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Summary 

Background and objectives: Root water uptake (RWU) is a key process in the root zone that 

determines water movement from the soil into roots and transport to the atmosphere via plant 

stems and leaves. Different RWU models were developed with different assumptions, 

complexity, and parameters but the description of this process and its parameterization remain 

challenging in soil hydrology. Due to the difficulty of monitoring of root development and soil 

states in undisturbed soils, dynamic root distributions and a physically based concept to describe 

water uptake from soil profiles with vertical variations in soil water availability are often not 

taken into consideration. Furthermore, the simulated RWU is rarely evaluated by transpiration 

measurements for different soil water conditions and soil textures. This study aims at 1) 

introducing two minirhizotron (MR) facilities installed in two different soils with different water 

treatments that were designed for monitoring dynamic root distribution and spatio-temporal soil 

state variations in situ, 2) parameterizing three RWU models that use different concepts to 

describe water uptake and investigating the difference in water uptake patterns and the possible 

links between them, 3) exploring the effect of soil water availability on root development and 

RWU that were estimated by different RWU models, and evaluating the estimated RWU by 

measured sap flow data. Although the model approaches and experimental methods are generic 

and applicable to different crops, only winter wheat was considered in this study.   

Methods and materials: Two MR facilities were constructed in two different soils (stony vs. 

silty) to monitor root growth, root zone processes, and their dependence on soil water availability. 

Each of the facilities was established with three subplots: sheltered, rainfed, and irrigated. Root 

dynamics were observed in 7-m-long rhizotubes that were installed horizontally at 10, 20, 40, 60, 

80, and 120 cm depth. Time domain reflectometer (TDR) probes, tensiometers, and matrix water 

potential sensors were installed at the same depths of the rhizotubes to monitor soil moisture, 

water potential, and soil temperature. The measurements served as input for inversely estimating 

soil and root-system related parameters of three RWU models: Feddes (without compensation), 

Feddes-Jarvis (with compensation), and Couvreur (physically based model with compensation) 

that have been implemented in Hydrus-1D. Sap flow was monitored in the same field for the 

comparison with simulated RWU. 
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Results and conclusions: Measurements in the rhizotron facilities demonstrated that soil water 

content, root density, and crop biomass of winter wheat were higher in the silty than in the stony 

soil, in which plant and root growth were obviously affected by water treatments and soil types. 

Using the data from the sheltered plot of the stony soil, the Feddes, Feddes-Jarvis, and Couvreur 

models predicted soil moisture equally well and the soil hydraulic parameters optimized by the 

models with compensation were comparable. The obtained RWU parameters of the Feddes-

Jarvis models and root hydraulic parameters for winter wheat were consistent with data reported 

in the literature. There was no obvious difference between the models in simulated total RWU 

and other water fluxes. The Feddes-Jarvis and the Couvreur models simulated similar root-

system scale stress functions that link total RWU to the effective root zone water potential. The 

root-system related parameters of the Couvreur model could be constrained but not those of the 

Feddes-Jarvis model. Simulated RWU profiles differed due to different water redistribution by 

the root system. But, the impact of these different RWU profiles on soil moisture and soil water 

potentials was too small to be detected by the sensors.  

When broadening the model parameterization and simulations to the different soils and water 

treatments, the soil hydraulic parameters could be well identified by both the Feddes-Jarvis and 

Couvreur models. Patterns of crop and root development differed in the plots of the two soil 

types, which resulted in different RWU due to different soil water availability. The two models 

simulated similar RWU which was the lowest in the sheltered plot of the stony soil where RWU 

was also lower than the potential RWU. In the silty soil, RWU was equal to the potential uptake 

for all treatments. The variation of simulated RWU between the different plots agreed well with 

measured sap flow. The Couvreur model, which links the relation between maximal RWU and 

soil water potential to the hydraulic conductance of the root system, which is in turn related to 

the root density, predicted the ratios of the transpiration fluxes in the two soil types slightly 

better than the Feddes-Jarvis model. Simulations with the Couvreur model using root system 

conductances that were observed for a different water treatment and soil indicated that the root 

system conductance of the plant was adjusted to the soil and water treatment. There was a 

constant offset between the simulated RWU and the sap flow, which requires further 

investigation.   
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Zusammenfasung 

Hintergrund und Zielstellung: die Wasseraufnahme von Wurzeln ist ein bedeutender Prozess 

in der Wurzelzone und kontrolliert den Wassertransport vom Boden in die Wurzeln und von dort 

über die Leitbündel und Blätter der Pflanze in die Atmosphäre. Es existieren verschiedene 

mathematische Modelle zur Beschreibung der Wasseraufnahme von Wurzeln, welche sich in 

ihren Prämissen, ihrer Komplexität und ihren Parameter unterscheiden; dennoch sind die 

Beschreibung und die Parametrisierung dieses Prozesses nach wie vor eine Herausforderung in 

der Bodenhydrologie. Auf Grund der Schwierigkeit, die Entwicklung von Wurzeln in 

ungestörtem Boden zu messen und nachzuvollziehen, werden dynamische Wurzelverteilungen 

und physikalisch basierte Konzept zur Beschreibung von Wasseraufnahme durch Wurzeln in 

Bodenprofilen mit vertikal heterogener Wasserverfügbarkeit häufig nicht beachtet. Des Weiteren 

wurden simulierte Wasseraufnahmen von Wurzeln nur selten mit Transpirationsmessungen unter 

verschiedenen Bodenwasserbedingungen und Bodentexturen ausgewertet und verglichen. Die 

vorliegende Studie hat zum Ziel 1) eine Einführung über zwei Minirhizotron (MR) Anlagen zu 

geben, welche in zwei verschiedenen Böden mit unterschiedlichen Bewässerungspraktiken 

installiert wurden und konzipiert wurden, um dynamische Wurzelentwicklung und räumlich-

zeitliche Bodenzustandsänderungen in situ erfassen zu können, 2) drei Modelle zur 

Wasseraufnahme von Wurzeln zu parametrisieren, welche sich in ihren Konzepten zur 

Beschreibung der Wasseraufnahme unterscheiden, um die Unterschiede in den Mustern der 

Wasseraufnahme und möglichen Verbindungen zwischen denen herauszufinden, 3) den Effekt 

von Bodenwasserverfügbarkeit auf die Wurzelentwicklung zu untersuchen und die abgeschätzte 

Quantität der Wasseraufnahme mit Hilfe von Xylemflussmesswerten zu bewerten. Obwohl die 

Modellansätze und die experimentellen Methoden allgemeingültig und anwendbar auf 

verschiedene Pflanzen sind, wurde in dieser Studie nur Winterweizen betrachtet.  

Methoden und Materialien: zwei MR Anlagen wurden auf zwei unterschiedlichen Böden (der 

eine steinig, der andere schluffig) konstruiert, um das Wurzelwachstum und andere Prozesse in 

der Wurzelzone und deren Abhängigkeit von der Bodenwasserverfügbarkeit zu beobachten. 

Beide Anlagen wurden in drei Areale eingeteilt: eines abgedeckt, eines beregnet und das dritte 
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bewässert. Die Wurzeldynamiken wurden in sieben Meter langen Plexiglasröhren, welche 

horizontal in den Tiefen 10, 20, 40, 60, 80 und 120 cm installiert wurden, nachverfolgt.  

Um die Bodenfeuchte, das Wasserpotential und die Bodentemperatur nachverfolgen zu können, 

wurden Zeitbereichsreflektometer (engl.: time domain reflecometer, TDR), Tensiometer und 

Sensoren für das Matrixpotential in denselben Tiefen wie die Plexiglasröhren eingesetzt. Die 

Messungen dienten als Input für die Schätzung der von Boden- und Wurzelsystem abhängigen 

Parameter von drei Modellen zur Wasseraufnahme von Wurzeln: Feddes (ohne Kompensierung), 

Feddes-Jarvis (mit Kompensierung) und Couvreur (physikalisch basiertes Modell mit 

Kompensierung), welche in Hydrus-1D implementiert wurden. Xylemflussmessungen wurden 

auf dem gleichen Feld durchgeführt, um diese mit den simulierten Wasseraufnahmeraten 

vergleichen zu können.  

Ergebnisse und Schlussfolgerungen: mit den Messungen in den Rhizotron-Anlagen konnte 

gezeigt werden, dass Bodenwassergehalt, Wurzeldichte und Pflanzenbiomasse von 

Winterweizen auf dem schluffigen Boden höher waren als auf dem steinigen, auf welchem das 

Pflanzen- und Wurzelwachstum beeinflusst wurden durch die Bewässerungshandhabung.  

Betrachtet man die Daten des bedachten Areals in der Anlage mit dem steinigen Boden, dann 

prognostizieren die Modelle von Feddes, Feddes-Jarvis und Couvreur die Bodenfeuchte gleich 

gut und auch die bodenhydraulischen Parameter optimiert durch die Modelle waren vergleichbar. 

Die Parameter für die Wurzelwasseraufnahme des Feddes-Jarvis Models und die 

wurzelhydrologischen Parameter für den Winterweizen waren übereinstimmend mit 

Literaturdaten. Es gab keinen eindeutigen Unterschied zwischen den Modellen bezüglich der 

simulierten gesamten Wasseraufnahme durch Wurzeln und anderen Wasserflüssen. Mit den 

Modellen von Feddes-Jarvis und Couvreur konnten vergleichbare Stressfunktionen auf Skala des 

Wurzelsystems simuliert werden, welche die gesamte Wasseraufnahme durch Wurzeln mit dem 

Wasserpotential der effektiven Wurzelzone koppeln. Die Wurzelsystem-abhängigen Parameter 

des Couvreur Modells konnten belegt werden, die des Feddes-Jarvis Modells nicht. Die 

simulierten Profile der Wasseraufnahme durch Wurzeln unterschieden sich auf Grund der 

unterschiedlichen Wasser-Umverteilung durch das Wurzelsystem. Jedoch war der Einfluss dieser 
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Unterschiede zwischen den Wasseraufnahme-Profilen auf die Bodenfeuchte und das 

Matrixpotential zu gering, um von den Bodensensoren erfasst zu werden.  

Wenn die Modell Parametrisierung und die Simulationen auf verschiedene Böden und 

Bewässerungstechniken ausgeweitet wurden, konnten die Bodenhydrologischen Parameter gut 

mit sowohl dem Feddis-Jarvis Modell als auch mit dem Couvreur Modell identifiziert werden. 

Die Muster in der Pflanzen- und Wurzelentwicklung unterschieden sich zwischen den Arealen 

der beiden Bodentypen, was zu unterschiedlichen Raten der Wasseraufnahme bedingt durch 

verschiedene Bodenwasserverfügbarkeiten führte. Beide Modelle simulierten ähnliche Raten der 

Wasseraufnahme, welche am niedrigsten für das bedachte Areal im steinigen Boden war, wo die 

Wasseraufnahme der Wurzeln niedriger war als die potentielle Wasseraufnahme. In dem 

schluffigen Boden waren die Raten der Wasseraufnahme gleich der potentiellen Aufnahme in 

allen drei Arealen mit unterschiedlicher Bewässerungstechnik. Die Variationen der simulierten 

Wasseraufnahmen zwischen den unterschiedlichen Arealen stimmten mit den 

Xylemflussmessungen überein. Das Couvreur Modell, welches das Verhältnis zwischen der 

maximalen Wasseraufnahme und dem Bodenwasserpotential mit der hydraulischen Leitfähigkeit 

des Wurzelsystems verbindet, welches wiederum an die Wurzeldichte gekoppelt ist, 

prognostizierte die Raten der Trabspirationsflüsse in beiden Bodentypen ein wenig besser als das 

Feddes-Jarvis Modell. Die Simulationen mit dem Couvreur Modell, bei welchen die 

Leitfähigkeiten des Wurzelsystems genutzt wurden, welche für unterschiedliche 

Bewässerungstechniken und Bodenarten beobachtet wurden, zeigten, dass die Leitfähigkeit des 

Wurzelsystems an den Bodentyp und die Bewässerungstechnik angepasst waren. Ein konstanter 

Zeitabstand zwischen simulierten Wasseraufnahmeraten und Xylemfluss benötigt weitere 

Untersuchungen.   
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Feeding more people with limited water is getting more and more challenging since most of the 

population increase in the following years will be in regions with water scarcity (Borrell et al., 

2014; Haub and Kaneda, 2013; Ray et al., 2013; Water, 2012). Because water is an important 

limiting factor for plant growth (Rost et al., 2008) enhancing the irrigation and crop water use 

efficiency is one of the important strategies to improve crop yield per unit area (Assouline et al., 

2015). Crop yield is highly sensitive to both climatic and soil environmental variations (Brown 

and Rosenberg, 1997; He et al., 2016; Letey, 1958; Porter and Semenov, 2005; Roncucci et al., 

2015). Quantifying root water uptake (RWU) is of great importance to understand water flow in 

the soil-plant-atmosphere (SPA) system and design efficient irrigation and cultivation practices 

for yield production for different climate and soil water conditions (Coelho and Or, 1999; Liao et 

al., 2016). RWU is an important process of the hydrological cycle, transporting water from soil 

towards into root system of plant and transpiring into the atmosphere. This process does not only 

bring water for root and plant growth but also determines the transport of nutrients for 

biochemical reactions.  

 

1.1  Measurement and modeling of root development and root distribution 

Plants take up water by their root system and variation in RWU between species and different 

environmental conditions are related to differences in the root system of different species and on 

how root systems respond or adapt to environmental conditions. For a given plant, root 

distribution and development are influenced by climate conditions, soil moisture, soil texture, 

and nutrient status (Denmead and Shaw, 1962; Jones, 1983; López-Bucio et al., 2003). So as to 

represent the interactions between root development and soil water status in water uptake process, 

the dynamics of root distributions need to be properly accounted for (Krounbi and Lazarovitch, 

2011; Vereecken et al., 2015). However, root growth and root distribution were simplified in 

most RWU models, using either a logistic or an empirical growth function (Borg and Grimes, 

1986; Hoffman and Van Genuchten, 1983; Šimůnek and Suarez, 1993). They have the 

advantages of using fewer parameters and being easier to apply in water uptake simulation at 

large scale. However, when looking at the water uptake at a small scale, for instance, at root 

system or plant scale, spatial configuration of a root system and the corresponding growth 

regulation need to be described with more parameters. Complex root architecture models have 
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been described that explicitly describe root growth and distribution, for instance, RootTyp (Pagès 

et al., 2004), RootBox (Leitner et al., 2010), ArchiSimple (Pagès et al., 2012), R-SWMS (Javaux 

et al., 2008), and aRoot (Schneider et al., 2010). All these models simulate root dynamics in 3-D 

based on different principles and the latter two root models were able to model water transport 

between soil and root. However, the model complexity, the need for a large number of 

parameters, and high computational demands make them not easy to apply widespread. 

Furthermore, the models were described at a single plant scale and not applied for field or region 

level.  

 

Destructive measurements 

A few studies used measured root distribution to simulate RWU but root growth was often not 

considered (Albasha et al., 2015; De Jong Van Lier et al., 2008). Dynamic root development and 

distribution from measurements were not often considered in RWU modeling as a result of the 

difficulty to obtain the continuous information of the “hidden half”. Due to the invisibility and 

inaccessibility, particular techniques, therefore, are required to investigate the development, 

distribution, and turnover of roots. Soil coring (Fehrenbacher and Alexander, 1955; Schroth and 

Kolbe, 1994), framed monolith (Weaver and Voigt, 1950), ingrowth core (Raich et al., 1994; 

Smith et al., 2005), and trench profile (van Noordwijk et al., 2000; Vepraskas and Hoyt, 1988) 

were traditional methods to acquire accurate estimation of root length density, examine the effect 

of soil moisture and nutrient on root development and spatial patterns of root distribution. These 

approaches show precise estimations of roots but have common disadvantages that are either 

time-consuming or labor-intensive, creating damages to the roots, and not able to apply for long-

time observations in situ.  

 

Non-destructive measurements 

Non-destructive techniques, for instance, computer-assisted tomography (CT) (Heeraman et al., 

1997; Mooney et al., 2012), magnetic resonance imaging (MRI) (MacFall et al., 1991; Pohlmeier 

et al., 2013), and neutron radiography (Zarebanadkouki et al., 2013) were applied to study the 

root distribution and interactions between root and soil water in the lab. These techniques are 
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more accurate in the estimation of root growth, root architecture, and water movement. However, 

the common downside is that they are only suitable for small plants in pots and it takes time for 

the scanning.  

Rhizotrons and minirhizotrons (MR) are minimal-destructive methods to supply direct and 

repeatable visions of root morphology and the responses of the root system to various ambient 

conditions along with the time. Large rhizotrons with one- or two-side transparent panel were 

limited due to the high cost of the installation and setup (Hilton et al., 1969; Taylor, 1969). Small 

and usually tilt rhizotrons forced roots to preferentially grow along the lower plate and were used 

to study root system architecture (Alony and Linker, 2013; Luster et al., 2009). MRs were 

transparent tubes with a diameter around 5 cm for observing spatial-temporal distributions of 

roots by a portable camera (Box and Ramsuer, 1993). MRs were widely used for root 

measurements including forest trees (Hendrick and Pregitzer, 1992), shrubs (Brown et al., 2009), 

crop species (Cai et al., 2016; Garré et al., 2012), and vegetation in wetlands (Iversen et al., 

2012). The installation of MRs varied from vertical to horizontal (Fig. 1). Angled (0 < α < 90°) 

and vertical tubes were mostly used for the reason that it is better for collecting information of 

roots at any given depth and different distances from sparse-planted plants (Johnson et al., 2001). 

However, the probability of the deepest roots approaching the MRs depends on the root density 

and grow orientation since the view at any given depth is so limited (Vamerali et al., 2012) and 

preferential growth along the tubes resulted in underestimation in the shallower layers and 

overestimation in the deeper layers (Madi and Kangas, 1997; Stadnyk, 2010). Horizontal tubes 

can only offer images of the specific depth (Dubach and Russelle, 1995) but have the advantages 

of obtaining quantities of root images and maximizing the view area at each specific depth and 

minimizing the external influences to the natural soil and the environment of roots growth 

(Eamus, 2006; Smucker, 1993) . 
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reduce the estimation error that is resulted from spatial variation in soil-water conditions (Jara et 

al., 1998; Senock et al., 1996). When using the heat balance approach gauges with different sizes 

are required to accommodate the stem diameter in the growing season since the gauges were 

designed with relatively narrow limits for crop stems (Smith and Allen, 1996). Whereas using 

the heat pulse approach an empirical calibration factor for transpiration conversion should be 

interpreted with caution since it was species and probe insertion depth dependent (Cohen et al., 

1993; Green et al., 2003).  

 

Indirect measurements 

Isotopes are widely used to investigate RWU for determining the water source, identifying 

possible water mixing processes in different depth-rooted vegetation, and partitioning ET into 

evaporation and transpiration (Ehleringer and Dawson, 1992; Rothfuss et al., 2010; Rothfuss and 

Javaux, 2017; Smith et al., 1998). Using isotopes has the advantage of non-disturbance to the 

root system and the ability to distinguish water sources at both lab and field scale for crops and 

trees (Asbjornsen et al., 2007; Moreira et al., 2000; Sutanto et al., 2012; Wang et al., 2010). 

Magnetic resonance imaging (MRI) is also a non-destructive and non-invasive technique being 

used to study RWU patterns by observing changes in water distribution in roots, rhizosphere, and 

soil (Brown and Johnson, 1989; MacFall et al., 1991; Pohlmeier et al., 2013). However, small 

plants tend to be used for water flow studies due to the limits of the magnet (Kuchenbrod et al., 

1996). Eddy covariance (EC) is a meteorological method to measure ET with a higher temporal 

resolution without disturbing the monitored surface and it can cover larger surfaces (Wilson et al., 

2001). EC is a standardized method that is used in world wide networks of observatories (e.g. 

Fluxnet) against the disadvantages: the footprint is not constant in time but changes depending 

on wind speed and direction (Baldocchi et al., 2001; Horst and Weil, 1992). Given the spatial 

variability in soil properties and vegetation types, this makes that the impact of soil moisture on 

transpiration and RWU is more difficult to assess and requires that the footprint is well known 

and soil moisture is monitored with sufficient spatial resolution in a large area. Furthermore, EC 

measurements may have a bias due to an incomplete closure of the energy balance and it also 

requires extensive and expensive sensors (Petropoulos, 2013). Similar to eddy covariance, the 

Penman-Monteith method (Allen et al., 1998) was widely used with the meteorological data to 
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estimate ET for different objectives, e.g., planning and management of crop production (Smith, 

2000), evaluating irrigation efficiency (Blonquist et al., 2006; Grant et al., 2009), and input of 

RWU models under well-watered conditions (Šimůnek et al., 2016; van Dam et al., 2008; Wu et 

al., 1999). This approach can be used for a wide range of climatic conditions for RWU 

estimation. 

 

RWU models 

Compared with the direct or indirect measurements discussed above, mathematical models are 

useful tools to describe the relation between soil moisture, root/plant development, and 

atmospheric demand in the SPA system, better understand effects of environmental factors on 

RWU, and estimate RWU for addressing practical problems (Communar and Friedman, 2010; 

Kandelous et al., 2012; Kumar et al., 2014; Šimůnek and Hopmans, 2009). Numerical RWU 

models have been developed for estimating plant water use at different scales and investigating 

the response of the plants to drought and nutrient stress due to complex interactions between root 

growth and soil heterogeneity (Couvreur et al., 2012; De Jong Van Lier et al., 2008; Feddes et al., 

1976; Heinen and De Willigen, 1998; Javaux et al., 2008; Šimůnek and Hopmans, 2009; Vrugt et 

al., 2001b). RWU is generally described as a sink term in soil water flow models such as the 

Richards equation: 

𝜕𝜃

𝜕𝑡
 = 𝜕

𝜕𝑧
[𝐾(ℎ)(

𝜕ℎ

𝜕𝑧
 +  1)] – S(z, t)        (1.1) 

where θ is the volumetric soil water content (SWC) [L3 L-3], t is time [T], K is the soil hydraulic 

conductivity [L T-1], h is the soil water pressure head (SWP) [L], z is the vertical coordinate 

taken positively upward [L], and S is the sink term [L3 L-3 T-1] defined as the volume of water 

removed from a unit volume of soil due to root extraction.  

In order to estimate S, different assumptions were used to describe RWU that can be classified 

into two categories: functional-structural vs. macroscopic models. The main difference between 

them is the complexity of root system and interaction between root and soil. The functional-

structural models define a root system architectural domain that facilitates the inclusion of 

explicit root hydraulic properties and related physical concepts to simulate water movement 

towards individual roots (Doussan et al., 1998; Javaux et al., 2008). Thereunto, root hydraulic 
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properties are important input in the models since they are responsible for the resistance to water 

flow of the soil-root-plant continuum and to the evolution of water potential in the plant xylem, 

which is linked to the regulation of the opening of stomata (Bechmann et al., 2014). The 

complexity of those models is particularly appropriate to investigate interactions between root 

development and soil properties (Pagès et al., 2004; Somma et al., 1998), foraging for soil 

resources (Lobet et al., 2014; Lynch, 2013; Pagès, 2011), and plant responses in heterogeneous 

environments (Couvreur et al., 2014a; Huber et al., 2014). In macroscopic models, RWU is 

assumed to be distributed proportionally to root distribution and locally adjusted for water 

availability. These models integrate RWU with transient soil water flow but did not solve water 

flow towards and within individual roots. Compared with the functional-structural models, 

macroscopic models require fewer parameters and lower computational resources for RWU 

simulation. The simplicity of this effective approach is suitable for applications at larger scales 

(Baram et al., 2016; Feddes et al., 2001; Oleson et al., 2008). However, the parameters and 

concepts used in these models are, to a large extent, empirical so that they cannot be linked to 

directly measurable properties of the root system. Root features and soil moisture availability are 

not stand-alone elements in water uptake process (Huang and Nobel, 1994), and the interactions 

between the root system and the soil water status should be considered in the models. Recently, 

simple 1-D macroscopic expressions of RWU were derived based on small-scale hydraulic 

principles, respectively, in the soil around roots (De Jong Van Lier et al., 2008) and within the 

root system (Couvreur et al., 2014b). This allowed a revision of non-physical assumptions in 

macroscopic RWU models and linking their parameters to properties of the root system (Javaux 

et al., 2013). There are a number of root architecture models and RWU models available that 

were developed for different objectives and have therefore different specific strengths and 

weaknesses. Coupling these models using unifying model languages will improve the 

understanding of the interaction between root uptake, root development and distribution, and 

spatial soil water distribution at different scales (Lobet et al., 2015; Vereecken et al., 2016). 

Transpiration measured by direct and indirect methods were compared for trees and crops and 

for different scales (Ford et al., 2007; Fu et al., 2016; Logsdon et al., 2014; Moreno et al., 1996; 

Wilson et al., 2001). The measured and estimated transpiration by macroscopic RWU models 

were compared for trees (Gong et al., 2006; Green and Clothier, 1998; Howard et al., 1996), for 
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which comparison the measurements were also used to validate the model simulation. However, 

for crops, in particular wheat, such a validation has not yet been performed.  

 

 

1.3  Model parameterization 

The estimation of RWU and associated uncertainties strongly depend on the identification of the 

parameters. Some parameters of the models, e.g., soil hydraulic properties, can be measured 

directly by taking samples. However, determining parameters in the laboratory is on the one 

hand time consuming and labor intensive, and on the other hand not representative for field 

conditions due to soil heterogeneity (Vereecken et al., 2015; Vereecken et al., 2010). Moreover, 

the preparation and operation of the experiments may introduce new uncertainty in the model 

parameters (Sonnleitner et al., 2003). Inverse modeling, as an alternative approach, is usually 

being used to identify the model parameters based on the measurements in situ to overcome that 

problem. It has the advantage that the estimated parameters are based on the variables that are 

observed at a longer time- and larger area-scale and under natural boundary conditions (Ritter et 

al., 2003). Highly increased computational power offers the opportunity to apply inverse 

modeling to address different practical problems.  

Soil hydraulic properties are frequently inversely estimated by reproducing observed SWC 

and/or soil water potential in the models with different optimization algorithms (Hupet et al., 

2003; Ines and Droogers, 2002; Ritter et al., 2003; Scharnagl et al., 2011; Schneider et al., 2013; 

Simunek and vanGenuchten, 1996; Vrugt et al., 2001b). In the macroscopic models, root 

distribution (Hupet et al., 2003; Vrugt et al., 2001b; Zuo et al., 2004) and parameters of water 

stress function (Fujimaki et al., 2008; Vandoorne et al., 2012) were also inversely estimated. 

Root hydraulic parameters of functional-structural models can either be derived from direct 

measurement on root segments (Doussan et al., 2006; North and Nobel, 1995) with destructive 

methods or using inverse modeling. As far as I know, the inverse estimation of root hydraulic 

parameters was only conducted by Zarebanadkouki et al. (2016) using neutron radiography, 

deuterated water, and a 3-D RWU model for the root system of lupine and by Meunier et al. 

(2017) using stable water isotope 1H2O18 as a tracer and a root-rhizosphere water flow model for 

the root system of Italian ryegrass. Both the direct measurements and inverse modeling were 



Chapter 1 

10 
 

conducted at lab scale. This is because obtaining information of root geometry and root hydraulic 

parameters, especially for growing plants, is a substantial challenge. The recently developed 

macroscopic RWU model, Couvreur et al. (2012) with a simplified description of water flow 

between soil and roots, was upscaled from functional-structural models (Doussan et al., 1998; 

Javaux et al., 2008) and offers the possibility to obtain root hydraulic properties using inverse 

approach. This upscaled model reduces the parameters of the single root segments into a function 

that describes the uptake in case the soil water potential is uniform in the root zone, and an 

effective root system hydraulic conductance and compensatory conductance parameter. When 

resistance to axial flow is not very large and the distribution of the radial root conductances of 

the root segments at a certain depth does not vary a lot with depth, the function for uptake under 

uniform water potential converges to the root length density.  

RWU models with different assumptions were compared (de Willigen et al., 2012; dos Santos et 

al., 2017) but the simulation quality of the models was not investigated. Inverse modeling 

combining water uptake or transpiration measurements (e.g., sap flow) offers the opportunities 

for evaluating model results (e.g., estimated parameters, water uptake profile and cumulative 

water uptake, and reproduced observed variables) when using different RWU models but same 

observations, boundary conditions, and model setup.  

 

1.4  Objectives  

This study aims at investigating the effect of soil water distribution on root development and 

RWU simulated by different RWU models using the measured soil moisture and root growth in 

the field. Five questions are particularly addressed to achieve the objective: 

1. How can the dynamics of root development and soil moisture be observed with minimal 

disturbance in the field?  

2. How are root development, crop growth, and RWU affected by different water treatments in 

different soil types? 
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3. Are the measurements of root development and soil moisture sufficient to constrain the 

parameters of the RWU models? Are the values of same parameters (e.g., soil hydraulic 

parameters) estimated by different RWU models comparable? 

4. Are the predicted RWU simulated by different models and for different soil water availability 

comparable with measured transpiration? 

5. Can RWU parameters that were obtained in a certain soil and for certain water treatment be 

used to predict RWU in other soils and water treatments?  

These very generic aims and research questions were applied to a winter wheat in this work.  

 

1.5  Thesis outline 

To answer the proposed questions above and achieve the objectives, the thesis is composed of 

three parts that are based on the published or unpublished manuscripts (chapter 2 to 4). 

Chapter 2 introduces the construction of two isolated MR facilities (including sensor installation 

and calibration) in two different soils (stony vs. silty) using different techniques. The quality of 

the soil water data measured by different sensors and device was evaluated and the representative 

of the root distribution was analyzed. The variations of the soil moisture status and root 

development observed from the two facilities are presented.  

Chapter 3 presents the parameterization of three RWU models (Feddes, Feddes-Jarvis, and 

Couvreur) with different water uptake compensation principles based on the observed data in the 

sheltered plot of the stony soil. The inversely estimated parameters were compared between the 

three models and the data from the literature. The response surfaces for the estimated parameters 

of the models were conducted to show the quality of the inverse modeling. Using the optimized 

parameters, the variations of RWU profile patterns and the possible links between different 

models are discussed.  

Chapter 4 investigates the effect of different water treatments and soil types on crop and root 

development and RWU that were estimated by two RWU models (Feddes-Jarvis and Couvreur) 

and compares the RWU estimated by numerical models and measured sap flow. The differences 
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in crop growth and root development in the three subplots of the two facilities are discussed first. 

The inversely estimated parameters of the two models using measurements from the three 

subplots of each facility are discussed. Then the simulated RWU and measured sap flow 

obtained from each plot of the two soils was compared. In the end, a sensitivity analysis was 

done for exploring the effect of different crop and root development on RWU estimation.  

Finally, a synthesis is presented in chapter 5 for summarizing the general conclusions from the 

previous chapters and provides an outlook on future research. 
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Construction of horizontal minirhizotron facilities to investigate root 

development and root zone processes 

 

 

 

 

 

 

 

This chapter is based on a journal article published as: 
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Vereecken. 2016. Construction of Minirhizotron Facilities for Investigating Root Zone Processes. 

Vadose Zone J. 15. doi:10.2136/vzj2016.05.0043 
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2.1  Introduction 

A minirhizotron system supplies direct and repeatable views of root morphology in situ in a 

minimal invasive manner and it measures responses of root development to various ambient 

conditions over an extended time period (Johnson et al., 2001). Therefore, the method can be 

used to investigate the interaction between root development, root senescence, and soil 

conditions. A typical MR system is composed of a computer, a digital camera and a light source 

mounted on an index handle, and transparent tubes or rhizotubes installed in the soil at a certain 

angle.  

However, the quality and the representativeness of the root observations made in rhizotubes can 

be strongly influenced by the method of installation. To ensure high quality observations, it is 

generally important to ensure good contact between the soil and the tubes, minimizing or 

avoiding scratches on the tube surface, and avoiding soil compression. This might be a great 

challenge in soils with a heavy texture (silt, clay) or with either a stony or coarse texture. For a 

heavy-textured soil, Hummel et al. (1989) designed a special auger system with combined soil 

coring bits of which the outer diameters were 2.8% smaller than that of the 30-degree-angled 

tubes to ensure a good tube-soil contact while minimizing soil compaction. The excavation 

afterwards showed that there were generally no gaps, but measurements using a laboratory 

penetrometer revealed that it caused uniform soil compaction around a tube at a given depth and 

soil movement along the direction of the tube installation. For a soil with a lot of cobbles and 

stones, Phillips et al. (2000) used a pneumatic rock-drill, which was fixed on a pneumatic screw-

drive guide system to make 30-degree-angled boreholes, and showed that good soil/tube contact 

was obtained and that there was less soil compaction and disturbance by using this approach in 

the sandy and rocky soil than using normal techniques (e.g., soil core and auger). 

Because of practical reasons, i.e., to avoid the use of heavy machinery, collapse of drilled holes, 

and tube distortion, MR’s are mostly installed either in a vertical manner or with an inclination 

towards the horizontal surface (vertically inclined). The tubes are usually inclined at 30o or 45o, 

but other angles are also common in root investigation (Milchunas, 2011; Vamerali et al., 2012). 

Vertical rhizotubes may lead to artifacts since roots may grow downward preferentially along the 

tube walls (Bragg et al., 1983). But, also for angled tubes, the root density in the surface soil 
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layer was seriously underestimated whereas in the deeper layers it was overestimated because 

roots grew, also as a result of gravitropism, preferentially along the soil-tube interface where 

conditions for growth were more favorable, e.g., lower penetration resistance, moisture droplets 

on the tubes due to the gaps between the soil and the tubes (De Ruijter et al., 1996; Madi and 

Kangas, 1997; Stadnyk, 2010). Another problem with vertically inclined MR’s is that root 

observations at a certain depth can be made in only a small surface surrounding the tube. 

Because of soil heterogeneity and the spatial structure of the root system, a large number of 

observations or frames are required to obtain a representative estimate of the root density at a 

certain depth. This implies that a large number of angled tubes are required. Alternatively, a 

larger number of frames or root observations at a certain depth can be obtained from a 

horizontally installed MR (Johnson et al., 2001; Smucker, 1993). Furthermore, horizontally 

installed rhizotubes minimize external influences on the natural soil and the root environment 

and avoid that water flows down preferentially along the soil tube interface (Eamus, 2006). 

However, due to the difficulty of horizontal installation, the use of horizontal rhizotubes was 

restricted to smaller soil volumes such as lysimeters and outdoor containers (Garré et al., 2011; 

Meier and Leuschner, 2008) or to large facilities where rhizotubes were installed in repacked soil 

(Smit et al., 1994; Van de Geijn et al., 1994). Besides, the operation was even more difficult for 

establishing good contact and minimizing the soil disturbance in the extreme soil textures, e.g., 

stony or clayey soil (Ephrath et al., 1999).  

The objective of this note is to present a construction procedure for rhizotron facilities with long 

(7-m) horizontal MR’s in a stony and a silty soil. We also present the measurement set-up for 

monitoring the root-root environment using soil moisture, matric potential and soil temperature 

sensors as well as ground penetrating radar. Soil sensors typically provide local measurements of 

soil states so that in heterogeneous soils, a large number of sensors may be required to obtain a 

representative estimate. After presenting the setup, we illustrate datasets that are obtained from 

the facility. Special emphasis is on the estimation of the spatial variability and the 

representativeness of the spatial averages of soil moisture and root densities.   
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2.2  Materials and methods   

2.2.1 Field site  

The study site is located in Selhausen (50°52'N, 6°27'E) in Germany and is part of the TERENO 

Eifel-lower Rhine observatory (Zacharias et al., 2011). The field is slightly inclined with a slope 

of approximately 4o. The main soil type in the field is Luvisol which developed in a layer with a 

silt loam texture (Weihermüller et al., 2007). The thickness of the silt loam layer varies strongly 

along the slope of the field. It is up to 3 m thick at the bottom of the slope and not present at the 

top. This boundary where the sediment layer is present or absent is well indicated by 

electromagnetic induction (EMI) measurements returning high or low apparent electrical 

conductivity values, respectively (Rudolph et al., 2015; von Hebel et al., 2014). 

The underlying quaternary sediments, which reach to the soil surface at the top of the slope, are 

fluvial gravel deposits mainly from the Rur river system. The test site is characterized by a 

strong gradient in stone content with 60% gravel content in the upper part and approximately 4% 

in the lower part, respectively (Vanderborght et al., 2010). The soil texture is shown in Table 2.1. 

One facility was constructed at the top and one at the bottom of the slope. Before the facility was 

constructed, the field was under a winter barley (Hordeum vulgare L.) - winter wheat (Triticum 

aestivum) crop rotation. Winter wheat was sown on 31 Oct. 2013, and harvested on 17 July and 

31 July 2014 in the upper and lower facility, respectively. 

Table 2. 1 Soil texture of the fine soil (<2 mm), mass fraction of stones, field capacity (FC), 
permanent wilting point (PWP), and porosity in the top- (0–30 cm) and subsoil (30–120 cm) 
of the upper and lower parts of the field. 

 Sand (%) Silt (%) Clay (%) Stone (%) FC PWP Porosity 

Upper 

part 

Topsoil† 35 52 13 50 0.15 0.07 0.33 

Subsoil†† 37 47 16 69 0.09 0.06 0.25 

Lower 

part 

Topsoil† 13 70 17 4 0.37 0.25 0.40 

Subsoil† 11 68 21 2 0.29 0.19 0.40 
† the soil texture was from Weihermüller et al. (2007). 

†† the soil texture in the subsoil of the upper part was from Stadler et al. (2015). 



Construction of horizontal minirhizotron facilities to investigate root development and root zone processes 

17 
 

2.2.2 Setup of the field plots and access trench 

Each rhizotron facility was divided into three instrumented plots receiving different water 

treatments. Each plot was 3.25 m wide and 7 m long and the plots bordered each other along the 

7-m-long side. The three plots were bordered by a wooden container (length: 10 m, width: 2.65 

m, height: 2.25 m) that was installed in an excavated pit next to the field plots (Fig. 2.1). The 

wooden container serves as access trench with pre-drilled holes for the rhizotubes and soil 

moisture sensors. In order to avoid unwanted reflections in the GPR data, the use of metallic 

objects in the facilities was avoided as much as possible. To minimize the disturbance of the soil 

thermal regime by the trench, the facility walls were isolated by 50-mm-thick insulation foam 

sheets. 

 
Fig. 2. 1 Installation of the minirhizotron facility in the upper part of the test site. The wood 
container is the accessible facility. Wedge-shaped fixture blocks shown in the right corner 
were used to fix the tubes during soil backfill. 

One plot was sheltered from rain, one plot was rain fed, and one plot was irrigated with dripper 

lines. Shelters were installed before the rain started and were removed after the rain stopped. The 

dripper lines (T-Tape 510-20-500, Wurzelwasser GbR, Münzenberg, Germany) were installed 

with 0.3-m intervals and parallel to the access trench. A plastic foil was placed down to 1.3 m at 

the upper facility to separate the three different treatments from each other.  
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2.2.3 Installation of the rhizotubes 

For the installation of the rhizotubes in the upper facility, the high stone content prevented the 

drilling of horizontal holes (Fig. 2.1). Instead, a pit of 10 m by 10 m was excavated to 1.3 m 

depth first. For each plot, three replicate minirhizotron tubes, i.e., acrylic glass tubes of 7 m 

length and with an outer and inner diameter of 64 mm and 56 mm respectively, were installed at 

10, 20, 40, 60, 80, and 120 cm depth with a horizontal offset of 10 cm between tubes at different 

depth levels so that tubes at a certain depth were not overlain by tubes at other depths (Fig. 2.2). 

Root observations at a certain depth are therefore not expected to be influenced by the presence 

of MR’s at other depths. Acrylic glass was used since it has higher hardness (anti-scratch) and 

transparency, and less influence on root growth than other plastics, i.e., butyrate, polycarbonate, 

and last but not least it was less vulnerable than glass (Withington et al., 2003). The tubes were 

levelled horizontally on the flattened soil surface using a laser measuring device (Javelin-s 

Leica-geosystems, München, Germany) (Fig. 2.1). To avoid displacement when backfilling the 

soil, the tubes were fixed by wedge-shaped fixture blocks at three locations and the end was 

sealed with an inner and an outer cap. The stony soil was backfilled to cover the tubes and 

sensors carefully. Big stones (>30 mm) were removed when covering the sensors. The backfilled 

soil was compacted layer by layer to achieve the same bulk density as the undisturbed soil: 1.81 

g cm-3 in the topsoil layer (0-0.3 m) and 2.02 g cm-3 in the subsoil (0.3-1.2 m). The tubes 

protruded 0.31 m into the access trench to anchor the MR camera. The protruding parts were 

wrapped up by black tapes and plugged by opaque caps to prevent light, water, and dust entering 

the tubes (Fig. 2.2). A hole with a diameter of 4 mm was drilled on the topside of each tube at 

0.3 m away from the facility wall. This hole was used to fix the camera system on the rhizotube, 

which consists of an indexing handle that is used to position the camera in the tube. By fixing the 

camera system to the tube and using the indexing handle, images could be repeatedly taken at the 

same locations along the tube for every measurement.  
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Fig. 2. 2 Interior view of the minirhizotron facility. The rhizotubes were installed 
perpendicular to the wall profile. 

The design of the facility at the lower part of the slope was similar to that at the upper part (same 

arrangement of MR tubes, soil sensors, and treatment plots) but the soil below 20 cm depth was 

not excavated to install the MR tubes. Instead, the tubes were inserted in horizontally drilled 

holes. Therefore, a specialized drilling rig was constructed in the Central Institute for 

Engineering, Electronics and Analytics (ZEA) of Forschungszentrum Jülich (Fig. 2.3).  

 
Fig. 2. 3 (a) The steel tube, the auger, and the connected drilling bit; (b) the drilling system 
for boring horizontal holes and installing the rhizotubes in the lower part of the test site. 

Steel pipes with an auger inside were pushed into the soil. The pipes were 915 mm long and the 

outer and inner diameters were 65 mm and 53 mm, respectively. There was a 50-mm-long 

drilling bit with a diameter of 20 mm in the front of the auger. The auger with an outer diameter 



Chapter 2 

20 
 

of 51 mm and a length of 910 mm was positioned approximately 50 mm out of the pipe (Fig. 

2.3a). Therefore, the drilling unit was used to bore a hole first, and the soil inside the pipe was 

carried away by the auger. Pipe and auger pieces were screwed together separately with 

strengthening bolts. The pipes were pushed using a retractable hydraulic cylinder. A maximal 

force of 127.5 kN could be exerted by the device. The auger rod could withstand a maximal 

torsion of 190 N m and was connected to other pieces for deeper soil extraction. To keep the 

direction of the inserted pipes fixed, the drilling rig was suspended in a wheel-equipped frame 

that was aligned using lasers and fixed to the struts of both sides of the facility (Fig. 2.3b). The 

distal ends of the steel tubes deviated at most 5 cm in the horizontal and vertical direction. When 

a steel tube of 7 m length was inserted in the soil, a MR was attached to the distal end of the tube. 

Therefore, a pit was excavated at the other side of the facility where 7-m-long MR tubes could be 

laid down. A connector that fixed the MR to the steel tube was constructed using a threaded rod 

and screws so that it could withstand a tensile force of at least 23.9 kN, which corresponds with 

the tensile strength of the MR. The MR was subsequently pulled back with the steel pipe through 

the bored hole using the drilling rig which functioned now as a traction device. Using this 

procedure, 36 tubes were installed at 40, 60, 80, and 120 cm depth. Two MR tubes could be 

installed in one day with this technique. The tubes at 10 and 20 cm depth were installed by 

excavating the top soil layer, which is disturbed anyway by soil tillage. A water tank of 2.6 m³ 

was buried in the soil 3 m away from each facility and collected the rainfall from the roof of the 

wooden container for subsequent irrigation. 

 

2.2.4 Installation and calibration of the soil sensors     

At each soil depth in each plot, four own-made TDR soil moisture sensors (3 rods, rod length: 

200 mm, spacing between the rods: 26 mm), one tensiometer (T4e, UMS GmbH, München, 

Germany), and one MPS-2 matrix water potential and temperature sensor (Decagon Devices Inc., 

UMS GmbH München, Germany) were mounted 0.75 m away from the facility wall. To 

facilitate the removal of air bubbles in the tensiometers and to improve the filling, the 

tensiometers were installed with an angle of 15o upward. The setup of the rhizotubes and soil 

sensors in one plot is shown in Fig. 2.4. In the lower facility, the TDR and MPS-2 sensors were 
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refitted with a round base (Fig. 2.5) attached to a plastic pipe and were carefully inserted into the 

pre-drilled holes from the facility wall. All the sensors in the upper facility and the sensors at 10 

and 20 cm in the lower facility were covered by the original soil which was excavated before 

during the installation (Fig. 2.5). The soil water content (SWC) and soil water potential (SWP) 

measured by the sensors in each facility was recorded hourly by two data loggers (Model 

CR3000, Campbell Scientific Inc., Bremen, Germany; DT85M, Cosinus Messtechnik GmbH, 

Ottobrunn, Germany) with multiplexer peripherals, respectively. The multiplexer (50C81-SDM) 

that connected TDR probes to the TDR100 cable tester (Campbell Scientific Inc., Bremen, 

Germany) were constructed with eight different channels. Four cascaded relay levels were used 

to switch the outer and inner wires of the coaxial cable to make sure that there was no physical 

connection between different channels during switching and that the travel time of the 

electromagnetic waves for the eight channels was the same (Weihermuller et al., 2013). This 

design avoided influences from the electromagnetic noise associated with electric earth currents 

which are present at the site.  

 
Fig. 2. 4 Setup of the rhizotubes, time-domain reflectometry (TDR) sensors, MPS-2 matrix 
water potential and temperature sensors, and tensiometers along the transection of the 
facility wall of one plot. 
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Fig. 2. 5 Time-domain reflectometry (TDR) sensors in the (a) upper and (b) lower facilities. 
The bases of the TDR sensors were refitted to a round shape attached to a plastic pipe for 
inserting into the bored holes in the lower facility. 

For lower facility in the silty soil, the Topp’s equation (Topp et al., 1980) was used to calculate 

the water content from the TDR measured dielectric permittivity of the soil. Since the soil of the 

upper facility has a high stone content, a calibration relation between the TDR measured 

dielectric permittivity and the SWC was determined in the lab. A set of SWCs was established 

by mixing air dried soil with a known amount of water. This mixture was subsequently filled in a 

container with known volume and packed to the same bulk density as the field soil. In this 

container a TDR probe was installed and the soil was packed around the probes to ensure good 

contact between the soil and the TDR rods. From the dielectric permittivity that was derived 

from the TDR waveforms, the water content was calculated using the Topp’s equation and the 

complex refraction index model (CRIM) (Herkelrath et al., 1991; Ledieu et al., 1986).  

The relation between the apparent dielectric permittivity measured by TDR and the SWC 

calculated by the Topp’s equation and by the CRIM model are shown in Fig. B1. The parameters 

of the CRIM model were obtained by fitting the equation to the SWCs. SWC was overestimated 

by Topp’s equation in the stony soil. Hence, the fitted CRIM model was used to calculate the 

SWC from the dielectric permittivity of the stony soil. The calibration was conducted for the top- 

and subsoil separately, but the relation between the dielectric permittivity and the SWC for the 
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two layers did not differ much. So the same calibration relation was used for both top- and 

subsoil.  

The mean of the SWC measured by the four sensors at a certain depth was calculated. However, 

the measurements by some sensor deviated considerably from the other sensors at the same depth 

and water treatments. Therefore, we tested whether certain sensor measurements could be 

considered as outliers using the Grubbs (1950), the Dixon (1950), and the median absolute 

deviation (MAD) methods (Leys et al., 2013). The description of these tests is given in the 

supplemental material A. 

 

2.2.5 Root measurements in the rhizotubes 

The root development was measured by a minirhizotron system (Bartz Technology Corporation, 

Carpinteria, CA, USA). A digital camera with a visible frame of 16.5 mm (vertical) × 23.5 mm 

(horizontal) was used to capture the root images from both left and right sides of the rhizotubes. 

The camera was positioned using an indexing handle at 20 observation locations in the tubes. 

Four series of five locations were taken at 1-1.5 m, 2-2.5 m, 3-3.5 m and 4-4.5 m from the access 

facility wall. Within a series, the centers of the images were located at 0.04, 0.12, 0.26, 0.38, and 

0.5 m from the side of the series (Fig. 2.6). Repeatable observations could be carried out at the 

same locations with fixed intervals on the index handle. The information of rooting depth, root 

counts, and root length was obtained from the images by using Rootfly (Wells and Birchfield, 

2009). 

 
Fig. 2. 6 Measurement locations (circles) distributed in four series along the rhizotube (unit: 
cm). 
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2.2.6 GPR measurements in the rhizotubes 

GPR is a well-known method to estimate soil water content (Huisman et al., 2003). Two MR 

tubes can be ideally used to guide a GPR borehole source and receiver to investigate the soil that 

is present between the two MR tubes. The presence of many horizontal MR tubes at different 

lateral and vertical positions allows a wide range of possible acquisition setups for borehole GPR 

measurements and a combination with surface GPR measurements to investigate the soil in 

horizontal and/or (semi-) vertical planes. Two possible borehole measurement methods are 

possible: a zero-offset profile (ZOP) where the emitting and receiving antenna are located in two 

different boreholes and simultaneously moved to the next position with a constant spacing 

between the measurement points, and a multiple-offset gather (MOG) where the transmitter is 

fixed at several locations in one borehole, while the receiver is moved through the whole 

horizontal borehole for each transmitter location. MOG data enable the reconstruction of detailed 

2D images between the two boreholes, however the measurement time is significantly larger 

compared to ZOP measurements. Due to the many MR tubes we mainly performed ZOP 

measurements in horizontal planes every 5 cm between all pairs of neighboring MR at a given 

depth (borehole separation of 0.75 m). Because of the presence of the soil sensors and pertaining 

cables in the first 0.75 m away from the facility wall, GPR measurements were made between 1 

m and 7 m away from the facility wall. This resulted in a dataset covering a soil volume of about 

1.2 m depth x 1.5 m width x 6 m length for a certain treatment in a facility. The ZOP 

measurements were acquired using 200 MHz borehole antennae (PulseEKKO PRO system of 

Sensors & Software Inc.).  

Standard ZOP processing is applied to the data which includes correction of the time-zero, 

applying a dewow filter to reduce low frequency noise, and, accurate and precise picking of first 

arrival travel times (Oberröhrmann et al., 2013). Because of interferences of the direct wave in 

the soil and the critically refracted wave traveling in air, the uppermost shallow ZOP results of 

0.1 m depth cannot be analyzed with a travel-time analysis and were therefore excluded in the 

further analysis. A full-waveform inversion approach is currently in development that includes 

the full waveforms of both the direct wave and the critically refracted air wave to obtain reliable 

results for these shallow depths. Recently obtained results of full-waveform inversion approaches 

for cross hole GPR in saturated aquifers (Klotzsche et al., 2014) and surface GPR for agricultural 
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soils (Busch et al., 2014) indicate that reliable results can be expected when using such an 

approach.  

Due to the known distance between the MR tubes in which the antennas are located and 

assuming that the electromagnetic wave is traveling on a straight path from the transmitting to 

the receiving antenna, the electromagnetic velocity of the electromagnetic wave can be estimated 

from the picked travel time. Using an appropriate petrophysical relationship, the measured 

velocity or dielectric permittivity can be converted into volumetric water content of the soil, e.g., 

Steelman and Endres (2011). Similar to the TDR measurements, we used the CRIM model and 

the Topp’s equation for the upper and lower facility, respectively.  

2.3  Results and discussion 

2.3.1 Installation of the rhizotubes and sensors 

We successfully installed 54 rhizotubes, 72 TDR, 18 tensiometers, and 18 MPS-2 in each facility 

and then did root measurements weekly as listed in Table 2.2. In the upper facility, where the 

tubes were installed in backfilled soil, we didn’t observe tube bending or damage one year after 

installation. This indicates that compaction of the soil to the same density as the undisturbed soil 

effectively prevented settling and subsidence of the soil, which was observed to cause tube 

damage in other studies, e.g., Ephrath et al. (1999).  

Table 2. 2 Number of the installed time-domain reflectometry (TDR) sensors, tensiometers, 
MPS-2 matrix water potential and temperature sensors, and rhizotubes and the 
measurement frequency of the soil moisture and roots in the two facilities. 

Parameter TDR Tensiometer MPS-2 Rhizotube Images 

Number per observation depth of 

one treated plot in one facility 
4 1 1 3 120† 

Total number  144 36 36 108 4320 

Measurement frequency 1 h-1 1 h-1 1 h-1 1 wk-1 1 wk-1 
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†Images at one observation depth were collected from 40 locations in each of the three replicate 

rhizotubes. 

For a correct estimate of root distribution, the contact between the tubes and the soil is of great 

importance and is highly related to the installation procedure. Therefore, we collected 240 

images (40 images depth-1 x 6 depths) from the tubes along the soil profile after the upper facility 

was constructed. The proportion of the void area in the images showed that approximately 92% 

of the view window was in contact with soils or stones. Phillips et al. (2000) obtained around 

89.5% contact in a site with sandy and rocky soil using angled tubes. Because of the high stone 

content and the irregular shape of the stones, it is impossible to achieve a 100% contact between 

the tubes and the soil. For the lower facility, the borehole was clean and straight since much 

effort was made for the stabilization of the drilling system and it had a diameter that was 1 mm 

larger than the diameter of the rhizotube. The images collected after the installation of the 

rhizotubes showed that the contact between the tubes and the soil was approximately 96%. No 

obvious soil movement and scratches on the tubes were observed. Because of the good contact 

between the soil and the rhizotubes, root clusters and horizontal preferential growth along the 

tubes were not observed in the root image analysis.  

 

2.3.2 Root development and distribution 

Figure 2.7 shows time series of root images of winter wheat that were collected at the same 

position along the tubes at 20 cm and 60 cm depth in the two MR facilities. It clearly illustrates 

that the appearance, downward development, and senescence of the roots in the top- and subsoil 

can be recorded with time using the MR system.  
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Fig. 2. 7 Time series root images of winter wheat collected from the rhizotubes at (a) 20 cm 
and (b) 60 cm in the upper facility and at (c) 20 cm and (d) 60 cm in the lower facility. Only 
single roots were counted and considered in the root analysis but not their laterals. 
Therefore, there are four roots (green tracks) in the third image of (d). 

The measurements were taken at both left and right sides of the tubes, however, large variations 

in root counts were observed between the two sides along the tubes at each depth (Fig. 2.8). For 

one observation depth and one treatment, roots were counted in 120 images of 16.5 mm x 23.5 

mm. This dataset represents a sample of the population of all possible root counts at this depth. 

When the root counts in different images are independent, then the standard deviation (or error) 

of the sample mean (SEM), could be calculated from the standard deviation of the root counts 

𝜎𝑐𝑜𝑢𝑛𝑡𝑠 in the images as: 

SEM =
𝜎𝑐𝑜𝑢𝑛𝑡𝑠

√𝑁
       (2.1)  

where N is the number of images. The number of images that are taken per tube directly relates 

on the reliability of the root estimation. More images result in higher precision but increase the 

labor in the subsequent process. However, spatial data such as root counts may be spatially 

correlated so that root counts in images that are close to each other are not independent and the 

precision of the estimate of the mean will not increase when increasing the number of images. 

For instance, Dubach and Russelle (1995) found that the precision of the mean root counts of 
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alfalfa (Medicago sativa L.) was not reduced and a single root was less likely to be counted in 

more than one image when the number of root images reduced from 80 to 40 in a horizontal 

rhizotube. In order to evaluate the independence of the measurements, we determined the spatial 

correlation and calculated variograms of the root counts along the tubes exemplarily on May 21 

and 23 for each depth of the three water-treated plots in the two facilities (Fig. 2.9). For the 

calculation of the variogram, the program Vesper (Minasny et al., 2005) was used.  

 

 

Fig. 2. 8 Root density along the left and right sides of the tubes (one replicate at one soil 
level) at six soil depths in the rainfed plot of the upper facility. Measurements were taken 
on 21 May 2014. 
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Fig. 2. 9 Variograms for the measured root data in replicate tubes at different soil depths in 
the (a) upper and (b) lower facilities. Root measurements were taken on 21 and 23 May 
2014 for the upper and lower facilities, respectively. 

Eighty percent of the variograms did not show spatial correlations. The intercepts on the y-axis 

were close to the mean variance, which suggested that roots counts in the images were randomly 

distributed and independent from each other. As a consequence, we calculated SEM and 

coefficient of the variation (CV) of the sample mean for the 120 images at each depth in each 

facility (Fig. 2.10). The SEM is around 0.04 counts cm-2 in the upper facility and this 

corresponds to a CV of the sample mean of 8%. The CV increased to 20% at 80 cm due to fewer 

roots arriving at this depth. In the lower facility, the SEM is larger and reaches up to 0.07 counts 

cm-2 at 60 and 80 cm depth. But, this goes along with the larger root densities at these depths 

which are about a factor two larger than the maximal root densities in the upper facility. The CV 

is therefore similar as in the upper facility. 
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Fig. 2. 10 Standard error of the sample mean (SEM) (left) and the coefficient of the 
variation (CV) of the sample mean (right) for the measurements from the three replicate 
tubes (N = 120 images) at six observed soil depths in the three water-treated plots of the 
upper (on 21 May 2014) and lower (on 23 May 2014) facilities. 

Before discussing the effects of soil texture, observation depth, and water treatment on root 

densities in detail, we tested the statistical significance of the effect of different factors, such as 

soil texture, water treatment, and soil depth on root density by an analysis of variance (ANOVA) 

in Matlab® 8.6.0. A mixed and nested model was set up for the data measured on 21 May 2014 in 

the upper facility and on 23 May 2014 in the lower facility, so the effect of measurement date is 

not included in the analysis. Soil texture, water treatment, and soil depth were the fixed factors 

whereas the replicated measurement along the horizontal rhizotubes was the random factor, and 

the random factor was nested to the fixed factors. Root distributions were significantly (P<0.001) 

influenced by the different soil textures, water treatments, and soil depths (Table B1). Overall, 

the soil texture had the largest effect on the root densities whereas the water treatment had the 

smallest effect. The effect of the soil depth interacted with that of the soil texture and the water 

treatment. This implies that in different soil textures the root distribution with depth varies and 

the impact of the water treatments is different for different depths. However, no statistically 

significant interaction between the soil texture and water treatment was observed so that the 

water treatments apparently had similar effects in the different soil textures. The random nested 

factor ‘tube replicate’ did not explain a significant part of the variability. This implies that root 
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densities did not differ significantly between replicate tubes which corroborates with the lack of 

spatial correlation of root densities. 

The spatial and temporal distributions of the root density in the three water-treated plots of the 

two facilities are shown in Fig. 2.11. The lower facility was finished one year later than the upper 

one and the data logger was ready on 20 May 2014, so the root measurements for this facility 

were only shown from this date on. The downward root growth and root development in the 

beginning of the growth stage could be illustrated for all plots in the upper facility.  

    
Fig. 2. 11 Time series distributions of root density at six observed soil depths in the 
sheltered, rainfed, and irrigated plots of the (a) upper and (b) lower facilities. 

For the upper facility, most roots concentrated in the shallow soil from 10 to 40 cm before May. 

The highest root density appeared at 60 cm in the sheltered and rain fed plots, 40 cm in the 

irrigated plot. Root density from 10 to 40 cm in the irrigated plot was higher than that in other 

two plots, but decreased significantly with time after the flowering period (21 May). The crops in 

the irrigated plot ripened earlier (Hossain et al., 2011; Ikeda et al., 1994) and the senescence of 

the crops resulted in root decay. The maximum observed rooting depths in the three plots were 

the same, being 80 cm. For the lower facility, roots were detected at the deepest rhizotubes at 1.2 

m depth. The first observations at the lower facility were made on May 23. After May 23, root 

senescence was also observed in the lower facility (except for 120 cm depth). In contrast to the 

upper facility, root densities increased with depth until 80 cm depth (60 cm depth in the irrigated 

plot) where the highest root densities were observed. At 80 cm depth, the highest densities were 
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observed in the sheltered plot. The rainfed and irrigated plots showed higher root densities at 20 

and 40 cm depth than the sheltered plot. This could be anticipated based on the higher amount of 

water that these plots received from rainfall and irrigation than the sheltered plot leading to drier 

top soil conditions in the sheltered plot. The drier upper soil layer in the sheltered plot apparently 

promoted root development in the deeper soil layers more strongly than in the other plots. 

When comparing the lower with the upper facility, the maximal root densities that were observed 

at 80 cm (60 cm in the irrigated plot) were about twice as high as the maximal root densities that 

were observed in the upper facility. The higher SWC in the silty deep soil layers of the lower 

facility may account for the high root density in the deep soil layers (see the following section). 

The root densities that were observed in the upper MR’s of the lower facility (10-40 cm depth) 

were however similar to their counterparts in the upper facility (around 0.45 counts cm-2 in the 

sheltered and rainfed plots and 0.66 counts cm-2 in the irrigated plot).  

 

2.3.3 Soil water content and water potential measurements 

The variations of the SWC monitored by TDR sensors at six soil depths in the three water-treated 

plots of the two facilities are shown from May, 23 until August, 2 in Fig. 2.12. The SWC in the 

lower facility was higher, especially in the subsoil (40 cm and deeper), compared to the 

corresponding plots of the upper facility reflecting the difference in stone content and soil texture 

between the two facilities. Generally, the standard deviation of the SWC in the lower facility was 

larger than that in the upper one, especially in the deeper soil layers. This may be because soil 

water movement was quite heterogeneous in the non-disturbed silt soil.  
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Fig. 2. 12 Time series soil water content (SWC) at different soil depths in the sheltered, 
rainfed, and irrigated plots of the (a) upper and (b) lower facilities measured by time-
domain reflectometry (TDR) (solid line, SWC; light gray bars, standard deviation of SWC 
measured by four replicate TDR sensors; white line in b, SWC after removing the outliers; 
dark gray bars, standard deviation of SWC after removing the outliers) and by ground-
penetrating radar (GPR) (red circles). Numbers in the plots refer to the temporal means (�̅�) 
and the standard error of the sample mean (SEM) of the TDR-measured water contents 
(outliers removed); ■: sheltered period, ▼: irrigation, Pre: precipitation; and (c) the 
correlation between the SWC measured by TDR and GPR. 

Especially the standard deviations of the SWC at 40, 60, 80, and 120 cm in the rainfed plot, and 

at 40 cm, and 60 cm in the irrigated plot of the lower facility were larger than the standard 

deviations at other depths (Fig. 2.12a). Therefore outlier tests were conducted for those depths 

using Grubbs’ approach as it is usually used for small sample sizes (Fig. B2a). It shows that the 

Grubbs’ values of 84% of the SWC measurements from suspected sensors at 60, and 120 cm 

depth in the rainfed plot, and approximately 50% of the values at 40 cm in the irrigated plot were 

higher than the significance level of 0.05 since July 9. However, the Grubbs’ values at the other 

three depths were much lower than the critical value, which means that the data were in the 

reasonable and acceptable range. We also found that the water contents measured by the 

suspected sensors were 0.1 to 0.2 cm3 cm-3 lower than water contents measured by the three 

sensors. Also the Dixon and median absolute deviation approach, which are more robust for 

smaller sample sizes since they do not use the outlier values to calculate the mean or standard 

deviation, identified the same suspected sensors as outliers (Fig. B2b and B2c). Therefore, the 

SWCs at those three depths were removed for the subsequent analysis.  
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When comparing the water contents between different treatments, the time averaged water 

contents at 10 and 20 cm depth decreased, as expected, from the irrigated, rainfed to sheltered 

plots and were higher in the lower than in the upper facility (Fig. 2.12a and b). The temporal 

variations of soil moisture, especially in the topsoil responded quickly to the water treatments: 

increasing values were observed due to irrigation and rainfall and decreasing values because of 

root water uptake, evaporation, and drainage. For 40 and 80 cm depth, the water contents were 

also lower in the non-irrigated than in the irrigated plots of the upper facility. For the lower 

facility, the difference in temporally averaged water contents in the subsoil (40 cm and deeper) 

between the treatments was not consistent with the different amount of water that the treatments 

received. The water content in the subsoil of the irrigated plot was for instance lower than that in 

the sheltered plot even after removing the measurements of the suspected sensor. However, the 

difference must be compared with the SEM of the four (three when the suspected sensor was 

removed) soil water sensors, which is larger in the lower facility. Despite the fact that the 

temporal averages of the water contents in the different plots of the lower facility could not be 

linked to the water treatment of the plots, the observed temporal dynamics were consistent with 

the water treatments. The irrigation and larger rainfall events influenced the dynamics of the soil 

moisture in the deeper soil layers. In the non-irrigated plots, the water contents at 60 cm and 

deeper soil depth did not respond to the rain events until July 9 when the rainfall lasted for a 

week.   

The weekly GPR ZOP measurements show lateral SWC changes along the MR tubes for 

different depths (not shown). To compare the obtained results with the TDR data, the data were 

averaged along the 6-m measurements to obtain one mean SWC value for each depth and plotted 

in Fig. 2.12 with red circles. Note that the TDR volume of investigation that was within one 

meter away from the facility wall could not be sensed by the GPR measurements obtained 

between 1 and 7 m away from the facility wall due to the interfering reflections of TDR cables. 

Despite the fact that TDR and GPR data cannot be compared directly, they show a similar trend 

but with GPR SWC being lower (Fig. 2.12c) than SWC derived from TDR.   

SWP was monitored both by tensiometers and MPS-2(s). Tensiometers are usually used for 

measuring SWP for wet conditions whereas MPS-2(s) are employed for drier conditions. The 

measuring range of the tensiometers and MPS-2(s) are from 0 to -85 kPa and from -9 to -105 kPa, 
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respectively (Decagon Devices, 2016; UMS, 2011). The accuracy of the two sensors was ± 0.5 

kPa and ± (25% of reading + 2 kPa) from -9 to -100 kPa, respectively. The values between -9 

and -85 kPa measured by the two types of sensors at different depths were not always correlated 

as a result of the accuracy of MPS-2 in this range and the soil heterogeneity. When the water 

potential continuously decreased to -70 kPa without precipitation or irrigation, the values 

monitored by tensiometers levelled off. Therefore, the values between 0 to -70 kPa were chosen 

from tensiometers whereas the values lower than -70 kPa were picked from MPS-2 

measurements for the subsequent analysis. The temporal variations of SWP in the different plots 

of the two facilities are shown in Fig. 2.13. For the topsoil, the SWP in the two facilities 

increased quickly to a high value (approximately -10 kPa or even higher) after the rain or 

irrigation events and then decreased subsequently. The decreases of the SWP in this soil layer of 

the lower facility were larger than those in the upper facility after each precipitation event due to 

the different soil properties. For the subsoil, the SWP decreased more in the non-irrigated than in 

the irrigated plot since less water infiltrated from the topsoil. The SWP at 120 cm, similar to the 

SWC, was not influenced by the different water treatments. SWP in the subsoil of the non-

irrigated plots in the upper facility decreased to considerably lower values than in the subsoil of 

the lower facility. This indicates that plants in lower facility were less subjected to water stress 

since the water potential in the subsoil, where also the root density observed in the MR’s was the 

largest, was not so low.   

 
Fig. 2. 13 Time series soil water potential (SWP) at six soil depths in the sheltered, rainfed, 
and irrigated plots of the (a) upper and (b) lower facilities: sheltered period (■), irrigation 
(▼), precipitation (Pre). 
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Subsequently, the measured SWC and SWP in the three water-treated plots of the two facilities 

that covered a large range, from near saturated to wilting point, were used to describe the water 

retention characteristic of the soil. Figure B3 shows the soil water retention curves fitted by the 

van Genuchten (1980) model for the top- and subsoil of both facilities. The predicted saturated 

water contents for different soil layers were generally close to the highest water contents 

observed in the winter and the periods with frequent rain events. The fitting for the subsoil was 

not as good as that in the topsoil which might be mainly due to soil heterogeneity and the smaller 

range of measured water contents.  

 

2.3.4 Soil temperature 

The spatial and temporal variations of soil temperature at six depths in the three water-treated 

plots of the two facilities are shown in Fig. B4. The soil temperature and the amplitude between 

daytime and night decreased with increasing soil depths in both facilities. For the upper facility, 

the soil temperature at each depth of each plot was 1-2 oC higher than that at the corresponding 

depths in the lower facility. The high stone content and lower SWC may account for the 

difference in temperature though the soil was exposed to the same weather conditions. High 

stone content changed the soil thermal conductivities and heat capacities (Nobel et al., 1992). 

Stones or rocks affect the heat in the immediate vicinity of the surrounding soil and act as heat 

sources at night. The different water treatments had furthermore a clear effect on the soil 

temperature and daily temperature fluctuations in the upper facility which were larger in the 

sheltered than in the irrigated plot.  

 

2.4  Summary and conclusions 

We presented two MR facilities that were constructed to investigate the effect of soil moisture 

and soil type on root development of agricultural crops under field conditions. Different soil 

moisture treatments were established by setting up sheltered vs rainfed vs irrigated plots in a 

stony and in a silty soil plot. Root development can be monitored in the facilities in horizontally 
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installed rhizotubes at 10, 20, 40, 60, 80, and 120 cm depth. A method to install these rhizotubes 

without excavating the soil so that the root development can be monitored in naturally structured 

soil was developed. Besides for monitoring root development, we demonstrated that the 

rhizotubes can also be used to map soil water distributions using crosshole GPR. Also four TDR 

sensors were installed in each water/soil treatment to measure soil moisture locally at the depths 

where the rhizotubes were installed. The local soil measurements within a treatment and depth 

varied considerably between the different TDR probes and for three out of the 36 soil 

texture/water treatment/depth combinations, outliers that were identified using statistical outlier 

detection method were excluded. The three replicates of 7-m-long rhizotubes that were installed 

in a soil treatment/depth combination allowed obtaining root observations at a large number of 

locations so that differences in root development between different treatments can be tested for 

statistical significance and spatial correlation. Root density was observed to be larger in the wet 

treatments and in the silty than in the stony soil. In the silty soil, the highest root densities were 

observed at 60-80 cm depth but not in the topsoil layer and the drier treatments showed higher 

root densities at greater depths than the irrigated treatment. No spatial correlation of root 

densities in the horizontal direction was observed for the investigated winter wheat crop. But, we 

anticipate that spatial correlations in root densities in a row crop (e.g., maize) could be observed 

in the rhizotubes.  

Plant water stress depends rather on the soil water potentials in the root zone than on the water 

content. In order to measure soil water potentials also in the range when soil water potentials 

create water stress we installed two types of soil water potential sensors: classical tensiometers 

that measure water potential until -85 kPa and MPS sensors that can measure until -105 kPa. 

Especially in the upper part of the root zone, very low soil water potentials were measured. In 

order to evaluate whether this leads to a reduction in root water uptake, additional measurements 

that deliver direct or indirect information about the transpiration (e.g., sap flow and canopy 

surface temperature) are required and planned. It should finally be noted that soil temperatures 

were higher in drier treatments. To what extent this can be related to different soil thermal 

properties of the drier soil or to a smaller transpiration and hence smaller evaporative cooling 

requires further investigation.  
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3.1  Introduction 

Numerous root water uptake (RWU) models have been developed with different assumptions, 

complexity, and parameters but the description of this process and its parameterization remains 

challenging in soil hydrology (Kumar et al., 2014; Vereecken et al., 2015). Though it is 

commonly acknowledged that RWU is defined by water potential gradients and hydraulic 

resistances in the soil-plant system (Steudle and Peterson, 1998; Van den Honert, 1948), this 

principle is seldom included in models.  

RWU models can be classified into two main classes: functional-structural vs. macroscopic 

models. The former class defines a root system architectural domain facilitating the inclusion of 

explicit root hydraulic features and associated physical concepts to simulate water flow towards 

individual roots (Doussan et al., 1998; Javaux et al., 2008). Their complexity is particularly 

appropriate to address questions of interactions between root growth and soil properties (Pagès et 

al., 2004; Somma et al., 1998), foraging for soil resources (Lobet et al., 2014; Lynch, 2013; 

Pagès, 2011) and plant responses in heterogeneous environments (Couvreur et al., 2014a; Huber 

et al., 2014).  

In macroscopic models, RWU intervenes as a sink term in the soil water flow equation, without 

solving flow towards individual roots. Water uptake is typically assumed to be distributed 

proportionally to rooting densities and locally adjusted for water availability. The simplicity of 

this effective approach and the lower computing time are particularly suitable for applications at 

larger scales (Baram et al., 2016; Feddes et al., 2001; Oleson et al., 2008). However, the 

parameters and concepts used in these models are to a large extent empirical so that they cannot 

be linked to directly measurable properties of the root system. Recently, simple 1-D macroscopic 

expressions of RWU were derived based on small-scale hydraulic principles, respectively, in the 

soil around roots (De Jong Van Lier et al., 2008) and within the root system (Couvreur et al., 

2014b). This allowed a revision of non-physical assumptions in macroscopic RWU models and 

linking their parameters to properties of the root system (Javaux et al., 2013).  

The parameters of a functional-structural RWU model can be derived from direct measurements 

(e.g., root architecture, root hydraulic properties). However, these measurements are impractical 
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in the field and hence typically carried out in the lab on young plants (Doussan et al., 2006; 

Lobet and Draye, 2013; Steudle et al., 1987) that may not be representative of field conditions. 

Similarly, soil hydraulic properties can be directly measured or derived from measurements on 

relatively small soil samples following prescribed experimental protocols. But, soil heterogeneity 

makes it challenging to get representative properties of larger soil volumes, for instance, to 

describe processes at the field scale (Vereecken et al., 2015; Vereecken et al., 2010). Hence the 

interest in simpler approaches that rely on fewer parameters. These parameters are hardly 

measurable directly but can be fine-tuned so that models effectively behave like the real system, 

as commonly done in water management-oriented simulations (Asseng et al., 1998; Deb et al., 

2011; Freundl et al., 1998; Hupet et al., 2002). In this context, inverse modeling is adequate to 

infer soil and root properties from in-situ measurements of soil water status (water contents and 

potentials) and fluxes (Šimůnek and Hopmans, 2009; Vrugt et al., 2001b; Wöhling et al., 2013). 

With optimization algorithms, inversion approaches search for effective parameter values that 

optimally reproduce field observations.  

The distribution of RWU in the soil profile is greatly affected by the spatial-temporal root 

distribution. More specifically, RWU is generally assumed to be a direct function of root length 

densities (RLD) (Feddes et al., 2001; Heinen, 2014; Molz, 1981). So as to represent the 

interactions between root development and soil water status, the dynamics of root distributions 

need to be properly accounted for (Krounbi and Lazarovitch, 2011). However, most simulations 

of RWU use simplified descriptions to represent root growth and root distributions. Either a 

logistic or an empirical growth function (Borg and Grimes, 1986; Hoffman and Van Genuchten, 

1983; Šimůnek and Suarez, 1993) is used to simulate the root development. A few studies 

simulated RWU using the measured root distribution obtained from soil cores in lysimeters or in 

field plots at the end of the crop cycle (Albasha et al., 2015; De Jong Van Lier et al., 2008). An 

important problem with observations of root distributions is that they often require destructive 

sampling so that the dynamics of root distributions are difficult to observe. Root length density 

distributions may be estimated from dynamic soil moisture measurements (Hupet et al., 2003; 

Hupet et al., 2002; Musters and Bouten, 1999; Musters and Bouten, 2000; Vrugt et al., 2001a) 

using inverse modeling. But, these studies also pointed at uncertainties that may arise when the 

soil hydraulic parameters are not well known. Therefore, direct measurements of RLD 
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distributions and their temporal dynamics are important additional information that can be used 

to constrain other parameters related to stress and water uptake compensation functions in RWU 

models. To monitor the evolution of root density profiles non-invasively, the rhizotube or 

minirhizotron method (Johnson et al., 2001; Rewald and Ephrath, 2012; Smucker et al., 1987; 

Volkmar, 1993) has been introduced. The observations from minirhizotrons helped to improve 

the understanding of root dynamics and functions (Garré et al., 2012), however, few studies used 

minirhizotron observations to estimate RWU and RWU model parameters (Wu et al., 1999).  

The distribution of the RWU depends, besides on the root distribution, also on the water 

availability in the soil profile, which is linked to the soil water potential. When the soil dries out 

and the water potential decreases and becomes closer to the wilting point, the difference in water 

potential between the soil and the plant and consequently the RWU decreases. The relation 

between RWU, soil water potential, and transpiration demand is described by so-called stress 

functions (Feddes et al., 1978). It should be noted that more precise formulations, which are 

based on the matric flux potential and account for the difference between the bulk soil water 

potential and the water potential at the soil-root surface and in the root xylem, have been derived 

(De Jong Van Lier et al., 2008; de Jong van Lier et al., 2013).  

Since the root system is a connected network, this reduction of RWU can be compensated by a 

higher uptake from wetter soil layers with a higher water potential, i.e., RWU compensation 

(Huang et al., 1997; Jarvis, 1989; Pang and Letey, 1998; Šimůnek and Hopmans, 2009). Skaggs 

et al. (2006) reviewed compensatory RWU mechanisms and simulations suggested that 

compensation can be of great importance when water potentials vary within the root zone. Actual 

RWU may be underestimated if compensation is not considered (Kuhlmann et al., 2012). 

However, the physical basis for the water stress and compensation functions that are currently 

used in macroscopic models, e.g., the Feddes-Jarvis functions (Feddes et al., 1978; Jarvis, 1989), 

and that are implemented in the unsaturated zone simulation model Hydrus-1D (Simunek et al., 

2013), can be debated e.g., Javaux et al. (2013). For instance, the compensation term was defined 

in terms of the local water stress function whereas compensation represents the non-local nature 

of RWU, i.e. RWU at one location also depends on the water potential at other locations, and 

compensation may occur independently of water stress. Alternatively, physically based 

macroscopic stress and compensation functions can be derived from an analysis and upscaling of 
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functional-structural soil-root architecture models (Couvreur et al., 2014b; Couvreur et al., 2012; 

Javaux et al., 2013). Studies that tested and parameterized these different stress and 

compensation functions using field measurements are, however, scarce (Dong et al., 2010; Li et 

al., 2001) and have not been performed yet for the physically-based macroscopic model.  

In this study, we focus on the Feddes-Jarvis (Šimůnek and Hopmans, 2009) and the Feddes 

(Feddes et al., 1978) models, which are often used for RWU simulations, and the physically-

based macroscopic model, the Couvreur model (2012). The objectives of this paper are (1) to 

parameterize the soil hydraulic properties, water stress, and compensation functions of the three 

models, from time series of soil water status that were measured at six depths under growing 

winter wheat and using data of root distributions obtained from rhizotubes; and (2) to compare 

the transpiration fluxes and RWU profiles that are predicted by the calibrated models. We test 

whether the time series of water status can be described equally well by the different models and 

whether differences in RWU models can be compensated by a different parameterization of the 

soil hydraulic properties. We hypothesize that the inversely estimated parameters are consistent 

with literature data (Feddes-Jarvis model) and with parameters that are directly derived from a 

root architecture model (Couvreur model).  

 

3.2  Theory 

Spatial-temporal distributions of the water content in the soil are obtained from numerical 

solutions of the Richards equation which describes the water fluxes in the water balance equation 

using the Buckingham-Darcy equation and uses a sink term to represent RWU:  

𝜕𝜃

𝜕𝑡
 =  

𝜕

𝜕𝑧
[𝐾(ℎ)(

𝜕ℎ

𝜕𝑧
 +  1)]  −  𝑆(𝑧, 𝑡)                            (3.1)  

where θ represents the volumetric soil water content (SWC) [L3L-3], t is time [T], z is the 

elevation [L], h is the soil water pressure head (SWP) [L], K is the hydraulic conductivity 

function [LT-1], and S is the sink term [L3L-3T-1] defined as the volume of water removed from a 

unit volume of soil per unit time due to root extraction.  
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According to the van Genuchten–Mualem constitutive model (Mualem, 1976; Van Genuchten, 

1980), the soil water retention and soil hydraulic conductivity functions are given by 

𝜃(h) =  {  
𝜃𝑟 + 

𝜃𝑠 − 𝜃𝑟

[1 + |𝛼ℎ|𝑛]𝑚
   ℎ <  0

𝜃𝑠                            ℎ ≥  0
                 (3.2) 

K(Se) = 𝐾𝑠 𝑆𝑒
𝑙  [1 − (1 −  𝑆𝑒

1
𝑚)𝑚]2                    (3.3) 

where 𝜃𝑟  and 𝜃𝑠  are the residual and saturated water contents [L3L-3], respectively, Se is the 

relative saturation: 𝑆𝑒 = 
𝜃 − 𝜃𝑟

𝜃𝑠 − 𝜃𝑟
 [-], and Ks is the saturated hydraulic conductivity [LT-1]. The 

parameters  (L-1), n, m (m = 1 - 1/n, n > 1), and l are empirical coefficients affecting the shape 

of the hydraulic functions.  

 

3.2.1 Feddes and Feddes-Jarvis models 

In the RWU model defined by Feddes et al. (1978), the sink term is a function of potential 

transpiration, the vertical root distribution, and the pressure head and is expressed as follows:  

SF(z) = F(h) Tpot NRLD(z)                     (3.4)  

F(h) =  

{
 
 

 
 
 0                                                         ℎ ≥  ℎ1, ℎ ≤  ℎ4

 
ℎ − ℎ1

ℎ2 − ℎ1
                                            ℎ2  ≤  ℎ <  ℎ1

1                                                      ℎ3  <  h ≤  ℎ2

 
ℎ − ℎ4

ℎ3− ℎ4
                                           ℎ4 < ℎ ≤  ℎ3

                    (3.5)  

Tpot  = ETpot (1 - e-kLAI)           (3.6) 

NRLD(z) = RLD(z) /∫ 𝑅𝐿𝐷(z)
lz

0
dz          (3.7) 

where F(h) is the water stress response function (0 < F1) [-], h1 and h4 the anaerobiosis and 

the wilting points above and below which RWU is null, respectively, h2 and h3 the pressure 
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heads between which RWU keeps the maximum rate, Tpot the potential transpiration [LT-1], ETpot 

the potential evapotranspiration [LT-1], k a constant representing the extinction coefficient per 

unit leaf area (0.6 was used in this study) (Allen et al., 1998; De Faria et al., 1994; Mo and Liu, 

2001), and LAI the leaf area index, NRLD the normalized root length density [L-1], RLD root 

length density [LL-3], and 𝑙𝑧 the rooting depth [L]. Note that F depends also on Tpot since the 

critical point (h3) is a piecewise linear function of Tpot (Simunek et al., 2013; Wesseling and 

Brandyk, 1985): 

h3 = {

ℎ3ℎ                                    𝑇𝑝𝑜𝑡 > 𝑇3ℎ

ℎ3ℎ + 
(ℎ3𝑙 − ℎ3ℎ)(𝑇3ℎ − 𝑇𝑝𝑜𝑡)

(𝑇3ℎ − 𝑇3𝑙)
     𝑇3𝑙 < 𝑇𝑝𝑜𝑡 < 𝑇3ℎ

ℎ3𝑙                                    𝑇𝑝𝑜𝑡 < 𝑇3𝑙

      (3.8) 

where h3 is smaller (h3l, more negative) for lower potential transpiration rates (T3l) and higher 

(h3h) for higher transpiration rates (T3h). The dependency of h3 on Tpot can be considered to 

effectively represent the higher pressure drop in the plant from the root system to the shoot under 

higher than under lower transpiration rates. Assuming that the pressure head in the shoots 

regulates stomatal closure and the stomatal closure will be triggered for higher SWPs when the 

transpiration rate is higher.  

The stress function F, which reduces the water uptake at a certain depth, is a local function 

which only depends on the pressure head at that depth. However, since the root system is a 

connected network, RWU at a certain depth is influenced by pressure heads and uptake at other 

depths. To account for these non-local effects, a plant water stress index  was introduced in the 

Feddes-Jarvis model which integrates the stress function over the root zone using the normalized 

root density function as a weighing function (Jarvis, 1989; Šimůnek and Hopmans, 2009):  

= ∫ 𝛼𝐹(ℎ) NRLD(𝑧)𝑑𝑧𝑙𝑧
                    (3.9) 

It is assumed that as long as this plant stress index is above a certain threshold value, c, the total 

RWU is equal to the Tpot and it decreases linearly with decreasing  when  is below c:  
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𝑇𝑎𝑐𝑡

𝑇𝑝𝑜𝑡
 =  {

1                  𝜔𝑐  <  𝜔 ≤  1 

 
𝜔

𝜔𝑐
                      𝜔 <  𝜔𝑐

                            (3.10) 

where Tact is the actual RWU [LT-1]. Therefore, RWU at a certain depth in the Feddes-Jarvis 

model is obtained by combining Eq. 3.4 and 3.10:  

SFJ (z) = F(h) NRLD(z) Tpot  
1

𝑚𝑎𝑥 (𝜔,   𝜔𝑐)
         (3.11) 

The parameterc controls the ability of the plant to compensate reduced water uptake at a 

certain depth by increasing water uptake in the root profile. For c < 1, water uptake is, in fact, 

increased in all depths compared to the case when no uptake compensation is considered, which 

corresponds to c = 1. However, the increase is larger in the wetter parts of the root zone where 

F (h) is larger. 

   

3.2.2 Couvreur model 

A new 3-D macroscopic RWU model based on root system hydraulic architecture and the 

analytical solution of the flow equation in the root network was developed by Couvreur et al. 

(2012), in which parameters were not defined at root segment scale but at the soil element or the 

plant scale. For densely sown crops such as wheat, the 3-D high-resolution model can be 

upscaled to a 1-D model (Couvreur et al., 2014b). The 1-D model describes gradient-based water 

flow in the coupled soil-root architecture considering the hydraulic conductance of the soil-root 

system and is expressed by the following equations: 

SC(z) = Krs (hTe - hTleaf) NRLD(z) + Kcomp (hT(z) - hTe) NRLD (z)    (3.12) 

where  {
𝐾𝑟𝑠 (ℎ𝑇𝑒 – ℎ𝑇𝑙𝑒𝑎𝑓)  =  𝑇𝑝𝑜𝑡         𝑤ℎ𝑒𝑛  ℎ𝑇𝑙𝑒𝑎𝑓  >  ℎ𝑇𝑙𝑒𝑎𝑓_𝑐𝑟𝑖𝑡 

𝐾𝑟𝑠 (ℎ𝑇𝑒 –  ℎ𝑇𝑙𝑒𝑎𝑓_𝑐𝑟𝑖𝑡)  =  𝑇𝑎𝑐𝑡                                            𝑒𝑙𝑠𝑒
                (3.13) 

hTe = ∫ ℎ𝑇(𝑧) NRLD(𝑧)
𝑙𝑧

0
𝑑𝑧             (3.14) 
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where Krs is the 1-D equivalent conductance of the root system [T−1], Kcomp the compensatory 

RWU conductance of the plant [T−1], hT the total soil hydraulic head (pressure head plus 

elevation head: h + z) [L], hTe the effective root zone hydraulic head sensed by the plant [L], 

hTleaf the leaf water hydraulic head [L], which can be obtained from Eq. 3.13: hTleaf = hTe – 

Tpot/Krs, hTleaf_crit a critical leaf hydraulic head that is constant by stomatal regulation in isohydric 

plants (Tardieu and Simonneau, 1998). Coupling to a leaf stomotal model, the anisohydric 

behaviour could also be properly accounted for in this macroscopic model (Huber et al., 2015). 

According to Eq. 3.12, RWU is split into two components: an uptake component that 

corresponds to the uptake from a profile in hydrostatic equilibrium with a homogeneous 

hydraulic head and a compensatory component that describes the increase/decrease of local 

water uptake due to a locally higher/lower hydraulic head than the effective hydraulic head hTe. 

In contrast to the original models of Couvreur et al. (2012), we used the normalized RLD 

functions, NRLD(z), to describe the RWU in a soil profile with uniform hydraulic head and to 

weigh the local hT for the calculation of hTe. Couvreur et al. (2014b; 2012) demonstrated that the 

weighting function used in Eq. 3.12 and 3.14 might deviate from NRLD(z) depending on the 

hydraulic parameters (radial conductivity, axial conductance, etc.) of the root segments.  

  

3.3  Materials and methods   

3.3.1 Measurements  

Root distributions, SWC, and soil water potential were measured in a cropped field in Selhausen 

(50°52'N, 6°27'E), Germany. The field is slightly inclined with a slope less than 4o, and the soil 

is characterized by a strong gradient in soil texture with 60% gravel content at the upper slope 

and 4% in the down slope, respectively (Vanderborght et al., 2010). At the site, two 

minirhizotron facilities were constructed, one at the upper and one at the lower site of the field. 

In each facility, three 7 m by 3 m plots: a rain sheltered, a rainfed and an irrigated plot were 

established. The construction of the facilities and the technical details of the instrumentation 

were described in a technical note (Cai et al., 2016). Since the objective of this paper is to 

compare the performance of different RWU models and to evaluate a procedure to determine 
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their parameters by inverse modeling, we focus in this paper on data from the sheltered plot in 

the upper facility with the stony soil. In later work, we will evaluate the effect of the treatments 

and the soil types on root development and parameters of RWU models. Winter wheat (Triticum 

aestivum) was sowed with a seed density of 300 – 320 grains m-2 on 30 Oct. 2013 and harvested 

on 17 July 2014. The fertilizer rate of 120 kg N ha-1 (KAS 27) was applied on 21 Mar., and 60 kg 

N ha-1, 30 kg P ha-1 (P2O5), and 116 kg K ha-1 (K2O) were applied on 6 May 2014. After 

completion of stem extension, plots were covered at four times during rainy periods (6 May – 15 

May, 21 May – 23 May, 25 May – 28 May, and 4 July – 15 July) and approximately 197.2 mm 

of rainfall was sheltered out. One irrigation event with 14.7 mm was applied on 9 June 2014. 

Soil water content and soil water potential were monitored hourly by the own-made time domain 

reflectometer (TDR) probes (Cai et al., 2016; Weihermuller et al., 2013), tensiometers (T4e, 

UMS GmbH, München, Germany), and dielectric water potential sensors – MPS-2 (matrix water 

potential and temperature sensor, Decagon Devices Inc., UMS GmbH München, Germany), 

respectively. The sensors were installed at 10, 20, 40, 60, 80, and 120 cm depth. Soil water 

content was presented as the mean of the data that were monitored by the four TDR sensors at 

each depth. Root development was observed in 7-m-long rhizotubes (clear acrylic glass tubes 

with outer and the inner diameter of 64 mm and 56 mm respectively) of which three replicates 

were horizontally installed at the same depths as the SWC sensors. Soil water potential was 

converted to soil water pressure head (SWP) in the later simulation. There was a horizontal offset 

of 0.1 m between rhizotubes at different depth levels to make sure that rhizotubes at a certain 

depth were not overlain by rhizotubes at other depths. Root measurements were carried out 

repeatedly from both left and right sides of the rhizotubes at 20 locations along each tube by a 

digital camera (Bartz Technology Corporation, Carpinteria, CA, USA). The images with the size 

of 16.5 mm by 23.5 mm were analyzed with Rootfly (Wells and Birchfield, 2009). 

Generally, RLD is expressed as root length per unit volume of soil (LL-3) but in the rhizotubes 

the number of roots or the root length in an observation window is observed. This corresponds 

with a root length per surface or root number per surface. These observations can be translated 

into a root length per volume by multiplying the root length per surface with a soil depth factor 

that represents the ‘observation depth’ from the tube surface. Upchurch (1987) indicated that the 

observed soil depth from the tube surface ranged from 1 to 3 mm according to the soil texture. 
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Steele et al. (1997) used 2 mm for coarse sand soil and Garré et al. (2011) used 1 mm for loamy 

sand. However, this depth of view from the tube is arbitrary. Machado et al. (2003) used root 

intensity instead, being root length per unit area (LL-2) that was observed from rhizotubes. 

However, a problem with root length observations around rhizotubes is that root growth may be 

affected by disturbances at the rhizotube surface and therefore not representative for root length 

densities in the bulk soil. Therefore, Garré et al. (2012) used root impacts (total primary root 

counts per observed area) on the rhizotubes. The relation between root impacts and RLD 

depends on the geometry of the root system (Vansteenkiste et al., 2014) but is not influenced so 

strongly by the presence of the rhizotubes. In order to relate the impacts to RLD, we assumed 

that RLD and impact are proportional and that the proportionality factor does not depend on the 

observation depth, which is an approximation. The proportionality factor cancels out when 

calculating the normalized root length density (NRLD) so that it does not need to be defined.  

Root measurements were carried out 22 times weekly from 11 Feb. (tillering period) until 14 

July 2014 (ripening period). Weekly measurements were frequent enough to capture the behavior 

of root development (Vamerali et al., 2012). Figure 3.1 shows the distribution of the normalized 

root length densities. At the beginning of the observation, roots reached the tubes at 40 cm and 

the RLD decreased with increased soil depths. The value of NRLD decreased at the shallow 

depths (e.g., 10 and 20 cm) and increased at deeper depths (e.g., 40 cm) as roots developed. It 

must be noted that the decrease in NRLD in the upper soil layers (10 – 20 cm depth) was not 

only due to an increase in root density in lower layers but also due to root decay. 
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Fig. 3. 1 Spatial and temporal distribution of normalized root length density (NRLD) along 
the soil profile for 22 weekly measurements. The circles are the measurement locations. 

Leaf area index was measured by a plant canopy analyzer (LAI-2200, LI-COR, Inc. USA) (Fig. 

3.2). The meteorological data, e.g., global and net radiation, precipitation, air temperature, wind 

speed, and relative humidity were monitored at 2 m above the soil level at a 10-minute interval in 

the mini-weather station that was 140 m away from the test site. During the experimental period 

from 11 Feb. 2014 until 14 July 2014, the amount of precipitation was 312.6 mm. The potential 

crop evapotranspiration was obtained using the Penman-Monteith equation (Allen et al., 1998): 

ETpot = Kc * ETo           (3.15)  

where ETo is the reference evapotranspiration [LT-1], and Kc the crop coefficient [-]. The Kc’s for 

the different plant development stages with corrections for wind speed, the minimum daily 

relative humidity, and the crop height were obtained from Allen et al. (1998). The potential 

transpiration and potential evaporation (Epot) were separated by Eq. 3.6 and Eq. 3.15, and the 

hourly variations during the measurement period are shown in Fig. 3.2.  
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Fig. 3. 2 Variations of precipitation (blue), potential evapotranspiration (ETpot: black), leaf 
area index (LAI: red dots), and crop coefficient (Kc: red line). ■: sheltered periods, ▼: 
irrigation (14.7 mm) 

 

3.3.2 Model setup and simulation runs 

For the numerical simulations, we considered a 145 cm deep soil profile which was discretised 

into the 1-cm-thick intervals. Two soil layers with different soil hydraulic parameters: 0 – 30 cm 

(the tillage layer) and 30 – 145 cm were considered. The parameters of the water retention curve 

θr, θs, α, and n were obtained from fitting Eq. 3.2 to observed SWC and SWP in the two soil 

layers and are listed in Table 3.1 (see Cai et al., 2016). 

Table 3. 1 Hydraulic parameters of the Mualem-van Genuchten functions: residual soil 
water content, θr, saturated soil water content, θs, curve fitted parameters, α and n. 

Depth (cm) θr   (cm3 cm-3) θs  (cm3 cm-3) α  (cm-1) n (-) 

0-30 0.0430 0.3256 0.0361 1.3860 

30-120 0.0534 0.2286 0.0495 1.5340 
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Other parameters (e.g., Ks, l) were obtained by inverse modeling. Therefore, the Hydrus model 

(Šimůnek et al., 2016) was used to solve the Richards equation and simulate the water potentials 

and water contents that were compared with measured values to derive the parameters in the 

three models. An atmospheric boundary with surface layer and free drainage were used as upper 

and lower boundary conditions, respectively. For the upper boundary, the parameter hCritA, 

which defines the minimal pressure head that can be reached at the soil surface, was estimated 

using inverse modeling. The value of hCritA could be obtained from the air humidity (Feddes et 

al., 1974) but this would lead to values much lower than the permanent wilting point. It has been 

suggested that hCritA ranges from -150 m to -1000 m for different soil textures (Simunek et al., 

2013). For the evaporation from a soil surface on which a crop is growing, the resistance for 

vapor transfer from the soil surface into the air also contributes to the reduction of evaporation, 

which is not considered in the splitting of the evapotranspiration into evaporation and 

transpiration (Eq. 3.6). Therefore, we considered optimizing hCritA in the simulations.   

The parameters Ks and l of the two soil layers were obtained using inverse modeling. To avoid 

the physically unrealistic behavior with dK/dθ < 0, we constrained the lower boundary for l by 

the criterion given by Lambot et al. (2002):  

l > -2 (1−𝑆𝑒
1
𝑚)𝑚−1 𝑆𝑒

1
𝑚

1−(1−𝑆𝑒

1
𝑚)𝑚

                 (3.16) 

For the RWU parameters, the following parameters were kept fixed: h1 = 0, h2 = -1 cm, h4 = -

16000 cm (Wesseling, 1991), hTleaf_crit = -16000 cm (we set z = 0 at the soil surface and defined 

the critical collar hydraulic head). We decided not to fit hTleaf_crit, T3h, and T3l since these 

parameters are generally assumed not to vary between different crops (Kropff and Van Laar, 

1993; Nelsen et al., 1978; O'Toole and Moya, 1981; Shimshi, 1979). T3h and T3l were set to 0.02 

cm h-1 and 0.004 cm h-1, respectively (Groh et al., 2016; Yang et al., 2009).  

We considered three different inverse modeling setups: case 1, Feddes-Jarvis Model with inverse 

estimation of ωc, h3h, and h3l; case 2: Feddes model (no compensation, ωc =1) with inverse 

estimation of h3h and h3l. For the Couvreur model, case 3, Krs and Kcomp were optimized. 

However, Krs and Kcomp depend on the root architecture and increase when the root system grows 
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(Doussan et al., 2006; Pierret et al., 2006). We assumed that Krs and Kcomp were proportional to 

the total root length so that their values at the ith week could be calculated from the initial Krs_ini 

or Kcomp_ini and the integrated root lengths (IRL) at the ith week and at the start of the 

observations as: 

𝐾𝑟𝑠,𝑖 = 𝐾𝑟𝑠_𝑖𝑛𝑖
𝐼𝑅𝐿𝑖

𝐼𝑅𝐿𝑖𝑛𝑖
          (3.17)  

where IRL is: 

𝐼𝑅𝐿 = ∫ 𝑅𝐿𝐷(𝑧)𝑑𝑧
𝐿𝑟

           (3.18) 

We optimized Krs_ini and Kcomp_ini of the first week.   

The simulations were run with hourly boundary conditions for 154 days from 11 Feb. to 14 July 

2014. As initial conditions, the pressure heads measured at the start of the simulation period were 

used. We assumed that the root distribution in every soil layer was constant over 7 days. Since 

only one root distribution can be used as input in Hydrus-1D, 22 input files (each covering a time 

span of one week) were created for 22 successive Hydrus-1D simulations. The simulated SWP 

profile at the end of each week was used as initial condition for the simulation of the next week.  

The procedure of the inverse modeling and simulations is depicted in Fig. 3.3. Before performing 

the simulations of RWU, candidate values for two soil hydraulic parameters Ks(1, 2) and l(1, 2) of 

the top- and subsoil, h3h, h3l, ωc, Krs_ini, and Kcomp_ini were sampled by the optimizer (described in 

the following paragraph) at the beginning of the 1st week. The simulations were performed 

separately in Hydrus for the Feddes-Jarvis, the Feddes, and the Couvreur models. Note that 

executable Hydrus files for the Feddes and the Couvreur models are different (a modified H1D 

contains the Couvreur model). For each newly started simulation, new candidate parameters Ks(1, 

2), l(1, 2), ωc, h3h, h3l, Krs, and Kcomp were sampled from uniform distributions with the boundaries 

given in Table 3.2.  
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Fig. 3. 3 Procedure of optimizations of soil hydraulic parameters by the Feddes-Jarvis 
/Feddes (dashed lines) model and Krs, Kcomp by the Couvreur model (solid lines) in Hydrus-
1D framework, and sequential simulations of RWU with observed dynamic root 
distributions. ETpot, potential evapotranspiration; LAI, leaf area index; Pre, precipitation; 
NRLD, normalized root length density; h3h and h3l, water potential at high and low 
transpiration; ωc, root adaptability factor; Ks, saturated conductivity; l, pore-connectivity; 
1, 2: top- and subsoil; Krs_ini, equivalent conductance of the root system in the 1st week; 
Kcomp_ini, compensatory RWU conductance of the roots in the 1st week; H1D, Hydrus-1D. 
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Table 3. 2 Boundaries of the soil hydraulic parameters in the top- and subsoil, pressure 
heads at high and low transpiration rates in the Feddes model, and root system / 
compensatory root water uptake conductance in the Couvreur model. 

Parameters unit Lower bound Upper bound 
†log10(Ks1,2) cm h-1 -1.8802 0.9198 

l1,2 - -4.000 6.000 
†log10(|hCritA|) cm 2 4.5 

h3h cm -700 -200 
h3l cm -1500 -600 
ωc - 0 1 

†log10Krs h-1 -6.480 -4.880 
†log10Kcomp h-1 -7.880 -5.380 

†The log10-transformed values were transformed back to the normal form in the subsequent 
inverse modeling and simulations.  

 

In the inverse modeling steps, the optimum parameters were obtained by systematically 

minimizing the deviations between the observed (Obs) and simulated (Sim) variables. The 

considered variables were: SWC, difference of SWC over a time period (dSWC); SWP, 

difference of SWP over a time period (dSWP); Sto, water storage (integration of SWC from 0 to 

125 cm); dSto, difference of water storage between each time and the first time; cumT (cumTpot: 

Obs, cumTact: Sim; note that Tact is actual RWU). To avoid the impact of noise on the variables 

that represent changes over time, differences between observations (dSWC and dSWP) were 

calculated over 4, 10, and 25 days to represent the short-, medium-, and longer-term changes. 

The deviations between measured and simulated values were evaluated using the following 

objective function (OF) that aggregates normalized root mean squared errors of the different 

considered variables (Baram et al., 2016):  

OF = ∑
√∑ (𝑆𝑖𝑚𝑖,𝑗−𝑂𝑏𝑠𝑖,𝑗)

2 𝑤𝑖,𝑗
𝑁𝑗
𝑖=1

𝑜𝑏𝑠𝑖,𝑗̅̅ ̅̅ ̅̅ ̅̅
𝐽
𝑗=1  𝑝𝑗         (3.19) 

where j refers to the number of variables and i to the number of the measurement in the dataset 

of variable j that contains Nj measurements. The weights w were defined as:  
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wi, j = {

1

𝑁𝑗
                                                   variable ( SWC, SWP, Sto, cumT) 

|𝑆𝑖𝑚𝑖,𝑗|+|𝑂𝑏𝑠𝑖𝐸𝑗|

∑ (|𝑆𝑖𝑚𝑖,𝑗|
𝑁𝑗
𝑖𝐸

+|𝑂𝑏𝑠𝑖,𝑗|)
     changes of the variable ( 𝑑SWC, 𝑑SWP, 𝑑𝑆to)

     (3.20) 

For the variables SWC, SWP, Sto, and cumT, equal weight was given to each measurement 

whereas dSWC, dSWP, and dSto were weighted proportionally to the amplitude of the variables 

so that large variations (e.g., a jump in SWC after a precipitation event) were attributed more 

weight. In contrast, small fluctuations (e.g., scattering in monitoring) contributed less to the OF. 

For instance, when neither measurements nor simulations fluctuate at a particular depth, extra 

weight is attributed to other depths and times in order to focus on most informative parts of the 

signal (Baram et al., 2016). The weighted root mean square errors of each variable were 

normalized by the mean absolute values of the corresponding variable, 𝑂𝑏𝑠̅̅ ̅̅ ̅, so as factor out the 

impact of the different dimensions of the terms in the aggregated objective function. The weights 

of the different variables in the aggregated objective function (p) were chosen somewhat 

arbitrarily as: SWC: 10%, dSWC: 10%, SWP: 30%, dSWP: 15%, Sto: 15%, dSto: 15%, cumT: 

5%. The total weight attributed to soil moisture measurements (50%) was partitioned between 

local (SWC and dSWC) and integrated observations (Sto and dSto). While the former aims at 

minimizing absolute differences in individual layers, they do not suffice at minimizing absolute 

deviations from the overall soil water balance, which is the role of the latter variables in the OF. 

The variable cumT was included in the objective function with a minor weight in order to limit 

deviations between potential and actual cumulative transpiration. This was necessary to avoid the 

undesired drift of the optimizer towards parameter sets predicting extreme water stress events 

during the whole simulation period (even at spring time when rainfall was abundant).  

To minimize the OF, the forward simulations were combined with genetic algorithm (GA) from 

the global optimization toolbox of Matlab 2015b (main functions: ga, gaoptimset) (MathWorks, 

2015) with 100 parameter sets as initial population. To test the matches between the measured 

and predicted parameters by the three models, the comparisons were evaluated by root mean 

square error (RMSE), the mean bias error (ME) (Shen et al., 1998), and an index of agreement (d, 

dimensionless) (Willmott et al., 1985). They are defined as follows:  
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RMSE =√[∑ (𝑆𝑖𝑚𝑖 − 𝑂𝑏𝑠𝑖)
2]𝑁

𝑖=1 𝑁⁄            (3.21) 

ME = [∑ (𝑆𝑖𝑚𝑖 −𝑂𝑏𝑠𝑖)]
𝑁
𝑖=1 𝑁⁄             (3.22) 

d = 1 - [∑ (𝑆𝑖𝑚𝑖 − 𝑂𝑏𝑠𝑖)
2]𝑁

𝑖=1 [∑ (|𝑆𝑖𝑚𝑖 − 𝑂𝑏𝑠̅̅ ̅̅ ̅| + |𝑂𝑏𝑠𝑖 − 𝑂𝑏𝑠̅̅ ̅̅ ̅|)2𝑁
𝑖=1⁄ ]   (3.23) 

To evaluate the uniqueness of the inversely estimated parameters, Bayesian statistics can be used 

to derive posterior probability distributions of the optimized parameters (Vrugt and Ter Braak, 

2011). However, because of computational limitations, we were not able to apply these methods. 

In order to get an appraisal of the confinement of the parameters, response surfaces of the 

objective function (Eq. 3.19) were generated using possible combinations of two selected 

parameters while keeping the other parameters at their optimized values (Simunek et al., 1998; 

Toorman et al., 1992). The response surfaces illustrate the sensitivity and the correlations 

between parameters and whether the estimated values are in a local or global minimum. The 

range of each parameter was subdivided into 50 intervals so that response surfaces were 

constructed from a grid of OF values with 2500 grid points. 

 

3.3.3 Scenarios investigated 

In order to evaluate the effect of RWU compensation on the simulated transpiration, we 

considered a scenario in which parameters were equal to the optimized parameters of the Feddes-

Jarvis model but with c = 1. The difference between this scenario (Fw1) and the simulations with 

the optimized Feddes-Jarvis (FJ) model better represents the effect of RWU compensation than 

the difference between the optimized Feddes-Jarvis and Feddes (F) models. RWU compensation 

could be partly accounted for in the Feddes model by adapting stress and soil hydraulic 

parameters. 

The soil at the test site is quite stony and has a low water holding capacity (see the low s in 

Table 3.1, especially in the subsoil). The saturated conductivity Ks of such a soil depends 

strongly on the stone content (Novák et al., 2011). To evaluate the effect of Ks on the simulated 
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transpiration, we carried out a second sensitivity analysis. The transpiration was simulated using 

optimized root parameters of the different water uptake compensation models for a range of Ks 

values obtained from the literature and representing soil textures from sandy loam to silty clay 

(Carsel and Parrish, 1988).  

 

3.4  Results and discussion 

3.4.1 Simulation of soil moisture and water fluxes using optimized parameters 

The time courses of observed and simulated SWC and SWP that were simulated by the Feddes 

model with (FJ) and without compensation (F and Fw1) and by the Couvreur model using the 

optimized parameters are depicted in Fig. 3.4 at six soil depths and at daily time scale for the 

observation period. Using the time series of measured root distributions, SWCs, and SWPs 

simulated by both models responded well to the hydrologic changes: gradual decreases during 

dry spells and rapid increases due to the precipitation and irrigation events. However, 

discrepancies also exist. The absolute values of SWPs at 10 cm from mid-April to mid-May and 

at 80 cm during June were underestimated. The SWC in the topsoil and the SWP in the whole 

soil profile was not well described after the last rain event (on the right side of the vertical 

dashed line in Fig. 3.4) when the shelter was partly uncovered because of a thunderstorm, likely 

causing an offset between measured and actual infiltration rates. In the inverse modeling, this 

part was thus not considered (the vertical dashed line marks the end of the optimization period). 

Visually, there was no obvious difference between the simulations that were modeled by the 

Couvreur and the Feddes models with and without compensation. The different models 

simulated also similar differences dSWC and dSWP (see for instance dSWC and dSWP over a 4-

day period in Fig. C1).  
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Fig. 3. 4 Comparison of soil water content (SWC) (a) and soil water pressure head (SWP, 
absolute value in cm) (b) over a day at six soil depths between observation (θobs, SWPobs) 
and simulation (θSim, SWPsim) by the Feddes model with and without compensation, and 
without compensation, and by the Couvreur model. FJ: Feddes-Jarvis, F: Feddes without 
compensation, Fw1: Feddes-Jarvis but ωc = 1, C: Couvreur. 

The cumulative RWU and the water flux that were simulated by the Feddes (FJ, F, and Fw1) and 

the Couvreur models with the optimized soil hydraulic parameters, pressure heads in the Feddes 

stress function, and root related parameters in the Couvreur model are illustrated in Fig. 3.5. 

Until the early May, the actual RWU rate simulated by the models equaled the potential rate, 

gradually increasing from 0.05 cm d-1 to 0.2 cm d-1 (Fig. 3.5a). Then the potential RWU rate 

increased continuously in the period without sheltering (in the middle of May) and decreased in 

the middle of June. The actual RWU simulated by the Feddes model with compensation was not 

able to meet the atmospheric demand from week 12 (Fig. 3.5a), whereas without compensation 

the RWU was constrained one week earlier. There was no water stress in RWU simulated by the 

Couvreur model until week 12. The delayed water stress in models with compensation is due to 

the fact that a local water limitation in soil implies a redistribution of water uptake, but not 

necessarily a reduction of transpiration (as it would in F and Fw1). In the Couvreur model, any 

soil water potential variation with depth generates redistribution, as in a hydraulic network, 

which tends to equilibrate soil water potential and thus delays the occurrence of water stress 

more than FJ. The estimated RWU by the Feddes model with (FJ) or without (F, Fw1) 

compensation followed the daily (or hourly, data not shown in the plots) variations of the Tpot 

during the water stressed and non-stressed periods, whereas for the Couvreur model transpiration 

under water stress (e.g., from week 14 to 18 in Fig. 3.5a) was higher before noon as typically 
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observed experimentally (Dodd et al., 2008). The cumulative actual RWU simulated by the 

Feddes model with and without compensation, and by the Couvreur model accounted for, 

respectively, 78.84 %, 78.81% (75.08% for Fw1), and 81.11% of the cumulative potential water 

uptake in the whole observation period (Fig. 3.5b). The estimated cumulative soil evaporation 

matched the cumulative potential soil evaporation until March 9, when the falling rate phase 

started. At the end of the observation, the cumulative evaporation simulated by the Couvreur 

model equaled that by the Feddes model with compensation, but both were slightly (4 mm) lower 

than that by the Feddes model without compensation. The drainage simulated by the Couvreur 

model was slightly (2 mm) lower than that by the Feddes model from middle of April to middle 

of May, but there was no difference at the end of the simulation period. Water storage derived 

from SWC measurements and from simulations is shown in Fig. 3.6. The water storage derived 

from observed SWC and simulations corresponded well except for the short time at the 

beginning with 1.7 cm higher storage for the simulations. At the end of the optimization period, 

the simulated storage was 1 cm lower than that derived from the measurements. It should be 

noted that the observed storage is derived from interpolation of soil moisture measurements at 6 

depths in the soil profile, which might be the reason for the deviations between the storage 

derived from simulations and measurements.  
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Fig. 3. 5 (a) Comparisons between potential daily transpiration (Tpot), actual root water 
uptake (Tact) simulated by the Feddes (FJ, F, and Fw1) and the Couvreur (C) models; (b) 
Comparisons between cumulative ETpot, Tpot, Tact, Epot, Eact, and bottom flux (Bot) simulated 
by the Feddes (FJ, F, and Fw1) and the Couvreur (C) models in the whole period. The gray 
rectangle and the triangle are sheltering periods and irrigation event, respectively. 

 

 
Fig. 3. 6 Time evolution of the water storage (Sto) that was calculated from soil moisture 
measurements and simulated by the Feddes (FJ, F, and Fw1) and the Couvreur (C) models. 

Overall, the measured and simulated data matched well for both models at the six soil depths. 

We did not observe systematic differences between the Feddes (with and without compensation) 

and the Couvreur models. This can be seen in Fig. C2 which shows the RMSE, ME, and d for the 

Feddes (FJ, F, and Fw1) and the Couvreur models. The RMSE of SWC and SWP were no larger 

than 0.02 cm3 cm-3 and 0.6 in pF (log10 (|h| cm)) units respectively, indicating that the simulation 

errors were quite small. The distribution of ME depicted that SWC at 20, 40, 60, and 120 cm was 
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slightly (≤ 0.02 cm3 cm-3) underestimated (SWP was overestimated ≤ 0.4 in pF units), and that 

the water storage was slenderly (≤ 1 mm) overestimated. Also, the difference of water content 

(dSWC), water potential (dSWP), and water storage (dSto) were well predicted by all the models. 

The smaller coefficients of agreement, d, at greater depths are due to the small temporal changes 

at these depths. 

 

3.4.2 Optimized parameters of the two root water uptake models 

The optimized parameters of the Feddes (both Feddes-Jarvis and Feddes) and the Couvreur 

models are listed in Table 3.3. The optimized soil hydraulic parameters that were obtained using 

the Feddes-Jarvis model with compensation and using the Couvreur model were very similar but 

deviated from the soil parameters that were obtained when using the Feddes model without 

compensation. The value of Ks was much smaller in the subsoil than in the topsoil. This may due 

to the high stone content with non-uniform size (Thoma et al., 2014) and the compaction of the 

soil during the construction of the plot (Cai et al., 2016). This soil condition creates 

heterogeneity and strongly affects soil hydraulic properties. Hydraulic conductivity decreased 

when the stone content increased (Novák et al., 2011). The parameter l was positive in the upper 

and negative in the lower soil layers. To some extent, negative l may be considered to be 

‘unphysical’ because it implies that tortuosity decreases when the soil dries out. Negative l was 

also obtained for other soils (e.g., Schaap and Leij, 2000; Yates et al., 1992), which shows that 

this parameter is rather a shape factor than a physically based parameter.  

Table 3. 3 Optimized soil hydraulic parameters, including saturated hydraulic conductivity 
(Ks1,2) and empirical coefficient (l1,2) in the top- and subsoil, minimum pressure head at the 
soil surface (hCritA), pressure heads at high (h3h) and low (h3l) transpiration rates, and the 
critical water stress threshold ωc and initial root system (Krs_ini) or compensatory (Kcomp_ini) 
root water uptake conductance in the Feddes (F), Feddes–Jarvis (FJ), and Couvreur (C) 
models. 

Model Ks1 
(cm h-1) 

l1 
(-) 

Ks2 
(cm h-1) 

l2 
(-) 

hCritA 
(cm) 

h3l 
(cm) 

h3h 
(cm) 

ωc 
(-) 

Krs_ini 
(h-1) 

Kcomp_ini 
(h-1) 

FJ  3.417 1.470 0.026 -2.797 -7434 -1172 -648 0.8 - - 
F 2.529 1.084 0.015 -3.274 -5633 -1194 -685 1(fixed) - - 
C 3.853 1.472 0.021 -2.892 -9120 - - - 3.792×10-7 1.125×10-7 
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The obtained values of hCritA differed considerably between the different models but were 

considerably less negative than the commonly used values of -15000 or -16000 cm in RWU 

simulations. Pang et al. (2000) indicated that this value is soil texture related, being lower for 

fine materials and higher for coarse materials (around -5000 cm for sand or gravel). A sensitivity 

analysis showed that the simulation results were not affected when lower values of hCritA than 

the values in Table 3.3 were used.  

The root uptake parameters h3l and h3h that were obtained using the Feddes-Jarvis and the Feddes 

models were very similar and about 30% lower than the values suggested for wheat by 

Wesseling et al. (1991) (-500 cm and -900 cm). The critical water stress threshold ωc in the 

Feddes-Jarvis model was 0.8, which is consistent with the speculation of Šimůnek and Hopmans 

(2009) that ωc is relatively high for cultural plants compared with natural plants as the cultural 

plants have limited ability to compensate stress. For the Couvreur model, the optimized Krs_ini is 

about a factor 4 larger than Kcomp_ini (Fig. 3.7), which is also indicative of a relatively small RWU 

compensation. Both Krs and Kcomp increased by a factor of 6.3 (which is the ratio of maximum to 

the initial root length) during the growth period, at the end of which the values decreased slightly 

due to root senescence.  
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Fig. 3. 7 Estimated equivalent conductance of the root system (Krs) and compensatory RWU 
conductance (Kcomp) in the 22 weeks. The inner plot shows the relative difference of root 
length between the first week and the following weeks. 

To evaluate the uniqueness of the parameters found by the GA optimization and whether the GA 

algorithm found the global optimum, selected response surface are shown in Fig. 3.8. 

Considering the soil hydraulic parameters, the response surfaces showed clear minima indicating 

that the parameters were identifiable (Fig. 3.8a-c). Also, the parameters of the Couvreur model 

were identifiable (Fig. 3.8d-f). However, for the parameters h3h and h3l of the Feddes and Feddes 

Jarvis (Fig. 3.8g-h) model, the response surface did not show a distinct minimum whereas a 

minimum could be observed for c (Fig. 3.8i) in the response surface.  
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Fig. 3. 8 Response surface for Ks2 - Ks1 (FJ), Ksl - l1 (FJ), Ks2 - l2 (FJ), Ks2 - Krs (C), Ks2 - Kcomp 
(C), Krs - Kcomp (C), Ks2 - h3h (F), Ks2 - h3h (FJ), and h3h - ωc (FJ) parameter panes. FJ: 
Feddes-Jarvis, F: Feddes without compensation, C: Couvreur. Color bar: range of the 
objective function; white dot: area within 0.5% range of OF minimum; red dot: optimum 
value obtained from the inverse modeling. 

The root system hydraulic conductance, Krs, can also be measured directly in the lab or in field 

experiments by a high-pressure flow meter (Judd et al., 2016; Tyree et al., 1995) or a pressure 

chamber (Miyamoto et al., 2001). However, the measurements were restricted to extracted root 

systems and for crops the measurements were mostly carried out for young roots of seedlings. 

The values obtained from those studies could therefore not be compared with the inversely 

estimated values in this study due to different root development. Alternatively, Krs and Kcomp can 

be calculated directly from the root architecture and the hydraulic properties of root segments. 

Couvreur et al. (2014b) calculated Krs and Kcomp of winter wheat by virtually reconstructing its 

hydraulic architecture using literature data. The architecture was generated with the model 

RootTyp (Pagès et al., 2004), accounting for plant-specific root traits and reproducing RLD 
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profiles observed in early spring. Radial and axial conductivities changing with root segment age 

were also accounted for. The conductances derived from these calculations represent the 

conductance of a single plant whereas Krs used in the 1-D model represents the conductance of 

the root systems per unit area of the upper soil surface. To match the units, Krs obtained from 

calculations was divided by the root length of the virtual plant and Krs obtained from inverse 

modeling was divided by the total root length under a horizontal unit surface area, which 

corresponds to the depth integral of the RLD (Fig. 3.9a). Therefore, observations of root numbers 

or root lengths in the rhizotubes had to be transformed to RLDs.  

      
Fig. 3. 9 (a) Deriving root hydraulic conductance from the architecture model and the 
inverse modeling, and (b) options for calculating root length density from the rhizotube: (1) 
uses the root length that is observed in the images and an empirical soil thickness of 2 mm 
and (2) uses the root counts from the images; Kh and Lr are root axial conductance (cm3 
d−1) and radial conductivity (d−1), NRLD is normalized root length density, Krs_HA and 
Krs_IM are root hydraulic conductance derived from the architecture model (cm2 d−1) and 
inverse modeling (h−1), RLtotal is root length of a single plant (cm), A is the horizontal soil 
area per plant (cm2), dsoil is the observed soil thickness (cm), W and L are width and length 
of the effectively observed volume (cm), and Φ and r are diameter and radius of the 
rhizotube (cm). 

We considered two approaches which make different assumptions about the distribution of roots 

in the soil around rhizotubes (Fig. 3.9b). The first one uses the root length that is observed in the 

images and an empirical soil thickness of 2 mm. This approach assumes that the volume of the 

rhizotube has no impact on the RLD that is observed in a small soil volume at the lateral sides of 

the rhizotubes. The second option uses the root counts from the images. It assumes that all roots 

that impact on the walls of the rhizotube grow along the rhizotube surface and are detected at the 
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lateral sides. When it is further assumed that roots would grow nearly vertically in absence of the 

rhizotube, the projected root length equals the number of intercepted roots times the diameter of 

the rhizotube. Considering a planting density of 310 plants m-2, the calculated total root length 

per plant in week 8 when roots were firstly observed at 80 cm was, respectively from observed 

lengths and observed impacts, 37.76 and 4.62 m. This range represents an uncertainty range of 

the actual root length of a plant that is estimated from rhizotube images. This range could be 

narrowed down when using a calibration of the rhizotube observations against direct 

observations of RLD. With the root architecture model, a root length of 43.56 m per plant and a 

rooting depth of 95 cm was obtained (data was from Couvreur et al., 2014b). The Krs derived 

from the architecture model was 0.0152 cm2 d-1 (data was from Couvreur et al., 2014b) for a 

single plant and Krs obtained in this study was 1.8 × 10-6 h-1 in week 8. Consequently, the root 

hydraulic conductance per unit root length was 1.54 × 10-8 and 1.26 × 10-7 cm h-1 for week 8, and 

1.48 × 10-7 cm h-1 for the root architecture model.  

When comparing the root conductances obtained from the inverse modeling and the root 

architecture model, it must be considered that the root architecture model was not calibrated for 

this specific soil with a high stone content and for the water stress conditions in the experiments 

but used root-related parameters from literature. Furthermore, there is uncertainty about the 

translation of the inverted root conductances to a root conductance per unit root length that is 

related to the interpretation of the rhizotube measurements. As a consequence, the fact that the 

order of magnitude of the derived parameters corresponds indicates that the inversely estimated 

root conductances are consistent with properties of the root system that can be measured directly.  

Different from what was obtained in the numerical modeling, Kcomp was much lower than Krs in 

this study. The smaller Kcomp limited compensatory RWU though it remained quite significant as 

shown by the changing shape of the RWU profile (discussed in section 4.4). The value of Kcomp 

could be equal to Krs if axial resistance is much lower than radial resistance, however, the 

difference between the two parameters becomes larger when the root axial conductance 

decreases (Couvreur et al., 2012). Roots may lose contact with the soil when the soil dries out, 

which will lead to a lower redistribution to drier soil layers (Carminati et al., 2009), which also 

accounts for the lower Kcomp. Besides, we assumed that the uptake is proportional to the RLD. 

However, the radial conductance of root segments decreases when they grow older. Therefore, 
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the sink term and compensatory uptake may be smaller in regions where the roots are on average 

older. Given the complexity of realistic root hydraulic properties, these two parameters should 

best be considered as two independent variables for other crop species in future investigations in 

order to grant an extra degree of freedom to the model, especially when the root axial 

conductance is relatively low (Couvreur et al., 2012). 

 

3.4.3 Effect of soil hydraulic parameters  

 For a saturated conductivity in the lower soil layer of 0.02 cm h-1, which was close to optimized 

Ks2 of the Couvreur model, the Fw1 model predicted about 7% less uptake than the Couvreur 

model and 5% less than the Feddes-Jarvis model (Fig. 3.10). These results demonstrate the effect 

of considering RWU compensation on the cumulative RWU in this study. For all models, the 

simulated uptake increased with increasing Ks2 up to 0.45 cm h-1 when the simulated uptake 

equaled the potential uptake. These results indicate that the amount of water retained in the soil 

profile was sufficiently large to satisfy the potential uptake but the uptake in this soil was limited 

by the soil hydraulic conductivity that prevented water redistribution in the soil profile. The root 

system could compensate only partly this limited redistribution.  

 
Fig. 3. 10 The cumulative root water uptake simulated by the Feddes-Jarvis (left: FJ, ωc = 
0.8, right: Fw1, ωc = 1) and the Couvreur (right: C) models with different Ks values in the 
subsoil. 
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3.4.4 Simulated RWU profiles by the different models  

Similar soil moisture distributions and cumulative uptake were estimated by the Feddes (with 

and without compensation) and the Couvreur models. In this section, we investigate whether 

simulated RWU distributions differ between the different models. Figure 3.11 shows the RWU 

distributions simulated by the Feddes (FJ and Fw1) and the Couvreur models and the root 

distributions along the soil profile during a 24-hour period in week 11 (no water stress in the 

Couvreur model but stress started in the Feddes model), 15 (in the stress period), and 18 (a day 

before water stress ended and after a rainfall event). The spatio-temporal variations of RWU that 

were simulated by the Feddes (FJ and Fw1) and the Couvreur models along the soil profile were 

similar in week 11. The water uptake profile simulated by the models followed the spatial root 

distribution: when there was no water stress RWU was higher in the soil layers where NRLD 

was higher as observed by Adiku et al. (2000) and de Willigen et al. (2012). The water uptake 

simulated by the Feddes (FJ and Fw1) model stopped at night, however, for the Couvreur model, 

the soil water was taken from 40 to 70 cm depth and released from 10 to 40 cm between 22:00 

and 5:00. For the Couvreur model, compensation is considered as the internal adjustment of 

water uptake and happens even when there is no water stress but with non-uniform distribution 

of water potentials within the root zone (Couvreur et al., 2012; Javaux et al., 2013). 
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Fig. 3. 11 Normalized root length density (NRLD, black lines) and root water uptake rate 
(RWU, colored lines) simulated by the Feddes (FJ and Fw1) and the Couvreur (C) models in 
24 hours of week 11, 15, and 18 along the soil profile. The corresponding dates are 22 Apr., 
20 May, and 13 June 2014. The legend for the 24h is represented by the color from blue (1h) 
to red (24h). 

Water depletion and a reduction in water uptake occurred first in the layers from 15 to 50 cm 

depth. It should be noted that also in the layer from 50 to 70 cm depth the uptake rate was high 

before the onset of stress (or at the early stage of water stress, e.g., week12). But, this layer could 

be replenished by water from deeper soil layers, as is also evidenced by the higher uptake at the 

bottom of this layer during week 15. After the irrigation and rainfall events during week 18, the 

water uptake rate increased again and became equal to the potential uptake rate in the upper soil 

layer from 0 to 40 cm depth whereas uptake was still reduced from 40 to 70 cm. The dry 

conditions in the deeper soil layers prevented that the crop transpiration returned immediately 

after irrigation and precipitation back to the potential transpiration rate (see also Fig. 3.5a).  
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Comparing the simulated RWU by the Feddes-Jarvis and the Feddes (Fw1) models when RWU 

from the layer between roughly 15 and 50 cm depth was reduced, RWU compensation in the 

Feddes-Jarvis model resulted in a higher RWU from the deeper soil layers but also from soil 

layer between 0 and 15 cm. Despite these differences, the RWU profiles simulated by the 

Feddes-Jarvis and Feddes (Fw1) models were very similar and differed considerably from the 

uptake profiles simulated by the Couvreur model (Fig. 3.11). The Feddes (FJ, Fw1) models did 

not simulate RWU at night whereas in the Couvreur model, uptake from wetter regions in the 

root zone continues at night and the absorbed water is released again in drier soil layers. This 

process is called hydraulic lift when water is released in shallow layers (Caldwell et al., 1998; 

Neumann and Cardon, 2012; Richards and Caldwell, 1987). Interestingly, the Couvreur model 

also simulated absorption from shallower layers after a rainfall event and a release in deeper 

drier layers (week 18). Such an inverse hydraulic redistribution was also reported in both woody 

and grass plant root systems (Bleby et al., 2010; Leffler et al., 2005). The redistribution of water 

through the root system at night also had an impact on the simulated RWU profiles during the 

day. Water that was released in dry soil layers during the night was taken up during the next day 

so that the water uptake during the day was more equally distributed over the root profile than in 

the Feddes (FJ and Fw1) models.  

In order to evaluate the effects of the difference in diurnal dynamics of RWU that is simulated by 

the different models, simulated transpiration rates and soil water contents during week 15 are 

shown in Fig. 3.12. The Couvreur model simulated smaller peak RWU rates but larger RWU 

rates, which equaled the potential ones, during the morning and evening than the Feddes models. 

The Couvreur model simulated largest water release at night at 40 cm, the release and subsequent 

uptake of water (7.7 × 10-5 h-1
 at 22:00 in Fig. 3.11) was quite small and the corresponding 

variation of SWC was 0.002 cm3 cm-3 that was too small to be detected by soil moisture sensors 

(Fig. 3.12b). This small variation of SWC due to the water redistribution from roots to the dry 

soil was also indicated by other researches. Zegada-Lizarazu and Iijima (2004) investigated 16 

food crops using deuterium labeling and the results showed that for wheat crop the deuterium 

concentration (delta notation) was increased by 0.003% during night in the topsoil (up to 25 cm) 

through hydraulic lift. Shen et al. (2011) indicated that SWC increased 0.01 to 0.02 cm3 cm-3 in 

the dry and upper soil (up to 15 cm) in the night during the blooming stage of winter wheat 
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through hydraulic lift. Guderle and Hildebrandt (2015) simulated an increase of SWC around 

0.003 cm3 cm-3 using an exponential root growth model and synthetic data. The changes in SWC 

and SWP during the compensatory process were too small to be detected using soil moisture 

sensors. However, water isotope tracing techniques could be applied to determine the magnitude 

of hydraulic lift and RWU compensation, and deliver relevant information to parameterize RWU 

models (Rothfuss and Javaux, 2016). This information could be supplemented by information 

about the diurnal transpiration dynamics obtained from sap flow measurements (Langensiepen et 

al., 2014). 

 
Fig. 3. 12 (a) Variations of diurnal averaged root water uptake (RWU = Tact), and (b) 
hourly soil water content (SWC) simulated by the Feddes (FJ and Fw1) and the Couvreur 
(C) models at 20 and 40 cm depths from 17 May to 20 May 2014 (week 15). 

 

3.4.5 Relation between root water uptake and soil water pressure head 

Figure 13 shows how the simulated ratio of actual to potential transpiration (Fig. 3.13a) and the 

actual transpiration during stress periods (Fig. 3.13b) are related for the different models to the 

effective soil water potential in the root zone, hTe. Only actual transpiration rates at 12:00 p.m. 

are shown. These functions represent a root-system or plant-scale stress functions that relate the 

total RWU to an effective water potential in the root zone, hTe. Since the potential transpiration 

rates at 12:00 were mostly above 0.02 cm h-1 (Fig. 3.2), the h3 parameter for the Feddes 

reduction function F was mostly equal to h3h. This explains why for the Feddes-Jarvis model, 

all points in the Tact/Tpot versus hTe plot fall nearly on a line. For the Feddes model without RWU 
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compensation (F, Fw1), the line is equal to the F function for the high transpiration rate. 

However, RWU compensation shifts the line towards more negative hTe values demonstrating 

that compensation leads a lower reduction in actual transpiration for a given hTe and to a more 

negative hTe when stress onset occurs than the threshold h3 in the F function (which was -648 

cm for the Feddes-Jarvis model, see Table 3.3). This demonstrates that when root water 

compensation occurs, the local stress function F cannot be derived from a plant scale stress 

function that could be derived directly from measuring plant transpiration and pressure heads in 

the root zone. In the Couvreur model, during water limitation the relation between Tact/Tpot and 

hTe is linear but with a slope that is proportional to Krs/Tpot (see Eq. 3.13), which explains the 

scatter in Fig. 3.13a (in which red lines corresponding to different Tpot values). It is interesting to 

note that for Tpot = 0.03 cm h-1 and Krs = 2.5 × 10-6 h-1, which are representative for, respectively, 

the maximal Tpot and the root system conductance during the considered period, the relation 

between Tact/Tpot and hTe predicted by the Couvreur model is similar to the one obtained for the 

Feddes-Jarvis model (Fig. 3.13a). This suggests that proxies of Couvreur model parameters may 

be inferred from Feddes-Jarvis model parameter libraries (Couvreur et al., 2014a). When Tact 

during stress periods is plotted versus hTe, a linear relation is obtained for the Couvreur model 

(Fig. 3.13b). For the Feddes-Jarvis and the Feddes models, the points are scattered. In the Feddes 

models, the relation between Tact/Tpot and hTe can be made a function of Tpot by making h3 a 

function of Tpot. However, the maximal value of Tpot for which h3 varied (0.02 cm h-1) was 

smaller than the Tpot values at 12:00 pm that was considered so that there was, in fact, no 

dependence on Tpot in the relation between Tact/Tpot and hTe shown in Fig. 3.13a. This led to the 

scatter in the relation between Tact and hTe for the Feddes models in Fig. 3.13b. However, for the 

Feddes-Jarvis model, the points scattered around the relation that was obtained for the Couvreur 

model so that both models simulated on average the same relation between Tact and hTe.  
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Fig. 3. 13 (a) The relation between effective soil hydraulic head (hTe) and relative root water 
uptake (RWU) that was simulated by the Feddes (FJ, Fw1, and F) and the Couvreur (C) 
models (circles), calculated by the Feddes stress function (αF) using the optimized h3h and 
h3l, and calculated by the Couvreur model using the mean Krs (from week 11 to 21) and 
different Tpot values. (b) The relation between hTe and actual root water uptake (Tact) 
simulated by the Feddes (FJ, F, and Fw1) and the Couvreur (C) models in water stress 
periods. hTe was selected at 12:00 p.m. and the data in the sheltered periods were not 
included. Slope 1 (dashed line) and slope 2 (solid line) denote the slope of the fitted curve 
and the fitted curve with forcing through the point (-16000, 0), respectively. 

 

3.5  Summary and conclusions 

This study compared the soil moisture prediction and the performance of RWU with different 

compensation by the coupled Feddes-Jarvis, the Feddes, and the Couvreur RWU models in 

Hydrus-1D framework with in situ observations from a minirhizotron facility. Soil hydraulic 

parameters and RWU parameters of three different models could be estimated using observations 

of soil water content, potential, and root distribution. The three models could describe the 

observations equally well. The same soil hydraulic properties were obtained for the two models 

that considered RWU compensation. The Feddes model without considering compensation could 

describe the observation data but slightly different soil parameters were obtained. If the same soil 

hydraulic parameters were used in the Feddes model as in the models that considered RWU 

compensation, less RWU was simulated by the Feddes model (Fw1). But RWU compensation 

increased the total water uptake only to a small extent and was not able to avoid water stress. A 

sensitivity analysis demonstrated that the amount of water in the soil profile would be sufficient 
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to avoid water stress but the hydraulic conductivity of the soil profile limited the redistribution of 

water in the root zone that would be necessary to avoid water stress.  

The obtained RWU parameters were consistent with data reported in the literature. Response 

surfaces of the objective function showed that the root-related parameters of the Couvreur model 

could be identified using inverse modeling. Furthermore, these parameters were consistent with 

simulations using root architecture models and hydraulic parameters of roots. However, for the 

Feddes and Feddes-Jarvis models, the RWU parameters that define the onset of water stress as a 

function of the soil water pressure, h3l and h3h, could not be uniquely identified. 

 The obtained root parameters were indicative of limited RWU compensation. The Couvreur and 

the Feddes-Jarvis models simulated similar (the Couvreur was 2.8% more) total RWU, however, 

they predict different diurnal dynamics of local RWU. The Couvreur model predicted water 

exudation at night in dry soil layers (hydraulic lift or hydraulic redistribution). The exuded water 

was taken up during the next day so that the net water uptake from the dry layers was zero and 

equal to the uptake predicted by the Feddes-Jarvis model. The amount of water that was released 

at night was however too small to be detected by soil moisture sensors. Although there is 

evidence from isotope trace studies that this process is taking place, it remains questionable 

whether this process is relevant for RWU for longer periods.   

Although the RWU compensation functions of the Feddes-Jarvis and Couvreur models arise 

from different approaches and the nature of their parameters differs, they predicted similar plant 

or root-system scale stress functions, which opens possibilities of parameter transfer between 

both models. The root-system scale stress functions deviate due to RWU compensation from the 

local stress functions that are used in the Feddes-Jarvis model. The close agreement in root-

system scale stress functions between the Couvreur and the Feddes-Jarvis models was due to the 

more or less constant root system conductance during the period when the stress occurred. The 

Couvreur model links the stress function to the root system conductance which in turn depends 

on the development of the root system. As a consequence, this model will predict different root-

system scale stress functions at different stages during the growing season and will also predict 

different stress functions for plants growing in different soils in which the root system 

development is different. Similarly, Vandoorne et al. (2012) indicated that the parameters, h3l 
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and h3h, which are assumed to remain constant during the growing season (Feddes et al., 1978), 

in the Feddes stress function, were “not unique for a given plant” and differed between different 

periods in the growing season of Chicory (Cichorium intybus L.). This implies that the stress 

function parameters in the Feddes-Jarvis model should be a function of the crop development 

stage and root system status. As a consequence, these parameters should be adapted depending 

on the development of the root system. But, a function that links the stress parameters to root 

system parameters is lacking. 
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4.1  Introduction 

Root water uptake (RWU) is a vital process for plant functioning since it conditions nutrient 

transport and balances transpiration. Estimating RWU is needed to make predictions of crop 

water use, to assess water and nutrient use efficiency in function of root architecture and 

environmental controls, and to design efficient water and nutrient resources management in 

agricultural practices (Molz, 1981). However, quantifying RWU for water and nutrient 

management in different regions and climates continues to be a challenge due to the lack of 

knowledge of key RWU parameters and appropriate description of the RWU process (Vereecken 

et al., 2016). Typically, RWU is estimated from the transpiration demand, which is calculated 

from the canopy energy balance under the assumption that the crop is well-watered. Different 

soil water balance models have been developed that allow estimating RWU using different 

parameterizations of the root system and water uptake mechanisms. However, the availability of 

field plot scale experiments in different soil textures and for different soil water regimes that are 

needed to validate and improve these models is very limited. 

In many soil water balance models that are used to predict RWU Richards equation is used for 

calculating water flow in unsaturated soils and a sink term is defined that describes RWU: 

𝜕𝜃

𝜕𝑡
 = ▽(K(h)▽(h + z)) - S         (4.1) 

where θ represents the volumetric soil water content (SWC) [L3 L-3], t time [T], K the soil 

hydraulic conductivity [L T-1], h the soil water pressure head (SWP) [L], z the elevation [L], and 

S the sink term [L3 L-3 T-1] defined as the volume of water removed from a unit volume of soil 

due to root extraction. A popular macroscopic RWU model that has been used to quantify the 

sink term is the Feddes model (Feddes et al., 1976) because of its simplicity and low data 

requirement (Luo et al., 2003; Peters et al., 2017; Skaggs et al., 2006). It uses the normalized root 

length density distribution and stress functions to determine the distribution of the sink term in 

the root zone. Piecewise linear stress functions define how the sink term at one location in the 

root zone is reduced as a function of the SWP and this function depends in turn on the potential 

transpiration rate. This model was refined later to the Feddes-Jarvis model by adding a factor to 
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account for increased water uptake, i.e. uptake compensation, from moister soil layers when 

uptake from drier layers is reduced (Jarvis, 1989; Šimůnek and Hopmans, 2009).  

Besides transpirational demand and soil water pressure head (SWP), RWU is also influenced by 

root hydraulic properties (i.e. root hydraulic conductance) which may vary over time due to root 

development and growth (Doussan et al., 1998; Javaux et al., 2008; Steudle, 2000). Root 

hydraulic properties determine the resistance to water flow within the plant and define the water 

potential losses along the sap flow from the roots to the shoot and the leaves (Bechmann et al., 

2014). The relation between soil water and leaf water potentials, and sap flow depends on root 

hydraulic properties which therefore should be considered in RWU models (Vadez, 2014; 

Vereecken et al., 2015). Physically-based macroscopic RWU models were developed that 

describe water fluxes in the soil-root (or soil-root-plant) system based on water potentials and 

conductivities or conductances of the soil and the root system. Nimah and Hanks (1973) 

characterized water uptake as a function of root density, axial root conductance, and water 

potential at the root collar. Heinen (2001) considered root hydraulic properties and water 

pressure head at the root-soil interface in the RWU model but without considering water uptake 

compensation. De Jong Van Lier et al. (2008) developed a 1-D water flow model in 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 of axial root hydraulic conductances.  

In order to present a mechanistic description of the RWU process that contains physically 

defined parameters, Couvreur et al. (2012) developed a 3-D model based on the approach of root 

system hydraulic architecture (Doussan et al., 2006; Javaux et al., 2008). In this model, RWU is 

dependent on root system hydraulic conductance (Krs), the root distribution, and the difference 

between the local soil water potential and the water potential at the root collar. Variations of this 

potential difference with depth in the root zone lead to water uptake compensation. For crops 

with small lateral variations in root length density (RLD), this 3-D model could be upscaled to a 

1-D model (Couvreur et al., 2014b) which shows similarities to the models of Nimah and Hanks 

(1973) and of Amenu and Kumar (2008). Cai et al. (2017) obtained the root hydraulic parameters 

of the 1-D upscaled Couvreur model for winter wheat (Couvreur et al., 2014b) by inverse 

modeling using time series of soil water potential, water content, and root length density 
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measurements in the field. Since the upscaled root hydraulic parameters have physical meaning, 

the upscaled parameters obtained from inverse modeling could be compared to and were found 

to be consistent with parameters that were derived from direct measurements of hydraulic 

properties of root segments and models of the hydraulic root architecture (Couvreur et al., 

2014b).  

Another way to validate the inversely estimated parameters is to evaluate whether the model is 

able to predict the RWU and its reduction when SWP decreases. For crops with a small water 

capacity, the RWU corresponds closely with the transpiration rate. Measurements of crop 

transpiration can therefore be used to parameterize or validate RWU models.  

Many techniques have been used to investigate transpiration ranging between the single plant 

and catchment scale (Allen et al., 1989; Jaeger and Kessler, 1997; Twine et al., 2000). At the 

field plot scale, weighing lysimeters allow to measure transpiration (e.g., Garré et al., 2011; Groh 

et al., 2016). A disadvantage of lysimeters is that they are costly and, although possible (e.g., 

Garré et al., 2011; Vandoorne et al., 2012), root distributions are difficult to measure in 

lysimeters and their spatial growth is influenced by the confined soil space which also frequently 

causes undesired boundary effects (e.g. high root length densities at lysimeter walls). Measuring 

sap flow with the thermoelectric method is a direct and in situ technique which was discovered 

by Huber (1932). It was used to estimate transpiration for different trees species (Cermak et al., 

2004; Granier et al., 1996; Massai and Remorini, 2000) and crops (Chabot et al., 2005; Cohen et 

al., 1993; Langensiepen et al., 2014). Due to limitations of sensor installation on small and 

vulnerable crop stems, sap flow measurements on crops with small stem diameters of less than 5 

mm are practically challenging. Senock et al. (1996) provided first sap flow measurements for 

wheat under field conditions but the values were within 10 % of gravimetric measurements and 

the experimental verification of a high sap flow rate (up to 5 g h-1) is not available. Applying an 

empirical method for calculating sap flow from standard stem heat sensor outputs, Langensiepen 

et al. (2014) obtained close agreements between measured sap flow and transpiration rates 

measured with a standard eddy covariance system. Continuous sap flow measurements can be 

carried out with modern logging techniques (e.g. multiplexer and data logger), providing insight 

into the temporal dynamics of transpiration and how for instance RWU changes when SWP 

decreases over time. The use of sap flow measurements to validate theories of RWU was 
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demonstrated for trees (Gong et al., 2006; Green and Clothier, 1998; Howard et al., 1996), but 

for crops, in particular wheat, such a validation has not yet been performed under field 

conditions. 

The main objective of this study is to investigate whether a physically-based model for RWU can 

simulate the effect of different soil water availability on wheat RWU resulting from differences 

in soil water application and differences in soil water retention characteristics. This includes 

testing whether parameters of such a model can be calibrated using measurements of soil water 

content, water potential, and root density and validating the calibrated model against sap flow 

measurements. Second, we investigated whether differences in crop shoot and root developments 

between treatments with different soil water availability lead to different model parameter 

estimates and whether these parameters estimates can be linked to directly observable properties 

of the root system.  

Therefore, water potentials and contents, root distributions, crop development and sap flow were 

monitored in six plots (two soil types and three water application treatments) and used to 

parameterize two RWU models: the empirical Feddes-Jarvis model (FJ model) and the 

physically-based Couvreur model (C model).  

 

4.2  Materials and methods  

The experimental set up of the plots was described in detail in Cai et al. (2016) and the model 

setup and the inverse modeling procedure that was used to determine the parameters by Cai et al. 

(2017). For more detailed information on the setup and the inverse modeling procedure, we refer 

the reader to these publications.  

 

4.2.1 Setup of the test site 

Two instrumented rhizotron facilities were constructed in the upslope and the downslope of a 

cropped field in Selhausen (Germany, 50°52'N, 6°27'E). The field is on a west-facing slope 
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(smaller than 4o) and characterized by a high stone content (up to 60%) in the upslope and silty 

texture in the downslope. Each facility was divided into three plots of 7 m length × 3.25 m width. 

To produce a gradient in soil water availability, one plot was sheltered from rain, one plot was 

rainfed, and one plot was irrigated by drip-irrigation. A sketch of the facilities with the location 

of the sheltered, rainfed and irrigated plots and the wooden framed trenches is shown in Fig. 4.1.  

 
Fig. 4. 1 Sketch map of the location and the setup of the upper (F1, stony soil) and lower 
(F2, silty soil) rhizotron facilities. P1, P2, and P3: the sheltered, rainfed, and irrigated plots. 

Precipitation and other meteorological data for the calculation of the reference 

evapotranspiration (ETo) using the FAO56 Penman-Monteith equations (Allen et al., 1998) were 

obtained from a weather station located in close proximity to the two facilities. The average 

annual precipitation for the past 50 years in this area was 699 mm (Knaps, 2016).  

Winter wheat (variety Ambello) was sown at a density of 300 – 320 seeds m-2 on 31 Oct. 2013 in 

all plots and harvested on 17 July 2014 in the stony soil (upper facility) and on 31 July 2014 in 

the silty soil (lower facility) as the contrasting soil-water regimes in the two soils affected 

ripening times. Total shoot biomass was harvested in an area of 7.31 m2 (3.25 m × 2.25 m) in 

each plot and weighed after oven drying. Leaf area index (LAI) was measured using a plant 

canopy analyzer (LAI-2200, LI-COR, Inc. USA) and ranged from 0.8 to 2.5 in the stony soil and 

from 0.8 to 4.0 in the silty soil between 8 Apr. and 14 July 2014 (Fig. 4.2a). Precipitation depth 

between the seeding and harvest was 434.49 mm for the stony and 495.89 mm for the silty soil, 
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the difference resulting from different growth period lengths in both facilities. Fig. 4.2b shows 

the cumulative amount of water received by the three plots in both soils. 

 
Fig. 4. 2 (a) Measured leaf area index in the three plots (P1: sheltered; P2: rainfed; P3, 
irrigated) of the stony (F1) and silty (F2) soils. (b) Cumulative precipitation and irrigation 
applied to the three plots of the stony (F1) and silty (F2) soils. ■: sheltered period, ▼: 
irrigation in P3, ▼: irrigation in P1. 

 

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

Soil water content and potential 

Time domain reflectometers (TDR), tensiometers (T4e, UMS GmbH, München, Germany), and 

matrix water potential sensors (MPS-2, Decagon Devices Inc., UMS GmbH München, Germany) 

were installed in each plot at 0.1, 0.2, 0.4, 0.6, 0.8, and 1.2 m depth in the vertical walls of the 

facilities to monitor hourly SWC and soil water potential.  

Root observation 

Root distributions were measured non-destructively at weekly intervals from 11 Feb. 2014 to 11 

July 2014 in the stony soil and from 14 Mar. to 24 July 2014 in the silty soil with a minirhizotron 

camera (Bartz Technology Corporation, Carpinteria, CA, USA) in 7-m-long horizontally 

installed rhizotubes. Three replicates of rhizotubes were installed at the same depths as the soil 

moisture sensors. Root images with the size of 16.5 mm × 23.5 mm were taken from left and 
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right sides at 20 fixed locations along each tube and were analyzed subsequently using the 

software Rootfly (Wells and Birchfield, 2009) to determine the length of roots per area of the 

image. Root length densities were therefore expressed in units of length per surface. To calculate 

the total root length below a unit surface area, both root length and root counts per image surface 

were considered in Cai et al. (2017). We assumed that root lengths in the images were 

proportional to root counts. Using root counts has the advantage of avoiding to use the empirical 

soil thickness (e.g. 2 mm) viewed by the camera in the estimation of absolute total root length. 

The root counts were associated with a soil volume that corresponds with the diameter (height, 

64 mm) and the radius (width, 32 mm) of the tube, and the image width (depth, 16.5 mm) to 

obtain an estimate of root length density (Cai et al., 2017). The root densities were subsequently 

integrated over depth to obtain the total root length below a unit surface area. 

Sap flow  

Sap flow was determined with SGA3 Dynagage sap flow sensors (Dynamax Inc., Houston, USA) 

in five randomly selected wheat tillers located in the center of each plot. They were continuously 

operated from 23 May 2014 to 6 July 2014. Signals of the sap-flow sensors were scanned every 

60 seconds with Dynamax control units consisting of voltage regulators, AM 16/32B 

multiplexers and CR1000 dataloggers (Dynamax Inc., Houston, USA; Campbell Scientific, 

Logan, Utah). The readings were averaged every 10 minutes, stored in a text file and processed 

with an R script containing the standard calculation procedures for computing sap-flow from 

Dynagage files (Dynamax, 2009) and an improved post-processing method for removing the 

noise from standard calculations (Langensiepen et al., 2014). Tiller density was determined in a 

fixed area of 1 m2 for each plot and used for converting average sap flow rate (g d-1 tiller-1) to an 

area-based transpiration rate (cm d-1).  

 

4.2.3 Root water uptake models and parameterizations 

Model description 
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We used two 1-D RWU models: the coupled FJ model (Šimůnek and Hopmans, 2009) and the 

physically-based C model (Couvreur et al., 2014b; Couvreur et al., 2012), both of which 

considered water uptake compensation. The two models have been implemented in Hydrus-1D 

(Šimůnek et al., 2016). The sink term in the two models is calculated with following equations: 

SFJ(z) = Tpot αF(h)NRLD(z)𝛾         (4.2) 

SC(z) = min(Tpot, Tact) NRLD (z) + Kcomp(hT(z) - hTe) NRLD (z)     (4.3) 

where SFJ and SC are the sink term accounting for RWU rates in, respectively, the FJ and C 

models [L3L-3T-1], z elevation [L], Tpot and Tact the potential transpiration and transpiration under 

water stress condition [LT-1], αF the water stress function [-], h the measured soil water pressure 

head (SWP) [L], NRLD the root distribution that was identical to normalized root length density 

[L-1], 𝛾 the compensatory factor [-], Kcomp the compensatory RWU conductance of the root 

system [T−1], hT the total hydraulic head (sum of pressure head and elevation head) [L], and hTe 

the effective root zone SWP [L]. hTe is the integration of soil hydraulic head and root distribution 

along the rooting depth (lz, [L-1]) profile: 

hTe = ∫ ℎ𝑇(𝑧) NRLD(𝑧)
𝑙𝑧

0
𝑑𝑧           (4.4) 

Tpot is given by: 

Tpot = EToKc (1- e-k*LAI)                         (4.5) 

where Kc is the crop coefficient [-] that accounts for changes in evapotranspiration with crop 

development (Allen et al., 1998) (Table 4.1), LAI the leaf area index [-], and k an extinction 

coefficient (0.6 was used (Mo and Liu, 2001)). In the C model, the leaf water hydraulic head, 

hTleaf [L] is related to Tpot, the equivalent root system hydraulic conductance, Krs [T−1], and the 

effective root zone SWP, hTe [L], by  

Tpot = Krs(hTe - hTleaf)           (4.6) 
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as long as hTleaf [L] is larger than a critical leaf hydraulic head, hTleaf_crit (-16000 cm was used in 

this study (Wesseling, 1991)). When the leaf water potential equals hTleaf_crit, the transpiration 

rate is reduced and the actual transpiration rate Tact is obtained from:  

Tact = Krs(hTe - hTleaf_crit)           (4.7) 

 

Table 4. 1 Crop coefficients (Kc) of winter wheat in the stony (F1) and silty (F2) soils in 
different growing periods. Kc was calculated according to Allen et al. (1998). 

 Initial period Mid-season Late stage 

 31.10.13 – 27.02.14 08.05 – 27.06.14 (F1) 
08.05 – 09.07.14 (F2) 

17.07.14 (F1) 
31.07.14 (F2) 

F1 0.93 1.26 0.27 
F2 0.93 1.26 0.29 

 

For the FJ model, the RWU under water stress condition was constrained by a piecewise function 

(αF) that is dependent on SWP: 

αF (h) = 

{
 
 

 
 
0                 ℎ ∉   [ℎ4, ℎ1)
ℎ −ℎ1

ℎ2−ℎ1
      ℎ ∈ (ℎ2, ℎ1]

1              ℎ ∈ [ℎ3, ℎ2]
ℎ −ℎ4

ℎ3−ℎ4
      ℎ ∈ [ℎ4, ℎ3)

           (4.8) 

where h1,4 and h2,3 are the thresholds of SWP where RWU is completely constrained (S = 0), and 

arrives the maximum, respectively. The value of h3 is a function of Tpot (Brandyk and Wesseling, 

1985): 

h3 = {

      ℎ3𝑙                                                𝑇𝑝𝑜𝑡 ∈ [0, 𝑇3𝑙]           

ℎ3ℎ + 
(ℎ3𝑙 − ℎ3ℎ)(𝑇3ℎ − 𝑇𝑝𝑜𝑡)

(𝑇3ℎ − 𝑇3𝑙)
    𝑇𝑝𝑜𝑡 ∈ (𝑇3𝑙, 𝑇3ℎ)

ℎ3ℎ                                               𝑒𝑙𝑠𝑒                       

        (4.9) 

where T3h and T3l were set to 0.02 cm h-1 and 0.004 cm h-1 (Yang et al., 2009). 
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The water uptake compensation in the C model is described by the second term on the right-hand 

side of Eq. 4.3. For the FJ model it is controlled by an empirical factor (𝛾) that is water stress 

related: 

𝛾 = 1/max(ω, ωc)             (4.10)  

ω = ∫ 𝛼𝐹(ℎ) NRLD(z) 𝑑𝑧𝑙𝑧
                       (4.11) 

where is the plant water stress [-], ωc is the critical water stress threshold [-] and the value is 

between 0 and 1 which correspond to, respectively, full compensation and no-compensation 

(Jarvis, 1989; Šimůnek and Hopmans, 2009).  

The soil hydraulic properties were described by the combined Mualem-van Genuchten equations 

(Mualem, 1976; Van Genuchten, 1980): 

𝜃(h) =  {  
𝜃𝑟 + 

𝜃𝑠 − 𝜃𝑟

[1 + |𝛼ℎ|𝑛]𝑚
   ℎ ∈ (−∞, 0)

𝜃𝑠                           𝑒𝑙𝑠𝑒
                 (4.12) 

K(Se) = KsSe
l[1 - (1 - Se

1/m)m]2         (4.13) 

where θr and θs are the residual and saturated water content [L3L-3], α [L-1], n (n > 1), m (m = 1 - 

1/n), and l are model empirical parameters, K and Ks are the unsaturated and saturated hydraulic 

conductivity [LT-1] , Se is the effective saturation [-]: (θ - θr)/(θs - θr). 

Inverse Modeling and model setup  

The parameters of the van Genuchten (1980) soil water retention function were fitted using the 

measured SWC and soil water head (Cai et al., 2016) (Table 4.2). The parameters, Ks, l, h3h, h3l, 

and ωc of the FJ model, Krs, and Kcomp of the C model were inversely estimated by fitting 

simulated to hourly measured SWP and SWC. For the stony soil, a time series from 11 Feb. to 14 

July 2014 and for the silty soil from 22 May to 30 July 2014 was used. Besides the time series of 

the SWP and SWP, also other variables that were derived from these time series, such as changes 

in SWP and SWC over time and water storage in the soil profile were included in the objective 

function that was minimized in the fitting procedure as described in Cai et al. (2017) and we 
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refer for the details to that paper. In the current study, observations and simulations of soil 

moisture dynamics for the three treatments per soil type (i.e. stony and silty soils) were lumped 

into one objective function whereas Cai et al. (2017) used only data from the sheltered plot in the 

stony soil. Hence, for each soil type, the same soil and RWU parameters were used to simulate 

RWU for the three treatments. But, 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 different soils. 

Table 4. 2 Parameters of soil hydraulic properties at the top- (0 – 30 cm) and subsoil (30 – 
120 cm) of the stony (F1) and silty (F2) soils. θr and θs are residual and saturated soil water 
content, respectively. α and n are curve-fitting parameters. 

 𝜃𝑟  𝜃𝑠  α  n  

 cm3 cm-3 cm3 cm-3 cm-1  
F1 topsoil 0.0430 0.3256 0.0361 1.3860 
F1 subsoil 0.0543 0.2286 0.0495 1.5340 
F2 topsoil 0.1392 0.4089 0.0231 1.2920 
F2 subsoil 0.1304 0.4119 0.0050 1.1920 
 

The 1-D Richards equation was numerically solved using Hydrus in a 145 cm deep soil profile 

for the stony soil and a 300 cm deep profile for the silty soil using a spatial discretisation of 1 cm. 

Two soil layers with different hydraulic properties, the topsoil (0 – 30 cm) and the subsoil (30 – 

145 cm for the stony soil and 30 – 300 cm for the silty soil), were considered at both facilities. 

An atmospheric boundary condition was used at the top and a free drainage boundary condition 

at the bottom (Simunek et al., 2013). The soil water pressure heads measured at the start of the 

simulation period were used as initial conditions. In order to consider the root development 

during the growing period, the simulation period was split up in one-week periods during which 

a constant RLD profile was assumed. The parameters Krs and Kcomp of the C model, which were 

assumed to depend on the total root length, were hence adjusted at weekly intervals. One set of 

parameters: Krs_ini and Kcomp_ini that correspond with the RWU parameters from the sheltered plot 

during the first week of the simulation period were estimated using inverse modeling. Krs and 

Kcomp during the ith week of a certain water treatment were obtained by scaling Krs_ini and 

Kcomp_ini with the ratio of the integrated root length (integration of RLD over the soil profile) in 
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week i in that water treatment to the integrated root length during the first week in the sheltered 

plot. The initial conditions of a one-week period were derived from the simulated SWP profile at 

the end of the previous one-week simulation period. 

The model results were evaluated in terms of root mean square error (RMSE), mean bias error 

(ME), and an index of agreement (d): 

RMSE =√[∑ (𝑆𝑖𝑚𝑖 − 𝑂𝑏𝑠𝑖)2]
𝑁
𝑖=1 𝑁⁄            (4.14) 

ME = [∑ (𝑆𝑖𝑚𝑖 −𝑂𝑏𝑠𝑖)]
𝑁
𝑖=1 𝑁⁄             (4.15) 

d = 1 - [∑ (𝑆𝑖𝑚𝑖 − 𝑂𝑏𝑠𝑖)
2]𝑁

𝑖=1 [∑ (|𝑆𝑖𝑚𝑖 − 𝑂𝑏𝑠̅̅ ̅̅ ̅| + |𝑂𝑏𝑠𝑖 − 𝑂𝑏𝑠̅̅ ̅̅ ̅|)2𝑁
𝑖=1⁄ ]            (4.16) 

where Sim and Obs are simulated and measured variables, i is the index of a given variable, and 

N is the total number of observations.  

 

4.3  Results and discussion 

We first discuss the effect of water treatments and soil textures on crop and root development. In 

the second part, we discuss the inverse estimation of RWU parameters of the FJ and C models 

from measured SWC and SWP. In the third part, simulated RWU by the two models in the 

different soils and water treatments are discussed and compared with sap flow measurements. In 

the last part, we discuss a sensitivity analysis that was carried out to evaluate the effect of the 

different development of the wheat crop in the different soils and water treatments on the 

simulated water uptake.  

 

4.3.1 Effect of water treatment on crop and root development 

Tiller densities and crop biomass in the three different water treatments in the two soils are 

shown in Table 4.3. Contrasting soil water availability affected crop biomass growth and yield. 
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Less water application (sheltered plot received 55.13% and 44.52% of the water received by the 

irrigated plots in the stony and silty soil, respectively, Figure 4.2b) reduced the tiller density in 

the sheltered plot with respect to the irrigated plot by 38.4% in the stony and 11.3% in the silty 

plots, and reduced the biomass by 58.8% in the stony and 40.8% in the silty plots. The biomass 

of wheat in the treatments that received less water was reduced stronger than the tiller density as 

was also reported by Musick and Dusek (1980). The tiller density and biomass were generally 

higher in the silty than in stony soil, especially for the sheltered plots. The higher water holding 

capacity of the silty soil supplying more available water in the subsoil for root extraction may 

account for the difference. 

Table 4. 3 Tiller density (counted on 11 June 2014), crop biomass (including straw and 
grain which were measured after the harvest), ratio of LAI 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 

Tiller density (m-2) 
F1 228 310 370 
F2 346 380 390 

Biomass (kg m-2) 
F1 0.2951 0.6719 0.7164 
F2 0.7164 1.0659 1.2097 

LAI/Tiller density (m2) 
F1 0.0050 0.0067 0.0067 
F2 0.0075 0.0074 0.0075 

Maximal total root length (m m-2) 
F1 2533.9 2941.9 3431.2 
F2 6787.4 7043.9 7024.1 

 

As for the belowground part of the crops, RLD decreased gradually downwards for all plots of 

the two facilities at the beginning of the measurements (Fig. 4.3). The RLD in the shallow layers 

(-10 to -20 cm) was similar in the stony and silty soils, ranging from 0.12 to 0.67 cm cm-2. 

However, larger differences in RLD between the two soils were observed at greater depths (-60 

to -120 cm depth). In the stony soil, maximal root densities were observed at shallower depths (-

40 cm in the sheltered and irrigated plots and -60 cm in the rainfed plot) than in the silty soil (-60 

cm in the irrigated and -80 cm in the sheltered and rainfed plots). Furthermore, the maximal root 

length densities were considerably higher in the silty than in the stony soil (note the difference in 
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color scale). The root density distributions showing maximal densities at greater depths are 

markedly different from the root density profiles that have been observed for winter wheat using 

soil coring in loamy soil (Zhang et al., 2004) and in soils with seven different textures (from clay 

to sandy loam) (e.g., White et al., 2015; Zhang et al., 2004). This might on the one hand be due 

to a great amount of water stored at those depths in the silty soil but probably also nutrient 

distribution in the soil profile at this site, which might have promoted root development in deeper 

soil layers (Thorup-Kristensen et al., 2009; Yang et al., 2003). On the other hand, some studies 

indicated that root length densities estimated from rhizotubes may underestimate the root 

densities in surface soil layers due to temperature effects (Fitter et al., 1998), or roots growing 

parallel to the horizontal plane not intersecting the tube surface (Meyer and Barrs, 1991). We 

obtained root lengths ranging from 1.5 to 7.0 km m-2 which is within the range of the results 

from White et al. (2015) who investigated root development of 11 winter wheat varieties in four 

different soils (from clay to sandy loam) in the UK. They found an average of 9.8 km m-2 from 

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 the rhizotubes (Bragg et al. 1983, Samson and Sinclair, 1994).     
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Fig. 4. 3 Depth-time distribution of root length density (RLD) in the stony (a) and silty (b) 
soils from 11 Feb. to 11 July 2014 and from 14 Mar. to 24 July 2014, respectively. P1: 
sheltered; P2: rainfed; P3, irrigated. No measurements in the gray grids. 

Root senescence was observed at the end of the growing season. It started in the upper soil layers 

and progressively moved to deeper layers, which is more obvious in the three plots of the stony 
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soil after 21 May. Furthermore, root senescence in shallower layers (above 30 cm) occurred 

simultaneously with root development in deeper layers (below 30 cm). 

The observed root development in the two different soils and for the different water treatments 

show opposite reactions to soil water availability. On the one hand, lower water availability in 

the stony soil led to a lower root density and lower total root length than in the silty soil (Table 

4.3). The same behavior was observed when comparing the sheltered with the rainfed and 

irrigated plots in the stony soil. In the silty soil, however, an increase in root density was 

observed when water availability decreased. When plants experience water deficits, above shoot 

development is reduced by different mechanisms (e.g. reduced leaf expansion by lower turgor, 

enhanced respiration, stomatal closure, and reduced photosynthesis) (Bunce, 1978; Mansfield 

and Atkinson, 1990; Wesselius and Brouwer, 1972). The reduction in shoot growth can be 

counteracted with an increase in carbon allocation to the root zone as was shown in a review by 

Poorter et al. (2012) on environmental effects on biomass allocation. The ratio of total root 

length to aboveground biomass (Fig. 4.4) suggests that indeed a larger fraction of carbon was 

allocated to the roots in the sheltered than in the rainfed or irrigated plots both in the stony and 

silty soils. Although the differences in the ratio between the two soils are not so large, the total 

root length per kg shoot biomass was larger in the silty than in the stony soil. This seems at first 

sight contradictory to the lower water (and nutrient) availability in the stony than in the silty soil. 

This might reflect that other factors like soil mechanical strength may have stimulated root 

growth more in the silty than in the stony soil (Merotto Jr and Mundstock, 1999; Unger and 

Kaspar, 1994).  
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Fig. 4. 4 Ratio of root length to biomass in the three plots (P1: sheltered; P2: rainfed; P3, 
irrigated) of the stony (F1) and silty (F2) soils. 

 

4.3.2 Inverse estimation of soil and root water uptake parameters of the Feddes-Jarvis and 

Couvreur models from soil water contents and water potential measurements 

Time series of observed and simulated SWC and SWP are illustrated in Fig. 4.5 and 4.6 for the 

plots with different water treatments of the stony and silty soils, respectively. As expected, the 

irrigated plots were wetter than the rainfed and sheltered plots but in the top layers of the silty 

soil measured water contents and pressure heads decreased between irrigation events to similar 

low values as in the non-irrigated plots. For the period that measurements were carried out in 

both soils (from mid of May until beginning of July) the SWPs in the sheltered and rainfed plots 

were more negative in the stony than in the silty soil suggesting that the crop experienced more 

water stress in the stony soil. In both soils, the top layer dried out considerably and low SWP (-

104 cm) was reached as a result of high evaporation and transpiration demand. In the sheltered 

and rainfed plots of the stony soil, such low SWP were also reached in the deeper soil layers (-60 

and -80 cm) whereas SWPs stayed higher at those depths in the silty soil due to the larger water 

holding capacity of the silty soil. 
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The statistics RMSE, ME, and d of the SWC and SWP simulated by the two models are listed in 

Table S1. Since the statistics were very similar for both models, there was no notable difference 

between simulation accuracies of the FJ and C models. The values of RMSE for SWC in the 

stony soil (0.02 to 0.03 cm3 cm-3) were almost half of those in the silty soil whereas for SWP the 

values did not differ much between the two soils (from 0.3 to 0.9 log10([-cm])). The larger 

RMSE of SWC in the silty soil is also due to the larger uncertainty in the measured SWC due to 

the variability of SWC between the four replicate TDR sensors (standard error of the sample 

mean reached 0.035 cm3 cm-3) (Cai et al., 2016).  

 
Fig. 4. 5 Comparison between observed (black) / simulated (a) soil water content (SWC) 
and (b) soil water pressure head (SWP) by the Feddes-Jarvis (FJ, blue) and Couvreur (C, 
red) models at six soil depths in the sheltered (P1), rainfed (P2), and irrigated (P3) plots of 
the stony soil (F1) from 11 Feb. to 14 July 2014. Time series of precipitation (right) and 
irrigation rates (left) and of the potential daily potential (Tpot) and actual transpiration (Tact 
= RWU) that were simulated by the Feddes-Jarvis (FJ) and Couvreur (C) models are given 
in the panels above the SWC and SWP measurements. 
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Fig. 4. 6 Same as Fig. 4. 5 but for silty soil from 22 May to 30 July 2014. 

 

The obtained soil hydraulic parameters, parameters of the water stress function of the FJ model, 

and root-system parameters of the C model are listed in Table 4.4. The corresponding hydraulic 

conductivity curves are plotted in Fig. D1. For the stony soil, the soil hydraulic parameters 

estimated by the two models were comparable but larger differences between the model 

parameters were obtained for the subsoil layer of the silty soil. Smaller (even negative) tortuosity 

parameters l were obtained for silty than for the stony soil which implies that in the latter the 

hydraulic conductivities decrease stronger with a decrease in saturation degree. For the same 

water content, hydraulic conductivities were higher in the stony than in the silty soil.  
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Table 4. 4 The saturated hydraulic conductivity (Ks), model shape parameter (l), critical 
pressure head in the Feddes water stress function (h3h, h3l), the critical water stress 
threshold (ωc), and the root system related parameters (Krs and Kcomp) estimated by the 
Feddes-Jarvis (FJ) and Couvreur (C) models of the stony (F1) and silty (F2) soils. 

  Ks1 l1 Ks2 l2 h3l h3h ωc Krs_ini* Kcomp_ini* 
 

OF 
Site Model (cm h-1) (-) (cm h-1) (-) (cm) (cm) (-) (cm h-1)† (cm h-1) † 

F1 
FJ 0.663 

(3.417) †† 
4.669 

(1.470) 
1.581 

(0.026) 
3.459 

(-2.797) 
-694 

(-1172) 
-238 

(-648) 
0.95 
(0.8) - - 33.42 

(41.79) 

C 0.426 
(3.853) 

3.773 
(1.472) 

1.556 
(0.021) 

3.947 
(-2.892) - - - 1.20×10-7 

(1.26×10-7) 
3.89×10-8 

(3.74×10-8) 
33.40 

(40.97) 

F2 
FJ 0.450 -1.358 0.144 -3.165 -747 -279 0.95 - - 31.93 

C 0.417 -2.219 0.623 1.379 - - - 8.60×10-8 4.77×10-9 35.90 
† Krs_ini

* and Kcomp_ini
* are Krs_ini and Kcomp_ini normalized by root length per surface area.  

† † Parameters obtained using only measurements in the sheltered plot of the stony soil (Cai et al., 
2017). 

For the FJ model, parameters of the stress function were similar for the stony and silty 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 that the difference in root density between the different 

water treatments in one soil was not considered in the model since only one parameter set was 

used to simulate the different water treatments. The obtained threshold values of the stress 

function F, h3l and h3h in Eq. 4.8 were higher than the lowest SWPs measured and simulated in 

the top- and subsoil layer in the sheltered and rainfed plots of the stony soil. Consequently, the 

FJ model simulated a reduction in RWU due to reduced water availability in these plots (Fig. 

4.5b). For the silty soil, h3l and h3h were also higher than the lowest SWPs measured in the 

topsoil layer but lower than the SWPs in the subsoil. However, despite the lower SWPs in the 

topsoil and the low compensatory uptake (high c), no reduction in transpiration rate was 

simulated in the silty soil (Fig. 4.6b) as compared to the calculated potential transpiration rate. A 

first explanation for this observation is, that the 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 

reduction of uptake 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 the subsoil. 

Albasha et al. (2015) noted that compensatory water uptake could also be caused by increased 

root growth in soil layers where more water is available. The second explanation is, that the 
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simulated SWP in the topsoil layer remained higher than corresponding measured values which 

is another reason why no reduction in transpiration was simulated in the silty soil. 

Temporal changes in root system hydraulic conductance Krs of the C model is illustrated in Fig. 

4.7 for the stony and silty soils. The Krs values in the different plots of the same soil were 

calculated using the same fitted initial Krs_ini and RLDs so that the difference in Krs between the 

different plots of the same soil reflected differences in RLD. However, Krs_ini was fitted 

independently for the two different soil types. The higher Krs obtained for the silty soil with the 

higher root density than the stony soil supports our hypothesis that the root system hydraulic 

conductance increases with the RLD. Considering the root system conductance that was 

normalized by the root length per soil surface area, the normalized root conductance was 

different for the two different soils. The value of the normalized Krs_ini was 1.4 times larger and 

normalized Kcomp_ini 8.2 times larger in the stony than in the silty soil. This indicated that for a 

single root segment the root conductance and compensatory ability was higher in the stony soil 

than in the silty soil. This difference does not support our assumption that Krs is directly 

proportional to the RLD. 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.   

 

Fig. 4. 7 Estimated root hydraulic conductance (Krs) in the three plots (P1: sheltered; P2: 
rainfed; P3: irrigated) of the stony (F1) and silty (F2) soils during the measurement period 
(F1: from 11 Feb. to 11 July 2014, F2: from 23 May to 24 July 2014). 
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To evaluate the uniqueness of the estimated parameters of the FJ and C models, response 

surfaces of the objective function were plotted. Selected contour plots in Fig. D2 show that the 

soil hydraulic parameters were identifiable. The parameters in the C model were also identifiable 

in both soils but Krs and Kcomp in the silty soil could be less precisely identified than in the stony 

soil. When RWU is not reduced and remains equal to the potential transpiration, which was the 

case in the silty soil (see later), Eq. 4.6 states that Krs can decrease without changing the RWU by 

decreasing Hleaf until the Hleaf reaches the critical leaf water potential. This explains why regions 

with low objective function values are bound by minimally possible Krs values but not by 

maximally possible Krs values in the silty soil. When RWU is lower than the potential 

transpiration, there is also a maximally possible Krs value so that leaf water potentials still reach 

the critical leaf water potential during the simulation period. In agreement with what was found 

by Cai 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 study, Cai et al. (2017) inversely estimated the soil hydraulic 

parameters and parameters of the FJ and C models using only observations from the sheltered 

plot in the stony soil. Inclusion of data from the rainfed and irrigated plots had an impact on the 

optimized soil hydraulic parameters (see values in parentheses in Table 4.4) whereas similar 

values of the root hydraulic conductances Krs_ini and Kcomp_ini were obtained. Including data that 

represent the hydraulic behavior of the soil under wetter conditions led to higher estimates of the 

hydraulic conductivity of the subsoil under wet conditions but lower estimates of hydraulic 

conductivities in the topsoil and in the subsoil for drier conditions (see Fig. D1). Using the 

parameter set obtained by Cai et al. (2017) resulted into a slightly better (e.g. for SWC, RMSE 

was 0.0057 and 0.0036 smaller for FJ and C models, and d was 0.0257 and 0.0129 higher for FJ 

and C models) estimates of SWC and SWP in the sheltered plot but to an underestimation of the 

SWC and SWP in the rainfed and especially in the irrigated plot (see Fig. D3). This illustrates 

that soil hydraulic parameters that were obtained for a certain set of boundary conditions are not 

always transferable to other conditions. Combining experimental datasets that represent a wider 

range of boundary conditions is therefore preferable.  
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4.3.3 Simulations of root water uptake and comparison with sap flow measurements 

The cumulative ETpot, Tpot, and RWU simulated by the FJ and C models in the three plots of 

stony and silty soils during the whole measurement period and during the overlapping period of 

measurements in both soils are shown in Fig. 4.8. The higher cumulative ETpot in the stony plot 

than in the silty plots is simply due to the longer measurement period in the stony plot. The lower 

ETpot in the sheltered plot results from the lower net-radiation due to sheltering as compared to 

the neighboring unsheltered plots. The difference in cumulative ETpot between the stony and silty 

soils during the overlapping measurement period results from different Kc values due to different 

time of ripening of the crop in the two soils (Table 4.1). The ratio Tpot/ETpot was considerably 

smaller in the stony soil than in the silty soil since the early crop development stage, when the 

crop canopy was not fully covering the soil and the LAI was low, was not covered by the 

measurement period in the silty soil. Differences in LAI also explain the smaller Tpot/ETpot ratio 

in the sheltered plot of the stony soil compared with the rainfed and irrigated plots of this soil 

and the larger Tpot/ETpot in the silty than in the stony soil during the overlapping measurement 

period. This illustrates that the potential water uptake by the wheat crop from the sheltered plot 

of the stony soil differs substantially from that of the other plots due to a different crop 

development and LAI. Only in the sheltered and rainfed plots of the stony soil, the simulated Tact 

or RWU was reduced compared to the Tpot. In the silty plot, there was no reduction in simulated 

Tact compared to Tpot indicating that the calculated soil water supply in the root zone in the silty 

soil was sufficient for meeting the atmospheric demand. 
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Fig. 4. 8 Potential evapotranspiration (ETpot), potential transpiration (Tpot), and actual 
transpiration (Tact = RWU) estimated by the Feddes-Jarvis (FJ) and Couvreur (C) models 
in the three plots (P1: sheltered; P2: rainfed; P3: irrigated) of the stony (F1) and silty (F2) 
soils in the whole period (F1, from 11 Feb. to 14 July 2014; F2, from 22 May to 30 July 
2014) and in the overlapping period (from 22 May to 14 July 2014). 

Figure 4.9 shows potential and actual RWU simulated by the FJ and C models, and sap flow in 

the three plots of the stony soil and the silty soil from 23 May to 6 July 2014. When the 

measured sap flow was regressed against the simulated RWU by the two models, there was a 

good agreement between crop transpiration obtained from the sap flow measurements and model 

simulations with r2 of 0.86 by the FJ model and 0.85 by the C model. But, there was a constant 

offset of 0.05 cm d-1
 between the sap flow measurements and the simulated RWU (Fig. 4.10a). 

The observed sap flow and the simulated Tact were both higher in the silty than in the stony soil. 

In the silty soil, the sap flow measurements did not differ considerably between the different 

water treatments, which was consistent with the simulated Tact that was equal to Tpot. For the 

stony soil, the measured sap flow differed between the different water treatments which was also 

consistent with the differences in simulated Tact. 
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Fig. 4. 9 Daily cumulative solar radiation, potential transpiration (Tpot), root water uptake 
(Tact = RWU) simulated by the Feddes-Jarvis (FJ) and Couvreur (C) models, and sap flow 
(SF) in the three plots (P1: sheltered; P2: rainfed; P3: irrigated) of (a) the stony (F1) and (b) 
silty soils (F2) from 23 May to 6 July 2014. Pre: precipitation, Irri: irrigation. 

There was, as far as we know, no similar comparison between sap flow and simulated RWU 

using field observations for wheat crop. Due to the “delicate anatomy of the walls of hollow 

wheat stems” (Langensiepen et al., 2014), it is challenging to install the sensors and measure the 

temperature variation of 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 stem development lead to a considerable stem to stem variability in sap 

flow in which the average deviation from mean sap flow is quantified for the three different 

treatments shown in Fig. 4.9 (Chabot et al., 2005; Zhang et al., 2014). The simulated RWU was 

based on a chain of models linked with assumptions and preset parameterizations starting from 

the calculation of the potential crop evapotranspiration using the empirical FAO56 approach, its 

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 correlation between 

simulated RWU and sap flow measured transpiration therefore gives some confidence in the 

used approaches.  
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Fig. 4. 10 Correlation (a) between sap flow (SF) and root water uptake (RWU) simulated 
by the Feddes-Jarvis (FJ) and Couvreur (C) models of the stony (F1) and silty soil (F2). 
Relation between the ratio of the RWU in the stony to the RWU in the silty soil estimated 
by the FJ (b) and C (c) models in the three plots (P1: sheltered; P2: rainfed; P3, irrigated) 
versus the ratio of sap flow in the stony soil to that in the silty soil. 

In order to unravel further the model’s capability to calculate RWU in different soils and for 

different water treatments, we made plots of the ratios of the measured sap flow in the two soils 

versus the ratios of simulated RWU in the two soils for the different water treatments (Fig. 4. 

10b and c). 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 plots, in 

which RWU was not influenced by water availability, indicates that the differences in potential 

transpiration rates between the two plots due to different crop development (ripening) and LAI 

were adequately represented in the models. There is no difference between the FJ and C models 

since RWU is completely defined as a boundary condition and not dependent on the soil water 

status in the irrigated plots, which was discussed by Cai et al. (2017). For the rainfed and 

sheltered plots, the correlation between the measured and simulated ratios is smaller. These 

ratios represent to what extent the simulated reduction of RWU in the stony soil due to reduced 

water availability is consistent with the measured reduction in sap flow relative to the simulated 

RWU and measured sap flow in the silty 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 FJ model. First, the FJ model predicts a larger reduction in RWU than the sap 

flow measurements suggest (see Fig. 4.9). Secondly, the ratios of the FJ model simulations vary 

less than the ratios of the sap flow measurements whereas the range of ratios of the C model 
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simulations is more in agreement with the sap flow measurements. This indicates that the C 

model represents better than the FJ model how changing soil moisture and soil moisture 

distributions change the RWU. 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 different water treatments on RWU. The FJ model did not possess this flexibility 

since only one set of water stress parameters was used for the different water treatments. Similar 

observations were made by Vandoorne et al. (2012) who optimized the water stress parameters 

of the FJ model for Chicory (Cichorium intybus L.) and found that the values of those parameters 

had to be adapted for different soil moisture conditions and different plant growth stages. 

Sap flow per unit soil surface area was obtained by multiplying the average sap flow in the 

measured tillers with the number of tillers per unit soil surface area. Figure 4.11 shows the 

average sap flow per tiller and the sap flow per unit leaf area index. For the silty soil, the sap 

flow per tiller and sap flow per leaf area were very similar for the different water treatments. For 

the stony soil, the sap flow per tiller in the irrigated plot was similar to that in the silty soil until 

approximately 15 June. After that, the sap flow per tiller reduced in the irrigated plot of the stony 

soil because of the reduction in leaf area (the sap flow per leaf area remained similar to that in 

the silty soil). Water stress limited the leaf development of wheat in both longevity and quantity 

(Khalid et al., 2016; Zhou et al., 2015). The sap flow per tiller in the rainfed plot of the stony soil 

became smaller than that in the irrigated plot or in the silty soil after 11 June but recovered for a 

short time period to same sap flow after the rainfall on 10 June. This recovery was also observed 

for the sap flow in the sheltered plot of 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 

by both a reduced number of tillers and a lower flux per tiller. It is interesting to note that the sap 

flow per leaf area surface in the sheltered stony plot shortly increased to higher values than in 

other plots after the rainfall event on 10 June.  



Root growth, water uptake, and sap flow of winter wheat in response to different soil water availability 

105 
 

 
Fig. 4. 11 Measured sap flow (SF) per tiller (a) and per unit leaf area index (LAI) (b) in the 
three plots (P1: sheltered; P2: rainfed; P3, irrigated) of the stony (F1) and silty (F2) soils. 

 

4.3.4 Effects of root and shoot development on simulated transpiration 

The different root development in the two soils and for the different water treatments (Fig. 4.3) 

was related to a different parameterization of the root hydraulic conductance (Fig. 4.7). The 

different shoot development and different LAI values (Fig. 4.2a) affected calculations of 

potential transpiration rates (Fig. 4.8) that were used as boundary conditions for RWU 

simulations. In order to demonstrate the impact of the plant development on the RWU simulation, 

we conducted two sets of simulations in which the plant parameters were prescribed by 

measurements done in another soil and/or water treatment. In the first set of simulations, we 

changed the root hydraulic conductance, Krs. For the stony soil, Krs of all plots were rescaled by a 

factor of 1.78 which corresponds to the ratio of Krs in the sheltered plot of the silty soil in week 

15 to Krs in the sheltered plot of the stony soil in the same week. This rescaling represents how 

RWU would change if the plants would not reduce the root hydraulic conductance in the stony 

soil. For the silty soil, Krs was scaled by a factor of 0.56, which is the inverse of the factor used 

to scale the root conductance in the stony plot. The rescaling for the silty plot represents how 
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water uptake in the silty soil would be reduced if the root conductance was equal to that in the 

sheltered plot of the stony soil. For the stony plot, rescaling (i.e. increasing) the root conductance 

increased the cumulative water uptake only by about 2% in all plots (see Table 4.5). Increasing 

the root conductance therefore did not increase substantially the amount of water that could be 

extracted from the stony soil. For the silty soil, rescaling (i.e. decreasing) the root conductance in 

fact generated water stress and reduced the RWU by 9%. Therefore, the root system with higher 

root densities and conductance in silty soil is apparently not ‘over-dimensioned’ whereas 

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

Table 4. 5 Cumulative root water uptake simulated by the Couvreur model using Krs 
obtained from the silty soil (F2) for the stony soil (F1) and using Krs obtained from the 
stony soil for the silty soil. P1, P2, and P3 are the sheltered, rainfed, and irrigated plots. 
Values in parentheses are simulated RWU 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) 

 

In a second set of simulations, we changed the calculated potential transpiration of the sheltered 

stony plot to that of the irrigated stony plot (Fig. 4.12). Only the stony soil was considered since 

the shoot and LAI development did not differ considerably between the different water 

treatments in the silty plot. Until 1 May, there was almost no difference in the LAI and Tpot 

among different plots so that there was also no big effect on the simulated Tact. Tpot in the 

irrigated plot started to deviate from Tpot in the sheltered plot from 1 May due to higher LAI in 

the irrigated plot (Fig. 4.2a). Increasing Tpot in the sheltered plot did not affect the simulated 

RWU by the C model. In this model, the boundary condition switches to a constant pressure head 

boundary condition when stress occurs so that the simulated root water becomes independent of 

the potential transpiration rate.  
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Fig. 4. 12 Daily potential (Tpot) and actual transpiration (Tact = RWU) estimated by the 
Couvreur model using the measured leaf area index (LAI) in the sheltered plot (black and 
cyan) of the stony soil and the LAI in the irrigated plot of the stony soil (red and blue). 

Of interest is also the time at which water uptake starts to decrease and its effect on plant 

development. In the sheltered and rainfed stony plots, a slight reduction in RWU is simulated 

during April. This reduction in RWU was accompanied by only a slight decrease in LAI 

development compared to the irrigated plot (Fig. 4.2a). After mid of May, which is also the 

period when RWU more strongly reduced, the LAI did not increase anymore in the sheltered 

plots whereas in the other plots of the stony soil, it reached its maximum at the beginning of June. 

In the silty soil, the maximum was reached at the beginning of July. The root system reached its 

full development, however, earlier than the time when the LAI reaches its maximum (Fig. 4.3). 

The root system development in the stony plot was much stronger reduced by the lower water 

availability in April than the LAI development. Both leaves and roots showed reaction to 

environmental changes but this reaction was not simultaneous. Walter and Schurr (2005) 

reviewed studies of leaf and root growth of herbaceous plants and indicated that roots 

experienced more directly the effect of environmental factors (i.e. water stress, nutrient 

deficiency) compared with leaves. They also indicated that roots responded faster than leaves to 

the environmental conditions to optimize resource use efficiency. 
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4.4  Conclusions  

The different crop development of winter wheat had consequences for the parameterization of 

RWU models. First, the different shoot development led to differences in boundary conditions 

such as the potential evapotranspiration (Kc factor) and the potential transpiration (LAI). 

Differences in root development led to differences in root density distributions, root system 

conductivities, and RWU stress parameters. Water stress led to smaller root system conductances 

in the C model and a reduction of the RWU for less negative soil water potentials in the FJ 

model. Such a down-regulation of the root system conductance due to drought stress has also 

been reported by Maurel et al. (2010), Trillo and Fernandez (2005), and Wang et al. (2013) 

wheat, and Matsuo et al. (2009) for rice.  

The C model, which is based on a physical description of the flow in the soil-root system, 

represented the effect of the differences in root system development on RWU directly since it 

relates the root system conductance to the root length. When root parameters that were obtained 

from the sheltered stony plot were used to predict RWU in the silty soil, water stress was 

simulated in the silty soil. On the other hand, when root parameters obtained from the silty soil 

were used to simulate water uptake in the stony plot, the water uptake could only slightly be 

increased but the ‘severity’ of the water stress remained the same. This suggests that the root 

system that developed in the stony soil would be under-dimensioned for the silty soil and the 

opposite for the root system that developed in the silty soil.  

The simulated differences in transpiration from the two different soils and the different water 

treatments could be confirmed by sap flow measurements. The physically-based C model 

predicted the ratios of the transpiration fluxes in the two soil types slightly better than the FJ 

model. Since the transpiration from the silty soil was close to Tpot, these ratios represented to 

what extent the transpiration was reduced due to reduced water availability in the stony soil.   

This study illustrated that a combined dataset of root and shoot development, of soil water 

contents and soil water potentials, and of transpiration fluxes derived from sap flow 

measurements can be used to parameterize and validate RWU models. These models require 

inputs about root and shoot developments, which were observed to depend strongly on the 
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environmental conditions. In how far the C model can improve prediction of RWU, transpiration 

and soil water stock depletion in widely used crop models for different crops and climate 

conditions is subject of further investigations. Next to improving the description of the RWU, the 

C model also simulates the water potential in the root collar. In the current model formulation, 

the water potential in the collar is used as a control variable which is kept fixed when a critical 

threshold value is reached. We interpreted the reduction in transpiration when this threshold was 

reached as ‘water stress’. However, we observed considerable reduction in aboveground biomass 

even when no reduction in transpiration was simulated (or observed with sap flow 

measurements), e.g. in the sheltered and rainfed silty soil plots. Next to transpiration, stomatal 

opening, and carbon assimilation, plant growth is also linked to the hydraulic status of the shoot 

(Tardieu et al., 2014). Improving the prediction of the shoot water potential, which is closely 

linked to the water potential in the root collar, is therefore also important to predict the reaction 

of plant growth to environmental conditions related to drought stress.  

Concerning the observations of the root development using horizontally rhizotubes, it needs to be 

further investigated how root counts along rhizotubes can be translated to root densities. Also, 

the reasons for the constant offset between the simulated transpiration and the sap flow 

measurements need to be further investigated.  
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5.1  Final conclusions 

The objective of this study was to investigate the effect of soil water distribution on root 

development and RWU simulated by different RWU models using the measured soil moisture 

and root growth in the field. To answer the questions that were posed for achieving the objective, 

a first emphasis was put on introducing two MR facilities with horizontally installed rhizotubes 

that were constructed in the stony and silty soils by different methods in Chapter 2. 

Measurements in the facilities indicated that differences in the dynamics of root development, 

soil water content, soil water potential, and soil temperature can be observed between different 

soil types and water treatments with minimal destruction. To get a representation of the root 

distribution, 120 images were collected at each soil depth. The observed roots in the horizontal 

direction were not spatially correlated. The local soil moisture measurements within a water 

treatment and soil depth varied considerably between different TDR sensors and for three out of 

36 soil texture-water treatment-soil depth combinations. Data measured from three sensors (72 in 

total) in the silty soil were identified as outliers using statistic outlier detection. SWC’s measured 

by GPR in the rhizotubes show a similar trend but lower than the SWC measured by TDR. 

Chapter 2 also offered answers to question 2. The root and shoot development of winter wheat 

differed considerably between the two soils (stony vs. silty) with different water holding capacity 

and for different water treatments. Root density was larger in the irrigated plots and in the silty 

soil than in the stony soil. Comparing the spatio-temporal root distribution in the two facilities 

indicates that plant water stress depends rather on the soil water potential than on the soil water 

content. 

To answer question 3, inverse modeling was conducted using different dataset in Chapter 3 and 4. 

Using only the data from the sheltered plot in the stony soil, the three models, the Feddes 

(without compensation), the Feddes-Jarvis (with compensation), and the Couvreur (with 

compensation) models described the soil water content and water potential equally well. The soil 

hydraulic parameters inversely estimated by the two models considering uptake compensation 

were comparable, whereas the parameters obtained by the Feddes model were different. The 

obtained RWU parameters of the Feddes-Jarvis model and root hydraulic parameters of the 

Couvreur model were consistent with data reported in the literature. Response surface analysis 
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indicated that the root hydraulic parameter could be identified but the onset of the water stress as 

a function of the water stress could not be uniquely identified.  

When combining the observations from the three plots of each facility, the soil hydraulic 

properties could be well constrained by the Feddes-Jarvis and the Couvreur models. The soil 

hydraulic parameters estimated by the two models were similar in each soil. But for the stony 

soil the values were different from the ones previously obtained from only the sheltered plot 

possibly due to soil heterogeneity in the whole test site, varied boundary conditions (e.g., ETpot, 

root distribution, root hydraulic conductance), and the fact that more data from times when the 

soil is wet are included in the dataset which leads to different estimates of the hydraulic 

conductivity. Root-system related parameters of the Couvreur model could be constrained but 

not the parameters of the water stress function of the Feddes-Jarvis model. 

The simulations conducted in Chapter 3 and 4 answered question 2 and 4. The RWU profiles 

simulated by the Feddes-Jarvis and the Couvreur models differed due to different water 

redistribution by the root system. However, there was no obvious difference between the two 

models in simulated total RWU and other water fluxes. The Feddes-Jarvis and the Couvreur 

models simulated similar root-system scale stress functions that link total RWU to the effective 

root zone water potential. This suggested the parameters of the two models may transferable at 

root-system or crop scale. Results obtained from the combined plots of each soil in Chapter 4 

indicated that the water treatments and different soil textures had consequences for RWU 

simulation. In the stony soil, the two models simulated similar RWU which was the lowest in the 

sheltered plot. The RWU was also lower than the potential RWU in the non-irrigated plots. In the 

silty soil, RWU was equal to the potential uptake for all treatments. The variations of estimated 

RWU matched well with the measured sap flow for all plots of the two facilities. There was, 

however, a constant offset between the two approaches, which needs to be further investigated. 

The physically based Couvreur model predicted the ratios of the transpiration fluxes in the two 

soil types slightly better than the Feddes-Jarvis model. The reason for this is that the Couvreur 

model takes into account the effect of different absolute root density on the water uptake and its 

reduction when the soil water potential declines whereas the Feddes Jarvis model only uses the 

normalized root length densities. Using simulations with the Couvreur model, it was shown that 

developing higher root densities in the stony soil (similar to those in the silty soil) would hardly 
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reduce the water stress of the crop in the stony soil. On the opposite, lowering the root densities 

in the silt soil to those of the stony soil would also induce water stress in the silt soil. This 

indicates that an optimal root density developed depending on the soil type and water availability.  

The results of using the parameters obtained from a single plot for the combined plots and the 

sensitivity analysis in Chapter 4 offered answers to question 5. The parameters estimated from 

the sheltered stony plot led to underestimation of the SWC and SWP in the two non-sheltered 

plots, which indicated that the model parameters obtained from a certain set of boundary 

conditions are not always suitable for other conditions (for instance, larger investigated area). 

When root parameters that were obtained from the sheltered stony plot were used to predict 

RWU in the silty soil, water stress was simulated in the silty soil. On the other hand, when root 

parameters obtained from the silty soil were used to simulate water uptake in the stony plot, the 

water uptake could only slightly be increased but the ‘severity’ of the water stress remained the 

same. This suggests that the root system that developed in the stony soil would be under 

dimensioned for the silty soil and the opposite for the root system that developed in the silty soil. 

The simulation of RWU using the combined dataset of time series of soil moisture and root 

growth in this study also indicated that a simulation of crop development is needed for a full 

simulation of the soil-root-plant system, which could be explored in future research. 

5.2  Outlook 

MR facility is a system that provides the underground dynamics of root distribution, soil 

moisture, soil temperature, and aboveground variations of crop development, sap flow, leaf water 

potential, and canopy status in situ. The abundant information from the facility will not only 

serve for the investigation of different environmental factors on water flow in the soil-plant-

atmosphere continuum and model evaluation but also provide the possibilities for coupling 

different models concerning water movement, root development, and crop growth at different 

scales. The measurements conducted in the MR facilities and RWU simulations conducted for 

winter wheat in this study could also be applied to other plant species.    

This study indicated that soil textures largely influence the root and crop development and 

subsequently RWU or sap flow. Besides the soil texture, macropores (Landl et al., 2016; Pagliai 
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and Denobili, 1993; Valentine et al., 2012), soil structures (Gao et al., 2016; Pagenkemper et al., 

2014), and soil compaction (Glab, 2007; Iijima et al., 1991) were proven to influence root 

growth and distribution. It will have effects on the variations of RWU. However, few studies 

reported the impact of those factors on RWU using both field experiments and modeling studies 

(Amato and Ritchie, 2002). Moreover, wetting and drying cycles could lead to variations in soil 

structure and soil hydraulic conductivity (Csorba et al., 2014; Lehrsch and Kincaid, 2010; Mapa 

et al., 1986), which was not often considered in the RWU modeling. Applying dynamic soil 

hydraulic conductivity in RWU models will be challenging. Considering these influences may 

help to improve the prediction of plant water use for different soil and water status.  

Root hydraulic properties were changed due to the root development, water, and salinity stress 

(Colombo and Asselstine, 1989; Doussan et al., 1998; Ruggiero and Angelino, 2007; Zhao et al., 

2005). The compensatory ability of roots may also differ in different growth periods and in 

different species. The inverse study of Vandoorne et al. (2012) indicated that the ωc in the 

Feddes-Jarvis model was not unique in different growth periods. However, the relation between 

ωc and crop or root development is still unknown. It could be investigated with functional-

structural root models how the change in root architecture over time and the change in root 

hydraulic properties of root segments with aging affect the RWU distribution, its relation to root 

density, and compensatory RWU. In Chapter 3 and 4, the two RWU models (Feddes-Jarvis and 

Couvreur) predicted similar RWU and water stress function at root-system scale during the water 

stress period using effective soil water potential when the root hydraulic conductance did not 

change much. This indicated that there may be a relation between the two models and the 

parameters of the stress and compensation function may be transferable. To figure out this 

relation, a function that links the water stress parameters of the Feddes-Jarvis model to the root 

system parameters could be investigated. In addition, the order of magnitude of the root 

hydraulic conductance from the sheltered plot and combined plots of the stony soil and from the 

silty soil was the same with that obtained from the root architecture model, which may indicate 

that the root hydraulic conductance of winter wheat is a constant value or within a small range 

(having the order of magnitude as we obtained) in a certain growing period. This speculation 

may transferable for other crops in further investigation. 
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Based on the definition of RWU in the Couvreur model (Eq. 4.3), actual RWU was determined 

by root hydraulic conductivity and potential gradients between the soil-root interface and leaves 

of isohydric plants. As leaf water potential can be measured destructively (Boyer, 1967) and 

nondestructively (De Bei et al., 2011; Martinez et al., 2011), the dynamics of root hydraulic 

conductivity, therefore, can be obtained indirectly from sap flow, soil water potential, and leaf 

water potential measurements in situ. These measurements could help to validate the inversely 

estimated root hydraulic conductance. Especially under conditions that transpiration rate is not 

reduced by low soil water potentials, measurements of water fluxes in the soil-plant and water 

potentials and water contents in the soil only are not sufficient to constrain the root system 

conductances. 

Using the shelter created water stress in the stony soil, which was indicated by the decreased 

SWP in the soil and reduced sap flow (or RWU) in the stem (root). For a canopy level, the leaf 

temperature was suggested to be an indicator of water stress (Jackson et al., 1981; Tanner, 1963) 

and the measurements showed good potential of crop water status estimation for irrigation 

scheduling (DeJonge et al., 2015; Gonzalez-Dugo et al., 2006; Moller et al., 2007). Variations of 

canopy temperature are also useful for investigating root plastic development response to 

different soil water status. A thermodynamic based RWU model (Hildebrandt et al., 2016) using 

canopy temperature was developed to study the effect of soil moisture heterogeneity from an 

energy perspective. Therefore, continuous measurements of canopy temperature from the leaves 

will offer additional information to better understand the RWU process in the water stress 

periods and evaluate the effect of heterogeneity of soil water distribution on plant growth and 

RWU from the aboveground.   
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Appendix 

Appendix A 

Grubbs’ test is based on the differences between the sample mean and the extreme data 

considering the standard deviation of the whole sample. The suspected data is an outlier if 

Grubbs’ value (G)  

G > Gcrit            A1  

where G = |𝑥𝑠𝑢𝑠−𝑥 |
𝜎

            A2  

Gcrit = (𝑁−1)
𝑁

√
(𝑡𝑎 (𝑁),   𝑁−2⁄ )2

𝑁−2+(𝑡𝑎 (𝑁),   𝑁−2⁄ )2
              A3 

Gcrit is the critical value, xsus the suspected value (max or min), 𝑥 the mean value, 𝜎 the standard 

deviation, N the sample number, ta/(N), N-2 the critical value of the t distribution with the 

significance level of a/N (a/2N for two-sided tests) and a degree of freedom of N-2 for one-sided 

tests. The Dixon test is based on the differences between the two closest data points at the head 

or tail of the data set, which is defined as: 

Q = {
(𝑥2  −  𝑥𝑠𝑢𝑠)/(𝑥𝑁 − 𝑥1), when 𝑥𝑠𝑢𝑠 is the minimum

(𝑥𝑠𝑢𝑠 –  𝑥𝑁−1)/(𝑥𝑁 − 𝑥1), when 𝑥𝑠𝑢𝑠  is the maximum
                A4 

where Q is the Dixon value, details of the calculation of Qcrit can be found in Rorabacher (1991). 

As an alternative, the median is considered to deal with the outliers due to the insensitivity to the 

presence of the suspected data. In the MAD approach, the null hypothesis of outliers is rejected if: 

|xsus – M| < 2.5MAD, where MAD = bMnew,          A5 

where M is the median of the sample, Mnew the median of the absolute difference between each 

sample data (xi) and the median of the sample (M), and b a constant (usually equals 1.4826) 

disregarding the abnormality which was induced by outliers (Rousseeuw and Croux, 1993). A 

factor 2.5 is proposed to calculate the threshold from the MAD by (Leys et al. (2013)).   
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Appendix B 

Table B 1 The analysis of variance (ANOVA) for the influence of different factors on root 
development (P<0.001***, P<0.01**, P<0.05*). 

Source SS¶ DF MS F Prob>F 

Soil texture                            272.19 1 272.185 517.48 <0.001*** 

Water treatment                            11.22 2 5.611 10.67 <0.001*** 

Soil depth                                324.1 5 64.82 123.23 <0.001*** 

Replicate (soil texture, water treatment, 
and soil depth)  

743.74 1414 0.526 0.95 0.8859 

Soil texture * Water treatment                1.6 2 0.799 1.52 0.2195 

Soil texture * Soil depth                     328.48 5 65.696 124.9 <0.001*** 

Water treatment * Soil depth                     35.35 10 3.535 6.72 <0.001*** 

Error                                1601.72 2880 0.556   

Total                                3318.39 4319            
¶SS: sum of squares, DF: degree of freedom, MS: mean sum of squares, F: F-statistic value. 

 

  

Fig. B 1 Relation between the dielectric 
permittivity measured by TDR, SWC added in 
the calibration (Real), and SWC calculated by 
(i) Topp’s equation (Topp) and (ii) CRIM 
model (CRIM) in the calibration. For the 
calculation by Topp, RMSE = 0.0271, r2 = 
0.8825; for the calculation by CRIM, RMSE = 
0.0154, r2 =0.9623. In CRIM: θ = 0.1045√Ɛ - 
0.1671. θ: the SWC, Ɛ: the relative dielectric 
permittivity. 

 



 

119 
 

 

Fig. B 2 Outlier test for the SWC measured by suspected sensor at 40, 60, 80, and 120 cm in 
the rainfed plot, 40 cm, and 60 cm in the irrigated plot from the top to the bottom from 21 
May to 24 Dec. 2014 by Grubbs (a), Dixon (b), and the median absolute deviation (c) 
approaches in the lower facility. In a and b, red and blue lines denote the common 
threshold values of 0.10 and 0.05, respectively. In c, black points are the suspected SWC; 
the gray curves are the upper and lower bounds of the Med approach. 

 

 

Fig. B 3 The water retention curves fitted from the measurements in the top- (0-30 cm) and 
subsoil (30-120 cm) of the upper (a, data points: 6562 for topsoil, 16153 subsoil) and the 
lower (b, data points: 3276 for topsoil, 7558 subsoil) facility. Pressure head was converted 
from the soil water potential. The RMSE and r2 for the top- and subsoil of the two facilities 
were: 0.015, 0.021, 0.017, 0.010, 0.89, 0.35, 0.86, and 0.95 respectively. 
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Fig. B 4 Time series soil temperature at six soil depths in the sheltered, rainfed, and 
irrigated plots of the upper (a) and lower (b) facilities. Gray curves: air temperature 
measured 2 m above the ground. ■: sheltered period, ▼: irrigation, Pre: precipitation. 
There was no data at 120 cm in the sheltered plot of the upper facility due to the 
malfunction of the MPS-2. 

 

Appendix C  

   

Fig. C 1 Comparison of the difference of SWC (a) and the difference of SWP (b) at six soil 
depths between observation (dθobs, dSWPobs) and simulation (dθSim, dSWPSim) by the Feddes 
model with and without compensation, and by the Couvreur model. FJ: Feddes-Jarvis, F: 
Feddes without compensation, Fw1: Feddes-Jarvis but ωc = 1, C: Couvreur. 
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Fig. C 2 Statistical analysis of simulated results at six depths by the Feddes (FJ, F, and Fw1) 
and the Couvreur (C) models. 
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Appendix D 

Table D 1 RMSE, MB and d (see Eq. 4.14, 15 and 16) for the Feddes-Jarvis (FJ) and 
Couvreur (C) models of the stony (F1) and silty (F2) soils. P1: sheltered; P2: rainfed; P3, 
irrigated. 

  SWC SWP 

  P1 P2 P3 P1 P2 P3 

  FJ C FJ C FJ C FJ C FJ C FJ C 

   cm3 cm-3      log10([-cm])  
      

F1 
RMSE 0.0241 0.0226 0.0324 0.0301 0.0238 0.0246 0.7315 0.6740 0.4874 0.5159 0.3162 0.3131 

MB -0.0017 -0.0036 -0.0074 -0.0087 -0.0019 0.0012 -0.0014 0.0491 0.0607 0.0994 0.0312 -0.0040 

d 0.9330 0.9440 0.9121 0.9248 0.9398 0.9357 0.8453 0.8770 0.9011 0.8943 0.6530 0.6300 

F2 
RMSE 0.0460 0.0471 0.0490 0.0457 0.0654 0.0606 0.5451 0.5354 0.6378 0.6403 0.6656 0.6171 

MB 0.0001 0.0058 0.0311 0.0261 0.0476 0.0404 0.1017 0.0262 -0.0397 0.0474 0.0405 0.1712 

d 0.8502 0.8479 0.7843 0.8027 0.6120 0.6329 0.6145 0.6069 0.7630 0.7078 0.5421 0.5073 

 

 
Fig. D 1 Relation between soil water content (SWC) and soil hydraulic conductivity (K) that 
was obtained by the Feddes-Jarvis (FJ) and Couvreur (C) models in the top- and subsoil of 
the stony (F1), the sheltered plot of the stony soil (F1P1), and silty (F2) soils. 
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Fig. D 2 Response surface for Ks2 – Ks1 (FJ, Feddes-Couvreur model), Ksl – l1 (FJ), Ks2 – h3h 
(FJ), Ks2 – Ks1 (C, Couvreur model), Ks2 – Krs_ini (C), and Krs_ini – Kcomp_ini (C) parameter 
planes of the stony (F1) and silty (F2) soils. Color bar: range of the objective function; 
white dot: area within 0.5% range of OF minimum; red dot: optimum value obtained from 
the inverse modeling; black dot: optimum value obtained from the sheltered plot of the 
stony soil. Ks, saturated conductivity; l, empirical model parameter; 1, 2: top- and subsoil; 
Krs, equivalent conductance of the root system; Kcomp, compensatory RWU conductance; h3h, 
water potential at high transpiration. 
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Fig. D 3 Simulated soil water content (SWC, a) and soil water pressure head (SWP, b) by 
the Feddes-Jarvis (FJ, blue) and Couvreur (C, red) models at different depths in depths in 
the sheltered (P1), rainfed (P2), and irrigated (P3) plots of the stony soil using the 
parameters that were obtained from the sheltered plot of the stony soil. 
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