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Abstract	

Background and Motivation Biopores are tubular shaped cavities in the soil formed by biological activity 

that enable plant roots to reach water and nutrient reservoirs at greater depths. Especially during 

prolonged drought periods or when the topsoil is nutrient depleted, biopores play an important role in 

plant nutrition and can help to reduce the required amount of irrigation and fertilization. Direct 

measurements of the impact of biopores on root growth, root water and nutrient uptake are difficult. 3D 

root architecture models can help to systematically investigate the influence of different environmental 

conditions on root system development, to interpret experimental data and to test hypotheses on root– 

soil interaction processes on different scales. However, parameterization of such models is challenging 

due to the large effort of measuring root system traits.  

Methods We developed a new model approach for the simulation of root system development in soil 

with biopores, which is based on the analogy between root growth and water flow in porous media and 

which determines the direction of root growth as a function of soil penetration resistance. This model 

approach was implemented into the mechanistic 3D model R‐SWMS, which allows the simulation of root 

growth and water flow in the soil‐ root continuum. To improve the parameterization of the root growth 

module, we evaluated distributions of different root architecture traits from 2D root images of various 

wheat varieties. Using data from a field experiment, we then applied the coupled simulation model to 

evaluate the impact of biopores on root growth and root water uptake under realistic environmental and 

soil physical conditions.  

Results We tested our new model approach on the single root and the root system scale using data from 

literature. Root trait analysis allowed us to quantify gravitropism and tortuosity parameters and showed 

the influence of parameter distribution on root foraging performance. Simulations under field conditions 

and evaluation with extensive field data confirmed that biopores mitigate transpiration deficits in times 

of water scarcity by allowing roots to take up water from deeper, less dry soil regions. This benefit 
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persisted even under the assumption of reduced root water uptake in biopores due to limited root‐soil 

contact.  

Conclusions The good agreement between simulated and observed root growth patterns in structured 

soil confirmed the new model approach for modelling root growth in soils with biopores. 2D image 

analysis allowed us to systematically and efficiently analyze root system architectures and to identify 

model parameters. Plot‐scale simulations with different scenarios of environmental and soil physical 

conditions provided new insights into the influence of biopores on plant transpiration.  
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Zusammenfassung	

Hintergrund und Motivation Bioporen sind röhrenförmige Hohlräume im Boden, welche durch 

abgestorbene Pflanzenwurzeln oder Regenwurmaktivität geformt wurden. Sie werden von 

Pflanzenwurzeln als Wachstumspfade mit geringem Widerstand genutzt, um Wasser und 

Nährstoffressourcen in größerer Tiefe zu erreichen. Während Trockenperioden oder bei Nährstoffmangel 

im Oberboden können Bioporen auf diese Weise dazu beitragen, den Bedarf an Bewässerung und 

Düngemitteln kleinzuhalten. Aufgrund der Schwierigkeit direkter Messungen des Einflusses von Bioporen 

auf Wurzelentwicklung verwenden wir Simulationsmodelle, welche dabei helfen, experimentelle 

Messungen zu interpretieren, den Einfluss unterschiedlicher Umweltbedingungen auf 

Wurzelentwicklung zu untersuchen sowie das Prozessverständnis von Wechselwirkungen zwischen 

Wurzel und Boden zu testen. Die Parametrisierung solcher Modelle ist jedoch eine Herausforderung, weil 

die Messung von Wurzelarchitekturmerkmalen sehr aufwändig ist.  

Methoden Wir entwickelten einen neuen Modellansatz zur Simulation von Wurzelentwicklung in Boden 

mit Bioporen, welcher auf der Analogie zwischen Wurzelwachstum und Wasserfluss im Boden basiert 

und welcher die Wachstumsrichtung der Wurzeln in Abhängigkeit von Bodenfestigkeit bestimmt. Dieser 

Modellansatz wurde in das mechanistische, 3‐dimensionale Boden‐Wurzel‐Modell R‐SWMS 

implementiert. Um die Parametrisierung des Wurzelwachstumsmoduls zu verbessern, evaluierten wir 

Verteilungen unterschiedlicher Wurzelarchitekturmerkmale mithilfe von 2D‐Wurzelbildern 

verschiedener Weizensorten. Im Anschluss verwendeten wir das gekoppelte Simulationsmodell, um 

mithilfe von experimentellen Felddaten den Einfluss von Bioporen auf Wurzelwachstum sowie 

Wurzelwasseraufnahme unter realistischen Boden‐ und Klimabedingungen zu analysieren.  

Ergebnisse Wir testeten unseren neuen Modellansatz mithilfe von Literaturdaten zu Einzelwurzel‐ und 

Topfexperimenten. Die Analyse der Wurzelarchitekturmerkmale ermöglichte es uns, Parameter zur 

Beschreibung von Gravitropismus und Tortuosität zu bestimmen und zeigte den Einfluss der 

Parameterverteilung auf das Nährstoffaufnahmepotential der Wurzel. Simulationen unter 

Feldbedingungen bestätigten, dass Bioporen im Fall von Trockenheit Transpirationsdefizite lindern 

können, indem sie Wurzelwasseraufnahme aus weniger trockenen Bodenregionen ermöglichen. Dieser 
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positive Effekt war sogar unter Annahme verminderter Wurzelwasseraufnahme aufgrund von 

verringertem Wurzel‐Boden‐Kontakt in Bioporen klar erkennbar.  

Schlussfolgerungen Die gute Übereinstimmung zwischen simulierten und beobachteten Wurzelsystemen 

bestätigte die Tauglichkeit unseres neuen Modellansatzes Wurzelwachstum in Boden mit Bioporen zu 

modellieren. 2D‐Bildanalyse erwies sich als geeignete Methode, um Wurzelarchitekturen systematisch 

und effizient zu analysieren sowie Wurzelparameter zu identifizieren. Simulationen im Parzellenmaßstab 

mit unterschiedlichen Boden‐ und Klimaszenarien lieferten neue Erkenntnisse zum Einfluss von Bioporen 

auf die Transpiration von Pflanzen.  
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Chapter	I	

1. General	Introduction		

Water shortage is one of the primary factors limiting global crop production and will become an even 

more serious problem with regard to global warming (Alcamo et al. 2017; Schlaepfer et al. 2017). The 

ability of plants to take up water from the soil is strongly connected to root system architecture, whose 

development is determined by both genetic and environmental factors (Lynch 2013; Manschadi et al. 

2008). Environmental impacts on root system development include different physical, biological and 

chemical factors, among which soil compaction is of particular significance (Bengough et al. 2011; Topp 

2016). Soil compaction leads to less extended root systems with reduced ability to take up water from 

deeper soil layers (Chen et al. 2014). A possibility for roots to overcome compact soil layers and to grow 

into greater depths is the use of biopores as preferential growth pathways (Kautz 2015). Biopores are 

tubular shaped cavities in the soil originating from biological activity. The importance of biopores for 

root proliferation in the subsoil has been acknowledged since more than 150 years (Thiel 1865). In 

recent times, biopores have regained attention as a sustainable measure to improve crop performance 

in organic agriculture. However, many questions regarding the impact of biopores on crop yield are 

unanswered and more research is needed (Kautz 2015). The main research challenge is the difficulty to 

directly measure the influence of biopores on root growth, root water and nutrient uptake. Simulation 

models that explicitly take into account root system development and root water uptake in three 

dimensions can thereby help to test hypotheses on root– soil interaction processes on different scales 

and to interpret experimental results. The development of such a model approach, its parameterization 

and application is the main focus of this thesis.  
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1.1. The	Root	system,	the	Soil	and	their	Interactions		

1.1.1. Root	system	development	

The shape and spatial configuration of a root system is commonly referred to as root architecture (Lynch 

1995). Up to a certain extent, root architecture is genetically determined, however, plants can also 

adjust their root systems to the surrounding environmental conditions to make optimal use of available 

water and nutrient resources (Malamy 2005). This adjustment is commonly referred to as root plasticity. 

According to the nomenclature of the International Society of Root Research (ISSR) (Gregory 2008; Zobel 

and Waisel 2010), root systems are made up of different physiological types of roots, which vary for 

monocotyledonous (e.g. wheat, maize, rice) and dicotyledonous plants (e.g. pea, beans, lentils) (Fig. 1.1). 

The first root emerging from the seed is called tap root. Further roots evolving from the hypocotyl 

respectively the mesocotyl are commonly referred to as basal roots. Monocotyledonous plants (Fig. 

1.1b) can furthermore develop shoot‐born roots, which emerge from shoot nodes above the radicle and 

are in some literature sources also called adventitious, nodal or crown roots. Lateral roots of varying 

orders are produced by all these different root types. Environmental stress factors that affect the 

development of root systems include soil compaction, nutrient and water deficiency, low/high soil 

temperature, salinity and limited oxygen availability among others (Waisel et al. 2002). Soil compaction 

is of particular importance, because it directly hampers root elongation and leads to small and shallow 

root systems (Bengough et al. 2011; Potocka and Szymanowska‐Pułka 2018). Such root systems cannot 

reach subsoil water resources, which is a problem especially in times of drought (Kirkegaard et al. 2007).  
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Fig. 1.1: Physiological root types of dicotyledonous and monocotyledonous plants specified according to 

the ISSR nomenclature; different colors represent different root types [reprint from Schnepf et al. (2018), 

Figure 2] 

1.1.2. Soil	–	the	root	growth	medium		

Soil is an extremely complex growth medium with immense biodiversity and widely differing mineral 

structure, organic composition and pore space. It serves plants as a source of water and nutrients and 

provides anchorage. The part of the soil profile affected by plant communities is called the unsaturated 

or vadose zone, in which water contents are generally less than soil porosity. This unsaturated zone is 

characterized by large spatial and temporal variations in water content caused by precipitation, 

evaporation, groundwater recharge and plant water uptake. Water flow in the vadose zone is affected by 

soil hydraulic properties and is driven by gradients in soil water potential. Soil hydraulic properties 

describe the relationship between soil water content and soil water potential (expressed by the water 

retention curve) as well as soil water potential and soil hydraulic conductivity (expressed by the 

unsaturated conductivity curve). They depend on soil inherent features such as soil texture and bulk 
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density as well as on external characteristics such as hysteresis effects due to wetting/drying cycles, soil 

temperature and salinity, which makes them hard to estimate (Durner 1994; Nielsen and Biggar 1986). 

Two soil characteristics, which strongly impact root growth, are soil penetration resistance and soil pore 

space. Soil penetration resistance and thus soil compaction is positively correlated with soil bulk density 

and negatively with soil water potential (Gao et al. 2012; Whalley et al. 2007). Soil porosity typically 

amounts to 30%‐60% of the total soil volume (Hillel 2013). Soil pores are created, destroyed and 

modified by different natural and artificial soil processes such as shrinkage, swelling and biological 

activity. Most of the pore space in soils is covered by small‐sized pores with diameters <2mm. 

Macropores with diameters >2mm typically comprise only between 1 and 3% of the total soil volume 

(Asare et al. 1999). Nevertheless, these macropores play an important role by allowing roots to gain 

access to water and nutrient resources located in deeper soil horizons (Kautz 2015; McKenzie et al. 2009; 

White and Kirkegaard 2010). Macropores are furthermore a key component for preferential flow 

(Wiekenkamp et al. 2016); in this thesis, however, we do not consider this aspect.  

1.1.3. Root	water	uptake		

Only about 3% of total plant water uptake is actually used for growth and metabolism. The remaining 

97% of absorbed water is lost by transpiration through open stomata in exchange for CO2 uptake during 

the process of photosynthesis (Sinha 2004). To obtain sufficient water supply, plants invest a substantial 

amount of their resources in the development of water uptake and transport tissue (i.a. the root 

system), which cannot fix CO2 (Waisel et al. 2002). Water flow from the soil to the atmosphere through 

the plant is driven by potential gradients. When water evaporates from the cell wall of the leaves, a 

negative pressure is applied on the water in the wall pores. This capillary suction is transmitted through 

the wall pores to the xylem conduits and further to the water in the soil. The root system therefore 

serves as a conduit between soil and atmosphere (Waisel et al. 2002). The flow rate is affected by root 

hydraulic properties, which differ significantly for different plant species and also depend on root type 

and root age (Steudle 2000).  
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1.2. Root	system	observation	techniques	

Due to the opaque nature of the soil, observation of root architecture development and measurement of 

individual root traits still remains a challenge. Over the years, different observation techniques have 

been developed. The first methods include destructive root excavations as well as hand drawings of 

excavated root systems in their natural environment (Gregory et al. 1978; Kutschera 1960; Weaver et al. 

1922) (Fig. 1.2a). Both techniques allow measuring mature root systems, but are extremely time‐

consuming when dealing with large root systems and cannot be used to study the temporal dynamics of 

root systems (Judd et al. 2015). Another well established and simple technique is the use of soil‐filled 

rhizoboxes or rhizotrons, whose transparent front plate allows the observation of dynamic changes of 

root architecture development (Cahn et al. 1989; Nagel et al. 2012; Nagel et al. 2015) (Fig. 1.2b). While 

rhizotrons permit non‐invasive observation of root system architecture as well as close surveillance of 

environmental influences, they spatially constrict root growth and guarantee only partial visibility of the 

root system (Nagel et al. 2012; Nagel et al. 2015; Wenzel et al. 2001). A more recent technique to 

efficiently analyze root architecture development of large numbers of young plants is represented by 

roots growing in hydroponics or on germination paper (rhizoslides) (Atkinson et al. 2017; Keller et al. 

2015; Le Marié et al. 2014)(Fig. 1.2c). The major limitation of this method is the absence of the soil 

environment, which makes comparisons with soil‐grown roots difficult (Clark et al. 2011; Hargreaves et 

al. 2009). Novel and promising techniques, which allow the analysis of root architecture development in 

3D, are magnetic resonance imaging (MRI) and X‐ray computed tomography (CT) (Pohlmeier et al. 2013; 

Tracy et al. 2015) (Fig. 1.2d). At the moment, however, the application of these techniques is still quite 

elaborate and can only be used on relatively small and young root systems (Mairhofer et al. 2012; Nagel 

et al. 2012).  
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Fig. 1.2: (a) Hand drawing of a wheat root system [reprint from Kutschera and Lichtenegger (2010), 

Figure 4d], (b) Wheat root system grown in a rhizotron (Bauke et al. 2017), (c) Root system of Azucena 

Rice grown in hydroponics [reprint from Piñeros et al. (2016), Figure 4d], (d) CT‐scan of a bean root 

system grown in a container [reprint from Koebernick et al. (2015), Figure 2a] 

1.3. Mathematical	Modeling	of	the	Soil-Root	Continuum		

1.3.1. Modeling	approaches		

Simulation models have been used extensively since many years to evaluate the performance of 

agricultural plants under variable climate conditions and management practices with regard to 

productivity and profitability (Wang and Smith 2004). For a long time, however, the main focus of these 

models was the simulation of growth and development of the above‐ground part of the plant; influences 

of root growth and function have either been neglected or taken into account in a very simplified way 

(Van Keulen and Seligman 1987; Van Laar et al. 1992). The growing interest in the development of more 

sustainable and resource‐efficient farming practices has raised the need to get a better understanding of 

water and nutrient dynamics in the soil as influenced by plant root systems (Wang and Smith 2004).  

Depending on modeling purpose and scale, 1D, 2D, or 3D root architecture models are available. While 

1D models can only describe root system variation with depth, 2D and 3D models are able to explicitly 

represent root system architectures as a complex net of interconnected nodes (Pages et al. 2000). Due to 

the steady increase in computing power over the last years, a strong focus was put on the evolution of 

3D root architecture models. In these models, the dynamic root system development both influences 
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and is influenced by the surrounding environment (Dunbabin et al. 2013). Such environmental impacts 

include soil temperature (e.g. Jones et al. (1991)), soil strength (e.g. Clausnitzer and Hopmans (1994)) 

and soil water and nutrient content (e.g. Somma et al. (1998)), which affect both size and shape of a root 

system. Significant progress in extending the functionality of 3D root architecture models was made by 

Doussan et al. (1998), who coupled the root growth model RootTyp (Pages et al. 1989) with the root 

water uptake model by Alm et al. (1992) to compute water uptake of 3D branched root architectures. 

This approach was followed up by Javaux et al. (2008) with the model R‐SWMS (root‐soil water 

movement and solute transport), which combines the soil water flow model by Šimůnek et al. (2005) 

with the root growth model by Clausnitzer and Hopmans (1994) and the root water uptake model by 

Doussan et al. (1998). This structural‐functional model approach has been developed further to models 

that include the above‐ground part of the plant (Lobet et al. 2014), root nutrient and carbon allocation 

(Postma et al. 2017) or rhizosphere gradients around each root segment (Schnepf et al. 2012). Our newly 

developed simulation model for root growth and root water uptake in soil with biopores (Landl et al. 

2017) also ranks alongside these 3D structural‐functional models.  

1.3.2. 3D	root	architecture	modeling	

Most 3D root architecture models use simple rules to describe the development of complex root system 

architectures (Pagès 2002). It was shown that a limited number of branching rules, which is applied 

repeatedly in space and time, is sufficient to create a large variety of different root systems (Fitter et al. 

1991; Leitner et al. 2010a). In the simplest case, these branching rules include the following processes: 

(1) root emission from the seed, (2) root branching and development of higher‐order roots and (3) root 

growth. To take into account varying developmental characteristics of individual roots, branching 

parameters (e.g. root growth speed, inter‐branch distance and preferential growth direction) are 

generally defined separately for different root orders (e.g. Clausnitzer and Hopmans 1994; Postma et al. 

2017; Schnepf et al. 2018). Some models, however, (e.g. Pagès et al. (2014)) combine individual 

branching parameters (e.g. diameter of root tip and elongation rate) to obtain root architecture models 

that can be parameterized more easily and integrated into larger crop models. Coding principles are 

similar among the different root architecture models: The root system consists of a multitude of straight 

root segments. At each root growth time step, a new segment emerges from the tip of a growing branch 

and moves the root apex to a new position.  
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1.3.3. Modeling	the	influence	of	environmental	stress	conditions	on	root	system	development	

Root systems are known for their plasticity towards various environmental influences, which can be of 

physical, chemical or biological nature (Topp 2016). In 3D root architecture models, this plasticity is 

considered on the root segment scale, where newly emerging root segments are affected in length and/ 

or orientation by surrounding environmental conditions. The root growth and soil water flow model R‐

SWMS, which is used in this thesis, includes empirical functions that account for the effects of soil 

strength, soil temperature and soil nutrient concentration on root architecture development. We further 

extended its functionality by considering the deviation from intrinsic root growth direction due to soil 

penetration resistance anisotropy caused by biopores (Landl et al. 2017).  

1.3.4. Modeling	soil	water	flow	and	root	water	uptake	

In coupled 3D root growth and soil water flow models such as R‐SWMS, the soil domain is frequently 

made up of a regular cubic grid of nodes in which the root system is embedded. The representation of 

the root system differs for the different simulation models: While explicit models consider root systems 

as 3D objects (e.g. Leitner et al. (2010b)), implicit models regard them as line sources, which are not 

physically present in the soil domain (e. g. Javaux et al. (2008)). Each grid node contains information on 

soil properties as well as temporally variable soil moisture data. Water flow in the soil domain is 

described by the Richards’ equation (Richards 1931), in which temporal variations in soil water content 

are computed as a function of unsaturated hydraulic conductivity, soil water potential and a sink term 

that accounts for root water uptake. Root water uptake can be computed at different levels of 

complexity and dimensionalities, depending on the problem. 1D models (e.g. Jarvis (1989), Feddes et al. 

(2001)), which compute root water uptake as a function of root length density as well as a depth‐

dependent stress term that accounts for low soil water availability, are less computationally expensive 

and are thus often used to simulate root water uptake over longer time periods. 3D models (e.g. 

Doussan et al. (1998), Roose and Fowler (2004)), which consider 3D branched root architecture and 

compute water uptake based on pressure differences in root and soil, typically focus on the single plant 

or single root scale. Another distinction must be made between explicit and implicit 3D root water 

uptake models: While implicit models assume that root water uptake is equal across the whole root 

surface and thereby neglect soil moisture heterogeneity in the rhizosphere, explicit models allow 

visualizing the spatial distribution of water around the root system as well as calculating water fluxes 
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into the root (Daly et al. 2018). The advantage of 3D models is their ability to consider the effect of 

lateral variations in root density on root water uptake as well as compensatory root water uptake and 

soil water redistribution (hydraulic lift) (Couvreur et al. 2014a; Meunier et al. 2017). Couvreur et al. 

(2012) recently developed a model that combines 3D and 1D approach and represents a promising way 

to efficiently and accurately solve root water uptake for large root system architectures. The root growth 

and soil water flow model R‐SWMS includes three model approaches of different complexity for the 

computation of root water uptake: for simple 1D solutions, the approach by Feddes et al. (2001) can be 

used, for 3D water uptake of simple root systems, the ‘hydraulic tree model approach’ by Doussan et al. 

(1998) is available and 3D water uptake of complex root architectures can be tackled with the approach 

by Couvreur et al. (2012).  

1.4. Objectives		

The objective of this thesis was to get a better understanding of the influence of biopores on root system 

development and root water uptake. We firstly aimed to develop a 3D root architecture model, which is 

capable of reproducing observed root growth patterns in soil with macropores using data from literature 

as well as from 2D root‐images. Our second objective was then to combine the simulation model with 

extensive experimental field data and evaluate the impact of soil structure on root growth and root 

water uptake under different soil physical and environmental conditions.  

1.4.1. Thesis	outline	

Chapters 2‐4 in this thesis refer to publications that have already been accepted by scientific journals or 

have been prepared for submission.  

The first paper, described in chapter 2, addresses model development. Most 3D root architecture models 

consider the impact of soil heterogeneities in a simplified way. In these models the gradient of soil 

mechanical resistance defines the direction of root growth, i.e. roots grow in the direction in which soil 

resistance decreases most rapidly (Clausnitzer and Hopmans 1994; Pagès et al. 2004). However, using 

this approach, we were not able to simulate root growth along the macropore wall or to simulate the 

way that roots appear to ‘find’ macropores in deeper soil layers and grow into them. We therefore 

developed a new model approach for the simulation of root growth in structured soil. This alternative 
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approach is based on the analogy between root growth and water flow in porous media and was 

implemented into the three‐dimensional numerical soil and root water flow model, R‐SWMS. We tested 

the new model approach using data from literature with the aim to reproduce observed root growth 

patterns in soil with artificial macropores on the single root and on the root system scale. Qualitative and 

quantitative comparisons between simulated and experimentally observed root systems showed good 

agreement in the response of root system development to structured soil.  

The second paper, which is described in chapter 3, deals with model parameterization. Due to the 

difficulty of observing and measuring root system traits, the parameterization of 3D root architecture 

models remains challenging. Root system architecture influences in particular the ability of roots to 

forage the soil and thus root water and nutrient uptake capacity. A simple method to recover 

parameters that can be used in 3D root architecture models is the analysis of 2D root images. 2D root 

images can be obtained from various sources such as drawings (Kutschera and Lichtenegger 2010), 

rhizotrons (Bauke et al. 2017) or rhizoslides (Atkinson et al. 2017). To facilitate their analysis, automated 

root tracking systems have been developed (e.g. Delory et al. (2016), Leitner et al. (2014)). In our study, 

we used 2D wheat root images from various sources to recover the root traits inter‐branch distance, 

branching angle and axial root trajectories, which are three of the main parameters that determine 

shape and distribution of a root system. We evaluated parameter distributions as well as parameter 

patterns that were common on the different images. Using simulation studies, we linked the observed 

root traits with model input parameters, evaluated errors due to the 2D (versus 3D) nature of image 

sources and investigated the effect of model parameter distributions on root foraging performance.  

The third paper, which is described in chapter 4, deals with model application. Direct measurements of 

the impact of biopores on root growth and root water uptake are difficult. Simulation models that are 

calibrated with measured field data can thereby help to find relations between experimental 

measurements and to get a better understanding of the processes governing root growth and root water 

uptake in soil with biopores. In this study, we combined our previously developed simulation model 

(chapter II) with data from an extensive experimental field trial. X‐ray CT scans of soil columns from the 

field site were used to create a biopore network that could be integrated into the model soil domain. 

Spring wheat root architecture as well as water flow in the root‐soil continuum were simulated with the 

3D numerical R‐SWMS model, which was extended to include root growth in structured soil. The model 
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was calibrated against observed root length densities in both bulk soil and biopores by optimizing root 

growth model input parameters. By implementing known interactions between root growth and soil 

penetration resistance into our model, we could simulate root systems whose response to biopores 

corresponded well to experimental observations described in literature such as increased total root 

length and increased maximum rooting depth. We found biopores to substantially mitigate transpiration 

deficits in times of drought by allowing roots to take up water from deeper, less dry soil regions. This 

effect persisted even under the assumption of reduced root water uptake in biopores due to limited 

root‐soil contact and was stronger for more compact soil and soil with low hydraulic conductivity at low 

soil water potential1.  

                                                           

1
 In this thesis, the terms ‘macropore‘ and ‘biopore‘ are both used to describe tubular shaped voids in the soil. 

Throughout chapter 2, we use the term ‘macropore’ because our model can also be applied on root growth in 
pores of non‐biological origin. In chapter 4, we use the term ‘biopore’ because the biopores in the field originate 
from earthworms or decayed plant roots.  
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Chapter	II	

2. A	new	model	for	root	growth	in	soil	with	macropores	

	

	

 

 

 

Based on a journal article published as 

Landl M, Huber K, Schnepf A, Vanderborght J, Javaux M, Bengough AG, Vereecken H 2017 A new model 

for root growth in soil with macropores. Plant and Soil 415: 99‐116  
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2.1. Introduction	

Due to high bulk densities in the subsoil, roots preferentially grow in the topsoil layer, where soil 

penetration resistance is low (Ehlers et al. 1983; Gregory 2008). There is, however, evidence that a 

significant amount of plant available nutrients as well as water supplies are stored in the subsoil. 

Especially during drought periods or when the topsoil layer is nutrient depleted these subsoil resources 

play an important role in plant nutrition and can help to reduce the amount of irrigation water and 

fertilizer needed (Gaiser et al. 2013; Kautz et al. 2013a; Kirkegaard et al. 2007).  

The extent to which plants take up nutrients and water from the subsoil essentially depends on the 

fraction of roots that are able to penetrate this hard soil layer (Kuhlmann and Baumgärtel 1991). A 

possibility for roots to gain access to deeper, highly dense soil horizons is to use large sized macropores 

(diameters > 2 mm) as preferential pathways (Ehlers et al. 1983; Gaiser et al. 2013; McKenzie et al. 2009; 

Stewart et al. 1999; Stirzaker et al. 1996). The probability of roots to grow in macropores depends on the 

abundance of pores in the soil (Hatano et al. 1988) and on the penetration resistance of the bulk soil 

(Hirth et al. 2005). While some studies (Stewart et al. 1999; Stirzaker et al. 1996) observed that 

significantly more roots encountered macropores than what would be expected if root growth was 

purely random, others (Dexter 1986; McKenzie et al. 2009) assume that roots locate macropores only by 

chance. Gaiser et al. (2013) observed that roots use macropores to overcome hard soil layers, but then 

again re‐enter the bulk soil. This is in line with the results by Hirth et al. (2005) who found roots to grow 

more frequently in macropores when the bulk density is higher. Dexter and Hewitt (1978), Stirzaker et al. 

(1996) and Hirth et al. (2005) observed that roots tend to grow over a longer distance in macropores that 

are aligned more vertically. Hatano et al. (1988), Stirzaker et al. (1996) and Valentine et al. (2012) have 

shown that root elongation in macropores is higher than in the surrounding bulk soil.  

Roots do not only use macropores as preferential pathways, but also take up nutrients from the pore 

walls, which were observed to be rich in nutrients (Athmann et al. 2014). Due to the generally low water 

content inside macropores when soil is dry (Laloy et al. 2010), root water uptake from the pore walls is 

vital (White and Kirkegaard 2010). Knowledge about the root – macropore – soil contact is thus essential. 

Athmann et al. (2013) have shown that the way roots connect to the pore wall depends on the plant 

genotype. White and Kirkegaard (2010) and Kautz and Köpke (2009) found most roots to grow straight 
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through the pore and connect to the pore wall by the help of root hairs respectively lateral branches if 

they do not have direct contact. Athmann et al. (2013) observed that barley roots spiral down in large 

coils inside the pore wall. Field studies have shown that 85 % of the roots of a barley and oilseed rape 

crop, which were found in macropores established contact to the pore wall (Athmann et al. 2013). 

These plant scale observations converge with our current understanding how environmental stimuli 

influence root growth. Toyota and Gilroy (2013) physiologically analyzed the mechanisms of gravitropic 

and mechanical signaling in roots. Shkolnik et al. (2016) state the importance of hydrosensing, where 

roots grow away from low water potential towards higher water potential. Bao et al. (2014) observed 

that the formation of lateral roots depends on the availability of water in the vicinity of the root.  

The influence of macropores on root growth as well as on root water and nutrient uptake from the 

subsoil is hard to measure directly. Simulation models that describe root development in structured soils 

and water and nutrient fluxes in the root zone are therefore useful tools to interpret measurements that 

provide indirect information about uptake processes, e.g. soil water contents, plant nutrient contents 

and water and nutrient isotopic profiles in the soil and in the plant. Until now, only few models exist, 

which include the responses of roots to macropores (Vereecken et al. 2016). Gaiser et al. (2013) modeled 

the effect of macropores on root development at the plot scale and Jakobsen and Dexter (1986) 

investigated the influence of macropores on root growth and water uptake in a water balance model. In 

these model simulations, the amount of roots that grow into macropores was prescribed or 

parameterized. But how this parameterization changes with changing soil properties (e.g. matric bulk 

density, amount and orientation of macropores) and root growth parameters (e.g. root growth 

responses to soil penetration resistance, gravity) cannot be predicted by these models but is required 

model input. Such predictions require explicit simulation of root growth and development on both the 

single root and the root system scale.  

In recent years, several different simulation models for the description of growing root systems have 

been developed. While the early models merely focused on the representation of the root system 

architecture, the later models are more complex and also include the influence of the surrounding soil. 

Most of these later models (Clausnitzer and Hopmans 1994; Pagès et al. 2004) calculate the rate and 

direction of root growth as the vector sum of various root segment length and direction‐affecting 

components. Root growth models frequently use the concept of tropisms to represent the influence of 
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plant physiological properties on the direction of root growth. The gradient of the environmental 

stimulus that triggers a certain tropism defines the direction in which the root tip will grow. Most root 

growth models include the influence of gravitropism (Clausnitzer and Hopmans 1994; Leitner et al. 

2010a; Pagès et al. 2004) and some also take into account chemotropism and hydrotropism (Leitner et 

al. 2010a; Tsutsumi et al. 2003). The effect of soil heterogeneities on the direction of root growth is 

typically implemented similarly to the concept of tropisms: The gradient of soil mechanical resistance 

defines the direction of root growth, i.e. roots grow in the direction in which the soil resistance 

decreases most rapidly (Clausnitzer and Hopmans 1994; Pagès et al. 2004). The influence of soil 

mechanical resistance on the root growth direction is controlled by a sensitivity factor. However, using 

this ‘tropism approach’, we were not able to simulate root growth along the macropore wall or to 

simulate the way that roots appear to ‘find’ macropores in deeper soil layers and grow into them. Whilst 

the approach is logical and attractive in simulating root growth in bulk soil, it needs to be modified to 

enable the simulation of root growth in, along, and out of macropores. This is primarily due to large 

gradients in strength, geometry, and matric potential that change rapidly adjacent to macropore walls. 

Therefore, a more mechanistic description of root growth to determine the root growth direction seems 

necessary.  

This study presents a new method for computing root growth in soils with macropores. It distinguishes 

between the driving forces for root growth and anisotropy of soil strength, which is similar to the 

description of water flow in a soil with anisotropic hydraulic conductivity. The new ‘anisotropy approach’ 

is illustrated by the simulation of an experimental study by Stirzaker et al. (1996) on root growth in 

artificial macropores. Experimental and simulation results using both the tropism and anisotropy 

approach to model changes in root growth direction are compared visually and quantitatively. The 

potential of the anisotropy approach to simulate the effects of different macropore inclination angles, 

bulk soil penetration resistances, and gravitropism on root growth in structured soil are demonstrated by 

comparing simulation results with experimental data from Hirth et al. (2005). To evaluate its 

performance on root growth in a multi – layered soil domain containing macropores, we carried out a 

simulation study that was inspired by an experimental study by Dexter (1986).  
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2.2. Material	and	Methods	

2.2.1. Model	description	

In our new approach, we draw an analogy between the movement of a root tip and water flow in porous 

media (Bear 2013). The root tip is pushed by a root inherent driving force into the soil. The direction of 

this driving force depends on the direction of the previous root segment and on a gravitational 

component that is directed downwards. This driving force is counteracted by soil mechanical forces and 

friction. If the friction force depends on the direction of the movement, i.e. when the friction or soil 

resistance is anisotropic, the movement of the root tip will deviate from the direction of the driving 

force.  

In analogy with soil water flow, the direction of the root tip movement corresponds to the water flux 

vector, while the driving force represents the gradient of the water potential. Soil mechanical forces can 

be seen as the viscous friction forces that counteract water flow and thus the driving force. In the Darcy 

equation, the effect of these viscous forces on energy dissipation is represented by the hydraulic 

conductance tensor, which may show anisotropy. Analogous to the Darcy flow equation, we express the 

movement of the root tip by the following equation: 

d = k ∙ F, (2.1) 

where d is the root tip movement vector, k is the soil mechanical conductance tensor that represents the 

ease with which the root can penetrate the soil and F is the driving force that influences the root growth 

direction.  

The soil mechanical conductance tensor k is a symmetric, second rank tensor with nine entry values 

defining conductances in the three principal directions:  

k = �

k�� k�� k��
k�� k�� k��
k�� k�� k��

�. 
(2.2) 
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For an isotropic soil domain, where soil penetration resistance, or conductance as its inverse, is uniform 

in each direction, the conductance tensor k can be reduced to a diagonal matrix in which all diagonal 

entry values are identical. The direction of movement of the root tip then merely depends on the driving 

force. The simplest example of soil heterogeneity is a stratified soil domain where each layer has a 

different conductance. In accordance with soil hydraulic conductivity, the soil mechanical conductance in 

direction of the soil layering equals the arithmetic mean whereas the conductance perpendicular to the 

soil layering is equal to the harmonic mean of the individual soil layer conductances. If the direction of 

the soil layers, i.e. the axis of anisotropy, coincides with one of the axes of the Cartesian coordinate 

system, the conductance tensor is a diagonal matrix with three different entry values. If the layering or 

the axes of anisotropy are not aligned with the Cartesian coordinate system, the conductance tensor k is 

fully occupied with nine entry values. In an anisotropic medium, the root tip movement deviates from 

the direction of the driving force and is oriented towards the axis of anisotropy in which the conductance 

is largest and resistance is smallest. Anisotropy in the soil domain can be caused by macropores, soil 

aggregation or differently compacted soil layers. Furthermore, local differences in soil water content e.g. 

due to root water uptake, also lead to anisotropy and affect the direction of root growth. Unlike the 

approaches by Clausnitzer and Hopmans (1994) and Pagès et al. (2004), no sensitivity factor is needed to 

weigh the influence of penetration resistance on the root growth direction.  

The driving force F could comprise several factors. We chose here the direction vector of the previous 

root segment and gravitropism. The direction of the previous root segment is expressed by the azimuth 

angle α and the polar angle β. To account for small scale variations in the soil matrix and to represent a 

random behavior of the root tip, random deflection angles γ and δ are added to α and β (Fig. 2.1).  

F = 	�

dx(�,�,�,�)
dy(�,��,�)
dz(�,��,�)

� + sg �
0
0
−1

� ; 
(2.3) 

While the first term on the right hand side of equation (2.3) represents the previous growth direction 

vector of F, the second term expresses the gravitropism component with sg as gravitropism sensitivity 

factor.  
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While the deflection of the azimuth angle γ is a uniformly distributed random angle between [0 2π], the 

deflection of the polar δ is a normally distributed random angle with mean zero and standard deviation 

σdl, which is calculated following the approach by Leitner et al. (2010a). The standard deviation σdl is 

derived from the user defined unit standard deviation σ of a root segment of 1 cm length and the 

maximum root segment length dl, which is reached when soil penetration resistance equals zero. In 

probability theory, standard deviation decreases by the square root of the number of trials. If 1/dl 

(segments per cm) is regarded as the number of trials, the standard deviation σdl (° cm1/2) can be given as  

��� = √�� × �. (2.4) 

In this way, the deflection from the original root tip location does not depend on the spatial resolution of 

the root growth model. By using the maximum root segment length as normalization factor for the 

standard deviation of the random deflection angle, we create a dependency between σdl and soil 

penetration resistance. In this way, experimental observations of higher root tortuosity in more compact 

soil (Tracy 2013) are taken into account.  

 

Fig. 2.1: Direction of the root segment expressed by the azimuth angle α with random deflection γ and 

the polar angle β with random deflection δ 
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2.2.2. Mathematical	 formulation	 of	 the	 anisotropy	 approach	 to	 model	 changes	 in	 root	 growth	

direction	

We implemented our new model approach in the three dimensional numerical R‐SWMS model (Javaux 

et al. 2008). This model couples the root growth model by Clausnitzer and Hopmans (1994) with a model 

that simulates water flow in the soil domain and in the root system (Doussan et al. 1998; Richards 1931). 

For the numerical solution of the water flow equation, the soil domain is discretized in a regular cubic 

grid of nodes. Initial soil hydraulic properties and soil bulk density are user defined input values and 

given explicitly for each node of the grid. The system of root branches consists of straight root segments. 

At each root growth time step, a new root segment emerges from the tip of a growing branch and moves 

the root apex to a new position. Length and orientation of the newly developed root segment are 

influenced by a soil mechanical conductance tensor and a root inherent driving force (equation (2.1)).  

Soil penetration resistance in the bulk soil is calculated for each grid node as a function of soil bulk 

density, soil water potential and effective saturation using the pedotransfer function developed by 

Whalley et al. (2007):  

log��(�) = 0.35× log��(|�� |× ��) + 0.93×�� + 1.26, (2.5) 

where R is the soil penetration resistance (kPa), ψm the matric potential (kPa), Se the effective saturation 

(‐) and ρb the soil bulk density (g cm‐3). This pedotransfer function is based on the analysis of 12 different 

soils with varying bulk density and organic carbon, sand, silt and clay contents and can thus be assumed 

to be valid for a wide range of soils. Soil mechanical conductance k (kPa‐1) is then determined as the 

inverse of soil penetration resistance R:  

k =
1

R
. (2.6) 

Soil penetration resistances respectively soil mechanical conductances are specified at each node of a 

grid cell. We assume that these nodal soil mechanical conductances are direction independent or 

isotropic properties. The eight nodal conductances of the grid cell in which the root tip is located are 

used to determine an average or grid cell conductance tensor (equation (2.2)), which is assumed to be 
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constant within the grid cell. Homogeneous nodal root conductances lead to an isotropic soil mechanical 

conductance.  

In a regular cubic soil grid, macropores are designed in a stepwise structure by arranging grid cells on top 

or next to each other (Fig. 2.2). For whichever inclination angle of the macropore, the principal axes of 

anisotropy then either coincide with or stand at an angle of 45 ° to one of the three axes of the Cartesian 

coordinate system. If macropores are the cause of soil anisotropy, it is thus sufficient to only consider 

four possible orientations of the axes of anisotropy. Rotating the Cartesian coordinate system by 45° 

around each one of its main axes gives us three local coordinate systems of anisotropy (Fig. 2.3). For 

each root tip, we then calculate four different conductance tensors and choose the one for which the 

contrast between the main axes of anisotropy is largest.  

 
 

Fig. 2.2: Stepwise structure of a 45 ° 

and a 60° inclined macropore 

Fig. 2.3: Four local coordinate systems are sufficient to describe 

all possible main axes of anisotropy in a regular cubic grid. The 

planes perpendicular to the local coordinate axes are used to 

divide one cubic soil element in two half‐spaces that are used to 

compute local average conductances (e.g. Fig. 2.5) 

In the simplest case where the main axes of anisotropy coincide with the axes of the Cartesian 

coordinate system, the conductance tensor is calculated as follows: In all three directions of the 

Cartesian coordinate system, the grid cell is virtually cut into two halves, which are regarded as two 

separate soil layers with different conductances. The average soil conductance of each half space of one 

grid cell is calculated as the arithmetic mean of the conductance values of the four corner nodes located 

within this half (Fig. 2.4, equation (2.7)):  
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kh�� =
k� + k� + k� + k�

4
. (2.7) 

Each axis of the Cartesian coordinate system is aligned perpendicular to two half spaces of a grid cell. In 

line with hydraulic conductivity, the average conductance for each direction is calculated as the 

harmonic mean of the conductances of two opposing half spaces of a grid cell (Fig. 2.5, equation (2.8)).  

k�� = 	
2

1
kh��

+
1

kh��

. (2.8) 

In case that the main axes of anisotropy do not coincide with axes of the Cartesian coordinate system, 

we calculate the average soil conductance for each grid cell half perpendicular to the axes of the rotated 

coordinate system. The average soil conductance of the half space on either side of a rotated plane is the 

arithmetic mean of six weighted conductances: While the conductances of the two corner nodes, which 

lie within one half are given the weight 1, the conductances of the four corner nodes lying on the 

separating plane between two halves have the weight 0.5. The average conductance for each direction is 

then once again calculated as the harmonic mean of the conductances of two opposing grid cell halves. 

Fig. 2.6 and equations (2.9), (2.10) and (2.11) give an example for the calculation of the conductance in y’ 

– direction of the coordinate system that was rotated around the x‐axis. 

�′�� = 	
�� + �� +

��
2 +

��
2 +

��
2 +

��
2

4
, 

(2.9) 

���� = 	
�� + �� +

��
2
+
��
2
+
��
2
+
��
2

4
, 

(2.10) 

k��
� = 	

2

1
����

+
1

����

, (2.11) 
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where k’y1 and k’y2 are the average conductances of the rotated halves of a grid cell in y’ direction, k1 to 

k8 are the conductance values of the corner nodes of the grid cell and k’yy is the conductance vector of 

the local coordinate system, which was rotated around the x‐axis in y’ direction. 

 
 

Fig. 2.4: Average conductance of one half space 

of a grid element perpendicular to the x‐axis 

Fig. 2.5: Conductance perpendicular to the 

conductances of the two half spaces 

 

 

Fig. 2.6: Separating plane between two halves 

perpendicular to the y’–direction of the local 

coordinate system which was rotated around the x–axis 

The three conductance tensors in their local coordinate systems are then mapped back onto the 

Cartesian coordinate system by the help of a rotation matrix (equation (2.12)) following the approach by 

Lust (2001):  

k = M��� × k� × M���
� , (2.12) 
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where k is the conductance tensor in the Cartesian coordinate system, k’ is the conductance tensor in 

the local coordinate system, M��� is the rotation matrix and M���
�  is the conjugated rotation matrix.  

The length of a newly developed root segment is calculated as the product of root elongation rate and a 

user defined root growth time step. The root elongation rate Er (cm d‐1) is assumed to be a function of 

soil strength. Bengough et al. (2011) observed that the soil penetration resistance sufficient to stop root 

elongation completely (Rmax, kPa) is a function of matric potential (ψm, kPa) and can be calculated as  

���� = 4000 + 2.33× |�� |, (2.13) 

In the bulk soil, Rmax corresponds approximately to the soil penetration resistance at the permanent 

wilting point (ψm = ‐1500 kPa).The root elongation rate is assumed to decrease linearly between zero and 

maximum soil penetration resistance. The actual root elongation rate can thus be calculated based on 

the fraction of the maximum root elongation rate by  

�� = ���� × �1 −
����

����
�, (2.14) 

where Er (cm d‐1) is the actual root elongation rate, Emax (cm d‐1) is the maximum root elongation rate and 

Reff is the effective soil penetration resistance in the direction of the root tip growth. Reff is by definition 

the inverse of an effective conductance in the direction of root growth keff:  

���� =
1

����
; (2.15) 

keff is a function of both the average conductance of the grid cell and the root inherent growth direction 

and is calculated as:  

���� = �k × ���, (2.16) 

where ��  is the unit length vector of the driving force. In this way, Er is reduced stronger if the root grows 

perpendicular to a hard soil layer than if it grows along a hard soil layer. This approach corresponds to 
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observations by Kolb et al. (2012) who found that radial constrictions applied to roots did not 

significantly reduce root elongation rates, while axial constrictions did have a significant impact.  

2.2.3. Model	assumptions	for	root	growth	in	macropores	

In the case of a root growing within a grid cell at the interface between bulk soil and macropore, soil 

domain and macropore are regarded as two soil regions with different soil mechanical conductances that 

influence the direction in which the root will grow. The intensity with which a root is forced to grow 

towards the direction of higher conductance depends on both the conductances in the bulk soil and in 

the macropore. While the conductance in the bulk soil is calculated as the inverse of soil penetration 

resistance, the conductance in the macropore (kmacro) is unknown. To identify plausible values of kmacro, 

we analyzed the anisotropy of one single grid cell with four bulk soil and four macropore nodes. We 

define the degree of anisotropy (DA) according to Dal Ferro et al. (2014) as  

�� = 1 −
�����

�����
, (2.17) 

where kperp and klong are the conductances perpendicular and along the macropore – bulk soil grid cell 

half spaces (Fig. 2.7). A Da of 0 signifies perfect isotropy, while a DA of 1 represents maximum 

anisotropy. Fig. 2.8 shows the influence of different parametrizations of kmacro on anisotropy for typical 

minimum and maximum values of soil penetration resistance. Assuming that the conductance in the 

macropore is much higher than in the bulk soil, anisotropy shall be well above 0. If the degree of 

anisotropy approaches 1, however, the influence of different soil conductances is no longer perceptible. 

We therefore assume macropore conductance values of 1e4 ≤ kmacro ≤ 2e5 kPa‐1 as most plausible. The 

conductance in the macropore can be regarded as a sensitivity factor, which influences the probability of 

a root to continue growing within the macropore or to re‐enter the bulk soil.  
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Fig. 2.7: The degree of anisotropy is one minus the 

ratio between the conductance perpendicular to 

(kperp) and along (klong) the plane that separates 

macropore from bulk soil and the bulk soil plane 

Fig. 2.8: Influence of kmacro on the degree of 

anisotropy for typical minimum and maximum 

values of ksoil 

2.2.4. Model	setup	

Using experimental model setups from literature, we built three simulation scenarios to assess the 

performance of our new model approach.  

Scenario	1:	Visual	comparison	of	simulation	results	with	observed	root	growth	patterns	in	structure	

soil	

For our first simulation scenario, we used an experimental study by Stirzaker et al. (1996) on root growth 

of barley (Hordeum vulgare cv. Yagan) in soil containing macropores at the plant root scale. The setup of 

the simulation model was designed according to the descriptions by Stirzaker et al. (1996). Undescribed 

model parameters were either taken from literature or approximated. The soil domain was a rectangular 

cuboid with a surface area of 8.7 x 8.7 cm² and a depth of 20.1 cm, which we discretized to cubic grid 

elements of 0.1 cm side length. The bulk density of the boundary grid cells of the sides and the base of 

the soil domain were set to a virtual density of 4 g cm‐3 in order to simulate the impenetrable pot walls. 

Eight vertical macropores with a diameter each of 0.4 cm were arranged symmetrically around the 

center of the soil domain on a circle with a radius of 2.5 cm (Fig. 2.9). We used the soil properties of a 



27 

 

sandy loam (Table 2‐1), which was packed to a bulk density of 1.77 g cm‐3. We did not consider soil water 

flow and assumed hydrostatic equilibrium in the soil domain. The simulation runtime was set to 25 days.  

The simulated root system consisted of seven axes from which one emerged at day zero, three at day 

one and three at day three. The initial potential root elongation rate for barley was derived from 

literature (Materechera et al. 1991) and set to 1.2 cm d‐1. Watt et al. (2006) observed the growth rates of 

roots to decrease with time and branch roots to grow more slowly than their parent axes. We thus 

reduced the elongation rate for 8 day old first order roots to 0.8 cm d‐1. Root images by Stirzaker et al. 

(1996) show that roots grew in a low angle from the horizontal over the whole width of the pot before 

they turn downwards (Fig. 2.11a). In order to reproduce these root growth patterns, sensitivity to 

gravitropism was set to the extremely low value of 0.005 for 1st order roots. Rose (1983) observed roots 

of higher branching to be less gravitropic. Sensitivity to gravitropism for 2nd and 3rd order roots was thus 

reduced to 0.001. The root tortuosity as displayed in Fig. 2.11a could be best reproduced with unit 

standard deviations of the random angle of 45 °. The initial growth angle for axial roots was set to 0 °; 

the branching angle (relative to the parent roots) to 90 °. Branch spacing was estimated and set to a 

value of 0.6 days for 1st order roots and 0.4 days for 2nd order roots.  

Root water uptake was not considered in the simulations. Soil water potentials were set so that 

simulated soil penetration resistances matched experimentally measured ones. We chose a whole pot 

matrix potential of ‐100 kPa, which resulted in soil penetration resistances of 2500 kPa and 

corresponded approximately to the experimentally observed values by Stirzaker et al. (1996), which lay 

between 2000 and 4000 kPa. The complete parameter set is presented in Table 2‐2. 
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Fig. 2.9: Side (a) and top (b) view of the soil domain with a 25–day old barley root, scenario 1; the bulk 

soil is displayed in light grey, while the macropores are presented in dark grey and the root in black 

Table 2‐1: Texture of soils used in the simulation scenarios 1, 2 and 3 

Simulation scenario FAO soil classification Sand (%) Silt (%) Clay (%) 

Scenario 1 Sandy loam 74 12 14 

Scenario 2 and 3 Silty loam 55.8 26.6 12.3 
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Table 2‐2: Model parametrizations for simulation scenarios 1, 2 and 3 

 

Geometry of the soil 

domain   
Root growth parameters Simulation 

runtime 

 
L W D ρb ψm Emax nbas basang brnang brspac σ sg kmacro 

 
(cm) (cm) (cm) (g cm

‐3
) (kPa) (cm d

‐1
) (‐) (°) (°) (d

‐1
) (°) (‐) (kPa

‐1
) (d) 

Scenario1 8.7 8.7 20.1 1.77 ‐100 1.2 (0.8) 6 0 90 
0.6 

(0.4) 
45 

0.005 

(0.001) 
2x10

5
 25 

Scenario2 3 1 3 Table 2‐3 ‐5 0.68 ‐ ‐ ‐ ‐ Table 2‐3 Table 2‐3 Table 2‐3 7 

Scenario3 3 3 3 
1.25 

resp. 3 
‐15 0.68 ‐ ‐ ‐ ‐ 45 0.05 1x10

5
 10 

Values in parentheses indicate parametrizations for 2nd and 3rd order roots, L Length, W Width, D Depth, ρb bulk density, ψm soil matric potential, 

Emax maximum elongation rate, nbas number of basal roots, basang basal root angle, brnang branching angle, brspac branch spacing, σ unit standard 

deviation of the random angle, sg sensitivity to gravitropism, kmacro conductance in the macropore 
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Scenario	2:	Quantitative	comparison	of	simulation	and	experimental	results	on	single	root	growth	in	

inclined	macropores	

For our second simulation scenario, we used an experimental study by Hirth et al. (2005) on the ability of 

seedling roots of rye grass (Lolium perenne L.) to penetrate the soil from artificial macropores under 

varying soil bulk densities and macropore inclination angles. The setup of the simulation model was 

designed according to the descriptions by Hirth et al. (2005). Undescribed model parameters were either 

taken from literature or approximated. The rectangular‐shaped soil domain had a surface area of 3 x 1 

cm² and a depth of 3 cm, which we discretized to cubic grid cells of 0.1 cm side length. One single 

macropore with an angle of 40 ° respectively 90 ° was inserted into the soil domain. Macropore and 

interface had a horizontal cross section area of 0.09 cm². The seed (starting point of the root tip) was 

placed at the edge of the macropore (Fig. 2.10). We used the soil properties of a silty loam with the 

texture indicated in Table 2‐1. The soil was packed to uniform bulk densities of 1.25, 1.38 and 1.50 g cm‐

³. In accordance with the experimental setup, macropore wall compaction was not considered. Hirth et 

al. (2005) kept the matric potential in the soil cores at a constant value of ‐5 kPa by connecting them to 

0.5 m hanging columns of water. We therefore assumed that root water uptake does not significantly 

affect the surrounding soil and performed simulations without root water uptake. We did not consider 

soil water flow and assumed hydrostatic equilibrium in the soil domain. The simulation runtime was set 

to 7 days. 

The simulation of only one single root without laterals reduced the required input parameters for root 

growth to potential root elongation rate, sensitivity to gravitropism, unit standard deviation of the 

random deflection angle and conductance in the macropore. A potential root elongation rate of 0.49 cm 

d‐1, which we assumed to stay constant over time was best suited to reproduce the actual root lengths 

measured by Hirth et al. (2005). This value is within the range of the standard error of the mean of the 

potential root elongation rate for seedlings of annual ryegrass (L.rigidum) given by Materechera et al. 

(1991). The remaining root growth parameters were not experimentally determined and thus unknown. 

To evaluate the influence of different root growth parametrizations, we performed simulations with 

different combinations of these parameters (see Table 2‐3 for chosen parameter values). Altogether, we 

carried out 576 different simulations, which were the factorial combinations of three bulk densities, two 

macropore angles and a control soil domain without macropore, four sensitivities to gravitropism (sg), 
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four unit standard deviations of the random deflection angle (σ) and four conductances in the 

macropore (kmacro). The complete parameter set is presented in Table 2‐2.  

To obtain representative simulation results of the stochastic process, which is generated by the random 

deflection angle, we performed 100 replicates of each simulation using different random seed numbers. 

Experimental results reported by Hirth et al. (2005) represent the average of 24 replicates, but no 

information of standard deviations was provided.  

 

Fig. 2.10: Soil domain, scenario 2; the bulk soil is displayed in light grey, 

while the macropores are presented in dark grey and the root in black 

Table 2‐3: Values for different parametrizations of scenario 2 

Inclination angle of 

the MP 

(°) 

Soil bulk 

density, ρb 

(g cm‐3) 

Root growth parameters 

Sensitivity to 

gravitropism, sg 

Unit stdev of the 

random angle, σ 

Conductance in the MP, 

kmacro 

(‐) (°) (kPa‐1) 

No macropore 1.25 0.005 5 2x10
4
 

40 1.38 0.05 45 3x10
4
 

90 1.50 0.1 90 5x10
4
 

  0.2 180 8x10
4
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Scenario	3:	Virtual	simulation	experiment	on	root	growth	in	a	compacted	subsoil	layer	that	contains	

macropores	

For our third simulation scenario, we carried out a simulation experiment on single root growth in a two‐

layered soil domain where the compacted subsoil contained macropores. The simulation experiment 

represents the case of root growth in soil with a plough. The soil domain was a rectangular cuboid of 

3 cm side length in each direction, which we discretized to cubic grid cells of 0.1 cm side length. We 

implemented two different soil layers into this soil cube: a topsoil layer with a bulk density of 1.25 g cm‐3 

in the upper 1.5 cm of the cube and an impenetrable subsoil layer with a bulk density of 3 g cm‐3 in the 

lower 1.5 cm of the cube. Additionally, we inserted eight macropores into the compacted subsoil layer. 

They were aligned symmetrically in a square with a distance of 0.9 cm to the borders of the soil cube 

(Fig. 2.15). Each macropore was made up of nine grid nodes with macropore properties. We used root 

growth parameters from the previous example for rye grass (Lolium perenne L.) with a sensitivity to 

gravitropism of 0.05 and a unit standard deviation of the random angle of 45 °. Root water uptake was 

not included. We did not consider soil water flow and assumed hydrostatic equilibrium in the soil 

domain. The simulation runtime was set to 10 days. We performed only one simulation. The complete 

parameter set is presented in Table 2‐2.  

2.3. Results	

2.3.1. Scenario	1:	Visual	comparison	of	simulation	results	with	observed	root	growth	patterns	in	

structure	soil	

We used both the tropism and anisotropy approach in order to simulate the experimental observations 

by Stirzaker et al. (1996). The quality of the simulation results was evaluated visually by comparing 2D‐

images of the simulated and the experimental root systems and quantitatively by comparing total root 

lengths and root length density profiles (RLD profiles).  

Both approaches led to simulation results where the roots predominantly did use macropores as 

preferential growth pathways. The root growth behavior within macropores, however, was different: 

Using the tropism approach, the roots only slowly grew downwards while spiraling horizontally over the 

whole cross section of the macropore; using the anisotropy approach, the roots grew straight 
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downwards along the pore wall, which better captures experimental observations (Fig. 2.11). The 

simulation results in Fig. 2.11 are displayed in a layout so as to resemble the original figure from Stirzaker 

et al. (1996). We found a total root length of 750 cm for the simulated root system, which corresponds 

well to the experimentally observed one of 720 cm.  

We determined the RLD profile from the original 2D image from Stirzaker et al. (1996) with the help of 

the image analysis tool Root System Analyzer (Leitner et al. 2014) and compared it with the RLD profiles 

of the simulated 3D root systems (Fig. 2.12). It must be noted that the RLD profile obtained from the 2D 

image from Stirzaker et al. (1996) can only be an approximation of the RLD profile of the real root system 

due to low image resolution and the two dimensional representation of a three dimensional root system. 

The RLD profile produced with the anisotropy approach was able to capture the larger root length 

density in the upper 5 cm of the soil domain, which then decreased sharply. The RLD profile produced 

with the tropism approach largely overestimated RLD in the upper soil domain, while underestimating it 

in the lower soil domain. The root length density within macropores (area between the dashed and the 

solid line) as a percentage of total RLD was similar for the experimental RLD profile (26 %) and the 

simulated RLD profile produced with the anisotropy approach (21 %).  

 

Fig. 2.11: Front view of barley roots growing in dense soil with macropores for 25 days: (a) Experimental 

results [reprint from Stirzaker et al. (1996), Figure 6c], (b) Simulation results produced with the tropism 

approach, (c) Simulation results produced with the anisotropy approach 
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Fig. 2.12: Root length density profiles of barley roots growing in dense soil with macropores for 25 days: 

(a) RLD profile for original 2D image by Stirzaker et al. (1996), (b) RLD profile for simulated 3D root 

system produced with the tropism approach, (c) RLD profile for simulated 3D root system produced with 

the anisotropy approach 

2.3.2. Scenario	 2:	Quantitative	comparison	of	simulation	and	experimental	 results	 on	single	root	

growth	in	inclined	macropores	

Simulation and experimental results by Hirth et al. (2005) were compared quantitatively. We used the 

characteristics total root length (cm) and root length fraction that remained within the macropore (%) as 

a means of comparison between experiment and simulation. The variability of the averaged results of 

different simulations is caused by different parameter combinations, while the variability of the 

individual results is the random variation between the 100 replicate simulations. 

Influence	of	different	macropore	inclination	angles	and	different	bulk	densities	

Fig. 2.13 shows a comparison between the simulation results obtained with a randomly chosen 

parametrization (sg = 0.05, σ = 45 °, kmacro = 8e4 kPa‐1), and the experimental results by Hirth et al. (2005) 

for a smooth macropore wall. The simulations captured well the experimental observations of increasing 

root length fractions within the macropore with an increasing macropore inclination angle from the 

horizontal. In accordance with the experimental observations, different levels of bulk density only had an 

effect on the roots growing in the 40 ° inclined macropores. Simulations were able to reproduce the 

experimentally observed increase in root length fractions within the macropore for increasing levels of 
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bulk density. Due to this increase, total root lengths did not decrease for increasing levels of bulk density. 

Compared to root growth in a homogeneous soil domain with equal bulk density, the presence of 

macropores increased total root lengths by 20 % to 40 %.  

 

Fig. 2.13: Simulated and experimentally found relative root lengths within macropore and bulk soil; the 

first column (I) shows the simulation results obtained with a randomly chosen parametrization (sg= 0.05, 

σ=45 °, kmacro = 8e4 kPa‐1), while the second (II) column illustrates the experimental results by Hirth et al. 

(2005). The different rows show results for different levels of soil bulk density (ρb low, ρb med, ρb high; 

values are given in Table 2‐3). The inclination angles of the colored lines represent the macropore 

inclination angles (40°, 90°); the different colors indicate the different locations of the root within the soil 

domain (macropore, bulk soil). The length of the colored lines represents the relative root length which 

is the total root length normalized with the length of a root growing in a soil domain with equal bulk 

density, but without macropore. Each line in the first column represents the average of 100 individual 
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simulations. Each line in the second column represents the average of 24 individual simulations 

Quantitative	simulation	results:	90	°-inclined	macropore		

In the case of a 90 ° inclined (vertical) macropore, all simulated roots remained within the macropore for 

all different parameter combinations. They reached average root lengths between 2.8 cm and 3.3 cm 

and thus grew at 83 % to 98 % of the potential root elongation rate. These results correspond well to the 

findings by Hirth et al. (2005) who measured average root length fractions in macropores between 83 % 

and 90 % and total root lengths between 2.9 cm and 3.1 cm.  

Quantitative	simulation	results:	40	°-inclined	macropore		

In the case of a macropore with 40 ° inclination, the simulated average root length fraction within a 

macropore reached ‐ depending on the parametrization ‐ values between 18 % and 60 %. Simulated 

averaged total root lengths ranged from 2.5 cm to 3.0 cm. The root thus grew at 74 % to 89 % of the 

potential root elongation rate. Hirth et al. (2005) found – depending on the roughness of the macropore 

walls – root length fractions within macropores between 14 % and 86 % and total root lengths between 

1.9 cm and 3.0 cm. Both simulated root length fractions within macropores and total root lengths were 

thus in acceptable agreement with experimental results.  

Influence	of	different	parametrizations	on	the	simulation	results	of	the	40	°	inclined	macropore	

Fig. 2.14 gives an overview of the influence of different parametrizations (Table 2‐3) on simulated root 

length fractions remaining within a 40 ° inclined macropore. Different parametrizations of bulk density 

and conductance in the macropore (kmacro) were pooled in the parameter ‘degree of anisotropy’ (Fig. 2.7, 

equation (2.17)).  

To evaluate the influence of different degrees of anisotropy on root length fractions remaining within 

the macropore, we fitted linear regression lines to the simulation results of each parameter combination. 

As expected, increasing degrees of anisotropy led to an increase in root length fractions within a 

macropore for nearly all parameter combinations. The coefficients of determination show that the 

variability of the simulation results increased both with increasing standard deviations of the random 
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angle and decreasing sensitivities to gravitropism. For parameter combinations including a sensitivity of 

gravitropism of 0.005, no regression line could be fitted due to the high variability of the simulation 

results. There is a trend of increasing root length fractions and decreasing rates of increase both with 

increasing standard deviations of the random angle and decreasing sensitivities to gravitropism, but the 

pattern is not consistent. For individual simulations, root length fractions within macropores of up to 

100 % could be reached; the maximum value for the intercept of a regression line with a degree of 

anisotropy of 1, however, was only 50 %.  

Influence	of	the	roughness	of	macropore	walls	

Hirth et al. (2005) performed experiments with smooth and scarified macropore wall reliefs. They found 

significant differences in both root length fractions within macropores and total root lengths for the two 

different treatments. Larger root length fractions remained within the smooth macropore (averaged 

over all bulk density levels, 68 %) than within the scarified macropore (averaged over all bulk density 

levels, 38 %). Consequently, total root lengths were larger for roots growing in smooth macropores (on 

average 2.85 cm) than for roots growing in scarified macropores (on average 2.3 cm). In the simulation 

model, it is not possible to directly take into account macropore wall roughness. However, the influence 

of wall roughness can be controlled indirectly via the conductance in the macropore. In the 

parameterization example from Fig. 2.13, an increase of kmacro from 2x104 kPa‐1 to 8x104 kPa‐1 led to an 

increase in the average root length fraction within the macropore from 33 % to 44 % if averaged over all 

bulk density levels.  
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Fig. 2.14: Influence of different parametrizations of sensitivity to gravitropism (sg), unit standard 

deviation of the random angle (σ) and degree of anisotropy on the fractions of root lengths remaining 

within a 40° inclined macropore. Each of the 16 figures shows a different combination of sg and σ. The 

black dots show the averaged root length fraction that remains within the macropore for each degree of 

anisotropy; the grey shaded area shows the hull of the total range of the simulation results. R2 specifies 

the coefficient of determination of the linear regression line that was fitted to the total range of the 

simulation results 

2.3.3. Scenario	3:	Virtual	simulation	experiment	on	root	growth	in	a	compacted	subsoil	layer	that	

contains	macropores	

The simulation result produced with the anisotropy approach captured well the expected root growth 

behavior (Fig. 2.15b). When reaching the compacted subsoil layer, the root grew horizontally along it 

keeping constant contact to the soil layer until it encountered a macropore. It then entered the pore and 
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grew straight down along the pore wall. Using the tropism approach (Fig. 2.15a), the root was not able to 

enter the macropore, but oscillated around its opening without entering it.  

 

Fig. 2.15: Soil domain and root simulated with the tropism(a) and the anisotropy (b) approach; the 

topsoil layer is presented in dark grey, the subsoil layer in light grey; the macropores are displayed in 

light grey and the root in black 

2.4. Discussion	

Concepts of root growth models and their parameters are difficult or even impossible to validate or 

derive from direct measurements. However, by comparing simulated root architectures with 

experimentally observed ones, different concepts can be compared with each other and more 

appropriate ones can be identified. In this study we demonstrated that our new anisotropy approach to 

simulate changes in root growth direction due to soil penetration resistance is more appropriate to 

describe the development of root systems in soil with macropores. Data from experiments in which 

parameters like the macropore inclination angle and the matric bulk density were systematically varied 

could be used to constrain parameters of the root growth model. It must be noted that these 

experiments were not designed with the purpose of calibrating or validating a root growth model. Using 

a simulation model to design or plan such experiments could be beneficial to measure variables that 

contain additional information and allow a better determination of model parameters. In this example, 

the variability of root lengths and root length fractions within macropores could have been an additional 

source of information since it differed strongly between simulations using different parameter values.  
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Hirth et al. (2005) showed that the roughness of macropore walls has a significant influence on the 

probability of a root to continue growing within a macropore or to re‐enter the bulk soil. For the 

simulation of roots growing in natural macropore networks, knowledge about the macropore wall 

roughness is thus mandatory. Combined information on root growth in macropores and on the 

roughness of earthworm burrow walls or root channels such as provided by Leue and Gerke (2016) could 

be used to calibrate the simulation model in that way.  

Macropore walls were observed to be richer in nutrients than the surrounding bulk soil (Athmann et al. 

2014; Barej et al. 2014; Jiménez et al. 2003). For simulations of root growth in macropores including 

nutrient uptake, information about the root – macropore wall contact is thus essential.  

The new model approach was developed for a simulation domain that is discretized into a regular cubic 

grid of nodes. If used in a model with a different description of the simulation domain, an alternative 

approach must be devised for the calculation of soil mechanical conductances. An example for such a 

model is RootBox (Leitner et al. 2010a), where soil physical properties are not assigned to grid nodes, but 

implemented in a lattice‐free way using signed distance functions.  

For simulations of root growth in macropores on a scale larger than the single root scale, we rely on 

extensive experimental data to parametrize and validate the model. Non – invasive methods such as 

rhizotron studies (Kuchenbuch and Ingram 2002; Nagel et al. 2012; Tracy et al. 2010) may provide 

reliable information on root elongation rates and root growth parameters. Imaging methods such as X‐

ray computed tomography (Rab et al. 2014; Tracy et al. 2010) or magnetic resonance imaging (Gruwel 

2014; Stingaciu et al. 2013) can be used to characterize the spatial distribution of both macropore 

networks and plant roots in 3D and additionally to visualize and quantify soil water dynamics including 

preferential flow (Sammartino et al. 2015).  

Our new anisotropy approach to model the effect of macropores on root growth direction is part of the 

mechanistic 3D model for water and solute transport in the soil‐root system, R‐SWMS (Javaux et al. 

2008). Thus, it is a contribution to a better understanding of underlying processes and feedback loops of 

soil ‐plant interactions on the root system scale.  
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Chapter	III	

3. Measuring	root	system	traits	of	wheat	in	2D	images	to	

parameterize	3D	root	architecture	models	

 

 

 

 

 

 

 

 

This chapter is based on a journal article published as 

Landl M, Schnepf A, Vanderborght J, Bengough AG, Bauke SL, Lobet G, Bol R, Vereecken H 2018 

Measuring root system traits of wheat in 2D images to parameterize 3D root architecture models. Plant 

and Soil 425: 457‐477 
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3.1. Introduction	

The efficiency of a plant root system to acquire below‐ground resources predominantly depends on its 

root system architecture (Lynch 2007; Rich and Watt 2013; Smith and De Smet 2012). The complex 

process of root system development and its interaction with the soil matrix is, however, hard to study 

due to the opaque nature of the soil which makes direct measurements difficult. The use of three‐

dimensional root architecture models can thereby provide an opportunity to systematically investigate 

the influence of different environmental conditions and a wide range of crop management regimes on 

the formation and functionality of root systems, to interpret experimental data and to test hypotheses 

on root – soil interaction processes at different scales (Dunbabin et al. 2013; Roose and Schnepf 2008). In 

experimental field studies, such large scale testing approaches are impossible to realize. An important 

prerequisite for this simulation based investigation is that properties and behavior of the root system 

that define its functioning in soils under different conditions can be inferred from experimental data.  

Over the years, several three‐dimensional root architectural models have been developed: RootMap 

(Diggle 1988), R‐SWMS (Javaux et al. 2008), RootBox (Leitner et al. 2010a), SimRoot (Lynch et al. 1997), 

RootTyp (Pagès et al. 2004), SPACSYS (Wu et al. 2007). This diversity can be explained by the wide range 

of specific model objectives such as representation of architectural characteristics of different species 

(Diggle 1988; Pagès et al. 2004), analysis of interactions between root development and water and 

nutrient uptake (Dunbabin et al. 2002) or investigation of root growth in structured soil (Landl et al. 

2017). The gross representation of root systems, however, is comparable in all these models and they 

use similar root architectural parameter sets: While the total size of a root system is mainly determined 

by root traits regulating the branching density such as inter‐branch distance, the shape or distribution of 

a root system depends essentially on branching angle and root growth trajectories of the main axes 

(Bingham and Wu 2011). Root growth trajectories of the main axes are determined by the directional 

orientation of newly developed root segments. Due to the ability to use both space and time dimensions 

as well as various model concepts, parameters that are used in models that generate root architectures 

can be defined in several ways. Table 3‐1 gives an overview of the parameterization of the root traits 

inter‐branch distance, branching angle and root growth trajectories of the main axes for several 

individual root architecture models.  
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Differences in the parameterization of root traits leads to changes in root system architecture, which 

significantly affects the ability of roots to forage the soil and thus the root nutrient uptake capacity 

(Fitter et al. 1991; Pagès 2011). Correct parameterization of 3D root architecture models is thus crucial 

when evaluating root‐soil interaction processes.  

Root architecture parameterization techniques always represent a compromise between throughputs, 

precision, realistic representation of field root architectures and ease of data processing (Kuijken et al. 

2015). While 3D imaging techniques such as x‐ray computed tomography (Mooney et al. 2012; Tracy et 

al. 2012; Tracy et al. 2010) and magnetic resonance imaging (Pohlmeier et al. 2013; Rascher et al. 2011) 

allow non – invasive studying of the spatio – temporal dynamics of root growth, they still require 

elaborate data processing and are only suitable for relatively small and young root systems scanned at 

low throughput rate (Mairhofer et al. 2012; Nagel et al. 2012). Destructive sampling allows measurement 

of the whole root system, however, it is a time consuming and tedious work, natural root positions can 

hardly be kept and a large loss of fine roots must be accepted (Judd et al. 2015; Pagès and Pellerin 1994; 

Pellerin and Pagès 1994). In that sense, root parameterization via 2D image analysis represents a good 

alternative by allowing for various methods of image acquisition, high throughput and – due to recent 

developments of automated root tracking software – relatively simple processing (Delory et al. 2016; 

Leitner et al. 2014). 

Various methods for the acquisition of 2D root images have been developed over the years: The first 2D 

representations of root system architecture were hand drawings (Kutschera 1960; Weaver et al. 1922; 

Weaver et al. 1924). The field grown root systems were thereby gradually excavated and simultaneously 

traced on sketching paper (Kutschera 1960). A recently‐revived method to non‐invasively image the 

development of root system architecture in 2D is that of imaging roots grown in rhizotrons, and 

specifically rhizotron boxes (Kuchenbuch and Ingram 2002; Nagel et al. 2012). Rhizotron boxes are soil 

filled containers with a transparent front plate that allows observing dynamic changes in root system 

architecture. While rhizotrons enable better control of environmental influences on root architecture 

development, they spatially constrict the root system and allow only partial visibility of roots at the 

transparent front plate (Nagel et al. 2012; Nagel et al. 2015; Wenzel et al. 2001). A simple method that 

produces a large number of images with perfect visibility of the root system is represented by roots 

grown on germination paper (Atkinson et al. 2017; Atkinson et al. 2015). The absence of soil structure 
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and soil mechanical impedance as well the limited root age, however, cast doubt if the observed root 

architecture is a valid representation of root systems of field grown plants (Clark et al. 2011; Hargreaves 

et al. 2009; Nagel et al. 2012). 

In this study, we want to recover the root traits inter‐branch distance, branching angle and root growth 

trajectories of the main axes from various 2D root images of different wheat varieties (Triticum 

Aestivum). Model input parameters and common parameter patterns are identified. In a series of 

simulation studies possible parameterization errors due to the two‐dimensionality of image sources as 

well as the influence of different parameterizations on root foraging performance are evaluated. 
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Table 3‐1: Overview of the parametrization of the root traits inter‐branch distance, branching angle and directional orientation of root segments in 

the different 3D root architecture models; L…length unit, T… time unit 

 RootTyp SimRoot ROOTMAP SPACSYS R‐SWMS RootBox 
 (Pagès et al. 

2004) 
(Lynch et al. 
1997) 

(Diggle 1988) (Wu et al. 2007) (Javaux et al. 2008) Leitner et al. (2010a) 

Inter‐branch 
distance  

Fixed value or 
increasing values 
with depth (L) 
specified for each 
root order 
 

Fixed value (L) 
specified for each 
root order 

Fixed value (L) 
specified for each 
root order 

Fixed value (L) 
specified for each 
root order 

Fixed value (T) specified for 
each root order (inter‐
branch distance is then 
also a function of root 
growth rate)  

Drawn from truncated 
normal distribution (L) 
with mean and standard 
deviation specified for 
each order 

Branching 
angle  

Drawn from 
normal 
distribution with 
mean and 
standard 
deviation 
specified for each 
root order 
 

Fixed value 
specified for each 
root order 

Fixed at 90° to its 
parent root 

Initial value with 
random variation 
within a predefined 
range 

Fixed value specified for 
each root order 

Drawn from normal 
distribution with mean 
and standard deviation 
specified for each order 

Directional 
orientation 
of root 
segments 

Computed from 
the direction of 
the previous root 
segment, 
different 
selectable 
tropisms and a 
random 
deflection angle  

Computed from 
the direction of 
the previous root 
segment, 
gravitropism and 
a random 
deflection angle 

Stochastically 
determined with the 
help of a random 
deflection angle that 
is calculated on the 
basis of a user 
defined probability 
and a gravitropism 
index  

Computed from the 
direction of the 
previous root 
segment, 
gravitropism and a 
random deflection 
angle, which is scaled 
with the maximum 
root segment length 

Computed from the 
direction of the previous 
root segment, 
plagiogravitropism and a 
random deflection angle, 
which is scaled with the 
maximum root segment 
length 

A random angle, which is 
scaled with the root 
segment length, is added 
to the growth direction of 
the previous root 
segment; this random 
angle is selected for its 
directional proximity to a 
desired selectable tropism 
from a specified number 
of random angle 
realizations 
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3.2. Materials	and	Methods		

3.2.1. Image	Sources	

We used root images from three different sources: hand drawings from literature, images from a 

rhizotron experiment and images from roots grown on germination paper (Fig. 3.1). The 11 hand 

drawings with image resolutions between 85 and 270 ppi were selected from three different literature 

sources and represent root systems of variable age and wheat varieties growing at diverse locations 

(Table 3‐2). The rhizotron images with a resolution of 300 ppi were obtained from an experimental 

study, in which spring wheat was grown under controlled laboratory conditions in rhizotrons with inner 

dimensions of 50 x 30 x 3.5 cm. The lower part of the rhizotrons was filled with compacted subsoil, the 

upper part with lose topsoil (bulk density 1.4 g cm‐3 and 1 g cm‐3 respectively). While the experimental 

setup included different topsoil treatments with regard to phosphorus and water supply, we only used 

the images of the six control replicates where both phosphorus and water supply was sufficient. The 

rhizotron images were taken on day 41 after sowing, just before harvest. A detailed description of the 

experimental setup is given in (Bauke et al. 2017). The images of roots grown on germination paper 

(24x30 cm) with a resolution of 442 ppi were obtained from an experimental study, where two different 

winter wheat cultivars (‘Rialto’ and ‘Savannah’) were grown in 41 respectively 39 replicates over a time 

period of 8 days under controlled lab conditions. A detailed description of the experimental setup is 

given in Atkinson et al. (2015).  

 

Fig. 3.1: Example images for each data source: (a) root drawing [Adapted from Weaver et al. (1924), Fig. 
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1], (b) rhizotron image, (c) image of roots grown on germination paper [Reprinted by permission from 

The Company of Biologist Ltd.: J Exp Bot. Atkinson et al. (2015), Fig. 1c] 

Table 3‐2: Description of image sources from literature; SW…spring wheat, WW…winter wheat 

Image Number Variety 

Root system age  

(calendar days) Location Literature source 

1 SW 60 

Peru,  

Nebraska, US 
Weaver et al. (1922) 

2 SW 70 

3 SW 93 

4 SW 93 

5 WW 20 

Lincoln,  

Nebraska, US 

Weaver et al. (1922), 

Weaver et al. (1924) 

6 WW 30 

7 SW 31 

8 SW 45 

9 SW 60 

10 WW 60 St. Donat,  

Carinthia, Austria 
Kutschera and Lichtenegger (2010) 

11 WW 60 

 

3.2.2. Image	Analysis	

Root system images were processed using the fully automatic root tracking software Root System 

Analyzer which is based on MATLAB (R2014b) (RSA; Leitner et al. 2014). The RSA saves detailed 

information on the coordinates of a root system in MATLAB mat‐files. Analysis with the RSA requires 

images with continuous and clearly visible root systems. The rhizotron images, where only part of the 

total root system is visible at the transparent front plate of the rhizotron, thus had to be pre‐processed 

prior to analysis. We used the open source tool GIMP 2.8 to segment the root systems manually. To keep 

error propagation from image segmentation to parameter determination at a minimum, we first only 

segmented those roots, which were clearly visible on the rhizotron image. These root systems were later 

used for recovering the parameters branching angle and axial trajectories. We then additionally inserted 

laterals, for which we had to estimate the location of the connection to their parent root. These 
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extended root systems were later used for recovering the parameter inter‐branch distance, which 

depends on the visibility of all lateral roots.  

3.2.3. Root	Parameter	Analysis		

We parameterized the root traits inter‐branch distance, branching angle and root growth trajectories of 

the main axes from the extracted root system coordinates. The inter‐branch distance was measured as 

the distance between two successive branches in centimeters. The branching angle was determined as 

the angle in the vertical plane between a branch and its parent root in degrees, which is measured at a 

certain distance from the point where the branch emerges. In one respect, this distance should be 

minimized to measure the initial branching angle; however, it also needs to be large enough to avoid 

inaccuracies in the computation process. We performed a small analysis based on artificial root systems 

with known ground truth and similar root radii, which suggested that a search radius of 0.5 cm distance 

from the branch point is suitable for correctly computing branching angles. Root growth trajectories of 

axial roots are determined by their initial growth angle from the horizontal and its dynamic changes from 

the root base to the root apex which is affected by numerous factors such as soil compaction (Popova et 

al. 2016), soil temperature (Tardieu and Pellerin 1990) or soil water status (Nakamoto 1994). In a 

simplified way, the shape of a root trajectory can be described by two features: its overall curvature and 

its small‐scale waviness which is known as tortuosity (Popova et al. 2016). To characterize the axial root 

trajectories from our data sources, we divided each root into segments of 1 cm length and determined 

for each segment its angle to the horizontal as well as its reorientation angle with respect to the previous 

root segment in degrees. We then calculated the relationship between growth angle and reorientation 

angle of individual root segments, which gives information on the curvature of a trajectory in relation to 

its inclination as well as on tortuosity.  

Root parameters were quantified separately for each of the 11 root drawings. Root parameters derived 

from the six rhizotron images obtained from replicate experiments were pooled together to one group. 

Root parameters derived from images of roots grown on germination paper were classified into two 

groups according to cultivar (‘Rialto’: 39 images, ‘Savannah’: 41 images). Altogether, we analyzed root 

parameters from 14 different data sources. None of the used image sources allowed differentiating 

between seminal and shoot‐born roots and only one order of lateral roots was identified. We therefore 

only distinguish between axial roots and first order laterals.  
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3.2.4. Simulation	Studies	

Among the different traits describing root architecture, root growth trajectories of axial roots are of 

particular importance for the shape of a root system. Their correct representation in 3D root 

architecture models is thus important to obtain plausible simulation results. In a first simulation study, 

we therefore tested the ability of different model approaches to reproduce our experimental findings on 

axial root trajectories and quantified model parameters for our analyzed root systems.  

The recovery of 3D root architecture parameters from 2D images has the obvious drawback of losing the 

third dimension. Images respectively drawings of root architectures are created by projecting the 3D 

root systems onto 2D space. Root system architectures of plants grown in rhizotrons or on germination 

paper are affected by root deflection due to spatial growth constraints. While this has no influence on 

the parameter inter‐branch distance, both branching angle and axial root growth trajectories are 

affected. In a second simulation study, we therefore analyzed the effects of projection and deflection, 

respectively, on the parameters branching angle and axial root growth trajectories.  

Root architecture significantly influences root foraging performance by determining the volume of soil 

that can be explored by roots (Fitter et al. 1991; Pagès 2011). In a third simulation study, we evaluated 

the effect of different parameterizations of our focus root architecture parameters inter‐branch 

distance, branching angle and axial root growth trajectories on the foraging performance of root 

systems. 

Simulation	study	1:	Ability	of	3D	root	architecture	models	to	reproduce	experimental	observations	

on	axial	root	trajectories		

In 3D root architecture models, root growth trajectories are composed of individual root segments. At 

each root growth time step, a new segment emerges whose directional orientation must be determined 

with regard to overall curvature and tortuosity. Most root architecture models (SimRoot, RootTyp, 

SPACSYS, R‐SWMS) use a vector‐based approach, where the directional orientation of an individual root 

segment is calculated from a vector expressing tortuosity and a vector expressing gravitropism. 2D root 

images represent root systems in the xz‐plane and thus provide information on root curvature and root 

tortuosity in vertical, but not in horizontal direction. To test the ability of the vector‐based approach to 
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reproduce observations of axial root trajectories on 2D root images, we thus converted the 3D equation 

to 2D space: 

�⃗ = 	�
���,�
���,�

� + �� × �
0
−1

�. (3.1) 

The first term on the right hand side represents the growth direction vector of the preceding root 

segment dxβ with unit length 1 which is deflected by the random angle δ; the second term expresses the 

gravitropism component with sg as gravitropism sensitivity factor. The random deflection angle δ is a 

normally distributed random angle with mean zero and unit standard deviation σ. The unknown 

parameters are thus the sensitivity to gravitropism sg and the standard deviation of the random 

deflection angle σ (cf. Clausnitzer and Hopmans (1994)). We implemented this formula in MATLAB and 

computed root trajectories using 7 different parameterizations of sg and 21 different parameterizations 

of σ (147 parameter combinations altogether, values are given in Table 3‐3). For each parameter 

combination, we simulated 50 axial root trajectories with individual lengths of 50 cm (example in Fig. 

3.2). 

 

Table 3‐3: Parameter values for simulation; sg… sensitivity to 

gravitropism (‐), σ… unit standard deviation of the random 

angle (°), parameter explanations can be found in Clausnitzer 

and Hopmans (1994) 

Gravitropism component  Tortuosity component 

sg = [0.005; 0.01; 0.05; 0.1; 0.15;  

         0.2; 0.25; 0.3; 0.35; 0.4 ] 

σ = 0 to 20, interval = 1 

 

Fig. 3.2: Example of simulated axial  
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root trajectories 

Simulation	study	2:	Effects	of	projection	and	deflection	on	the	parameters	branching	angle	and	axial	

root	growth	trajectories.		

The objective of this study was to analyze the effects of projection and deflection, respectively, on the 

parameters branching angle and axial root growth trajectories.  

Root system development was simulated using the MATLAB version of the 3D root architecture model 

RootBox, which is fully described in Leitner et al. (2010a) and shall here only be addressed briefly. 

RootBox defines each root order by a set of different model parameters. Basal and apical root zone 

determine the length of the unbranched zone before the first and after the last branch, respectively. 

Inter‐branch distance defines the distance between two successive branches and thereby also affects the 

maximum root length for a given number of branches. Root growth speed is described by a negative 

exponential function whose initial slope is determined by the initial elongation rate and whose 

asymptote depends on the maximum root length. The emergence angle of axial roots respectively the 

initial angle between a branch and its parent root is defined by a radial angle in the horizontal plane, and 

an insertion respectively branching angle in the vertical plane. The radial angle is generally drawn at 

random between 0 and 2π, but can also be set to a specific angle to consider non‐independence of 

branching files. To describe axial root growth trajectories, we implemented the vector‐based approach 

used in most root architecture models (SimRoot, RootTyp, SPACSYS, R‐SWMS) into RootBox: In this 

approach, newly emerged root segments are oriented according to the direction of the previous root 

segment, sensitivity to gravitropism and random angle deflection.  

To evaluate the effect of projection, we mapped the unconstrained 3D root system onto the x‐z plane. 

To evaluate the effect of deflection, we simulated a root system, which was spatially constrained by a 

rhizotron with dimensions of 20 x 2 x 30 cm (Fig. 3.3). This geometry is implemented based on signed 

distance functions in which the distance of a given point to the closest boundary is evaluated and given a 

positive sign if located inside the geometry and a negative sign if located outside. Random optimization 

ensures that the new position of a growing root tip is always inside the rhizotron domain (Leitner et al. 

2010a). Using the coordinates of these root systems, we then computed (1) branching angles between 
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laterals and their parent roots and (2) relationships between angle to the horizontal and reorientation 

angle of individual root segments.  

 

Fig. 3.3: (a) unconstrained root growth in 3D, (b) unconstrained root growth projected onto x‐z plane, (c) 

constrained root growth in a rhizotron 

Simulation	 study	 3:	 Influence	 of	 different	 parameterizations	 of	 inter-branch	 distance,	 branching	

angle	and	axial	root	trajectories	on	foraging	performance	of	a	root	system	

Root system development was simulated using the MATLAB version of the 3D root architecture model 

RootBox with an alternative approach for the simulation of axial root growth trajectories as described in 

simulation study 2. 

The soil volume around a root system available for nutrient uptake, i.e. the rhizosphere, was computed 

using the approach by Fitter et al. (1991). For this procedure, a very fine 3D grid is overlaid on the root 

system. The center of every grid cell is then scanned for its distance to the nearest root segment. If the 

distance is smaller than a specified rhizosphere radius Rrhiz, the grid cell volume is counted as rhizosphere 

volume. The rhizosphere radius Rrhiz is determined by the effective diffusion coefficient of a solute in soil 

and the age of the respective root segment and calculated according to Nye and Tinker (1977) as  

����� = � + 2���	�, (3.2) 
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where r is the radius of the root segment (cm), De is the effective diffusion coefficient in soil (cm2s‐1) and 

t is the root segment age (s). To evaluate the influence of different soil diffusion coefficients (De) on the 

rhizosphere volume, we performed simulations with three different De values: 10‐8, 10‐7 and 2x10‐6 cm² s‐

1. The first two values are typical effective phosphorus diffusion coefficients in soil, which account for the 

effect of sorption of phosphorus to soil particles (Schenk and Barber 1979); the latter one is a 

characteristic nitrate diffusion coefficient of the soil (Volder et al. 2005). While the net rhizosphere 

volume was defined as the volumetric sum of all unique grid cells, the rhizosphere volume with overlap 

was specified as the volumetric sum of all ‐ partially multiply assigned ‐ grid cells. The overlap volume is 

then the difference between rhizosphere volume with overlap and net rhizosphere volume (Fig. 3.4).  

 

Fig. 3.4: Schematic representation of rhizosphere volume, overlap volume and rhizosphere radius Rrhiz: 

grey circles represent cross‐sections through two individual roots, dotted and diagonal hatching show 

net rhizosphere and overlap volume, respectively 

Considering that both rhizosphere and overlap volume are absolute values and depend on the total size 

of a root system, we introduced the parameter inter‐root competition (IRC) as a size‐independent 

measure of comparison following the approach by Ge et al. (2000). IRC is calculated as  

��� =
��������

������
× 100%, (3.3) 
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where Voverlap is the overlap volume and Vrhizo is the net rhizosphere volume. Fig. 3.5 shows an example of 

a simulated root system and its surrounding rhizosphere volume for different values of De. 

Fig. 3.5: Representation of the computed 3D root system (black) with rhizosphere zone (red) for 

simulations with De = 10‐8 cm2s‐1 (a), De = 10‐7 cm2s‐1 (b) and De = 2x10‐6 cm2s‐1 (c) at simulation day 30 

Using observations from root image analysis, we identified factors that can be used to differently 

parameterize our three focus parameters. These factors were mean and standard deviation for both 

inter‐branch distance and branching angle and standard deviation of the random angle deflection 

respectively sensitivity to gravitropism for the parameter axial root growth trajectories. For each of these 

factors, we defined variation intervals with lower and upper bounds. For the parameter inter‐branch 

distance, we used probability distribution as an additional categorical factor of variation, which was set 

to either normal or lognormal distribution. Descriptive statistics of the lognormal distribution were 

calculated by transformation from the parameters of the normal distribution. The domain of the normal 

distribution was restricted to the positive number range; negative values were set to 10‐6 cm. We also 

included a categorical factor of variation for the radial alignment of 1st order laterals around the main 

axis. In literature, the alignment of lateral roots around the root axis is still unclear. While Abadia‐Fenoll 

et al. (1986) and Barlow and Adam (1988) found lateral roots of onion and tomato to form in acropetal 

sequence around their parent axis, Pellerin and Tabourel (1995) and Yu et al. (2016) observed an 

unpredictable radial emergence pattern for lateral roots of maize and wheat. Due to these 

inconsistencies, we specified the radial angle either as random in the interval [0 2π] or set it to a value of 

45 ° (sequential acropetal branching from 8 phloem poles around the axis). Variation intervals for 
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parameterization factors as well as descriptions of the additional factors are given in Table 3‐4. The 

remaining root growth parameters were set to fixed values, which were either derived from literature or 

directly from our analyzed root images (Table 3‐5). We considered two orders of lateral roots. The 

simulation time was set to 30 days and each root system consisted of 7 axial roots.  

For all possible combinations of categorical factors, we then performed 1000 root system realizations 

that corresponded with 1000 parameter sets that were randomly drawn from the intervals specified in 

Table 3‐4. This gave a total of 4000 root system realizations (i.e.22x1000). For each root system, we then 

computed inter‐root competition as a measure of foraging performance for all three soil diffusion 

coefficients (De) defined above. Relationships between inter‐root competition and our focus parameters 

were explored by means of scatterplots. To visualize the main trends, we fitted linear regression lines. 

Correlation analyses were then used to quantitatively evaluate the linear relationship between inter‐root 

competition and our focus parameters.  

Table 3‐4: Variation factor values of focus parameters; detailed parameter explanations can be found in 

Leitner et al. (2010a) 

Parameter Factor Unit Root order min max 

Inter‐branch distance μ (cm) Axial 0.1 0.5 

std (cm) Axial 0 0.5 

Branching angle μ (°) 1
st

 order lateral 60 90 

std (°) 1
st

 order lateral 0 50 

Root growth trajectories Unit std of random angle 

Deflection / tortuosity 

(°) Axial 9 20 

Sensitivity to gravitropism (‐) Axial 0.01 0.3 

      

 Additional factors: Normally / lognormally distributed inter‐branch distance 

 Random / regular radial branching angle 

μ… mean value, std… standard deviation 
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Table 3‐5: Constant parameter values; detailed parameter explanations can be found in Leitner et al. 

(2010a) 

Parameter Unit axis 1
st

 order laterals 2
nd

 order laterals 

Initial elongation rate  (cm d
‐1

) 1.2
a
 0.8

a
 0.8

a
 

Root radius  (cm) 0.038
a
 0.027

a
 0.027

a
 

Basal root zone  (cm) 2 0.2
c
 0.125 

Apical root zone (cm) 6 0.3
c
 0.125 

Inter‐branch distance (cm) fp 0.25 0 

Number of branches per root axis  (‐) 50 6
c
 0 

Insertion/Branching angle (°) 70 fp 90 

Tropism (‐) Gravitropism Exotropism Exotropism 

Tropism sensitivity  sg (‐) fp 0.1 0.1 

Unit std of random angle deflection σ (°) fp 20 20 

fp… focus parameter, specified in Table 3‐4; std…standard deviation 

a based on Materechera et al. (1991) 

b based on Ito et al. (2006) 

c derived from root lengths of 1st order laterals given by Ito et al. (2006) 

3.2.5. Statistics	

Statistical analyses were performed with MATLAB (R2014b). To evaluate differences in means with 

unequal variance, a Welch’s t‐test was used. To analyze differences in variances, we performed a two‐

sample F‐test. Linear regression relationships were evaluated by means of an F‐test. In the following, 

significant results correspond to p<0.05, while highly significant results represent p<0.01.  

3.3. Results	

3.3.1. Inter-branch	distance		

The relationships between inter‐branch distance and distance along the root axis are very scattered for 

all data sources with values ranging from close to 0 cm to up to 3 cm. An F‐test showed a significant 

increase in inter‐branch distance from the base of the branched zone down to the root apex for 11 out of 

14 data sets, no trend for two data sets and a decrease for one data set (Fig. 3.6). The large variability of 
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inter‐branch distances observed for the data source from rhizotron images can be explained by the only 

partial visibility of the root system which has probably obscured some lateral roots. The global 

distributions show for all data sources a highly asymmetrical shape which can be well described with 

lognormal distributions (Fig. 3.7). We observed a large percentage of short inter‐branch distances with 

medians ranging between 0.1 and 0.5 cm (Fig. 3.8). No systematic pattern was apparent with regard to 

the different data sources.  

 

Fig. 3.6: Relationship between inter‐branch distance and distance from the base of the branched zone 

illustrated for each data source; arrows indicate a significant up‐ respectively downward trend in the 

data set; the number codes for data sources one to eleven are found in Table 3‐2 
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Fig. 3.7: Probability distributions of inter‐branch distances with fitted lognormal functions illustrated for 

each data source; data sets were plotted using different scales for x‐ and y‐axis; the number codes for 

data sources one to eleven are found in Table 3‐2 

 

 

Fig. 3.8: Variation of inter‐branch distances, medians and sample sizes (n) for the different data sources; 

the number codes for data sources one to eleven are found in Table 3‐2; cR…cultivar Rialto, cS… cultivar 

Savannah 
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3.3.2. Branching	angle	

The global distribution of branching angles shows a bell shape for the roots grown on germination paper 

that can be approximated with a normal distribution; for the remaining data sources, the distribution of 

branching angles is spread more widely and shows positive skewness (Fig. 3.9). Interestingly, branching 

angles from all data sources show similar medians that range from 59.5° to 79.4° and are well below 90° 

(Fig. 3.10). 

 

Fig. 3.9: Examples of probability distributions of branching angles for (a) a root drawing, (b) a rhizotron 

image, (c) an image of roots grown on germination paper with fitted normal function 

 

Fig. 3.10: Variation of branching angles, medians and sample sizes (n) for the different data sources; the 

number codes for data sources one to eleven are found in Table 3‐2; cR…cultivar Rialto, cS… cultivar 

Savannah 



60 

 

3.3.3. Root	growth	trajectories	

Root growth trajectories of axial roots were reconstructed for all root systems of each data source from 

the extracted root coordinates prior to analysis (Fig. 3.11). 

 

Fig. 3.11: Examples of reconstructed root growth trajectories of the axial roots for (a) a root drawing, (b) 

a rhizotron image, (c) an image of roots grown on germination paper 

There was a negative relationship between reorientation angle and angle of the previous 1 cm long root 

segment for all but one data source meaning that more horizontally growing roots generally reoriented 

stronger towards the vertical than more perpendicularly growing ones (Fig. 3.12). An F‐test showed that 

this correlation was highly significant for 3, significant for 5 and not significant for 6 data sources. Not 

significant relationships can be an indicator for abrupt changes in the growth path (e.g. the rightmost 

trajectory in Fig. 3.11a), high root tortuosity or liminal growth angles that deviate from the vertical 

(Nakamoto 1994). The reorientation angle ∆β at a segment angle of β=‐90° (vertical root growth) 

predicted by regression tended for all data sources towards zero suggesting that gravitropism is the 

predominant influence factor in the formation of trajectory curvature. While the slope of the regression 

line is a measure of gravitropism, the standard error of the estimate determines the degree of root 

tortuosity. The slope of the regression lines ranged between 0 and ‐0.2; the standard error of the 

estimate between 7.7 ° and 21.8 °. With regard to different data sources, we did not find any systematic 

pattern of slope; standard errors of the estimate, however, were highest for root drawings of large, 

mature root systems and lowest for roots grown on germination paper.  
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Fig. 3.12: Relationship between reorientation angle ∆β and angle of the previous 1 cm long axial root 

section β for each data source; ∆βpre… ∆β predicted by regression at β=‐90°; s…slope, SEest… standard 

error of the estimate; No. traj … number of analyzed trajectories; the number codes for data sources one 

to eleven are found in Table 3‐2 

3.3.4. Simulation	studies	

Simulation	study	1:	Ability	of	3D	root	architecture	models	to	reproduce	experimental	observations	

on	axial	root	trajectories		

For each combination of parameters describing gravitropism and tortuosity, we calculated the 

relationship between reorientation angle ∆β and angle of the previous 1 cm long root segment β and 

approximated it with a linear regression line. The results are shown in Fig. 3.13 for 20 selected parameter 

combinations. The standard deviation of the random deflection angle σ can be seen as a direct measure 

of the standard error of the estimate and thus tortuosity if the influence of gravitropism is not too 

strong. Large values of gravitropism force the root tip to grow towards the vertical and result in standard 

errors of the estimate smaller than σ. The gravitropism parameter sg is inversely proportional to the 
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slope of the regression line. The prediction with the regression lines, which are close to 0° at β= ‐90°, 

reflect the minimum average reorientation of vertically oriented roots. An F‐test showed that 

correlations between reorientation angle and angle of the previous 1 cm long root segment were highly 

significant for all combinations, except for the combination of the largest root tortuosity and smallest 

gravitropism value. The relationships between root reorientation and root angle resemble those 

calculated for our image‐derived axial root trajectories (Fig. 3.12). The approach is thus well suited to 

simulate curvature and tortuosity of wheat root trajectories. 

To link the model parameters necessary for the simulation of root trajectories (sensitivity to gravitropism 

sg and root tortuosity σ) to the relationship between root reorientation and root segment angle, we 

calculated characteristic curves for the different parameter combinations (Fig. 3.14). The characteristic 

curves are the smoothed connection lines between the properties of the regression lines (standard error 

of the estimate and slope) that relate segment angles and reorientation angles of axial root trajectories 

for each parameter combination. Fig. 3.14 shows that slope and standard error of the regression cannot 

be mapped linearly to the parameters σ and sg that describe gravitropism and tortuosity. To quantify 

model parameters for our observed root trajectories, we inserted the regression line properties deduced 

from Fig. 3.12 into the graphs and located their positions. This gave us values between 0.01 and 0.3 for 

the sensitivity to gravitropism sg and values between 9° and 20  for the unit standard deviation of the 

random angle σ.  
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Fig. 3.13: Relationship between reorientation angle ∆β and angle of the previous 1 cm long axial root 

section β for simulated root systems using different parametrizations of the sensitivity to gravitropism sg 

and the unit standard deviation of the random angle σ; ∆βpre… ∆β predicted by regression at β=‐90°, 

s…slope, SEest… standard error of the estimate 
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Fig. 3.14: Characteristic curves for the deduction of the gravitropism parameter sg and the tortuosity 

parameter σ from the properties of the regression line (standard error of the estimate SEest and slope) 

that relates root reorientation and root angle. The value pair of regression line properties of each data 

source deduced from Fig. 3.12 is inserted into the graph; the number codes for data sources one to 

eleven are found in Table 3‐2 

Simulation	study	2:	Effects	of	projection	and	deflection	on	the	parameters	branching	angle	and	axial	

root	growth	trajectories.		

While mean branching angles of projected and deflected root systems did not differ significantly from 

branching angles of the unconstrained 3D root system, their variance was significantly higher. This was 

especially true for the projected root system (Fig. 3.15‐1). The similarity in mean branching angles can be 

explained by the symmetrical alignment of lateral roots around the root axis, which leads to a 

compensation between positive and negative angle deviations due to projection or deflection. 

Relationships between reorientation angle and angle of the previous 1 cm long root segment differed 
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significantly between projected and deflected root systems and the unconstrained 3D root system with 

regard to slope and thus gravitropic root growth. With regard to standard deviation of the estimate and 

thus tortuosity, only the projected, but not the deflected root system showed a significantly higher value 

than the unconstrained 3D root system (Fig. 3.15‐2). Considering that absolute deviations are rather 

small, these discrepancies in gravitropism and tortuosity are negligible in terms of model 

parameterization.  

 

Fig. 3.15: (1) Branching angle θ (mean +‐ standard deviation) and (2) relationship between reorientation 

angle ∆β and angle of the previous 1 cm long axile root section β with ∆βpre… ∆β predicted by regression 

at β=‐90°, s…slope, SEest… standard error of the estimate for (a) unconstrained root growth in 3D, (b) 

unconstrained root growth projected onto the x‐z plane and (c) constrained root growth in a rhizotron 

(Fig. 3.3) 
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Simulation	 study	 3:	 Influence	 of	 different	 parameterizations	 of	 inter-branch	 distance,	 branching	

angle	and	axial	root	trajectories	on	foraging	performance	of	a	root	system		

We found clear relationships between inter‐root competition and different parameterizations. These 

relationships are illustrated for De = 10‐8 cm²s‐1 in Fig. 3.16. In each plot, all simulation results were 

plotted against the specific parameter. In Table 3‐6, correlation coefficients show the significance of 

linear relationships between inter‐root competition and parameters. As expected, IRC decreased with 

increasing mean inter‐branch distance. If mean inter‐branch distance was low, IRC was significantly 

higher for lognormally than for normally distributed inter‐branch distances. Regular alignment of laterals 

around the main axis tended to less IRC than random alignment, however, not significantly. The 

relationship between IRC and mean inter‐branch distance was significantly weaker for the largest soil 

diffusion coefficient. The effect of varying standard deviation of inter‐branch distance on IRC was 

surprising: For lognormally distributed inter‐branch distances IRC increased with increasing standard 

deviation; for normally distributed inter‐branch distances, it decreased. These relationships remained 

nearly constant for all soil diffusion coefficients. IRC decreased with increasing mean branching angle. 

This effect, however, was only significant for the lowest soil diffusion coefficient. Larger standard 

deviations of the branching angle led to a significant increase in IRC for the lower two soil diffusion 

coefficients. This effect was larger for regularly aligned laterals than for randomly aligned ones. Greater 

values of standard deviation of the random angle deflection led to lower IRC. This effect, however, was 

only significant for the largest soil diffusion coefficient. As expected, larger values of sensitivity to 

gravitropism led to more IRC. This effect was stronger for larger soil diffusion coefficients and also for 

root systems with normally distributed inter‐branch distances as compared with lognormally distributed 

ones.  
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Fig. 3.16: Scatter plots with linear regression lines illustrating the relationships between inter‐root 

competition and different parametrization factors for De = 10‐8 cm2s‐1; μ…mean value, std… standard 

deviation, norm / lognorm… normally / lognormally distributed inter‐branch distances, rand / reg… 

random / regular alignment of 1st order laterals around the root axis 
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Table 3‐6: Correlation coefficients between inter‐root competition and parametrization factors, bold 

characters represent significant values at p<0.05 

  ibd, μ (cm) ibd, std (cm) θ, μ (°) θ, std (°) σ (°) sg (‐) 

De = 10
‐8

 cm²s
‐1

 

norm, rand -0.78 -0.20 -0.08 0.30 -0.07 0.32 

norm, reg -0.76 -0.12 -0.07 0.36 ‐0.05 0.32 

lognorm, rand -0.81 0.17 -0.09 0.18 ‐0.06 0.26 

lognorm, reg -0.83 0.08 -0.07 0.25 ‐0.06 0.22 

        

De = 10
‐7

 cm²s
‐1

 

norm, rand -0.81 -0.25 ‐0.02 0.16 -0.07 0.32 

norm, reg -0.80 -0.17 0.01 0.20 ‐0.06 0.32 

lognorm, rand -0.82 0.12 ‐0.03 0.09 ‐0.05 0.27 

lognorm, reg -0.85 0.03 0.00 0.13 -0.08 0.24 

        

De = 2x10
‐6

 cm²s
‐1

 

norm, rand -0.73 -0.24 0.00 0.04 -0.09 0.49 

norm, reg -0.72 -0.17 0.06 0.04 -0.10 0.49 

lognorm, rand -0.70 0.04 0.01 0.01 -0.07 0.45 

lognorm, reg -0.72 -0.06 0.02 0.01 -0.12 0.43 

ibd… inter‐branch distance, θ… branching angle, σ… tortuosity, sg … sensitivity to gravitropism, μ…mean 

value, std… standard deviation, norm / lognorm… normally / lognormally distributed inter‐branch 

distances, rand / reg… random / regular alignment of 1st order laterals around the root axis 

3.4. Discussion	

2D image analysis is a simple and fast way to retrieve information on root system architectures for the 

parameterization of 3D root architecture models. The systematic analysis of root images from three 

different sources (root drawings, rhizotron images, images of roots grown on germination paper) 

allowed us to identify universally occurring parameter patterns of wheat roots.  

Observed	patterns	of	root	architecture	parameters	contrast	common	model	assumptions	

Inter‐branch distance along axial roots predominantly increased with increasing distance from the base 

of the branched zone. But in some cases, it also remained constant or decreased. These results are in line 

with published data: While inter‐branch distance along the axial roots was frequently observed to 
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increase with increasing distance from the base of the branched zone (e.g. maize by Ito et al. (2006), 

Pagès and Pellerin (1994), Postma et al. (2014) and pea by (Tricot et al. 1997)), other studies found 

constant or no identifiable pattern of inter‐branch distance along axial roots (e.g. wheat by Ito et al. 

(2006) and banana by Draye (2002)). Studies have proposed that soil compaction (Pagès and Pellerin 

1994), oxygen gradients (Liang et al. 1996) or water availability in the vicinity of the root (Bao et al. 2014) 

may alter branching density and thus inter‐branch distances. In 3D root architecture models, the 

phenomenon of varying inter‐branch distances along axial roots could be considered by a coefficient that 

is linked to these processes. Our findings suggest that the global distribution of inter‐branch distances of 

wheat roots follows a lognormal distribution, which is in line with observations by Pagès et al. (2014) on 

roots of various species of the Poaceae family and Le Bot et al. (2010) on the root system of a tomato 

plant. This contrasts common assumptions of 3D root architecture models where inter‐branch distances 

are either set to a fixed value or drawn from a normal distribution (see Table 3‐1).  

The branching angle of lateral roots relative to their parent axis is a standard parameter that is included 

in all 3D root architecture models (Table 3‐1) and defines the initial direction of the first segment of a 

lateral root at the point of emergence. Our findings suggest that branching angles of 1st order laterals of 

wheat root systems are significantly smaller than 90° with a variance that depends on the growth 

medium. This contrasts common model assumptions where branching angles are frequently set to a 

constant value of 90° relative to the parent root for reasons of simplicity (Clausnitzer and Hopmans 

1994; Pagès et al. 2004; Wu et al. 2005) or as a general model condition (Diggle 1988).  

More horizontally growing roots reoriented stronger towards the vertical than more vertically growing 

roots with reorientation angles approaching 0 ° as the roots turn to the vertical. These findings are in line 

with observations by Wu et al. (2015) on axial maize root trajectories. A number of axial root trajectories 

derived from root drawings did not follow a continuous gravitropic growth path, but changed their slope 

abruptly to the vertical after growing in relatively constant direction. Similar observations were reported 

by Tardieu and Pellerin (1990) who suggest that earthworm channels that can be used by roots as 

preferential growth paths might be responsible for this effect. Levels of root tortuosity showed a 

relatively clear ranking with tortuosity of root systems grown in structured soil > tortuosity of roots 

grown in sieved soil > tortuosity of roots grown on filter paper. While root age seems to have an 

influence, this effect is probably also caused by differences in the penetration resistance of the growth 
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medium as proposed by Popova et al. (2016). A simulation study showed good agreement between 

simulated and observed curvature and tortuosity of axial wheat root trajectories. We developed 

characteristic curves that relate model input parameters with downwards reorientation and segment 

angles of axial trajectories. These characteristic curves can be used to calibrate the model parameters 

gravitropism and tortuosity from 2D root trajectories, which is a step forward in the realistic 

parameterization of 3D root architecture models. 

Root	system	projection	leads	to	overestimation	of	the	variance	of	branching	angles		

The use of two‐dimensional root drawings or rhizotron images for the parameterization of 3D root 

architecture models is common practice (Delory et al. 2016; Doussan et al. 2006; Leitner et al. 2014; 

Pagès et al. 2004). To our knowledge, the effects of root system projection or deflection on size and 

distribution of 3D root architecture parameters, however, has not yet been analyzed. We showed that 

projection greatly affects branching angles by overestimating their variance. Effects of projection and 

deflection, respectively, on tortuosity and gravitropism parameters were shown to be negligible.  

Root	foraging	performance	depends	strongly	on	parameter	distribution	and	parameter	variance	

The influence of the main determinants of root architecture (e.g. mean inter‐branch distance, mean 

branching angle) on root foraging performance is well documented in literature (Bingham and Wu 2011; 

Postma et al. 2014). The influence of parameter variance and distribution, however, which describes the 

degree to which stochasticity affects developmental processes, is much less explored (Forde 2009). In 

most 3D root architecture models, parameter stochasticity is not used or only used to a limited extent 

(Table 3‐1). We could demonstrate the significant impact of variance in both inter‐branch distance and 

branching angle on foraging performance of a root system. Also, the use of different distributions of 

inter‐branch distance (normal, lognormal) led to significant differences in effective rhizosphere volume 

around a root system. Interestingly, differences in radial alignment of lateral roots around the root axis, 

i.e. random or acropetal branching, only led to minor differences in root foraging performance.  

We chose the model approach by Nye and Tinker (1977) to compute the rhizosphere volume around a 

root system. This purely physical model assumes continuous nutrient uptake by individual root 

segments. Gao et al. (1998) and Bouma et al. (2001), however, showed that root segment age is 
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inversely related to nutrient uptake capacity and that young roots therefore take up more nutrients than 

old roots. Inter‐root competition is mainly caused by rhizosphere zone overlap of neighboring laterals, 

which are usually of similar age. Taking into account root segment age‐dependent nutrient uptake rates 

would therefore alter absolute values of root foraging performance, but not our described qualitative 

relationships and trends.  

This study improves the capacity of modelers to simulate realistic root systems, which can be used to 

investigate root‐soil interaction processes. Further investigations could include research on parameters 

that were not the focus of this study, but also greatly influence root foraging performance such as 

number of axial roots, axial insertion angle and length and distribution of lateral roots. More information 

on root architecture parameters for a range of plant species would also be desirable. Increased 

knowledge on plastic root response to soil heterogeneity and environmental changes would further 

improve 3D root architecture modeling.  
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Chapter	IV	

4. Modeling	the	impact	of	biopores	on	root	growth	and	root	water	

uptake		

 

 

 

 

 

 

 

 

 

This chapter is based on a journal article published as:  

Landl, M., A. Schnepf, D. Uteau, S. Peth, M. Athmann, T. Kautz, U. Perkons, H. Vereecken, and J. 

Vanderborght. 2019. Modeling the Impact of Biopores on Root Growth and Root Water Uptake. Vadose 

Zone J. 18:180196. doi:10.2136/vzj2018.11.0196   



74 

 

4.1. Introduction	

The ability of plants to extract water from the soil is referred to as ‘plant water accessibility’ and is 

determined by the architecture of the root system as well as by various interaction processes in the soil‐

plant continuum (Colombi et al. 2018). One of the most important constraints limiting plant water 

accessibility is soil penetration resistance with its direct impact on root elongation (Bengough et al. 

2011). Soil penetration resistance is positively correlated with soil bulk density and the absolute value of 

the soil matric potential (Gao et al. 2012; Whalley et al. 2007). Higher soil penetration resistance leads to 

lower root growth rates and in consequence to less extended root systems with reduced ability to take 

up water from deeper soil layers (Bengough et al. 2011; Chen et al. 2014; Colombi et al. 2018; Tracy et al. 

2012; Valentine et al. 2012). This is an issue in particular during prolonged dry spells when the upper soil 

layers are water‐depleted and when subsoil water supply is of high potential value for plant transpiration 

(Gaiser et al. 2013; Kirkegaard et al. 2007). 

An opportunity for roots to overcome compact soil layers and to grow into greater depths is the use of 

large‐sized biopores (diameters >2 mm) as preferential growth pathways (Kautz 2015; McKenzie et al. 

2009; Stirzaker et al. 1996). Biopores are generally vertically oriented, tubular shaped cavities in the soil 

formed by decayed plant roots or earthworm burrowing (Kautz 2015; Naveed et al. 2016). Their 

abundance depends on soil management and cropping sequence (Han et al. 2015; Kautz et al. 2010) and 

they can persist over many years in subsoil horizons below the plough layer (Edwards et al. 1988; 

Shipitalo et al. 2004). Higher soil compaction was found to increase the amount of roots growing in 

biopores (Gaiser et al. 2013; Hirth et al. 2005) and these roots were shown to elongate faster and deeper 

(Hirth et al. 2005; Stirzaker et al. 1996).  

The probability of roots to remain within biopores and to continue growing along them was 

demonstrated to be higher if biopores were aligned more vertically (Dexter and Hewitt 1978; Hirth et al. 

2005; Stirzaker et al. 1996) and if pore walls were smooth (Hirth et al. 2005; Stirzaker et al. 1996). Large‐

sized biopores are usually air‐filled (Fredlund and Xing 1994) and root water uptake is thus limited to the 

contact area between root and biopore wall. In a field study, Athmann et al. (2013) observed that 85 % 

of barley and oilseed rape roots found in biopores maintained direct contact with the pore wall. Using 

analytical solutions, de Willigen et al. (2018) showed that incomplete radial root‐soil contact (i.e. root 



75 

 

growing in pre‐existing pore with larger diameter) hardly reduced root water uptake capacity due to 

compensatory root water uptake, while incomplete axial root‐soil contact (i.e. entire axial root parts 

without soil contact) led to a significant decrease in root water uptake potential.  

Direct measurements of the impact of biopores on root growth and root water uptake are difficult. 

Laboratory experiments (e.g. Hirth et al. 2005; Stirzaker et al. 1996) can give valuable information on the 

influence of soil structure on both root growth and root water uptake, but are limited to young plants, 

small pot sizes and short measurement intervals. Field experiments (e.g. Colombi et al. 2017; Kautz et al. 

2013; White and Kirkegaard 2010) provide important insights on the dynamics of root growth in soil with 

biopores over entire cropping periods, but do not allow direct investigation of the influence of soil 

structure on root water uptake. Simulation models can thereby help to explain relations between 

experimental data (e.g. link water use efficiency with soil water content and bioporosity) and to test 

scenarios of different environmental and soil physical conditions. In recent years, significant progress has 

been made in the development of crop models, which are used to analyze the performance of cropping 

systems under variable climate and soil management conditions (Vereecken et al. 2016; Wöhling at al. 

2013). These models, however, are usually based on simplifying assumptions such as uniform root 

distribution and homogeneous root water uptake in lateral soil horizons. The effect of soil structure is 

thereby at best taken into account indirectly via stress functions on root elongation (e.g. de Moraes et al. 

2018, Gaiser et al. 2013). If the impact of biopores on model input parameters such as root length 

density development, root system hydraulic conductance and relative distribution of root water uptake 

is known, the effects of structured soil can be taken into account more accurately. We recently 

developed a new model approach for the simulation of root growth in structured soil. In this approach, 

the structure of the biopore network as well as the root architecture are considered in a spatially explicit 

way and the growth of individual root tips is described as a function of local soil penetration resistance. 

In test simulations, this model realistically reproduced root growth in artificial macropores on both the 

single root and the plant root system scale (Landl et al. 2017). Our model approach was incorporated in 

the three dimensional numerical R‐SWMS model (Root soil water movement and solute transport) 

(Javaux et al. 2008) and is, to our knowledge, the first explicit 3D simulation model for root architecture 

development and root water uptake in soil with biopores.  
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Experimental studies showed that root growth in artificial macropores and naturally created biopores 

differs significantly: While Stirzaker et al. (1996) found roots to be trapped in straight vertical 

macropores created with steel rods, Kautz et al. (2013) observed field‐grown roots to leave biopores 

when entering less compact soil layers. An explanation for this discrepancy is the wide range of 

geometries and orientations covered by naturally created biopores, which contrasts the generally 

straight and smooth appearance of artificial pores (Pagenkemper et al. 2015; Pagenkemper et al. 2013). 

For realistic simulations of root growth and root water uptake in structured soil, it is thus necessary to 

use realistic biopore networks. A possibility to non‐invasively reproduce soil structure in three 

dimensions is X‐ray computed tomography (X‐ray CT) (Luo et al. 2008; Pagenkemper et al. 2015; 

Pagenkemper et al. 2013; Peth et al. 2008). A simplified reconstruction of the pore space geometry of X‐

ray CT‐images can serve as a realistic description of the pore network in simulation models.  

In the present study, we evaluated the impact of subsoil biopores on root growth, root water uptake, 

and root soil exploration in a simulation study using R‐SWMS. Our model approach for root growth in 

structured soil is calibrated with extensive experimental field data. A natural biopore system is created 

using X‐ray CT imaging of intact soil columns from the field site. We use the calibrated model to simulate 

scenarios in which we evaluate the impact of subsoil biopores on root growth and root water uptake 

under different soil physical and environmental conditions. To compute root water uptake, we use the 

model approach developed by Couvreur et al. (2012), which provides realistic parameters describing root 

system hydraulic conductance and relative distribution of root water uptake that can directly be used in 

1D crop‐scale models such as Hydrus (Cai et al. 2018; Šimůnek et al. 2016).  

4.2. Material	and	Methods	

4.2.1. Field	experiment	

The model setup is based on a field experiment, which was performed at the study site Klein Altendorf 

(University of Bonn, Germany, 50°62’ N, 6°98’ E) in 2010. In this experiment, the effect of varying 

biopore densities on root growth of spring wheat was investigated. The soil at the field site was classified 

as Haplic Luvisol (FAO‐UN, 2014), which is characterized by a silt clay loam texture (4‐7 % sand, 67‐76 % 

silt, 17‐29 % clay, 2.6‐10 g kg‐1 organic carbon). Below a plough horizon of 30 cm depth, the soil was well 
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structured with pronounced biopore networks originating from decayed plant roots as well as from 

earthworm activity (Kautz et al. 2014; Kautz et al. 2010).  

After ploughing to a depth of 30 cm, spring wheat (Triticum aestivum L. ’Scirocco’) was sown with a 

density of 400 grains m‐2 and a row width of 10 cm on 8 April 2010. Root length densities (RLD) in both 

bulk soil and biopores were measured on 5 occasions with the profile wall method for both alfalfa and 

fescue pre‐crop treatment (Boehm and Koepke 1977; Gaiser et al. 2013) (Table 4‐1) down to a soil depth 

of 80 cm (first four occasions) respectively 160 cm (last occasion). It is well known that RLDs measured 

with the profile wall method underestimate actual RLDs (Gaiser et al. 2013). Using the calibration 

equation established by Gaiser et al. (2013) for this very same field experiment from reference 

measurements with auger samples, RLDs obtained with the profile wall method were converted to 

absolute RLDs: 

��� = ����� × (3.0092+ 13.5 × ���.����×�����),  (4.1) 

where RLD is the absolute root length density (L L‐3) and RLDpw (L L‐3) is the root length density measured 

with the profile wall method.  

Leaf area index (LAI), which was needed to partition potential crop evapotranspiration into evaporation 

and transpiration, was measured with a LI‐3100C Area Meter (LI‐COR, Lincoln, USA) in the year 2010 on 

three occasions between seeding and mid‐season as indicated in Table 4‐1. To obtain the entire 

development of leaf area index from seeding to harvest, we additionally used measurements from the 

year 2012 when a second field trial adjacent to the first one with identical design was also cultivated 

with spring wheat.  

To investigate the biopore system, eight intact soil columns (18 cm Ø, 55 cm height, 4 from alfalfa and 4 

from fescue pre‐crop treatment) were excavated from the subsoil (35‐90 cm depth) with a lysimeter 

driller (UGT GmbH, Müncheberg Germany). They were scanned with an industrial X‐ray CT scanner (v 

tome x 240, Phoenix X‐ray, GE Sensing and Inspection Technologies GmbH, Wunstorf, Germany) and 

processed as described by Pagenkemper et al. (2015): Via segmentation, the obtained grey‐scale images 

were transformed into highly resolved binary image stacks with a resolution of 231 μm displaying only 

biopore and soil matrix voxels. Using volume thresholding, disconnected pore volumes <0.2 cm3 were 
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then eliminated to set the focus on the continuous biopore network. The upper parts of all binary image 

stacks showed unrealistic high bioporosities. This fault, which was also observed in other studies (e.g., 

Luo et al., 2008; Pagenkemper et al., 2013), is a result of the rotary cutting process used to cut the soil 

columns from the soil matrix during the excavation process. To obtain realistic biopore networks we thus 

eliminated the upper 15 cm of each image stack, thereby reducing the height to 40 cm. Due to the 

cylindrical shape of the excavated soil columns, the corner regions of the cubic image stacks did not 

contain biopores. We therefore cropped the outer edges of each image stack in both x‐ and y‐direction 

from 18 cm to 12 cm.  

In general, it is expected that taproot plants such as alfalfa generate large continuous biopore networks, 

while fibrous root systems such as fescue do not produce large biopores in the subsoil (Pagenkemper et 

al. 2015). Due to the presence of older biopore systems at our study site, however, differences in 

biopore networks between the two pre‐crop treatments were not as pronounced as could be expected if 

the preceding crops were planted in homogenized soil (Pagenkemper et al. 2013). The similarity between 

biopore networks of different origin was also reflected in root length density measurements of spring 

wheat where we could not observe large differences between the different pre‐crop treatments: A two‐

sample t‐test showed that RLD in bulk soil after fescue pre‐crop observed at different times and depths 

was in 9 % of all measurements significantly larger, in 35 % significantly lower and in 50 % not 

significantly different to RLD in bulk soil after alfalfa pre‐crop. RLD in biopores was significantly different 

in only 4 % of all measurements after different pre‐crop treatments. For modeling purposes, these 

differences were not sufficiently pronounced. For both biopore network reconstruction and RLD 

measurement data we therefore did not distinguish between different pre‐crop treatments, but used 

them as replicates.  
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Table 4‐1: Dates of RLD and LAI measurements of spring wheat in 2010 and 2012, days after sowing 

(DAS) and‐ if known‐ growth stages according to the BBCH scale (Lancashire et al. 1991)  

Measurement no.  
RLD measurements LAI measurements 

Date DAS/BBCH Date DAS/BBCH Date DAS/BBCH 

1 31/05‐02/06/2010 53–55/ 33 31/05/2010 53/ 33 28/05/2012 50/‐ 

2 14/06–17/06/2010 67–70/ 55‐58 15/06/2010 68/ 56 13/06/2012 65/‐ 

3 28/06‐30/06/2010 81–83/ 68 30/06/2010 83/ 68 26/06/2012 78/‐ 

4 13/07–16/07/2010 96–99/ 83   09/07/2012 91/‐ 

5 27/07–30/07/2010 110‐113/ 89   30/07/2012 112/‐ 

4.2.2. Modeling	theory	

We used the three‐dimensional numerical R‐SWMS model (Root‐Soil Water Movement and Solute 

Transport) developed by Javaux et al. (2008) to simulate the impact of biopores on root growth, soil 

water flow and root water uptake. The equations and assumptions underlying this mechanistic model as 

well as the used sub‐models are presented in the following section.  

Simulation	of	root	system	development	

Root system development is explicitly represented in three dimensions using the model approach by 

Clausnitzer and Hopmans (1994). In this approach, the root system is described by a set of user‐defined 

input parameters that determine plant‐specific properties such as unimpeded growth speed, branching 

angles, root trajectory development and distance between two successive lateral roots. In addition to 

these root system‐inherent parameters, environmental impact factors on root system development 

were considered.  

The influence of varying soil strength as well as biopores on root system development is taken into 

account with the approach by Landl et al. (2017). In this approach, biopores are regarded as an 

additional soil material with very low penetration resistance. Soil mechanical resistance is expressed by 

its inverse, soil mechanical conductance, and is handled in analogy to hydraulic conductivity in Darcy’s 

law. Differences in soil strength between the biopore and the soil matrix lead to anisotropic or direction 

dependent soil mechanical conductance, which is larger in the direction of the main axis of the biopore 



80 

 

and smaller in the radial direction. This anisotropy influences both the direction of root growth and the 

root growth rate. The orientation of an individual root segment d is computed as  

� = � × �,  (4.2) 

where k is the three‐dimensional soil mechanical conductance tensor that represents the ease with 

which a root can penetrate the soil and F is a driving force, which is determined by the orientation of the 

previous root segment, a random deflection angle and a tropic component.  

It is generally assumed that root elongation E (L T‐1) is at its maximum at zero soil penetration resistance 

and stops completely when a maximum soil penetration resistance Rmax (P) is reached (Bengough and 

Mullins, 1990). We use the empirical equation developed by Veen and Boone (1990) to calculate Rmax as 

a function of soil matric potential ψm as: 

���� = 4���� + 2.33�� . (4.3) 

where Rmax and ψm are expressed in hPa. It must be noted that this equation was originally developed for 

maize root growth on sandy loam. However, considering that wheat and maize show similar root growth 

pressures (Clark et al. 2003) and that the computed values of Rmax fall well within the range of measured 

values of Rmax specified by Ehlers et al. (1983) for silt loam, we consider this equation valid for our 

modeling purposes. 

Experimental studies on the evolution of root elongation between zero and maximum soil penetration 

resistance frequently observed a strong initial decrease that was followed by a lower reduction rate 

when approaching maximum soil penetration resistance (Bengough et al. 2011; Bengough and Mullins 

1990; Taylor and Ratliff 1969). We described this relationship between elongation rate and soil 

penetration resistance with the inverse of a polynomial relation as 

� = ���� × �1 − (�/���� )
�

��, (4.4) 
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where E and Emax are actual and maximum elongation rate (L T‐1) and R and Rmax are actual and maximum 

soil penetration resistance (P). Soil penetration resistance R (hPa) was computed as a function of bulk 

density ρb (g cm‐3), soil matric potential ψm (hPa) and effective saturation Se (‐) using the empirical 

pedotransfer function developed by Whalley et al. (2007) as  

log��(� × 10��) = 0.35× log��(|�� × 10��|× ��) + 0.93× �� + 1.26. (4.5) 

This pedotransfer function was developed for 12 different, undisturbed soils with diverse matric 

potentials as well as with varying texture, organic carbon content and bulk density (1.2‐1.65 g cm‐3) and 

can thus be considered valid for a wide range of different soils. It must be noted that soil texture is 

considered indirectly via effective saturation in this equation.  

In addition to soil strength, also soil temperature is considered to limit root elongation. It was shown 

that root growth only occurs if soil temperature lies within a plant and genotype specific interval and 

reaches a maximum at a defined optimum soil temperature (Koevoets et al. 2016; Porter and Gawith 

1999). In our model, reduced root elongation due to sub‐ or supra‐optimal soil temperature is described 

by a sine‐wave shaped impedance function, which equals zero at the lower (2 °C) and upper (25 °C) limit 

and one at the optimum (15 °C) soil temperature (Somma et al. 1998). Minimum, maximum and 

optimum soil temperature values for spring wheat root growth were derived from Porter and Gawith 

(1999). 

Simulation	of	water	flow	in	the	soil	and	root	water	uptake	

Water flow in the soil is driven by gradients of soil water potential and described by the Richards’ 

equation (Richards 1931):  

��

��
= ∇[�∇�] − �,  (4.6) 

where θ is the volumetric water content (L³ L‐3), t is the time (T), K is the unsaturated hydraulic 

conductivity (L2 P‐1 T‐1), ψ is the total soil water potential (matric + gravitational) (P) and S is a sink term 

(L3 L‐3 T‐1), which is defined positive for root water uptake and negative for root water release. 



82 

 

The relationships between soil water content θ (L³ L‐3), matric potential ψm (P) and hydraulic conductivity 

K (L2 P‐1 T‐1) are calculated from soil hydraulic properties via the closed‐form expression established by 

Mualem (1976) and Van Genuchten (1980) as 

�(�) = �� +
�����

(��(�|��|)�)�
,  (4.7) 

and  

�(�) = ��
���(�|��|)���[��(�|��|)�]���

�

[��(�|��|)�]
�
�

,  
(4.8) 

where θr (L³ L‐3) is the residual water content, θs (L³ L‐3) is the saturated water content, α is related to the 

inverse of the air entry suction (P‐1), n and m are shape parameters with m=1-1/n and Ks is the saturated 

hydraulic conductivity (L T‐1).  

Due to the large size of our root system (>50,000 root segments), it was computationally not feasible to 

compute water flow between soil and root system on the root segment level as proposed by Doussan et 

al. (1998). We therefore used the implicit approach by Couvreur et al. (2012), where root water uptake is 

computed on the soil element level, which drastically reduces computation time. In this approach, 

hydraulic conductances of individual roots are summarized to a single equivalent root system hydraulic 

conductance, while spatially heterogeneous soil‐root interface water potentials are combined to a single 

equivalent soil water potential (SWP) sensed by the plant. The sink term of an individual soil element is 

computed as  

�� × �� = ��� × ���,�� − ����� × ���� + ���� � × ���,� − ��,��� × ����, (4.9) 

where Sk (L
3 L‐3 T‐1) is the sink term in the kth soil element, Vk (L

3) is the volume of the kth soil element, Krs 

(L3 P‐1 T‐1) is the equivalent conductance of the root system, ψs,eq (P) is the equivalent total (matric + 

gravitational) SWP sensed by the plant, ψcol (P) is the total (matric + gravitational) water potential at the 

root collar, SSFk (‐) is the standard sink fraction of the kth soil element, Kcomp (L3 P‐1 T‐1) is the 

compensatory root water uptake conductance, and ψs,k (P) is the SWP of the kth soil element. While the 
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first term of the equation describes the standard root water uptake under homogeneous SWP 

distribution, the second term accounts for SWP heterogeneity. The parameters SSF, Krs and Kcomp were 

introduced by Couvreur et al. (2012) as the three macroscopic parameters, which describe the hydraulic 

architecture of a root system: SSF specifies for each soil element the amount of water taken up by the 

root segments located within this soil element as a fraction of the total plant water uptake under 

homogeneously distributed SWP, Krs describes the water flow per unit of water potential difference 

between root collar and soil and Kcomp defines the extent of compensatory root water uptake within 

individual soil elements due to water potential heterogeneity within the soil domain. These macroscopic 

parameters remain constant for root systems with static architecture and constant hydraulic properties. 

The parameters SSF and Krs were determined from the numerical solution of the hydraulic tree approach 

by Doussan et al. (1998), which was run for one single time step. Kcomp was assumed to equal Krs. This is a 

valid assumption if root axial hydraulic conductances substantially exceed root radial hydraulic 

conductances (Couvreur et al. 2012), which is the case for cereal root systems (Meunier et al. 2018).  

The equivalent SWP sensed by the plant, ψs,eq, is computed as a function of the distribution of local SWPs 

as well as standard sink fractions as  

��,�� = 	���,�����

�

���

, (4.10) 

where k is the index of soil elements ranging from 1 to M. For soil elements that do not contain any root 

segments, SSFk equals zero. It must be noted that equation (4.9‐4.10) rely on the assumptions that SWP 

within one soil element is constant and that root radial conductances are much smaller than root axial 

conductances.  

The water potential at the root collar ψcol (P) is assumed to be equal to the leaf water potential and the 

flux at the root collar is set to the actual transpiration rate Tact (L
3 T‐1). When no water stress is present, 

i.e. when the water potential at the collar is above a specified threshold value ψlim, Tact is equal to the 

potential transpiration rate Tpot (L
3 T‐1). Under water stress, Tact falls below Tpot and is computed as  

���� = ��� × ���	�� − ���� �, (4.11) 
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where ψlim (P) is the minimal water potential at the root collar, which triggers stomatal closure due to 

water stress and which was set to the constant value of ‐15,000 hPa (permanent wilting point). 

4.2.3. Numerical	solution	of	the	R-SWMS	model	

For the numerical solution of the water flow equation in R‐SWMS, the soil domain is discretized in a 

regular cubic grid of nodes. Soil hydraulic state variables (e.g. soil water potential and soil water content) 

as well as parameters that describe local soil properties (e.g. bulk density) are specified explicitly for each 

soil node. Eight adjacent soil nodes then define one soil element whose average state variables and 

parameters are calculated from the nodal values. The root system, which consists of a multitude of 

straight root segments that are connected with each other, develops within this soil grid. Length and 

orientation of newly emerging root segments are influenced by the properties of the soil element in 

which the root tip is located. The resolution of the soil grid is chosen according to the size of the soil 

domain as well as the length of the simulation period, the required preciseness of the results and the 

available computation time. For simulations on the root system‐scale, the solution of water flow in the 

soil is computationally expensive due to large soil domains (>1m depth) and the long periods that are 

simulated (up to several months). This makes it necessary to choose a relatively coarse grid resolution 

(cm scale). For simulations of root system development in response to small‐scale soil structures such as 

biopores, however, a finer grid resolution must be used (mm scale). We reconciled these opposing needs 

by introducing two soil grids: a fine soil grid in which biopores were represented and which was used for 

the simulation of root system development and its architectural response to environmental impact 

factors and a coarse grid, which was used to compute soil water flow, but did not represent biopores. It 

must be noted that the influence of biopores on soil water flow was therefore neglected. Different soil 

layers as well as all further soil properties were represented in both grids. Soil water potential 

distribution, which was computed in the coarse grid, was transferred to the fine grid, where it influenced 

root system development via its effect on soil penetration resistance.  

Coupling	root	growth	and	root	water	uptake	

Root water uptake is computed using root hydraulic architecture parameters (Krs, Kcomp and SSF) that are 

defined initially for a root system with specific root architecture and root segment hydraulic parameters. 

If the root system changes, these root hydraulic architecture parameters need to be updated. Root 
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system development is computed dynamically at each time step as a function of local soil properties 

such as soil penetration resistance, which is a function of soil matric potential (equation (4.5)) and thus 

also of root water uptake. We took these interdependencies into account by coupling root growth with 

root water uptake: After specified time intervals, the root growth model was given the updated soil 

water potential distributions within the soil domain, while root hydraulic architecture parameters were 

recalculated for the updated root system.  

Assumptions	in	the	simulation	of	root	growth	and	root	water	uptake	in	soil	with	biopores		

A root segment was considered to be located within a biopore if a minimum of one node of its 

surrounding grid nodes had biopore properties. Considering that root length units in the profile wall 

method had an equivalent length of 0.5 cm (Perkons et al. 2014), lateral roots in biopores were only 

counted if more than 0.5 cm of their length was located within a biopore. We neglected water flow in 

biopores, which were thus assumed to be air‐filled at all times. Partial root‐soil contact in biopores was 

assumed to inhibit water flow between soil and root and thus to decrease root radial hydraulic 

conductivity. Root radial hydraulic conductivity was therefore considered proportional to the part of the 

root in contact with bulk soil i.e. the number of surrounding grid nodes with bulk soil properties. Bulk 

density of biopore nodes was set equal to zero.  

4.2.4. Model	setup	

The basic model setup was based on and calibrated with data from the experimental field study i.e. root 

length densities, soil properties, climate data and leaf area index.  

Soil	parametrization	

We used a rectangular shaped soil domain with dimensions of 3 x 10 x 160 cm. The dimensions in x and y 

direction corresponded to inter‐plant and inter‐row distances, respectively, the dimension in z‐direction 

to the maximum measured rooting depth (Perkons et al. 2014). The soil domain was discretized into two 

regular cubic grids of nodes with resolutions of 1 cm and 0.5 cm for the coarse and fine soil grid, 

respectively. Our simulated biopores therefore had rather large diameters >0.5 cm. The soil domain was 

divided horizontally into five different soil layers (1 topsoil layer, a mixing zone between top‐ and subsoil 

and 3 subsoil layers) whose extents and soil properties were derived from the reference field site profile 
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described in Barej et al. (2014). Using the information on soil texture and bulk density, we estimated soil 

hydraulic properties by means of the pedotransfer functions developed by Tóth et al. (2015) that were 

established for continental‐scale applications in Europe (Table 4‐2). 

Table 4‐2: Soil properties used in the model setup 

 
  Texture 

Bulk 

density 

Soil hydraulic parameters according to Van 

Genuchten (1980)† 

 Horizon Depth Sand Silt Clay ϴr  

 

ϴs  α  n Ks  

  (cm) ––––– (%) ––––– (g cm
‐3

) (‐) (‐) (hPa
‐1

) (‐) (cm d
‐1

) 

          

Topsoil Ap 0‐30 7 76 17 1.29 0.041 0.4857 0.0103 1.2767 5.08 

Mixing 

zone 

E/B 31‐40 5 75 20 1.32 0.041 0.4778 0.0056 1.2990 1.56 

subsoil 

Bt1 41‐75 5 68 27 1.42 0.041 0.4502 0.0047 1.2691 1.31 

Bt2 76‐115 4 67 29 1.52 0.041 0.4223 0.0041 1.2468 1.20 

Bw 116‐

160 

6 74 20 1.46 0.041 0.4381 0.0050 1.2732 1.62 

Ap…distinct topsoil disturbed by ploughing, E/B…eluviated mineral horizon, Bt…argillic horizon, 

Bw…weathered B‐horizon, †r, residual water content; s, saturated water content;α and n, shape 

parameters; Ks, saturated hydraulic conductivity 

From an earlier study by Kautz et al. (2010) we obtained soil penetration resistance measurements that 

were determined on 10 sampling points on the same field site in Klein‐Altendorf on plots grown with 

sugar beet, winter wheat and winter barley down to a depth of 80 cm with a penetrologger when the soil 

was at field capacity. In Fig. 4.1, we compared these measurements with soil penetration resistance 

values predicted with equation (4.5) for the top four soil layers defined in Table 4‐2. It was not possible 

to predict the exact measured values; the general evolution of soil penetration resistance with depth, 

however, could be well reproduced and we thus consider equation (4.5) to be suitable for our modeling 

purposes.  
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Fig. 4.1: Measured versus predicted soil penetration resistance for the individual soil layers of our study 

site (Table 4‐2) at field capacity, error bars represent the standard deviation of measurements within 

one soil layer 

Setup	of	the	biopore	network		

The biopore networks used in our simulation study were created with the help of the highly resolved 

binary image stacks. Before using these high‐resolution image stacks to set up our simulation biopore 

network, they had to be up‐scaled to 0.5 cm, which was the discretization of our fine soil grid. 

Considering that a significant amount of biopores in the original image stacks had diameters smaller than 

the resolution of our fine soil grid, simple up‐scaling would have resulted in a strong overestimation of 

the biopore volume. To satisfy our priority objective of conserving biopore network connectivity, while 

keeping the overestimation of biopore volume at a minimum, we applied the following technique: In a 

first step, we skeletonized the 8 binary image stacks with the help of the open source software ImageJ, 

which allowed iterative and symmetric eroding of the biopore surface around its center line. Examples of 

original and skeletonized images are shown in Fig. 4.2a and Fig. 4.2b. In a second step, we reduced the 

resolution of the 8 skeletonized images from 231 μm to 0.5 cm (discretization of the simulation domain). 

If at least one of the original voxels located within the sphere of influence of an up‐scaled voxel had 
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biopore properties, the up‐scaled voxel was also assigned biopore properties; an example is given in Fig. 

4.2c. From these 8 image stacks, we then cut 12 sub‐stacks with 40 cm depth and a cross‐sectional area 

of 3 x 10 cm to obtain images whose size corresponds to the dimensions of our soil domain (example in 

Fig. 4.2d). The number of sub‐stacks cut from each image stack as well as the location of the cuts was 

determined with the objective of obtaining clear, continuous biopore networks.  

To quantify the modifications of the biopore systems that occurred due to up‐scaling and image cutting, 

we determined for the different process steps the pore network parameters bioporosity and biopore 

length density. Bioporosity (L3 L‐3) is defined as the volume of biopores per volume of bulk soil; biopore 

length density (L L‐3) is determined as the total length of biopores in a unit soil volume (Luo et al. 2008; 

Pagenkemper et al. 2013). The up‐scaling process combined with the assignment of biopore properties 

to up‐scaled voxels with at least one original voxel with biopore properties within their vicinity led to an 

increase in bioporosity from approximately 1.4 to 5 % (Image state 1‐2; Table 4‐3). Bioporosity then 

again increased to 10 % from the up‐scaled image stacks to the cut sub‐stacks (Image state 2‐3; Table 4‐

3). This increase, however, was not caused by any image processing, but by preserving those parts of the 

image stacks that contained clear, continuous biopore networks. In contrast to bioporosities, biopore 

length densities could be kept fairly constant throughout all process steps: While the up‐scaling process 

led to a small decrease in biopore length density from 0.064 to 0.038 cm cm‐3, the cropping of the sub‐

stacks again increased it to 0.086 cm cm‐3. These values correspond well to the range of 0.06 to 0.09 cm 

cm‐3 that was found by Pagenkemper et al. (2013) for biopore networks of soil monoliths taken from the 

same field site with the same pre‐crops. It must be noted that the number of biopores remained the 

same throughout the image processing. 

In a last step, we translated the information from the image stacks to 3D coordinate grids by assigning 

biopore properties to each grid node corresponding to a biopore voxel. Observations from the field 

experiment showed that root growth in biopores mainly occurred in the subsoil in depths >30 cm. This 

can be explained by the topsoil cultivation with a plough, which leads to a reduction in the number of 

large‐sized biopores with simultaneous soil loosening, which again facilitates root proliferation in the 

bulk soil (Dal Ferro et al. 2014; Edwards et al. 1988; Golabi et al. 1995; Holland 2004). In our simulations, 

we therefore only considered biopores in the subsoil. Considering that anecic earthworms can burrow as 

deep as 2.5 m under favorable conditions (Kobel‐Lamparski and Lamparski, 1987), biopores were 
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considered to exist in the complete subsoil profile. To obtain biopores over the entire subsoil depth of 

130 cm (Table 4‐2), we inserted each biopore coordinate system 3.25 times one below the other into the 

soil grid, which resulted in 12 soil domains with individual biopore networks. Continuity of the biopore 

network across the connection of two biopore coordinate systems was obtained by vertically flipping 

one of the coordinate systems so that always either two top or two bottom ends were connected to 

each other (example in Fig. 4.3).  

 

Fig. 4.2: Examples for binary image stack with a resolution of 231 μm (a), skeletonized image stack (b), 

image stack with a resolution of 0.5 cm (c), sub‐stack with cross‐sectional dimensions of soil domain (d) 
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Table 4‐3: mean and standard deviations (std) of bioporosities (bps) as well as biopore length densities 

(BPLDs) for images of different processing steps  

Image 

state 

Image description Mean 

bps 

Std of 

bps 

Mean 

BPLDs 

Std of 

BPLDs 

  ––––– (%) ––––– –––– (cm cm
‐3

) –––– 

1 Binary image stacks with resolution of 231μm 1.42 0.54 0.064 0.016 

2 Up‐scaled image stacks with resolution of 0.5cm 5.04 2.05 0.038 0.016 

3 Sub‐stacks with resolution of 0.5cm cropped to cross‐

sectional dimensions of soil domain 

10.21 2.76 0.086 0.022 

 

Fig. 4.3: Soil domain with 5 different soil layers (Table 4‐2) and subsoil biopore system  
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Root	hydraulic	properties		

We used the values of root hydraulic properties of wheat specified by Couvreur et al. (2014a), which are 

based on experimental measurements by Bramley et al. (2007), Sanderson et al. (1988), Tazawa et al. 

(1997) and Watt et al. (2008). Values for different root types as well as their variations with root age are 

represented in Fig. 4.4a and Fig. 4.4b for axial and lateral roots, respectively. Root hydraulic properties 

are key drivers of root water uptake by controlling the amount of water that can be transported from 

the soil to the root collar at a given time. They thus also substantially influence the model parameters 

root system hydraulic conductance and relative distribution of root water uptake, which are used in the 

model approach by Couvreur et al. (2012).  

 

Fig. 4.4: Root hydraulic properties of spring wheat for (a) axial and (b) lateral root segments  

Boundary	conditions	for	the	simulation	of	soil	water	flow,	root	system	development	and	root	water	

uptake	

The boundary conditions at the top and bottom of the soil domain were set to time variable flux and unit 

hydraulic gradient, respectively. The time variable flux at the top boundary was calculated from the daily 

climatic water balance, which is defined as the difference between precipitation and evaporation. 

Additionally, we considered transpiration from the root collar. The simulation runtime was set to 112 

days i.e. the whole cropping cycle of spring wheat. Daily precipitation measurements were obtained 

from the climate station Klein Altendorf; daily potential reference evapotranspiration ET0 was estimated 

with the Penman‐Monteith equation (Allen et al. 1998) from temperature, wind speed, relative humidity 
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and radiation measurements that were also obtained from the climate station Klein‐Altendorf. Potential 

crop evapotranspiration ETcpot (L T‐1) was estimated from ET0 (L T‐1) using the single crop coefficient 

approach (Allen et al. 1998):  

������ = 	�� × ���, (4.12) 

where kc (‐) is the crop coefficient. Crop coefficient values for spring wheat were derived for each crop 

stage (initial stage, mid‐season, late stage) from Allen et al. (1998) and are 0.3 for the initial period (8 

Apr.‐14 May 2010), 1.15 for midseason (9 June‐15 July 2010), and 0.25 for the late stage (16‐31 July 

2010). Potential crop evapotranspiration was partitioned into evaporation and transpiration based on 

Beer’s law, which uses canopy interception to separate solar radiation from the total energy budget 

(Ritchie et al. 1997; Klosterhalfen et al. 2017):  

����,����� = 	������ × �1 − ���	���	�, (4.13) 

����,����� = 	������ × ���	���, (4.14) 

where Tpot,daily and Epot,daily are daily potential transpiration and evaporation fluxes (LT‐1), respectively, LAI 

is the leaf area index, which was measured in the field experiment (Table 4‐1) and k is a constant 

governing the radiation extinction by the canopy (‐) as a function of sun angle respectively plant and leaf 

distribution (following Mo and Liu (2001) we used k=0.6). Fig. 4.5a shows precipitation, potential 

evaporation and transpiration as well as LAI over the whole simulation period 2010. To obtain 

transpiration from the root collar, daily potential transpiration was multiplied with the surface area of 

the soil domain (30 cm²). Following the approach by Couvreur et al. (2014a), we considered daily 

sinusoidal variations in Tpot,daily using the expression 

����(�) = 	����,����� 	���� �
2��

24
−
�

2
� + 1�, (4.15) 

where t (h) is the time after midnight.  
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As mentioned above, root growth was considered to be a function of soil temperature. Daily soil 

temperature values in five different depths (0 cm, 5 cm, 10 cm, 20 cm and 50 cm) were obtained from 

the German weather service (DWD 2017) as well as from the climate station Klein‐Altendorf; soil 

temperature patterns over the simulation period are shown in Fig. 4.5b.  

To mimic field conditions, we assumed periodic boundaries in horizontal direction for root growth, soil 

water flow and root system fluxes. In that way, simulated roots respectively water fluxes that exit the 

soil domain on one side simultaneously enter it on the opposite side. The computation time step of the 

root growth model is constant and was set to 0.16 d, which is just small enough so that the maximum 

possible size of a root segment does not exceed one grid side length. The computation time step of the 

soil water flow model was set to 10‐1 d. This time step, however, is adjustable and can be reduced to a 

minimum value of 10‐5 d if no convergence is reached. Root growth and root water uptake models were 

provided with updated root systems respectively SWP distributions within the soil domain every day 

during the first 10 days of simulation when root systems changed rapidly due to large initial elongation 

rates and every 5 days from day 11 to day 112, the last day of simulation. As initial conditions, the matric 

potential in the soil domain was set to hydrostatic equilibrium with ‐400 hPa at the top boundary. 
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Fig. 4.5: (a) Leaf area index (LAI) for spring wheat, potential evaporation, potential transpiration, 

precipitation and (b) soil temperature at five different depths over the whole simulation period from 8 

April 2010 to 30 July 2010 

4.2.5. Model	calibration		

We used the model set‐up derived from the experimental field measurements as well as our 12 different 

biopore networks to simulate root systems over the entire cropping season of 112 days from 8 April 

2010 to 30 July 2010. To obtain realistic root system architectures, we optimized our root growth model 

input parameters so that simulated and experimentally observed RLDs in both bulk soil and biopores 

corresponded to each other. To indicate the quality of fit between observed and simulated RLDs, we 

computed Pearson’s correlation coefficient R as well as the relative root mean square error (rRSME). 

While R is a measure of the statistical relationship between observed and simulated RLD, rRMSE defines 

the relative differences between observed and simulated RLD values (Loague and Green 1991). The 

parameter rRMSE was computed as 

����� = �
1

�
�������� ,� − ������,��

�
�

���

�

�
��

	×
100

���������
���

, (4.16) 

where n is the number of RLD measurements in depth and RLDsim and RLDobs are simulated and observed 

RLDs, respectively. For the optimization procedure, we selected those five input parameters, which had 

the greatest impact on root length density variation: While number, emergence time and initial growth 

rate of axial roots are the major determinants of total root length density, sensitivity to gravitropism as 
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well as root tortuosity define the distribution of root length density within the soil profile. Additionally, 

we optimized the parameter ‘conductance in the macropore’, which defines the degree of anisotropy of 

penetration resistance in the soil elements containing biopore walls and affects the probability of a root 

to continue growing within a biopore or to re‐enter the bulk soil (Landl et al. 2017). The values of the 

optimized parameters were in the same orders of magnitude as standard values found in literature. All 

remaining root growth model input parameters were derived from literature. Parameter values, 

literature sources and literature‐derived ranges for optimized parameters are indicated in the appendix 

in Table 6‐1. 

4.2.6. Setup	of	simulation	scenarios	

The initial model setup was based on measurements from the field experiment. For a more general 

evaluation of the impact of subsoil biopores on root growth and root water uptake under varying 

environmental and soil physical conditions, we additionally set up 5 different simulation scenarios: 

Scenario I, Presence of subsoil biopores: To get a better understanding of the impact of biopores on root 

system development and root water uptake, we performed simulations with and without subsoil 

biopores.  

Scenario II, Subsoil bulk density: The importance of biopores as root growth pathways typically increases 

with soil compaction. We therefore additionally performed simulations with subsoil bulk density that 

was increased to 1.65 g cm‐3. 

Scenario III, Influence of partial root-soil contact on radial root hydraulic conductivity: It was suggested 

that root hairs may bridge the gap between soil and roots in biopores so that partial root soil contact 

does not reduce root radial hydraulic conductivity (Carminati et al. 2013; Wasson et al. 2012). This aspect 

was taken into account by additional simulations with unlimited root radial hydraulic conductivity in 

biopores.  

Scenario IV, Soil type: Typically, roots use biopores as preferential growth pathways to reach water 

resources in greater depths. Subsoil water availability, however, depends on the soil type. Apart from the 

original silt loam, we therefore also performed simulations with sandy loam. While silt loam is 

characterized by a relatively high water holding capacity and hydraulic conductivity for a wide range of 
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soil matric potentials, sandy loam is highly conductive close to saturation, but rapidly becomes resistive 

to water flow when soil water potential decreases. These differences in soil hydraulic properties also 

lead to differences in SWP distributions in the soil domain, which in turn affect root system 

development. Water retention curves and soil hydraulic parameters used in our simulations are shown in 

the appendix in Fig. 6.1, Table 6‐2 and Table 6‐3.  

Scenario V, Climate conditions: We performed additional simulations with climate data from the year 

2012 measured at the same reference field site in Klein‐Altendorf, Germany. Like in 2010, the field plots 

were planted with spring wheat and we used measured LAI values to partition evapotranspiration into 

evaporation and transpiration. We used the crop coefficient values from the basic setup from the year 

2010. As compared to 2010, the year 2012 was less dry, especially towards the end of the cropping 

season.  

Using the optimized root architecture parameters, we simulated root growth and root water uptake for 

all possible combinations of soil physical and environmental conditions. Altogether, we carried out 

simulations with 24 different setups, which is the factorial combination of 3 types of soil structure (BPs 

with limited hydraulic conductivity, no BPs and BPs with unlimited hydraulic conductivity), 2 different soil 

bulk densities, 2 soil types and climate data of 2 different seasons. For each of these setups we ran 

simulations with all 12 different biopore systems; for combinations without biopores, 12 replicate 

simulations were performed. Altogether we therefore carried out 24x12=288 different simulations.  

4.3. Results	

4.3.1. Comparison	of	observed	and	simulated	root	systems	

Simulated root length density (RLD) profiles could be well fitted to measured ones for all five observation 

dates via optimization of root growth model input parameters (Fig. 4.6). While the agreement between 

simulated and measured RLD profiles was quite good for root growth in bulk soil (R=0.84‐0.94, 

rRMSE=30‐53 %), less consistency was reached for the highly variable RLD profiles of root growth in 

biopores where R was partly negative and rRMSE values were larger (R=‐1‐0.86, rRMSE=43‐142 %). On 

the last measurement date, 46 % of observed and 41 % of simulated spring wheat RLD was accumulated 

in the topsoil and thus 54 % and 59 % in the subsoil. The share of subsoil RLD in biopores relative to total 
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subsoil RLD at the last day of measurement amounted to approximately 10 % in observations and 9 % in 

simulations. Considering that mean subsoil bioporosities in the simulation domain amount to 

approximately 10 % (Table 4‐3), this value appears very low; however, it must be noted that simulated 

lateral roots, which constitute the largest part of RLD, are generally not located within biopores due to 

plagiotropism (tendency to bend horizontally). If only axial roots are considered, the simulated share of 

subsoil RLD in biopores relative to total subsoil RLD amounts to 24 %, which shows that simulated roots 

predominantly did use biopores as preferential growth paths. Observed and simulated maximum RLD in 

biopores within one soil layer of 10 cm depth was similar with values of 0.28 and 0.26 cm cm‐3 that were 

recorded at DAS 68 and DAS 112. The maximum share of RLD in biopores relative to total RLD within one 

soil layer of 10 cm depth amounted to 25 % and 13 % for observations and simulations, respectively; if 

only axial roots are considered, the simulated share increases to 40 %.  

Experimentally observed RLD profiles show that topsoil layers also contain a low share of roots growing 

in biopores. Our simulations could not reproduce these observations because biopores were only 

considered in the subsoil. Between two‐node and dough stage (DAS 54–DAS 97), simulated rooting 

depths were larger than experimentally observed ones because root length densities were only 

measured down to a depth of 80 cm. At the first four measurement dates, experimentally observed RLDs 

in biopores were substantially larger than simulated RLDs in biopores. This is due to inconsistencies in 

observed biopore RLDs: Summed up over all depths, observed RLDs in biopores were larger at DAS 68 

than 6 weeks later at DAS 112, even though RLDs in bulk soil increased with time. In our simulations, 

however, RLDs in biopores obviously increased with increasing RLDs in the bulk soil. Considering that for 

each point in time a new soil profile is used to count roots with the profile wall method, these 

inconsistencies in observed RLDs can be regarded as the natural variability of root growth in biopores.  

Simulated roots generally showed lower RLD in the uppermost topsoil layer. This is a model artefact, 

which is caused by our assumption of constant gravitropism for axial roots. Axial roots that emerge from 

the seed therefore immediately start bending towards the vertical and do not spread out horizontally. 

Our simulations also failed to reproduce the observed increase in topsoil RLD until flowering (DAS 82) 

and the decrease thereafter because our root architecture model does not take into account root decay. 

However, considering that our main interest was root growth behavior in the subsoil, these deviations 

can be regarded as negligible.  
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The optimized values of root growth model input parameters, which were used for further root 

architecture simulations, were all within the range of values found in literature and are listed together 

with reference sources in the appendix.  

 

Fig. 4.6: Measured and simulated root length density (RLD) in bulk soil and biopores (BP) at five different 

points in time, error bars respectively shaded areas (partly invisible due to low variance) represent the 

standard error of the mean (measured RLD: n=280, simulated RLD: n=12) 

4.3.2. Influence	 of	 biopores	 on	 simulated	 root	 length	 density	 under	 different	 soil	 physical	 and	

environmental	conditions		

Fig. 4.7 shows maximum rooting depths as well as total RLD (total root length scaled with the volume of 

the soil domain) on the last day of simulation (DAS 112) averaged over 12 individual simulation runs with 

different biopore networks respectively without biopores for scenario combinations with low and high 

soil bulk density, silt and sandy loam and climate conditions of the years 2010 and 2012. 
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For all different environmental and soil physical conditions, biopores led to an increase in rooting depth 

(between 13 and 35 % respectively 16 and 27 cm) and total RLD (between 10 and 14 % respectively 0.06 

and 0.12 cm cm‐3). The increase in rooting depth was stronger for high than for low soil bulk density 

(both in relative and absolute numbers). This is caused by the stronger difference between bulk soil and 

biopore penetration resistance in more compact soil, which causes more axial roots to remain within 

biopores and to grow along them. Different soil types respectively climate conditions did not lead to 

substantially different increases in rooting depth. In contrast to rooting depth, the biopore‐affected 

increase in total RLD was larger for low than for high soil bulk density because lateral roots, which 

generally left the biopore and re‐entered the bulk soil due to their tendency to bend horizontally, 

developed faster in loose than in hard bulk soil. In more compact soil, biopores mainly facilitated axial 

root growth, while laterals that re‐entered the bulk soil needed longer time to fully develop. Different 

soil types respectively climate conditions did not lead to substantially different increases in total RLD. 

Increased soil bulk density led to lower maximum rooting depths and lower total RLDs due to increased 

mechanical stress. Interestingly, both maximum rooting depth and total RLD were larger in sandy loam 

than in silt loam. This is caused by the different hydraulic properties of the two soils leading to 

differences in SWP and thus soil penetration resistance. SWP heterogeneity was more pronounced in 

sandy loam than in silt loam due to the sandy loam’s larger hydraulic resistivity under the prevailing soil 

water contents. SWP in sandy loam was therefore more negative in upper soil layers and less negative in 

deeper soil layers as compared to silt loam. SWP‐triggered impedance of root tip elongation in deeper 

soil layers was then stronger in silt loam than in sandy loam. It must also be noted that water contents 

are higher in silt loam than in sandy loam in case of equal SWP. Despite the silt loam’s larger saturated 

water content, this leads to a higher degree of saturation and thus to larger soil penetration resistance 

values and lower root elongation rates in silt loam than in sandy loam at equal SWP (equation (4.5)). 

Differences in climate conditions between the years 2010 and 2012, which mostly appeared in the 

second half of the growing period, were not large enough to substantially influence maximum rooting 

depths or total RLDs.  

It must be noted that despite the presence of biopores, maximum rooting depth in dense soil was lower 

than maximum rooting depth in loose soil, which indicates that roots did not grow within biopores over 
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the entire subsoil depth. Reasons are biopore discontinuities over the soil depth and the tendency of 

roots to leave non‐vertically oriented biopores.  

 

 

Fig. 4.7: Maximum rooting depth (a) and total RLD (b) on the last day of simulation DAS 112 for root 

growth in soil with and without biopores (+/‐ BP) at different levels of bulk density (bdlow/bdhigh 

…low/high subsoil bulk density), in silt loam or sandy loam under climate conditions of the years 2010 

and 2012; error bars represent the standard error of the mean for 12 individual simulation runs 

4.3.3. Influence	of	biopores	on	root	hydraulic	architecture	parameters		

We computed root hydraulic architecture parameters for all possible combinations of soil physical and 

environmental conditions and the various biopore systems. Mean root system conductance Krs, which 

describes the water flow per unit of water potential difference between root collar and soil, is a function 

of root system size and root hydraulic parameters (radial and axial root conductance, Fig. 4.4). Under the 

assumption of limited hydraulic conductivity (HC) of the root‐soil interface in biopores, mean root 

system conductance is furthermore a function of root‐soil contact. When assuming limited HC in 

biopores, the increase in root system conductance due to increased root system size was partly 

cancelled out by its decrease due to incomplete root‐soil contact. When assuming unlimited HC in 

biopores, root system conductance was naturally higher than in simulations without biopores due to 

increased root system size. These relationships persisted for simulation scenarios with different soil 

types and climate conditions and are represented for scenario combinations with silt loam and climate 

conditions of 2010 in Fig. 4.8a. Absolute values of root system conductance were higher for sandy loam 

than for silt loam due to larger root systems.  
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The standard sink fraction SSF defines the location from which a root takes up water. To explore the 

influence of biopores on SSF, we use the measure ‘mean depth of the standard sink fraction’ (zSSF), 

which is defined as the product of SSF and the depth of the respective root segment summed up over all 

segments. Biopores led to an increase in rooting depth in both low and high soil bulk density and 

therefore also to an increase in zSSF. When assuming limited HC in biopores, the increase in zSSF was 

less pronounced (Fig. 4.8b). This was true for all simulation scenarios with different soil types and climate 

conditions and is represented for scenario combinations with silt loam and climate conditions of 2010 in 

Fig. 4.8b. Absolute values of zSSF were higher in sandy loam than in silt loam due to deeper reaching root 

systems.  

An important physiological parameter is the carbon cost of the root biomass. Root water uptake 

efficiency can thus be described by the ability of a plant to take up water per gram of carbon spent in the 

root system. We found varying results for the influence of biopores on root water uptake efficiency (Fig. 

4.8c): Up to certain root system volume (corresponding to a certain root system age), root water uptake 

efficiency was similar for simulations with and without biopores. For larger root system volumes (older 

root systems), however, biopores led to larger water uptake efficiency in simulations with unlimited and 

– to a lesser extent – also with limited HC in biopores. These relationships persisted for simulation 

scenarios with different soil types and climate conditions and are represented for scenario combinations 

with silt loam and climate conditions of 2010 in Fig. 4.8c. 

 

Fig. 4.8: Evolution of mean root system conductance (krs) (a) and depth of the standard sink fraction 

(zSSF) over time; relationship between mean root system conductance (krs) and root volume (c), (+/‐ BP 

…with/without biopores, bdlow/bdhigh …low/high subsoil bulk density, unlim/lim… unlimited/limited radial 
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root hydraulic conductivity); each line is the average of 12 individual simulation runs, the shaded bands 

(partly invisible due to low variance) represent the 95 % confidence interval; scenario: silt loam, climate 

conditions 2010 

4.3.4. Influence	of	biopores	on	root	water	uptake	

Daily cumulated transpiration (Fig. 4.9) as well as mean daily equivalent SWP sensed by the plant (Fig. 

4.10) was computed for all possible combinations of soil physical and environmental conditions and the 

various biopore systems. During the second part of the reference season 2010 (mid‐May to mid‐July), a 

pronounced dry period led to significant plant drought stress and transpiration demands could no longer 

be satisfied (Fig. 4.9a‐b, Fig. 4.10a‐b). Under these conditions, simulations with biopores led to higher 

actual transpiration rates than simulations without biopores and thus to a better plant water supply in 

both loose and dense soil. Interestingly, at the beginning of the dry period, simulations with limited HC 

showed lower transpiration rates than simulations with unlimited HC; towards the end of the dry period, 

however, the situation changed and simulations with limited HC revealed equal or even slightly higher 

transpiration rates as compared to simulations with unlimited HC (Fig. 4.9a‐b). Unlimited HC in biopores 

and thus higher root system conductance is therefore only an advantage for plant water uptake as long 

as soil water availability is high enough. This phenomenon is also reflected in the plant‐sensed SWPs, 

which differ at the beginning, but are similar at the end of the dry period for simulations with limited and 

unlimited HC (Fig. 4.10a‐b). Despite larger root systems and thus larger root system conductances, actual 

transpiration rates were lower in loose sandy loam than in loose silt loam. This is caused by the sandy 

loam’s more negative SWP in the medium to upper soil layers (~0‐80cm) where root water uptake 

predominantly takes place due to higher RLD in this soil region (cf. zSSF, Fig. 4.8b) and is also reflected in 

the plant‐sensed SWPs, which are more negative for loose sandy loam than for loose silt loam (Fig. 

4.10a‐b). In dense soil, silt loam and sandy loam showed similar transpiration rates because SWPs in the 

upper soil layers where root water uptake took place were equally negative for both soil types (Fig. 

4.10a‐b). Simulations with climate conditions of spring 2012 led to optimal root water uptake in loose 

soil throughout the entire growing season and to less drought stress for plants growing in dense soil. 

Simulations with biopores again led to less negative equivalent SWP sensed by the plant and thus to 

larger actual transpiration rates as compared to simulations without biopores. Actual transpiration rates 
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were slightly higher for silt loam than for sandy loam due to slightly less negative SWPs in the uppermost 

soil layers (Fig. 4.9c‐d, Fig. 4.10c‐d). 

To better understand the impact of biopores on total root water uptake over the entire growing season, 

we evaluated cumulated transpiration deficits (Fig. 4.11). Simulations with biopores led to lower 

transpiration deficits than simulations without biopores for any climate and soil physical condition and 

for limited and unlimited HC in biopores. The impact of biopores on transpiration deficits was larger in 

dense soil than in loose soil: This is a result of both the generally larger transpiration deficits produced by 

smaller root systems and the larger effect of biopores on rooting depth. Biopores also had a larger effect 

on transpiration deficits in sandy loam than in silt loam: This is caused by the larger SWP variation with 

depth in sandy loam, which increases the importance of root water uptake from deeper, wetter soil 

layers to satisfy transpiration demands. In loose soil, transpiration deficits were reduced by up to 14 mm 

(season 2010, sandy loam), which represented 7 % of the seasonal transpiration demand. In dense soil, 

transpiration deficits were reduced by up to 24 mm (season 2010, sandy loam), which represented 11 % 

of the seasonal transpiration demand.  

  

Fig. 4.9: Daily potential and actual transpiration rates over the entire growing period for (a) climate data 

2010 and silt loam, (b) climate data 2010 and sandy loam, (c) climate data 2012 and silt loam and (d) 

climate data 2012 and sandy loam, (+/‐ BP …with/without biopores, bdlow/bdhigh …low/high subsoil bulk 

density, lim/unlim… limited/ unlimited radial root hydraulic conductivity); each line is the average of 12 
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individual simulation runs, the shaded bands (partly invisible due to low variance) represent the 95 % 

confidence interval 

 

Fig. 4.10: Mean soil water potential sensed by the plant at each day of the growing period for (a) climate 

data 2010 and silt loam, (b) climate data 2010 and sandy loam, (c) climate data 2012 and silt loam and 

(d) climate data 2012 and sandy loam, (+/‐ BP …with/without biopores, bdlow/bdhigh …low/high subsoil 

bulk density, lim/unlim… limited/ unlimited radial root hydraulic conductivity); each line is the average of 

12 individual simulation runs, the shaded bands (partly invisible due to low variance) represent the 95 % 

confidence interval 
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Fig. 4.11: Transpiration deficit cumulated over the entire growing season (+/‐ BP …with/without 

biopores, bdlow/bdhigh …low/high subsoil bulk density, lim/unlim… limited/ unlimited radial root hydraulic 

conductivity); error bars represent the standard error of the mean for 12 individual simulation runs 

4.4. Discussion 

Modeling	root	growth	in	soil	with	biopores		

Via optimization of root growth model input parameters, we were able to simulate root length density 

profiles in bulk soil and biopores that corresponded well to experimentally observed ones. All optimized 

model input parameters were in the range of values found in literature (Appendix, Table 6‐1). Our 

parameterized simulation model was able to reproduce the impacts of biopores on root system 

development as described in literature (Hirth et al. 2005; Stirzaker et al. 1996): Biopores led to 

substantial increases in both total root length and rooting depth and the latter phenomenon increased 

for more compact soil. These results suggest that our simulated root systems represent a valid basis for 

further analysis of root water uptake under different soil physical and environmental conditions. To 

improve model simulation of root development in biopores for different soils as well as under varying 

environmental conditions, however, more quantitative information from both field and laboratory 

experiments will be necessary.  
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At our study site, the abundance of subsoil biopores was observed to decrease with soil depth (Athmann 

et al. 2013; Perkons et al. 2014), which is in line with most studies from literature (e.g. White and 

Kirkegaard 2010; Pitkänen and Nuutinen 1997). However, other studies (e.g. Silva et al. 2016) report 

constant or increasing numbers of subsoil biopores with soil depth or a homogeneous distribution of 

biopores in a soil depth of 125‐150 cm (Nielsen et al. 2010). In the present study, we used a 

homogeneous biopore network over the entire subsoil profile, which we considered to be justified for a 

general evaluation of the impact of biopores on root growth and root water uptake. For a more detailed 

evaluation, however, differences in subsoil biopore density with depth need to be taken into account. 

The abundance of biopores in the topsoil is known to largely depend on the tillage practice: While 

conventional tillage leads to soft topsoil with only few biopores, no‐tillage results in more compact 

topsoil with a large number of biopores (Dal Ferro et al. 2014; Golabi et al. 1995; Holland 2004). Crop 

development simulation under no‐tillage practice thus further requires the consideration of topsoil 

biopores, which can be expected to yet again increase the impact of biopores on root growth and root 

water uptake.  

For reasons of simplicity and a lack of accurate values, we assumed regular branch spacing and constant 

lateral root length under any soil physical condition. Bao et al. (2014), however, observed that lateral 

root formation depends on the availability of water in the vicinity of the root, which might be of 

importance for root branching within biopores due to the prevailing limited root‐soil contact. Lateral 

root length, on the other hand, was observed to decrease under soil compaction (Grzesiak 2009; 

Konôpka et al. 2009), which can be expected to result in different lengths of laterals that develop within 

a biopore and those that grow back into the bulk soil.  

The mean share of subsoil RLD in biopores relative to total subsoil RLD observed in the field experiment 

amounted to 10 % on the last day of measurement, which is rather low compared to values from 

literature where shares of 14 to 100 % are reported (Ehlers et al. 1983; Gaiser et al. 2013; Nakamoto 

2000; White and Kirkegaard 2010). The reasons for this large variability in biopore RLD observed in 

different studies are manifold and include crop species, soil structure and texture, but above all diverging 

definitions of biopores with regard to diameter as well as different methods to assess root distribution 

within bulk soil and biopores (e.g. profile wall method, Boehm and Koepke 1977; core‐break method, 

Kirkegaard et al. 2007). In our simulations, the low share of subsoil RLD in biopores relative to total 
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subsoil RLD is mainly due to the fact that in our model, lateral roots are hardly ever located within 

biopores: Based on findings by Cuesta et al. (2013) and Rosquete et al. (2013), we considered lateral 

roots to be influenced by plagiotropism and to predominantly grow in horizontal direction. Simulated 

lateral roots therefore left the generally vertically oriented pores by re‐entering the bulk soil and hence 

did not contribute to the share of subsoil biopore RLD. If only axial roots were considered, the simulated 

share of subsoil RLD in biopores relative to total subsoil RLD would increase from 9 to 24 % in loose soil 

and from 9 to 26 % in dense soil. In the field, Athmann et al. (2013) observed that the growth behavior of 

lateral roots in biopores depends on the crop root architecture. The share of laterals re‐entering the bulk 

soil, however, could not be quantified in these field experiments. An interesting question is whether 

lateral roots in biopores premeditatedly grow towards the bulk soil to gain better access to water and 

nutrient resources. Such feedforward mechanisms, where plants are able to ‘sense’ their physical 

environment, have been observed in several studies (e.g. Colombi et al. 2017; Passioura 2002; Stirzaker 

et al. 1996).  

Our model was well capable to reproduce experimental observations of root system development in soil 

with biopores, but it also showed limitations. The assumption of lateral periodic boundaries allowed us 

to mimic field conditions with regard to root growth and water flow, however, the biopore system was 

not periodic in lateral direction. A root that grew along a biopore and reached the border of the soil 

domain was therefore obliged to grow out of the biopore and to re‐enter the bulk soil (Fig. 4.12‐1). 

Another limitation was posed by the cubic grid cell structure of the biopore system: Root growth 

direction is computed in accordance with equation (4.2) as the product of the soil mechanical 

conductance tensor and a driving force, which is influenced by the previous growth direction, a random 

deflection angle and gravitropism. To grow around the corner of a cubic grid cell, a root has to endure 

large direction changes, i.e. the direction of the mechanical conductance tensor must dominate the 

direction of the driving force. If the bulk soil is not entirely impenetrable, roots therefore frequently re‐

enter the bulk soil instead of continuing to grow along biopores (Fig. 4.12‐2). Furthermore, we know 

from experimental studies that biopore walls are generally more compact than the surrounding bulk soil 

(Stirzaker et al. 1996; Young 1998), which means that roots are less likely to leave a pore when already 

inside. Our model, though, does not take into account biopore wall compaction. The greatest model 

limitation, however, was implied by the spatial resolution of the model: The relatively coarse resolution, 

which was necessary to meet computational requirements, led to bioporosities that were much larger 
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than those observed in the field. By adjusting root growth model parameters, we were able to simulate 

root length densities in biopores that were comparable to observed ones. However, this implies that 

model parameterization is sensitive to spatial model resolution. To solve this issue, further research and 

model development, but also computing power is needed.  

 

Fig. 4.12: Simulated root system (brown) in soil with biopores (yellow): (1) root growing out of 

discontinuous biopore, (2) root leaving biopore that is not vertically aligned 
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Several studies showed that biopores play an important role with regard to soil aeration (Tracy et al. 

2011; Bengough et al. 2011). Uteau et al. (2013) reported for the site in Klein‐Altendorf that alfalfa 

increased air capacity, air permeability and diffusion coefficients in the subsoil, while fescue, with its 

shallower root system, did not affect subsoil structure and hence soil aeration. In other studies, 

compacted soils with poor pore structure were found to be prone to waterlogging, which causes hypoxia 

and in consequence limits root elongation (Bengough et al. 2011). The beneficial effect of biopores for 

root growth can thus be assumed to be even greater if poor soil aeration respectively hypoxia was 

additionally considered as a limiting factor for root system development.  

Legumes were shown to be more sensitive to soil compaction than cereals (Arvidsson and Håkansson 

2014) and soybean, maize and barley roots were observed to colonize biopores more frequently than 

wheat roots when grown on the same field site (Colombi et al. 2017; Perkons et al. 2014). The 

significance of biopores as root growth pathways to greater soil depths may thus be even higher for 

plants other than wheat.  

Modeling	root	water	uptake	in	soil	with	biopores	

In times of drought, our simulations showed a beneficial impact of biopores on root water uptake. 

Biopores could thereby reduce transpiration deficit by up to 24 mm, which represented 11 % of the 

seasonal transpiration demand of spring wheat in our study area. This positive effect was primarily 

caused by the increased rooting depth in structured soil, which allowed roots to take up water from 

deeper and wetter soil regions. 	

The impact of biopores on hydraulic root architecture parameters depended on the water uptake ability 

of roots with limited root‐soil contact. When unlimited hydraulic conductivity at the root‐biopore wall 

interface was assumed, mean root water uptake took place deeper in the soil domain and root system 

conductance increased. When limited hydraulic conductivity at the root‐biopore wall interface was 

assumed, roots were also able to take up water from deeper soil layers, root system conductance, 

however, remained fairly constant. These findings may be important for simulations of root water 

uptake in structured soil using 1D models (e.g. Hydrus, Šimůnek et al. 2016) where the impact of 

biopores on plant transpiration can only be taken into account implicitly via root hydraulic architecture 

parameters and root length density profiles. 
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Many studies (e.g. Stirzaker et al. 1996; White and Kirkegaard 2010; Passioura 2002) emphasize the 

problem of poor root‐soil contact in biopores and its adverse effect on root water uptake and plant 

development. However, simulations with limited hydraulic conductivity (HC) at the root–soil interface in 

biopores performed better in meeting plant transpiration demands than simulations without biopores 

under any soil physical and environmental condition. Furthermore, towards the end of dry periods when 

the soil was already water depleted, simulations with limited HC in biopores led to equal or even slightly 

higher actual transpiration rates than simulations with unlimited HC in biopores. Similar results were 

found by Meunier et al. (2016) and Couvreur et al. (2014b), who showed that root systems with low 

radial conductance can maintain higher transpiration rates towards the end of a dry period.  

Our simulation results suggest that the influence of biopores on root water uptake differs for different 

soil densities as well as soil types: Due to the larger increase in rooting depth, biopores had a more 

beneficial effect on root water uptake in more compact soil. Furthermore, the effect of biopores was 

stronger in sandy loam than in silt loam due to the sandy loam’s higher soil hydraulic resistivity and soil 

water potential heterogeneity. When evaluating the impact of biopores on crop performance, it is 

therefore necessary to take into account not only characteristics that are directly related to biopores 

(e.g. number of biopores per unit surface area, abundance and spatial distribution of roots in biopores), 

but also properties whose connection to biopores is less evident such as soil type and soil bulk density.  

In the present study, we considered biopores to be air‐filled at all times. Under natural conditions, 

however, rain events can lead to preferential flow in biopores, which significantly influences water 

content distribution in the soil profile (Jarvis et al. 2016). Preferential flow allows water to quickly 

infiltrate and drain into deeper soil layers and thereby reduces the amount of water that can be stored in 

the topsoil (Good et al. 2015). This difference in water distribution within the soil profile is encountered 

by larger rooting depths due to biopores.  

4.5. Conclusions	

In this simulation study, we combined extensive experimental field data with an explicit 3D model for the 

simulation of water flow, root system development and root water uptake in soil with biopores. Our 

model helps to better understand plant physiological responses to structured soil under different soil 

physical and environmental conditions. Our simulation results confirmed the beneficial impact of 
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biopores for root penetration into greater soil depths as well as for plant transpiration under drought 

conditions. The positive influence of biopores persisted even under the assumption of reduced root 

water uptake in biopores due to limited root‐soil contact and was larger for dense soil than for loose soil 

as well as for sandy loam than for silt loam. We furthermore evaluated the influence of biopores on root 

hydraulic architecture parameters. These relationships may be of use for larger scale simulations with 

1D‐models that can only implicitly take into account the effect of biopores on root growth and root 

water uptake via root length density profiles and root hydraulic architecture parameters. 
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Chapter	V	

5. Conclusions	and	Outlook	

5.1. Conclusions		

The objective of this thesis was to get a better understanding of the interaction processes between 

biopores, root growth and root water uptake and to evaluate the relevance of biopores for overall plant 

performance with the help of 3D model simulation. We also aimed to improve the parameterization of 

3D root architecture models and to evaluate the importance of correct model parameterization on 

simulation results.  

In the first paper discussed in this thesis, we developed a new approach to model root growth in soil with 

macropores. The drawn analogy between root growth and water flow in porous media represents a 

paradigm change in modelling the orientation of growing root segments in response to soil mechanical 

resistance. The good agreement between experimentally observed and simulated root growth patterns 

in structured soil confirmed the usefulness of our new approach.  

Our results from the second paper of this thesis contribute to build trust in the use of widely available 2D 

root images for the parameterization of 3D root architecture models. The effect of root system 

projection in 2D (hand‐drawings) or deflection in quasi‐2D containers (rhizotrons) was found to be 

significant with regard to parameter variance. Irrespective of the image source, inter‐branch distances 

demonstrated to follow a log‐normal distribution. This should be accounted for in root architectural 

models, considering the impact of inter‐branch distances on rhizosphere overlap and thus root foraging 

performance. 

In the third paper of the thesis we combined our newly developed model approach with extensive 

experimental field data to evaluate root‐biopore interactions on the plot scale under different climatic 
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and soil physical conditions. Comparisons of simulated and experimentally observed root length 

densities in bulk soil and biopores showed reasonable agreement. A difficulty was thereby the large 

natural variability of root growth in biopores that reflected in the measured data. The new model 

approach allowed us to simulate root systems whose response to biopores in the soil corresponded well 

to experimental observations described in literature such as increased total root length and increased 

maximum rooting depth. The simulated ratio of roots growing in biopores relative to roots growing in 

bulk soil, however, was relatively low. This was partly due to the cubic grid cell structure of our model, 

which encouraged roots to leave a biopore and to re‐enter the bulk soil. Simulations of root water 

uptake confirmed that biopores substantially mitigate transpiration deficits in times of water scarcity by 

allowing roots to take up water from deeper, less dry soil regions. Intriguingly, this effect persisted even 

when assuming reduced root water uptake in biopores due to limited root‐soil contact and was stronger 

more compact soil and soil with low hydraulic conductivity at low soil water potential. We could 

furthermore evaluate the impact of biopores on root hydraulic architecture parameters used in the root 

water uptake model by Couvreur et al. (2012). These findings may be of use for larger scale simulations 

with 1D or 2D models that can only implicitly take into account the effect of biopores on root water 

uptake via root hydraulic architecture parameters.  

5.2. Outlook		

The experiments from literature, which we used to test our new model approach for root growth in soil 

with macropores, were not designed to calibrate or validate our simulation model. For future simulation 

studies on root growth and root water uptake in macropores, it would be beneficial to explicitly design 

experiments that provide customized data for a better determination of model parameters and finally 

more reliable simulation results. A promising tool for such experiments are non‐invasive methods 

including X‐ray computed tomography (Tracy et al. 2010) or magnetic resonance imaging (Pohlmeier et 

al. 2013) that allow determining both root growth in macropores and distributions of soil water content 

in three dimensions. Considering the importance of biopores for plant nutrient supply (Athmann et al. 

2014; Kautz et al. 2013a), it would be interesting to further extend the new model approach by a sub‐

model for root nutrient acquisition and uptake.  
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Root trait analysis showed the importance of correct parameterization of root growth models for the 

simulation of realistic root systems that can be used to investigate root‐soil interaction processes. The 

creation of a database containing root architecture parameters of different plant species would be 

desirable. More research on root plasticity responses to soil heterogeneity and varying environmental 

conditions would further improve 3D root architecture modeling. 

The impact of biopores on plant water uptake largely depends on the water uptake ability of roots with 

limited root‐soil contact. So far, this aspect has rarely been investigated. Using analytical equations, de 

Willigen et al. (2018) stated the importance of the type of contact area between root and soil (partial 

radial or partial longitudinal contact) on the amount of water that can be taken up by the root. To 

confirm these findings and to make an attempt of quantifying the impact of limited root‐soil contact on 

plant water uptake, it could be useful to experimentally investigate root water uptake in biopores using 

non‐invasive imaging methods such as X‐ray computed tomography (Koebernick et al. 2015) or magnetic 

resonance imaging (Pohlmeier et al. 2013). Furthermore, the impact of biopores on root water uptake 

largely depends on radial and axial root hydraulic conductances and their variation with root age. 

However, due to the difficult experimental determination of root hydraulic conductances, exact values 

for different plants are scarce. A better understanding of root hydraulic architecture is a key factor to a 

better estimation of the influence of biopores on root water uptake. Furthermore, it is not yet clear how 

biopores influence root branching patterns. Considering the importance of lateral roots for water and 

nutrient uptake, more information on lateral root development in biopores would improve simulation 

results significantly.  
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6. Appendix	

Table 6‐1: Root growth model input parameters: Parameter description, parameter values, literature sources and literature‐derived ranges for 

optimized parameters; optimized values are shown in bold font 

Symbol Description Dimension Unit Values for Literature source Literature‐derived ranges 

for optimized parameters axial roots lateral roots 

kr Radial conductivity LP
‐1

T
‐1

 cm hPa
‐1

 d
‐1

 5x10
‐6

‐5x10
‐5

 5x10
‐6

‐5x10
‐5

 Couvreur et al. (2014a)  

kx Axial conductance L
4
P

‐1
T

‐1
 cm

4 
hPa

‐1
 d

‐1
 0 – 0.35 0‐5.5x10

‐4
 Couvreur et al. (2014a)  

nax Number of axial roots ‐ ‐ 16  ‐ Ping et al. (2011) 

Colombi and Walter (2017) 

Finch et al. (2017) 

6‐8 

4‐16 

5‐9 

r Initial unimpeded 

elongation rate 

LT
‐1

 cm d
‐1

 3.5 3.5 Colombi et al. (2017) 

Materechera et al. (1991) 

2.27* 

12 

a Root radius L cm 0.041 0.027 Watt et al. (2006)  

lb Basal root zone L cm 2 ‐ Bingham and Wu (2011)  

ln Inter‐branch distance L cm 0.4 ‐ Landl et al. (2018)  

lmax Maximum root length L cm 10-161 1 Kutschera and Lichtenegger 

(2010) 

15‐175** 

tnewax Emergence time of axial T d (DAS) 0-65 ‐ No literature sources found  ‐ 
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roots 

θ Branching angle  ° 80  ‐ Landl et al. (2018)  

σ Unit standard deviation of 

the random angle 

deviation 

 ° 10 10 Landl et al. (2018) 8‐26 

 Tropism  ‐ gravitropism plagiotropism Roychoudhry et al. (2013)  

sg Tropism sensitivity  ‐ 0.7 0.3 Landl et al. (2018) 

Bingham and Wu (2011) 

0.01‐0.4 

0.5‐1.5 

condMP Conductance in the 

macropore 

P
‐1

 MPa
‐1

 200 200 Landl et al. (2017) 10‐200 

*at a soil bulk density of 1.3 g cm‐3, **derived via 2D image analysis using the root tracking tool Root System Analyzer (Leitner et al. 2014)
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Fig. 6.1: Water retention curves of soils used in the different simulation scenarios (ψ… water potential, θ… 

water content)  

 



119 

 

Table 6‐2: Texture of compacted silty loam with bulk density and soil hydraulic values used in the 

different simulation scenarios 

  

 
Texture 

Bulk density 

Soil hydraulic parameters according to  

Van Genuchten (1980)* 

 Horizon Depth Sand Silt Clay ϴr ϴs α  n Ks  

  (cm) ––––– (%) ––––– (g cm
‐3

) (‐) (‐) (hPa
‐1

) (‐) (cm d
‐1

) 

 Topsoil Ap 0‐30 7 76 17 1.29 0.041 0.4857 0.0103 1.2767 5.08 

Mixing zone E/B 31‐40 5 75 20 1.65 0.041 0.3847 0.0041 1.2377 1.56 

Subsoil 

Bt1 41‐75 5 68 27 1.65 0.041 0.3853 0.0038 1.2294 1.31 

Bt2 76‐115 4 67 29 1.65 0.041 0.3857 0.0037 1.2254 1.20 

Bw 116‐160 6 74 20 1.65 0.041 0.3845 0.0042 1.2394 1.62 

*r, residual water content; s, saturated water content;α and n, shape parameters; Ks, saturated 

hydraulic conductivity 

Table 6‐3: Texture of sandy loam with bulk density and soil hydraulic values used in the different 

simulation scenarios 

  

 
Texture 

Bulk 

density 

Soil hydraulic parameters according to  

Van Genuchten (1980)* 

 Horizon Depth Sand Silt Clay ϴr  ϴs  α  n Ks  

  (cm) ––––– (%) ––––– (g cm
‐3

) (‐) (‐) (hPa
‐1

) (‐) (cm d
‐

1
) 

Topsoil Ap 0‐30 40 50 10 1.29 0.041 0.4789 0.0027 1.3625 23.34 

Mixing zone E/B 31‐40 40 50 10 1.32 0.041 0.4704 0.0016 1.4035 8.38 

Subsoil 

Bt1 41‐75 40 50 10 1.42 0.041 0.4422 0.0015 1.3764 8.38 

Bt2 76‐115 40 50 10 1.52 0.041 0.4140 0.0013 1.3512 8.38 

Bw 116‐

160 

40 50 10 1.46 0.041 0.4309 0.0014 1.3661 8.38 

Different subsoil 

horizons 
31‐160 40 50 10 1.65 0.041 0.3773 0.0117 1.3208 8.38 

*r, residual water content; s, saturated water content;α and n, shape parameters; Ks, saturated 

hydraulic conductivity
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