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Abstract

Functional-structural root architecture models have evolved as tools for the design of improved agri-
cultural management practices and for the selection of optimal root traits. In order to test their accuracy
and reliability, we present the first benchmarking of root water uptake from soil using five well-established
functional-structural root architecture models: DuMux, CPlantBox, R-SWMS, OpenSimRoot and SRI.
The benchmark scenarios include basic tests for water flow in soil and roots as well as advanced tests
for the coupled soil-root system. The reference solutions and the solutions of the different simulators are
available through Jupyter Notebooks on a GitHub repository. All of the simulators were able to pass the
basic tests and continued to perform well in the benchmarks for the coupled soil-plant system. For the
advanced tests, we created an overview of the different ways of coupling the soil and the root domains
as well as the different methods used to account for rhizosphere resistance to water flow. Although the
methods used for coupling and modelling rhizosphere resistance were quite different, all simulators were
in reasonably good agreement with the reference solution. During this benchmarking effort, individual
simulators were able to learn about their strengths and challenges, while some were even able to improve
their code. Some now include the benchmarks as standard tests within their codes. Additional model
results may be added to the GitHub repository at any point in the future and will be automatically
included in the comparison.

Key words: functional-structural root architecture model, benchmarking, root water uptake, dynamic
soil, GitHub repository.
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1 Introduction
This work responds to the call to participate in the collaborative benchmarking of functional-structural root
architecture models (Schnepf et al., 2020). The need for this activity was outlined in Schnepf et al. (2022).
Functional-structural root architecture models (FSRMs) have evolved as tools for the design of agricultural
management schemes for improved resource efficiency and for the selection of root traits to optimize plant
performance in specific environments. Although reliable applications are crucial, this type of models has
never been benchmarked. Successful benchmark studies have been conducted in other fields, such as in
crop modelling (Agricultural Model Intercomparison and Improvement Project AGMIP, Rosenzweig et al.,
2014), reactive transport modelling (Steefel et al., 2015), or modelling of soil water flow and solute transport
(Vanderborght et al., 2005). This work sets out to gain an overview of the differences between the outputs
of several FSRMs for the benchmark problems described in Schnepf et al. (2020). It also sought to gain an
understanding of the underlying reasons, be it differences in the mathematical formulation of the processes
and their coupling, in the numerical scheme, or even from coding errors.

The call included benchmark problems for root growth models, soil water flow models, root water flow
models, and for water flow in the coupled soil-root system. All the benchmarks and corresponding reference
solutions were published in the form of Jupyter Notebooks on the GitHub repository https://github.com/RSA-
benchmarks/collaborative-comparison. Fig. 1 shows an overview of the different benchmark problems de-
scribed in Schnepf et al. (2020). In particular, we distinguish between individual modules that solve flow
and transport problems in one spatial domain only, soil or roots, and the coupled scenarios, where flow
and transport problems are solved in both domains and include an exchange between domains, which is an
important feature of functional-structural root architecture models. Here, we address the individual modules
M2 (water flow in soil) and M3 (water flow in roots), as well as the coupled module C1, i.e., water uptake
from a dynamic soil by a static, predefined, root architecture. Thus, three folders within the repository are
relevant for this manuscript, “M2 Water flow in soil”, “M3 Water flow in roots” and “C1 Coupled problem,
static RSA”. For each scenario, they contain subfolders that follow the same structure. They contain folders
named “Numerical results” where each participating simulator could upload their results, a Jupyter Note-
book “Benchmark problem.ipynb” that describes the benchmark problem and its reference solution, as well
as a Jupyter Notebook “Automated comparison.ipynb” that automatically loads the numerical results and
creates plots for comparing simulator results to the reference solution. Where appropriate, additional folders
contain the prescribed root grid files.

The simulation domains and sample results for each benchmark scenario is illustrated in Fig. 2. Growing
root architectures are addressed in a separate paper by Delory et al. (in prep.). The focus of this paper is
to evaluate the effect of various methods used by the different simulators of coupling the soil and the root
domains on simulated root water uptake.

Five groups that develop functional-structural root architecture models have contributed to the bench-
mark problems with their solutions: DuMux (Koch et al., 2018, 2021), CPlantBox-DuMux (coupling CPlant-
Box, Schnepf et al. (2018); Zhou et al. (2020) and DuMux, Mai et al. (2019)), OpenSimRoot (Postma et al.,
2017), R-SWMS (Javaux et al., 2008) and SRI (Beudez et al., 2013).

Figure 1: The benchmark problems described in Schnepf et al. (2020) are divided into five categories: M1
focuses on root growth, M2 on water flow in soil, M3 on water flow in root, C1 on the coupled root-soil system
with a static root architecture, and C2 on the coupled root-soil system with a growing root architecture.
The categories marked in green are addressed in this paper.
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Figure 2: Illustration of the simulation domains and results of the different benchmark problems: (a) Simu-
lated infiltration front in benchmark scenario M2.1 infiltration, (b) simulated soil drying due to evaporation
in M2.2 evaporation, simulated xylem water pressure head within a non-growing (c) single root in M3.1 and
(d) root system in M3.2, both embedded in a soil with constant soil water pressure head, (e) soil water
pressure head as a result of radial water flow towards a root in C1.1, (f) results of the coupled soil-root
problem in C1.2 for a root system embedded in a dynamic soil

2 Methods

Throughout this paper, the term “model” refers to the mathematical equations and parameters that describe
the system of interest. The term “simulator” refers to the software code that is an implementation of the
numerical schemes used to solve the described model. A brief description of the benchmark problems is given
in Section 2.1. For the benchmarks on water flow in either soil or roots, M2 and M3, the simulators solved
the same mathematical model but with different numerical methods and software implementations. The
mathematical equation in the case of water flow in soil is the Richards equation, while water flow in roots
is described by a Darcy-type axial flow model with a root water uptake source term that is proportional to
the pressure head difference between the xylem and the root surface. In the benchmarks of water flow in
the coupled soil-root system, C1.1 and C1.2, each simulator makes a distinct choice concerning the coupling
of the different submodels, specifically the coupling of soil and root domains. The simulators’ sufficiently
accurate solutions to the subproblems of water flow in soil, M2, and water flow in roots, M3, were required
to interpret the solutions of the coupled problem of root water uptake from a drying soil by a static root
architecture, C1.2.

A detailed description of the different simulators is given in Section A and an overview of their main
characteristic features is given in Table 2. In addition, each simulator has a different approach to calculate
the sink term for root water uptake that results from coupling the two subproblems of soil and root water
flow. A detailed description of the available sink term approaches for the different simulators is shown in
Fig. 3.

2.1 Brief description of the benchmark problems

The benchmark problems, which are elaborated here, combine the communities of soil physics and plant
physiology, which commonly follow different standards regarding the dimensions used for the water potential.
Throughout this manuscript, we express the water potentials within both the soil and the xylem in dimensions
that are common in soil physics, i.e. pressure head (L). Water potential can be converted from dimensions of
head to Joule M−1 through multiplication with the acceleration constant due to gravity, g (L T−2). A further
multiplication with the density of water, ρw (M L−3), results in dimensions of pressure, P. By convention,
we consider the atmospheric potential as reference, equal to zero.

2.1.1 Soil subproblems

These sets of benchmark problems consider infiltration and evaporation scenarios (M2.1 and M2.2) that were
originally described in Vanderborght et al. (2005).

For three soils (sand, loam, and clay; see Table 1), the infiltration scenario describes the water flow into
initially dry soil. Water flow rates in dry soil are low. When the soil surface is kept at a high saturation
level, a sharp front forms between dry and wet soil and moves downward into the dry soil. The different
simulators implemented this problem for a box-shaped soil domain with a depth of 200 cm and a length and
width of 10 cm. The problem was solved as quasi-1D and each simulator was free to choose the resolution in
the z-direction. Fingering or hysteresis was not considered. The main interest of this scenario is the correct
shape and velocity of the infiltration front. A visualization of the problem is shown in Fig. 2 (a).

We used the same soil types in the evaporation benchmark scenario M2.2. When the soil is unable to
support the evaporation rate prescribed at the top boundary of the soil domain, the boundary condition
switches from a Neumann boundary condition, where we define the water flux, to a Dirichlet boundary
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Table 1: Soil hydraulic properties taken from Vanderborght et al. (2005); Schnepf et al. (2020), according to
the van Genuchten and Mualem-van Genuchten equations (θr, θs: residual and saturated volumetric water
contents, α, n, λ: empirical parameters, ψs: soil water pressure head, Ks: saturated hydraulic conductivity)

θ(ψs) =
θs−θr

[1+(α|ψs|)n]1−1/n + θr, Se = θ−θr
θs−θr

K(Se) = KsS
λ
e

[
1−

(
1− S

n/(n−1)
e

)1−1/n
]2

Soil type θr θs α n Ks λ
(-) (-) (cm−1) (-) (cm d−1) (-)

Sand 0.045 0.43 0.15 3.0 1,000 0.5
Loam 0.08 0.43 0.04 1.6 50 0.5
Clay 0.1 0.40 0.01 1.1 10 0.5

condition where the soil water pressure head is maintained at a critical soil water pressure head of -10,000 cm.
In the related benchmark problem, we are interested in the transition times between sink-limited evaporation
(evaporation dictated by the atmospheric boundary) and source-limited evaporation (evaporation dictated
by water transfer in soil), given the constant potential evaporation rate. A visualization of the problem is
shown in Fig. 2 (b).

For M2.1 and M2.2, the reference solutions are analytical equations described in Vanderborght et al.
(2005); Schnepf et al. (2020). It should be noted that the analytical solution for the evaporation scenario
does not account for gravity. Disregarding gravity for vertical flow is an option for some - but not all - of the
simulators. However, gravity may be assumed to have a negligible influence compared to the large differences
in soil water pressure head.

2.1.2 Root subproblems

The benchmarks for the root subproblems concern water flow within roots. In this exercise, it is assumed
that the medium in which the roots are embedded does not exhibit any resistance to water flow or dynamic
changes in water content (such as in hydroponics). This allows for a static pressure head to be defined for
this medium. Benchmark scenario M3.1 describes the root water pressure head distribution in the xylem of a
single vertical root segment. A pressure head of −1, 000 cm is defined as the boundary condition of the root
collar, a no-flux boundary condition at the root tip, and a constant pressure head of −200 cm in the medium
in which the root is embedded (Fig. 2 (c)). The analytical solution to this problem is given in the appendix
of Schnepf et al. (2020). Its formulation is equivalent to that of Landsberg and Fowkes (1978); Meunier et al.
(2017a) but uses exponential instead of hyperbolic functions and includes gravity. This benchmark provides
a basic test to compare the root water pressure head distributions along a single root axis for the different
simulators.

The benchmark for water uptake by a small root system from a static soil (M3.2) describes root water flow
within a prescribed root system of a lupine plant that was manually traced in an MRI (magnetic resonance
imaging) image (Fig. 2 (d)). The root architecture is provided in the root system markup language (RSML,
Lobet et al., 2015) on the corresponding GitHub repository 1. It consists of 2,883 segments with lengths
ranging from 0.5 mm to 1 mm (mean value 0.8 mm). With such a high spatial resolution, simulators are
expected to achieve results close to the reference solution (Meunier et al., 2017b). As for M3.1, the pressure
head of the medium outside the roots is predefined at -200 cm. Two scenarios are considered: one in which
the root hydraulic properties are constant (M.2a, with root axial conductance kx = 4.32 × 10−2 cm3 d−1

and root radial conductivity kr = 1.728× 10−4 d−1) and one in which the root hydraulic properties are age-
dependent and different for each root branching order (M3.2b, as shown in Fig. S1). The reference solutions
to benchmarks M3.2a,b are computed using the hybrid analytical-numerical approach given by Meunier
et al. (2017b), which is described in detail in Schnepf et al. (2020). The derivation of this solution using

1https://github.com/RSA-benchmarks/collaborative-comparison/M3Waterflowinroots/M3.2Rootsystem
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exponential instead of hyperbolic functions is described in appendix B. The main focus of this benchmark
scenario is to compare root water pressure head distributions within the root system.

2.1.3 Coupled problems including root-soil interaction

The benchmark scenario C1.1 follows the paper of Schröder et al. (2008). We refer to Schnepf et al. (2020) for
a more detailed benchmark description. In brief, it considers the 1-dimensional radially symmetric soil water
pressure head distribution around a single root, which takes up water at a prescribed rate and switching
to a constant soil water pressure head at the root boundary if the critical value of −15, 000 cm is reached
(Fig. 2 (e)). Based on the steady-rate assumption, the reference solution is an approximate analytical solution
to this problem (Schröder et al., 2008). With this benchmark, we want to test if the different simulators are
able to reproduce the soil water pressure head gradients that can occur in dry soil between the bulk soil and
the root surface. This pressure head is relevant for upscaling to the root system scale (see C1.2). In this
regard, the different simulators still use their volumetric sink term approach for computing root water uptake
from soil. They therefore consider a single straight root in the center of a 3-dimensional soil domain. Only
horizontal flow between soil elements is considered, meaning that gravity can be disabled in the simulators.
The constant root uptake is described as a volumetric sink term in the center of the domain. The horizontal
resolution of the soil domain needs to be fine enough to capture the gradients of soil water pressure heads.
The simulations start at an initial homogeneous soil water pressure head of −100 cm and are stopped at the
onset of water stress, i.e., when the pressure head at the root xylem upper boundary is −15, 000 cm. The
time of stress onset and the gradients of soil water pressure heads, are then compared. The gradients of soil
water pressure heads from the 3D solution are sampled along a transect normal to the root surface.

Benchmark C1.2 is the most complex, but essential benchmark for this FSRM benchmarking. It represents
the water uptake from a drying soil by a static (i.e. constant) root system architecture (see Schnepf et al.,
2020). The root architecture is provided in the RSML format on the corresponding GitHub repository 2. It
is a younger version of the root system of M3.2 and consists of only 584 segments with lengths ranging from
0.2 mm to 1.8 mm (mean value: 0.9 mm). The root hydraulic properties are either constant (C1.2a) or vary
with root type and age (C1.2b) with the same root hydraulic properties as in M3.2a,b. To challenge the
different simulators, we chose an initially dry soil that becomes even drier as water is taken up by the roots,
with large gradients of soil water pressure heads expected around the roots. Transpiration is prescribed by a
sinusoidal function, with maximum transpiration at noon and no transpiration at midnight. In this scenario,
we are interested in comparing actual transpiration and cumulative root water uptake over time, particularly
during times of stress onset, as well as the root sink term depth profiles. A visualization of the problem is
shown in Fig. 2 (f).

The simulators differ in terms of how soil and root problems are coupled. The approaches used by the
different simulators are outlined in Fig. 3 and are described in detail in the following paragraphs.

Since an analytical solution is not available for this benchmark, our reference solution is numerical and
already described by (Schnepf et al., 2020; Koch, 2022). In brief, the reference solution is calculated using a
soil domain that explicitly considers the roots (i.e. the roots are cut out of the soil domain), and in which
the root water uptake is not a volumetric sink term but a (Robin-type, i.e., a linear combination of Neumann
and Dirichlet) boundary condition for the Richards equation on the root-soil interface Γ,

(K(θ)(∇ψs +∇z)) · nΓ = −kr [ψs(xΓ)− ψx(ΠxΓ)] , (1)

where ψs and ψx are the water pressure heads in soil and roots, K(θ) is the unsaturated hydraulic conduc-
tivity, kr is the root radial conductivity, nΓ is the unit normal vector on Γ pointing from root surface to the
soil and Π is a surjective mapping of every root-soil surface point to a unique point on the root centerline
network (Koch, 2022).

The numerical solution requires a high-resolution mesh of the soil domain (excluding the roots) that is
refined near the root-soil boundary and fully coupled to the 1D-model root solution at the interface. We
computed this with a DuMux implementation, which we refer to as “DuMux_explicit_interface”.

2https://github.com/RSA-benchmarks/collaborative-comparison/C1Coupledproblem,staticRSA/C1.2Rootsystem/root
_grid
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In this approach, the root-soil interface was explicitly resolved by the computational mesh in the soil

domain. The root domain was implicitly defined as a volume, created by moving a ball with a radius R
(where R is the constant local radius field per root segment) along the root segment centerlines. The root-
soil interface is therefore implicitly given by signed distance functions. The 3D mesh based on this implicit
function was created with the software CGAL (The CGAL Project, 2019). For C1.2, we used a tetrahedral
mesh with a strong local grid refinement towards the root-soil interface and around 8.3 million elements. In
comparison to Schnepf et al. (2020), the mesh was further refined to decrease the discretisation error (the
smallest 10% of elements had a mean size of 10 µm). We discretised Darcy’s equation in the root domain
using a cell-centered finite volume method with two-point flux approximation (TPFA) and discretised the
Richards equation in the soil using a vertex-centered finite volume method (Box). The simulation for C1.2
used 256 adaptive time steps; the time-stepping criterion was based on the number of Newton iterations (the
smallest and largest time step sizes were 300 s and 1200 s, respectively). The runtime was approximately 31 h
on a multi-core machine with 64 cores (the assembly procedure makes use of shared-memory parallelism).

2.2 Summary of the approaches of the different simulators

In this section we summarise the numerical and coupling approaches used by the different simulators while
the details are described Appendix A. The basic conditions for the implementation of the different bench-
mark problems included free choice of numerical scheme and spatial discretisation for each simulator. For
benchmark scenarios C1, where additional differences between simulators are due to the approaches used for
coupling the root and the soil domains, we did not prescribe the coupling approach to be used but let the
modellers make their own choices.

Table 2 outlines the different numerical approaches used by the simulators for the soil-, root- and coupled
problems. DuMux solves the coupled problem in a monolithic way, in which the coupled root-soil system
is solved as a whole. The temporal resolution is performed at the level of the coupled problem using the
implicit Euler method. All other simulators employ a sequential coupling, whereby the two subproblems
are solved separately using distinct solvers. Information is exchanged only once in each time step, or with
iterations that aim to converge towards the monolithic system.

For spatial discretisation of the soil subproblems either finite volumes (DuMux) or finite elements (SRI,
R-SWMS, OpenSimRoot) are used. Those solvers that use sequential coupling may apply a temporal dis-
cretisation within each coupling time step, and rely on the implicit Euler method. Newton’s method (DuMux)
or a fixed point iteration (R-SWMS, OpenSimRoot, SRI) is used as nonlinear solver. A weighted Laplacian
is used to describe the water flow in the tree graph that represents the root architecture. The correspond-
ing edge fluxes are computed analytically (CPlantBox) or numerically (DuMux, R-SWMS, OpenSimRoot,
SRI).

Fig. 3 sheds further light on the different approaches to computing the sink terms for root water uptake
used by the different simulators in comparison to the approach used by the reference solution. The left
panel illustrates the approach of our (numerical) reference solution. The volume of the roots is explicitly
considered in the soil domain. This means cutting out long and thin cylindrical shapes and thus resulting
in a highly resolved computational mesh around those structures. The root water uptake is computed via a
boundary condition at the root-soil interfaces.

The middle panel illustrates the general approach used by the different simulators, where the volume
of the roots is neglected in the soil domain and the root water uptake is computed via a sink term in
the Richards equation. Mathematically, it is thus a different problem that the one solved by the reference
solution. However, the aim is to produce results as close as possible to the reference solution while being able
to use a coarser mesh and thus benefit from less costly computations. The different approaches used by each
simulator regarding how to distribute the sink terms for root water uptake in the soil domain as well as how to
estimate the soil water pressure head at the root-soil interface are illustrated in the right panel. Furthermore,
it also provides information which approach was used by which simulator for benchmark problem C1.2. In
the small icon-like illustrations, the squares represent soil grid elements, the green dots represent the center
of the root, the bold black circles stand for the root perimeter, the dashed/dotted black circles stands for the
sphere of influence of the root and the red circles represent positions in the soil domain at which the soil water
pressure heads are evaluated. The different methods of how to distribute the root water uptake sink term
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Figure 3: Overview of the different approaches to computing the sink terms for root water uptake used by the
different simulators in comparison to the approach used by the reference solution. Left panel: The reference
solution solves the Richards equation in a 3D soil domain in which the root volume is explicitly considered, i.e. the
root domain is cut out of the soil domain. Root water uptake is computed as a boundary condition at the soil-interface
(written in blue). The numerical grid has to be highly refined near the root surfaces. Middle panel: The simulators
disregard the root volume in the soil domain. Root water uptake is computed as sink term of the Richards equation
(indicated in blue). The numerical grid may be coarse compared to the root diameters; this significantly reduces the
computational effort involved. Right panel (top): Methods of distributing the root water uptake source term. At
the continuum level, the root water uptake is either considered as a line, surface, or volume source. Delta or kernel
functions are used to distribute the source terms to the centerline, the root surface, or a tubular support region
around the root. At the discrete levels, they are then distributed to those df (degrees of freedom) that correspond
to the respective support regions (here denoted in blue). Right panel (bottom): Root water uptake is computed
according to the water pressure head difference between the xylem and the soil water pressure head at the soil-root
interface, ψs,r. The different methods include i) averaging the df of the soil element in which the root is located,
ii) interpolating the corresponding df to evaluate the values at certain positions, such as the centerline or the root
surface, or iii) approximating the rhizosphere gradient. The latter method enables the estimation of the rhizosphere
gradients in the order of mm in a coarser (cm scale) soil discretisation.

consider soil grid elements within which the roots are located represented as centerlines, the root cylinder
surfaces, or a volumetric support region around each root are located. The approaches to determine the soil
water pressure head at the soil-root interface include averaging the degrees of freedom corresponding to the
soil grid element within which a root is located (e.g., taking the mean of the 8 nodes of a cubic grid or the
one value of a cell-centered finite volume cell), interpolating the corresponding degrees of freedom to evaluate
values at certain positions (e.g. the root centerline or surface), or methods to approximate subresolution
rhizosphere gradients. For more details about the latter, please refer to Appendix A.
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3 Results

3.1 Infiltration and evaporation benchmarks

Fig. 4 shows the results of the benchmark scenario M2.1, where the infiltration fronts into an initially dry
soil (ψs,i = −400 cm) are computed for the three different soil types (Table 1). The four simulators DuMux,
R-SWMS, OpenSimRoot and SRI each solve the benchmark sufficiently well, both in terms of the shape of
the infiltration front as well as its temporal evolution. The only exception is SRI for loam and clay, where
the front moves too slowly, resulting in deviations from the reference solution of approximately 3 cm in loam
and 20 cm in clay after one-and-a-half days, respectively.

In the evaporation benchmark (M2.2), the four simulators perform well (Fig. 5). In the case of the loam
1 and clay scenarios, the transition time of stage-1 to stage-2 evaporation is slightly overestimated by all
simulators in a similar way. At the top of the soil domain, the benchmark defines a switch in the boundary
condition from Neumann to Dirichlet when the soil water potential reaches a given threshold. This might be a
challenge for the numerical solution as it creates a discontinuity, and is also dependent on the grid resolution.
Some of the simulators (DuMux, OpenSimRoot) offer an implementation of this boundary condition in a
form where the transition from potential to actual transpiration is smoothed. A comparison for the effects
of grid resolution and smooth transition is provided in Fig. S3 for the example of OpenSimRoot. The
smoothed version provided results that were closer to the benchmark, less sensitive to resolution, and a lot
quicker to solve.

3.2 Water flow in roots

All four simulators compared well with the analytical solution in a basic test of water pressure distribution
in a single vertical root (Fig. 6).

We then compared the root water pressure heads in the branched root structure (Fig. 7), comparing the
results of the simulators to the reference solution. This reference solution, based on the hybrid analytical
solution of Meunier et al. (2017b, 2022), is implemented within CPlantBox. The CPlantBox solution is thus
equal to the reference solution.

The scenarios of constant and age-dependent root hydraulic properties differ strongly (Fig. 7 (a) and (b)).
The root water pressure heads in the lateral roots is much less negative in the age-dependent scenario. In the
case of constant root hydraulic properties, the lateral roots do not show strong gradients between their tip
and base, and their root water pressure head is determined by the root water pressure head of the primary
root at the branching point. In the case of age-dependent root hydraulic properties, the lateral roots show a
significant root water pressure head gradient, and the root water pressure head at the tips is equal to a soil
water pressure head of −200 cm. The results of the different simulators all compare well with the reference
solution.

3.3 Root water uptake by a static root system

This section displays the results of the coupled benchmark problems C1 (SRI only took part in benchmark
scenario C1.2a). Fig. 8 shows 1D radially symmetric soil water pressure head gradients around a single
root at the onset of stress (i.e. the time at which the soil water pressure head at the root surface reached
-15,000 cm) as computed by all simulators in benchmark scenario C1.1. For both prescribed fluxes at the
root-soil boundary, the sand scenario was immediately under stress, a fact recognised by all simulators. In
the loam scenario, the numerical solutions of R-SWMS and OpenSimRoot underestimate the soil water
pressure head at the onset of stress, while CPlantBox-DuMux and DuMux_CYL overestimate it for the clay
scenario. The difference between the two groups of simulators is that the former are based on finite element
schemes while the latter is based on finite volume schemes. The results of DuMux_CYL are only provided

Figure 4: Numerical solutions of the infiltration benchmark (M2.1) compared to the analytical solution:
Depth profiles of the volumetric water content, θ, during infiltration in initially uniform dry soils.
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Figure 5: Numerical solutions of the evaporation benchmark (M2.2) compared to the analytical solution:
Temporal evolution of the actual soil evaporation, Eact, for four different soils.

Figure 6: Numerical solutions of the root water pressure head distribution over soil depth in a single vertical
root compared to the analytical solution.

up to 0.5 cm. This is due to the fact that this simulator used a cuboid domain with equal volume of the
cylindrical domain, with edge lengths of 1.06, 1.06 and 1 cm. The stress onset times differ slightly between
simulators, but all are in the correct order of magnitude.

Root water uptake by a static (nongrowing) root system from a drying soil is predicted by the different
simulators in benchmark C1.2. Fig. 9a and 9b show the results of the actual and cumulative actual transpi-
ration for all simulators for both the cases with constant and age-dependent root hydraulic properties. Only
when the simulators accounted for gradients in the rhizosphere (i.e. a solution that considers the drop in soil
hydraulic conductivity near the roots) did the results come close to those of the reference solution. Otherwise,
all simulators largely overestimated the transpiration compared to the reference solution. Different methods
have been used to consider the hydraulic conductivity drop (see Fig. 3 for their hydraulic properties) and
lead to significant improvements in the predicted actual transpiration. Some results slightly overestimated
or underestimated the transpiration compared to the numerical reference solution, but all simulators reached
the correct order of magnitude.

Although the distribution of root water pressure heads in the lateral roots is quite different between
the scenarios with constant and age-dependent root hydraulic properties (see Fig. 7), the overall amount of
transpired water is very similar.

Fig. 10a shows sink term depth profiles of root water uptake for constant root hydraulic properties. The
left column shows the root water uptake at noon, while the right column shows soil water redistribution
during the night. The sink term profiles for the age-dependent case are shown in Fig. 10b. This figure
confirms the need to include the rhizosphere hydraulic conductivity drop to obtain smoother and lower
variations as those obtained by the reference solution.

Figure 7: Numerical solutions of the root water pressure head distributions over soil depth in the branched
root structure (M3.2) compared to the analytical solution (kr: root radial conductivity, kx: root axial
conductance).
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C1.1. The stress onset time in the sand scenario was zero for the reference solution and all the simulators.
(Ref: Reference, CPB: CPlantBox-DuMux, DC: DuMux_CYL, OSR: OpenSimRoot, R: R-SWMS.)

Figure 9: Numerical solutions of root water uptake by a static root system architecture compared to the
solution according to the DuMux explicit interface implementation. The black solid line depicts the potential
transpiration.

Figure 10: Depth profiles of root sink term for water uptake at noon and midnight at three time points.
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4 Discussion

To our knowledge, this is the first benchmarking of functional-structural root architecture models in the
context of root water uptake from soil. Regarding the individual modules, soil water flow models have been
benchmarked before. The water flow in soil benchmarks were taken from Vanderborght et al. (2005) where
solutions of different simulators were compared to 1D analytical solutions of the Richards equation. Further,
more complex benchmarks for water flow in soil include e.g. dual permeability models (Bachmair et al., 2010)
have not been considered here. In our benchmark activity, we learned that all simulators could well predict
the results of the reference solution. As in Vanderborght et al. (2005), the largest discrepancies between
analytical and numerical solutions of the infiltration scenario were found for the clay soil, and the differences
between simulators were in a similar order of magnitude. This is due to the strongly nonlinear hydraulic
functions in this scenario such that the infiltration fronts are very steep. Grid size, convergence criteria and
method of evaluating the soil hydraulic conductivities strongly influence the results. As in Vanderborght
et al. (2005), simulators tend to predict a slightly larger time period for the potential transpiration in the
evaporation scenario. This error could be decreased by reducing the grid size, increasing the maximum
number of iterations in the Richards equation solver or implementing the top boundary condition as a
smooth function.

Models of water flow within roots have to our knowledge not yet been benchmarked before, except of
course the of the comparison of the hybrid analytical solution of Meunier et al. (2017a). Meunier et al.
(2022) showed that the appropriate grid size (root segment length) for the numerical solution is a function
of the desired accuracy and the ratio of the root radial conductivity and the root axial conductance, and
that a segment length of 1 cm could lead to substantial errors of 30%. As the mean segment lengths in our
benchmark scenario M3.2 was 0.8 mm, all simulators obtained very accurate results, as can be expected. The
comparison of rhizosphere models so far has had some focus on nutrient uptake or pH. Numerous authors
compared rhizosphere model outputs to experimental data (e.g. Custos et al., 2020; Samal et al., 2010; Kirk,
1999; Kelly et al., 1992). Nowack et al. (2006) compared different available simulators in their ability to
predict nutrient gradients in the rhizosphere as well as nutrient uptake. The reference solution there was the
approximate analytical solution of Roose et al. (2001). The benchmark scenario C1.1 now provides a similar
comparison for water potential gradients and water uptake by a single root with the steady-rate approach
of Schröder et al. (2008) as the reference solution.

There are several publications comparing root water uptake models, (e.g. de Jong van Lier et al., 2013;
Cai et al., 2018), but they do not explicitly consider the root architecture. Dunbabin et al. (2013) provided a
review about different simulators and Janott et al. (2011) a sensitivity analysis, for root architecture models,
but they do not compare different simulators. de Willigen et al. (2012) compared root water uptake models
of different complexity (1-, 2-, 3D), where one involved a root architecture model (R-SWMS). They found
that the differences between modes was larger in dry than in wet scenarios. Our results show that models
may strongly overestimate root water uptake in dry soils. Benchmark C1.2 was designed to challenge the
coupled root-soil models. As the soil only and root only modules were solved well by the different simulators,
the differences in the results of C1.2 can be mainly attributed to the coupling approaches and how well
the soil water potential gradients that develop around the roots are recognised. In Koch (2022), using a
coupling approach with steady-state rhizosphere gradient in each time step, the modelling error of implicitly
representing the root-soil interface instead of explicitly resolving the interface in the 3D mesh was determined
to affect the predicted transpiration rate by 5% or less depending on the modelled scenario. Previous work
has shown that the root water uptake from dry soil was overestimated when the rhizosphere hydraulic
conductivity drop was not considered, and that the extent of the overestimation was dependent on the soil
grid size (Khare et al., 2022; Koch et al., 2022; Koch, 2020; Schröder et al., 2008). If the grid size is too large,
the rhizosphere soil hydraulic conductivity gradients that may develop in dry soil are underestimated, with
the soil water pressure head at the root-soil interface and root water uptake thus being overestimated. We
have to keep in mind that the reference solution of C1.2 is a numerical solution itself, albeit a more complex
one, as it explicitly resolves the 3D geometry of the root and soil. The reference is thus dependent on the
accuracy of its numerical scheme and on the implementation. However, the simulators with a rhizosphere
version were in good agreement with the reference solution, while other simulators widely overestimated water
availability. We thus concluded that it is necessary to account for the drop in soil hydraulic conductivity in
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dry soil (in absence of any other processes that modify the rhizosphere) in this scenario.

All other benchmark problems are basic tests that should be solved reasonably well before performing
benchmark C1.2. In this study, we learned that all simulators are able to solve benchmarks M2 and M3.
For M3, this is to be expected, given the small segment lengths of the root system architecture (Meunier
et al., 2017a). We can conclude from this exercise that, given the sufficiently small spatial resolution of
the root architecture, the simulators did not have other bugs or mistakes that could have rendered their
solutions inaccurate. We also learned that certain parameterisations, such as the clay in M2 or C1.1, are
more challenging than others. These new insights led to improvements - and may in future lead to further
improvements - of the particular modules of the simulators and help to interpret the results of benchmark
C1.2 in a more informed way.

Fig. 7 shows that scenarios (a) and (b) exhibit opposite behaviour for the distributions of the root water
pressure heads of the lateral roots. For constant root hydraulic properties, the root water pressure head
along the lateral roots is always close to the value of the primary root at the branch point. In contrast, the
distribution of root water pressure heads of the lateral roots in the scenario for age-dependent root hydraulic
properties range between the value of the primary root at the branch point and the local soil water pressure
head at the lateral root tip. This is due to the fact that in the age-dependent root hydraulic properties,
root radial conductivities near the tips are large and decline towards the root base (i.e., the older parts of
the root), while axial conductances are smaller at the root tip and increase towards the root base. This
behaviour was well reproduced by all the simulators. Most of the numerical results of the simulators match
the reference solution remarkably well.

Although it is an approximation to the true solution, the steady-rate solution (Schröder et al., 2008)
offers a suitable way of improving the root water uptake simulations for our benchmark scenario C1.1,
i.e., situations in which soil water potential gradients develop around the root. For all coupled benchmark
scenarios, we created an overview of the different ways of coupling the soil and the root domains as well as
the different methods used to account for rhizosphere resistance to water flow.

In general, the implementation of functional-structural root architecture models in simulation frameworks
requires numerous technical and numerical decisions. To provide an overview of these choices, we created
Figure 3 and Table 2, with the details being described in the main text. A more detailed justification of
the specific choices made for each simulator is beyond the scope of this overview, but can be found in the
documentation for each simulator.

This benchmarking activity was a challenge from the point view of communication and organisation.
During our meetings, we had to address semantic aspects, technical aspects (e.g., the degree of freedom for
each simulator to implement the benchmarks), looking at inconsistencies, proposing or suppressing scenarios,
etc. For the final set of benchmark problems, none of the modellers needed to make any substantial changes
to the code itself to make the implementation of the benchmarks possible. However, issues regarding spatial
grids, convergence criteria, time stepping and computation time had to be addressed (see appendix A for
details). The benchmark problems are now part of the continuous development of the different simulators.

By bringing together different research groups and encouraging them to share results obtained with their
current model implementations, we created a platform to compare and exchange different modelling solutions.
In particular, the willing participation in intentionally challenging problems such as benchmark C1.2 allowed
the modellers to evaluate and refine their current modelling approaches. Overall, the benchmarking exercise
offers an exclusive study into the current state of the art in functional-structural root architecture modelling
and how it is applied over a wide range of modelling groups with different focuses of research. Furthermore,
FSRM with a mechanistic representation of dynamic soil processes is a relatively new kind of modelling, at
least compared to crop models. We hope that this benchmark will help to stimulate new modelling initiatives
and ideas in this field. In future, we plan to expand the benchmark framework to enable further cooperation
and exchange between different simulators.

The reference and different numerical solutions are stored on the GitHub repository (https://github
.com/RSA-benchmarks/collaborative-comparison), and the automated analysis is available in Jupyter
Notebooks. Additional model results may be added to the GitHub repository at any point in the future and
will be automatically included in the comparison.

Future efforts may aim to extend the benchmarks from water flow to further processes, such as solute
transport or rhizodeposition. A further topic for extended benchmarking would be to investigate growing
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root systems, where small errors on root uptake evaluation may (or may not) result in an error growing
with time. Testing bigger and more complex root systems is another challenge for which a reference solution
might not be available. However, an ensemble comparison of different simulators or the use of reference data
may be used for such an evaluation.

Supporting information

Appendix A provides the detailed description of the numerical solution methods applied by the different
simulators. Appendix B provides a derivation of the hybrid analytical solution of water flow inside a branched
root system using exponential functions. Supplementary figure S1 shows a flow chart of the SRI simulator.
Supplementary figure S3 illustrates the dependence of M2.2 results on implementation of the top boundary
condition as well as soil grid resolution.
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Data availability
All simulation results and reference solutions are available through the GitHub repository https://github
.com/RSA-benchmarks/collaborative-comparison. The data should be cited using the relevant doi on
Zenodo, doi: 10.5281/zenodo.7844443.

The codes used to implement the benchmark problems are available from the individual developers upon
request and/or via the following repositories:

DuMux

M2: https://git.iws.uni-stuttgart.de/dumux-repositories/dumux/-/tree/master/test/porousm
ediumflow/richards/benchmarks
M3: https://git.iws.uni-stuttgart.de/dumux-repositories/dumux/-/tree/master/test/porousm
ediumflow/1p/rootbenchmark
C1.1 (rotationally-symmetric): https://git.iws.uni-stuttgart.de/dumux-repositories/dumux/-/tr
ee/master/test/porousmediumflow/richards/annulus
C1.2 (kernel): https://git.iws.uni-stuttgart.de/dumux-repositories/dumux/-/tree/master/test
/multidomain/embedded/1d3d/root_soil_benchmark
C1.1 (1D-3D) and C1.2 (explicit interface): https://git.iws.uni-stuttgart.de/timok/dumux-rootsoi
lbenchmarking

CPlantBox-DuMux

M2: https://github.com/Plant-Root-Soil-Interactions-Modelling/dumux-rosi/tree/master/py
thon/soil
M3: https://github.com/Plant-Root-Soil-Interactions-Modelling/dumux-rosi/tree/master/py
thon/roots
C1.1 and C1.2: https://github.com/Plant-Root-Soil-Interactions-Modelling/dumux-rosi/python
/coupled/
C1.2rhizo: https://github.com/Plant-Root-Soil-Interactions-Modelling/dumux-rosi/python/cou
pled_rhizo/

OpenSimRoot
https://gitlab.com/rootmodels/OpenSimRoot/-/tree/OpenSimRoot_v2_benchrun/OpenSimRoot/tes
ts/benchmarks2020

SRI
The code is available from the author upon request (claude.doussan@inrae.fr).
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A Detailed description of the numerical solution methods applied

by the different simulators

In this section, we describe the numerical approaches used by the different simulators in each of the bench-
marks in detail.

A.1 DuMux

DuMux is a generic modular C++ framework specializing in flow and transport in porous media (Flemisch
et al., 2011; Koch et al., 2021) and is based on the Distributed Unified Numerics Environement (DUNE)
(Bastian et al., 2021). DuMux implements various finite volume and control-volume finite element discreti-
sation methods in space, implicit and explicit Euler discretisation in time (see below for the discretisation
schemes employed for each benchmark), and a generic Newton method based on a numerical approximation
of the Jacobian matrix of the possibly nonlinear discretised porous flow equation. Moreover, it provides
a framework to couple PDEs posed on different domains or using different discretisation methods (Koch
et al., 2021) and to solve coupled problems monolithically, i.e., in an approach where all equations are solved
simultaneously. An overview of implemented mathematical models and processes in the context of root-soil
interaction is given in Koch et al. (2018). The generic DUNE grid interface (Bastian et al., 2008) supports
both structured and unstructured locally adaptive grids (Alkämper et al., 2016) as well as embedded network
grids (Sander et al., 2017).

Implementation of benchmark problems M2 The Richards equation was solved using a cell-centered
finite volume scheme with two-point flux approximation (TPFA) as spatial discretisation (Koch et al., 2021)
using the arithmetic mean of the hydraulic conductivity in the approximation of the numerical flux. In time,
we discretised with an implicit Euler scheme. The nonlinear discrete equation is solved with a quasi-Newton
method where the Jacobian is approximated by numerical differentiation of the residual.

In benchmarks M2.1 and M2.2, we used a structured Cartesian grid with a vertical resolution of 1,000
cells and only 1 cell in the horizontal directions (quasi-1D). The grid was locally refined towards the surface.
Automated time stepping was based on the number of Newton iterations. To mimic the analytical solution,
gravity was considered in benchmark M2.1 and disregarded in benchmark M2.2. The switch from Neumann to
Dirichlet boundary conditions at the top of the soil domain in the evaporation benchmark scenario M2.2 was
implemented by only prescribing Neumann boundary conditions, but taking the minimum of the potential
and critical evaporation rates (where the critical evaporation rate is the rate needed to maintain the soil
water pressure head at the top at the critical soil water pressure head).

Implementation of benchmark problems M3 Darcy’s equation was solved on the network with a
vertex-centered finite volume scheme (also referred to as Box method or control-volume finite element scheme
with linear Lagrangian basis functions (Huber and Helmig, 2000)). We used the root mesh provided and
refined each element once. The numerical solution was verified numerically to converge against the analytic
solution with a second order grid refinement in L2-norm, as expected.

Implementation of benchmark problem C1.1 Benchmark C1.1 was implemented as a coupled prob-
lem (using a cuboid soil domain with equal volume discretisation by an unstructured grid that is locally
refined around the root but does not conform to the root-soil interface) with negligible resistance in the root
and Neumann boundary condition on the root collar. As monolithic coupling method, we used a generic
(discretisation-agnostic) method to couple tubular network domains to their embedding domain described
in Köppl et al. (2018) (DuMux-CYL). The sink term is distributed on the implicit root surface (surface
sink term), and the soil water pressure head in the coupling term is evaluated as the perimeter-average of
the soil water pressure head. We discretized Darcy’s equation in the root with a cell-centered finite volume
method (TPFA) and the Richards equation in the soil with a vertex-centered finite volume method (Box).
Adaptive time stepping based on the number of Newton iterations was used. The time steps at the end of the
simulation were chosen in such a way that the critical root collar pressure head is reached within a relative
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error of 10−3. In each time step, the coupled system is solved using Newton’s method. The Jacobian of the
monolithic system contains entries for the degrees of freedom (df) in both the root and the soil domain, and
is approximated by numerical differentiation of the residual.

Implementation of benchmark problem C1.2 In addition to the reference solution described above,
DuMux contributed to benchmark C1.2 using the “implicit interface with kernel support” (DuMux-ks)
method. This method disregards the roots in the soil domain and instead of a boundary condition, the
coupling term appears as a macroscopic sink term in the Richards equation where the soil water pressure
head used in the coupling is conceptually given by the perimeter-average of the soil water pressure head on
the root-soil surface (Koch et al., 2022). Moreover, the sink term is distributed around each root segment
in a fixed local cylinder whose radius is three times the radius of the root (independent of the mesh size).
The distribution of the source in a fixed region regularizes the soil water pressure head solution locally in
the vicinity of the root. The perimeter-average of the soil water pressure head is thus a bad approximation
of the pressure head at the soil-root interface. Therefore, it is instead reconstructed based on the soil water
pressure head evaluated at the root centerline and the local analytic solution of the steady Richards equa-
tion on a disc (Koch et al., 2022). The solution obtained using the “implicit interface with kernel support”
method is an approximation of the solution obtained using the “explicit interface” method. The model error
was numerically estimated by Koch et al. (2022) (about 3% differences in local source terms in challenging
(dry soil) problems in steady state). We discretized Darcy’s equation in the root domain and the Richards
equation in the soil domain with a cell-centered finite volume method (TPFA). The structured Cartesian
regular soil grid had 7680 cells (diameter 0.86 cm). The runtime for the cases in C1.2 was about 2 minutes
on a standard laptop.

Most of the benchmark cases are now also part of the continuous integration pipelines of DuMux (see
code availability).

A.2 CPlantBox-DuMux

In this benchmark, CPlantBox (Zhou et al., 2020; Schnepf et al., 2018) is used as functional-structural
modelling framework. The soil subproblems are solved using DuMux, while the root subproblems and the
coupling are solved with CPlantBox.

CPlantBox, written in C++ and Python, is a functional-structural plant architecture model that creates
dynamic 3D plant geometries (Zhou et al., 2020; Schnepf et al., 2018). In this benchmark, we focus exclusively
on static root architectures. CPlantBox supports various grid or parameter input formats and offers auxiliary
functions to support functional-structural plant modelling and coupling to external solvers. CPlantBox can
solve water flow on root grids using either the Doussan model (Doussan et al., 2006), i.e. a Darcy-type
axial flow model in which the axial flow is proportional to the root water pressure head gradient between two
nodes, and with a root water uptake source term that is proportional to the pressure head difference between
the xylem and the root surface. Alternatively, the hybrid analytical-numerical solution described in appendix
B by Meunier et al. (2017b) can be used. At known soil water pressure head, the solution is independent
from the spatial discretisation (root segment length). Furthermore, CPlantBox offers an interface to couple
the root architecture with soil grids and enables the use of external solvers for the soil model via Python
bindings. In this application, DuMux was used to solve the soil subproblems.

Implementation of benchmark problems M2 The soil problems were solved with DuMux (see M2
description of DuMux).

Implementation of benchmark problems M3 The root-only problems were solved using the CPlant-
Box implementation of the analytical solution for a single root (M3.1) and the hybrid analytical solution for
a root system (M3.2), respectively. The CPlantBox solution is thus equal to the reference solution.

We used the root architecture provided as the numerical grid that determined the nodes and edges of the
tree graph representation of the root system (i.e. we did not restructure the numerical grid). The flow along
each edge is computed by the analytical solution for a single root. As described in Meunier et al. (2017b),
the graph Laplacian is then used to compute the water volume flowing into or out of each node.
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Implementation of benchmark problem C1.1 Although the reference solution only considers the
rhizosphere from the root surface to the bulk soil and is, therefore, essentially a soil-only problem with
the root defining one boundary condition, we implemented benchmark C1.1 as a coupled problem of a soil
cylinder with a height of 1 cm and a radius of 0.6 cm, and a single vertical root in the middle. Therefore,
we first determined the root collar boundary condition as a volumetric flow rate, Qx,collar, from the given
flux at the root boundary, qroot, as Qx,collar = 2rrootπqrootlroot, where rroot and lroot are the root radius and
length, respectively. To simulate the horizontal water flow towards the root, the cylindrical soil domain was
discretised as follows: Using PyGmsh (Schlömer, 2022), a triangular mesh of a disk with a mesh size of 0.5
mm was extruded in the z-direction with one layer to obtain a pentahedral mesh of a quasi-2D soil domain.

The soil subproblem was then solved with DuMux, using a cell-centered finite volume scheme with TPFA
in space and an implicit Euler scheme in time. The root subproblem was solved using the analytical solution
for a single root, automatically switching from Neumann to Dirichlet boundary condition when the xylem
water pressure head at the root collar reached the wilting point. The root water uptake sink term for each
soil control element is computed as the sum of the water uptake by each root segment whose centerline is
located within it. The root water uptake by each root segment is computed based on the water pressure
head difference between the xylem and the respective soil control element. As we use a finite volume scheme,
there is only one value per soil control element.

For the sequential coupling, we used explicit time stepping with a coupling time step of 2.4 h. In each
coupling time step, xylem water pressure heads are computed based on the current soil water pressure heads
and the root collar boundary condition. The root water uptake for each root segment is then computed,
obtaining the sink terms for the soil control elements. They are defined for the subsequent solution of the
soil subproblem using DuMux. The solution of the soil subproblem itself uses automated time stepping, as
described above. The next time step starts with these updated soil water pressure heads.

At the onset of stress (i.e. −15, 000 cm at the root collar), we sampled the soil water pressure heads
along a radial line between the center axis and the outer edge of the soil cylinder at 40 sampling points.

Implementation of benchmark problem C1.2 To solve benchmark C1.2, we used a regular cubic grid
with an edge length of 1 cm to discretise the soil domain and provided an RSML-file for the discretisation
of the root architecture as tree graph. As in the previous benchmarks, the soil subproblem was solved by
DuMux, and the root subproblem was solved according to the CPlantBox implementation of the hybrid
analytical-numerical solution of Meunier et al. (2022).

For the sequential coupling, we used a time step of 360 s and the same coupling scheme described in
benchmark C1.1. We implemented two setups: In the first setup, we set the soil water pressure head at the
soil-root interface to be equal to the soil water pressure head of the soil control element in which the axis of the
corresponding root segment was located. In the second setup, we used a sink term definition that explicitly
considers subresolution drops in soil water pressure head in the rhizosphere under dry soil conditions. This
approach is described in detail by Mai et al. (2019). In brief, we solve a 1D radially symmetric rhizosphere
model for each root segment in a mass conservative way: At the start of the simulation, we define hollow
soil cylinders around each root segment in such a way that the sum of volumes of the hollow soil cylinders
equals the volume of the soil control element, in this case 1 cm3. The inner radius of each hollow cylinder is
equal to the root radius. The outer radius is computed by dividing the volume of the soil control element
between all the root segments within it, proportional to their root volumes. The initial conditions are set
to be homogeneous and equal to the value of the soil control element. For each 1D radial model, we used a
logarithmic discretisation of 10 grid points, with more grid points near the root surface. In each time step,
all the 1D radial models are solved with DuMux, using a model capable of radial symmetry and the results
of the previous time step as initial condition. The rhizosphere models thus link the root subproblem with
the (macroscopic) soil subproblem. For each time step, the net influx (positive or negative) into each soil
control element is divided among all rhizosphere models proportionally to their root segment volumes and
prescribed as the outer boundary conditions to the rhizosphere models.

When using the rhizosphere models, the sequential coupling scheme is adapted in such a way that we
first solve the root subproblem, which provides us with the xylem pressure heads. We then solve the local
rhizosphere models, which provides us with the root water uptake values for each root segment, and finally,
we solve the soil subproblem with the given root water uptake sink terms.
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A.3 OpenSimRoot
OpenSimRoot is written in C++ and is a functional-structural plant model used to describe the function-
ality and growth of root systems (Postma et al., 2017). The models and interactions used in a simulation
are specified in XML-formatted input files (Schäfer et al., 2022). The code was written to be modular,
meaning that little knowledge - beyond that of the API - is needed to implement new models. Plant growth
is determined by growth rates specified in the input file and can be altered based on plant nutrient and
carbon status as well as local soil conditions.

To implement coupled systems of partial, ordinary, and algebraic equations, OpenSimRoot uses a
loosely coupled approach. The general coupling scheme for simulating over time uses the predictor-corrector
method, Runge-Kutta 4 by default. The individual ordinary differential equations (ODEs) and partial
differential equations (PDEs) are each solved with individual time steps and the exchange of information
using linear interpolation. To avoid interpolation errors, the time steps are frequently synchronized.

The benchmarks problems are fully defined in the input files, which can be downloaded at https:
//jugit.fz-juelich.de/rootmodels/OpenSimRoot/-/tree/OpenSimRoot_v2_benchrun/OpenSimRoot/t
ests/benchmarks2020. We added them to our standard code testing and wrote scripts (R/Python/Shell)
for each benchmark, converting the output of OpenSimRoot to the format required by the benchmarks.

Implementation of benchmark problems M2 The Richards equation solver is a C++ implementation
of the SWMS3D code (Simunek et al., 1995), but with many simplifications. It still uses the same finite
element scheme, which is implicit in time, using a fixed point iteration until convergence is reached (Huyakorn
and Pinder, 1983). The time step is reduced (and repeated) if the system fails to converge. From the
benchmarks, we learned that allowing more iterations is a faster strategy than aggressively reducing the
time step. The equation system is solved with a PCG (preconditioned conjugate gradient) solver, and the
benchmarks required a relatively high level of precision (1 × 10−15). In rare cases, the convergence of the
PCG solver was slow, and we programmed the code to restart the time step with a smaller delta.

To run the benchmarks, we had to make some changes to the code. These changes were related to (1) the
water retention curve implementing the standard van Genuchten curve, (2) increasing the precision of the
PCG solver, (3) increasing the maximum permitted iterations of the time solver of the Richards equation,
and (4) less aggressive scaling of the time step of the solver of the Richards equation. The corresponding
code is found in the “benchmark branch” of the git repository https://gitlab.com/rootmodels/OpenSimR
oot/-/tree/73ea68dd45e3c1fef5f43e0f38b5472807069a76. This branch has a macro that can compile
with or without the zero-gravity assumption, depending on the requirements of the different benchmarks.

M2.2 was a difficult benchmark to solve, as the switch from Neumann to Dirichlet causes a discontinuity.
To represent the switch from Neumann to Dirichlet boundary conditions in the evaporation benchmark
scenario M2.2, OpenSimRoot defines a smooth function at the top of the soil domain, which is intended to
reduce the potential evaporation ahead of reaching the condition for the Dirichlet switch. A transition period
thus smoothes the problem between potential evaporation and the switching to Dirichlet, which speeds up
the simulation considerably and makes it less sensitive to spatial resolution.

Implementation of benchmark problems M3 The root system is represented by nodes with associated
root lengths. Since OpenSimRoot has no notion of non-growing static root systems, the root systems were
implemented to grow (quickly) to size and then stop growing. The benchmarks have corresponding time
offsets. The OpenSimRoot input files contain tables with the time-dependent location of each root tip,
ensuring that the root system grows as defined by the benchmarks. The root system is represented by a
hydraulic tree, and the corresponding system of linear equations is solved with a PCG solver.

Implementation of benchmark problem C1.1 In benchmark C1.1, we aggregated the nodal values in
3D to 1D radial distances by linear interpolation.

Implementation of benchmark problem C1.2 The root system is represented by nodes with associated
root length. During the growth of the root system, the creation of the nodes is broadcasted and registered
by the Richards equation solver, which maps their location to the nearby nodes in the rectangular finite
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element grid. Using an inverse-distance-weighted average, the values in the grid and the values on the nodes
can be (bidirectionally) mapped to set both the sink term and the hydraulic head at the root surface. Both
are updated during every iteration of the time solver of the Richards equation solver. Two parameters can
be set: the maximum distance for the neighborhood search and the exponent of the (inverted) distance used
to determine the weight of each nearby node. Spreading the sink terms over several nodes thus stabilises the
solution. OpenSimRoot treats individual differential equations as “mini models” (independent class), which
communicate over a common, request-driven, API. For example, the Richards equation solver requests the
water uptake of all root segments, and these, in return, request this to be computed by the module solving
the hydraulic root architecture model. For any given soil water pressure heads at the root surfaces, this
model is a steady-state model as described by Doussan et al. (1998). The root hydraulic architecture model
requests the soil water pressure heads from the Richards equation solver, which resolves them based on the
current (predicted) root water pressure heads. The original request of the Richards equation is thus resolved,
and the process is repeated for the next fixed-point-iteration of the coupled problem.

Benchmark C1.2 creates a strong difference between the radial conductivity of the roots and the rhizo-
sphere when the soil is drying, making it grid-resolution sensitive and very difficult to solve. We implemented
a “rhizo” version, which assumes that the radial hydraulic resistance includes both the root radial resistance
(i.e., the inverse of the root radial conductivity kr) and a rhizosphere resistance. We define the radial resis-
tance as: 1/Ktotal = 1/ (Srootkr) + w/(KsoilSroot), where Sroot (cm2) is the root segment surface area, and
w (cm) is an arbitrary weight that worked well with a value of 4.

A.4 R-SWMS

R-SWMS (Javaux et al., 2008) is a simulator written mainly in Fortran, which solves the 3D water flow and
solute transport equations in the soil, in the plant root system (considered as a 1D connected network, i.e.,
a hydraulic tree), and the exchanges between them via a source/sink term approach. In other applications,
root development and maturation may be simulated, potentially in response to soil mechanics, heat, and the
distribution of solutes in the soil (Landl et al., 2017; Somma et al., 1998; Clausnitzer and Hopmans, 1994).

The numerical solution for the water flow equation in R-SWMS is almost identical to the SWMS_3D
code proposed by Simunek et al. (1995). The Richards equation is solved using the Galerkin finite element
method. The discretisation of the flow domain is realized by dividing it into cubical elements and subdividing
each cube into 5 tetrahedral subelements. This is different than in the original code of Somma et al. (1998),
where half cubes were subdivided into 3 elements each. The corners of the subelements are the domain nodes.
This procedure leads to a system of ordinary differential equation. The original code was also adapted to
solve the Richards equation based on the mixed form of the Richards equation, enabling an accurate mass
balance (Celia et al., 1990) with an implicit method for time solution. The resulting nonlinear system of
equations is solved by Picard iteration.

The soil module can either be coupled with a static (i.e., no root growth) or with a dynamically growing
root system. Multiple independent growing plants can be simulated. The steady-state water flow equations
in the plant-root system described by Doussan et al. (1998) are solved with a linear solver. The coupling
between the soil and the root water fluxes within a time step is realized by sequentially solving both systems
of equations until convergence is reached for the water pressure head in roots and soils and for fluxes. The
sink term for the Richards equation is calculated based on the volumetric average of the uptake fluxes
simulated by the Doussan equations. The water pressure at the soil-root surface of the segment used in the
Doussan equation was derived from the water potentials at the soil nodes using the inverse distance-weighted
average of the pressure heads of the surrounding soil grid nodes. If the segment crosses multiple voxels, the
segment is divided into subsegments and a specific water pressure at the soil-root surface is calculated per
subsegment and then averaged.

Implementation of benchmark problems M2 In benchmarks M2.1 and M2.2, we used a structured
Cartesian grid with a constant vertical resolution of 0.2cm resulting in 1,000 cells, and with only 1 cell (1
cm x 1 cm) in the horizontal directions (quasi-1D). In the event of non-convergence, the tolerance on the
soil pressure head was increased (up to 0.1 cm).
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Implementation of benchmark problems M3 Water flow in the root system was solved for one time
step in a uniform soil with a soil conductivity of 0 cm/d and a soil hydraulic capacity of 0 (van Genuchten
parameter α set to infinity).The root nodes of the RSML file were transformed into the input file format of
R-SWMS via a Matlab routine.

Implementation of benchmark problems C1.1 and C1.2 To calculate the soil resistance at the
infra-voxel scale due to the soil conductivity drop around roots, an additional module was used in R-SWMS
(R-SWMS-Rhizo). The local water flow within the voxel is represented by the water potential difference
between the xylem and the voxel edge and two hydraulic resistances in series: the radial root resistance and
the effective infra-voxel soil resistance. The radial root resistance of each root node of the hydraulic tree is
then replaced by the sum of the two hydraulic resistances in series. The infra-voxel soil hydraulic resistance is
calculated at each iteration from the steady-rate axisymmetrical solution of the Richards equation towards
the soil-root interface from Schröder et al. (2008). When multiple roots were present, the superposition
approach of Beudez et al. (2013) was used. The sequential coupling between the soil and the root systems
within a time step is realized with iterations between soil finite element solution for soil water potential and
the uptake flux rates, resulting in the simultaneous solution of soil grid water potential, root xylem potential
and root water uptake rates. To avoid instability in the code, the maximum number of iterations was set at
5 to calculate the radial resistance. This infra-voxel solution can be omitted if it is not required.

A.5 SRI

SRI is a modular framework for investigating soil water flow and root uptake. It is based on C++ object-
oriented codes that can be run independently or coupled. The 2D/3D soil water flow model is based on the
generic finite element framework FAFEMO (Mesgouez and Lefeuve-Mesgouez, 2009) and adapted to solve
the Richards equation based on the mixed form of the Richards equation, enabling accurate mass balance
(Celia et al., 1990) with an implicit time solution method. Regular or unstructured tetrahedral meshes can
be used. The root architecture models that can be currently used are Pmais (Pagès et al., 1989), RootTyp
(Pagès et al., 2004), ArchiSimple (Pagès et al., 2014), or an RSML file as root input. The root system
function for water uptake and transport within the root system is modelled following Doussan et al. (1998).
The soil model can either be coupled with a static (i.e., no root growth) root model, or with a dynamically
growing root model. The general algorithm for the solution is given in the flowchart S2.

Implementation of benchmark problems M2 The FAFEMO-Richards finite element solver was used
without adding the root components. For M2.1, the soil was meshed with a uniform cell grid size of 1 cm,
formed with tetrahedral elements. For the evaporation case of M2.2, we needed to decrease the z mesh size
down to 0.5 mm at the soil surface, with a geometric increase with depth to 8 mm (mesh size is 4 mm in x, y
direction). The 1 cm regular meshing was found to result in large errors compared to the reference solution.
In both M2.1 and M2.2, the maximum time step was restricted to 100 s.

Implementation of benchmark problems M3 The root nodes of the RSML file were used in the
“hydraulic tree model” of root architecture, without adding any additional nodes for computation. A code
was developed to translate RSML nodes encoded in the description of the root architecture and graph for
root flow calculations according to Doussan et al. (1998).

Implementation of benchmark problem C1.1 Did not participate.

Implementation of benchmark problem C1.2 In order to solve the fine infra grid size local gradient
of water potential near roots, within a larger mesh element size (i.e. about 1 cm), the analytical 3D spherical
solution of steady-rate unsaturated flow is used for each segment within the element with an equivalent inner
sphere of the same surface area as the cylindrical root segment, and an external radius of the same size as
the mesh element. The mean soil mesh voxel water potential is imposed on the external radius while the
root uptake flux rate is imposed on the internal radius. The influence of other root segments located within
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the external radius (i.e., within the mesh cell or in neighbouring cells) on the water potential drop can be
accounted for using a superposition approach described (in 2D) by Beudez et al. (2013). The water potential
at the root segment surface can be determined from the non-linear system of equations (root flow-Kirchhoff
transform of soil water analytical solution) using a Picard iterative method, an under-relaxation and vector
acceleration algorithm derived from the Aitken method (Ramière and Helfer, 2015). With this solution, the
total root uptake is introduced as a distributed root sink in the finite element solution. A global soil-plant
solution within the time step is found from iterations between the soil finite element solution for soil water
potential and the uptake flux rates (see flowchart in Fig. S2) resulting in the simultaneous solution of soil
grid water potential, root xylem potential and root water uptake rates. The infra-voxel rhizosphere solution
can be turned off, and the solution is only obtained from the convergence of uptake incorporated in the
distributed root sink term. Here ,the water potential at the root surface, which is used to calculate the water
uptake of root segments in a grid element, is simply the average of the soil water potential of nodes of the
grid element. Similar to M3, the root RSML file was used without adding additional nodes for root flow
calculations. Soil mesh elements were 1 cm in size with or without infra-voxel rhizosphere calculations. The
maximum number of fixed point iterations used for the infra-voxel rhizosphere solution had to be increased
(from about 100 to more than 5,000) to ensure convergence combined with small time steps, although this
was at the expense of calculation time. This was more evident for C12b where the simulation over the entire
3 days was not possible with a sufficiently reasonable computation time. Therefore, SRI results are only
available for benchmark C12a.

B Derivation of the hybrid analytical solution of water flow inside
a branched root system

We describe the water flow within the root xylem as Darcy-type flow, and with a root water uptake source
term that is proportional to the pressure difference between xylem and root surface (Roose and Fowler, 2004;
Doussan et al., 2006).

The axial volumetric flow rate qx [cm3 day−1] in an individual root segment is given by

qx = −kx
(
∂ψx
∂l

+ ez · v
)
. (2)

The parameter kx is the axial conductance [cm3 day−1], ψx is the pressure inside the xylem [cm], ez the unit
vector in z-direction [1], and v the normed direction of the xylem [1]. Thus above equation can be expressed
as

qx = −kx
(
∂ψx
∂l

+ v3

)
, (3)

where v3 is the z-component of the normed xylem direction.

The radial volumetric flow rate qr [cm3 day−1] into the root is given by

qr = 2aπkrdl(ψs − ψx), (4)

where a is the root radius [cm], dl is a infinitesimal length [cm], kr is the radial conductivity [day−1], and
ψs is the soil water pressure head at the soil root interface [cm].

For a constant kx along each segment mass conservation yields

2aπkr(ψs − ψx) = −kx
∂2ψx
∂l2

. (5)

B.1 Analytical solution for a single root segment
For constant ψs, kr > 0 and kx > 0 we can solve above equation (Eqn. 5) yielding the analytical solution

ψx(l) := ψs + die
τl + dje

−τl (6)
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with

τ :=
√
2aπkr/kx (7)

[cm−1]. The constants di, and dj [cm] can be calculated from the boundary conditions (equals Meunier et al.
(2017b), B1).

Note that for kr = 0 or a = 0 the solution of Eqn. 5 simplifies to

ψx(l) := diz + dj . (8)

First we apply Dirichlet boundary conditions at the beginning (l = 0), and the end (l = L) of a single
segment, i.e.

ψx(0) = ψx,i (9)
ψx(L) = ψx,j , (10)

where ψx,i and ψx,j denote the root water pressure heads at node i and j of a segment sij . They are inserted
into the analytic solution and yield the two equations(

1 1
eτL e−τL

)(
di
dj

)
=

(
ψx,i − ψs,r
ψx,j − ψs,r

)
. (11)

From these equations we can calculate the constants di, and dj [cm]:(
di
dj

)
= δ−1

(
e−τL −1
−eτL 1

)(
ψ̄i
ψ̄j

)
(12)

with

δ := e−τL − eτL, (13)

and

ψ̄i := ψx,i − ψs,ij (14)
ψ̄j := ψx,j − ψs,ij , (15)

where ψs,ij is the soil water pressure head around the segment connecting node i and j is constant. For the
simpler case kr = 0 or a = 0 we obtain(

di
dj

)
=

(
(ψx,j − ψx,i)/L
ψx,i

)
. (16)

B.2 Analytical solution for connected segments
Multiple segments are connected to represent the root system. We first use the solution for a single segment
with node indices i and j for the case of two Dirichlet boundary conditions (see Eqn. 11) and with the
constants di and dj (see Eqn. 12) we can write down the axial volumetric flow rate, as

qx = −kx
(
∂ψx
∂z

+ v3

)
(17)

qx,ij(l) = −kx
(
diτe

τl − djτe
−τl + v3

)
(18)

(Meunier et al. (2017b), B2).. Inserting the constants di and dj (see Eqn 12) yields the explicit axial
volumetric flow rate equation

qx,ij(l) = −kx
(τ
δ
[(e−τLψ̄i − ψ̄j)e

τl − (−eτLψ̄i + ψ̄j)e
−τl] + v3

)
(19)
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Evaluation of the axial volumetric flow rate at node i, i.e. l = 0 yields

qx,ij(0) = −kx
(τ
δ
[(e−τL + eτL)ψ̄i − 2ψ̄j ] + v3

)
. (20)

For conservation of mass in each node i the sum of all axial volumetric flow rates have to cancel out:∑
j∈N(i)

qx,ij(0) = 0, (21)

where N(i) are the indices of the segments sij starting from node index i to j.

The explicit axial volumetric flow rate q,ij(0) can be expressed as linear equation in ψ̄i and ψ̄j , and for
fixed i conservation of mass yields ∑

j∈N(i)

ciiψ̄i + cijψ̄j − kxv3 = 0 (22)

and if we solve for ψx, we obtain ∑
j∈N(i)

ciiψx,i + cijψx,j − bi = 0 (23)

with

cii := −kx
τ

δ
(e−τL + eτL) (24)

cij := 2kx
τ

δ
(25)

bi := kxv3 + ciiψs,ij + cijψs,ij , (26)

with units cii, and cij [cm2/day], and bi [cm3/day].

The soil water potential only enters on the right hand side. To solve for ψx we need to solve

Cψx = b. (27)

The results ψx depend on the pressure head at the root-soil interface ψs and the root collar boundary
condition. For a Neumann boundary condition the load vector b is altered accordingly, for Dirichlet boundary
condition the row of the root collar is altered in matrix C and vector b.

B.3 Implementation
The model and corresponding solutions are implemented in CPlantBox in Python. For performance reason
the assembling of the matrix is additionally implemented in C++. The solving of linear system is done in
Python using SciPy.
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Figure 1
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Figure 2
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Figure 4
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Figure 5
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Figure 6
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(a) Constant kr and kx (b) Age-dependent kr and kx

Figure 7
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Stress onset times
Loam Clay

qr = 0.1 cm/day
Ref 10.0 8.5
CPB 10.1 8.4
DC 10.0 8.5
OSR 11.1 9.2
R 10.2 8.4
qr = 0.05 cm/day
Ref 21.2 17.5
CPB 21.1 17.4
DC 20.9 17.5
OSR 23.1 18.8
R 21.3 17.3

Figure 8
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(a) Constant kr and kx (b) Age-dependent kr and kx

Figure 9
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(a) Constant kr and kx (b) Age-dependent kr and kx

Figure 10
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