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Abstract. The critical zone is a dynamic and heterogenous environment where a broad spectrum of
processes take place ranging from hydrological, chemical and biochemical and interactions of rocks,
fluids, soils and biota. The use of non-invasive geophysical tools, such as ground penetrating radar
(GPR), to investigate the soil-plant continuum of agricultural crops within the critical zone has be-
come increasingly popular. The continuum’s complexity poses challenges, as the diVerent compo-
nents dynamically influence each other and the interactions and processes are not fully understood.
Furthermore, establishing a direct link to geophysical information remains challenging. This study
quantifies the impact of root distributions on GPR signals and soil water content (SWC) estimation.
We investigated the influence of root volume fraction (RVF) on SWC calculation in a synthetic feasi-
bility study before we performed numerical forward modeling using gprMax. Here, we analyzed GPR
traces for diVerent scenarios containing soil, roots and above-ground shoots. Thereby, we included
two root distributions related to contrasting soil types based on field root counts. We observed that
roots had a higher impact than above-ground shoot. Additionally, not considering roots in the cal-
culation of SWC led to an SWC underestimation, depending on the soil permittivity and root volume
fraction.
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1. Introduction

The Critical Zone (CZ) is the outermost layer of the
Earth’s crust, extending from the bedrock to the up-
permost layer of the vegetation canopy. Here, inter-
actions between bedrock, soil, water, air and living
organisms influence the formation of landscapes

⁄Corresponding author

and ecosystems (Dumont et al., 2022; Giardino and
Houser, 2015; Parsekian, Singha, et al., 2015). To ad-
dress environmental challenges and manage natural
resources, understanding structure, properties, and
processes within the CZ is highly important. This
understanding is tied to the diVerent components of
the CZ, consequently the investigation takes place
at diVerent scales, ranging from the microbial to the
catchment scale. A key concern is climate change
and loss of arable land. To ensure the ability to feed
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future generations, we must increase food produc-
tion while using fewer natural resources. The impact
of agriculture on the soil-plant continuum is signif-
icant and because it’s a very dynamic and hetero-
geneous system, which makes it hard to study and
monitor. There is a growing interest in non-invasively
investigation techniques measuring at field-to-plot
scale, as short-term and site-specific management
approaches become increasingly prevalent in mod-
ern precision agriculture (Pasquel et al., 2022). This
highlights the need for the development of non-
destructive, high-resolution methods for the under-
standing of small-scale soil ecosystem processes in
the CZ.

The investigation of the soil-plant continuum at
a field-to-plot scale using geophysical measurement
techniques such as ground penetrating radar (GPR)
has become increasingly popular in the last decade
because of its high-resolution capability and di-
rect relationship to soil water content (SWC) (e.g.,
Parsekian, Singha, et al., 2015; Klotzsche, Jonard, et
al., 2018; Huisman et al., 2003; Garré et al., 2021).
GPR is an electromagnetic (EM) method that records
the propagation of EM waves through the subsur-
face, influenced by the dielectric properties of the soil
components. The propagation of EM waves allows
the calculation of the relative dielectric permittivity
"r of the soil. The SWC can be derived using empir-
ical or petrophysical mixing models using "r (Steel-
man and Endres, 2011). Among near-surface geo-
physical methods, GPR can achieve high spatial reso-
lution, providing detailed images of subsurface struc-
tures that exceed the resolution capabilities of other
methods. Next to the "r , the electrical conductivity ¾

of the diVerent soil components aVect the EM waves,
especially amplitudes. Generally, an increased ¾ at-
tenuates the GPR signal (Jol, 2009).

When investigating the soil-plant continuum of
fine root systems (root diameter ˙ 2 mm) is especially
challenging. First, accurately identifying individual
roots of fine root systems is particularly diYcult,
caused by a combination of technical and physical
limitations. When the diameter of the roots is smaller
than the wavelength of the GPR signal, individual
roots cannot be detected, only root zones containing
a certain number of roots can most likely be detected.
Additionally, crop root systems grow in dense clus-
ters, which can cause an overlapping or combination
of the GPR signals of the individual roots.

Second, the presence of small-scale soil het-
erogeneities and fine root systems creates non-
uniqueness within the GPR signal. These hetero-
geneities aVect processes such as infiltration, soil
water depletion, and root growth, making it diYcult
to distinguish between soil, root zones, and pore
filling just based on GPR signals (e.g., SWC, fertil-
izer). The biological, hydrological, and chemical pro-
cesses that occur within the soil-plant continuum are
highly dynamic and influenced by a variety of factors.
These range from atmospheric weather conditions,
soil physical and chemical properties, nutrients, mi-
croorganisms to root architecture and agricultural
management practices. These two points could be
addressed by applying high-frequency GPR system,
however this brings us to the third issue. When using
high frequencies in the field, a high attenuation and
scattering of the EM waves occurs, which limits the
penetration depth. As a result, mapping and detect-
ing fine root systems in the field using GPR remains
a significant challenge.

Several studies have been conducted to investi-
gate the soil-plant continuum of plants with fine root
systems using GPR measurement techniques (Wije-
wardana and Galagedara, 2010; Liu, Dong and Lesko-
var, 2016; Liu, Dong, Xue, et al., 2017; Delgado et al.,
2017; Klotzsche, Lärm, et al., 2019; Lärm, Bauer, van
der Kruk, et al., 2024). One of the earlier works by
Wijewardana and Galagedara (2010), which used sur-
face GPR to estimate the spatial and temporal distri-
butions of SWC in raised beds cropped with vegeta-
bles, with a particular focus on understanding the ef-
fects of irrigation on SWC patterns. Liu, Dong, Xue, et
al. (2017) linked 1600 MHz GPR images to root diam-
eter and biomass measured from soil cores for winter
wheat and energy cane grown in diVerent soil types.
In a laboratory setting, Parsekian, Slater, et al. (2012)
successfully detected roots as small as 2 mm in diam-
eter using 1600 MHz antennas.

To study soil-plant continuum processes, time-
lapse information can be highly beneficial. One of
the first longer-term time-lapse GPR dataset was ac-
quired at the field minirhizotron (MR) facilities in
Selhausen, Germany. These platforms feature hor-
izontal rhizotubes at multiple depths, installed in
two contrasting soil types, to assess the impact of,
e.g., changing atmospheric conditions and agricul-
tural management practices (Lärm, Bauer, Hermes,
et al., 2023). As demonstrated by Klotzsche, Lärm,
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et al. (2019) and Lärm, Bauer, van der Kruk, et al.
(2024), who used longer-term time-lapse horizontal
crosshole GPR measurements to monitor the crop-
root systems over various growing seasons (winter
wheat and maize), it was observed that crops with
a higher crop row distance, such as maize, can in-
fluence the variability (horizontally and vertically) of
the "r and, consequently, the SWC. In contrast, wheat
has been observed to exhibit a more homogeneous
eVect on the GPR data. Lärm, Bauer, van der Kruk,
et al. (ibid.) were able, to qualify the influence of
maize roots on the GPR signal throughout the vegeta-
tion period using statistical methods like spatial and
temporal permittivity variability analysis. However,
to date, a direct and quantitative relationship and
possible error estimates between the GPR signal and
root presence, actual water present in the soil, roots,
or the above-ground shoot (connected to stem flow
and infiltration processes) and soil nutrients have not
been established. Additionally, the setup of the field
MR facilities itself posed some issues, e.g., the over-
lapping of the critically refracted air wave and the
direct ground wave when using standard process-
ing techniques (Klotzsche, Lärm, et al., 2019). This
caused lower permittivity values than present in the
soil within the uppermost depths, especially during
dry conditions.

Despite these advances in monitoring spatial and
temporal variation in soil-plant continuum using
GPR, a fundamental obstacle remains: the lack of
quantitative knowledge of the permittivity of agri-
cultural roots. This complicates distinguishing roots
from surrounding soil and additionally complicates
establishing models relating GPR signals to actual
SWC, root presence, or root related processes. Es-
timating the permittivity of roots is additionally not
straightforward, it can vary with multiple factors,
such as, crop type, root type, age/physiological sta-
tus, water content of the surrounding soil and fertil-
izer applications. Quantitative values are abundant
in literature. Attia Al Hagrey (2007) listed permittiv-
ities for wet and dry cellulose, but these values are
not quite applicable for crop/maize roots. This is
because they are not entirely made up of cellulose.
Miao et al. (2015) reported that the cellulose con-
tent of maize roots varies in maize roots depending
on fertilizer applications, ranging from 14.6 to 33.0%.
Furthermore, we cannot equally compare tree roots
and crop roots, since trees are perennial and crops

are annual plants. Roumet et al. (2006) found sev-
eral important diVerences in the root traits of an-
nuals and perennials, which were key to their abil-
ity to take in resources and conserve them. Peren-
nials exhibited higher specific root length, root ni-
trogen concentration and mycorrhizal colonization,
but lower root tissue density than the annuals. Ac-
cording to Coners and Leuschner (2005) the surface
area of fine roots (less than 2 mm) is the main factor
in determining how much water and nutrients plants
take up.

The roots not only aVect the soil water content in
the soil-plant continuum, but also change the water
content in close proximity to the roots. For example,
mucilage increases the water holding capacity and
the soil pore structure can be permanently altered
by the roots, creating preferential pathways (Angers
and Caron, 1998; Carminati et al., 2011; Gerke and
Kuchenbuch, 2007; Kodešová et al., 2006). These
small-scale changes in SWC and linked gradients to-
wards the roots cannot be modelled with gprMax, es-
pecially when the grid size is 0.01 m.

In this study, we investigate the potential for dif-
ferentiating between soil water and roots using hor-
izontal crosshole GPR data applying synthetic for-
ward modeling. It is crucial to derive the available
water content in the soil without the influence of
water-filled roots from GPR measurements, to reduce
uncertainties for management decisions. Therefore,
as a first step, we explore the eVect of calculating
the SWC using conventional petrophysical relation-
ships in which we can consider the various soil com-
ponents. As a preliminary step, we incorporated a
root contribution into the petrophysical relationship
and examined the impact of this root component
on the GPR-derived SWC. Furthermore, we employ
synthetic forward modeling with the open-source
electromagnetic simulation software gprMax (War-
ren et al., 2016) considering in the modeling domain
soil, root and shoot information to address ques-
tions about above- and below-ground eVects. The
enhance the understanding a realistic model, root
distributions in a soil associated with maize crops,
root volume fraction (RVF) data derived from trench
wall root count measurements acquired for maize
(Klotzsche, Lärm, et al., 2019; Morandage et al., 2021)
additionally to the soil information. As in previ-
ous studies, the standard first arrival time picking
of the GPR EM waves were used to derive the "r of
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the soil and, consequently, the SWC of the soil-plant
continuum. Synthetic models can help to under-
stand processes of the real world and their eVects
measurement scenarios.

2. Materials and methods

2.1. Measurement platform and GPR data
acquisition

To investigate the diVerent influences on the GPR sig-
nal, we used the field MR facilities as a template for
the setup of our synthetic forward model (Figure 1).
The two facilities were part of the TERENO (TER-
restrial ENvironmental Observatories) Eifel/Lower
Rhine observatory, located near Selhausen (50°520N,
6°270E) and the setup was mirrored in two diVerent
soil types. The first was the upper terrace minirhi-
zotron facility (RUT), which was situated in soil clas-
sified as Orthic Luvisol with a high stone content
(¨50%) according to the World Reference Base for
Soil Resources (IUSS Working Group WRB, 2007).
The second was the lower terrace minirhizotron fa-
cility (RLT), which is located in soil classified as Cu-
tanic Luvisol (Ruptic, Siltic) according to the World
Reference Base for Soil Resources (ibid.). Both facili-
ties featured 7 m-long horizontal rhizotubes installed
at various depths (0.1, 0.2, 0.4, 0.6, 0.8 and 1.2 m), en-
abling crosshole GPR measurements and acquisition
of root imaging using minirhizotron camera systems.
Each facility was divided into three replicas (plots)
and each plot hosted three horizontal rhizotube per
depth, with a horizontal spacing of 0.75 m. Between
the diVerent depths a horizontal oVset was present
to prevent an interference of the rhizotubes with root
growth (Figure 1). Above the subsurface the plots op-
erated as regular agricultural fields, where crop man-
agement was performed in compliance with regional
standards. The crops were sown perpendicular to the
rhizotubes. For a detailed description of the con-
struction of the facility we refer to Cai et al. (2016)
and for a detailed description of the data acquisi-
tion and analysis we refer to Lärm, Bauer, Hermes, et
al. (2023). To acquire crosshole GPR measurements
within the field MR facilities standardly a 200 MHz
PulseEKKO borehole system (Sensors and Software,
Canada) was utilized. As an acquisition setup zero-
oVset profiling (ZOP) was used, whereby the trans-
mitter (Tx) and receiver (Rx) antennae were placed in

Figure 1. Exemplary plot within the field MR facilities
with the schematic illustration of zero-oVset profiling using
a 200 MHz crosshole GPR measurement system.

neighboring rhizotubes and moved simultaneously
in parallel positions along the rhizotubes with a step
size of 0.05 m.

2.2. Root volume fraction based on trench wall
counts

To use realistic field root information with suY-
cient spatial resolution, we used root count density
(RCD) values obtained on trench walls of the field MR
field facilities in Selhausen for maize (cultivar Zoey)
(ibid.). In 2017, trenches were dug next to the field
MR facilities to count RCD in an installed 3.75 cm £
3.75 cm grid, see Figure 2a–c (Klotzsche, Lärm, et al.,
2019; Morandage et al., 2021). Using the RCD (Fig-
ure 2d), the RVF was calculated for each grid cell.
First, we derived the root length (RL) per grid cell di-
mensions

RL ˘ (RCD ¢ Agrid) ¢Lgrid, (1)

where Agrid is the size of the grid cell and Lgrid is
the length of the grid cell. In the next step, the root
volume (RV) was calculated using

RV ˘ RL ¢π ¢ d2
max

4
, (2)

with dmax is the maximum root diameter recorded
for the data in 2017 with a value of 0.05 cm (Bauer
et al., 2022; Lärm, Bauer, van der Kruk, et al., 2024).
We considered the respective soil volume (Vsoil) to be
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Figure 2. Overview of the trench wall counts to derive the root count density. (a) Finalized trench perpendicular to the maize
crop rows. (b) Grid on the trench wall, in which the roots were counted. (c) Schematic illustration of the trench wall root counts
for one grid cell with a size of 3.75 cm and (d) Results for the root count density for RUT , adapted from (Klotzsche, Lärm, et al.,

2019).

the area of the grid Agrid cell times the maximum root
diameter dmax as

Vsoil ÆAgrid ¢dmax (3)

and

RVFÆ
RV

Vsoil
(4)

to derive the RVF per grid cell.
For the crop growing season 2017, we noticed

that the distribution of RVF varied for the di Ver-
ent soil types of �eld MR facilities (Figure 3). For

RUT the highest number of roots was present close
to the surface and decreased with increasing depth
(Figure 3a,c). Additionally, the RVF distribution in
the horizontal axis was less distributed than for RLT.
For RLT the RVF indicated higher amounts of roots
in general but also indicated a more complex dis-
tribution in both directions of the recorded pro�le
(Figure 3b,d). The mean RVF per depth (Figure 3c,d),
which showed a similar depth distribution of RVF as
shown in Morandage et al. (2021). For RUT a mean
value of » 3% and maximum value of » 13% for the
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