to 1 m depth. The lower estimate might be due to an underestimation of the root density in the upper 30 cm using th

rhizotubes
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Root senescencgas observedt the end of the growing seastirstarted in the upper soil layers and progressively moved to
deeper layersvhich is more obvious in the three plots of the stony soil 2ftétay. Furthermore, root senescence in shallower

layers(above 30 cmpccured simultaneously with root developnten deeper layerébelow 30 cm)

The observed root development in the two different soils and for the different water treatments show opposite readtions to so

water availability. On the one hand, lower water availability in the stony soil led tgea foot density and lower total root
length than in theilty soil (Table 3) The same behavior was observed when comparing the sheltered wiginfad and
irrigated plots in the stony soin the silty soil, however, an increase in root density was observed when water availability
decreasedWhen plants experienceater deficits the aboveggroundshoot development is reduced by different mechanisms
(e.g.reduced leaf expansion by lower turgor, enhanesgiration, stomatatlosure and reducegbhotosynthesjs(Bunce,
1978 Wesselius and Brouwer, 19ansfield and Atkinson, 1990The reduction in shoot growttan be counteractexith

an increase in carbon allocation to the root zmme/as shown in @&view byPoorter et al. (2012)n environmentl effects on
biomass allocatianThe ratio of total root length to aboveground biomass @iguggestshatindeed a larger fraction of
carbornwasallocated to the roots in tisheltered tham therainfedor irrigated plots both in the stony asilty soils.Although

the differencesn the ratiobetween the two soils are not so lardpetotal root length per kghootbiomass was larger in the
silty than in the stony soil. This seems at first sight contradictory to the lower water (and nutrient) availabilisgdnyttiean

in thesilty soil. This might reflect that other factors likeismechanicaktrength mayaverestriced root growth more in the

stony than in the ity soil (Unger and Kaspar, 199¥erotto Jr and Mundstock, 1999

3.2Inverse estimation of soil and root water uptake parametersf the FeddesJarvis and Couvreur modelsfrom soil
water contents andwater potential measurements

Time series of observed and simulated SWC and SWP are illustr&tigd5 and6 for the plotswith different water treatments

of the stony and silty soilsespectivelyAs expected, therigated plots were wetter than the rainfed and sheltered plots but

in the top layers of theilty soil measured water contents and pressure heads decreased between irrigation events to similar

low values as in the neirrigated plots. For the period thateasurements were carried out in both soils (froich of May
until beginningof July) the SWPén the sheltered and rdad plots were more negative in tenythan in thesilty soil
suggesting that the crop experienced more water stress in the stohy Both soils, the top layer dried out considerably and
low SWP ¢10* cm)wasreachedas a result of high evaporation and transpiration demanide sheltered and rainfed plots of
the stony soil, such low SWP were also reached in the deeper soil lB@enf-80 cm)whereasSWPs stayed higher at

those depths in thalty soil due to the larger water holding capacity of they siiil.

The satistics RMSE, ME, and of the SWC and SWBimulated by the two models disted in TableS1 Since the statistics
were very similar for both modelthere was no notable difference betwsenulationaccuraciesf the FJ and C model$he
values ofRMSE for SWC irthe stony s0i(0.02 to 0.03 crhcn®) werealmost halfof thosein the silty soilwhereas for SWP
the values did not differ much between thwe soils(from 0.3 to 0.90g:0([-cm])). The larger RMSE of SWC in theilty soil

is also due to the largancertainty in the measured SWC duéievariability of SWC between the four replicate TDR sensors
(standard error of the sample mean reached 0.036mrf) (Cai et al., 2016

The obtainedsoil hydraulicparametersparameters of thevater stress function of thelfodel, and roesystem parameters
of the C model are listed ifable4. The corresponding hydraulic conductivity curves are plotted in Fig=@1he stony sojl
the soil hydraulic parametersstimated by the two models were compardhle larger differences between the model
parametes were obtained for the subsoil layertloé silty soil. Smaller (even negative) tortuosity parametesgre obtained

for silty than for the stony soil ich implies that in the latter the hydraulic conductivitiesrease stronger with a decrease
9
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in saturation degre¢Eq. 13) For the same water content, hydraulic conductivities were higher stahgthan in the silty

soil.

For the B model,parameters of the stress function were similar fostbayandsilty plots, which implies that the estimated
parameters were not sensitive to the different root density in the two different soils. It is important to note tharéneeliff
in root density between the different water treatments in one soil was not considbeethodel since only one parameter set
was used to simulate the different water treatments. The obtained threshold values of the stresafungtéonlhs, in Eq.

8 were higher than the lowest SWPs measaratisimulatedn the top and subsoil layer in the sheltered and rainfed plots of
the stony soilConsequentlythe FJ model simulated a reduction in RWU due to reduced water availability in thegEiglots
5b). For thesilty soil, hs andhs, were also higher than the lowest 88/measured in thepsoillayer but lower than the SWPs
in the subsoil. However, despite the lower SWPs intdbsoil and the low compensatory uptake (higd), no reduction in
transpiration ratavas simulated in the silty soil (Fighpascompared to thealculatedpotential transpiration raté first
explanation for this observationtisatthe high root density in the subsoil made that most of the water was simulated to be
taken from the subsoil where SWP was high. Therefore, a redwdtigstake in the top layer where root densities were low
would not affect the total uptake considerably and would require only a small compensatory uptake from thalbassail.

et al. (2015noted thatompensatoryvateruptake could alsbe causeddy increasedoot growthin soil layerswhere more
water is availableThe second explanation ihatthe simulated SWP in thepsoillayer remained higher tharresponding

measuredalueswhichis another reason why no reduction in transpiration was simulated #iltshsoil.

The values ofn; estimated by the FJ model were close torlthe three plotén both soils, which was consistent witie
speculation given bsi mTnek and Hthap theacorspengafofy @lflily of culture cropas limited. However,
according talarvis (2011)based on the work dde Jong Van Lier et al. (200@8ndJarvis (2010)w. should depend on both
rootand plant propertie.g. total root length, LAI, and unstressed stomatal conductéraiedontrolTye. The value ofiv
should behigher (low uptake compensatjofor a lower ratio of total root length to LAIFor the silty soil the ratios were
similar in the three plots sintbere was nomuchdifferencein total root length and LAdmong thehree plots compared with
those in the stony sofFig. 2a and 3)For the stony sb the ratios of total root length to LAl deviated after 21 Mdgita no
shown) being higher in the sheltered plots dmder in the irrigated plot, which indicated thheoreticallyw: would be lower

in the sheltered plot and higher in the irrigapdot. However sincefitting the parameters of the FJ model using data from a
plot in which no water stress is observed is very difficult and since the parameters of the FJ model could not be uniquely
identified using inverse modeling also when data frastewstressed plots were used, we could neither confirm nor falsify the

discussed relation betwee®, root length and LAI

Temporal changes ot system hydraulic conductan€e of the C models illustrated inFig. 7for the stony andilty soils
TheK;s values in the different plots of the same soil were calculagetythe same fitted initiak:s jni andRLDs so that the
difference inKs between the different plots of the same seilecied differences inRLD. However,Ks ini was fitted
independently for the two different soil typdhe higherKs obtained for thesilty soil with the higher root density than the
stony soil supports our hypothesis that the root system hydraulic conductance increasesRiith tBensideringthe root
system conductance that was normalized by the root length per soil surfatiecaneamalized roatonductancevas different
for the two different soilsThe value othe normalized:s_ini was1.4 times larger andormalizedKcomp_ini8.2times larger in
thestonythan in thesilty soil. Thisindicated that for a single root segmentrbet conductancand compensatory ability was

higher in the stop soil than in thesilty soil. This difference does not support our assumptionKhas directly proportional
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to theRLD. It indicates that the different development of the root system in the stony soil, in which more water stress occurred,

had an impact on the root hydraulic conductance of individual root segments.

To evaluate the ugueness of the estimated parameters of the FJ and C mesdplsnse surfaces of thbjective function
were plottedSelected contour plots Fig. 8 showthat the soil hydraulic parametexgreidentifiable. The parameters in the

C modelwerealso identifiable irboth soilsbutKs andKcompin the silty soilcould be lespreciselyidentified than in the stony
soil. WhenRWU is not reduced and remains equal to the potential transpjnaticzh was the case in tisdty soil (see later),

Eq. 6 states thdf;s can decreaswithout changing th&WU by decreasing ks until the Hear reaches the critical leaf water
potential This explains whyegions with lowobjective functiorvalues are bouniy minimally possibleéK;s valuesbut not by
maximally possiblés values in thesilty soil. WhenRWU is lower than the potential transpiratiohere is also a maximally
possibleKs value so that leaf water potentiatll reach the critical leaf water potential during the simulation petiod.
agreement with what was found 6Gxi et al. (2017)the response surface did not show a distinct global minimum for the water

stress parameters in the FJ model.

In contrast to the current studgai et al. (2017)nversely estimated the soil hydraulic parameters and parameters of the FJ
and C models using only observations from the sheltered plot in the storigdagionof data from the rainfed andigated

plots had an impact on the optimized soil hydraulic parameters (see values in parentheses in Table 4) whereas similar value
of the root hydraulic conductancKs; in andKcompini Were obtainedincluding data that represent thgdraulicbehavior of

the soil under wetter conditions ledhimher estimates of the hydraulic conductivity of the subsoil under wet conditions but
lower estimates ohydraulic conductivities in the topsoil and in the subsoil for drier conditions (see Figusiiy. the
parameteret obtained byai et al. (2017)esulted inta slighty better(e.g.for SWC, RMSE was 0.0057 and 0.0036 smaller
for FJ and C models, artiwas 0.0257 and 0.0129 higher for FJ and C mya@sismats of SWC and SWP in the sheltered
plot but toan underestimation of the SWC and SWiRhe rainfed anaspecially in the irrigated pldsee Fig S2). This
illustrates that soil hydraulic parameters that were obtained for a certain set of boundary conditions are not alweddransfe
to other conditions. Combining experimentidtaset that representa wider range of boundary conditions is therefore

preferable.

3.3 Simulations of root water uptakeand comparison withsap flow measurements

The cumulative ETo, Tpor, andRWU simulatedby the FJ and modelsin the three plots a$tony and silty sodl during the
whole measurememteriodandduringthe overlapping period of measurements in both saiéshownin Fig. 9. The higher
cumulative ETein thestonyplot than in thesilty plotsis simply due to the longeneasurement peridd thestonyplot. The
lower ETpot in the sheltered plotesults from the lowenetradiation due to shelterings compared to theeighboring
unsheltered plotsThe difference in cumulative Bd& betweernthe stony and silty soilduring the overlapping measurement
periodresultsfrom differentK ; valuesdue todifferent timeof ripening of the crop in the two so{f§able 1) Theratio Tyo/ ETpot
was considerably smaller in the stony soil than insitig soil since the early crop development stagieen the croganopy
was not fully covering the soil and the LAlas low, was not covered by the measurement peridtiesilty soil. Differences

in LAl also explain the smaller,3/ETpq ratio in the sheltereglot of the stony soitomparedwith the rainfedand irrigated
plots of this soil and the largerpd/ETpor in thesilty than in the stony soil during the overlapping measurement pdrbsl
illustrates thatthe potential water uptake by the wheat crop from the sheltered plot of the stony soil differs substantially from
that of the other plots due #odifferentcrop development and LADnly in the sheltered an@infedplots of the stony soil,
thesimulatedT ac;or RWU was reduced compared to the: In thesilty plot, there was no reductionsimulatedT .cccompared

to Tparindicatingthatthecalculatedsoil watersupplyin the root zone in theilty soil was sufficient fomeetingtheatmospheric

demand
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Figure10 shows potential and actual RWU simulated by the FJ and C models, and sap flow in the thre¢hgla®oy§ soil
andthesilty soil from 23 May to 6 July 2014. When the measured sap flow was regressed against the simulated RWU by the
two models, therevas agood agreement betweesrop transpiratiorobtained from the sap flow measurements and model
simulations withr? of 0.86 by the FJ modednd 0.850y theC model But, there was a constant offs&t0.05cm d* between

the sap flow measurements and the simulated R#) 11). The observed sap flow and the simulategwWere both higher

in the silty than in the stony solh the silty soil, the sap flow measurements did not differ considerably between the different
water treatments, which was consistent with the simulaieth@t wasequal toT .. For the stony soithe measured sap flow

differed between the different veattreatmentsvhich wasalso consistent with the differences in simulated T

There was, as far as we know, no similar comparison between sap flow and simulated RWU using field obserwvettieas for
coph. Due to the fidelicate anat ¢{Langensiepen ethle20iMdtdschabengmg to ihstall | o w
the sensors and measure the temperaturaticariof the thin wheat stalk with high time frequency for the field condition.
Furthermore, spatial variation in environmental conditions that influence the sap flow in a single stem and variability in st
development lead to a considerable stem to stmmbility in sap flowin which the average deviation from mean sap flow is
guantified for the three different treatments shown inleigChabot et al., 2002Zhang et al., 2004 The simulated RWU

was basedn a chain of models linked with assumptions and preset parameterizations starting from the calculation of the
potential crop evapotranspiratiaising the empirical FAO56 approadts split into soil evaporation and transpiration as a
function of LAI, and its reduction to actual transpiration as a function of soil water potential. The overall good aorrelatio

between simulated RWU and sap flow measutiraaspiration thereforgives sore confidence in the used approaches.

I n order to unravel f ealculdteRWU inh dhiflereninaoits and fosdifferentowatbritréatmengs, we o
made plots of the ratios of the measured sap flow in the two soils versus the ratioslatesirRWU in the two soils for the
different water treatments$-ig. 12). Ratios were used to cancel out the temporal variations due to varying meteorological
conditions. The good agreement between measured and simulated ratios for the irrigated whitd) RWU was not
influenced by water availability, indicates that the differences in potential transpiration rates between the two phots due t
different crop development (ripening) and LAl were adequately represented in the models. There is no difenercethe

FJ and C models since RWU is completely defined as a boundary condition and not dependent on the Statusiaténe

irrigated plots which was discussed §ai et al. (2017)For therainfed and sheltered plotshe correlation between the
measured and simulated ratios is smaller. These ratios represent to what extent the simulated reduction of RWU in the stor
soil due to reduced water availability is consistent with the measured reduction in sap flow ekatvsimulated RWU and
measured sap flow in thalty plots where there was no reduction in RWU. Of note is that simulations by the C model are
more consistent with the sap flow measurements than the simulations by the FJlimedsios of the FJ modsimulations

vary less than the ratios of the sap flow measurements whibegngeof ratios of the C model simulations is more in
agreement with the sap flow measurements. This indicates that the C model represents better than the FJ model how changi
soil moisture and soil moisture distributions changeRKeéU. Furthermore, since the root hydraulic conductance in the C
model depends on the root density, the model can reflect the impact of the differences in root density between the differen
water tratments ofiRWU. The FJ modedid not possess this flexibility since only one set of water stress paramatetsed

for the different water treatmentSimilar observatios were made byandoorne et al. (2012yho optimized the water stress
parameters of the FJ model for ChicoBydhorium intybus L) andfoundthat the walues of theeparametertad to be adapted

for different soil moisture conditions and different plant growth stages.
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Sap flow per unit soil surface are@asobtained by multiplying the average sap flow in the measured tillers with the number
of tillers per unit soil surface area. Figur® shows the average sap flow per tiller and the sap flow per unit leaiihaea

For thesilty soil, the sap flow per tdlr and sap flow per leaf area were veimilar forthe different water treatments. For the
stony soil, the sap flow per tiller in the irrigateldtpivas similar to that in the silgoil until approximately 19une. After that,

the sap flow per tiller ratted in the irrigated plaif the stony soibecause of the reduction in leaf area (the sap flow per leaf
area remained similar to that in thitty soil). Water stress limited tHeaf development of wheat in both lewity and quantity
(Khalid et al., 2016Zhou et al., 201p The sap flow per tiller in theainfedplot of the stony soil became smaller than that in
the irrigated plot or in thsilty soil afterl1 June but recovered for a short time period to same sap flow aftirtfed| on 10
June. This recovery was alsbservedfor the sap flowin the sheltered platf the stony soil. But, the sap flow per tiller was
generally lower in this plot than in the other plots. This indicates that transpiration in this plot was reduced bydoetda re
number of tillers and a lower flux per tiller. It is interesting to notéttesap flow per leaf area surface in the sheltered stony

plot shortly increased to higher values than in other plots after the rainfall evédtiane.

3.4 Effects of root and shoot development on simulated transpiration

The different root developmeiin the two soils and for the different water treatmefig.(3) was related to a different
parameterization of the root hydraulic conductarkg. (7). The different shoot development and different LAI val(iég.

2q) affected calculations gdotential transpiration raté€big. 9) thatwereused as boundary conditiofts RWU simulations.

In order to demonstrate the impact of the plant development &tMié¢ simulation, we conducted two sets of simulations in
which the plant parameters wereegeribed by measurements done in another soibamdter treatment. In the first set of
simulations we changed the root hydraulic conductariGe For the stonysoil, Ks of all plots were rescaled by a factuir
1.78which corresponds to the ratio Kfs in the sheltered plot of thalty soil in week 15 toKs in the sheltered plot of the
stony soilin the same week his rescaling represents h&WU would change if the plants would not reduce the root hydraulic
conductance in the stony soil. For #iky soil, Kis wasscaled by a factoof 0.56 which is the inverse of the factor used to
scale the root conductance in gtenyplot. The rescaling for thailty plot represents how water uptake in gy soil would

be reduced if the root conductansasequal to tlatin the sheltered plot of the stony sdibr thestonyplot, rescalindi.e.
increasing}he root conductance increased the cumulative water uptdkby about 246 in all plots (sedable5). Increasing

the rat conductance therefodid not increase substantially the amount of water that could be extracted from the stony sail
For thesilty soil, rescalingi(e. decreasing) the root conductarnicdact generated water stress and reduce&®We) by 9%.
Therefore, the root system with higher root densities and conductasitgsno i | i s app-dr meh svhereae t1 6 6 o

increasing the root conductance in the stony soil would hardly lead to more water uptake

In a secondset of simulations, we chgad thecalculatedpotential transpiration of the sheltered stony plothiat of the

irrigated stony plot(Fig. 14). Only the stony soil was considered since the shoot and LAl development did not differ
considerably between the different water treatments isittyeplot. Until 1 May, there was almost no differenicethe LAI

and Tt amongdifferent plots so that tme was also no bigffect on the simulatedad Tpet in the irrigated plot started to
deviate from o in the sheltered plot frorh May due to higher LAI in the irrigated plqFig. 2a) Increasing o in the
sheltered plot did not affect the simulat®@/U by theC model In this model, the boundary condition switches to a constant
pressure head boungacondition when stress occurs so that the simulated root water becomes independent of the potential

transpiration rate.

Of interest is also the time wathich water uptake starts to decrease and its effect on plant developmentsheltbeed and
rainfedstony plos, a slight reduction in RWU isimulatedduring April. This reductionin RWU was accepaniedby only a

slight decrease in LAl developmerdmpared to the irrigated plfig. 2a) After mid of May, which is also the period when
13
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RWU more strongly reduced, the LAI did not increasgymorein the sheltered plotwhereasn the other plots of the stony
soil, it reached its maximum at the begimpf Juneln thesilty soil, the maximum was reached at the beginning of July. The
root system reaclhiats full developmenthowever earlier than the time whehe LAI reaches its maximulirig. 3). The root
system development in thetony plot was much stronger reduced by the lower water availafilitdpril than the LAI
developmentBoth leaves and roots showeshctionto environmerdl changes buhisreaction was not simultaneodalter

and Schurr (2005)eviewedstudiesof led and root growttof herbaceous plants amibdicated thatoots experienced more
directy the effect of environmeral factors (.e. water stress, nitient deficiency compared with leave3hey also indicated
thatroots responded faster than leat@the envireomentl conditionsto optimize resource use ifiengy.

4 Conclusions

The differentofwr oplkaatwde copmmemtuences f RWUndhedpassamet dei
shoot devel opment l ed to differences i n bo(udfdaacrayn dg otnhdei
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conduc,t i RWthit e®ess pMantaemetseress |l ed to smaller root syste
of RWUW or | ess negative smoldSwatbdemnep@u leatt iitdre s rdooont d Usayt saEngc
dutedrought stress havaualedo eld € eanl.r e p2adnltlOe) B & m\Wfaanngd eezt (fa2b Q.0 5() 2
wheéa Mantdsuo etf oal .ri(c2e009)

Th€ modewhich is based on a physi-tadt depptirecchibboref dect hi
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the .§Ame suggests that the root oay sitndimeirink a  ioddise dloaype d i
the opposite for t he r osoitlsosiyls.taé mo tt haaty g eesotnssli adpead nign t thiee
conductance and total root | ength gave the model egtra
water availability (both due t o whiefnf ersinntg stohd G ympedela,
i nf or mborucbont i ng dept hd eannsti tyyerl iad ustwiéocorr smyb btuhbea t a | r oditr d cetnlgyt

useo describe thethempoboal sgsgobckioftfceornadmtt t amicles iaand f or di

The simul at etdr an & g ientatrec @rswdi mbinf f er ent soil s and the diff
by fdawp measurement-baségte@Pphrgdelt &idl y he ratios of the trar
slightly better thantthespdr asbodielh .waSshwcledchsees stid ayi os r ep

extent the transpiration was reduced due to reduced wat

This study illustrated that a combined dataset of s oot

and of transpiration fluxes derived from s &WuUhd dellhsmesas u |
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Table 1. Crop coefficients Kc) of winter wheatin the stony F1) andsilty (F2) soilsin different growing periodsk. was
calculated according to Allen et al. (1998).

Initial period Mid-season Late stage
. 08.0571 27.062014 (F1) 17.072014 (F1)
311020131 27.022014 08.05171 09.072014 (F2) 31.072014 (F2)
F1 0.93 1.26 0.27
F2 0.93 1.26 0.29

Table 2. Parameters of soil hydraulic propertagtgthe top (01 30 cm) and subsoil (30120 cm)of the stony F1) andsilty

5 (F2)soils[] and[ are residual and saturated soil water content, respectivahdn are curvefitting parameters.

i i U n
cmé cn® cme cnr® cnrt
F1 topsoil 0.0430 0.3256 0.0361 1.3860
F1 subsoll 0.0543 0.2286 0.0495 1.5340
F2 topsoil 0.1392 0.4089 0.0231 12920
F2 subsaoill 0.1304 0.4119 0.060 1.1920

Table 3. Tiller density (counted on 11 June 2014), crop biomass (including straw and grain which were measured after the
harvest)ratio of leaf area indexL(Al) to tiller density, and maximal root length in the three plots (P1: sheltered; P2: rainfed;
P3 irrigated) of the stony (F1) and silty (F2) soils.

P1 P2 P3
F1 228 310 370
Tiller density ()
F2 346 380 390
F1 0.2951 0.6719 0.7164
Biomass (kg m)
F2 0.7164 1.0659 1.2097
F1 0.0050 0.0067 0.0067
LAI/Tiller density (nv)
F2 0.0075 0.0074 0.0075
F1 2533.9 2941.9 3431.2
Maximal total root length (m 9
F2 6787.4 7043.9 7024.1

10
Table 4. The saturated hydraulic conductivilgsf, model shape parameté), €ritical pressure head in the Feddes water stress
function (g, han), the compensatioparameter<), and the root system related parametkrsgndKcomp estimated by the

FeddesJarvis (FJ) and Couvreur (C) models of theny (F1) and silty (F2) soils and the corresponding objective function

(OF) values.
Ks1 l1 Ks2 I2 hs han ¥c Krs_ini* Kcomp_ini* OF
Site Model  (cm h?) ) (cm hY) ) (cm) (cm) ) (cm HYHA (cm hY)
£ 0.663 4669 1581 3459 694 238 0.95 ] ) 33.42
1 (3.417RA  (1.470) (0.026) (-2.797) (-1172) (-648) (0.8) (41.79)
. 0.426 3.773 1556  3.947 ) ) ) 1200107  3.8910°  33.40
(3.853)  (1.472) (0.021) (-2.892) (1.26*107)  (3.7410%)  (40.97)
FJ 0.450  -1.358 0144  -3.165 -747 279  0.95 - - 31.93
= 35.90
C 0.417 -2.219 0.623 1.379 - - - 8.60v108 4.7710° :
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AKrs_in and Keomp_ini are Ks iniand Keomp_ininormalized by root length per surface afe@arameters obtained using only measurements in
the sheltered plot of the stony soil (Cai et al., 2017).

Table 5.Cumulative root water uptake simulated by the Couvreur model tmdtdpydraulic conductand&;s) obtained from

5 the silty soil (F2) for the stony soil (F1) and usifg obtained from the stony soil for the silty soil. P1, P2, and P3 are the
sheltered rainfed, and irrigated plotd/alues in parentheses are simulalR@U using the optimized parameters from
measured SWC and SWP in the respective plots.

P1 P2 P3
F1 13.55 (13.27) 19.38 (19.01) 25.40 (25.02)
F2 14.04 (15.36) 17.40 (19.12) 17.96 (19.65)

10
Shelter
Dripper lines
Figure 1. Sketch map of the location and the setup ofuiger (F1 stony soil and lower (F2silty soil) rhizotron facilities.
P1, P2andP3: the sheltered, rainfed, and irrigated plot
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Figure 5. Comparison between observed (blaakjisimulated(a) soil water content (SW)and(b) soil water pressure head
(SWP) by the Feddeslarvis (FJ and CouvreufC) models at six soil depths in the sheltered (P1), rainfed (P2), and irrigated
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potential daily potential (%) and actual ranspiration (T = RWU) that were simulated by the Feddesvis (FJ) and

Couvreur (C) models are given in the panels above the SWC and SWP measurements.

Figure 6. Same as Figre5 but for silty soilffrom 22 Mayto 30 July 2014
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