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Abstract

e Background and Aims
Root architecture development determines the sites in soil where roots provide input of carbon
and take up water and solutes. However, root architecture is difficult to determine
experimentally when grown in opaque soil. Thus, root architectural models have been widely
used and been further developed into functional-structural models that simulate the fate of water
and solutes in the soil-root system. We present a root architectural model, CRootBox, as a
flexible framework to model architecture and its interactions with static and dynamic soll
environments.

e Methods
CRootBox is a C++ -based root architecture model with Python binding, so that CRootBox can
be included via a shared library into any Python code. Output formats include VTP, DGF, RSML
and CSV. We further created a database of published root architectural parameters. The
capabilities of CRootBox for the unconfined growth of single root systems, as well as the
different parameter sets, are highlighted into a freely available web application.

e Key results
We demonstrate the use of CRootBox for 5 different cases (1) free growth of individual root
systems (2) growth of root systems in containers as a way to mimic experimental setups, (3),
field scale simulation, (4) root growth as affected by heterogeneous, static soil conditions, and
(5) coupling CRootBox with Soil Physics with Python code to dynamically compute water flow in
soil, root water uptake, and water flow inside roots.

e Conclusions
In conclusion, we present a fast and flexible functional-structural root model which is based on
state-of-the-art computational science methods. Its aim is to facilitate modelling of root
responses to environmental conditions as well as the impact of root on soil. In the future, we
plan to extend this approach to the aboveground part of the plant.
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1 Introduction

Root architecture development determines the sites in soil where roots provide input of carbon
and energy and take up water and solutes. Thus, plant roots strongly interact with their solil
environment (Gregory, 2006). However, root architecture is difficult to determine experimentally
when grown in opaque soil. Therefore, root architectural models have been widely used for
generating root architectures for a large variety of plants and been further developed toward
functional-structural models that are able to simulate the fate of water and solutes in the soil-
root system.

Root architecture models may be distinguished into three broad levels of complexity. Root depth
models (that assume an exponential root length distribution over depth, Raats, 1974), density-
based root models (Dupuy et al. 2010, Roose et al. 2001), and 3D root architectural models that
take into account dynamic development of root structure (e.g. Leitner et al. 2010a).

It was recognised very early that impact of roots on soil processes should be taken into account
in soil models. Often this impact was modelled using simple parameterizations of root related
processes such as root water uptake (Feddes et al. 1978) and plant nutrient uptake (Somma et
al. 1998). Root architecture models on the other hand were initially used to visualize and
analyse the branched structure of root systems which was otherwise not observable in opaque
soil (Diggle 1988; Lynch et al. 1997; Pagés et al. 2004). Over time, “function” was added to
those structural root architecture models (e.g. Dunbabin et al. 2002), while structural root
architectural models have been merged with soil models (e.g. Javaux et al. 2008). Both
approaches have now been merged to complex functional-structural models that are able to
simulate the fate of water and solutes in the soil-root system (Dunbabin et al., 2013, Chimungu
and Lynch 2014, Schréder et al. 2014), some including rhizosphere gradients around each root
segment (Schnepf et al. 2012, Schrdder et al. 2009) or hydraulic and chemical signalling (Huber
et al. 2014).

Today, applications are needed at a range of spatial scales, requiring information about root
systems, including single plant and crop models, field scale models as well as regional and
larger scale models such as land surface models. Some of those models suffice with root length
density information for the computation of e.g. root water uptake sink terms. Other models solve
water, solute and carbon flow inside roots as well. In those cases, the root segment length is an
important parameter as it controls the discretisation of the numerical grid on which flow and
transport equations are solved, where stability and convergence conditions such as the
Courant-Friedrichs-Lewy condition or the von Neumann condition need to be fulfilled.
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78

79 In this work we describe a framework to simulate the response of root architecture to soil
80 environmental properties as well as the influence of roots on soil conditions in a dynamic way.
81 The paper is organized in the following manner.

82

83 In the section materials and methods, we present the C++-based root architecture model
84  CRootBox, which fulfils these criteria. It is based on the earlier RootBox code that had been
85 implemented in Matlab (Leitner et al. 2010), but now has an object oriented implementation
86  which is more flexible and faster so that field-scale modelling is now feasible.

87

88  The key differences of CRootBox with respect to other root architecture models include

89

90 e Root segments have a user-defined length

91 e Results are independent of spatial and temporal resolution

92 e Easy interface to be coupled with other (e.g. soil) models

93 e Fast, works from single root to plot scale

94 e [Fast analysis tools included

95 e Confining containers or obstacles are considered based on signed distance functions
96

97  The focus of CRootBox is the simulation of different types of root architecture, and to provide a

98 generic interface for coupling with arbitrary soil/fenvironmental models, e.g., in order to

99 determine the impact of specific root architectures on their functions, e.g. related to drought
100 resistance or nutrient uptake efficiency. To demonstrate this generic interface, we show an
101  example of coupling with a code from the book “Soil Physics with Python”. The coupling to the
102 soil model is realised with Python. The Python binding is realised with the C++ library
103  Boost.Python. Output formats include VTK Polygonal Data format (VTP), which can be
104  visualised in Paraview, a plain text file containing coordinates of root nodes as well as the Root
105 System Markup Language (RSML) format developed by (Lobet et al., 2015) which is now widely
106 used in a number of different image analysis, general root analysis and modelling tools (e.g.
107  Excel, R, R-SWMS, CRootBox) and the Dune Grid Format (DGF) which can be used by the
108 generic partial differential equation solving environments Dune and DuMu* (Flemisch et al.
109  2011).
110
111  The structure of CRootBox is outlined in Fig. 1. CRootBox is a dynamic root architecture model
112  that can respond to soil conditions. Static heterogeneous soil conditions can be defined in
113 CRootBox via signed distance functions or via look-up tables. Furthermore, CRootBox provides
114  generic interfaces to interact with external models that simulate e.g. the soil environment or root
115 internal states.
116
117  We present the use of CRootBox for five different examples. The simplest use of CRootBox,
118 i.e., growth of single root systems in unconfined space in homogeneous soil is demonstrated
119 based on 22 different sets of previously published root architectural parameters (Example 1 in
120 Fig. 1). Root growth in confined containers as a way to mimic experimental setup is
121 demonstrated in Example 2. Example 3 shows a simulation with more than 200 individual root
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122  systems to represent a field plot. Virtual soil coring is performed; such data could be compared
123  to results of classical field sampling methods. Chemotrophic root growth is shown in Example 4.
124  To exemplify coupling with an external soil model, we present a virtual case study in Example 5
125 in which we simulate a growing root system in a soil core under irrigation. The underlying soil
126 model is taken from Bittelli et al. (2015) and the related code downloaded from
127  http://www.dista.unibo.it/~bittelli/soil _physics python.php. We merged our root architecture
128 model into this code in order to demonstrate how such a coupling works. As part of that coupling
129 example, we additionally provide a Python code for the numerical solution of the Doussan
130  model for water flow inside the root system (Doussan et al. 1998).

131
CRootBox External models
ﬂoot architecture model Dynamic soil model
* Example 1: Rootarchitectures and : Example 5: Python code of Bitelli et
their dynamics _ al. (2015) solving the Richards
*  Example 2: Growth in containers equation for water flow in soil
+ Example 3: Field scale growth &
+ Example 4: Growth following _8%
chemotropism g4 i S :
+  Example 5: CRootBox coupled i 32 :[Model of water flow inside roots :
with Bitelli et al. (2015)and the ‘(/ + Example 5: Own Python code solving |:
\ Doussan (1998) model & : the Doussan (1998) model :
J S —
Root tropisms, :
adaptation of elongation
rate, branching rate, or : : Shoot model
lateral insertion angle : :
Static soil and geometry information | : [Atmospheric model ]
» Defined by signed distance functions :
+ Defined by a look-up table : [ ]
132 R RN : R,

133 Fig. 1 CRootBox is a dynamic root architecture model that can respond to soil conditions. It
134  provides generic interfaces to interact with external models that simulate e.g. the soil
135 environment or root internal states.

136

137

138 The code of the CRootBox model, as well as its different applications is available at the
139  address: https://plant-root-soil-interactions-modelling.github.io/CRootBox/

140

141  Finally, we provide a discussion on the above examples, the potential of the proposed
142  framework and future perspectives. We will demonstrate specifically 1) that CrootBox enables
143  the modelling of mature root systems of a large range of plant species, 2) it enables root system
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144  modelling at the field scale, 3) it enables extension to the whole plant system and 4) it facilitates
145 an easy and straightforward communication with environmental models.

146 2 Materials and Methods

147 2.1 CRootBox model

148 CRootBox is an advanced re-development of the root architecture model RootBox (Leitner et al.
149  2010a). It was translated into C++ and thus the structure was changed from L-Systems to an
150 object oriented design. In the following paragraphs we will give a short summary of the
151 processes that are included in the model, describe model extensions for mature root systems,
152  and then, the basic object oriented layout, and the interface for root function modelling.

153 Topology

154  The development of the root system is described by the growth of individual roots having
155  specific root types that are governed by model parameters for each type. The production of
156  successive lateral roots may follow root system topology. Alternatively, there could be several
157  possible successor root types, each with a certain probability (Pagés et al. 2004). This is
158 defined by the parameter successor. Table 1 presents a complete list of parameters including
159 units. For the definition of a root system, the parameters must be determined for each root type.

160 Growth

161 Each individual root elongates as long as the root age is smaller than the root life time rlt. The
162 length of the root at a certain time t is given by linear growth |;, or negative exponential growth
163 Iexp,

164 Lin(£) = min(k,7 £), OF Loy (8) = k (1= &),
165  where k is the maximal length, and r is the initial growth rate.
166

167 Each root with laterals is divided into a basal zone, a branching zone, and an apical zone. After
168 the basal zone and the apical zone have developed, lateral roots start to emerge with a fixed
169 branching angle 6. The maximal root length k of a root is given by

k=1,+1,+ (mob — 1)L, ,

170  where |, is the length of the apical zone, |, is the length of the basal zone, |, is the inter-
171  branching distance and nob is the maximal number of laterals the root can develop.

172 Tropism

173 A change in direction of the growing root tip occurs every distance dx, which is the axial
174  resolution of the root. After each distance dx, the root tip orientation is randomly changed to
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175 represent soil tortuosity. For directed trophic growth, the change in direction of root tip is
176  calculated according to a random optimisation process. We randomly choose N rotational
177  changes in growth direction and pick the one that minimises an objective function. This objective
178  function defines the type of tropism that is described, e.g. gravitropism picks directional changes
179 that are downwards, or hydrotropism, a response of root growth to gradients in soil water
180 content. Therefore, the tropism is described by three parameters: type defines the objective
181 function, N the number of trials, and o is the flexibility of the root, i.e. the strength of change in
182  root direction.

183

184  Additional parameters are the name of the root type (name), and the root colour (colour).
185  Furthermore, three callback functions can be defined to realise root responses to the soil
186  environment in terms of elongation rate (sef), branching density (sbpf), and branching angle
187 (saf). These functions are described in Section 2.4. All root type parameters except name,
188  colour, sef, sbpf, saf, and successor are given by mean and standard deviation.

189

190 Note, that the overall root architectural growth is computed using a recursive algorithm that can
191 give output at any specified time points, i.e., no forward loop with explicit time steps is required
192 for the root growth modelling. Time steps are only necessary in the framework of a split
193  operator-type coupling with another model such as a soil model.

194

195 Table 1 Complete list of parameters used by CRootBox for each root type. ) Predefined tropism
196 types are plagio-, gravi, exo-, chemo- or hydrotropism. @ Predefined types are negative
197  exponential and linear growth. ® Predefined callback functions depending on a soil property to
198 realize root responses

Description Parameter name Units
Root radius a cm
Initial elongation rate r cm day‘1
Insertion angle 0 1
Length of basal zone Iy cm
Length of apical zone Iy cm
Length between lateral branches I, cm
Maximal root length k cm
Tropism type type {0,1,2,3}(1)
Tropism strength N 1

Root flexibility o em™t

Root successor types

Name of the root type

successor

name

[type, probability; ...]

String
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Root colour colour RGB
Resolution along root axis dx cm

Root life time rit day

Type of root elongation af {1,2}*
Scale elongation se Function®
Scale branching probability sbp Function®
Scale branching angle sa Function®

199

200 2.2 Modelling mature root systems

201 In grown root systems, different physiological types of roots can be distinguished. In CRootBox,
202  we follow the nomenclature of the international society for root research, ISRR (Gregory 2006;
203  Zobel and Waisel 2010):

204 1. Tap root: The first root that emerges from the seed.

205 2. Lateral roots: First order laterals are any roots that branch from tap root, basal roots, or
206 shoot borne roots. Second order laterals are lateral branches from first order laterals.
207 3. Basal roots: Emerge from the hypocotyl or mesocotyl. In literature they are also referred
208 to as seminal roots in monocotyledon plants.

209 4. Shoot borne roots: Emerge from shoot tissue. In literature they are also referred to as
210 adventitious roots, nodal roots, or crown roots.

211

212 In dicotyledonous plants root types (1)-(3) are present, see Fig. 2(a). Shoot borne roots are not
213 formed in dicotyledonous plants (Chochois et al. 2012; Hochholdinger et al. 2004). To model
214  dicotyledonous plants in CRootBox, the emergence times of the basal roots must be specified.
215 This is done by three parameters: the first describes the occurrence of the first basal root firstg,
216 the second the time delay between the emergence of basal roots delayg, and the third the
217 maximal number of basal roots maxg.

218

219 In monocotyledonous plants all root types (1)-(4) can be observed, see Fig. 2(b). To model a
220 monocotyledon plant the emergence of basal roots is described by firstg, delays, and maxg as in
221 the dicotyledonous case. Additionally, the shoot borne roots are described by four parameters
222  following Klepper (1991): The occurrence time of the first shoot borne root is denoted as firsts.
223  The time delay between successive shoot borne roots is called delays and is related to the
224 phyllochron. The number of shoot borne root axes per root crown is named ng, and the vertical
225 distance between root crowns dzs. The angle between the root axes along a single root crown is
226  defined as 2m/n..

227
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(b) Tap root—»|

228
229 Fig. 2 ISRR nomenclature for a dicotyledon plant (a) and a monocotyledon plant (b). Root

230 colours denote the different root types: tap root (red), basal root (magenta), shoot borne root
231  (cyan), lateral root (green), second order lateral (yellow)

232

233

234  The planting depth is given by the parameter depth. Hypocotyl and mesocotyl are not simulated
235 explicitly. The location of the hypocotyl is assumed to be between the soil surface and the
236  planting depth (depth). The location of the mesocotyl lies between half of the planting depth and
237 the seed. Basal roots emerge at the seed, and the first shoot borne root emerges above the
238 mesocotyl. Successive root crowns move vertically up the plant shoot. Table 2 summarizes the
239 plant parameters and their units.

240

241 Table 2. List of plant parameters needed for the root architecture development of
242  dicotyledonous and monocotyledonous plants

Description Parameter Units Plant type
name

Planting depth depth cm Dicot and monocot
First emergence of basal roots firstg day Dicot and monocot
Time period between basal roots delayg day Dicot and monocot
Maximal number of basal roots maxg 1 Dicot and monocot
First occurrence of shoot borne roots firsts day Monocot
Time period between shoot borne roots delays day Monocot
Number of shoot borne roots per root crown ng 1 Monocot
Distance between root crowns along the shoot dzs cm Monocot

243
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244 2.3 C++ structure of CRootBox

245  The object oriented model structure uses the principle of code reuse and encapsulation, in order
246  to make the code easier to understand and use. Therefore, the root architecture is described by
247  meaningful objects that interact with each other. The structure of the CRootBox framework is
248 outlined in Fig. 3. An in-depth description is given in the doxygen class documentation (see
249  supplementary data S1).

250

RootSystemParameters (ModelParameter.h)

ROOtS Stem RootSystem.h, Parameters describing monocotyledon or
V!
Describes the behaviour of a single root system dicotyledon plants, see Table 2

Methods Attributes RootTypeParameters (ModelParameter.h)

2 3 Parameters per root types, see Table 1.
openfFile(file) Root System Parameters i YP

initialize() Root Type Parameters
simulate(dt) Domain geometry (SDF) Domain geometry is represented by signed

write(file) Soil distance functions. Frequently used geometries
Base Roots for plant containers and obstacles are available
and derived from this base class (e.g.
SDF_PlantContainer). Complex geometries can be
created by rotation, translation, and set operation
(e.g. SDF_RotateTranslate, SDF_Union,...)

SignedDistanceFunction (sdf.h)

Root (Root.h) SoilProperty (soil.h)

Describes the behaviour of a single root A soil property that can vary in time and space
(e.g. water or nutrient distribution, temperature).

This base class is specialised by overriding a call

MLhOds M back function returning the desired soil property.
S'mu’ate(dt} Root Parameter Static properties are provided using the

Nodes specialised class SoilPropertySDF

Node Identifiers
Node Emergence Times RootParameters (ModelParameter.h)

P ifi h Icul
Lateral Roots arameters per specific root, that are calculated

252  Fig. 3 The most important classes of CRootBox including a short description, and the main
253 methods and attributes of the classes Root and RootSystem. Colours represent different header
254  files.

255

256

257  The simulation itself is performed by the class RootSystem, which describes a single root
258 system and manages (1) all root system parameters, (2) the base roots of the system, i.e. the
259  tap root, basal roots, and shoot borne roots, (3) domain geometry, i.e. confining geometries and
260 obstacles, and (4) offers utility functions for basic analysis of results, and extensive output
261  functionality for visualisation and analysis.

262

263  Model parameters are represented by three classes: The two classes RootTypeParameters and
264  RootSystemParameters exactly mimic the parameters given in Table 1 and Table 2.
265  Additionally, the class RootParameters stores the parameters for a specific root, i.e. a single
266 realisation of the values from RootTypeParameters that are given by mean and standard

from the class RootTypeParameters
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267  deviation. The development of the base roots is determined by these parameters and described
268 by the class Root, which recursively manages all its lateral roots which are also of class type
269 Root.

270

271  Simulation results can be exported and analysed by the class RootSystem. For visualization
272  with ParaView, root architecture can be represented in the VTK Polygonal Data format (VTP),
273 and the domain geometry in a ParaView Python script. Simulation results can be exported to the
274  root system markup language RSML (introduced by Lobet et al. 2015), which is perfectly suited
275  for comparison with experimental measurements. Furthermore, DuMu* DGF format can be used
276 to calculate porous media flow problems within and around the root geometry. And finally,
277 results can be exported as plain text for general analysis (e.g. Python, R, or Excel). Analysis
278 includes auxiliary functions to retrieve resulting states from the individual roots (e.g. age, length,
279 radius). Furthermore, the topology of the root system can be easily retrieved by the methods
280 RootSystem::getNodes and RootSystem::getSegments. These two methods can be used to
281  build an adjacency matrix of a mathematical graph that represents the root system. This
282  strongly promotes the implementation of root internal models. In Section 3.5 we demonstrate
283  this approach by presenting the calculation of the xylem flux following Doussan et al., 2006.
284  Model equations and numerical derivation are presented in Appendix A.

285

286  Post-processing in C++ is facilitated by the class SegmentAnalyser. While RootSystem offers
287  analysis tools per root, the class SegmentAnalyser works per segment. Main features include
288  depth distributions of arbitrary parameters (e.g. root length, or root surface distributions),
289  cropping with a geometry given by a signed distance function (see Fig. 11 (b) for an example),
290 and thresholding of arbitrary parameters. These tools were developed to mimic general
291  experimental procedures, like for example soil coring, or the analysis of soil trenches. While
292 C++is generally not well suited for post-processing, it is an advantage to have these steps pre-
293  defined directly in C++, as it is an enormous speed up compared to other software like Python,
294 R, or Excel.

295

296 The code and Doxygen documentation are available in the github reposirory https://plant-root-
297  soil-interactions-modelling.github.io/CRootBox/.

208 2.4 Describing root responses to environmental conditions

299 CRootBox is the only root architecture model which is independent of time step and axial
300 resolution. This means the resulting root length, number of segments and horizontal and vertical
301 spread of the root system will be the same, if the overall simulation time is partitioned into
302 months or into seconds. Furthermore, overall root length will not differentiate choosing small or
303 large segment lengths as axial resolution. This makes CRootBox very suitable for creating root
304 functional models that can describe processes at different temporal and spatial scales.

305

306 Root responses to soil properties are implemented with a generic approach: A scalar soll
307 property is described by the class SoilProperty that provides a lookup method
308 (SoilProperty::getValue) for the parameter value which can vary in space and time. Soil

10
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309 properties can be any scalar value, for example water content, nutrient concentration, soil
310 strength, microbial activity, or temperature. The class SoilProperty is used to

311 1. describe hydro- or chemotropism, which is implemented in the same way as in Leitner et
312 al. (2010a). Briefly, it is based on a random optimisation towards the largest gradients of
313 water content or solute concentration between the current and projected next position of
314 the root tip.

315 2. alter the root elongation rate. This is realized by a new parameter ‘scale elongation’ (se),
316 see Table 1. Therefore, the root elongation rate is scaled by the value returned by
317 SoilProperty::getValue. A value smaller than 1 leads to impeded growth, a larger value
318 to enhanced growth.

319 3. scale the root branching angle 6. This is realized by a new parameter ‘scale angle’ (sa).
320 A value smaller than 1 leads to more acute angle, a larger value to a more obtuse angle.
321 4. scale the root branching density. Branches potentially emerge at a given internodal
322 distance In, which is the minimal possible distance between the laterals. The function
323 ‘scale branching probability’ (sbp) can be used to reduce the branching density.

324

325 2.5 Root growth inside containers

326 To mimic experimental settings it is important to precisely represent plant containers and
327 obstacles. The domain geometry is realised using signed distance functions (Osher and Fedkiw
328 2003) that are represented by the class SignedDistanceFunction. These functions return the
329 distance to the closest boundary for each point in the domain. A negative value refers to a point
330 thatis inside a given domain, a positive value to a point that is outside. SignedDistanceFunction
331 is the base class of all such geometries (e.g. SDF_PlantContainer). More complex geometries
332 can be easily created by rotating and translating a base geometry using the class
333 SDF_RotateTranslate, and by using set operations like union (SDF_Union), difference
334  (SDF_Difference), or intersection (SDF_Intersection).

335 If the new root tip position of a growing root does not lie within the geometric boundaries, a new
336  pair of insertion and radial angle, (a, B), is chosen as follows: First, only B is chosen uniformly
337 random between -1 and 1 while a is left unchanged. If, after a maximal number of trials, no
338 new valid pair a and 3 has been found, a is increased by a small increment, and the procedure
339 for finding an angle B starts again. This simple approach leads to realistic root behaviour at the
340 boundaries, where thigmotropism can be observed.

341 2.6 Add-ons to CRootBox

342 Database of root architectural model parameters

343  Based on literature sources that published root architectural parameters and that are suitable for
344 modelling, we created a database of 22 parameter sets for 14 different species. If the
345 parameters were published for another model and needed to be adapted to the requirements of
346 CRootBox, we computed them, if possible, based on available data and otherwise estimated the
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347  value such that the resulting root system was as similar as possible to the original one by visual
348  comparison. Details are presented in Appendix B.

349

350 The parameter sets are available at the address: https://doi.org/10.6084/m9.figshare.c.3745478.

351 Web application

352

353 Visualisation of the CRootBox capabilities for the growth of single root systems is available
354 through a web application at https://plantmodelling.shinyapps.io/shinyRootBox. The user
355 chooses a parameter set, gets information about the underlying publication that contains the
356 model parameters, and, upon pressing “Unleash CRootBox”, receives a 3D visualisation of the
357 newly generated root system as well as standard metrics such as root length density profiles,
358 number of roots and number of segments. Parameter values can be changed interactively and
359 the results immediately visualised. The 3D root systems can be stored in VTP, CSV and RSML
360 formats and thus offers a quick and easy opportunity for the creation of single root systems.

361 Python binding

362 The CRootBox code is fast and easy to read for everyone who is used to work with C++.
363 However, we felt that the use of CRootBox should not be limited to this group of persons.
364  Therefore, we created a Python binding using the C++ library Boost.Python. After the CRootBox
365 code has been compiled once using this class, all the exposed classes and methods can be
366 used in simple Python scripts that are very similar to the previous Matlab scripts of Rootbox
367 (Leitner et al. 2010a), however still perform with the speed of a C++ code.

368

369  Furthermore, Python has evolved to be a universal gluing language for coupling different pieces
370 of software (e.g. OpenAlea, Pradal et al. 2008). With the Python binding of CRootBox it is
371 directly possible to create root systems and use those with any Python-based soil code. We
372  demonstrate this in Section 3.5 by using the code “PSP_infiltrationRedistribution1D” from the
373  book “Soil Physics with Python” (Bittelli et al. 2015), adding a sink term for root water uptake
374  based on CRootBox simulated root architectures. We want to emphasize that Python makes it
375 very easy to couple to any soil models which often are solved by partial differential equation
376  (PDE) solvers like Comsol, DuMu*, or specialized solutions that are available in C++, Matlab, or
377  Python.

378

379  Fig. 4 summarises the available features of CRootBox. The core C++ code can be used as a
380 stand-alone model and offers the highest level of flexibility. The Python library exposes the main
381  functions and variables of CRootBox so they can be used in much easier Python scripts. Python
382 s also increasingly important as gluing language for model coupling (Perez et al. 2011). The
383  web application features the basic capabilities of CRootBox in a graphical user interface online
384 and offers access to the data base of root architectural models which we compiled based on
385 literature sources. Thus it offers an opportunity to quickly create virtual root systems of single
386  plants and store them in different data formats.

387
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388
389 Fig.4 CRootBox is presented through its core C++ code as well as three add-ons that simplify

390 its use for specific purposes: the dataset of root architectural parameters, the web application
391 for simulation of single root systems and export of related structures, and the Python shared
392 library for simpler scripting and coupling to external models.

393

304 3. Results

395 3.1 Example 1. Unconfined growth of individual root systems

396 In Fig. 5, we show visualisations of the 22 different root system parameter sets currently stored
397 in our database, after a simulation period of 8 weeks. Fig. 5 shows that CRootBox is capable of
398 simulating a wide variety of different types of root systems, including fibrous and tap root
399 systems.

400  Simulation outcome is the full 3D geometry of the root system. In some cases, more aggregated
401 information is required for further analysis or for use in simpler models that could not handle 3D
402  root architectural information. Furthermore, CRootBox is a stochastic model in which each
403 parameter is defined by its mean and standard deviation. Thus, each simulated root system is
404  only one of many possible realisations of this parameter set. Based on 100 realisations of each
405  of the parameter sets in the database, Fig. 6 shows the mean plus/minus standard deviation of
406  root length distributions (RLD) with depth, by summing up all the lengths of the root segments in
407 5 cm depth intervals, divided by the layer thickness, thus giving units of cm root length per cm of
408  soil. The resulting root length distributions vary strongly between the different datasets, maximal
409 value of the RLD of fibrous root systems ranging between 400 and 1000 cm cm™, those of tap
410  root systems ranging between 20 and 80 cm cm™. The standard deviation of the RLD depends
411  on the standard deviations of the different model parameters and may thus vary considerably:
412  For published root architectural parameters, this information is not always provided, in which
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413 case we set the standard deviation to 10% of the mean value. The dynamic development of
414  selected root systems and its corresponding RLD profiles are presented in Figs. 7 and 8 for a
415 tap and fibrous root system, respectively. Field scale simulations and subsequent virtual coring
416  allows comparison with coring data available in literature. This will be described in section 3.3.
417  The following section describes simulations that mimic different experimental setups where
418 plants are grown in confining containers.

419
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Fig. 5: 3D visualisation of the root systems simulated with unconfined growth based on the

parameters contained in the database (1. Anagallis femina 2. Brassica napus 3. Brassica
oleracea 4. Crypsis aculeata 5. Helianthus L. 6. Juncus squarrosus 7. Lupinus albus 8. Lupinus
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424  angustifolius 9. Medicago truncatula 10. Noccaea caerulescens 11. Pisum sativum a 12. Pisum
425  sativum b 13. Pisum sativum ¢ 14. Pisum sativum d 15. Sorghum bicolor 16. Triticum aestivum
426  17. Zeamays 1 18. Zea mays 2 19. Zea mays 3 20. Zea mays 4 21. Zea mays 5 22. Zea mays
427  6). For visualization purposes, the root radii on average were increased five-fold.

428
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430 Fig. 6: Root length distributions with depth (cm root length per cm soil depth) corresponding to
431  the root systems of Fig. 1; represented by the mean (dark blue line) and plus/minus standard
432  deviation (light blue bands) of 100 realisations (1. Anagallis femina 2. Brassica napus 3.
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433  Brassica oleracea 4. Crypsis aculeata 5. Helianthus L. 6. Juncus squarrosus 7. Lupinus albus 8.
434  Lupinus angustifolius 9. Medicago truncatula 10. Noccaea caerulescens 11. Pisum sativum a
435  12. Pisum sativum b 13. Pisum sativum ¢ 14. Pisum sativum d 15. Sorghum bicolor 16. Triticum
436  aestivum 17. Zea mays 1 18. Zea mays 2 19. Zea mays 3 20. Zea mays 4 21. Zea mays 5 22.
437 Zea mays 6). Due to the large variation of RLD, especially between fibrous and tap root
438  systems, the x-axis scale differs for the different root systems.
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441  Fig. 7: Lupinus albus root system after 14, 28, 42 and 56 days. (a) 3D visualisation and (b)
442  corresponding root length distributions with depth (cm root length per cm soil depth)
443  represented by mean (dark blue line) and plus/minus standard deviation (light blue bands) of
444 100 realisations.

445
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446
447  Fig. 8: Root length density of Zea mays root system after 14, 28, 42 and 56 days. (a) 3D

448  visualisation and (b) corresponding root length distributions with depth (cm root length per cm
449  soil depth) represented by mean (dark blue line) and plus/minus standard deviation (light blue
450  bands) of 100 realisations.

451

452 3.2 Example 2: Confined growth

453 Root systems can be grown virtually in containers using CRootBox, e.g., in order to mimic
454  experimental setups like pot or rhizotron experiments. Predefined containers include pots of
455  cylindrical or conical shape as well as rhizotrons, i.e., rectangular containers, which can be set
456  at a user-defined inclination. However, virtually any shape can be created using the build-in
457  signed-distance function operators. The root systems of a L. albus and a Z. mays plant,
458  respectively, growing in a cylindrical pot and in a rhizotron are demonstrated in Figs. 9 and 10,
459  together with the corresponding root length distributions with depth. The simulation time was 56
460 days, and during this time the roots reached the side and bottom of the container. This is also
461  reflected in the RLD profiles.

462
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464  Fig. 9: Sample simulation for confined growth of L. albus. (a) 3D visualisation of root growth in a
465  rhizotron. (b) Corresponding root length distributions with depth (cm root length per cm sail
466  depth) represented by mean (dark blue line) and plus/minus standard deviation (light blue
467  bands) of 100 realisations. (c) 3D visualisation of root growth in a pot (d) Corresponding root
468 length distributions with depth (cm root length per cm soil depth) represented by mean (dark
469  blue line) and plus/minus standard deviation (light blue bands) of 100 realisations.
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Fig. 10: Sample simulation for confined growth of Z. mays. (a) 3D visualisation of root growth in
a pot. (b) Corresponding root length distributions with depth (cm root length per cm soil depth)
represented by mean (dark blue line) and plus/minus standard deviation (light blue bands) of
100 realisations. (c) 3D visualisation of root growth in a rhizotron (d) Corresponding root length
distributions with depth (cm root length per cm soil depth) represented by mean (dark blue line)
and plus/minus standard deviation (light blue bands) of 100 realisations.
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478 3.3 Example 3: Field scale modelling

479  We simultaneously simulated the 3D root architectures of 222 individual Triticum aestivum
480 plants over a vegetation period of 240 days. All the plants were simulated with fifteen main
481  (seminal and crown) roots (Barraclough et al. 1989). The model domain size comprised 6 rows
482  each consisting of 37 plants. We used an inter row distance of 18 cm and a fixed distance of 3
483 cm between two adjacent plants in a row. The planting depth (seed position) was chosen at 3
484  cm below the soil surface.

485  Cylindrical cores of 4.2 cm in diameter and 5 cm deep, up to 160 depths were sampled to
486  determine the RLD (cm cm®) of each sampling volume using the feature of CRootBox that
487  allows to crop the root system in any geometry that is given by a signed distance function. Five
488 rows were sampled with three cores virtually taken in-between two plants in each row, and
489 mean and standard deviation of the RLD were computed. The resulting root architectures are
490 visualised in Fig. 11(a). Fig. 11(b) visualises the soil cores together with those roots that lie
491 inside those cores, and Fig. 11(c) shows the corresponding root length density profiles (cm root
492  length per cm® soil) after 30, 60, 90, 120, 150, 180, 210 and 240 days.

493
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495  Fig. 11: Field scale simulation of T. aestivum. (a) 3D visualisation of root growth in a field (b) 3D
496  visualisation of field sampling via coring (c) Root length density profiles (cm cm™) after 30, 60,
497  90,120,150,180,210 and 240 days, mean and standard deviation from 15 cores.

498 3.4 Example 4: Tropisms

499  Fig. 12 presents an example of chemotropism, i.e. root growth direction is turned towards
500 locations with higher concentration. In this example, root growth of Zea mays follows
501 gravitropism everywhere, and, inside the soil layer or patch with increased concentration, also
502 chemotropism. Both types of tropisms inside the layer or patch are weighted, determining an
503 overall target growth direction. The parameter N, which determines the strength of tropism, was
504  setto avalue of 3. This value was set the same for each root type in this simulation, but may be
505 specified differently for the different root types if needed. The 3D visualisations in Fig. 12(a,c)
506 clearly show that roots are attracted to stay inside the moist layer or patch, respectively. Fig.
507 12(b,d) reveal the extent of increased root growth in the soil layer or patch with increased
508 concentration. Such simulations need to be corroborated with experimental data.
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510 Fig. 12: Root growth of Z. mays as affected by chemotropism in a soil with a layer or a patch of
511 increased nutrient concentration (N=3, 0=0.25). (a) 3D visualisation of root growth with
512  chemotropism in a soil with nutrient layer. (b) Corresponding root length distributions with depth
513 (cm root length per cm soil depth) represented by mean (dark blue line) and plus/minus
514  standard deviation (light blue bands) of 100 realisations. (c) 3D visualisation of root growth with
515 chemotropism in a soil with a nutrient patch. (d) Corresponding average root length distributions
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516  with depth (cm root length per cm soil depth) represented by mean (dark blue line) and
517  plus/minus standard deviation (light blue bands) of 100 realisations.
518

519 3.5 Example 5: Coupling to a dynamic soil model, the example
520 from Soil Physics with Python

521 This is an example to illustrate the coupling of CRootBox with a model of soil water movement
522  (Bittelli et al. 2015) and a model of water flow inside the root architecture (Doussan 1998). The
523  soil model of our simulations is based on the code for the solution of the Richards equation from
524  the book “Soil Physics with Python”. For simplicity, we chose the 1D infiltration example
525  PSP_infiltrationRedistribution1D (http://www.dista.unibo.it/~bittelli/soil_physics_python.php) for
526  this simulation, however, this can be exchanged with other, more complex models. Root growth
527 was simulated with CRootBox, thereby creating a 3D root architecture. We implemented in
528 Python a numerical solution of the Doussan model; it is given in appendix A. Python was then
529 used as glueing language for each of the three coupled submodels: CRootBox, Richards
530 equation and Doussan model. The root growth and soil and root water flow were solved
531  sequentially at small enough time steps; and water was exchanged, between roots and soil via
532 a sink and source term that depends on the local water pressure gradient inside and outside
533  each root segment. Since the soil model is a 1D model, the sink term for root water uptake from
534  soil was created by averaging root water uptake over all the root segments in each horizontal
535 layer. The coupling is illustrated by the following pseudocode, where N is the number time
536  steps, ps is the soil water pressure, p; is the xylem water pressure:

537

538 for i1=1:N

539 ps = soil_model ()

540 root_architecture = root_system_growth(ps)

541 pr = doussan_model (root_architecture, ps)

542 [root_architecture, ps] =

543 root_water_uptake(root_architecture, ps, pr)
544 end

545

546  The soil parameters for this simulation were those of a silt loam as provided by the file
547  ‘soilUniform.txt’ that comes together with the Python code of Bittelli et al. (2015); the root
548  architecture was computed with the parameter set for S. bicolor from our new database, and the
549  root hydraulic properties were taken from Javaux et al. (2008). The first row shows the root
550 system at day 7, 14 and 21. Colours denote the xylem pressure within the roots. The mid row
551 represents the development of the effective water saturation. Dark areas show the water
552  depletion due to root water uptake. The bottom row shows the root length density (green) and
553 the calculated sink term due to root water uptake (blue), at day 7, 14, and 21. The upper
554  boundary condition for water flow in this example is a dirichlet boundary condition such that
555 there is a constant supply of water from the soil surface. In this example, the soil is moist such
556 that the actual transpiration rate is always equal to the (constant) potential transpiration rate,
557  with T, = -1.15741e-10 m? s. Thus, there is no water stress, and the integral under the blue
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558 curve of Fig. 13 is the same in each time step. We can observe how the sink term follows the
559  root development in this case.

560
561
Pressure
-7.763e+02
lrm
- 782
!-757
-791
I 7.9500402 l 68990402 14 days
0.30
o)
0 025 9
=
-0.1 020 g
‘g/ -0.2 015 4@
=
%_ -0.3 @
[0) 010 @
e ()]
-0.4 E
005 O
-0.5 g
0 7 X 14 21 28 000 LU
/ Time (days)
RLD (ecm/cm) RLD (cm/cm) RLD (cm/cm)
00?20 40 60 80 100 120 ool 20 40 60 80 100 120 oocd_20 40 60 80 100 120
’é“ -0.05? 1-0.05 1-0.05
E -0.10 l-0.10 1-0.10
a
8 -0.15 1-0.15 1-0.15
o020 1-0.20 1-0.20
-0-25 1 2 3 a 5 025 1 2 3 4§ 5 e 2 3 a4 5
le-8 le-8 le-8
562 Sink (1) Sink (1) Sink (1)

563 Fig. 13: Coupling CRootBox with a 1D Richards Equation solution of “Soil Physics with Python™:
564  The first row shows the root system at day 7, 14 and 21. Colours denote the xylem pressure
565  within the roots. The mid row represents the development of the effective water saturation. Dark
566  areas show the water depletion due to root water uptake. The bottom row shows the root length
567 density (green) and the calculated sink term due to root water uptake (blue), at day 7, 14, and
568 21.

569
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s70 4. Discussion

571 CRootBox has been advanced from the RootBox model. Improvements include:

572 1. CRootBox is much faster: While RootBox was restricted to young root systems,
573 CRootBox can easily simulate whole cropping cycles, or even field scale simulations
574 with hundreds of root systems.

575 2. CRootBox can model fully grown root systems. Therefore, the model was enhanced to
576 describe the emergence of basal and shoot borne roots. In this way the model is how
577 capable of simulating the life span of dicotyledons and monocotyledons plants.

578 3. CRootBox enables root function modelling: The most important ways to couple root
579 growth with soil properties are predefined. Soil properties can influence growth direction,
580 root elongation rate, branching patterns, and the angle of lateral root emergence. The
581 development of root functional models is simplified by the Python library of CRootbox
582 which makes it easy to glue the different sub-models together.

583 4.1 CRootBox enables the modelling of mature root systems of a
584 large range of plant species

585

586 Roots are important components of the global ecosystems. From a crop production perspective,
587 they are responsible for the acquisition of water and nutrient and, as such, key to plant
588  productivity. From an ecological perspective, roots play an important role for the soil water and
589 carbon cycles, soil stability, the soil fauna, etc. Root models can help to better understand the
590 quantitative role of roots in the ecosystem. It is therefore important for these models to be able
591 to represent a wide range of root systems, without being limited to crop plants.

592

593 The modular structure of CRootBox enables the simulation of virtually any type of root system.
594  For any root system type, only a limited number of input parameters are required, most of them
595 Dbeing relatively easy to acquire experimentally (e.g. from excavation experiments). In the
596 database we created, we provide 22 parameter sets for 14 different species based on published
597 parameters. Those parameter sets of a wide variety of species are made easily accessible
598 through the web application and a figshare collection, and we expect to update that collection to
599  encompass more and more species.

600

601 The maximal rooting depth that can be reached by any root system is limited by the maximal
602 root length of the main roots. Root parameters gained from images of young root systems may
603 underestimate this important parameter; field scale simulations with virtual coring may help to
604  achieve realistic root architecture parameters for mature plants.

605

606 The standard deviations of the different model parameters determine how different the individual
607 realisations may be from each other. Image analysis results of rhizotron images suggest that we
608 can expect a large standard deviation for root architectural parameters.

609
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610 The root growth modelling in containers based on signed distance functions allows to mimic
611 experiments that use specific containers, also split-root boxes, and it also works to simulate root
612 growth around obstacles. It may for example be helpful to anticipate wall effects in a given
613  container size.

614

615 CRootBox provides an interface to simulate any user-defined type of tropism or response to soil
616  conditions locally experienced by the root system. This is demonstrated in Fig. 12; this example
617 is based on the class SoilPropertySDF where a layer or a patch of elevated soil concentrations
618 is defined via a signed distance function. Other possibilities such as passing the information on
619 the soil property on a certain grid may be derived from the base class SoilProperty.

620

621 A limitation of the CRootBox may be seen in the fact that it does currently not explicitly compute
622 during the simulation secondary root growth or variable root diameter along the branches.
623  However, this can easily be computed a-posteriori, e.g. based on root segment age.

624

625 4.2 CRootBox enables root system modelling at the field scale

626  Roots do not grow alone in the soil. They grow within a plant community and influence (and are
627 influenced) by their direct neighbours. They compete with each other for the same soil
628 resources (water and nutrients) and can present complementary development strategies to
629 maximise such resource acquisitions. To take this interaction into account, models should able
630 to simulate several plants at the same time, within the same physical domain. Other root
631 architecture models have been used to simulate a few plants simultaneously, e.g. SimRoot, R-
632 SWMS, however, to our knowledge, no explicit root architecture model has so far been used at
633  the field scale, simulating several hundred plants simultaneously.

634

635 CRootBox was entirely redeveloped in C++, an efficient programming language, to be able to
636 simulate not only single root systems (as was previously the case with the Matlab version), but
637 also field scale simulation, that encompass more than 200 individual mature root systems. So
638 far, this kind of large scale modelling has only been used to simulate structure only together with
639 related metrics like root length density distribution. In the future, fields scale modelling will allow
640 us to investigate soil-root interactions from an ecological perspective. For instance, what is the
641 functional importance of developmental plasticity within a single genotype, or how can we
642 leverage complementarity when combining different crops species within the same field.

643

644 4.3 The object oriented structure of CRootBox will enable the
645 extension to a whole plant model

646

647 Nowadays, only a few functional-structural plant models are able to represent both the root and
648 the shoot as a single network (Lobet et al. 2014, Janott et al. 2011). However, such connection
649 is needed to better understand the complex interplays and trade-offs that plants have to face
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650 during their growth and development. In particular, water and carbon flows are tightly
651 intertwined and have a mutual strong influence. The object oriented structure of CRootBox
652  allows for a direct extension from a root to whole plant model.

653

654

655 4.4 The CRootBox-Python binding enables an easy and
656 straightforward communication with environmental models

657

658 Different strategies exist when it comes to combining plant and environmental simulations. The
659 first strategy is to couple both within a single model. The second is to use separated models and
660  couple them through a common interface.

661

662 For CRootBox, we decided to leverage the second strategy, to allow a greater modularity.
663  Several environmental models exist, each with their own strengths and weaknesses and,
664 depending on the research question at hand, one might want to use one or the other. With that
665 in mind, we developed CRootBox as a single module, that could, in theory, be combined to any
666 type of environmental model. We used Python as a glueing language between CRootBox and
667  other models, as was done similarly in the past (Pradal et al. 2008). As demonstrated with soil
668  physics with Python model, that strategy allows us to easily do the coupling.

669

670 4.5 Concluding remarks

671 In conclusion, we present a fast and flexible functional-structural root model which is based on
672  state-of-the-art computational science methods. It is open source and available via a github
673  repository. It is the first root architecture model which provides control of the segment length
674  and hence spatial discretisation of the root architecture as numerical grid. Furthermore, it is the
675 first root architecture able to simulate explicitly many root architectures on the field scale.
676 CRootBox facilitates modelling of root responses to environmental conditions as well as root
677  effects on solil. In the future, we plan to extend this approach to include mycorrhization (Schnepf
678 etal 2016) and to the above-ground.

679

680

681
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Appendix A - Doussan model and its numerics

The derivation is based on Doussan et al., 2006 and Roose and Fowler, 2004.

Model derivation
The axial water flux, g,, in the xylem of one root segment is given by

qzz_kz(%_pgez'v)' (A1)
with units [L* M T?], see Eqn 3.1, Roose and Fowler, 2004. The parameter k, is the axial
conductance [L° T], p; is the pressure inside the xylem [M L™ T pis the density of water [M L],
g is the gravitational acceleration [L T?, e, the downward unit vector [1], and v [1] the
normalised direction of the xylem. Thus Eqn (A1) can be expressed as

pr
4=k, (= +pgvs), (A2)
where v; is the z-component of the normed xylem direction.

The radial flux is given by

qr = —2anlk,(ps — pr) (A3)
with units [L® T*] (based on Eqn 3.3, Roose and Fowler, 2004), where a is the root radius [L], |
is the segment length [L], k is the radial conductance [L> T M™], and ps is the pressure of the
surrounding soil [M L™ T].

Therefore, the net flux is
q=4q;+qr (A4)

In a mathematical graph that represents the root system for each node i the sum of fluxes must
be zero (first Kirchhoff's law)

Yjeng) 9ij = 0, (AS)
where N(i) are the nodes connected to node i and g is the net flux of the edge connecting node
i and node j.

Discretisation

In the graph the pressure p; is defined for each node n;. The edges at node n; are denoted as e;
with j eN(i) , where N(i) are the indices of the neighbouring nodes (the root collar and the root
tips have one neighbour, and branch points have three neighbours). Thus, the edge e; connects
node n; and node n; for each j EN(i).

For each edge e; the axial water flux from n; to n;is

pj—Di
Qzij = _kz(]lT +pgVij3), (A6)
and the radial flux from segment e; into the soil is
Ar,ij = —2a;mlijk, (ps — Dij), (A7)
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718  where |; is the length, v; the normed direction, a; the radius, pj is the mean edge pressure p; =
719  0.5(pi+p;) of the edge e;. The value ps is the soil potential, surrounding the edge e;. Therefore,
720  the net flux of e; is given by

721 qij = —Qaymlijk,ps + k,pg v ij3)

722 +aymliky = - ke)p;

723 +(a;jml;jk, + %jkz)pi. (A8)
724

725 Eqgn (A5) states that all fluxes into each node cancel out. This can be presented as a linear
726  equation

27 (Cp)i = cupi + Xjenq Cijp; = bi, (A9)
728  where each row i of matrix C represents the linear equation for node i. The diagonal elements of
729  C are derived by the third line of Eqn (A8):

730 Ciit = Xjen(i) QijTlijky + %}_kz' (A10)
731 and the other entries by the second line of Eqn (A8):

732 Ciji = Djency @ijmlijky — % k,, (A11)
733  The value b; is derived from first line of Eqn (A8):

734 bi: = Yjenq) 2aijmlijkyps + kpg v ij 3, (A12)
735 This yields the linear system Cp=b of Eqn (A9).

736

737  Note that C is symmetric (since the graph is undirected) and sparse (most c; are zero, all which
738 are not connected by an edge e;). The soil matric potential ps and the direction of the edges v;
739  only enter the equation on the right hand side b;.

740 Boundary conditions

741  For simplicity we assume a no-flux boundary condition at the root tips. This is a simplification,
742  however, water can enter or leave radially in the edge representing the root tip. Therefore, the
743  root tip conductivity can be easily adjusted by changing this edges root radial conductivity k..
744  For this reason the only important boundary condition is at the root collar. Either a Dirichlet
745  boundary condition (fixed potential) or Neumann boundary condition (fixed flux) is used..
746  Furthermore, often a combination is applied, where a potential flux is predetermined, but the
747  boundary condition is switched to Dirichlet if the pressure magnitude becomes unreasonable
748  high. In the following we assume the top node has index 1.

749  Dirichlet

750  The simplest way to implement a fixed pressure at node 1, is to replace row 1 in the matrix C by
751 e,', and b, by the desired matric potential hwp. In this way the equation for node 1 of the linear
752  equation Cp=b reads p;=higp.
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Appendix B - Database for root system architectures

Table B1 presents an overview of literature sources which were used to parameterize the
CRootBox model. The following paragraphs explain how we handled and substituted missing
CRootBox parameter values.

Table B1 Literature sources used to parameterize the CRootBox model. Numbers in brackets
correspond to the numbers indicated in Fig. 5 and 6.

Plant

Source

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

Angallis femina

Brassica napus

Brassica oleracea

Crypsis aculeata

Helianthus annus

Juncus squarrosus

Lupinus albus

Lupinus angustifolius

Medicago truncatula

Noccaea caerulescens

Pisum sativum

Leitner et al. (2010b)

Leitner et al. (2010b)

Vansteenkiste et al. (2014)

Clausnitzer and Hopmans (1994)

Pages et al. (2013)

Clausnitzer and Hopmans (1994)

Leitner et al. (2014a)

Chen et al. (2011)

Schnepf et al. (2016)

Pages et al. (2013)

Pages et al. (2014)
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[12] Pisum sativum Tsegaye et al. (1995), bulk density 1.0 g cm™
[13] Pisum sativum Tsegaye et al. (1995), bulk density 1.2 g cm™
[14] Pisum sativum Tsegaye et al. (1995), bulk density 1.4 g cm™
[15] Sorghum bicolor Bechmann (2013), personal communication
[16] Triticum aestivum Bingham and Wu (2011)

[17] Zea mays Leitner et al. (2010b)

[18] Zea mays Pageés et al. (2014)

[19] Zea mays Postma and Lynch (2011)

[20] Zea mays Leitner et al. (2014b)

[21] Zea mays Leitner et al. (2014b)

[22] Zea mays Leitner et al. (2014b)

764

765  Anagallis femina

766  The root system parametrization for A. femina is presented in Leitner et al. (2010b). The root
767  system was parametrized by visual comparison with images published by Kutschera (1960). All
768  parameters for CRootBox are provided in the paper.

769 Brassicanapus

770 The parameters for B. napus were obtained by Leitner et al. (2010b) based on the drawings of
771  Kutschera (1960). They observed two different kinds of lateral roots: near the surface the lateral
772  roots are very dense and short and show plagiotropism, whereas the deeper lateral roots are
773  long and show strong gravitropism. All parameters for CRootBox are provided in the paper. The
774  parameters in the database are from Table 4 of Leitner et al. (2010) for B. napus (a).

775 Brassicaoleracea

776  Vansteenkiste et al. (2014) used the RootTyp model (Pageés et al., 2004) and evaluation of field
777  experiments to determine root growth parameters. They considered three different root orders:
778 main roots, long laterals from main roots, and short laterals from both main roots and long
779 laterals. Missing parameters for CRootBox were the branching angles, and the length of apical
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780 and basal zones. We adjusted the unavailable parameters by visual comparison with other
781  cauliflower root systems shown by Weaver and Bruner (1927) and Pages et al. (2004).

782  Crypsis aculeata

783  Root system parametrization presented in Clausnitzer and Hopmans (1994) was parametrized
784 by visual comparison (Kutschera et al., 1982). Missing parameters for the CRootBox model
785  were the root radius, length of apical and basal zones, and the tropism parameters. They were
786  substituted by visual comparison such that the newly simulated root system resembled that of
787  the original publication.

788  Helianthus annuus

789 Based on experimental data, Pages et al. (2013) developed a stochastic 3D root system
790 architecture model with the same general characteristics as presented in Pagées (2011). We
791  used the parameters from their Table 3, option 3. Root radius in CRootBox is fixed for each root
792  order; we used the average value of the minimal and maximal root radius given in Pageés et al.
793 (2013), Table 3. The elongation was computed from their parameter “E” times the average root
794  diameter. Apical and basal zone lengths needed by CRootBox were obtained by visual
795  comparison such that the newly simulated root system resembled that of the original publication.
796  Juncus squarrosus

797  Clausnitzer and Hopmans (1994) parametrized the root system of J. squarrosus by visual
798 comparison with illustrations presented in Kutschera et al. (1982) considering two different root
799  orders. Missing parameters for CRootBox were the root radius, length of apical and basal
800 zones, and the tropism parameters. They were substituted by visual comparison such that the
801 newly simulated root system resembled that of the original publication.

802 Lupinus albus

803 Leitner et al. (2014a) parametrised 26 days old L. albus root systems from neutron radiography
804 images. The parametrisation is not based on strict topological root orders but on root types that
805 emerge with a certain probability. All parameters for CRootBox are provided in the paper.

806 Lupinus angustifolius

807 Chen et al. (2011) measured root growth parameters for L. angustifolius by using semi-
808  hydroponic bin systems. The authors did not perform simulations, but most parameters for
809 CRootBox could be retrieved from these data. We substituted the missing values for maximal
810 root length of first order laterals, length of apical and basal zones, elongation rate of first order
811 laterals and the tropisms parameters with parameters for the plant Lupinus albus obtained by
812  Leitner et al. (2014).

813 Medicago truncatula

814  Schnepf et al. (2016) obtained CRootBox root architectural parameters for M. truncatula by
815 direct measurement of images published by Bourion et al. (2014). All parameters for CRootBox
816  are provided in the paper.

817 Noccaea caerulescens

818 Based on experimental data, Pages et al. (2013) developed a stochastic 3D root system
819  architecture model with the same general characteristics as presented in Pagés (2011). We
820 used the parameters from their Table 3, option 3. Root radius in CRootBox is fixed for each root
821 order; we used the average value of the minimal and maximal root radius given in Pages et al.
822 (2013), Table 3. The elongation was computed from their parameter “E” times the average root
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823 diameter. Apical and basal zone lengths needed by CRootBox were obtained by visual
824  comparison such that the newly simulated root system resembled that of the original publication.
825  Pisum sativum

826  Four different parameterisations for P. sativum are in our database. The first parameter set
827  stems from Pages et al. (2014) for the model ArchiSimple. The second to fourth data sets stem
828 from Tsegaye et al. (1995) for the model RootMap.

829 P. sativum [11] is derived from the parameters for the model ArchiSimple. No different
830 parameterizations are given for the different root types; variations depend on the root radius.
831 This makes it difficult to use this parameterisation for CRootBox; we retrieved the internodal
832  distance, root radius, initial growth rate for the tap root from the paper, and substituted all other
833  parameters by visual comparison such that the newly simulated root system resembled that of
834  the original publication.

835 P. sativum [12]-[14] were derived for the model RootMap. The plants were grown under
836 laboratory conditions in soil cylinders with three different bulk densities (1.0, 1.2, and 1.4 g cm’
837 °). The parameters root length and root angle were measured after ten days and three root
838 orders were specified. Missing values for CRootBox were maximal root lengths, apical and
839 basal zone lengths, root radius and the tropism parameters. They were obtained by visual
840 comparison such that the newly simulated root system resembled that of the original publication.
841  Sorghum bicolor

842  This parameter set is based on parameters for the Root Typ model for S. bicolor (M. Bechmann,
843  personal communication). Missing parameters for CRootBox were the length of apical and basal
844  zones. We adjusted the unavailable parameters by visual comparison with other cauliflower root
845  systems shown by Weaver & Bruner (1927) and Pages et al. (2004).

846  Triticum aestivum

847  This root system was parameterized based on Bingham and Wu (2011). Parameters missing for
848 CRootBox were the maximal root length for the main roots, basal zone lengths, root radius, and
849 the tropism parameters. They were estimated by visual comparison with the original publication.
850 Zeamays

851  Six parameter sets for Z. mays are contained in our database.

852 Z. mays [17] parameterisation is based on Leitner et al. (2010a). All parameters for CRootBox
853  are provided in the paper.

854 Z. mays [18] is parameterised based on Pagés et al. (2014) for the model ArchiSimple. No
855 different parameterizations are given for the different root types; variations depend on the root
856 radius. This makes it difficult to use this parameterisation for CRootBox; we retrieved the
857 internodal distance, root radius, initial growth rate for the tap root from the paper, and
858  substituted all other parameters by visual comparison such that the newly simulated root system
859 resembled that of the original publication.

860 Z. mays [19] is parameterised based on Postma and Lynch (2011) for the model SimRoot. The
861 parameters missing for CRootBox include apical and basal zone lengths, and the tropism
862 parameters. We substituted them by parameters for the maize root system [18] from Pages et
863 al. (2014).

864 Z. mays [20-22] parameterisation is based on Leitner et al. (2014b), representing three different
865 phenotypes of maize, one reference phenotype, one phenotype with steeper main roots, and
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866 one with steep main roots and with longer lateral roots. All parameters for CRootBox are
867  provided in the paper.

ses  SUpplementary data

869
870 S1: Doxygen documentation of the CRootBox code.
871
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