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ABSTRACT
Root systems are essential for plant water and nutrient uptake, but are difficult to characterize in‐situ due to their

inaccessibility. Spectral electrical impedance tomography (sEIT) is a non‐invasive geoelectrical method that has shown potential

to quantify root traits at the laboratory scale. However, field applications remain scarce due to technical limitations and

challenges in separating soil and root polarization signatures. This study explores the use of sEIT for in‐situ phenotyping of

sugar beet and maize root systems. We conducted multi‐frequency sEIT measurements at varying crop growth stages to derive

the subsurface complex resistivity distribution. Spectral analysis revealed high‐frequency polarization peaks for both species.

Additionally, sugar beets exhibited an additional low‐frequency peak late‐season, which we attribute to the development of

large storage parenchyma. For sugar beet, the high root‐to‐soil volume fraction allowed a direct correlation of electrical

parameters to root biomass density. For maize, the superimposed soil polarization necessitated an alternative approach: We

introduce an electrical root index (ERI ) as a spectral dispersion measure indicative of root presence and show its correlation to

root biomass density. Our findings demonstrate that sEIT is sensitive to macro‐ and microscopic root traits under field

conditions, holding great potential for non‐invasive phenotyping of plant roots.

1 | Introduction

Root systems are vital to the productivity and yield of agricultural
crops due to their significance for water and nutrient uptake
processes (Lynch 1995). Therefore, the characterization of root
systems is of great importance for phenotyping, that is, the
breeding of plants with optimized traits (e.g., Lynch 2007). For
example, plants were grown with enlarged cortical cell size
(Chimungu et al. 2014) to increase yield under drought

conditions. Similarly, crops were adapted with deeper root sys-
tems to improve late season water availability (Wasson
et al. 2014). Although root research has accelerated in recent-
years, there still exists a gap between above‐ground and below‐
ground phenotyping methods, as the latter has developed much
slower due to the inaccessibility of the rhizosphere (e.g., Watt
et al. 2020). There is a particular lack of non‐invasive, in‐situ
phenotyping methods, which are needed as an alternative char-
acterization tool to conventional invasive and labour‐intensive
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methods, such as root coring (e.g., Burridge et al. 2020), tren-
ching (e.g., Teramoto and Uga 2020), or shovelomics (e.g.,
Trachsel et al. 2011). Non‐invasive root phenotyping on the
lab‐scale has made significant advancements through the
employment of modern imaging techniques, like X‐ray compu-
ted tomography (e.g., Teramoto et al. 2020; Herrero‐Huerta
et al. 2021), neutron radiography (e.g., Oswald et al. 2008),
magnetic resonance imaging (e.g., Pflugfelder et al. 2017), and
advanced high‐throughput phenotyping platforms (e.g., Gioia
et al. 2017; Martins et al. 2020; Falk et al. 2020; Liu et al. 2021).
However, although attempts are being made to transfer these
techniques to the field (e.g., Bagnall et al. 2022), and progress has
been made in developing plot‐scale setups such as mini-
rhizotrons (e.g., Lärm et al. 2023), their application is, to date,
often limited to smaller scales or controlled laboratory
conditions.

Geoelectrical methods are able to non‐invasively map electrical
subsurface properties using injected electrical currents, and
since they are not limited to lab‐scale investigation volumes,
they hold great potential for field root research (e.g., Cimpoiaşu
et al. 2020). Electrical resistivity tomography (ERT), a well‐
established method that uses an array of spatially distributed
electrodes to reconstruct 2D or 3D resistivity distributions
of the subsurface (e.g., Binley and Slater 2020), has been used
in a multitude of studies to assess root water uptake dynamics
of various crops at the plot scale (e.g., Srayeddin and
Doussan 2009; Garré et al. 2011, 2012; Whalley et al. 2017;
Blanchy et al. 2020; Vanella et al. 2022; Chou et al. 2024).
Beyond root water uptake, ERT has been used to examine the
effects of agricultural practices and soil compaction on soil
water distribution (Carrera et al. 2022, 2024), and more
recently, Blanchy et al. (2025) transformed resistivity variations
in an extensive field monitoring experiment to actionable phe-
notyping indicators for plant scientists and breeders. While
these studies primarily used resistivity changes to indirectly
infer root system activity, others utilized ERT to directly
quantify the biomass of tree roots (Amato et al. 2008, Rossi
et al. 2011) and fine root systems (Amato et al. 2009). A spe-
cialized form of ERT, called mise‐à‐la‐masse, injects current
directly into the stem of the plant, allowing the localization of
current pathways in the root system. Through inversion of the
current source density, researchers have been able to provide
information about the dimensions and architecture of vine
(Mary et al. 2020; Mary et al. 2023) and maize plants (Peruzzo
et al. 2020) at the individual plant scale. However, problems
with current leakage near the plant stem were reported that
hindered delineation of the root system size (Urban et al. 2011;
Peruzzo et al. 2020). Although resistivity surveys have proven
its value for root research, interpretation can be highly ambig-
uous due to sensitivity of resistivity to numerous environmental
factors (e.g., Binley and Slater 2020). Fine root growth, in par-
ticular, may be difficult to distinguish from changes in soil
temperature, moisture, or fluid conductivity without auxiliary
data (e.g., Ehosioke et al. 2020).

Another group of geoelectrical methods that is increasingly
being used for root research are induced polarization (IP)
methods, as they can help reduce said ambiguities through the
additional measurement of polarization effects in the sub-
surface (e.g., Kessouri et al. 2019). For root research, IP

methods are commonly employed utilizing an alternating
injection current at varying frequencies in the mHz to kHz
range (also referred to as frequency‐domain IP) to infer
additional information about the polarizability of a material
(e.g., Binley and Slater 2020). At frequencies below 10 kHz,
polarization effects in porous media are mainly caused by so‐
called electrical double layers (EDLs), ion concentration gradi-
ents that form at charged surfaces such as soil particles
(e.g., Lyklema et al. 1983; Bücker et al. 2019) or root cell
membranes (e.g., Prodan et al. 2008; Kessouri et al. 2019). From
the characteristic relaxation time that ions require to move back
into an equilibrium state after disturbance by an electric field,
manifested in the spectral polarization signature, information
can be gained about characteristic length scales in the medium,
for example pore throat diameter (e.g., Binley et al. 2005; Titov
et al. 2010) or root cell size (e.g., Weigand and Kemna 2019).
Polarization effects in roots were first observed by Chloupek
(1972) using two‐electrode capacitance measurements, and
many studies have since reported a dependence of the capaci-
tance to a variety of root traits under laboratory and field con-
ditions, for example root biomass (e.g., Kendall et al. 1982;
Dalton 1995; Ozier‐Lafontaine and Bajazet 2005; Cseresnyés
et al. 2018; Středa et al. 2020), root surface area (e.g., Cseresnyés
et al. 2021), root length (e.g., Ellis et al. 2013), and even root
activity (e.g., Cseresnyés et al. 2024a, 2024b). Similarly, the
polarization signature of four‐point electrical impedance mea-
surements of root systems could be correlated to root biomass
and surface area (e.g., Tsukanov and Schwartz 2020), root
length (e.g., Peruzzo et al. 2021), and the cross‐sectional area of
root segments (Ehosioke et al. 2023).

The drawback of a single, integral capacitance or four‐point
impedance measurement is the inability to image the 2D or 3D
distribution of electrical properties of a whole root system,
which requires a multitude of spatially differing four‐point
measurements within the area of interest (e.g., Binley and
Slater 2020). Inference of the spatially resolved conduction and
polarization properties is then achieved using tomographic
inversion algorithms (e.g., LaBrecque et al. 1996; Kemna 2000;
Wang et al. 2023a). So far, studies dealing with the tomographic
imaging of root polarization signatures are still scarce, and have
mostly been performed under hydroponic laboratory condi-
tions. Weigand and Kemna (2017) were the first to use spectral
electrical impedance tomography (sEIT), the IP‐equivalent to
ERT, to spatially reconstruct the polarization signature of barley
roots, and additionally showed the method's sensitivity to the
physiological state of the plant. Weigand and Kemna (2019)
linked the diurnal variation in polarization strength of barley
root to artificial day‐night cycles. Another study used high‐
frequency (≥ 10 kHz) sEIT to reconstruct the shape of potato,
carrot, and peony roots (Wang et al. 2023b). More recently,
Michels et al. (2024) quantified root biomass and surface area of
various root systems with the tomographic polarization signa-
ture obtained from sEIT measurements. Scaling up sEIT to the
field application poses various challenges to the measurement
design, including the choice of electrodes, influence of en-
vironmental parameters, and the consideration of capacitive
and inductive effects of the setup (e.g., Kelter et al. 2018). In
combination with the increased measurement time and more
expensive and complex instrumentation (compared to ERT),
these challenges have long hindered application of the method
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to field root research. However, recent progress in instrumen-
tation (e.g., Zimmermann et al. 2008; Flores Orozco et al. 2021)
and processing pipelines to correct for electromagnetic coupling
of measurement cables (e.g., Zhao et al. 2015) and high‐
frequency leakage currents (Zimmermann et al. 2019), as well
as the investigation of the effect of heterogeneous contact
impedances of electrodes on phase readings (Zimmermann and
Huisman 2024), have enabled robust field‐scale sEIT surveys
with measurement frequencies of up to 1 kHz. Weigand et al.
(2022), for example, described a long‐term sEIT monitoring
setup and associated analysis procedures, resulting in robust
multi‐month imaging results for frequencies up to 1 kHz.

In this study, we explore the feasibility of using sEIT to image
root systems at the field scale. For this, we designed an ex-
periment with sEIT measurements over three timesteps of the
growing season, targeting the contrasting root architectures of
sugar beet (larger taproot) and maize (finer fibrous roots). Here,
we focus on the following research questions:

1. Can we measure root polarization signatures up to 1 kHz
at the field scale, and if so, do large targets like sugar beet
exhibit different polarization behavior compared to fine
root systems like maize?

2. Can we differentiate between the electrical response of
soil, maize roots, and sugar beet?

3. Can we extract root traits, for example, root biomass
density, from the electrical measurements, and can we use
the same procedure for both sugar beet and maize root
traits?

With this study, we aim to improve the current understanding
of in‐situ polarization signatures of root systems using state‐of‐
the‐art measurement instrumentation and processing proce-
dures for sEIT measurements.

2 | Materials & Methods

2.1 | Spectral Electrical Impedance Tomography

sEIT surveys are usually conducted with a set of four‐electrode
measurement configurations, where two electrodes (A, B) are
utilized for current injection, and the other two (M, N) for
measuring the resulting potential difference (voltage) associated
with the generated electric field (e.g., (Binley and Slater 2020).

From the (complex‐valued) voltage U ω^ ( )MN and injected cur-

rent I ω^ ( )AB , the transfer impedance Z ω^ ( ) can be computed for
varying injection frequencies ω, typically ranging from a few
mHz to kHz:

Z ω
U ω

I ω

^ ( ) =
^ ( )
^ ( )

.MN

AB

(1)

Here, the geometric alignment of the four electrodes, represented
by the so‐called geometric factor, influences the sensitivity to
areas in the subsurface and can be used to estimate average, non‐
localized complex conductivity values (also referred to as
apparent conductivity; see, for example, Binley and Slater 2020)

from the impedance data. The spatial reconstruction of the
complex conductivity σ ω^ ( ) of the subsurface can be achieved
using numerical inversion schemes, which involves discretiza-
tion of the subsurface into a grid of parameter cells. For an
overview and comparison of different inversion approaches, the
reader is referred to Wang et al. (2023a). The complex conduc-
tivity (or its inverse, the complex resistivity ρ ω^ ( )) is usually ex-
pressed in real and imaginary components,

σ ω
ρ ω

σ ω iσ ω^ ( ) =
1

^ ( )
= ′( ) + ″( ), (2)

or in polar notation:

σ ω σ ω e^ ( ) = |^ ( )| .iφσ (3)

Here, the real part σ ω′( ) or magnitude σ ω|^ ( )| describes the
conduction properties, while the imaginary part σ ω″( ) or
phase shift φσ describes the polarization properties of the
medium. In the inversion, uncertainties of the measurement
data are commonly described using error models. For the
impedance magnitude, we assume a linear error model
(LaBrecque et al. 1996):

Z ω a Z ω bΔ| ^ ( )| = | ^ ( )| + , (4)

where Z ω|Δ ^ ( )| is the impedance magnitude error, a is the rel-
ative and b the absolute impedance magnitude noise level. Due
to the utilized irregular measurement scheme (Section 2.4.1),
we were not able to record reciprocal measurements that would
allow implementation of more sophisticated phase error models
(e.g., Orozco et al. 2012). Instead, similar to the impedance
magnitude, a linear error model was assumed for the phase
error φΔ Z :

φ cφ dΔ = + ,Z Z (5)

with φZ being the impedance phase shift, c the relative, and d
the absolute phase error estimate.

2.2 | Spectral Analysis

Often, it is beneficial to evaluate the polarization behaviour of a
material over a wider range of frequencies to capture polar-
ization processes at multiple scales. To do so, empirical models
are employed that can describe the obtained signature with
integral electrical parameters. In this study, we used the Debye
decomposition scheme (Nordsiek and Weller 2008; Weigand
and Kemna 2016), a model that describes the measured com-
plex resistivity spectra using a number of Debye relaxation
terms:














ρ ω ρ m

iωτ
^ ( ) = 1 − 1 −

1

1 +
,

k

N

k
k

0
=1

(6)

with ρ0 being the (real‐valued) direct‐current resistivity, mk the
k th chargeability, and τk the k th relaxation time for the k th
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Debye relaxation term. From this model, the total chargeability
mtot, a measure of the polarization strength, can be computed:

m m= .
k

N

ktot

=1

(7)

Additionally, the mean relaxation time τmean is retrieved, which
gives information about the average polarization time scales in
the medium:

 





τ m τ m= exp log( ) ⁄ .

k

N

k k

k

N

kmean

=1 =1

(8)

Since the polarization time scales usually correlate with the
characteristic length scales of the underlying polarization pro-
cess, information such as grain size (e.g., Schwarz 1962;
Lyklema et al. 1983), pore throat diameter (e.g., Binley
et al. 2005; Titov et al. 2010; Revil et al. 2012), or root cell
diameter (Weigand and Kemna 2017, 2019), can be inferred.
After Schwarz (1962), the relaxation time for electrochemical
(ionic) polarization processes around colloidal particles is
described by

r

D
τ =

2
,

2

(9)

with r being the particle radius, and D the diffusion coefficient.

2.3 | Extraction of Root Polarization Signatures

In this study, we used sEIT to investigate sugar beet and maize
roots as two structurally and physiologically differing biological
targets. Sugar beet roots are larger, with dimensions of multiple
decimeters, making them spatially resolvable as an electrical
anomaly on their own (provided the electrode spacing is suffi-
ciently small). In contrast, the fine root system of maize cannot
be resolved individually, and the measured electrical response
must be interpreted as a compound signature of roots and soil.
We therefore propose to employ different analysis procedures
for both plant types. For sugar beet, we derive the charge-
abilities and relaxation times for all cells that lie in the vicinity
of the plant positions, under the assumption that most of the
captured signatures have their origin in the beet polarization.
Analogous to Michels et al. (2024), we aim to compare the
average chargeability (−m ) in the root zone, weighted by the
volume of the corresponding cells in the inversion grid (i.e.,
parameter cells forming the tomographic image), with the beet
root biomass density (RBDsb), and seek to relate the average
relaxation time (τ−) of dominant polarization processes to
characteristic length scales (λ) within the root:

∼−m
V

V m RBD
M

V
=

1
= ,

j

n

j j
rz =1

tot, sb
root,sb

rz
(10)

∼τ
V

V τ λ− =
1

.
j

n

j j
rz =1

mean,
2 (11)

Here, m jtot, represents the total chargeability, τ jmean, the mean
relaxation time, Mroot,sb the sugar beet root biomass, Vj the cell

volume of the j th grid cell, and V V= jrz the total volume of
the region defined as “root zone” (in this study, the soil‐root
volume excavated for validation, see Section 2.4.2 below).

For maize, this procedure is not feasible: Unlike in studies that
estimate the root polarization under hydroponic conditions (e.g.,
Weigand and Kemna 2017, 2019; Tsukanov and Schwartz 2020;
Michels et al. 2024), where correlations between polarization
strength and root traits may be directly established, the super-
imposed polarization of the background medium inhibits the
direct analysis of the spectral response. As this background
polarization is also not static, but changes dynamically with
variations in for example temperature (e.g., Bairlein et al. 2016)
and soil water content (e.g., Breede et al. 2012; Kelter et al. 2018),
an analysis procedure is needed that minimizes these effects,
while simultaneously gaining information about the roots in the
investigation volume.

Previous studies have shown that the polarization of fine root
systems is frequency dependent and significantly stronger in
higher (≥ 1 kHz) frequency ranges. For example, Ehosioke et al.
(2023) found the strongest polarization for maize root segments
in their experiments to be between 10 and 40 kHz, and similar
ranges were observed for wheat and pecan plants by Peruzzo
et al. (2021). More recently, Gu et al. (2024) found that the
correlation of capacitance with root biomass increases with the
employed measurement frequency. Consequently, we expect
that the maize roots in our field experiment will have little
impact on the polarization signature at lower frequencies, while
significantly contributing to the high‐frequency polarization.
In contrast to this, soil water content and temperature have
been shown to affect both low‐ and high‐frequency ranges
(e.g., Jougnot et al. 2010; Breede et al. 2012; Bairlein et al. 2016;
Revil et al. 2023). We therefore propose using the slope of the
spectral polarization signature between high‐frequency (mixed
root‐soil) and low‐frequency (predominantly soil) response, that
is, a measure of the spectral dispersion, as an indicator for root
presence (for an example polarization spectrum, see Figure A1).
This is based on the hypothesis that changes in this electrical
quantity primarily reflect variations associated with root
growth. We refer to this indicator as electrical root index (ERI ),
which is computed from the differential quotient of high‐
frequency ( fHF) and low‐frequency ( fLF) logarithmic imaginary
parts of the complex conductivity spectrum (σ″HF and σ″LF,
respectively):

ERI
σ σ

f f
=
log( ″ ) − log( ″ )

log( ) − log( )
=
log( )

log( )
.

σ

σ

f

f

HF LF

HF LF

″

″
HF

LF

HF

LF

(12)

For small phase values, that is, ≈σ σ sin φ σ φ″ = |^| ( ) |^| , and
≈σ σ|^ | |^ |HF LF , one can alternatively express the ERI as

≈ERI
log( )

log( )
.

φ

φ

f

f

HF

LF

HF

LF

(13)

We hypothesize that this procedure dampens the effect of soil
water, nutrient, and temperature variations on the polarization
signature of the soil, yielding a quantity primarily sensitive to
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changes in root content. There are several assumptions that are
going into this approach: First, we assume that the electrical
soil signature is comparable between the three sEIT measure-
ment profiles, and does not change significantly with depth.
Secondly, we assume that factors like temperature and soil
water content affect all frequencies similarly, and variations
between frequencies are small in comparison to the influence of
the root polarization.

Based on these ideas, we expect a correlation between the
average, cell‐volume‐weighted electrical root index ERI¯ of all
cells near the maize plant positions, and the maize root biomass
density (RBDm) in this volume:

∼ERI
V

V ERI RBD
M

V
=

1
= .

j

n

j j
rz =1

m
root,m

rz
(14)

Here, ERIj denotes the electrical root index of the j th cell inVrz.
As low‐ and high‐frequency limits for the ERI , we chose
3.125 Hz and 1 kHz, respectively, related to the magnitude of
retrieved phase values in the experiment (close to zero at some
locations in the profile when using frequencies ≤ 3.125 Hz), and
technical constraints of the utilized measurement device.

2.4 | Experimental Setup

The experiment was conducted on sugar beet (Beta vulgaris,
variety “BTS 440”) and maize (Zea mays, variety “Sweet Nug-
get”) plots in the summer of 2021 at the field site Campus Klein‐
Altendorf near Meckenheim, Germany. Sugar beet and maize
were sown on 1st and 26th of April 2021, with crop row spa-
cings of 40 and 75 cm, respectively. To characterize root
development over time, we conducted sEIT measurements in
three spatially varying profiles throughout the growing season

(6th of July, 10th of August and 13th of September, labeled as
t1, t2 and t3, respectively). Using 40 stainless steel electrodes
with a length of 17 cm and diameter of 1 cm, profiles were set
up with an electrode spacing of 25 cm (i.e., a total profile length
of 9.75m). Electrodes were drilled approximately 14–15 cm into
the soil – an overview of the placement for all three profiles can
be seen in Figure 1a. Similarly to Weigand et al. (2022), all but
the lower 5 cm of each electrode was isolated with rubber
tubing to approximate a point electrode that is assumed in the
inversion of the data. We used shielded S/FTP Cat6 Ethernet
cables and elevated them approximately 10 cm from the ground
with Styrodur blocks and rain gutters to prevent leakage of
injected current into the soil through cable walls (Weigand
et al. 2022).

Soil sampling at the site was performed with a Pürkhauer auger
to a depth of 90 cm, and after being oven‐dried at 104°C for
2 days, the particle distribution was analyzed by sieving and
sedimentation according to DIN ISO 11277. The soil texture can
be classified into three distinct horizons: The upper layer
(0–30 cm) contains 15.2%–18.5% clay, 72.5%–75.5% silt, and
6.0%–7.5% sand. The second layer (30–60 cm) is similar in clay
content, but has slightly higher silt‐content (75.5%–78.1%) and a
correspondingly reduced sand fraction (4.5%–6.0%). The lower
layer (60–90 cm) is generally higher in clay content, averaging
values of 25.1%–28.4% clay, 66.5%–69.5% silt, and 4.5%–6.0%
sand. Soil temperature and water content (Figure 1b) were
monitored using sensors of the SoilNet network (Bogena
et al. 2010) in a different experiment right next to the mea-
surement profiles. Precipitation data (Figure 1b) were recorded
at a weather station on‐site and downloaded from the website of
the agricultural meteorology Rhineland Palatinate (https://
www.wetter.rlp.de/). The growing season in 2021 was defined
by an initial dry period until mid June, followed by a longer
stretch of wet days with exceptionally heavy precipitation
events, most notably in July (Ludwig et al. 2023). Soil water

FIGURE 1 | (a) Overview of the measurement site with marked profile locations. Electrode positions are displayed as black points, geographical

coordinates are shown in UTM32N coordinates. The background image was taken on the 14th of June 2021 (Source: Erekle Chakhvashvili, Campus

Klein Altendorf Central Experiment RGB orthomosaics 2021, https://doi.org/10.48574/4jq2‐9y53). (b) Volumetric soil water content and soil tem-

perature for different depths, and daily precipitation throughout the season. sEIT measurement timesteps t1, t2, t3 are marked as dashed vertical

lines.
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content increased from timestep t1 to t2 in all recorded depths,
and slightly decreased towards t3. Soil temperatures at the
measurement days ranged between 16 and 17 C in the lower soil
layers and were slightly more variable at 10 cm depth, related to
weather conditions on the respective measurement days.

2.4.1 | sEIT Data Acquisition and Processing

The sEIT surveys were performed at 23 logarithmically evenly
spaced frequencies from 0.1 Hz to 10 kHz using the EIT40
impedance tomograph developed by Zimmermann et al. (2008).
For each current injection dipole, the device records the electrical
potential at all remaining electrodes. From the obtained three‐
point measurements, arbitrary four‐point configurations can be
computed by superposition. One survey consisted of 70 current
injections, with most dipoles between an electrode skip of 20 and
22, and took approximately 3 h and 15min to complete. To
maximize information content, we generated a measurement
scheme with all possible potential dipoles for the used current
injections, and limited the selection only by a maximum geo-
metric factor of 5m. This approach was chosen because config-
urations with small geometric factors typically have a high
signal‐to‐noise ratio, which is crucial for ensuring sufficient data
quality in sEIT measurements (Weigand et al. 2022). Addition-
ally, we removed configurations in which the potential electrodes
were used as current electrodes in the previous injection to avoid
electrode polarization effects (e.g., Dahlin 2000). The final
scheme consisted of 9104 configurations.

Following the approach in Zhao et al. (2015) and Weigand et al.
(2022), the raw datasets were corrected for high‐frequency
inductive effects between measurement cables. However, since
no calibration measurement was performed during the surveys,
we solely relied on the numerically‐determined mutual cable
inductances for correction. This may have introduced un-
certainties due to the unknown exact cable locations that are
assumed in the numerical simulation (Weigand et al. 2022). Still,
we expect these deviations to be smaller than the influence of
inductive effects if no correction would be performed at all. Two
exemplary raw and corrected impedance phase spectra from
timestep t1 are visualized in the Appendix in Figure A1. While
the spectrum shown in Figure A1a does not exhibit strong
inductive effects, and therefore does not change significantly
after the correction procedure, the spectrum in Figure A1b shows
considerable high‐frequency effects in the raw data.

Overall, data quality was good, with electrode contact resist-
ances ranging between 600Ω and 2 kΩ. Leakage currents (i.e.,
current i.e. exiting the measurement system through other
points than the electrodes, e.g. cable walls) ranged between
0.01% and 1% of the injected current, indicating low current loss
through the experimental setup. For each frequency, we re-
moved positive phase values above 5 mrad, and subsequently
filtered the data by removing all configurations where devia-
tions from the mean impedance phase exceeded three times the
respective standard deviation. Although measurements were
performed with frequencies up to 10 kHz, we chose to only
invert datasets up to a frequency of 1 kHz, as phase measure-
ment accuracy of the EIT40 decreases at higher frequencies due
to electromagnetic coupling effects (Zimmermann et al. 2008).

For all frequencies from 0.1 Hz to 1 kHz, the filtered data were
inverted using the complex resistivity inversion code CRTomo
(Kemna 2000). We assumed an absolute impedance magnitude
error of 0.01Ω, and relative impedance magnitude error of 2%.
With an absolute phase error set to half of the standard devia-
tion of the phase values for each inverted frequency, and a
relative phase error of 2%, we achieved convergence of all
inversions to an error‐weighted RMS (root mean square) data
misfit of 1, indicating that the measurement data were predicted
by the final model realization within the assumed data error
estimates (e.g., Kemna 2000). To analyze the spectral polariza-
tion behaviour, we performed a Debye decomposition with the
obtained complex resistivity spectra for each cell to estimate the
total polarization strength and polarization lengthscales.

2.4.2 | Validation of Imaging Results With Plant Traits

After each sEIT measurement, we collected root and shoot val-
idation data for the electrical measurements using “shovelomics”
(Trachsel et al. 2011), a high‐throughput phenotyping method in
which the upper root system of the plant is excavated with a
shovel. We dug out a soil and root volume of 20 × 20 × 25 cm3

around each maize plant stem, and the root systems were sub-
sequently carefully washed with regular tap water on‐site. We
estimated shoot height, fresh shoot biomass, and fresh root bio-
mass for each maize plant along the profiles. The sugar beet
plants were excavated in a similar manner and cleaned to remove
any residual soil. Afterwards, the beet maximum diameter,
length, as well as the fresh beet biomass were determined.
Additionally, the phenological stages of the maize plants were
categorized using the BBCH index (Meier 2003).

To analyze the polarization behavior of both plant types, we
extracted the complex resistivity spectra of all grid cells in a
20 cm wide and 25 cm deep rectangular area around each plant
position, corresponding to the excavated soil‐root volume
described above. For each plant type, the complex resistivity of
these cells was averaged to obtain a representative polarization
signature. Additionally, we extracted and averaged spectra that
we attributed mostly to the polarization of the soil from all cells
at a depth of 50–100 cm below the maize plants. This is based on
the assumption that in well watered conditions, which was the
case in the 2021 season, the bulk of maize roots is commonly
found in the upper 50 cm of soil (Sharp and Davies 1985), leaving
deeper soil layers with only a small root fraction. Quantitative
comparison of electrical polarization signatures with root traits
was performed by using the equations in Section 2.3 on all cells
within the excavated area, which we define as “root zone”. In
particular, we compared resistivity magnitude and chargeability
of both plant types to the root biomass density, and additionally
compared the computed ERI in the maize plant area to the root
biomass density.

3 | Results

3.1 | Complex Resistivity Imaging

In the following, we present the complex resistivity inversion
results of all three profiles, given as magnitude and phase
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images, at measurement frequencies of 1 Hz and 1 kHz. Phase
shift images of an additional intermediate measurement fre-
quency (175 Hz) are given in the Appendix in Figure A2.
Because the resistivity magnitude did not exhibit a strong
spectral dependence in the investigated frequency range, it is
only shown at a frequency of 1 Hz. Note that we excluded the
outer areas of the inversion grid where measurement sensitivity
is expected to be low, and the actual grid extended an additional
4 m to the left and right, and 2.8 m below the pictured section.

The resistivity magnitude distribution for all timesteps varied
between 25 and 150Ωm (Figure 2). We observed high‐resistivity
features near the plant locations – in contrast, lowest resistivity
levels were found in deeper soil layers. These levels were lower
for areas populated with maize compared to those with sugar
beet. Comparing the different timesteps, a slight overall
increase in resistivity magnitude could be observed in the maize
plant area, while resistivity in the sugar beet area remained
relatively constant across all timesteps. Additionally, resistivity

values in the deeper soil layers below maize were lowest for
timestep t2.

The background phase values at lower frequencies (1 Hz, left
column of Figure 3) averaged −7 mrad in timestep t1, and
increased to maximum values of −1 mrad in timestep t3. Near
the surface, we observed small anomalies where phase shifts
were slightly higher in comparison to the background, or even
positive. Near the maize plants, no significant polarization
anomalies were found. However, while the sugar beet plants did
not show significant polarization signatures at timestep t1,
phase values decreased to below −15 mrad at the plant loca-
tions at later timesteps. Additionally, slightly positive phase
anomalies were found below the area populated with sugar beet
plants at timesteps t2 and t3.

At the highest inverted frequency (1 kHz, see right column of
Figure 3), background phase values averaged approximately
−10 mrad, and remained at a similar level for all timesteps.

FIGURE 2 | Complex resistivity magnitude images at 1 Hz for profiles t1, t2 and t3. Plant locations are indicated by maize (left) and sugar beet

icons (right). Smaller icons indicate an off‐centered plant location (in direction perpendicular to the image plane). [Color figure can be viewed at

wileyonlinelibrary.com]

FIGURE 3 | Complex resistivity phase images at 1 Hz (a‐c) and 1 kHz (d‐f) for profiles t1, t2, and t3. Plant locations are indicated by maize and

sugar beet icons. Smaller icons indicate an off‐centered plant location (in direction perpendicular to the image plane). [Color figure can be viewed at

wileyonlinelibrary.com]
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However, in comparison to the results at 1 Hz, decreased phase
values, ranging from −15 to −25 mrad, were found at both the
maize and sugar beet plant locations. Negative phase anomalies
for the maize plants were strongest at the first and second
timestep. At the sugar beet locations, phase values showed a
general increase in magnitude towards the later timesteps.

3.1.1 | Spectral Electrical Soil and Root Signatures

The average complex resistivity spectra (see Section 2.4.2)
revealed that for all three timesteps, the soil signature was
characterized by a decrease in phase shift with increasing fre-
quency, down to approximately −10 mrad (Figure 4). Overall,
the shape of the spectra did not change significantly over time.
Phase shifts near the maize plants also decreased with fre-
quency, but started at lower phase values in the low‐frequency
range and exhibited a steeper decrease toward higher frequen-
cies (≥ 100 Hz), resulting in minimum phase values of approx-
imately −15 mrad. In comparison to maize, sugar beet showed a
distinctively different polarization behavior over the season:
While the spectra were quite similar at the first timestep, a low‐
frequency peak developed at timesteps t2 and t3. Additionally,
the high‐frequency polarization was significantly stronger
compared to the signature at the maize plant locations, with
phase values ranging down to −25 mrad. The low‐frequency
peak was not yet formed at the first timestep, and shifted its
peak frequency towards lower frequencies over time (around
4–5 Hz at t2, and 1–2 Hz at t3). Additionally, the magnitude of
the peak increased from −10 mrad at t2 to −15 mrad at t3.

Debye decomposition results of the individual grid cells (see
Section 2.4.1) revealed that the overall total chargeability near
the maize plants slightly decrased over the season, with values
ranging from 0.04 to 0.01 (upper three panels in Figure 5). A
similar dynamic was found for the root‐free zone, although
chargeabilities were slightly higher than for maize. While sugar
beet started out with a similar chargeability to that encountered
at the maize locations, it increased significantly towards time-
step t2 and t3, with chargeability values of up to 0.07 and 0.1,
respectively. Additionally, the chargeability distribution at
timesteps t2 and t3 was much wider than for the maize plants.

Since we observed the development of a low‐frequency peak in the
sugar beet data (Figure 4), we additionally estimated the mean
relaxation time for lower frequencies by using a Debye decom-
position on the sugar beet spectra up to a frequency of 55Hz. The

results (Figure 5d) show that the mean low‐frequency relaxation
time near the sugar beet plants started at average values of 17ms
at timestep t1, and increased significantly at timesteps t2 and t3 (to
average values of 50 and 80ms, respectively). This trend corre-
sponded to the shift of the polarization peak towards lower fre-
quencies, as shown in Figure 4, and is consistent with the inverse
relationship between relaxation time and peak frequency (e.g.,
Weigand and Kemna 2016). Additionally, the relaxation time
distribution became broader at timesteps t2 and t3.

3.2 | Comparison of Electrical Signatures to Root
Validation Data

An overview of the root and shoot validation traits collected
during the experiment is shown in the Appendix in Figure A3.

FIGURE 4 | Average extracted resistivity phase spectra of the maize plant positions (orange), sugar beet positions (blue), and the soil (black) for

timesteps t1 (a), t2 (b), and t3 (c). [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 5 | The upper three plots (a‐c) show the total chargeability

distribution for maize (orange), sugar beet (blue), and root‐free soil

(black) for all timesteps, retrieved from the full‐frequency Debye

decomposition. The lower plot (d) shows the distribution of the mean

relaxation time of the sugar beet plants for all timesteps, retrieved from

the low‐frequency Debye‐decomposition. [Color figure can be viewed at

wileyonlinelibrary.com]
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Maize plant growth stages were estimated to be in the middle of
tasseling at timestep t1 (BBCH of 55), end of flowering at
timestep t2 (BBCH of 69), and ripening at timestep t3 (BBCH of
83). Maize plant height overall increased for all timesteps. No
significant temporal trend was found for the maize root bio-
mass. For sugar beet, maximum beet diameter, beet length, and
fresh beet biomass increased during the season, with the largest
growth occuring between timesteps t1 and t2. An analysis of
variance revealed that temporal trends in all parameters, except
maize root biomass, were statistically significant. This was due
to high variance in maize root biomass for each individual
timestep, and suggests that temporal variability in this param-
eter should be interpreted with caution.

We compared the average complex resistivity magnitude and
chargeability near the sugar beet and maize plants with the root
biomass density for all timesteps. While there was a weak
correlation between complex resistivity magnitude and root
biomass density for the sugar beet plants (with a pearson cor-
relation coefficient (PC) of 0.61 and p value of 0.01), no sig-
nificant correlation was found for the maize plants (Figure 6a
and c). Similarly, there was an agreement between chargeability

and root biomass density for sugar beet (PC = 0.67, p value =
0.005), while maize did not show any correlation (Figure 6b
and d).

For the maize plant area, we additionally computed the ERI

from the imaginary part of the complex conductivity at 1 kHz
and 3.125 Hz according to Section 2.3. As stated previously, due
to normalization with the (low‐frequency) soil polarization
response, the ERI serves as a proxy for root presence. The
tomographic results (Figure 7) show an increased ERI near the
plant positions at all timesteps, with values increasing over
time. The anomalies progressed towards lower soil layers over
time, and were spatially most defined at timestep t1. We found a
correlation between the average ERI at the maize plant posi-
tions and the root biomass density (PC = 0.74, p‐value = 0.027;
see Figure 8a). Two datapoints severely deviated from the bulk
of retrieved ERI values (the first plant in profile t2 with an
average ERI of 0.41, and the last plant in profile t3 with an
average ERI of 0.5). The elevated ERIs for these plants were
caused by imaginary parts close to zero at 3.125 Hz, and were
treated as outliers and excluded from the analysis shown in
Figure 8a. To investigate its variability in rooted and root‐free

FIGURE 6 | Comparison of the average complex resistivity magnitude (−ρ| |) and chargeability (−m ) with the root biomass densitity near the sugar

beet plants (a, b) and maize plants (c, d), respectively. PC denotes the Pearson correlation coefficient, dashed black lines show the best linear fit

between parameters. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 7 | ERI imaging results of the maize plant section for all three timesteps. Plant icons mark the plant locations in the profiles. Smaller

icons indicate an off‐centered plant location (in direction perpendicular to the image plane). [Color figure can be viewed at wileyonlinelibrary.com]
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soil zones, we extracted the ERI at the maize plant locations, as
well as all grid cells in a depth from 50 to 100 cm, which we
classified as mostly root‐free (see Section 2.4.2). The distribu-
tions of the ERI (Figure 8b‐d) show that at the plant locations,
maximum values increased over time, while the general shape
of the distribution flattened towards later timesteps. The ERI
values of cells classified as soil did not show a significant
change over the season, and were generally lower than values of
cells near the maize plants.

4 | Discussion

In our results, we showed that, with appropriate data error
estimates and correction procedures for inductive effects,
complex resistivity imaging of plant root systems with fre-
quencies of up to 1 kHz is achievable, and the inferred electrical
parameters can be used to non‐invasively estimate root traits in
field conditions. Although the application of sEIT is more
challenging and time‐consuming than ERT, the additional
information of polarization processes can improve estimation of
root traits, and reduce uncertainty due to environmental factors
like soil saturation and temperature. The following sections
address the specific workflow and associated experimental
challenges of this study, provide an interpretation of the results,
and propose future directions for electrical field phenotyping
trials.

4.1 | Experimental Procedure

To begin, we want to address the reliability of root validation
data collected in this study. While plant trait trends over time
are evident (Figure A3), the shovelomics method used is prone
to errors due to its destructive and incomplete sampling pro-
cedure. In particular, maize root biomass estimation is likely
affected by the loss of fine root material during excavation and
washing (Bucksch et al. 2014). The rapid in‐field sampling of
root traits, while efficient, therefore comes at the cost of high
uncertainty in biomass estimates. We did not observe a tem-
poral trend in the maize root biomass data. Because of the
limited sampling depth of 25 cm, a trend is not necessarily ex-
pected, as most root growth after tasseling happens in deeper
soil layers as the top soil dries out (Sharp and Davies 1985).
However, at this point, we cannot say if the low sampling depth,
or suspected inaccuracy of the shovelomics method led to this
result. For future studies aiming to establish quantitative

relationships between electrical measurements and root traits,
we recommend employing more precise validation methods,
such as root coring (e.g., Burridge et al. 2020) or minirhizotron
facilities (e.g., Lärm et al. 2023), and increasing the number of
replicates. These improvements would not only yield more
reliable biomass estimates, but also facilitate correlating elec-
trical parameters with root traits in deeper soil layers.

In our electrical imaging results, some areas near the surface
exhibited slightly positive resistivity phase values at lower fre-
quencies (Figure 3). While Tsukanov and Schwartz (2023) re-
ported that the presence of roots may lower the overall
polarization of the combined soil‐root volume, which could
have caused this phenomenon, the positive phase value areas
are not confined to the plant positions. We therefore believe
that a more likely explanation are polarization effects caused by
the used stainless steel electrodes, typically occurring at fre-
quencies below 100 Hz. While practical in application,
Zimmermann and Huisman (2024) recently reported that when
using stainless steel rods as potential electrodes in field sEIT
measurements, significant errors in the retrieved phase readings
for γ‐type electrode configurations, as partially used in our
study, may occur. For future field studies on root systems,
especially when lower measurement frequencies are of impor-
tance (e.g. to compute the ERI ), these configurations should
therefore be avoided to prevent electrode polarization effects.
Alternatively, nonpolarizable electrodes may be used (e.g.,
Zimmermann and Huisman 2024). We also noted a positive
phase anomaly below the sugar beet plants at timestep t2 and
t3. Strong resistivity contrasts near electrodes have been shown
to cause artifacts in electrical imaging applications (e.g.,
Wilkinson et al. 2008). Thus, we attribute the positive phase
values to the strong contrast in electrical properties between
sugar beet and soil, as well as to the smoothing process inherent
in the inversion.

4.2 | Resistivity Dynamics

We found that the resistivity magnitude at the sugar beet
locations correlates with the root biomass density of the beets,
while resistivity in the maize plots could not be used to estimate
root traits of the respective plants (Figure 6a and c). We believe
that this is due to the sugar beet size, which significantly
influences the conduction properties, and therefore the
retrieved resistivity distribution, of the medium. This may also
explain the (in comparison to maize) initially higher resistivity

FIGURE 8 | (a) Average ERI values at the maize plant locations, plotted against the root biomass density. PC denotes the Pearson correlation

coefficient. Plots b. to d. show the distribution of ERI values at the maize plant locations (orange) and soil (black) for timesteps t1, t2 and t3,

respectively. [Color figure can be viewed at wileyonlinelibrary.com]
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levels near the sugar beet plants (Figure 2), and is in line with
other studies that use electrical measurements on large bio-
logical targets, for example tree roots (e.g., Amato et al. 2008;
Rossi et al. 2011). In contrast, the maize root density in our
experiment was likely too low to cause a significant resistivity
increase through biomass itself. Notably, even among sugar beet
plants, there is considerable resistivity variability within each
timestep that is not reflected in biomass variability (Figure 6a).
We attribute this partly to soil heterogeneity and water content
variations, as well as spatial variations in the sensitivity of the
measurement scheme. Although a correlation across all time-
steps is possible, analyzing individual timesteps was not feasible
due to this variability, and the limited number of samples.

While some studies could establish relationships between
resistivity and root biomass for fine root systems with higher
root densities (e.g., Amato et al. 2009), this dependency is
more often caused by the sensitivity of electrical methods to
water content dynamics in the soil (e.g., Srayeddin and
Doussan 2009; Garré et al. 2011; Chou et al. 2024). Sharp and
Davies (1985) stated that under high soil moisture conditions,
the majority of maize root biomass and water uptake is con-
centrated in the upper 50 cm of soil, which corresponds to the
observed resistivity increase in the shallow soil areas in the
tomograms (Figure 2). Notably, resistivity increases more
significantly near the maize plants than near the sugar beet
plants over time. We believe this could be due to (a) higher
root water uptake by maize over the season (e.g., Gerbens‐
Leenes and Hoekstra 2012) and (b) the canopy of the sugar
beet plants, which shields nearby soil from radiation (Brown
et al. 1987), thereby reducing soil water evaporation. Inter-
estingly, we found that, although resistivity increases for all
timesteps near maize, no such trend is visible in the root
biomass data (Figure A3e). Keeping the mentioned limita-
tions of the shovelomics method in mind, we have two ex-
planations for this: First, it is possible that although resistivity
increased through evaporation, no significant shallow root
growth happened between timestep t2 and t3 (see Section 4.1).
Secondly, the onset of root senescence (Chen et al. 2015; Sha
et al. 2023) could have reduced the overall fresh root biomass
in the last timestep, thus causing a mismatch between resis-
tivity and biomass. This result highlights that, although
resistivity may serve as a proxy for fine root biomass under
favorable conditions, significant variability in soil water con-
tent or physiological decay of the root system may hinder
accurate biomass estimation via resistivity measurements
alone.

4.3 | Polarizability and ERI

When using the polarization strength (i.e., total chargeability)
as an indicator for root presence, we observed a (compared to
resistivity magnitude) slightly better correlation with the root
biomass density (Figure 6b) at the sugar beet locations. Similar
to the resistivity, there exists some variability in chargeability
within each timestep that inhibits the analysis of individual
timesteps. It is noteworthy that high variability of data is most
prominent in timestep t2. We believe that this variability stems
from the observed inversion artifact at 1 Hz near the sugar beet
plants (Figure 3), and removing the two sugar beet plants that

are closest to the positive phase anomaly from the analysis
improves the overall correleation to a PC of 0.81. This result
shows that chargeability can be a promising parameter for
biomass estimation of larger roots, especially when measure-
ment design choices are implemented that have the capability
to avoid inversion artifacts (see Section 4.1). However, if the
survey design is not chosen carefully, inversion artifacts or
heterogeneous sensitivity patterns may hinder the application
in high‐throughput phenotyping studies (e.g, Bai et al. 2019),
and more research is needed to validate the method for large‐
scale field trials.

No dependency between chargeability and root biomass den-
sity could be found near the maize plants (Figure 6d). As
stated above, an explanation for this observation is the dif-
ference in present biomass for sugar beet and maize, as well as
the superimposed polarization signature of the soil, effectively
masking the root signature at the maize plant locations. It is
noteworthy that the chargeability near the maize plants is
inversely correlated with the resistivity (and thus, water sat-
uration) dynamics, a behavior commonly found in induced
polarization measurements of porous media samples (e.g.,
Breede et al. 2012; Gao et al. 2019), and also evident in the soil
chargeability in Figure 5a‐c. It supports the hypothesis that
total polarization strength in the maize rooting area is domi-
nated by the soil signature. In contrast, the chargeability at the
sugar beet locations increases despite the rising resistivity,
indicating that the root itself dominates the polarization sig-
nature in this case.

The introduced ERI seems to overcome the above mentioned soil
masking effect for the maize root areas by normalizing the high‐
frequency (combined root and soil) with the low‐frequency (soil‐
dominated) polarization signature, achieving a significant corre-
lation between ERI and root biomass density of the maize plants
(Figure 8a). Since soil water content variations affect both the
high‐ and low‐frequency polarization (e.g., Jougnot et al. 2010;
Revil et al. 2023), we believe that the normalization on the low‐
frequency polarization effectively dampens the soil water content
influence in the high‐frequency polarization, enabling the iden-
tification of root polarization present at this frequency. We are
aware that the assumption of soil water content influencing all
frequencies similarly (and linearly) is likely not correct for all
soils, and in the best case, a laboratory calibration measurement
of soil from the experimental site could be used to better estimate
the influence of variable soil moisture on the ERI . Still, previous
research has shown that root matter exhibits a strong high‐
frequency polarization signature (e.g., Weigand and Kemna 2017;
Ehosioke et al. 2023; Michels et al. 2024), suggesting that varia-
tions due to inaccurate soil water content normalization are likely
small compared to the impact of root biomass on the ERI . In this
study, the ERI of the soil signature was computed from deeper
soil layers that did not exhibit strong variations in soil water
content. Further research towards the variability of the ERI with
regard to more severe fluctuations of water content, salinity, and
temperature are needed to fully assess its usability for root trait
estimation in dynamic conditions. Additionally, we note that the
ERI is a site‐specific quantity, as different rooting media naturally
result in different spectral polarization behavior. It may therefore
be difficult to compare measurements from different experi-
mental sites when no baseline measurement of the soil is
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performed. Consequentially, the true strength of the ERI could be
an application in monitoring experiments over a whole season,
where the first (root‐less) timestep is used as a reference mea-
surement to calculate changes in the ERI , thus making it com-
parable to other measurement sites independent of the
background polarization.

While not the main reason for its application, we found that a
methodological advantage of the ERI is the robustness of
imaging results towards deeper soil layers. Electrical surveys
typically lose resolution with depth due to the sensitivity
patterns of employed four‐point measurements, which
diminish in deeper layers farther away from the electrodes
(e.g., Furman et al. 2003). By division of high‐ and low‐
frequency imaginary conductivities, which are both similarly
affected by the imposed sensitivity pattern of the measurement
design, the perceived loss of contrast with depth is reduced
(e.g., Weigand et al. 2017), enabling a vertically consistent and
more robust analysis of root traits. The ERI approach may
therefore be especially viable when sensitivity of the electrical
survey is limited by sparse electrode configurations, or for
measurement schemes that are expected to exhibit consider-
able sensitivity variations. Since our study focused on valida-
tion data from the upper 25 cm of soil, future research should
assess the reliability of the ERI for root biomass estimation in
deeper soil layers.

4.4 | Polarization Length Scales

Another important result of this study is the development of
the (besides the high‐frequency polarization) low‐frequency
polarization peak at the sugar beet positions, corresponding
to the increase of low‐frequency relaxation times over the
season (see Figure 4 and lower panel of Figure 5). We
hypothesize that this bimodality in polarization behaviour is
caused by the development of differently sized vascular tissue
cells and storage parenchyma in sugar beet (e.g., Zamski and
Azenkot 1981). A convincing argument for this idea is that
the storage cells are similar in size to the vascular tissue cells
during early growth stages (corresponding to timestep t1),
and only later in the season significantly increase their
diameter (e.g., Milford 1973). The development of the low‐
frequency polarization peak may therefore be caused by
development of the larger storage cells. Since maize does not
develop storage cells, it is logical that no pronounced low‐
frequency peak is observed in its polarization response
(Figure 4). We used Eq. 9 and the mean relaxation times
obtained from the low‐frequency Debye decomposition to
estimate the low‐frequency polarization length scale in
the sugar beet plants, hypothetically corresponding to the
storage parenchyma diameter. Assuming a typical diffusion
coefficient of 10–9 m2/s (e.g., Weigand and Kemna 2019;
Tsukanov and Schwartz 2020), the mean relaxation times
translate to average cell diameters of 11 μm at timestep t1, 20
μm at timestep t2, and 25 μm at timestep t3. These results are
in agreement with studies investigating vascular and storage
cell sizes of sugar beet (e.g., Milford 1973; Zamski and
Azenkot 1981; Nause et al. 2023). Unfortunately, no mea-
surement of cell diameter was performed during the

experiment to confirm this hypothesis. Instead, using the
data of Hoffmann (2010) that suggest a linear relationship
between macroscopic beet diameter and storage cell diame-
ter, we estimated the mean storage cell diameter in our ex-
periment using the recorded beet diameter. We found a
correlation of estimated validation (dcell,val) and electrically
derived (dcell,τ) storage cell diameter (Figure 9, PC of 0.84 and
p‐value of ⋅8 10−5). However, the electrically derived cell
diameter is overestimated for timesteps t2 and t3. At this
point, we can not say if the misfit is stemming from an
overestimation of the electrically derived parameter, or an
underestimation of the validation root trait, which was
computed from an empirical relationship that might not align
with the specific conditions of our experiment. Nevertheless,
our results suggest that sEIT is sensitive to the internal
microscopic structures of root systems, making it a promising
tool for characterizing root cell size. Despite using a macro-
scopic measurement setup (with associated macroscopic
spatial imaging resolution), the frequency dependence of the
polarization signature enables inference of information at
much smaller scales. Further research should focus on es-
tablishing relationships between cell diameter and relaxation
time across different root systems.

5 | Conclusions

In this study, we used spectral electrical impedance tomogra-
phy as a tool for in‐situ root phenotyping of sugar beet and
maize. To address our research question of whether root
polarization signatures can be measured at the field scale, we
successfully conducted field‐scale spectroscopic impedance
measurements across a frequency range of 0.1 Hz to 1 kHz.
Consistent inversion results were achieved through employ-
ment of inductive correction procedures and data filtering
schemes. Our complex resistivity imaging results revealed an
increase of polarization for both plant types at higher mea-
surement frequencies. Additionally, sugar beet developed a
low‐frequency polarization peak, which shifted to lower fre-
quencies as the season progressed. To assess whether root and
soil polarization signatures can be differentiated (research

FIGURE 9 | Storage root cell diameter derived from electrical

measurements (dcell,τ), plotted against estimated validation storage cell

diameter (dcell,val) that was derived from the literature scaling rela-

tionship. PC denotes the Pearson correlation coefficient. The dashed

black line indicates the best linear data fit, the grey line the 1:1 relation

between both parameters. [Color figure can be viewed at

wileyonlinelibrary.com]
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question two) and whether root traits can be extracted from
the polarization signature (research question three), we per-
formed a Debye decomposition to extract the total charge-
ability and mean relaxation time for all grid cells. While
resistivity magnitude and chargeability of sugar beet were
correlated with root biomass density, the background soil
signature inhibited the analysis of maize imaging results in a
similar way. We attribute this to the low biomass density of
maize, compared to sugar beet, and the dynamic changes in
soil water content affecting background soil polarization. We
introduced the electrical root index ERI as a proxy for root
presence with mitigated sensitivity to water content variations,
and demonstrated its correlation with the root biomass density
of the maize plants. Furthermore, we related the shift in low‐
frequency relaxation times near the sugar beet plants to the
development of larger storage parenchyma, and demonstrated
this link by correlating electrically derived polarization length
scales with storage cell diameters. Overall, our findings high-
light the potential of sEIT for the in‐situ characterization of
macro‐ and microscopic root system traits. Further sEIT
studies targeting root systems at the field scale should focus on
the calibration of soil water content‐induced variations in the
polarization signal and assessing the robustness of the ERI

against these changes. Additionally, future research should
explore the link between microscopic structural features in
root systems and the relaxation time distributions of different
plant types.
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Appendix

FIGURE A1 | Exemplary impedance phase spectra for data that are

practically uninfluenced by inductive effects (a) and data that show

strong high‐frequency inductive effects (b). The used electrode numbers

A, B, M, N for each four‐point measurement are noted in the subfigure

titles. Raw spectra are shown as dashed grey lines, spectra after cor-

rection for inductive effects in black. [Color figure can be viewed at

wileyonlinelibrary.com]
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FIGURE A2 | Resistivity phase imaging results at a measurement frequency of 175 Hz. Plant locations are indicated by maize (left) and sugar

beet icons (right). Smaller icons indicate an off‐centered plant location (in direction perpendicular to the image plane). [Color figure can be viewed at

wileyonlinelibrary.com]

FIGURE A3 | Swarmplots of root traits for all plants within the

profiles. Displayed are BBCH index of maize (a), maize plant height (c),

maize fresh root biomass (e), maximum sugar beet diameter (b), sugar

beet length (d), and sugar beet fresh biomass (f). Maize plant traits are

colored in orange, sugar beet traits in blue. [Color figure can be viewed

at wileyonlinelibrary.com]
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