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Abstract

Non-invasive imaging of processes within the soil—plant continuum, particularly root
and soil water distributions, can help optimize agricultural practices such as irriga-
tion and fertilization. In this study, in-situ time-lapse horizontal crosshole ground
penetrating radar (GPR) measurements and root images were collected over three
maize crop growing seasons at two minirhizotron facilities (Selhausen, Germany).
Root development and GPR permittivity were monitored at six depths (0.1-1.2 m)
for different treatments within two soil types. We processed these data in a new way
that gave us the information of the “trend-corrected spatial permittivity deviation of
vegetated field,” allowing us to investigate whether the presence of roots increases the
variability of GPR permittivity in the soil. This removed the main non-root-related
influencing factors: static influences, such as soil heterogeneities and rhizotube devi-
ations, and dynamic effects, such as seasonal moisture changes. This trend-corrected
spatial permittivity deviation showed a clear increase during the growing season,
which could be linked with a similar increase in root volume fraction. Additionally,
the corresponding probability density functions of the permittivity variability were
derived and cross-correlated with the root volume fraction, resulting in a coefficient
of determination (R?) above 0.5 for 23 out of 46 correlation pairs. Although both
facilities had different soil types and compaction levels, they had similar numbers
of good correlations. A possible explanation for the observed correlation is that the
presence of roots causes a redistribution of soil water, and therefore an increase in

soil water variability.

Abbreviations: BF, bare-field; EM, electromagnetic; EMI, electromagnetic induction; ERT, electrical resistivity tomography; GPR, ground penetrating

radar; GS, growing season; MR, minirhizotron; PDF, probability density function; RLD, root length density; RV, root volume; RVF, root volume fraction; Rx,
receiving antenna; sEIT, spectral electrical impedance tomography; SV, sensing volume; SWC, soil water content; Tx, transmitting antenna; VSI, Vienna
scientific instruments; ZOP, zero-offset-profile.
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1 | INTRODUCTION

The soil-plant continuum is influenced by multiple factors,
including soil properties, soil nutrients, root system architec-
ture, precipitation, irrigation, evapotranspiration, fertilization,
and agricultural practices. Understanding how these factors
interact in crops is beneficial to plant breeders for optimizing
the belowground traits, achieving an optimal yield, efficiently
using nutrients and water, as well as resistance to diseases.
Both experimental and theoretical studies describe how plant
roots can influence soil water variability and how they interact
with soil heterogeneity. Spatial variability in crop roots (e.g.,
row crops) can also lead to soil water variability (Baroni et al.,
2013; Hupet & Vanclooster, 2002). However, the presence of
crop roots may decrease soil water variability since plants take
up water from regions where water is present (Garré et al.,
2011; Schliiter et al., 2013). Finally, crop roots and above-
ground shoot may also increase variability in water infiltration
and in this way impact soil water variability. Crops may fun-
nel the rainfall that is intercepted by the canopy, thus creating
local infiltration near the stem and roots. This can alter the
soil structure and generate preferential infiltration paths so
that more water is found in the presence of roots than without
(Bui & Box, 1992; Hupet & Vanclooster, 2005).

Commonly used techniques to investigate the spatial and
temporal distribution of roots and the soil water content
(SWC) at the field scale mainly focus on investigating either
root system architecture or soil properties. The in-situ explo-
ration of the root system architecture can be achieved using
labor-intensive and destructive methods such as excavation
(Bohm, 1978; Weaver, 1926), shovelomics root crown phe-
notyping (Trachsel et al., 2010), auger sampling, and trench
wall methods (e.g., do Rosério et al., 2000; van Noordwijk
et al., 2001; Wasson et al., 2016). The main disadvantage of
these destructive methods is the lack of repeatability. Non-
invasive assessment could be used to optimize irrigation and
fertilization and guide cultivar selection according to local
soil conditions (Atkinson et al., 2019). A minimal-invasive
alternative is provided by minirhizotron (MR) techniques,
whereby transparent rhizotubes are permanently or temporar-
ily installed within the soil, provide observation windows
(e.g., Atkinson et al., 2019; Johnson et al., 2001; Rewald &
Ephrath, 2013; Vamerali et al., 2011). These methods are less
destructive, providing an option for the long-term monitor-
ing of roots at the plot scale (e.g., Andrén et al., 1991; Cai
et al., 2016; Svane et al., 2019; Vamerali et al., 2011). MR
techniques enable the observation of both root distribution
and root development during the vegetation period so that
different crop growing seasons can be compared. However,
MR facilities are expensive to install and maintain, and root
observations are limited to 2D images that provide only a
restricted display of the root system. Additionally, different
installation techniques can disturb the soil and the rooting
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zone. This can cause soil smearing, loss of contact between
soil and rhizotubes, and soil compaction, and the rhizotubes
can act as obstacles for root growth (e.g., D. Guo et al.,
2007; Johnson et al., 2001; Maeght et al., 2013; Rewald &
Ephrath, 2013).

In the past decades, the field of non-invasive “agrogeo-
physics” has been established for in-situ investigation of root
systems and the soil below agricultural crops (Garré et al.,
2021). In agrogeophysics, methods such as electrical resis-
tivity tomography (ERT), electromagnetic induction (EMI),
and ground-penetrating radar (GPR) are often applied. ERT
uses electrodes in the soil to image the electrical resistivity
and has been shown to be well suited for in-situ monitoring
of the soil-plant continuum and its structure, in particular
soil water content and accordingly, soil water depletion pat-
terns (Cassiani et al., 2016; Garré et al., 2012). Weigand and
Kemna (2017, 2018) have successfully used spectral electri-
cal impedance tomography (sEIT) to image crop root systems
under controlled laboratory conditions, but it remains chal-
lenging to utilize these methods for in-field root phenotyping.
Shanahan et al. (2015) identified a correlation in EMI-derived
conductivity and SWC in root zones of wheat during soil
water depletion dependent on the soil lithology. Additionally,
Whalley et al. (2017) considered EMI, ERT, and penetrom-
eter measurements to quantify differences in genotypic root
activity from soil drying profiles of wheat. Under certain
field conditions, such as drought, the resolution of the ERT
method is not sufficient to monitor small-scale differences in
soil water depletion for different crop genotypes (Cimpoiasu
etal., 2020). Further, the usage of fixed, permanently installed
ERT lines can limit the monitoring area. EMI can map the
apparent electrical conductivity of the soil by using an induc-
tive signal; its lack of dependence upon a galvanic coupling
with the soil results in a higher throughput compared to ERT.
Both EMI and ERT can be used while crops are still growing
(e.g., Blanchy, Watts, Ashton, et al., 2020; Blanchy, Watts,
Richards, et al., 2020; Schmick et al., 2021; Shanahan et al.,
2015; Whalley et al., 2017). For a detailed review on EMI
and ERT, refer to Ehosioke et al. (2020) and Cimpoiasu et al.
(2020). When investigating the soli-plant continuum, each of
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these methods has benefits but also limitations. The EMI and
ERT signals are influenced by the electrical conductivity of
the soil, which is controlled by the porosity, density, clay con-
tent, pore water saturation, temperature, and salinity of the
pore water. Hence, deriving the SWC from these methods may
be challenging. Furthermore, while EMI is a high-throughput
method, allowing large areas to be mapped in a short amount
of time, it lacks spatial resolution. Several studies indicate the
potential of monitoring root water uptake or soil water distri-
bution. However, the signal is influenced by multiple factors,
and the spatial resolution is limited.

GPR is a geophysical method that can provide both high
levels of spatial resolution and a direct link to SWC (e.g.,
Klotzsche et al., 2018), making it an ideal tool to monitor
SWC as affected by root water uptake. GPR uses electro-
magnetic wave (EM) propagation in the soil (Jol, 2009) from
which one can derive the relative dielectric permittivity (e,),
and the attenuation of the EM wave can be linked to the
electrical conductivity ¢ when using full-waveform inversion
approaches (Klotzsche, Vereecken, et al., 2019). GPR typi-
cally uses high frequencies (50 MHz-3.6 GHz). The depth
of penetration depends on the frequency of the antennae, as
well as the attenuation of the EM wave, which is related to
the electrical conductivity of the soil. This creates a trade-
off between spatial resolution and the depth of penetration.
The GPR-derived permittivity can be linked directly to SWC
by using appropriate empirical or petrophysical relationships
(e.g., Huisman et al., 2003; Steelman & Endres, 2011). The
contrast in ¢, for different soil components (e.g., dry sand ¢, =
6, aire, = 1, and water ¢,, = 80 [20°C]) enables the establish-
ment of a link between the ¢, and SWC. Note that depending
on the frequency of the antennae and the applied petrophysical
relationships, uncertainties can be present in the GPR-derived
SWCs. GPR techniques can be divided into two major groups:
surface and crosshole GPR. For surface GPR, the EM wave
velocity and therefore the ¢, can be derived from the direct
ground EM wave or reflected EM waves (Jol, 2009). When
using the reflected EM waves, the derivation of the SWC is
dependent on what is known about the soil horizon thickness.
In contrast, using crosshole GPR allows a direct link from the
EM wave velocity to ¢, (for more details, see Klotzsche et al.,
2018). In recent years, surface GPR has been used to inves-
tigate the soil-plant continuum with large root systems such
as tree roots (reviewed in L. Guo et al., 2013 and Rodriguez-
Robles et al., 2017) and shrub roots (e.g., Cui et al., 2021;
Liu et al., 2020, 2019; Parsekian et al., 2012). Although some
studies investigated the possibility of estimating agricultural
root systems (Delgado et al., 2017; Klotzsche, Lirm, et al.,
2019; Liu et al., 2017; Wijewardana & Galagedara, 2010;
Galagedara et al., 2002, 2003), the detection and mapping of
finer root systems found in crops are still challenging using
surface GPR. Individual fine roots of <0.002 m can only be
detected using a higher frequency GPR (1600 MHz antennae)

as shown by Parsekian et al. (2012) under laboratory condi-
tions. However, high-frequency applications at the field scale
are difficult because of the high attenuation of the EM waves
and the accompanying reduced penetration depth. Note that
for most research questions, it is more interesting, although
also more challenging, to investigate the entire root system
and its root system architecture rather than just consider indi-
vidual fine roots. This becomes even more challenging to
quantify the entire root system and the surrounding soil.

Klotzsche, Larm, et al. (2019) used time-lapse horizon-
tal borehole GPR data to investigate the link between SWC,
atmospheric conditions, soil, and crop types over several crop
growing seasons. The authors showed that wheat and maize
crops have different effects on the GPR signal and hence the
SWC distribution. Individual maize crop rows were shown to
have a clear impact on the SWC distribution, with a higher
SWC below the maize rows in dry soil conditions. Regardless
of the findings linking the atmospheric conditions and soil
types to SWC distribution over time in the subsurface, open
questions remained such as the effect of the roots and crops
themselves on the obtained SWC along the horizontal rhizo-
tubes. However, the influence of the wheat root system on the
GPR signal could not be identified and hence the root systems
of the individual crops and their direct effects on SWC were
not estimated.

In this study, we provide multi crop growing season infor-
mation about spatial variation in both soil water content and
root observations. It shows the potential of GPR to non-
invasively monitor and characterize the soil—plant continuum
of maize crops by linking time-lapse horizontal crosshole
GPR measurements and time-lapse root volume fractions
derived from root images over the course of three crop grow-
ing seasons and within two soil types. Maize was used because
of the larger crop row spacing, which provides a higher
contrast between the root system and the soil compared to
crops with narrow crop row spacing, such as wheat. Fine
root systems are challenging, since GPR acquires informa-
tion about a volume of soil which includes, for example,
soil, water, roots, nutrients, fertilizer, microbes, and addition-
ally applied agricultural management practices. The linking
of time-lapse GPR measurements and root images obtained
for three crop growing seasons allowed the investigation of
whether the presence of roots influences the GPR permittiv-
ity. The calculation of the spatial permittivity deviation was
done by subtracting the mean of the horizontal permittivity
profile for each measurement date from the permittivity dis-
tribution. This was done to eliminate the effects due to the
“dynamic” factors caused by different atmospheric conditions
during the crop growing season. Blanchy, Watts, Richards,
et al. (2020) used time-lapse EMI and ERT measurements
to detect changes in electrical conductivity caused by cover
crops, compaction, irrigation, and tillage. They subtracted
a reference survey from the time-lapse surveys to remove
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influences from the static effects, such as soil texture, and
then analyzed the dynamic part of the electrical conduc-
tivity over time. Similar to this study, the “static” spatial
permittivity deviations that were assumed to be caused by
heterogeneities, for example, variability of soil properties, or
artifacts, for example, unknown exact distances between emit-
ting and receiver antennas, were subtracted from the spatial
permittivity deviations of vegetated fields to obtain trend-
corrected spatial permittivity deviations. The static spatial
permittivity deviations were derived from spatial permittivity
deviations measured in bare-field (BF) soil. These trend-
corrected spatial permittivity deviations of the vegetated
fields are a measure of the soil water or permittivity variabil-
ity that is generated by the presence of roots. In this study, the
key hypothesis is that spatial variation in root volume fraction
can be linked with spatial variability in GPR permittivity. To
test this hypothesis, we used repeated crosshole GPR mea-
surements and root observations within minirhizotrons. First,
the experimental setup is described, which is followed by a
description of the root image measurement and data analysis.
Next, the GPR measurements and processing steps are dis-
cussed. The time-lapse root data are then shown, followed by
the time-lapse GPR data. Finally, a link between the RVF and
GPR permittivity data variability is investigated.

2 | EXPERIMENTAL SETUP

2.1 | Minirhizotron facilities

Two MR facilities were present at the Selhausen test site
within the TERENO (TERrestrial ENvironmental Observa-
tories) Eifel-Lower Rhine observatory close to Selhausen
(North Rhine-Westphalia, Germany) with the geographic
coordinates 50°52°N, 6°27°E. They were geologically situated
within fluvio-glacial sediments of the Rur River catchment
(Bogena et al., 2018). Various studies have investigated the
Selhausen test site using geophysical measurement techniques
(e.g., Baueretal.,2011; Brogietal.,2019; Jadoon et al., 2012;
Weihermiiller et al., 2007).

At the Selhausen test site, different river deposits were
present. The deposits could be observed due to a morpho-
logical slope of 4° from the upper terrace down to the
lower terrace. Sediments at the upper terrace consisted of
gravely, partly stony, and silty sand, whereas the lower terrace
consisted of a silty, sandy, and slightly gravely loam with sig-
nificant clay content, which gave the sediments of the lower
terrace a firm consistency. The fluvio-glacial sediments were
covered by a plow layer with a thickness of 20-30 cm for both
terraces.

The MR facilities were situated on both the upper and lower
terraces such that each MR facility was located in a river
deposit where different soil properties were present (see Cai
et al., 2016). The upper (Ryt) and lower (R;t) MR facili-

ties each consisted of three plots (Figure 1a), which allowed
the comparison of different agricultural treatments and differ-
ent soil properties under the same atmospheric conditions. In
each plot, three rhizotubes of 7- m length were installed at six
different depths, between 0.1 and 1.2 m, below the surface.
Rhizotubes were laid parallel to one another with a horizon-
tal distance of 0.75 m. It is important to note that the depths
of the rhizotubes varied between the individual crop growing
seasons due to soil erosion and soil compaction after tillage
and seedbed preparation (depths were measured every sea-
son). One end of each rhizotube was present in an access
trench from which the measurements were performed. In the
lower facility, R; 1, tubes were installed in horizontally drilled
boreholes, and deviations could be up to 0.10 m. Because
of the high stone content at Ry, drilling horizontal bore-
holes was not possible (Cai et al., 2016). Instead, the soil
was excavated in layers and refilled during the installation of
the rhizotubes. The deviations in horizontal distance between
Ry rhizotubes were less than 0.02 m. Additionally, in order
to make the measurements within the rhizotubes, various sen-
sors were installed within the soil to measure the soil water
potential (tensiometers and MPS-2 sensors manufactured by
UMA GmbH and Decagon Devices, Inc., respectively), soil
water content (time domain reflectometer in-house produc-
tion), and soil temperature (MPS-2 sensors). Above ground at
R} 1, there was a monitoring system for sEIT installed 3.5 m
away from the trench (Weigand et al., 2022).

The MR facilities provided ideal circumstances to study
the different components of the soil-plant continuum under
field conditions and included data from different above- and
belowground measurement techniques, for example, semi-
4D geophysical data and information from root images. The
belowground data acquired within the MR facilities between
2016 and 2021 can be found in Ldrm et al. (2023). The below-
ground geophysical measurements were analyzed by Cai et al.
(2016), Klotzsche, Lirm, et al. (2019), Yu et al. (2020, 2021),
and Weigand et al. (2022). Other soil and root measurements
were analyzed by Cai et al. (2017, 2018) and Morandage et al.
(2021). Aboveground crop measurements are described by
Nguyen et al. (2022).

2.2 | Experiment design and agricultural
practices

In the time since the MR facility was installed, different wheat
and maize cultivars have been sown for various crop grow-
ing seasons (e.g., Klotzsche, Lirm, et al., 2019; Morandage
et al.,, 2021). Agricultural treatments, such as sowing den-
sity, sowing date, crop cultivars, and surface water treatment
(sheltered, natural, and irrigated) vary for the different crop
growing seasons. This study considered three seasons (2017,
2018, and 2020) in which maize (Zea mays) was sown. Differ-
ent agricultural practices, which included irrigation, sowing
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(a) Facility & treatment overview
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FIGURE 1 (a)Overview of the minirhizotron (MR) facilities. At each of the plots, different agricultural treatments were applied for the

different crop growing seasons. The direction of the crop rows was perpendicular to the direction of the rhizotrubes (red arrow). The measurements

were carried out within an access trench. (b) Overview of one representative plot within the MR facilities with the horizontal crosshole

ground-penetrating radar (GPR) zero-offset-profiles (ZOP) measurement setup. Transmitter and receiver antennae are labeled Tx and Rx,

respectively. Root images were acquired using a camera system attached to an index handle.

density, and varying cultivars, were simultaneously carried
out for both MR facilities (overview in Table 1). For the
crop growing seasons 2017 and 2018, the cultivar Zoey was
sown on all three plots. A different sowing date (Ryt) and
sowing density (R;r) were chosen for Plot 1 in 2018. For
the 2020 crop growing season, two different cultivars, Stacey
and Sunshinos, were planted on the outer plots (Plots 1 and 3),
respectively. For Plot 2, a mixture of the two cultivars with
alternating rows was sown. The spacing between the indi-
vidual maize crop rows was 0.75 m. When a higher sowing

density was applied, crop row spacing was kept constant, and
the interrow distance was decreased. During the 2017 and
2018 growing seasons, an irrigation treatment was applied.
While Plots 1 and 2 were rain-fed, Plot 3 was irrigated on
a regular basis throughout the growing seasons. During the
2018 crop growing season, crops on Plots 1 and 2 showed
severe stress symptoms, and emergency irrigation was nec-
essary on a few occasions to ensure the continuation of the
experiment. For the 2020 growing season, additional irriga-
tion due to stress conditions was carried out equally on all
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TABLE 1
number of measurement days.
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Overview of the crop growing seasons used in this study, including the different agricultural practices, the maize growing stages, and

Year 2017 2018 2020
Property MR Facility Ryr Rt Ryt Rip Ryr
Plot 1 Rain-fed Rain-fed Rain-fed Rain-fed Irrigated
Treatment Plot 2 Rain-fed Rain-fed Rain-fed Rain-fed Irrigated
Plot 3 Irrigated Irrigated Irrigated Irrigated Irrigated
Plot 1 Zea mays L. Sunshinos
Cultivar Plot 2 Zea mays L. ‘Zoey’ Zea mays L. ‘Zoey’ Mixture
Plot 3 Zea mays L. Stacey
Plot 1 16
Sowing densit
owine CENRY plot 2 10.66 10.66 10
(plants/m~) 10.66
Plot 3
Plot 1 22.05.2018
Sowing Plot 2 04.05.2017 08.05.2018 29.04.2020
08.05.2018
Plot 3
Plot 1 26.05.2018
Emergence Plot 2 09.05.2017 13.05.2018 12.05.2020
14.05.2018
Plot 3
Plot 1 21.07.2018
Tasseling Plot 2 09.07.2017 09.07.2018 12.07.2020
10.07.2018
Plot 3
Plot 1 23.07.2018
Silking Plot 2 14.07.2017 11.07.2018 15.07.2020
12.07.2018
Plot 3
Plot 1 02.09.2018
Harvest Plot 2 12.09.2017 22.08.2018 23.09.2020
22.08.2018
Plot 3
Number of GPR meas. 22 21 22 19 9
Number of Root Images meas. 9 9 7 6

Abbreviations: GPR, ground-penetrating radar; MR, minirhizotron; meas., measurement.

three plots. The individual irrigation volumes can be found
in Tables S1 and S2. Additionally, Table 1 provides informa-
tion about the sowing, harvest dates, the dates for the different
maize vegetation stages, and measurement times. Prior to the
maize crop growing seasons, winter wheat had been sown
at the MR facilities. The last winter wheat crops were har-
vested on July 26, 2016 (Klotzsche, Lirm, et al., 2019), with
the soil laying fallow for 9.5 months without crop cover. Due
to changes in project funding, in 2019, a flower meadow was
planted but not further investigated.

3 | ROOT IMAGE ACQUISITION AND
PROCESSING

The root images were obtained within the rhizotubes using a
digital camera on an aluminum index handle (see Figure 2b).

Two different camera systems were used. For the 2017 dataset,
the Bartz system (Bartz Technology Corporation) was used,
and for the 2018 and 2020 datasets, the VSI system was
used (Vienna Scientific Instruments GmbH). Due to time con-
straints, images were taken only at certain locations along
the rhizotubes. The images taken from one rhizotube were
composed of four groups of five images. The between-group
spacing was 0.93 m (Figure 2a), and the within-group spacing
varied between 0.08 and 0.12 m. For the time-lapse dataset,
40 images were captured from each rhizotube. This con-
sisted of 20 images at an angle of 80° from the left side
and 20 at an angle of 80° from the right side (Figure 2b).
For comparison, the GPR-ZOP spatial measurement range
is indicated in Figure 2a. In addition to the time-lapse root
images, which were obtained over the three growing sea-
sons 2017, 2018, and 2020, a continuous root image dataset
was collected during the 2020 growing season. This dataset
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(a) Root image positions along rhizotubes

Crop positions along tube
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(b) Root image angle
within rhizotubes

00

FIGURE 2

(c) Root image

5

(d) Segmented
root image

(a) Root image locations within rhizotubes, with the location of the aboveground crop rows in comparison to the image locations.

The upper rhizotube illustrates the positions of the time-lapse root images, the middle rhizotube illustrates the positions of the high spatially resolute

root image measurement in 2020, the lower rhizotube illustrates the section where the ground-penetrating radar (GPR) zero-offset-profiles (ZOP)

measurements were acquired. (b) Root image angles within the rhizotubes, (c) representative root image, (d) corresponding segmented root image

after an automatic image analysis pipeline, developed by Bauer et al. (2022).

consisted of continuous sequences of root images over a
length of 4 m in the rhizotubes (see Figure 2a). These mea-
surements required approximately sevenfold more time than
the regular root image measurements.

The root image dataset acquired over the 2017 crop grow-
ing season was briefly discussed in Morandage et al. (2021).
For this study, the automatic image analysis pipeline devel-
oped by Bauer et al. (2022) was used to derive information
from the root images (Figure 2c). The pipeline consists of the
following processing steps. (i) Pre-processing of the images,
which includes renaming, distortion correction, cropping, and
resizing. While resizing, the dimensions of the images were
changed to 0.0165 by 0.0235 m and 0.02 by 0.02 m for the
Bartz and VSI camera systems, respectively, resulting in a
root image size of ~0.0004 m? and adds up to an area of
~0.016 m? per rhizotube. For the continuous root image over
4 m, the image sizes of 0.02 by 0.02 m were made every
0.02 m, covering an image area of 0.16 m>. (ii) Applying
an automated image segmentation using RootPainter (Smith

et al.,, 2022), performed by a pre-trained neural network
model; and (iii) converting the segmented images to binary
images (Figure 2¢), from which the root traits were extracted
by RhizoVision Explorer (Seethepalli et al., 2021) for each
individual root image.

The root volume per image was calculated by RhizoVi-
sion Explorer using the root length and the root diameter. To
compare the root traits with the GPR measurements, the root
volume fraction (%) (RVF) was used. This was defined as the
volume percentage of space occupied by the roots in a respec-
tive soil volume. The respective soil volume was derived by
assuming that the roots visible in the image were displaced by
the rhizotube and would have otherwise grown within a vol-
ume that was equal to the image area times the outer rhizotube
radius 7p,;,0mbe (0.032 m) (see Equation 2) (e.g., Cai et al.,
2017; Morandage et al., 2021). This resulted in a sensing vol-
ume (SV) of 1.24 x 107 m3 and 1.28 x 107> m? per image for
the Bartz and VSI camera systems, respectively. Accordingly,
the RVF was calculated by using the RV and the respective
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TABLE 2 Comparison of the root volume fraction (RVF) and the root length density (RLD) as minimum, maximum and mean for Ry and R; 1
in 2017, respectively.
Ryr Rir

Property RVF (%) RLD (cm/cm?) RVF (%) RLD (cm/cm?)

Minimum 0.0000005 0.0006 0.000001 0.001

Maximum 0.36 1.84 0.75 2.1

Mean 0.01 0.103 0.042 0.25

Abbreviations: RLD, root length density; RVF, root volume fraction.

soil volume V;:

rRvF =RV (1)

soil

while using
Vsoil =L-W- Tthizotubes 2

where L is the length of the image, and W is the width of
the image. To compare the RVF data with the GPR measure-
ments and taking into consideration the different V. of the
methods, the mean RVF of four root image windows per posi-
tion along the rhizotubes was used. This refers to images on
either side of the two neighboring rhizotubes, from where
the transmitting antenna (Tx) and receiver antenna (Rx) are
inserted. Using four root images increases the image area to
0.001551 m* for each position along the rhizotube for the
Bartz system and to 0.0016 m? for the VSI camera system.
Note that images in both directions were used and not only
in the GPR measurement direction to account for the scale
difference between the size of the root images and the SV of
the GPR measurements. The root length density (RLD) was
also calculated for 2017, as it is a common parameter in rhizo-
sphere science, and an overview in comparison with the RVF
can be found in Table 2. The values for the years 2018 and
2020 can be found in the Tables S3 and S4.

In 2017, photographs were taken at different crop growth
stages until the crops reached the reproductive stage to illus-
trate crop development at both facilities. A description of the
individual growth stages is included in Figure 3. From this,
the growth stages of the crops both above ground and below
ground can be recognized. For Plot 3 in Ry, an increased
height of about 20 cm can be observed in Figure 3a for June
29, 2017, shown behind the line indicated by the two red
arrows. Overall, the crops at R; performed visibly better
than at Ryyr. A similar trend can be seen in the root images
for July 27, 2017 (Figure 3c). While a greater number of
thicker roots are visible for deeper positions in Ry 1, the roots
in Ryt are thinner and less distributed in the deeper soil. Han-
way (1966) described that the optimal development of maize
is only dependent on nutrient uptake after the dough stage
(reproductive stage 4), meaning that at this point maize crops

are expected to require less water. Previous to this stage, the
development of the yield (number, size, and weight of the
maize ears) is highly dependent on both the soil water and
nutrient availability.

4 | GPR MEASUREMENTS AND DATA
PROCESSING

During the three growing seasons under study, weekly
time-lapse GPR measurements and discontinuous time-lapse
root images were acquired. The time-lapse GPR data were
acquired using the crosshole zero-offset-profiling (ZOP) mea-
surement technique, employing a 200-MHz PulseEKKO
borehole system manufactured by Sensors & Software. For
ZOP measurements, Tx and Rx were located within adjacent
rhizotubes (see Figure 1b). Tx emitted an EM wave through
the soil, and the signal was recorded by Rx. Tx and Rx were
moved in simultaneously in 0.05-m increments over the length
of the rhizotubes. For time-zero calibration of the crosshole
GPR data, wide-angle reflection and refraction measurements
in the air were performed within the access trench. In this
procedure, Tx was fixed, and Rx moved in 0.1-m increments
over the 6-m distance. In total, over all three growing sea-
sons, 53 datasets were obtained for Ryt and 40 for R; 1. For
each measurement day, the permittivity values of the GPR
measurements were estimated every 0.05 m along 5 m of the
horizontal borehole length, resulting in 100 GPR traces per
measurement depth. Only data between 2.5 and 6 m were
considered because GPR data from close to the access trench
where the soil sensors were located were not reliable and were
therefore excluded. The 1.2-m depth in Plot 3 of Ry + was not
measured due to a broken rhizotube, and a data gap is present
between 2.8 and 3.3 m along the rhizotubes at 0.2-m depth
due to the installed sEIT line (Weigand et al., 2022), which
affected the GPR measurements.

To estimate the relative dielectric permittivity (e,) from
horizontal GPR crosshole ZOP measurements, several pro-
cessing steps are required: (i) apply a dewow filter, (ii) correct
for time-zero, and (iii) estimate the first signal breaks (for
more details, see Klotzsche, Larm, et al., 2019). After finaliz-
ing these steps, picked travel times of the EM wave between

85U80| 7 SUoWWIOD aAITeaID 8qed!|dde sy Aq peusenob afe saoie VO ‘8sn JO Sajnu 1o} Areiq 1T 8UlUO AB|1M UO (SUOIPUCO-PUR-SWLSI/I0D A3 | 1M AReIq 1 U UO//:SdNY) SUONIPUOD pue SwWie | 8y 8eS *[7202/T0/92] Uo Ariqi7auliuo A8 |im eiueD yoessay HAW yd1ne wnnuezsbunydsiod Aq £6202 2 [2AZ00T 0T/10p/wod e 1m Ae.q 1 puljuo'ssssde//sdny wouy pepeojumoq ‘T ‘vZ0Z ‘€99T6EST



LARM ET AL.

(a) Crop images - growing season 2017
1 0 14.06.17 - 29.06.17 12.07.17 27.07.17

(b) Vegetative stages of maize
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R3 =
i .~ A
A\Wa 'S
f r r
I e . 's R4 R
N ? r ;\‘ [ 2\
\)/ /a r r RE e\
\ L X O - e T i *
Vegetative (V) Stages Reproductive (R) Stages
VE \'Al V3 Vvé 2] vT R1 R2 -R5 R6
Growing Emerge | First Third | Sixth Ninth Leaf | Tasseling Silking | R2 - Blister | Maturity
Stage nce Leaf |Leaf |Leaf R3 - Milk
R4 - Dough
R5 - Dent
Days after 7 12 21 30 56 66 R2-78 130
Emergence R3-92
(after Hanway, et R4 - 102
al., (1966)) R5 - 114
Date in 2017 |09.05 |16.05 31.05 07.06 09.07 14.07 |27.07 (R2) |16.09
Date in 2018 | 26.05* |02.06* |07.06* | 16.06* 25.06* 21.07* 31.07* |12.08* (R2) | 03.10*
14.05 |21.05 |26.05 |04.06 13.06 09.07 19.07 |31.07 (R2) |21.09
Date in 2020 | 12.05 |19.05 |24.05 |02.06 11.06 07.07 17.07 |29.07 (R2) |19.09

(c) Root images of the 27.07.2017

FIGURE 3 (a) Images of both minirhizotron (MR) facilities during the 2017 crop growing season. (b) Overview of the maize vegetation stages
and the corresponding dates for the crop growing seasons. (c) Root images of July 27, 2017 for different depths for both MR facilities. *For Plot 1 at
Ry, a later sowing date is applied. Hence, the respective dates for the different crop growing stages vary.

the adjacent rhizotubes were obtained for each ZOP position. could be transformed into the relative dielectric permittivity
Because of the known horizontal distance (0.75 m) between g, of the bulk material with:

the rhizotubes, using the picked travel times allowed the calcu-

lation of the EM velocity for each ZOP position. Considering V= —, 3)
low-loss and non-magnetic soils (Jol, 2009), the EM velocity \/a
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where

£,==, 4)

c is the speed of light (~0.3 m/ns), € is the effective permit-
tivity of the bulk material, and g, is the permittivity of free
space with 8.85 x 107!2 F/m. Note that from this point for-
ward when permittivity is mentioned in the text, it refers to
relative dielectric permittivity e,..

To obtain SWC from the relative permittivity, a petrophys-
ical or empirical relationship is needed. One of the most
common petrophysical volumetric mixing models is the com-
plex refractive index model (Huisman et al., 2003). In this, it
is assumed that the soil system consists of different phases,
with different dielectric properties and volume fractions. The
general formula for a system with n dielectric components is
expressed by:

e=Xxle)” ®

where €* is the bulk permittivity of the mixed system, and a
is a fitting exponent, which accounts for the geometry of the
system. y; and ¢; indicate the volume fraction and permittivity
of the i-th component of the system, respectively. Commonly,
three-phase soil systems are used, which include soil, water,
and air. Using @ = 0.5 for the geometry factor and e, = 1 for
the permittivity of air, Equation (5) can be reformulated for a
three-phase system to:

£,=|(1-¢) -\/,4+0-\/2,,+ (p—0)] 2 (6)

where ¢ is the soil porosity. £, and g, represent the permit-
tivities of the soil (solid phase) and water components of the
system, respectively. 6 represents the volumetric SWC. Rear-
ranging Equation (6), the SWC for the three-phase system
could be calculated using:

,_ Vo= (=) JE—¢
e

Like Klotzsche, Larm, et al. (2019), an £,,= 84 at 10°C was
used, which represents the mean soil temperature obtained
from the soil temperature sensors. £, was 4.7 and 4.0 for the
Ryt and Ry 1, respectively.

The SV of the GPR data, described by the Frensel vol-
ume, is an elongated rotational ellipsoid where the foci are
at the locations of Tx and Rx (see Figure 1). The size of the
volume depends on the spacing between the antennae, cen-
ter frequency, and the bulk permittivity of the soil. The SV
for intermediate soil water content conditions for Ryt was
approximately 0.35 m3 (see Klotzsche, Liarm, et al., 2019).
Note that the SV for the GPR data was significantly larger

(7

than the investigated soil volume to obtain the RVF values,
such that a direct comparison was not possible. In addition, the
GPR-derived permittivity values are influenced by the soil,
the water content of the soil, and the water content of the roots.
The separate contribution of each factor cannot be disentan-
gled with this type of measurement setup. Since the RVF was
very small (see Table 2) and the dielectric permittivity of the
soil particles was small compared to that of water, the main
contribution to the bulk soil permittivity came from the soil
water (e.g., Cassidy, 2009). Additionally, uncertainties of the
solid phase are higher for dry conditions with low saturation
of the soil. Therefore, in the following, the obtained relative
permittivity from the measured GPR signals and its spatial
and temporal variability is discussed.

S | SPATIAL AND TEMPORAL
VARIABILITY OF THE SOIL-PLANT
CONTINUUM

Root images and crosshole GPR data were acquired, when
possible, on a weekly or biweekly basis over three crop grow-
ing seasons. The total number of measurements per crop
growing season is shown in Table 1. For the GPR dataset,
the information from the 0.1-m deep rhizotubes was excluded,
mainly due to the interference of the critically refracted air
wave with the direct wave. The GPR traces at a depth of
0.2 m also show an impact of this interference, particularly
for dry conditions. However, the uncertainties remain within
an acceptable range, and the data can still be used for fur-
ther analysis (Klotzsche, Larm, et al., 2019; Yu et al., 2021).
Since the GPR has a larger SV than the root images, the data
acquired from the root images at a depth of 0.1 m are included.

5.1 | Time-lapse root data

From the results of the automatic image analysis pipeline
(Bauer et al., 2022), the RVF information was derived for each
rhizotube for both MR facilities. For each plot, the mean RVF
was calculated at each depth, taking into consideration both
rhizotubes, which were also used for the GPR measurements.
In some cases where unrealistic RVF values occurred due to
changes in image settings and acquisition errors, data needed
to be excluded.

The curves for the root development over time with the
root arrival for 2017 are shown in Figure 4, where the RVF
is plotted for all three plots for Ry and Ry as a function
of time. Depths of 1.2 m were only measured late in the crop
growing season, due to the absence of roots in the earlier vege-
tation stages. For most of the root arrival curves, an increase in
RVF over time was observed, where a strong increase in RVF
was mostly present around the date of tasseling and silking.
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FIGURE 4 Root arrival curves in root volume fraction (RVF) for 2017 for the three plots for Ry and R; 1, left and right, respectively. The root
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images were measured within the same rhizotubes where the ground-penetrating radar (GPR) antennae was placed. The colored triangles represent

the RVF over time, which were median-filtered over 3 measurement days. The colors indicate the different depths. Tasseling and silking are indicated

by the vertical lines. Note the different y-axes scales for Plot 1 in comparison to Plots 2 and 3.
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During tasseling, the male flowers start to shed their pollen.
This takes place when the plant has reached its full height.
Silking is the emergence of silks from the ear shoot of the
female maize flower. At the end of the crop growing season,
up to the harvest date, there was a significant decrease in RVF.
In general, R; 1 showed higher RVF than Ryp. For Ry, the
maximum RVF was below ~0.08%, and for Ry, the maxi-
mum RVF was ~0.15% (see Figure 4). In addition, there were
considerable differences in root development at the different
depths, both between the MR facilities and between individ-
ual plots. The highest RVF for both R; 1 and Ryt were found
in Plot 1 at 0.8 m and 0.1 m, respectively. The next high-
est RVF obtained in Ry was at Plot 3, followed by Plot 2,
and for R; 1 Plot 2 followed by Plot 3. The maximum rooting
depths for both MR facilities in the 2017 crop growing sea-
son and the results obtained using an additional excavation
measurement showed similar results (see Klotzsche, Lirm,
etal., 2019; Morandage et al., 2021). In these studies, a maxi-
mum rooting depth of 1 m for Ryt and of 1.40 m for R; + was
detected, which exceeded the maximum observation depth for
R; 1. Figure 5 shows the same RVF data as Figure 4 but plotted
as a function of depth, such that the depth distribution is both
more clearly visible and not median-filtered over time. A com-
parison of the three individual plots of Ryt and Ry reveals
significant differences. The natural/rain-fed Plots 1 and 2 at
Ryr had maximum values at a depth of 0.1 m and 0.6 m,
although for Plot 1, the maximum value at a depth of 0.1 m
was significantly larger than at a depth of 0.6 m. Note that the
axis for the 0.1-m depth was significantly larger than the other
depths. At R; 1, the natural/rain-fed Plot 1 showed two max-
ima in RVF at depths of 0.8 m and 0.4 m, whereas for Plot 2, a
maximum was present only at a depth of 0.8 m. Note that the
axis range for Plot 1 was again significantly larger than for
Plots 2 and 3. The irrigated Plot 3 showed a local maximum
in RVF at a depth of 0.4 m for Ryt and at depths of 0.1 m and
0.4 m for Ryt. The same analysis was carried out for 2018
and 2020, and the results can be found in Figures S1 and S3,
respectively. The depth distribution of 2018 was similar to
that of 2017, and what few differences were observed were
possibly related to differences in measurement dates. A large
difference was visible for Ryt Plot 3, where the highest values
in RVF were present at depths of 0.4 m and 0.6 m. During the
2020 growing season, only two measurements at Ryt were
possible, and therefore no comparison was made.

5.2 | Time-lapse GPR data

For each measurement day, the permittivity values of the
GPR measurements were estimated for each position (every
0.05 m) along the horizontal rhizotubes for five depths and
three plots/treatments. The obtained permittivity values were
then plotted as horizontal permittivity profiles between the

Vadose Zo 12 of 31

rhizotubes. Figure 6 shows semi-3D images for a 1.2-m-
depth by 9-m-width by 3.5-m-length soil volume, obtained for
April 26, 2017, and July 27, 2017, which show the horizon-
tal permittivity profiles before and during the maize growing
season.

Overall, the permittivity of Ryt indicated higher values
than Ry, which was related to the porosity ¢ and soil type
differences of both MR facilities. While the topsoil of Ryt
had an approximate porosity of ¢ = 0.33 and the subsoil
of ¢ = 0.25, the topsoil and subsoil of R; 1 had a porosity
¢ = 0.4 and ¢ = 0.35, respectively. Additionally, at R, a
shallower water table depth was present (seasonal fluctuations
between 3 and 5 m below the surface, see Jadoon et al., 2012).
Generally, the permittivity increased with increasing depth for
Ryt and R; 1. Comparing the two measurement days, the per-
mittivities before the growing season were generally slightly
higher than during the season for both MR facilities, which
was related to the weather conditions. To better understand
the seasonal changes, the mean permittivity per depth over
time was compared with the weather data (Figures 7 and 8 for
Ryt and Ry 1, respectively).

Similar to the findings from the root arrival curves and
RVF depth distribution (Figures 4 and 5), there was a differ-
ence in permittivity between the individual plots. For Ry,
a permittivity gradient between the three plots was present
(Figure 6a,b), with Plot 1 having the lowest permittivity val-
ues, followed by Plots 2 and 3. This was particularly evident
before the growing season (see gray frames in Figure 7). The
difference was particularly distinct at a depth of 0.2 m (plow
layer), while the irrigated Plot 3 showed the highest permittiv-
ity values. Although Plots 1 and 2 received the same surface
water treatment, Plot 1 showed lower permittivity values at all
depths.

Additionally, it can be assumed that because of the larger
SV of the GPR measurements, information acquired below
a depth of 1.2 m included naturally deposited soil. Simi-
lar to Ryp, Ryr had a visible permittivity gradient between
the individual plots, with Plot 1 showing the lowest permit-
tivity values, and Plot 3 the highest (Figures 6 and 8b,d).
Additionally, this gradient from lower to higher permittivity
values was equally noticeable over all depths. In contrast to
Ry, the 0.2-m depth had the lowest permittivity values, com-
pared to greater depths, and the permittivity increased with
increasing depth. The horizontal permittivity variations were
smaller compared to the vertical variation for both MR facili-
ties (Figure 6c¢,f). The areas along the rhizotubes with higher
permittivity values in depths of 0.2 m coincided with the spa-
tial aboveground location of the maize crop rows, indicated
by green diamonds (see also Klotzsche, Lirm, et al., 2019).
These patterns were more distinct for Ry;r than R; 1, caused
by the higher permittivity changes for Ry. Greater depths
did not show these clear permittivity patterns, although there
were variations along the rhizotube with smaller differences.
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Root Volume Fraction Depth Profiles - 2017
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FIGURE 5 Root volume fraction (RVF) depth profiles of 2017 for R (a), (c), and (e) and R; 1 (b), (d), and (f). The colored triangles
represent the RVF values for the different depths, where the different colors represent the measurement date over the crop growing season. Note the
different x-axis for Ry and R below all plots and a separate axis for Plot 1 of R, and adepth 0.1 m of Plot 1 of Ry;; shown on top of the figure.
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Spatial ¢,
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Semi-3D plots of horizontal permittivity profiles for 2 days during the crop growing season 2017. Permittivity results for Ry and

Ry for the dates April 26, 2017, and July 27,2017, for (a) and (b) and (d) and (e), respectively. The different colors represent the permittivity values

along the rhizotubes, the green diamonds indicate the aboveground location of the maize crop rows, and the red dashed rectangles indicate two

zooms for Plots 2 shown in (c) and (f) with an adjusted color bar. Note that for April 26, 2017, no crops were sown, while for July 27,2017, maize

Ccrops were present.

The semi-3D plots of winter wheat in Klotzsche, Larm, et al.
(2019) did not show the same patterns within the horizontal
permittivity profiles.

To investigate a possible link between permittivity vari-
ations and atmospheric changes, comparisons between the
mean permittivity values per day and depth, and the daily pre-
cipitation and temperature for both MR facilities were made
(Figures 7 and 8). Similar to the findings observed in Figure 6,
it was found that along the rhizotubes the mean permittivity
(i) was higher for Ry than Ryr; (i) mostly increased with
increasing depth, except for at a depth of 0.2 m for Ryr,
where the highest mean permittivity was observed during
periods with high precipitation and irrigation events; and (iii)
showed dependence on the weather conditions, where high
permittivity values were observed during the periods of high
precipitation/irrigation and lower temperatures. Presumably,

the responses to changes in the weather conditions were dif-
ferent due to the different soils of the MR facilities. While
for Ry there was a faster response of the mean permittivity
at all depths, R; 1 exhibited a delayed response with increas-
ing depth. As previously mentioned, this was likely caused by
the higher porosity of the fine-grained soil, and for R; 1, per-
haps additionally due to the closer distance of the groundwater
table and the associated capillary rise (see Klotzsche, Lirm,
et al., 2019). Interestingly, for R; 1, a trend was observed that
did not seem to correlate with the weather conditions. After
the silking and tasseling, a steady decrease in mean permit-
tivity at all depths was apparent, even in correlations with
precipitation events when temperatures did not change. The
lack of effects of precipitation events was likely because the
increase in SWC was counteracted by an increased root water
uptake. This effect was less recognizable for Ryyt. The same
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Temporal GPR data for different soils in comparison with the weather data
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FIGURE 7 Comparison of the weather data and permittivity for Ry during the 2017 crop growing season. (a) Weather data: the solid red line
represents the daily temperature values, and the light blue bars represent the daily precipitation values. The dark blue irrigation values are only valid
for Plot 3. Mean permittivity per depth for Plots 1-3 are shown in (b) and (d). The colored circles with the error bars indicate the permittivity mean
along the rhizotube with its standard deviation as error bars. The colored solid lines connect the individual measurement days. The horizontal lines
represent the dates for the vegetation stages and sowing and harvest dates. For convenience, the approximate soil water content (SWC) values were
added on the right-hand axis for (b) and (d) using the three-phase complex refractive index model (CRIM).
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Temporal GPR data for different soils in comparison with the weather data
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FIGURE 8 Comparison of the weather data and permittivity for R, during the 2017 crop growing season. (a) Weather data: the solid red line
represents the daily temperature values, and the light blue bars represent the daily precipitation values. The dark blue irrigation values are only valid
for Plot 3. Mean permittivity per depth for Plots 1-3 are shown in (b) and (d). The colored circles with the error bars indicate the permittivity mean
along the rhizotube with its standard deviation as error bars. The colored solid lines connect the individual measurement days. The horizontal lines
represent the dates for the vegetation stages and sowing and harvest dates. For convenience, the approximate soil water content (SWC) values were
added on the right-hand axis for (b) and (d) using the three-phase complex refractive index model (CRIM).
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analysis was carried out for 2018 and 2020, and the results
confirming these findings can be found in Figures S4 and S6,
respectively.

6 | LINKING DEPTH-DEPENDENT RVF
WITH DEPTH-DEPENDENT GPR
PERMITTIVITY VARIABILITY

This section investigates the connection between the RVF and
GPR permittivities. Although Plots 1 and 2 at Ryt and R; ¢
had the same surface water treatment in 2017 and 2018, the
observed RVF depth profiles shown in Figures 4 and 5 and
permittivities in Figures 6—8 obtained in 2017 showed dis-
tinct differences. The measured RVF and permittivity data
from 2018 show significantly smaller differences, as shown
in Figures S1-S3. A possible explanation for the larger differ-
ences between Plots 1 and 2 in Ryt and Ryt in 2017 than
in 2018 is the application of different surface water treat-
ments for Plots 1 and 2 from previous years. While Plot 2
was always under rain-fed conditions, Plot 1 was sheltered
between 2012 and 2016 for Ryt and between 2014 and 2016
for Ry 1. The rain-out shelter for Plot 1 resulted in drier soil
and, consequently, both a different root distribution within the
soil profile and lower crop growth compared to the other plots.
This generated a so-called “memory effect.” Consequently,
the soil conditions at the beginning of the experiment were
not the same for both years, resulting in different patterns in
SWC and root growth.

The influence of the maize crops on the horizontal permit-
tivity profiles is clearly shown in Figure 6¢,f. Five crop rows
were present along the rhizotubes, overlapping with the GPR
measurements as shown in Figure 2, and five peaks could be
identified in the permittivity values at the shallowest depth of
0.2 m. This indicated that increased SWC values were present
between the two rhizotubes, probably due to the presence of
shallow crown roots.

Since root images were collected only at selected loca-
tions, as indicated in Figure 2, no direct comparison could be
made between the observed RVF and permittivity along the
rhizotubes. Only once on August 5, 2020, a labor-intensive
continuous image of the roots made along the complete rhi-
zotubes was acquired. Figure 9 shows the results and includes
the measured permittivity values. Additionally, five peaks in
the permittivity can be observed at the 0.2-m depth, which
correspond to the five maize rows, though they show a consid-
erable shift. The permittivity peaks at 1.5 and 2.25 m along the
rhizotubes also correlated with the corresponding root infor-
mation (RVF). However, while multiple small peaks in RVF
were present between 2.5 and 5 m, there was no clear direct
correlation between the RVF and permittivity data. Although
the SV of the RVF was limited to the area directly around
the rhizotube and the GPR SV represented the larger soil vol-

ume in between two rhizotubes, these results indicate that the
presence of roots increases the variability in permittivity. In
contrast, permittivity in a BF, where no roots are present,
showed a very small variation in permittivity (Figure 6). In
the following section, it is assumed that the roots observed
along the rhizotubes represented the root growth at that spe-
cific depth, and an investigation of whether a correlation
exists between the average RVF along the rhizotubes and the
variability in permittivity follows.

6.1 | Calculation of time-lapse variability
analysis of GPR data

The investigation into the effects of the soil-plant contin-
uum on the GPR-derived permittivity distinguished between
static and dynamic influences. Static influences were soil
heterogeneity and variations in the distances between rhizo-
tubes and exerted a time-constant effect on the permittivity
at the MR facilities. The dynamic influences were dominated
by the temporal changes in permittivity caused by the sea-
sonal variations in weather conditions (e.g., precipitation and
evapotranspiration) as well as the soil water depletion caused
by the root water uptake. To come up with a proxy for the
permittivity changes related to the presence of roots, it was
necessary to optimally reduce static effects and minimize
the dynamic influences caused by atmospheric conditions for
each measurement day.

When investigating the horizontal permittivity profiles over
the course of the measurement season, it was observed that
the vertical permittivity variations with depth for the differ-
ent dates were caused by changes in the weather conditions
(Figure 10a), as shown in the exemplary case for a depth of
0.8 m within Plot 2 of R; 1. To minimize the dynamic factors
caused by different atmospheric conditions during the crop
growing season, each day needed to be considered separately.
As a first step, we reduced the dynamic influences for each
horizontal permittivity profile:

e, '=e, —€. N

by calculating the mean g, along the rhizotubes for each hor-
izontal permittivity proflle and then this value was subtracted
from the €, of the individual ZOP positions along the rhizo-
tubes. Here i and j indicate the date and the position along the
rhizotube, respectlvely These so-called spatial permittivity
deviations €, ' represent the deviations of the individual per-
mittivities at the individual ZOP positions j from the meane,

along the horizontal permittivity profiles and are mdependent
from the seasonal changes in SWC conditions. This step was
repeated for each measurement day individually. Data from
the growing season and the BF measurements, which were
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RUT - 2020 - Comparison - CRIM soil water contents - 05.08.2020
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FIGURE 9 Comparison of the permittivity high-resolution root image dataset measured on August 5, 2020, and the respective root volume
fraction (RVF). The different plots represent the different depths of 0.2-0.8 m, (a)—-(d), respectively, for Plot 2 at Ry;. The solid blue line indicates
the permittivity. The green bars indicate the RVF along the rhizotubes. The black solid line indicates the smoothed RVF along the rhizotube over five

positions. The dashed black line represents the mean RVF along the rhizotubes.

collected before the sowing of the maize crops, were con-
sidered separately. Comparing the derived spatial permittivity
deviations ‘C’ru, for all measurement dates in Figure 10b,c, a
trend of reoccurring patterns is observed. The obtained spa-
tial permittivity deviations for the BF measurements shown in
Figure 10c have a much smoother and more regular trend than
the measurements from the growing season. The mean BF
spatial permittivity deviations 8]r3F"j/ were calculated for each
season separately and for all positions along the rhizotube
J» since small changes were present between the individual

! . . e . .
S?F_’j values for each year. All daily spatial permittivity devi-

ations for the BF eBF, !’ can be found in Figure A1 for 2017 and

2018. Additionally, the S?Fi’j, values for Ry can be found in
Figure S7. As a final step, the trend-corrected spatial permit-
tivity deviations A 6r,~,,~/ were derived for each growing season
measurement along the horizontal permittivity profiles. Static

effects were removed by subtracting sfF'j' from the daily
variability during the crop growing season (GS), represented
by £GS 7.

roig-

r _ . GS ! _ _BF !
Ae, "=e7 —Ex ®)

From the sample dataset in Figure 10d, the static trend
along the rhizotube disappears, and the fluctuating of minima
and maxima around zero remained. This approach filters out
both the dynamics of the spatially averaged permittivities that
are caused by dynamic boundary conditions, as well as the
temporally averaged spatial variation of permittivities outside
of the growing season that resulted from spatial variations in
soil properties and unknown variations in inter-rhizotube dis-
tances. In this way, the obtained deviations reflect the dynamic
variability in the relative permittivity during the growing
season.

6.2 | Results and discussion of time-lapse
variability of the GPR data

The approach introduced above to derive the trend-corrected
spatial permittivity deviations for the vegetated field
Ae, ' was applied to Plots 1-3 of Ryr and Ry in 2017,
and the results are shown in Figure 11. Only days when
root information and GPR data were both available were
considered. Several different patterns emerge as a function

of time, including several consistently increasing maxima
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Variability analysis processing steps
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(a) Permittivity profile ¢, (b) Spatial permittivity deviation of vegetated field £,
20 T T T T 1 T T T T T T 0.2
|
A ‘
18 0.5 % 1015
= = £
- 16 20 10.1 E

14

+10.05

12

15 . L . L
3 3.5 4 4.5 5 5.5 6

Distance along rhizotubes [m]

0

3 35 4 4.5 5
Distance along rhizotubes [m]

19.07.2017

——26.04.2017 —03.05.2017 —17.05.2017 —31.05.2017 —21.06.2017 ——05.07.2017 -12.07.201;IF
27.07.2017 —02.08.2017 ——09.08.2017 —23.08.2017 ——13.09.2017 --='MEAN ¢,

FIGURE 10 Processing steps to derive the trend-corrected spatial permittivity deviation of the vegetated field for R; Plot 2, depth 0.8 m. The

different colors represent the measurement dates. (a) Daily permittivity profile €, along the rhizotubes for all dates during the measurement season

2017. (b) Daily spatial permittivity deviation of the vegetated field e,l_j', The green bars indicate the root volume fraction (RVF) derived from root

images for the different measurement positions. (c) Daily spatial permittivity deviation for the bare-field sfF[ /./. The dashed black line represents the

mean for 2017. (d) Trend-corrected spatial permittivity deviation of the vegetated field A g,

and minima during the growing season. These patterns were
present at the same horizontal location along the rhizotube
at different depths and were identified in the Aerw_’ data,
shown in Figure 11d for Plot 2 in the blue and red frames,
respectively. A possible explanation is that the soil water
depletion processes had an influence beyond a certain depth
range/volume of soil. For Ry, patterns were not as distinct
as those for R; 1, which had clear maxima and minima along
the rhizotube. This could have been caused by fewer roots
present in the soil at Ryt (see Figure 5a,c.e). For Plot 3,
where irrigation was applied, distinctive peaks are apparent
along the rhizotubes on certain days, for example, August
9, 2017, and August 23, 2017, between depths of 0.4 and
0.8 m and at a horizontal distance of 2.3-3 m. In both cases,
measurements were taken a few days after irrigation was
applied (see Tables S1 and S2), and the peaks were probably
due to the drip irrigation system which caused spatially
variable infiltration.

The same analysis was performed for 2018 and 2020, which
can be found in Figures S8 and S9. Evaluating the patterns of
A‘Er,;j/ for the different crop growing seasons, recurring pat-
terns were observed at some locations (e.g., Ryr, Plot 1, depth
0.4 m between 4.5 and 5.5 m; R, Plot 2, depth 0.4 and 0.6 m,
see Figure 11 and Figure S8). These reoccurring patterns indi-
cate that spatial variations in permittivity likely correspond

!’

with static soil properties that may have influenced water flow
and root growth.

6.3 | Probability density function of the
trend-corrected permittivity deviation

To quantify the values of A £ri.j, in more detail, a normal
distribution model was fitted to the data and a range of one
standard deviation from the mean (SD) was obtained for the
vegetated and BFs. The SD of BF plots was considerably
smaller than that of the vegetated field plots (an example of
which is shown in Figure 12 for depths 0.2 and 0.6 m, in
Plot 2 at Ryt and Ry p). The presence of the crops clearly
increased the permittivity/ A e,’_’j’ variability. When compar-
ing both MR facilities, SD values were generally lower at Ryt
than at Ry t.

By plotting all SD values from 2017 for Ryt and R; y for
the different depths in Figure 13, low values were observed
under BF conditions (non-colored lines), whereas the values
for later times initially increased and then decreased. These
results indicate that the variability in A e,i,j’ and therefore
SWC, was increasing during the growing season.

A comparison of the different plots for Ry revealed that
Plot 1 generally had a higher SD than Plot 2, except for July
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Trend-corrected spatial permittivity deviation of vegetated field - 2017
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FIGURE 11 Trend-corrected spatial permittivity deviation A £ " of the vegetated field, along the rhizotubes over the different plots and
depths, for Ry and R; 1 in 2017. The colored solid lines represent different dates during the crop growing season. The data gap of R; 1 at 0.2 m depth

is caused by the presence of the spectral electrical impedance tomography (sEIT) line.
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FIGURE 12 Probability density function (PDF) of trend-corrected spatial permittivity deviation A £, ’ for depths of 0.2 m and 0.6 m for Plot
J

2, for both MR facilities of 2017, respectively. The black solid, dashed, and dotted lines represent the dates for the bare-field measurements, and the

colored lines represent the PDF of trend-corrected spatial permittivity deviation A €, ’ for the crop growing season measurements. For PDFs with
L

the most narrow and widest peaks, we added the respective values of the standard deviation (SD).

27, 2017, and that the SD in Plot 1 was at its maximum at
a depth of 0.2 m. Plot 3 showed higher SD values than both
Plots 1 and 2. For Ry 1, Plot 3 had the highest SD values, but
the difference between Plots 1 and 2 was small.

6.4 | Cross-correlation of depth-dependent
RVF and depth-dependent GPR variability

The RVF values in Figure 5 as well as the permittivity vari-
ability showed an increase during the growing season. Here,
the RVF and SD were cross-correlated individually for every
depth as shown in Figure 14. To account for the SD variabil-
ity in the bare-field conditions present at the MR facilities,
the first BF measurement was added to the cross-correlation
with an RVF value of 0. Almost all the results from 2017
and 2018 returned a positive correlation, with one excep-
tion where the coefficient of determination (R?) was 0. The
remaining cross-correlations resulted in R? ranging between
0.02 and 0.9 (Table 3). Out of the 46 cross-correlations, 23
had an R? > 0.5 (0.51 < R? < 0.9), and 23 values had an
R?> < 0.5 (0.02 < R?> < 0.49). At 0.4-m depth, the corre-
lations are the lowest, and whether this has to do with the
interface between the top- and subsoil interface needs to be

investigated. These results indicate that at most depths, the
SD, and therefore the permittivity variability, is increasing
with increasing RVF. When considered alongside the BF mea-
surements, the presence of roots leads to increased variability
in permittivity.

7 | CONCLUSIONS AND OUTLOOK

In this study, root images and time-lapse horizontal crosshole
ground penetrating radar (GPR) measurements were made
to non-invasively monitor the root zone of maize crops at
different depths for different treatments and different soils.
Repeated root images and GPR measurements were carried
out before and during three separate maize growing seasons.
Overall, the analysis of the root images acquired in the upper
(Ryt) and lower terrace (R; 1) MR facilities showed that the
root volume fraction (RVF) of the maize crop increased dur-
ing the crop growing seasons and decreased toward the harvest
date. The RVF varied between soil types: in the stoney upper
terrace, the roots were not able to reach greater depths due
to the stones, whereas the roots were able to grow deeper
than the lowest rhizotube in the lower terrace. In addition
to soil type, the surface water treatment and previous soil
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FIGURE 13 Standard deviation (SD) values for different depths in 2017 for Ry and R, respectively. The black circles indicate the

minimum and maximum of the SD, indicated in Figure 12.

management seemed to influence the RVFE. It was observed,
for instance, that in a plot that was sheltered in previous grow-
ing seasons, the maize crops developed more roots than in a
plot that was not previously sheltered.

Using the crosshole GPR-derived permittivity values, both
the temporal and spatial (vertical and horizontal) permittiv-
ity distributions were able to be monitored, and variations
for different soil types, weather conditions, and surface water

treatments were observed. A direct comparison between the
root images and the GPR-derived permittivity values was
not possible because of the significant difference in sens-
ing volumes of the two methods (0.21-0.35 cm? for each
GPR-ZOP position and 1.28 x 107> cm? for each set of root
images). A time-lapse variability analysis was introduced,
where the trend-corrected spatial permittivity deviations were
derived for the vegetated field where static influences (soil
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Standard deviation of the probability density function vs. root volume fraction - 2017
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FIGURE 14 Correlation between the root volume fraction (RVF) and the standard deviation (SD) for the individual plots for Ry and R; 1 in
2017, respectively. The colored squares represent the values for the RVF, and the SD for the vegetated field and the colored diamonds represent the

values during bare-field conditions, where the RVF was set to 0. The different colors represent the different depths. The colored lines represent the

linear regression per plot and depth, and the R? values are indicated next to the regression lines.

heterogeneity or variations in the distance between rhizo-
tubes), as well as dynamic influences (atmospheric condi-
tions), were removed. Next, a probability density function
(PDF) model was fit, describing the trend-corrected spatial
permittivity deviations for both the vegetated and BFs to
obtain a proxy for the permittivity variability. A low stan-

dard deviation, and therefore low permittivity variability, was
obtained before and early in the crop growing season, with
larger values obtained later in the crop growing season. To
investigate the relationship between the trend-corrected spa-
tial permittivity deviations with the RVF in more detail,
the PDF standard deviation of the trend-corrected spatial
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TABLE 3 Coefficient of determination between the root volume fraction and the SD for Ry and R; ;- for both years 2017 and 2018.
Rur [1] Ry [
2017 2018 2017 2018
Depth (m) Plot 1 Plot 2 Plot 3 Plot 1 Plot 2 Plot 3 Plot 1 Plot 2 Plot 3 Plot 1 Plot 2 Plot 3
0.2 0.6 0.3 0.37 0.84 0.08 0.56 0.62 0.55 0.37 0.49 0.78 0.72
0.4 0.53 0.45 0.14 0.9 0.07 0.2 0.33 0.06 0.26 0.0 0.13 0.19
0.6 0.65 0.19 0.02 0.07 0.51 0.66 0.64 0.49 0.73 0.48 0.67 0.47
0.8 0.69 0.53 0.57 0.45 0.11 0.86 0.87 0.65 0.58 = 0.34 0.76
1.2 _a _a _a _a _a _a 0.46 0.29 _b _a _a _b
2Three or less data pairs—no cross-correlation was performed.
®No GPR measurements were carried out.
permittivity deviations during each season was cross- treatments. Taking multiple high-resolution GPR measure-

correlated with the RVF values for each depth, plot, and soil
type. Almost all results for 2017 and 2018 were positively cor-
related, with coefficients of determination ranging between
0.02< R?*<0.9 (Table 3). Out of the 46 cross-correlations, 23
values had an R > 0.5 (0.51 < R? < 0.9), and 23 values had
an R? < 0.5 (0.02 < R? < 0.49). These relatively large coeffi-
cients of determination show a clear link between RVF and the
permittivity variability at multiple soil depths. Additionally,
both soil types reacted similarly and provided a comparable
number of good correlation pairs, even when within different
facilities.

More investigations are necessary to understand why the
correlation at some depths is weak. A possible explanation is
the difference between the sensing volume (SV) of the GPR
measurements and the root image data. The root images repre-
sent a significantly smaller 2D space on the rhizotube surface,
while the root volume present in the soil volume between the
rhizotubes, which is measured by the GPR, remains unknown.
Acquiring denser and higher resolution of higher frequency
GPR data (between 500 and 1000 MHz) would enhance the
imaging of the subsurface between the boreholes. Extending
the GPR-zero offset profiling (ZOP) data, with multi-offset
GPR data, combined with a ray-based travel time inversion
(e.g., Binley et al., 2001; Musil et al., 2006), would also
enhance the resolution between the rhizotubes toward 2D and
3D images instead of 1D profiles. These higher resolution
images could possibly improve the understanding of processes
within the soil-plant continuum and might also allow a more
localized correlation. In addition, a possible improvement
to the RVF could involve obtaining continuous root images
along the entirety of the rhizotubes (as shown in Figure 9).
With recent technological developments, measurements along
an entire rhizotube can be performed simultaneously, and
these RVF data would be expected to better represent the
actual RVF changes at different depths and times.

The presented results are based on measurements made dur-
ing several growing seasons in different soils for different

ments made during the day and night cycle for very hot days
and very wet days and analyzing the results with improved
imaging approaches would provide additional information.
To optimize the monitoring parameters, the construction of
a detailed soil-plant—root model that could record time-lapse
soil water content changes (depending on the root activity)
under changing atmospheric influences would be ideal. In this
way, synthetic GPR data could be generated and processed,
and the acquisition parameters could be optimized to include
as much information as possible to describe the rhizosphere
processes that take place under field conditions.

Although the rhizotron facilities provide a great opportu-
nity to deepen the understanding of belowground soil—plant
interactions, such facilities are destructive, limited to the plot
scale, and are both expensive and time-consuming. Therefore,
future challenges will involve finding ways to upscale the link
between the permittivity variability and the root image data
to surface data. In a next step, combined rhizotube and sur-
face investigations could be analyzed to investigate if a similar
link can be observed for aboveground data between root infor-
mation and GPR data. Furthermore, providing root and plant
models with GPR-derived permittivity and hence SWC distri-
bution could help to establish possible surface measurements
and to understand the measured signals.

To conclude, this study has established a link between the
root volume of maize crops and the spatial variability of hor-
izontal crosshole GPR-derived permittivity values, which is
an important step in investigating processes within the soil—
plant continuum in more detail. The current approach and the
above-described improvements open new possibilities for the
combination of non-invasive geophysical measurements with
root information measurements to enhance crop models and
agricultural management decisions.
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APPENDIX

DAILY SPATIAL PERMITTIVITY DEVIATION FOR
THE BARE-FIELD

The results of the spatial permittivity deviation of the bare-
field eBF " for 2017 and 2018 indicated that the 2 years
showed 51m11ar values along the rhizotubes for the different
plots and depths with similar patterns for both sites. Since

no crops were present for these measurements, these daily
variabilities along the rhizotubes could be linked to the static
factors of soil heterogeneity and rhizotube deviation. Compar-
ing all depths for all three plots in Ry;t, minima and maxima in
i along the rhizotubes were identified. These were more dis-
tinct, and the variation between the individual measurement
seasons was less significant in comparison with R 1. In con-
trast, Ry did not show these clear minima and maxima in
' In fact, only at depths of 0.2 and 0.4 m, changes on the

€,
extent of 8 j’ along the rhizotubes were recognizable. For
greater depths we could see trends along the rhizotubes where
et  was either steadily increasing (e.g., Plot 3 at a depth of
0.8 m) or steadily decreasing (e.g., Plot 2 at a depth of 0.8 m)
along the rhizotubes. Additionally, the variation between the
individual measurement seasons was larger for R; r compared

to Ryr.
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FIGURE A1 Daily spatial permittivity deviation for the bare-field S?Fi j, along the rhizotubes under bare-field conditions for (a) Ry and (b)

R for the crop growing seasons 2017 and 2018. The colored solid lines indicate the daily spatial permittivity deviation for the bare-field elfFi j’

values of 2017, and the colored dashed lines indicate the daily spatial permittivity deviation for the bare-field 8f'F ; ,', of 2018.
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Standard deviation of the probability density function - per depth
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FIGURE A2.1

Standard deviation (SD) values for different depths in 2018 for Ry and R 1, respectively. Note that the axes limits differ

between the different depths to show the SD variations between the individual depths.
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Standard deviation of the probability density function vs. root volume fraction - 2018
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FIGURE A2.2 Correlation between the root volume fraction (RVF) and the SD for the individual plots for Ry, and R; 1 in 2018, respectively.
The colored squares represent the values for the RVF and the SD for the vegetated field and the colored diamonds represent the values during the
bare-field, where the RVF was set to 0. The different colors represent the different depths. The colored lines represent the linear regression per plot
and depth, the R? values are indicated next to the regression lines.
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