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A B S T R A C T

Minirhizotrons (MR) enable non-destructive investigation of plant root systems in the field. However, MR images 
only provide information about root systems in the 2D plane, whose relationship to 3D root system measures 
remains unclear. This study uses model simulation to investigate the relationship between planar root length 
density (pRLD) as determined from MR images and volumetric root length density (vRLD) in the field.

We set up a virtual MR facility resembling the field MR facilities in Selhausen. Root systems of maize and 
winter wheat were grown around horizontally laid rhizotubes in a virtual field setup using the root architecture 
model CPlantBox. We calculated pRLD from virtual MR images, as well as vRLD from virtual soil layers.

Our simulations confirmed experimental observations of weak correlations between pRLD and vRLD in topsoil, 
and of strong correlations in subsoil. The ratio of vRLD to pRLD remained relatively constant across the entire 
subsoil depth. The greater the heterogeneity in the distribution of root length density or in the anisotropy of root 
growth across depth, the higher the ratio of vRLD to pRLD. Different numbers of MR images led to similar mean 
pRLD values if the MR images were distributed evenly along the rhizotube length. Larger rhizotube diameters 
resulted in lower vRLD-to-pRLD ratios, while different plant densities had no effect.

Model simulation provides valuable insights into the factors influencing the relationship between pRLD and 
vRLD. It also draws attention to the potential and limitations of using minirhizotron image data, making it a 
useful complement to experimental studies.

1. Introduction

The ability of a plant to take up water and nutrients from the soil is 
largely determined by the structure of its root system. Knowledge of the 
size and distribution of root systems in the soil is therefore crucial for 
optimizing plants in terms of efficient water and nutrient utilization, 
drought resistance, and optimal yields. However, due to the opaque 
nature of the soil, it is difficult to examine root systems in the field. One 
well-established method for the non-destructive investigation of plant 
root systems in the field are minirhizotrons (MR), which consist of 
transparent tubes that are buried in the soil and in which images of roots 
growing along the tubes can be taken (Johnson et al., 2001; Box Jr. and 
Ramsuer, 1993; Heeraman and Juma, 1993; Vos and Groenwold, 1987). 
While it used to be a labor-intensive and time-consuming task to analyze 

such images (Cai et al., 2016; Garré et al., 2011), recent advances in 
deep learning approaches have enabled the processing of a large number 
of images with minimal user intervention and the automatic segmen
tation of roots from the image background (Bauer et al., 2022; Smith 
et al., 2020; Khoroshevsky et al., 2024). For this reason, the use of MR 
systems to study root systems in the field is experiencing a new renais
sance 40 years after their invention with many recent publications (e.g. 
Böske et al. (2025), Holder et al. (2025), Black et al. (2017) and Lärm 
et al. (2024)).

One of the most frequently used root traits from MR studies is the 
root length density in a given soil volume, i.e., the volumetric root 
length density (vRLD) (Holder et al., 2025; Cai et al., 2018; Garré et al., 
2011; Haarhoff et al., 2021; Geng et al., 2023). However, MR images as 
2D windows into the soil only show root length per image area, i.e. the 
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planar root length density (pRLD) (Wacker et al., 2024). Various studies 
have raised doubts as to whether pRLD can be used to make meaningful 
statements about vRLD (Wacker et al., 2024; Bernier and Robitaille, 
2004; Rytter and Rytter, 2012). Differences in soil texture, plant species, 
environmental conditions or soil depth may lead to variations in the 
relationship between pRLD and vRLD (Wacker et al., 2024). Further
more, because of the heterogeneity of the soil and the stochastic nature 
of root systems, many MR images are required to obtain reliable pRLD 
values. Despite these doubts, numerous studies have found strong cor
relations between root length derived from MR images and vRLD from 
soil cores for different plant species including wheat (Arnhold et al., 
2024; Box Jr. and Ramsuer, 1993; Ephrath et al., 1999), barley and faba 
bean (Heeraman and Juma, 1993), potato and field bean (Vos and 
Groenwold, 1987), cauliflower (Kage et al., 2000), maize (Liao et al., 
2015; Samson and Sinclair, 1994) and tomato (Machado and Oliveira, 
2003). It can therefore be assumed that the relationship between pRLD 
and vRLD varies depending on genetic and environmental factors as well 
as on the specifications of the MR system and the imaging procedure, but 
it is not yet clear in what way.

Different genetic and environmental conditions influence the geo
metric properties of root systems, which can be characterized by sys
tematic trends, anisotropy of root growth, and root clustering 
(Grabarnik et al., 1998; Logsdon and Allmaras, 1991; Bengough et al., 
2000; Tardieu, 1988). Systematic trends describe variations in root 
length density on a scale ranging from the root system to the field and 
are expected to influence the relationship between pRLD and vRLD, as 
variations in root length density will lead to different probabilities of a 
root being detected on an MR image. Root growth anisotropy describes a 
non-uniform orientation of roots in different directions and may give a 
bias to the root length detected on MR images (Baldwin et al., 1971; 
Lang and Melhuish, 1970). Root clustering defines the grouping of roots 
in the soil due to root branching and the location of plant rows on the 
scale of a few cubic centimeters and influences the relationship between 
pRLD and vRLD if the proportion of root clusters detected on MR images 
is not equal to the proportion of root clusters present in the soil (Tardieu, 
1988; Logsdon and Allmaras, 1991).

Direct measurement of volumetric root measures in the field is 
limited to soil cores or soil monoliths, which represent only a small part 
of the root system and are not necessarily representative of the ground 
truth values within an entire soil layer (Morandage et al., 2019; Buczko 
et al., 2009). Furthermore, field measurements are limited to a specific 
experiment with a given setup of the MR system and the imaging pro
cedure. Simulation models that describe root system architecture in 3D 
and allow for many replicates can thereby help to get a better insight 
into the relationship between pRLD and vRLD for a wide range of sce
narios with different plant species and MR imaging specifications.

A prerequisite for model studies of minirhizotron systems is thereby 
the correct simulation of the growth direction of a root that encounters a 
rhizotube. Experimental studies have shown that the growth behavior of 
a root that encounters a rigid object represents a compromise between 
gravitropic and thigmotropic responses (Massa and Gilroy, 2003; Mon
shausen and Gilroy, 2009; Lee et al., 2020; Yao et al., 2024). The root 
system architecture model CPlantBox (Schnepf et al., 2018; Giraud et al., 
2023) mimics this growth behavior by optimizing the growth direction 
of a new root segment for gravitropism and growth along the rigid object 
in a stochastic process.

In this study, we used the root system architecture model CPlantBox 
to simulate the growth of maize and winter wheat root systems in a 
virtual MR facility with horizontal rhizotubes resembling the field MR 
facilities in Selhausen (Lärm et al., 2023). We extracted pRLD from 
virtual MR images and vRLD from entire virtual soil layers. We ran 
simulation scenarios with various axial gravitropism parameterizations 
to account for environmental factors influencing the growth trajectories 
and determined the geometric properties of the simulated root systems, 
including systematic trends, root growth anisotropy, and root clustering. 
We analyzed the relationship between pRLD and vRLD at different depth 

levels as well as the influence of geometric properties on this relation
ship. Additionally, we ran simulation scenarios with different MR image 
sampling procedures, MR image sizes, rhizotube diameters, plant den
sities and soil sampling schemes and analyzed the influence of these 
factors on the relationship between pRLD and vRLD.

2. Material and methods

2.1. Virtual field setup

The virtual field setup aimed to reproduce the setup of the MR fa
cilities Selhausen with the field experiment conducted in 2020 and 
2021. A detailed description of the field experiment is given in Lärm 
et al. (2023). In short, the experimental test site in Selhausen consists of 
two MR facilities. The soil at the upper facility consists of a gravely, 
partly stony, and silty sand, whereas the soil at the lower facility consists 
of silty, sandy, and slightly gravely loam with significant clay content 
(Lärm et al., 2023). Each facility is divided into three plots, on which 
different varieties or mixtures of varieties of the plant species maize 
(2020) and winter wheat (2021) were grown.

2.1.1. Simulation of root system architecture in a field setup
We used the functional-structural plant model CPlantBox (Schnepf 

et al., 2018; Giraud et al., 2023) to simulate three-dimensional root sys
tems of maize and winter wheat for full vegetation periods (120 days for 
maize and 215 days for winter wheat). CPlantBox distinguishes between 
different root types, i.e. tap root, basal roots and lateral roots of different 
order. Each root type is defined by a set of parameters that describe its 
development over time. To account for the stochasticity of the simulated 
root systems, all parameters are described by mean values and standard 
deviations. For the simulation of maize and winter wheat root architec
tures, we used the parameter sets given by Postma and Lynch (2011) and 
Morandage et al. (2019), respectively. In the maize root parameter set by 
Postma and Lynch (2011), the standard deviation of the root architecture 
parameters is generally set at 10% of the respective mean value. In 
contrast, the standard deviation of root architecture parameters in the 
winter wheat root parameter set by Morandage et al. (2019) ranges from 
20% to 140% of the respective mean value. In accordance with Mor
andage et al. (2021), the parameter set of Morandage et al. (2019) was 
adapted so that the basal roots emerged at intervals of 9 days and not all at 
once. Seeding depths were set to 3 cm for both maize and winter wheat. 
To mimic a field setup, we simulated multiple plants with defined 
inter-row and inter-plant distance. For the maize crop, we simulated 6 
rows with 8 maize plants within each row. In agreement with Lärm et al. 
(2023), the inter-row spacing was set to 75 cm, the inter-plant spacing to 
12 cm, resulting in approximately 11 plants m− 2. For the winter wheat 
crop, we simulated 10 rows with 50 wheat plants within each row. The 
inter-row spacing was set to 21 cm, the inter-plant spacing to 1.5 cm, 
resulting in approximately 317 plants m− 2 (Lärm et al., 2023). For each 
plant species, we performed 100 realizations of root system architecture 
simulations to account for model stochasticity.

2.1.2. Impact of environmental factors on root system architecture
Because our simulations do not consider environmental factors 

influencing the growth trajectories of individual roots, such as different 
soil types, bulk densities, and stone contents, the appearance of the 
simulated root architectures solely depends on the underlying root 
system parameters. However, since the tropism strength of axial roots is 
an important factor for the shape of a root system and its growth tra
jectories (Morris et al., 2017), we simulated root systems with a range of 
different gravitropism parameters for the axial roots instead of explicitly 
considering environmental influences on root growth. Specifically, we 
used 4 values from 1 to 4 for the CPlantBox parameter tropismN, which 
describes the strength of gravitropism and 8 values from 0.025 to 0.2 for 
the CPlantBox parameter tropismS, which describes the standard devi
ation of the random angular change in radians (Schnepf et al., 2018). In 
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this way, we obtained root system architectures with 32 different pa
rameterizations of axial gravitropism for each plant species, which 
should cover possible changes in root system architecture due to envi
ronmental factors. A visualization of example realizations of root system 
architectures with the 32 different parameterizations of axial gravi
tropism for both maize and winter wheat is presented in Fig. S1 in the 
supplementary information.

2.1.3. Simulation of the growth direction of roots encountering rhizotubes
The horizontal rhizotubes of the MR facility act as obstacles to root 

growth. In CPlantBox, the geometry of rhizotubes is simulated explicitly 
using signed distance functions. The growth direction of a root that 
encounters a rhizotube is computed as follows: The axial and radial 
angles of a newly formed root segment are selected according to the 
gravitropically directed changes in growth direction using the values of 
tropismN and tropismS given in section 2.1.2. Using signed distance 
functions, the CPlantBox algorithm then checks whether the position of 
the root tip specified by the axial and radial angles is inside or outside 
the boundaries of the rhizotube. If the position is inside the rhizotube, a 
new pair of axial and radial angles is selected. First, a certain number of 
radial angles is selected at random, and the algorithm checks again 
whether any of the new pairs of axial and radial angles allow the root tip 
to be located outside the rhizotube. If this is not the case, the axial angle 
is increased by a small increment and the process of selecting a new 
number of radial angles is restarted. This approach makes it possible to 
simulate the experimentally observed growth behavior of a root that 
encounters a rhizotube, which represents a compromise between grav
itropism and thigmotropism (Massa and Gilroy, 2003; Monshausen and 
Gilroy, 2009; Lee et al., 2020; Yao et al., 2024). To demonstrate the 
ability of CPlantBox in accurately simulating root growth around rhi
zotubes (i.e. circular obstacles), we conducted a simulation experiment 

based on a laboratory study by Yao et al. (2024). In this experiment, a 
maize seedling was allowed to grow around circular objects with a 
radius of 0.5 cm, which were arranged at regular intervals in a rhizobox 
of 1 cm depth that had a transparent front plate and was filled with 
agarose gel. The experimentally observed and simulated growth tra
jectories of the maize seedling are shown in Fig. S2 in the supplementary 
information.

2.1.4. Setup of the virtual field MR facility: rhizotube geometry and 
placement

The placement of the rhizotubes was chosen according to the design of 
the field MR system in Selhausen, as described in Cai et al. (2016): Rhizo
tubes with an outer diameter of 6.4 cm were inserted horizontally into the 
soil at six different depth levels (10, 20, 40, 60, 80 and 120 cm) perpen
dicular to the plant rows. To avoid the effects of the upper rhizotubes on the 
root observations in the deeper rhizotubes, the rhizotubes were shifted 
horizontally by 10 cm at each depth level. A sketch of the virtual field plot 
with maize root systems and rhizotubes is shown in Fig. 1(a and b).

2.1.5. Virtual soil layer sampling and calculation of volumetric root length 
density

We sampled soil layers of the entire field at 6 different depth levels 
(5-15, 15-25, 35-45, 55-65, 75-85 and 115-125 cm). To calculate vRLD 
of our simulated root systems, we cropped the root systems to the soil 
layers. vRLD was then calculated as the cropped root length divided by 
the volume of the soil layers and has the unit (cm cm− 3).

2.1.6. Virtual MR image sampling procedure, image size and location 
within the rhizotube and calculation of pRLD

The sampling procedure of virtual MR images was based on the setup 
described by Lärm et al. (2023) for the minirhizotron facilities in 

Fig. 1. Virtual field plot with maize root systems (brown) and rhizotubes at six different depth levels (blue): front view in x-direction (a) and front view in y-direction 
(b); Virtual field plot with maize root systems (brown), soil layers (blue), 2 inter-row soil cores (red) and 2 inter-plant soil cores (green) at six different depth levels: 
top view (c) and front view in y-direction (d).
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Selhausen. Along each rhizotube, 20 image positions were chosen. For 
maize, the image positions were composed of four groups of five images 
each. The distance between the groups and between the images within a 
group was set at 9.3 cm and 10 cm, respectively. For winter wheat, 20 
image positions were chosen at distances of 10 cm each. For both maize 
and winter wheat, the first MR image in a rhizotube was taken at the 
position of the seed of the first plant. Fig. S3 in the supplementary in
formation shows a visualization of the MR image sampling positions 
along the rhizotube. The size of the MR images was set to 2 × 2 cm, 
which corresponds to the size of the images taken with the camera of the 
VSI system (Vienna Scientific Instruments GmbH) that was also used in 
Lärm et al. (2023). At each image position, two images were taken on 
both sides of the rhizotube by rotating the camera 80◦ clockwise and 
counterclockwise with respect to the vertical. Fig. S4 in the supple
mentary information shows a visualization of the location of the MR 
images within the rhizotube.

Due to the opacity of the soil, we assumed that only the roots in direct 
contact with the rhizotube surface would be visible in an MR image. This 
means that the center line of these roots is at a distance from the rhi
zotube that is equal to or less than the radius of the root. In CPlantBox, 
roots are not explicitly simulated as 3D structures, but as line segments 
to which the root radius is assigned as an attribute. To calculate the 
pRLD of our simulated root systems, we reduced the root systems to a 
hollow cylinder around the rhizotube with a thickness set to the 
maximum root radius. We then cut a volume with the width and length 
of an MR image at the specified position from this hollow cylinder. We 
determined the distance to the rhizotube for the two nodes of each root 
segment within this volume. If the distance to the rhizotube of one or 
both nodes was less than the root radius, either half or the entire length 
of the root segment was added to the planar root length. Finally, pRLD 
(cm cm− 2) was calculated by dividing the planar root length by the area 
of the MR image.

2.2. Geometric properties of the root system

Based on Grabarnik et al. (1998) and van Noordwijk et al. (1985), we 
described the geometric properties of a plant root system using three 
types of heterogeneity, namely systematic trends of root distribution, 
root growth anisotropy, and root clustering. It should be noted that we 
considered variations in geometric properties only in vertical, but not in 
horizontal direction, although it can be assumed that horizontal de
viations are significant in row crops such as maize. In this study, how
ever, geometric properties were only used to explain variations in pRLD 
and vRLD, for which we calculated a single value per depth level.

A systematic trend in root distribution describes a variation in root 
length density at the level of the root system or field and is described in 
this study using the coefficient of variation of the relative root length 
density rRLD. We thereby defined rRLD as the ratio of the root length 
density of an entire soil layer at a specific depth to the root length 
density of the entire soil volume and calculated it as 

rRLD(z)=
RLD(z)

∫ lz
0 RLD(z)dz

(1) 

where rRLD is the relative root length density (cm− 1), RLD is the root 
length density of a soil layer at depth z (cm cm− 3) and lz is the depth 
within which the root length density of the entire soil volume was 
calculated, which was set to 130 cm. The coefficient of variation CV of 
rRLD was then calculated as 

CV of rRLD=
SDrRLD

rRLD
(2) 

where SDrRLD is the standard deviation of rRLD across all depths, and 
rRLD is the mean rRLD across all depths. The greater CV of rRLD, the 

more heterogeneous the distribution of root length density across depth.
Root growth anisotropy describes the non-uniform orientation of 

roots in the soil. According to Noordwijk (1987), the degree of anisot
ropy Ań of roots within a given soil volume can be defined from the 
number of roots Na,Nb and Nc intersecting the mutually perpendicular 
planes A, B, and C, which are oriented in x, y, and z direction. 

Aʹ
n =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
(Na − Nm)

2
+ (Nb − Nm)

2
+ (Nc − Nm)

2)/N2
m

√

(3) 

where 

Nm =(Na +Nb +Nc) /3 (4) 

If roots are distributed completely isotropic, Ań = 0. For completely 
parallel root systems, Ań =

̅̅̅
6

√
. A normalized anisotropy factor An can 

therefore be defined as 

An =Aʹ
n

/ ̅̅̅
6

√
(5) 

We adopted this approach from Noordwijk (1987) and calculated an 
anisotropy factor An(z) for all axial roots present in a soil layer at a 
certain depth z. Within each soil layer, we inserted a defined number of 
planes A0…Ai, B0…Bi and C0…Ci in each direction x, y and z. The dis
tance between two parallel planes was set to 5 cm, which proved to be a 
value small enough to calculate a stable anisotropy factor and large 
enough to achieve reasonable calculation times. It should be noted that 
the sum of the areas of all planes in each direction is equal, i.e. 

∑
A0… 

Ai =
∑

B0…Bi =
∑

C0…Ci. The greater An, the more anisotropic the 
orientation of axial roots. The coefficient of variation CV of An was then 
calculated as 

CV of An =
SDAn

An
(6) 

where SDAn is the standard deviation of An across all depths, and An is 
the mean An across all depths. The greater CV of An, the more hetero
geneous the distribution of root growth anisotropy across depth.

Root clustering describes a preferential grouping of roots in the soil 
leading to variations in root length density on a scale of a few cubic 
centimeters and can be characterized by the coefficient of variation of 
root length density within a defined soil volume (Kohl et al., 2007; 
Logsdon and Allmaras, 1991). We divided each soil layer at depth z into 
soil cubes with a volume of 20 × 20 × 10 cm3. For maize and wheat, this 
resulted in 108 and 39 soil cubes per soil layer, respectively. The coef
ficient of variation at depth z, CV(z), was then calculated as 

CV(z)=
SDRLD(sc,z)

RLD(sc, z)
(7) 

where SDRLD(sc,z) is the standard deviation of the root length density of all 
soil cubes within a soil layer at depth z (cm cm− 3), and RLD(sc, z) is the 
mean root length density of all soil cubes within a soil layer at depth z 
(cm cm− 3). The higher CV(z), the more root clustering can be expected 
in a soil layer at depth z. In the following, CV(z) is named CVclustering(z) to 
distinguish it from CV of rRLD and CV of An. We calculated CVclustering(z)
for each depth level of each simulation run.

2.3. Simulation scenarios with different soil sampling schemes, MR image 
sampling procedures, MR image sizes, rhizotube diameters and plant 
densities

To analyze the effect of different MR image sampling procedures, MR 
image sizes, rhizotube diameters, plant densities and soil sampling 
schemes on the relationship between pRLD and vRLD, we performed 
additional simulation scenarios in which we varied one of these pa
rameters at a time while keeping the other parameters constant Table 1.
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2.3.1. MR image sampling procedure
In addition to the image sampling procedure from the Selhausen 

setup, we performed a low- and a high-resolution image sampling pro
cedure in which we chose 20 and 40 image positions, respectively, that 
were evenly distributed along the rhizotube. We also chose a single 
continuous image position along the rhizotube, which we termed 
continuous image sampling procedure. In all of these alternative image 
sampling procedures, the first MR image or the start of continuous image 
acquisition in a rhizotube was located at the position of the first plant 
seed minus half the inter-row distance, and the last MR image or the end 
of continuous image acquisition in a rhizotube was located at the posi
tion of the last plant seed plus half the inter-row distance. An overview 
of all MR image sampling procedures is given in Table 1. A visualization 
of the MR image sampling positions along the rhizotube in the different 
MR image sampling procedures can be found in the supplementary in
formation in Fig. S3.

2.3.2. MR image size
Additional simulations were performed using MR images with a size 

of 6 × 4 cm, corresponding to the size of images captured using the self- 
built camera system currently employed in the field MR facilities in 
Selhausen. Just as with the 2 × 2 cm MR images, two images were taken 
on both sides of the rhizotube by rotating the camera 80◦ clockwise and 
counterclockwise relative to the vertical. In addition, we performed 
simulations using MR images of the entire rhizotube surface. These 
images correspond to the type of images frequently used in MR studies in 
the literature (e.g. Arnhold et al. (2024); Liao et al. (2015); Holder et al. 
(2025)). An overview of the used MR image sizes and their locations 
within the rhizotube is given in Table 1. An illustration of the locations 
of the different sized MR images within the rhizotube is given in the 
supplementary information in Fig. S4.

2.3.3. Outer rhizotube diameter
Additional simulations were performed with two different outer 

rhizotube diameters: 5.7 cm, corresponding to the rhizotube diameters 
used in the studies by Black et al. (2017) and Garré et al. (2011), and 
7 cm, corresponding to the rhizotube diameters used in the studies by 
Haarhoff et al. (2021) and Holder et al. (2025). An overview of the used 
outer rhizotube diameters is given in Table 1.

2.3.4. Plant density
Additional simulations were performed with different plant den

sities. For maize, the alternative inter-row and inter-plant spacings were 
set to 50 cm and 20 cm, respectively, resulting in 10 plants per m2. For 

winter wheat, the alternative inter-row and inter-plant spacings were set 
to 12 cm and 3 cm, respectively, resulting in approximately 278 plants 
per m2. To simulate these alternative plant densities, we used 8 rows of 6 
maize plants and 16 rows of 30 wheat plants, ensuring that the length of 
each rhizotube was sufficient to remain within the simulated root zone. 
These alternative plant densities correspond to the usual plant densities 
applied in Europe (Testa et al., 2016; De Vita et al., 2017). An overview 
of the used plant densities is given in Table 1.

2.3.5. Soil sampling scheme
In addition to virtual soil layers, we sampled virtual soil cores with a 

radius of 4.5 cm and a length of 10 cm in 6 different depth levels (5-15, 
15-25, 35-45, 55-65, 75-85 and 115-125 cm) using four different sam
pling schemes: (i) 2 soil cores: 1 inter-row core, 1 inter-plant core, (ii) 2 
soil cores: 2 inter-row cores, (iii) 2 soil cores: 2 inter-plant cores, (iv) 4 
soil cores: 2 inter-row cores, 2 inter-plant cores. It should be noted that 
the soil cores were sampled in a virtual field without rhizotubes to 
exclude the influence of the rhizotubes on the sampled roots. The lo
cations of the soil cores are shown in Fig. 1(c and d). An overview of the 
soil core sampling schemes is given in Table 1.

2.4. Statistics

Statistical analyses were performed in Python version 3.12.3.

3. Results

3.1. Comparison of experimentally measured and simulated pRLD and 
vRLD values

To evaluate the plausibility of our simulated pRLD and vRLD values 
and their relationship with each other, we compared them with exper
imentally measured values (Fig. 2). A description of the experimental 
measurement of pRLD and vRLD in the field experiment at the mini
rhizotron facilities in Selhausen is given in the supplementary infor
mation in section S5 and Table S6. The model results were derived from 
simulations based on the setup of the field experiment at the mini
rhizotron facilities in Selhausen (Table 1). Here, simulated vRLD was not 
obtained from virtual soil layers, but from two virtual inter-plant soil 
cores per soil depth, which had the same size and location as the 
experimental soil cores. (Fig. 1c and d). For maize, experimentally 
measured pRLD and vRLD values are within the point cloud of simula
tion results. For winter wheat, the simulated pRLD values approximately 
correspond to the experimentally measured values, but the simulated 
vRLD values mostly underestimate the experimentally measured values. 
One reason for the discrepancy between the measured and simulated 
vRLD values may be that only one soil core per depth level was taken for 
winter wheat, which is clearly insufficient to obtain a good estimate of 
vRLD in the field. Furthermore, the development of the root system in 
the field MR facilities, where pRLD was measured, may differ from the 
development of the root system in the additional field, where soil coring 
took place to determine vRLD (see supplementary information S5). 
Another possible reason for the discrepancy is that the simulation model 
does not consider how the behavior of winter wheat root growth 
changes when it encounters a rhizotube, e.g. by increased root branch
ing. Nevertheless, both the experiment and the simulation show that 
pRLD values obtained from MR images are lower than vRLD values 
determined from soil coring and both pRLD and vRLD values generally 
decrease with depth. Based on these results, we assume that our simu
lation model provides plausible estimates of the ground truth values of 
pRLD and vRLD.

3.2. Relationship between simulated pRLD and vRLD for the setup of the 
field experiment at the MR facilities in Selhausen

Fig. 3 shows the relationship between simulated pRLD and vRLD 

Table 1 
Overview of simulation scenarios, the parameter set corresponding to the setup 
of the field experiment conducted at the minirhizotron facilities in Selhausen in 
2021 and 2022 is indicated in bold, the base parameter set from which the pa
rameters were varied one at a time for the different simulation scenarios is 
indicated in italics.

Parameters Values/Variables

​ Maize Winter wheat
Inter- row distance 75, 50 cm 21, 12 cm
Inter-plant distance 12, 20 cm 1.5, 3 cm
Plant density 11, 10 plants m-2 317, 278 plants m-2

Soil sampling scheme Soil layer, Soil cores: (1) 2 mixed soil cores (1 inter- 
row core, 1 inter-plant core) (2) 2 inter-row soil 
cores, (3) 2 inter-plant soil cores, (4) 4 mixed soil 
cores (2 inter-row cores, 2 inter-plant cores)

MR image sampling procedure Selhausen setup (20 grouped image positions 
along the rhizotube), Low-resolution (20 evenly 
distributed image positions along the rhizotube), 
High-resolution (40 evenly distributed image 
positions along the rhizotube), Continuous (1 single 
continuous image along the rhizotube)

MR image size 2 × 2 cm, 6 × 4 cm, entire rhizotube surface
Outer rhizotube diameter 5.7 cm, 6.4cm, 7 cm
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values for different soil depths for maize and winter wheat. As vRLD 
should be zero when pRLD is zero, we fitted linear regression models 
with zero intercept to the data points at each depth level. However, the 
slopes of the regression lines at different depths did not differ greatly 
from each other, indicating a similar relationship between pRLD and 
vRLD values at different depth levels. In the upper soil layers down to a 
depth of − 20 cm in maize respectively − 40 cm in winter wheat, R2 

values of fitted regression models were negative, indicating that corre
lations between pRLD and vRLD are extremely weak in the topsoil and 
that the mean pRLD is a better predictor of vRLD than the regression 
model. In the subsoil layers, however, R2 reached values of up to 0.32 in 
maize and 0.87 in winter wheat, indicating a respectable model fit. 
Slopes and R2 of regression models are listed for each depth level and for 
both maize and winter wheat in Table S7 in the supplementary infor
mation. Additionally, we fitted linear regression models with zero 
intercept at all combined depths and achieved R2 values of 0.91 and 0.83 
for maize and winter wheat, respectively.

3.3. Influence of geometric properties of the root system on the 
relationship between pRLD and vRLD

We analyzed the relationship between the ratio of vRLD to pRLD 
(vRLD /pRLD) and the geometric properties of root systems, i.e. sys
tematic trends, root growth anisotropy, and root clustering, in both 
maize and winter wheat at six different depths (Fig. 4). Higher values of 
CV of rRLD and, consequently, a more heterogeneous distribution of 
root length density across depth as well as higher values of CV of An and, 
consequently, a greater variation in root growth anisotropy across depth 
led to higher values of vRLD/pRLD in both maize and winter wheat at all 
depth levels. Higher values of CVclustering and, consequently, more root 
clustering led to lower values of vRLD/pRLD in maize and to higher 
values of vRLD/pRLD in winter wheat at all depth levels.

3.4. Influence of different MR image sampling procedures, MR image 
sizes, rhizotube diameters, plant densities and soil sampling schemes on the 
relationship between pRLD and vRLD

We analyzed the effect of different MR image sampling procedures, 
MR image sizes, rhizotube diameters and plant densities on the rela
tionship between pRLD and vRLD (Fig. 5). Comparing the relationship 
between pRLD and vRLD values from the Selhausen setup, the low- and 
high-resolution, and the continuous image sampling procedures showed 
that fewer MR images and thus a smaller imaged area resulted in greater 
dispersion of pRLD values, as the variation in imaged root length was 
higher. This was evidenced by lower R2 values and true for both maize 
and winter wheat. The slopes of the regression lines between the pRLD 
and vRLD values obtained using low- and high-resolution and contin
uous image sampling procedures, as well as the Selhausen setup for 
winter wheat only, were all very similar. However, the slope of the 
regression line between the pRLD and vRLD values obtained using the 
Selhausen setup in maize differed (Fig. 5a and b). This shows that the 
relationship between pRLD and vRLD values can be accurately repre
sented using fewer MR images, provided these images are evenly 
distributed along the rhizotube. Analysis of different image sizes 
revealed that the pRLD values of images measuring 2 × 2 cm showed 
greater variation than the pRLD values of images measuring 6 × 4 cm. 
The R2 value of the adjusted linear regression between pRLD and vRLD 
was therefore lower for images measuring 2 × 2 cm than for images 
measuring 6 × 4 cm. However, the relationship between the pRLD and 
vRLD values obtained from MR images measuring 2 × 2 cm and 6 × 4 cm 
was almost the same, as indicated by the similar slopes of the regression 
lines. The relationship between the pRLD and vRLD values obtained 
from MR images of the entire rhizotube surface differed from that ob
tained from smaller MR images and could not be described as well by a 
linear regression model with zero intercept, as evidenced by the 
comparatively lower R2 values. This is because the relationship between 
pRLD and vRLD in the upper soil layers differs more from that in the 

Fig. 2. Experimental and simulated relationships between pRLD and vRLD at different depth levels are shown for maize (a) and winter wheat (b). For the exper
imental results, n = 4 and 1 for vRLD, and n = 3 and 5 for pRLD at each depth level for maize and winter wheat, respectively; for the simulation results, n = 3200 (100 
realizations of root system architecture x 32 parameterizations of axial gravitropism) at each depth level for both maize and winter wheat.

Fig. 3. Relationship between simulated pRLD and vRLD for maize (a) and winter wheat (b) for soil depths between − 10 cm and − 120 cm. For each soil depth, 
n = 3200 (100 realizations of root system architecture x 32 parameterizations of axial gravitropism). Regression lines are shown individually for each soil depth in the 
respective color and in black for all depths combined.
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lower layers in MR images of the entire rhizotube surface than in smaller 
MR images taken at the sides of the rhizotubes (c.f. Fig. 3 and Fig. S8 in 
the supplementary information). These findings were true for both 
maize and winter wheat (Fig. 5c and d). Larger rhizotube diameters led 
to lower ratios of vRLD to pRLD, which was true for both maize and 
winter wheat. This can be explained by the fact that more roots 
encounter a rhizotube with a large diameter and grow along it before 
bending back into the bulk soil than is the case for a rhizotube with a 
small diameter. In this way, MR images taken in a rhizotube with a large 
diameter capture more roots than those taken in a rhizotube with a small 
diameter and pRLD values are thus higher (Fig. 5e and f). Different plant 
densities did not lead to a different relationship between pRLD and 
vRLD, which was true for both maize and winter wheat (Fig. 5g and h). 
Different virtual soil sampling schemes led to different vRLD values and 
thus to different relationships between pRLD and vRLD: In maize, 2 
inter-plant as well as 2 or 4 mixed soil cores largely overestimated vRLD, 
while 2 inter-row soil cores underestimated vRLD as compared to soil 
layer vRLD. In winter wheat, vRLD measured using 2 and 4 mixed soil 
cores corresponded well with soil layer vRLD. However, vRLD was once 
again overestimated using 2 inter-plant soil cores and underestimated 
using 2 inter-row soil cores. As expected, the correlations between pRLD 
and vRLD were weak for vRLD from inter-row soil cores and strong for 
vRLD from soil layers. However, strong correlations were also observed 
for vRLD from 2 to 4 mixed soil cores, as well as from inter-plant soil 
cores.

4. Discussion

4.1. Using model simulation to complement experimental minirhizotron 
studies

Model simulation is a valuable tool for complementing experimental 
minirhizotron studies, as it provides a better understanding of the fac
tors influencing pRLD observed in minirhizotron images, and its 

relationship with vRLD. Thirty years ago, (Pagès et al., 1997) used 
model simulation to examine the part of a virtual root system that lies 
geometrically within a virtual rhizotube and showed that minirhizotron 
observations underestimate maximum rooting depth. Since then, root 
architecture models have been developed to such an extent that we are 
now able to explicitly simulate root growth around rhizotubes in a 
realistic way and to capture virtual MR images at a defined position 
along the rhizotube.

One question that remains unresolved is the definition of the distance 
from the surface of the rhizotube into the soil at which roots can be 
detected on MR images, known as the “depth of view.” In this study, it 
was assumed that only roots in direct contact with the rhizotube surface 
would be visible on an MR image. However, this is a conservative 
assumption and may lead to an underestimation of pRLD since it could 
be speculated that a root might also be visible on an MR image if there is 
a thin layer of soil between the root and the surface of the rhizotube. 
However, given the opacity of the soil, we considered this assumption to 
be more plausible than the approach taken in previous studies, which 
assumed arbitrary values for the depth of view between 1 mm and 3 mm 
(Sanders and Brown 1978; Cai et al., 2018; Liao et al., 2015; Garré et al., 
2011; Morandage et al., 2019). Taylor et al. (2014) calculated a depth of 
view of 0.78 mm using root diameters measured in the field and those 
visible on MR images. However, this calculation is based on the 
assumption that observed and actual root diameters only differ when the 
actual root radius is greater than the depth of view. Since only a few of 
the roots they examined and excavated had a radius greater than 
0.78 mm, the R2 value of their fitting was very low at R2 = 0.43, which 
makes us doubt the general validity of their specified depth-of-view 
value. Upchurch (1987) and Sullivan and Welker (2005) have sug
gested that the depth of view may vary depending on soil type, but there 
is currently no evidence to support this assumption.

Comparing the simulated and experimentally measured pRLD and 
vRLD values in this study showed that our simulations largely under
estimated the experimentally measured vRLD values for winter wheat. 

Fig. 4. Relationship between the ratio of vRLD to pRLD and the geometric properties of roots systems, i.e. systematic trends (a, b), root growth anisotropy (c, d) and 
root clustering (e, d), for maize (a, c, d) and winter wheat (b, d, f) for soil depths between − 10 cm and − 120 cm. For each soil depth, n = 3200 (100 realizations of 
root system architecture x 32 parameterizations of axial gravitropism). Regression lines are shown individually for each soil depth.
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In addition to the insufficient number of soil cores and soil core mea
surements in a field different to the one in which MR measurements 
were taken, one possible reason for this inconsistency is an inaccurate 
simulation of winter wheat roots around the rhizotubes. Although rhi
zotubes are expected to influence root growth and root branching rate 
(Wacker et al., 2024), the precise way in which they impact these factors 
remains unclear and is therefore not incorporated into CPlantBox or in 
any other root architecture model. More experimental research is 
needed here, and the findings could be used to create growth rules for 

root architecture models. This would enable a more realistic simulation 
of root growth in MR systems, as well as a better reproduction of real MR 
systems in the field.

4.2. Relationship between pRLD and vRLD

Our simulations showed that correlations between pRLD and vRLD 
were weak in the topsoil and strong in the subsoil. Weak correlations 
between pRLD and vRLD in the topsoil have also been reported in many 
experimental studies (Arnhold et al., 2024; Box Jr. and Ramsuer, 1993; 
Ephrath et al., 1999; Heeraman and Juma, 1993; Kage et al., 2000; 
Samson and Sinclair, 1994; Vos and Groenwold, 1987; Machado and 
Oliveira, 2003). In these studies, weak correlations between pRLD and 
vRLD were explained by several factors, including air gaps between soil 
and rhizotube due to soil drying, light penetration into the rhizotube or 
physical disturbances through the rhizotubes during installation 
(Arnhold et al., 2024; Kage et al., 2000; Heeraman and Juma, 1993). Our 
simulation results suggest that the mere fact that root systems originate 
from a seed and that root distribution is therefore more heterogeneous in 
the topsoil is a key factor leading to such weak correlations between 
pRLD and vRLD in the topsoil. Our simulations also showed that the 
ratio of vRLD to pRLD in the subsoil remained relatively constant across 
depth, which has also been shown experimentally by Arnhold et al. 
(2024) for winter wheat. This implies that pRLD can be used to describe 
relative root length density in the field for both row-crops such as maize 
and non-row crops such as winter wheat.

An analysis of the geometric properties of the root system showed 
that root systems with high heterogeneity in root length density distri
bution or in root growth anisotropy across depth have higher ratios of 
vRLD to pRLD. These results are consistent with the observations of 
(Bublitz et al., 2022), who found that large variations in root length 
density across depth lead to poor agreement between root length density 
measurements using the profile wall method, which measures planar 
root length density, and the soil monolith method, which measures 
volumetric root length density. Our study further showed that root 
clustering led to lower ratios of vRLD to pRLD in maize, and to higher 
ratios of vRLD to pRLD in winter wheat. This contrasting effect of root 
clustering on the ratio of vRLD to pRLD in different plant species can be 
attributed, on the one hand, to the inter-row and inter-plant spacing 
chosen for each species (Logsdon and Allmaras, 1991) and, on the other 
hand, to the size of the soil cubes, both of which influence the coefficient 
of variation of root length density, which we used to characterize root 
clustering. Therefore, we conclude that root clustering is likely to affect 
the relationship between vRLD and pRLD, but the exact effect depends 
on the scale at which root clustering is considered, as well as on the 
inter-row and inter-plant distances chosen.

Our simulations showed that the mean pRLD values obtained from 
MR images distributed evenly along the rhizotube were similar to those 
obtained from continuous MR images, but different to those obtained 
from grouped MR images. These findings correspond to observations of 
Dubach and Russelle (1995) in an experimental field study with hori
zontal rhizotubes, who found that using only every second MR image did 
not affect the accuracy of pRLD, whereas accuracy decreased when only 
the first half of the MR images were used. This suggests that recording 
continuous MR images along the entire length of the rhizotubes, as 
proposed by Lärm et al. (2024), is not necessary to obtain accurate pRLD 
values, but that the MR images should be evenly distributed along the 
rhizotube.

Our simulations showed that larger rhizotube diameters resulted in a 
lower vRLD-to-pRLD ratio and that MR scans of the entire rhizotube 
surface revealed a different relationship between pRLD and vRLD 
compared to MR images of smaller sections of the rhizotube. This sug
gests that a simple conversion approach from pRLD to vRLD, which is 
independent of MR specifications and has been used in many literature 
studies (Holder et al., 2025; Sanders and Brown, 1978; Haarhoff et al., 
2021; Garré et al., 2011; Cai et al., 2018; Liao et al., 2015; Geng et al., 

Fig. 5. Influence of MR image sampling procedure (a, b), MR image size (c, d), 
rhizotube diameter (e, f), plant density (g, h) and virtual soil sampling scheme 
where sc stands for soil cores (i, j) on the relationship between pRLD and vRLD 
for maize (a, c, e, g, i) and winter wheat (b, d, f, h, j). For each scenario, 
n = 19200 (100 realizations of root system architecture x 32 parameterizations 
of axial gravitropism x 6 depths). The black dashed line represents the 1:1 line. 
Linear trend lines with zero intercept are shown for each scenario in dashed 
lines in the respective colors.
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2023) will not produce reliable vRLD values. Simulations with vRLD 
derived from differently placed soil cores as well as from soil layers 
showed that soil core vRLD differed strongly from soil layer vRLD for the 
row-crop maize and less strong for the non-row crop winter wheat, 
which is consistent with findings in the literature (Buczko et al., 2009; 
Wu et al., 2017; Morandage et al., 2019). Simulations showed that the 
vRLD of two to four mixed soil cores was in good agreement with the 
actual vRLD of soil layers for the non-row crop winter wheat, which has 
a high plant density and relatively homogeneous horizontal root dis
tribution. However, this was not the case for the row-crop maize, which 
has a low plant density and heterogeneous horizontal root distribution. 
When experimentally determining the relationship between pRLD and 
vRLD, this discrepancy in vRLD from soil cores and soil layers must be 
considered. The simulated R2 values of around 0.7 between pRLD and 
vRLD, as obtained from mixed and inter-plant soil cores, are consistent 
with the R2 values for winter wheat, as experimentally determined and 
reported by Arnhold et al. (2024).

Model availability

The CPlantBox code used to run the simulations, the simulation re
sults, and the code used to plot these results as well as the code for the 
simulation experiment based on the study by Yao et al. (2024) are all 
available at https://github.com/Plant-Root-Soil-Interactions-Mode 
lling/CPlantBox/tree/prld_vrld/tutorial/prld_vrld.
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