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Abstract
Thorough knowledge of root system functioning is essential to understand the feed-

back loops between plants, soil, and climate. In situ characterization of root systems

is challenging due to the inaccessibility of roots and the complexity of root zone

processes. Electrical methods have been proposed to overcome these difficulties.

Electrical conduction and polarization occur in and around roots, but the mecha-

nisms are not yet fully understood. We review the potential and limitations of low-

frequency electrical techniques for root zone investigation, discuss the mechanisms

behind electrical conduction and polarization in the soil–root continuum, and address

knowledge gaps. A range of electrical methods for root investigation is available.

Reported methods using current injection in the plant stem to assess the extension of

the root system lack robustness. Multi-electrode measurements are increasingly used

to quantify root zone processes through soil moisture changes. They often neglect

the influence of root biomass on the electrical signal, probably because it is yet to

be well understood. Recent research highlights the potential of frequency-dependent

impedance measurements. These methods target both surface and volumetric prop-

erties by activating and quantifying polarization mechanisms occurring at the root

segment and cell scale at specific frequencies. The spectroscopic approach opens up

a range of applications. Nevertheless, understanding electrical signatures at the field

scale requires significant understanding of small-scale polarization and conduction

mechanisms. Improved mechanistic soil–root electrical models, validated with small-

scale electrical measurements on root systems, are necessary to make further progress

in ramping up the precision and accuracy of multi-electrode tomographic techniques

for root zone investigation.

Abbreviations: ARSA, absorbing root surface area; DC, direct current; ECF, extracellular fluids; EDL, electrical double layer; EIM, earth impedance
method; EIS, electrical impedance spectroscopy; EIT, electrical impedance tomography; ERM, electrical resistance measurements; ERT, electrical resistivity
tomography; ICF, intracellular fluids; MALM, mise-a-la-masse; PCA, principal component analysis; SIP, spectral induced polarization.
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1 INTRODUCTION

The rhizosphere provides the necessary nutrients, water, and
anchorage for plants and is one of the most active parts of
soil in terms of nutrient and carbon cycling and maintain-
ing biodiversity (De-la-Peña & Loyola-Vargas, 2014; Nguyen,
2009). It is home to numerous interactions between soil,
plant, and microorganisms. Understanding rhizosphere pro-
cesses is therefore crucial for sustainable agriculture and food
production. Traditional methods of soil and root investiga-
tion such as excavation, soil cores, ingrowth bags, or mini-
rhizotrons (Maeght, Rewald, & Pierret, 2013) provide insights
into the structure, composition, and variability of the subsur-
face. However, they have clear limitations in terms of tempo-
ral and spatial resolution, mainly caused by the spatial hetero-
geneity of the root zone and its dynamics. Root growth, plant
water and nutrient uptake, and transient boundary water fluxes
create highly heterogeneous and dynamic patterns in root and
soil properties that can be difficult to capture, even with a
high-density network of point sensors (Amundson, Richter,
Humphreys, Jobbágy, & Gaillardet, 2007; Jayawickreme, Job-
bágy, & Jackson, 2014). In addition, intrusive sampling (e.g.,
rhizotubes) can interfere with the natural state of the system
and may affect the processes being monitored, thereby poten-
tially altering the experimental results.

Geophysical methods offer the possibility to infer prop-
erties and structures of the rhizosphere and pedosphere, as
well as flow and transport processes at various spatial scales
ranging from the single root to the field scale. Geophysical
properties can be related to soil state variables (e.g., soil
moisture content, salt concentration), soil properties (e.g.,
clay content, cation exchange capacity), and root properties
(e.g., root mass, root surface area) as summarized by Vander-
borght et al. (2013). Geophysical methods have been widely
used in the past two decades to monitor moisture patterns
associated with water flow (Deiana et al., 2007; Huisman,
Snepvangers, Bouten, & Heuvelink, 2002; Looms, Jensen,
Binley, & Nielsen, 2008; Lu & Sabatier, 2009; Oberdörster,
Vanderborght, Kemna, & Vereecken, 2010; Weihermüller,
Huisman, Lambot, Herbst, & Vereecken, 2007; Zhou,
Shimada, & Sato, 2001) and root water uptake (Beff,
Günther, Vandoorne, Couvreur, & Javaux, 2013; Cassiani,
Boaga, Vanella, Perri, & Consoli, 2015; Dick, Tetzlaff,
Bradford, & Soulsby, 2018; Garré, Javaux, Vanderborght,
Pages, & Vereecken, 2011; Jayawickreme, Van Dam, & Hyn-
dman, 2008; Mares, Barnard, Mao, Revil, & Singha, 2016;
Michot et al., 2003; Srayeddin & Dousssan, 2009; Vanella
et al., 2018). The application of geophysical techniques in
an agricultural context to study how agricultural production
is affected by environmental variables (e.g., water avail-
ability, salinity) and agricultural management (e.g., impact
of fertilizer and irrigation application), as well as to study
fundamental soil–root interactions, is now referred to as

Core Ideas
∙ Electrical methods offer a noninvasive approach

for root investigation.
∙ Impedance measurements at different frequencies

are preferable due to more information content.
∙ Interpretation of impedance spectra at the micro-

scopic level needs to be considered.

“agrogeophysics” (Allred, Daniels, & Ehsani, 2008;
Vereecken, Binley, Cassiani, Revil, & Titov, 2007).

Various agrogeophysical applications have been reported
in the literature, ranging from mapping of soil com-
paction or determination of plow-pan depth (Besson, Cousin,
Samouëlian, Boizard, & Richard, 2004; Doolittle, Sudduth,
Kitchen, & Indorante, 1994; Kitchen, Sudduth, & Drummond,
1999; Lu, Hickey, & Sabatier, 2004; Jonard et al., 2013)
to the assessment of irrigation efficiency (Tresoldi et al.,
2019). Soil mapping for precision agriculture and crop mod-
eling has been realized using on-the-go electrical resistiv-
ity tomography (ERT; Andrenelli et al., 2013; Rossi et al.,
2013), electromagnetic induction (Brogi et al., 2019; Corwin
& Lesch, 2003; Jaynes, Novak, Moorman, & Cambardella,
1995; Kachanoski, Wesenbeeck, & Gregorich, 1988; Robert
et al., 1995; Sudduth, Drummond, & Kitchen, 2001; von
Hebel et al., 2018), and ground-penetrating radar (Freeland,
Yoder, & Ammons, 1998; Ristic, Petrovacki, & Vrtunski,
2014; Yoder, Freeland, Ammons, & Leonard, 2001) Salin-
ity mapping for whole farm planning is also feasible with
geophysical methods (Williams, Walker, & Anderson, 2006).
One of the key challenges in agrogeophysics is the noninva-
sive investigation of the spatial distribution of the root sys-
tem (Amato et al., 2009; Konstantinovic, Wöckel, Schulze
Lammers, Sachs, & Martinov, 2007) and its impact on soil
state variables. Due to the vital role that root biomass and
architecture play in plant breeding, drought tolerance, and car-
bon sequestration, measurements of root extent and distribu-
tion are necessary for proper understanding and modeling of
plant growth, root water uptake, and the carbon balance of
agricultural systems.

The aim of this review is to provide an overview of the
applications of electrical geophysical methods to root investi-
gation, to critically analyze recent accomplishments, and to
identify remaining knowledge gaps. We limit ourselves to
low-frequency electrical methods, from direct current (DC)
to a few tens of kilohertz, due to their potential to inves-
tigate individual fine crop roots (diameter <1 mm). Recent
reviews focused on imaging of root zone processes (Corona-
Lopez, Sommer, Rolfe, Podd, & Rieve, 2019; Zhao et al.,
2019), whereas others provided a short summary of the
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F I G U R E 1 Schematic illustration of (a) the plant cell, showing some of the organelles (vacuole, nucleus, and nuclear membranes), the cell wall,
and the three-layer (protein-lipid-protein) cell membrane. The frequency-dependent current paths through plant tissues, showing (b) low-frequency
current pathway and (c) high-frequency current pathway. (d) Description of counterion polarization mechanism in root segments occurring at low fre-
quencies (Kessouri et al., 2019; Weigand & Kemna, 2019). The strength of the electrical double layer (EDL) polarizability depends on the composition
and concentration of ions in the extracellular fluid (ECF) and electric potential distribution at the cell membrane (Kinraide, 2001; Kinraide & Wang,
2010; Wang et al., 2011). ICF, intracellular fluids

application of electrical impedance spectroscopy (EIS) to
study various parts of plants (e.g., fruits, vegetables, and
leaf water; Jocsac, Vegvari, & Vozary, 2019). To the best of
our knowledge, this review is the first attempt to provide a
comprehensive overview of all the active electrical methods
(based on electric excitation) for root studies that are used
by different research communities at various spatial scales.
In particular, we reviewed all active electrical methods used
to study the capability of roots to conduct electric current and
to store electrical energy (in terms of charge separation).

This review is organized as follows. After a brief intro-
duction to electrical conduction and polarization in plants,
we will first present the different categories of measurement
techniques and highlight their potentials and limitations. After
that, we will discuss the common aspects, identify knowledge

gaps for this active field of research, and provide suggestions
for future research.

1.1 Electrical conduction and polarization
in biological tissue

Biological tissues are made up of cells delimited by mem-
branes. Cells contain tiny cellular structures that perform
specific functions (organelles) and intracellular fluids (ICF),
together called the cytoplasm (see Figure 1a). In plant cells,
membranes are surrounded by cell walls mainly made of
polysaccharides. The individual plant cells form a porous net-
work called the apoplast, and the pore space between the
cells is filled by extracellular fluids (ECF) (Raven, Johnson,
Mason, Losos, & Singer, 2017). The membranes are made of
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T A B L E 1 Polarization mechanisms in biomaterials

Polarization mechanism Description Frequency range
Counterion or ionic

polarization
Ionic diffusion in the electrical double layers adjacent to charged surfaces,

such as cell membranes, creates polarization (Kao, 2004; Schwan &
Takashima, 1991).

α range <20 kHz

Interfacial polarization
(Maxwell–Wagner effect)

Restricted movement of ions in the intercellular space as a result of complex
structural properties of biological tissue creates high-conductivity zones
within the matrix of low conductivity material (e.g., cell interiors
surrounded by cell membranes; Kao, 2004; Schwan & Takashima, 1991)

β range (kHz–MHz)

Dipole or orientational
polarization

Electrical dipoles can freely orient in response to the application of an
electrical field and align themselves with the field (Kao, 2004)

γ range (MHz–GHz)

phospholipids and proteins, which control water and nutri-
ent entry into the cytoplasm due to their selective perme-
ability. This helps to maintain the composition and concen-
tration of the ICF, which is distinctly different from that of
the ECF (Raven et al., 2017), as shown in Figure 1d. The
radial transport of water and nutrients in roots takes place
in the apoplast but also from cell to cell through plasmod-
esmata (i.e., tiny connections between cells, called the sym-
plastic pathway; Couvreur et al., 2018). These two pathways
also play an important role for electrical current flow.

Current conduction within a root depends on the resistance
of the apoplast and the extracellular fluid, whereas all mem-
branes and walls play an important role for the storage of elec-
trical charges (polarization). Polarization occurs at the cell
membrane interface because charged particles such as Na+,
Ca2+, K+, and Cl− ions and amino acids cannot diffuse across
the cell membrane. Instead, they can only cross the mem-
branes through ion pumps and ion channels (see the Glossary)
whose opening and closing are regulated by the potential dif-
ference across the membrane (voltage). Electrical charges at
the surface of the cell membrane lead to the formation of an
electrical double layer (EDL), consisting of a layer of surface
charges of the cell membrane and a layer of associated counte-
rions (Figure 1d) (Kessouri et al., 2019; Kinraide, 2001; Kin-
raide & Wang, 2010, Weigand & Kemna, 2019). When apply-
ing an alternating current, the polarization strength depends
on frequency, intensity, and duration of the injection, surface
charge density of the cell membrane, transmembrane potential
difference, ionic concentration, water content, tissue compo-
sition, and tissue health or structural heterogeneity (Ackmann,
1993; Bera, Nagaraju, & Lubineau, 2016; Repo, Cao, Silven-
noinen, & Ozier-Lafontaine, 2012). Polarization is expected
to occur at both the outer root surface (root–soil interface) and
in the inner root system. Here, it is important to realize that the
EDL of the outer root surface depends on the concentration of
ions in the external fluid, whereas the EDL of the inner root
system depends on the ionic composition of the cellular fluid
(Weigand & Kemna, 2017, 2019). Polarization is assumed to
occur in three frequency ranges, which are referred to as the
α, β, and γ range (Prodan, Prodan, & Miller, 2008; Schwan,

1957, 1963, 1988). Table 1 summarizes the three frequency
ranges and the specific polarization mechanisms associated
to them (Repo et al., 2012; Schwan & Takashima, 1991).

At low frequencies, the voltage gated ion channels of the
cell membranes are closed because a low-frequency electric
field produces small changes in the membrane potential dif-
ference that are too small to significantly alter the properties
of the ion channels (Mathie, Kennard, & Veale, 2003). In this
case, the EDL prevents any passage of current through the
cell membrane (i.e., the impedance of the cell membranes
is so high that it does not allow current passage). Instead,
the current passes through the apoplast (Bera, Bera, Kar, &
Mondal, 2016; Repo et al., 2012), as shown in Figure 1b. In
this low-frequency case, the total impedance will be mainly
determined by the resistance of the extracellular fluid (Bera,
Bera, et al., 2016; Repo et al., 2012); this is termed “counte-
rion polarization” (Table 1). As the frequency increases, the
applied electrical field at the outer surface of the membrane
changes the transmembrane potential difference that regulates
the gating of ion channels and ion fluxes across the cell mem-
branes (Hille, 2001; Kinraide, 2001; Mathie et al., 2003). The
opening of ion channels leads to decreased negativity of the
membrane surface potential and an increased cation flux into
the cell that results in a weaker EDL (Kessouri et al., 2019;
Kinraide, 2001; Kinraide & Wang, 2010; Wang, Kinraide,
Zhou, Kopittke, & Peijnenburg, 2011; Weigand & Kemna,
2019), and a lower polarizability of the EDL. At these high
frequencies, current thus flows through the entire cell and
crosses different interfaces (Figure 1c) such that the resulting
total impedance will be a combination of the properties of the
apoplast and the extracellular fluid, the cell membranes, the
cytoplasm, and the ICF (Bera, Bera, et al., 2016; Repo et al.,
2012). In this case, the polarization is considered to be inter-
facial (Table 1). In addition, the influx of cations into the cyto-
plasm due to concentration gradients that exist across the cell
membrane when the ion channels open alters the composition
and concentration of the ICF (Kessouri et al., 2019; Weigand
& Kemna, 2019), which might explain the large polarization
observed in roots at high frequencies (Ehosioke et al., 2018;
Kessouri et al., 2019). However, more studies at the root scale,
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F I G U R E 2 Schematic overview of low-frequency electrical methods used for root investigation, classified according to scale and measured
parameter: electrical resistance measurement (ERM), electrical resistivity tomography (ERT), mise-a-la-masse (MALM), electrical capacitance
measurement (ECM), spectral induced polarization (SIP), earth impedance method (EIM), electrical impedance spectroscopy (EIS), and electrical
impedance tomography (EIT)

across various species and growth conditions, are still needed
to better understand high frequency polarization in roots.

Conduction is assessed by measuring the resistance and
then calculating resistivity or conductivity, whereas polariza-
tion is assessed by measuring the capacitance of the biological
tissue. Both conduction and polarization can also be assessed
simultaneously by measuring the electrical impedance of
a biological tissue and then calculating effective material
properties (complex resistivity or conductivity) by using a
geometric factor K, which accounts for the geometric dimen-
sions of the measurement (see the Glossary). In this case, the
real part is associated with electrical conduction, whereas the
imaginary part is associated with electrical polarization.

1.2 Overview of electrical methods for root
system investigation

These methods target either electrical resistance, capacitance,
or impedance and are classified into eight categories, in order
of appearance in the following sections: electrical resistance
measurements (ERM), ERT, mise-a-la-masse (MALM), elec-
trical capacitance measurements (ECM), earth impedance
method (EIM), EIS, spectral induced polarization (SIP), and
electrical impedance tomography (EIT). Some of these meth-

ods share the same physical principles, but they differ in their
application scale (root scale, plant scale, and plot scale), the
frequency of the electric field (e.g., single frequency or mul-
tiple frequencies), and the amount and position of electrodes,
as illustrated in Figure 2.

Methods at the root and plant scales have mainly been used
in fundamental studies or to obtain information on key param-
eters that can be used to interpret results from measurements
at the field scale. They are also useful to determine if suffi-
cient contrast in the electrical signature can be expected in
field measurements. In this review, we will give an overview
of these different measurement techniques coming from vari-
ous scientific communities and will discuss their functioning
and potential for root system investigation.

2 METHODS TARGETING
ELECTRICAL RESISTIVITY

2.1 ERM

Some studies have used relatively simple ERM to investi-
gate plant roots (Anderson & Higinbotham, 1976; Cao, Repo,
Silvennoinen, Lehto, & Pelkonen, 2010). An ERM setup con-
sists of a multimeter and two electrodes connected along a
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F I G U R E 3 Application of electrical resistance measurement (ERM) for root studies. (a) Resistivity variation along a segment of willow roots,
segments with same letter code show no significant difference (Reproduced from Cao et al., 2010, with permission of Oxford University Press).
(b) Resistivity variation across species (Ehosioke et al., 2017)

single root segment (root scale) or with one electrode in the
plant stem and the second one in the growth medium (soil
and hydroponics; plant scale). The electrodes are simultane-
ously used for current injection and potential measurements.
The main output of such measurements is the electrical resis-
tance or resistivity of the studied system provided that an
appropriate geometrical factor can be identified. The exper-
imental setup is simple and typically operates at the centime-
ter scale. The understanding of the electrical response of sin-
gle root segments is important since it is a first step towards
discriminating root electrical signals from those of other soil
properties and state variables, especially in combination with
modeling (Rao et al., 2019).

Anderson and Higinbotham (1976) pioneered the study of
electrical resistance of root segments by measuring longitudi-
nal electrical resistance along 2-cm segments of maize (Zea
mays L.) roots cut at varying distances from the root apex. The
older root segments further away from the apex had a greater
electrical resistance than the younger segments, except for the
section just before the apex, which showed the greatest resis-
tance. They attributed this to the proportionately large number
of cells in the meristem and in the early stages of the elonga-
tion zone. However, only the resistance was measured, and
the corresponding root diameters were not reported. There-
fore, it is not possible to discriminate possible geometrical
factors (i.e., differences in root diameter) from inherent elec-
trical root properties, which compromises the interpretation
of these measurements.

Cao et al. (2010) used ERM in a hydroponic system to study
root morphology and the variation of axial resistivity along

a single root segment of willow (Salix schwerinii E. Wolf).
They calculated axial resistivity at varying distances from
the apex (Figure 3a). They found the highest resistivity just
before the root tip and observed a gradual reduction in resis-
tivity towards the root collar. The high axial resistivity next to
the root tip was attributed to the presence of a hydraulically
isolated segment with immature metaxylem and mature pro-
toxylem (Frensch & Steudle, 1989). The root tip itself showed
the lowest resistivity, which was attributed to underdeveloped
cell walls with a very permeable membrane that allow fast
movement of solute and water between the root tip and soil
(Frensch & Steudle, 1989).

Cao et al. (2010) also measured the resistance of the stem–
root system at different immersion depths of the root system
in a hydroponic solution. Afterwards, the roots were cut off
and the resistance of the stem was measured. The excised
roots were scanned to assess the surface area, and the num-
ber of lateral roots was obtained using image analysis (Win-
Rhizo). They found that the measured resistance correlated
significantly with root surface area (r2 = .75) and the root
length (r2 = .63), which is expected and linked to the geo-
metric factor, and to a lesser extent with the number of lat-
eral roots (r2 = .56). This suggests that ERM could be use-
ful to study root morphology. The submerged part of the
root system played a negligible role, which is probably due
to current leakage at the stem–solution interface. They also
found that the average resistivity of the roots (10.5 Ωm) was
much smaller than that of the stem (108.3 Ωm), which was
attributed to the anatomical differences between the root and
stem. For example, the vascular tissue is thicker and more
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F I G U R E 4 Root mass density (RMD) vs. electrical resistivity (ρ) of various plant and tree species derived from different studies as described
in the legend, r is the correlation coefficient. Digitization of pictorial data done using WebPlotDigitizer (Rohatgi, 2011)

developed in stems than in roots (Longui, Romeiro, & Alves,
2012).

Recently, Ehosioke et al. (2017) used ERM measurements
to determine the electrical resistivity of root segments of three
different plant species: maize, ryegrass (Lolium perenne L.),
and Brachypodium. Their results showed that electrical resis-
tivity of roots varied for different species (Figure 3b). It was
found that the variation in electrical resistivity could be linked
to the structural variation and anatomical differences between
the species.

A major limitation of ERM is that it is hard to obtain
knowledge on the structures that are contributing most to
the electrical conduction. In addition, roots were excised
before ERM measurements in some studies (Anderson &
Higinbotham, 1976; Cao et al., 2010). In this case, the
cut surface in contact with the nutrient solution may intro-
duce a bias because of an increased absorbing surface
area.

2.2 ERT

Electrical resistivity tomography, also called DC resistivity
imaging (DCR) or electrical resistivity imaging (ERI), deter-
mines the distribution of electrical resistivity by performing a
set of resistance measurements on the ground surface and/or
in boreholes. Measurements are performed by injecting cur-
rent via two electrodes, and the resulting voltage difference is
measured at two other electrodes using various combinations
of current and potential electrodes along a transect or grid. In

order to determine the resistivity of the subsurface, a geophys-
ical inversion of the measured resistances must be performed.
The obtained resistivity distributions are typically presented
as tomograms. Since the inverse problem is ill posed, the
obtained resistivity model is nonunique and typically rep-
resents a smoothed representation of the actual resistivity
distribution.

Electrical resistivity tomography is interesting for root
system investigations because of its high two- or three-
dimensional spatial coverage, acquisition speed, minimally
invasive nature, and cost effectiveness. Some ERT stud-
ies focused on root biomass estimation, whereas oth-
ers focused on physiological processes such as water
and nutrient uptake by the root system, but these are
mainly interpretation perspectives rather than a prior method-
ological difference, as both aspects can be captured by time-
lapse ERT measurements.

Figure 4 compares results from several studies that have
directly correlated bulk resistivity with root biomass with
varying success (Amato et al., 2008, 2009; Rossi et al., 2011;
Paglis, 2013). Bulk soil resistivity is known to be strongly
influenced by soil moisture content, porosity, mineralogy,
temperature, and salinity level and only to a lesser extent
by roots. Thus, the contrast between roots and soil depends
highly on soil type and saturation state (Rao et al., 2019)
and is therefore varying with time. In addition, fine roots
actively take up water and nutrients and release different exu-
dates. These processes also affect resistivity at several tempo-
ral scales, ranging from daily (night vs. day, sunny vs. cloudy
days) to seasonal (growth period vs. winter or drought season)
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F I G U R E 5 (a) Electrical resistivity (ρ) vs. water saturation from Figure 3 of Werban et al. (2008). (b) Electrical resistivity (ρ) vs. percentage
volumetric water content (WC) from Figure 2 and Figure 5 of Ni et al. (2018). (c) Frequency averaged resistivity magnitude (|ρ|) as a function of
percentage volumetric water content of Mary et al. (2016)

variations (Mary et al., 2018). Based on these considerations,
it is clear that the relationships shown in Figure 4 are site
specific and without generality. Overall, ERT may lack direct
sensitivity to root properties due to the variations in the con-
trast between bulk soil and root electrical resistivity and the
relatively low volume fraction of roots. Using resistivity as
a predictor for root biomass without taking these factors into
account is therefore highly uncertain (Rao, Lesparre, Orozco,
Wagner, & Javaux, 2020).

Electrical resistivity tomography has also been used to
investigate physiological processes such as water and nutri-
ent uptake, which is promising given the high sensitivity
to water content in the root zone. A range of studies have
reported areas of contrasting resistivity (in time and space)
that were attributed to root water uptake processes beneath
herbaceous plants (Beff et al., 2013; Garré, Günther, Diels,
& Vanderborght, 2012; Michot et al., 2003; Moreno, Arnon-
zur, & Furman, 2015; Panissod, Michot, Benderitter, &
Tabbagh, 2001), and some shrubs and trees (Hagrey, Meiss-
ner, Werban, Rabbel, & Ismaeil, 2004; Hagrey & Michaelson,
2002; Jayawickreme, Van Dam, & Hyndman, 2010; Katul,
Todd, Pataki, Kabala, & Oren, 1997; Koumanov, Hopmans,
& Schwankl, 2006; Robinson, Slater, & Schäfer, 2012). Elec-
trical resistivity tomography has also been used in orchards
to study soil moisture dynamics and irrigation patterns near
cash crops such as fruit trees (Lazzari et al., 2008; Loperte
et al., 2006). These studies found an increasing resistivity
in the root zone due to drying through root water uptake
processes, but some root zones show lower resistivity than
the background as shown in Figure 5 (Lazzari et al., 2008;
Petersen & Al Hagrey, 2009; Rodríguez-Robles, Arredondo,
Huber-Sannwald, Ramos-Leal, & Yépez, 2017; Werban, Attia
al Hagrey, & Rabbel, 2008). The low resistivity of fine roots
and high resistivity of tree roots reported in the studies dis-
cussed above is an indication that roots are a contributing fac-
tor, although masked by other factors, as discussed above. The

effect of root biomass can only be clearly distinguished with
additional independent measurements.

Many examples exist where time-lapse ERT has been used
to quantify water and solute fluxes in a range of agricultural
systems, including maize (Beff et al., 2013; Michot et al.,
2003), barley (Hordeum vulgare L. ; Garré et al., 2011), mixed
cropping (Garré et al., 2013), and orchards (Cassiani et al.,
2015; Moreno et al., 2015; Vanella et al., 2018). Interestingly,
none of these studies accounted for the potential effect of
root biomass on the measured resistivity. This is most prob-
ably because the sensitivity of ERT to soil moisture is larger
than to root biomass in most cases, especially when looking at
time-lapse differences. Nevertheless, Rao et al. (2019) already
warned that this might not always be the case. Using coupled
electrical and root water uptake models, they showed that the
bias in soil moisture estimates may be up to 50% when roots
are not properly accounted for. Although ERT is less sensitive
to roots than other system properties (soil texture, porosity,
stone fraction, mineralogy) and state variables (soil tempera-
ture, fluid conductivity, soil moisture), the influence of roots
can be consistent. Therefore, there is a need for auxiliary data
to separate root effects from other properties and variables.

2.3 MALM method

In the MALM method (Parasnis, 1967), an electric current is
injected into a conductive body and the resulting voltage is
measured at the ground surface located at certain distances
around the body. The resulting voltage contours are then used
to delineate the extent of the conductive body. In root studies,
the conductive body is the plant stem–root system. This setup
is based on the assumption that the current injected into a tree
stem will be released into the soil through the root system,
but only at the root–soil interface where roots absorb water
and minerals from the soil.
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Mary et al. (2018) used the MALM method jointly with
ERT to characterize vine plant root water uptake at the plant
scale. They injected current directly into the tree stem in one
experiment and directly into the soil close to the stem in
another experiment. It was observed that current injection into
the stem produced very different voltage distributions in the
soil compared with an injection into the soil. They concluded
that current injected into the stem is redistributed in the soil by
the root network. In a follow-up study, Mary, Vanella, Consoli,
and Cassiani (2019) used MALM and ERT measurements
to assess the root extent of citrus trees in an orchard under
two different irrigation regimes (full and partial irrigation).
The MALM measurements were used to map the locations of
the active roots, whereas ERT was used to obtain quantita-
tive information about the uptake of water by the roots. It was
reported that the distribution of current flow for a stem injec-
tion was much different from that of a current injection into
the soil in the case of partial irrigation. In contrast, no differ-
ences were observed in the case of full irrigation. This differ-
ence in behavior was attributed to differences in the resistivity
contrast in the two cases. For partial irrigation, roots are likely
more conductive than the surrounding soil, and the current
flows preferentially through the roots. In the case of full irri-
gation, the surrounding soil is more conductive than the root,
and the current is expected to leave the root system near the
stem–soil interface, as also suggested by Urban, Bequet, and
Mainiero (2011) and Peruzzo et al. (2020). Thus, the success
of the MALM method depends on the contrast between the
electrical properties of the root and that of the soil and on the
contact resistance at the interface between the two. More stud-
ies are required to better understand root electrical properties,
which are essential to improve the interpretation of MALM
measurements.

2.4 Measurements focusing on electrical
capacitance

2.4.1 ECM on single plants in soil

Electrical capacitance measurements are commonly used to
study root systems at the plant scale (Chloupek, 1972; Dal-
ton, 1995). Root capacitance is measured with an LCR
meter (i.e., equipment that measures inductance, capacitance,
and resistance of an electronic component) and two elec-
trodes. One electrode is inserted into the stem, while the
other is inserted into the growing medium. The capacitance
is the amount of electric charge stored by the root system
for a given electric potential (in farads). It quantifies polar-
ization processes (stored charges) taking place in the root
tissue upon current flow (Dalton, 1995; Rajkai, Végh, &
Nacsa, 2002; Repo, Zhang, Ryyppö, & Rikala, 2000). Table 3
summarizes ECM applications reviewed below according to

their target plant property: root biomass, morphology, or
physiology.

We reviewed 138 studies that reported correlations between
the measured capacitance (Croot) and root dry mass (Rdm),
whereas another 14 studies reported correlations between
Croot and root fresh mass (Rfm). The average correlation
between Croot and Rdm was .77, whereas the average corre-
lation between Croot and Rfm was .74. This suggests that ECM
may be suitable for root biomass determination (see Figure 6).
However, the range of correlation coefficients reported for
Rdm (.30–.98) and Rfm (.51–.94) is large. This is due to other
factors besides root mass that affect root capacitance, such as
plant species (Aulen & Shipley, 2012), genotypes (Mcbride,
Candido, & Ferguson, 2008), growing medium (Cseresnyés
et al., 2017), and soil water status (Cseresnyés et al., 2018).

Based on 14 studies relating ECM to root morphology,
there appears to be a correlation between Croot and root length
or root surface area, with correlation coefficients ranging from
.56 to .94 (average R = .79). Ellis, Murray, and Kavalieris
(2013) tested the use of a four-electrode setup for ECM, which
eliminated the high contact resistance present in the classical
two-electrode setup. They observed very low correlations of
Croot with root mass, area, and length (R = .21–.31). It was
therefore concluded that electrical capacitance was a poor pre-
dictor of root dimensions in their analysis. Since Croot depends
on tissue density and thus the position of stem electrodes,
the setup of Ellis, Murray, and Kavalieris (2013) involved
two stem electrodes. In particular, the second stem electrode
(a potential electrode) is closer to the soil surface and thus
reduces the influence of tissue density. This might explain the
poor correlation they observed.

Investigations of root development with time using ECM
showed that there are important temporal variations in the
measured capacitance (Cseresnyés et al., 2018; Cseresnyés,
Rajkai, & Takács, 2016; Cseresnyés, Takács, Füzy, & Rajkai,
2014; Cseresnyés, Takács, Füzy, Végh, & Lehoczky, 2016;
Dalton, 1995). Cseresnyés et al. (2014) found that root water
uptake and Croot increased from the emergence of a seedling
to the beginning of flowering and then decreased continuously
during the fruit setting for cucumber (Cucumis sativus L.) and
bean (Phaseolus vulgaris L.). Similarly, ECM presented in
Cseresnyés et al. (2018) identified peak activity with a capac-
itance value of 96.4 nF at a period that coincided with the
completion of flowering 92 d after sowing. Afterwards, the
capacitance decreased to 6.3 nF at Day 161, which coincided
with the phenological stage of senescence. Senescence is
associated with suberization and cell death, which is assumed
to result in a lower capacitance. Cseresnyés et al. (2018)
argued that ECM is more reliable for the estimation of root
activity than for the estimation of root mass, length, and
surface area. We tend to agree with this argument because
root activity is a contributing factor in root biomass and
morphology assessment using ECM, since most of these
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F I G U R E 6 Log10 of Root dry mass (g) vs. log10 of electrical capacitance of roots (nF) of various plant and tree species taken from different
studies as described in the legend. Digitization of pictorial data done using WebPlotDigitizer (Rohatgi, 2011)

measurements were performed on active plants. The large dis-
parity among studies could be a reflection of the physiological
state of the plant at the time of measurements.

Electrical capacitance measurements are usually performed
using an LCR meter. Since capacitance is only clearly defined
for an ideal capacitor, interpretation of the measured values
relies on the selection of an appropriate equivalent circuit
model. Dalton (1995) proposed a linear model assuming that
roots behave as cylindrical capacitors and that their capaci-
tances can be added together as if wired in parallel, suggesting
that capacitance depends on the submerged root mass. Diet-
rich, Bengough, Jones, and White (2012) have shown that this
model is too simplified and proposed an alternative equiv-
alent circuit model (Figure 7) in which (a) the capacitance
of the growth medium is much larger than the capacitance
of the plant tissue, (b) the capacitances of tissues along an
unbranched root can be considered as connected in series,
(c) the capacitances of multiple unbranched roots comprising
the whole root system act in parallel but reduce to the equiva-
lent of a single capacitor, and (d) the capacitances of individ-
ual roots are directly proportional to their cross-sectional area
or circumference. The model of Dietrich et al. (2012) indi-
cates that the total capacitance is dominated by the above-
ground part of the plant between the stem electrode and the
growth medium. This may explain the wide range of results
that have been obtained with ECM, since the distance between
stem electrode and growth medium was not standardized in
these studies.

An important point to realize is that soil water content
affects capacitance measurements (a principle commonly
used in the design of soil moisture sensors). However, ECM

cannot distinguish the plant from the soil response. Many
studies have circumvented this problem by making ECM on
plants grown in hydroponic conditions. In situ monitoring of
root activity may be feasible for ECM, but only under con-
trolled conditions and after careful calibration. Such calibra-
tion is required, since capacitance is known to be influenced
by species (Aulen & Shipley, 2012), genotypes (Mcbride
et al., 2008), tissue density (Ellis, Murray, & Kavalieris, 2013;
Ellis, Murray, et al., 2013), electrode type (Kormanek, Głąb,
& Klimek-Kopyra, 2016), and growing media (Cseresnyés
et al., 2017).

2.5 Electrical impedance as a
comprehensive target property

2.5.1 EIM for single plants in soil

The EIM has been used to study physiological characteristics
of root systems in situ, such as the absorbing root surface area
(ARSA, Table 2). The setup relies on four electrodes, two cur-
rent electrodes C1 and C2 for current injection, and two poten-
tial electrodes P1 and P2 to measure the resulting voltage. The
current electrode C1 is hammered into the stem, whereas C2
is placed into the soil at a distance of about 10–20 m from
the stem (depending on the tree size). The potential electrode
P1 is fixed into the root collar, whereas P2 is inserted into the
soil and moved repeatedly along the line connecting C1 and
C2 (see Figure 8a). The measurements are used to calculate
the grounding impedance Ig and to estimate ARSA (Aubrecht,
Stanek, & Koller, 2006; Čermák, Ulrich, Stanek, Koller, &
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F I G U R E 7 Resistance–capacitance (RC) circuits according to the Dietrich model. (a, c) Diagrams of barley plants with five root tips;
(b, d) electrical equivalent networks of the root systems showing the location of the RC components. (a, b) The RC circuits for a completely sub-
merged root system; (c, d) RC circuits for a partly submerged root system. The subcircuit that largely determines the capacitance is highlighted in
blue to emphasize its importance. Note that the individual RC components can have different values. (reproduced from Dietrich et al., 2012, with
permission from Oxford University Press)

Aubrecht, 2006) using

ARSA = ρ
𝐿eff
𝐼g

(1)

Where Ig is the grounding impedance, Leff is the distance to
the stem, and ρ is the wood resistivity. The wood resistivity is
measured with two or four electrodes (depending on the tree
size) while assuming that the tree is a cylinder (Aubrecht et al.,
2006).

Aubrecht et al. (2006) described the theoretical basis of
the EIM. The applicability of this method is based on the
following crucial assumptions: (a) the xylem resistance is
negligible and is not considered in the calculation of ARSA,
(b) there is no radial conduction in woody or suberized root,
which implies that electrical current is expected to flow
through the entire root system and exit via the fine absorbing
roots, (c) every absorptive part of a root branch is expected
to contribute equally to the overall conductance, (d) root

branches are expected to be electrically discrete resistors and
tree root segments to be measured separately, (e) the ARSA is
predominantly determined by the contact impedance between
the root and the soil, and finally, (f) the soil impedance is a
negligible part of the grounding impedance of a tree. Urban
et al. (2011) assessed the applicability of the EIM to investi-
gate tree root systems by testing these assumptions in several
experiments, but they could not confirm that the assumptions
listed above apply. Instead, their results clearly showed that a
tree–root–soil continuum is a serial circuit where the xylem
and soil impedance dominate the contact impedance. In
particular, they showed that xylem electrical resistance is an
important component of Ig and that Ig increases significantly
with diameter at breast height (DBH) (Figure 8b). Therefore,
the observed relationships between ARSA and DBH were
site and soil specific. They concluded that the EIM cannot
reliably assess the ARSA of distal fine roots because most of
the charge carriers exit the root system in the proximal parts
of the root–soil interface. Čermák et al. (2013) compared
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T A B L E 2 Summary of the relationship between low-frequency electrical methods and root properties based on the existing application of the
reviewed methods

Methoda Application category Specific root property
ERM Morphology Surface area, length, and number of lateral roots

Anatomy Structural variation along a single segment

ECM Biomass estimation Dry mass and fresh mass

Morphology Length and surface area

Physiology Root activity (water and nutrient uptake)

EIM Physiology Absorbing surface area (root absorptive index)

MALM Physiology Location of active roots

EIS/SIP Anatomy Structural change in roots with age

Morphology Surface area and root system size

Physiology Growth monitoring, mycorrhizal colonization, cold acclimation, and health state

Biomass estimation Resistivity and polarization contrast between root and soil

ERT Biomass estimation Root mass density

Physiology Water uptake

EIT Anatomy Structural change in roots

Physiology Root decay due to nutrient deprivation

Biomass estimation Resistivity and polarization contrast between root and soil

Morphology Root spatial extent

aERM, electrical resistance measurements; ECM, electrical capacitance measurements; EIM, earth impedance method; MALM, mise-a-la-masse; EIS, electrical
impedance spectroscopy; SIP, spectral induced polarization; ERT, electrical resistivity tomography; EIT, electrical impedance tomography.

results from the EIM with those obtained from scanning and
microscopy of Norway spruce [Picea abies (L.) Karst.] at two
different sites. The root absorptive index value obtained from
EIM (0.7 m2 m−2) was the lowest for both sites compared
with the 2.2 and 1.2 m2 m−2 obtained for the scan and
microscopy, respectively. This suggests that ARSA obtained
by the EIM is not reliable and thus agrees with the conclusion
of Urban et al. (2011). In the field, various determinants of
soil and xylem resistivity exist: for example, soil texture and
porosity (Chloupek, 1972), root density (Amato et al., 2008),
moisture of the soil and xylem (Hagrey, 2007; Zenone et al.,
2008), and also cell anatomy (van Beem, Smith, & Zobel,
1998; Zhang, Willison, & Willison, 1991). These factors vary
in space and time, causing Ig and Leff to vary independently
of ARSA, which makes it difficult to determine ARSA from
the EIM alone.

2.5.2 The value of measurements at
multiple frequencies

Measurements at multiple frequencies offer more potential
for root investigation because the use of different frequencies
allows to separate processes that have different time or spatial
scales. Methods using multiple frequencies are classified here
as EIS, SIP, and EIT.

2.5.3 EIS and SIP

Electrical impedance spectroscopy determines the impedance
of the soil–plant continuum across a range of frequencies
(hertz to megahertz). This method has been used in many
studies in plant science and medicine (Bera, Bera, et al.,
2016; Bera, Nagaraju, & Lubineau, 2016; Coster, Chilcott,
& Coster, 1996; Hayden, Moyse, Calder, Crawford, & Fen-
som, 1969; Inaba, Manabe, Tsuji, & Lwamuto, 1995; Klauke
et al., 2005; Lin, Chen, & Chen, 2012; Macdonald, 1992;
Shrivastava, Barde, Mishra, & Phadke, 2014a, 2014b). For
root studies, EIS has been used to assess the morphologi-
cal and physiological properties of roots such as root growth
(Ozier-Lafontaine & Bajazet, 2005; Repo, Laukkanen, & Sil-
vennoinen, 2005), estimation of root system size (Cao, Repo,
Silvennoinen, Lehto, & Pelkonen, 2011), and mycorrhizal
colonization of roots (Cseresnyés, Takács, Végh, Anton, &
Rajkai, 2013; Repo, Korhonen, Laukkanen, Lehto, & Sil-
vennoinen, 2014; Repo, Korhonen, Lehto, & Silvennoinen,
2016), as summarized in Table 4. An EIS setup consists of an
impedance analyzer and two or three electrodes; one is typi-
cally inserted into the root collar, while the other(s) is fixed
into the growth substrate. The electrode can be a stainless
steel needle (Repo et al., 2014), a tension clamp (Cseresnyés,
Takács, et al., 2013; Cseresnyés, Rajkai, & Vozáry, 2013),
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T A B L E 3 Summary of electrical capacitance measurement (ECM) applications

Reference Plant species Root properties Correlation Growth medium Observations
Chloupek, 1972 Zea mays Dry mass .728 Sand

Helianthus annuus Fresh mass .692 Clay soil

Chloupek, 1977 Helianthus annuus Fresh mass .54, .566 Sand

Daucus carota Fresh mass .514 Loam soil

Kendall et al., 1982 Trifolium pretense Dry mass .672 Hydroponics

Medicago sativa Dry mass .50 Silt loam

Dalton, 1995 Solanum
lycopersicum

Dry mass .77 Hydroponics Linear relation

van Beem et al.,
1998

Zea mays Fresh mass .73 Vermiculite

Zea mays Fresh mass .53 Loam (field)

Preston, McBride,
Bryan, &
Candido, 2004

Populus deltoids Fresh mass .866 Potting soil

Rajkai, Végh, &
Nacsa, 2005

Helianthus annuus Fresh mass .832, .921 Sandy soil Needle & clamp electrodes

Ozier-Lafontaine &
Bajazet, 2005

Solanum
lycopersicum

Dry mass .987, .829 Hydroponics &
clay loam

Linear and exponential relation

Amaranthus tricolor Fresh mass .937

Mcbride et al., 2008 Zea mays (inbreeds
and hybrids)

Dry mass .779, .647, .761,
.823, .364,
.846

Hydroponics +
Turface

Different genotypes showed
unique capacitance relation
with dry mass

Bengough et al.,
2009

Triticum aestivum Dry mass .753 Gravel–sand mix

Tsukahara, Yamane,
Yamaki, & Honjo,
2009

Prunus persica Fresh mass .897 Soil (field)

Prunus persica Dry mass .806 Soil (potsoil)

Chloupek, Dostál,
Středa, Psota, &
Dvořáčková, 2010

Daucus carota Fresh mass .525 Soil (field)

Pitre et al., 2010 Salix viminalis Dry mass .81 Soil (potsoil)

Salix schwerinii Dry mass .49 Sandy soil (field)

Aulen & Shipley,
2012

Herbaceous species
(10 different
plants)

Dry mass .30 Compost Requires species-specific
calibration, regression
strength not strong

Dietrich et al., 2012 Hordeum vulgare Fresh mass .869 Hydroponics No linear relation when roots
were raised from solution

C/s area .806, .771 Proposed a new model in place
of Dalton model

Dietrich, Bengough,
Jones, & White,
2013

Triticum aestivum Dry mass .753 Sand Confirmed the model proposed
by Dietrich et al., 2012 EC
measured in wet substrate ≠

direct assessment of root
mass

Ellis, Murray, &
Kavalieris 2013

Vicia faba Root length .56 Sand EC is a poor predictor of root
size and depends on tissue
density

Ellis, Murray, et al.,
2013

Various Root length .94 Moist clay-loam
(plantation)

Position of stem electrode
affected EC values

(Continues)
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T A B L E 3 (Continued)

Reference Plant species Root properties Correlation Growth medium Observations
Cseresnyés, Takács,

et al., 2013
Zea mays Dry mass Length

Surface area
.9230 .9183

.9367
Pumice Higher values and stronger

correlation found in
mycorrhiza-colonized roots

Postic & Doussan,
2016

Triticum turgidum Dry mass .787 Loam Recommended more than
two-electrode setup and
clamp electrode for stem

Cseresnyés, Rajkai,
& Takács, 2016

Glycine max Dry mass .844, .895, .936 Pumice EC was affected by drought, EC
increased with age (DAP),
peaks during flowering and
decreased after

Carlson & Smart,
2016

Salix salicaceae Dry mass .88 Peat moss Root dry mass relationship
with EC is strongly linked
with stem dry weight

Kormanek et al.,
2016

Fagus sylvatica Dry mass .502 (cylinder),
.747 (rect. el.)

Loam (forest
nursery)

Rectangular electrode
correlated better with all
parameters than cylindrical
electrode

Total root area .641 (cylinder),
.818 (rect. el.)

Proposed a two-dielectric
model in place of Dalton
model

Total root length .688 (cylinder),
.802 (rect. el.)

Cseresnyés, Takács,
Füzy, Végh, &
Lehoczky, 2016

Zea mays A.
theophrasti

Dry mass .901 .954 Arenosol EC increased with age, with
peaks around 27–31 DAP,
and then decreased.

Cseresnyés et al.,
2017

Cucumis sativus Dry mass .688 Arenosol Capacitive effect of the growth
media increased with the
complexity of the substrate

Length .726 Correction for dissipation
factor (capacitive effect)
improved correlation

Surface area .683

Triticum aestivum Dry mass .879 Pumice

Length .866

Surface area .897

Cseresnyés et al.,
2018

Zea mays Dry mass .882–.911 Chernozem soil Root activity increased until
flowering and decreased
during maturity

Glycine max .831–.874

Note. C/s, cross-section; EC, electrical conductivity; DAP, days after planting; rect. el., rectangular electrode.

or a nonpolarizable Ag/AgCl electrode (Ozier-lafontaine &
Bajazet, 2005).

Macdonald (1987) describedvvvv two distinct ways to ana-
lyze the impedance spectra of a particular system. At a macro-
scopic level, the impedance spectra of the system can be ana-
lyzed using equivalent circuit models. Alternatively, interpre-
tation can be done at a microscopic level by analyzing the
impedance spectra in terms of the physicochemical properties
of the system. Whereas the analysis of root impedance spectra
at the microscopic level is still developing, equivalent circuit

models are commonly fitted to impedance spectra measured
on roots.

There are two types of equivalent electric circuit mod-
els that have been commonly used to describe plant tissue:
(a) distributed models that consist of distributed circuit ele-
ments (DCE) where a mathematical expression is used to
describe the complex impedance (Repo, Zhang, Ryyppö,
Vapaavuori, & Sutinen, 1994; Repo et al., 2005), and (b)
lumped models that consist of a few ideal resistors and capac-
itors (Cole, 1940; Hayden et al., 1969; Inaba et al., 1995;
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T A B L E 4 Summary of electrical impedance spectroscopy (EIS) case application

References Focus Plant species Setup
Growth
media Observations Comments

Repo et al.,
2005

Measurement of
tree root
growth

Salix myrsinifolia
(willows)

40 Hz–340 kHz, two
electrodes, silver
needle for stem
contact

Hydroponics Sum of the resistors in
the distributed model
decreased with
increasing root mass
but was constant
when the increase
stopped

Could not differentiate
the influences of the
root mass, root
surface area, and stem

Ozier-
Lafontaine
& Bajazet,
2005

Analysis of root
growth

Lycopersicum
esculentum
(tomato)

10 Hz–1 MHz, two
electrodes,
Ag/AgCl for stem
contact

Potsoil Change in stem
electrode position
produced large
variation in the IS, IS
varied with plant age
(DAP) in terms of Z′,
Z", and phase; their
amplitudes decreased
with root
development (age)

Could not link the
variations in IS with
changes at soil–root
interface or root
internal medium
during growth

Cao et al.,
2011

Estimation of
root system
size

Salix schwerinii
(willows)

60 Hz–60 kHz 2
electrodes, silver
needle for stem
contact

Hydroponics The root–solution
interfacial EC
correlated linearly
with the contact area
of roots in solution for
both “root and stem”
and “root” (R2 = .61)

Effect of stem was
found to be stronger
than the effect of
roots; the dominating
effect of stem needs
to be verified by more
studies using seed
grown plants

Cseresnyés,
Takács,
et al., 2013

Mycorrhizal
colonization of
roots

Zea mays (maize) 100 Hz–10 kHz, two
electrodes; tension
clamp for stem
contact

Pumice Mycorrhizal plants
showed slightly lower
impedance than the
nonmycorrhizal
plants; EI showed a
negative log relation
with root dry mass,
length, and surface
area
(R2 = .8223–.9740);
mycorrhizas
increased root
absorption surface
area

Certain field conditions
favor the use of EIS,
whereas others favor
the use of ECM; the
impact of the growth
medium on the result
is not fully
understood

Cseresnyés,
Rajkai, &
Vozáry,
2013

Impact of phase
angle on EIS
of roots

Zea mays (maize) 100 H–10 kHz, two
electrodes, tension
clamp for stem
contact

Arenosol Negative log relation
was found between
impedance and root
extent parameters, dry
mass (R2 = .561 and
.946) at 100 and
1,090 Hz,
respectively; surface
area (R2 = .491 and
.916) at 100 and
1,300 Hz respectively

Stronger correlations
observed were linked
to higher phase, plant
age has remarkable
effect on the phase

(Continues)
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T A B L E 4 (Continued)

References Focus Plant species Setup
Growth
media Observations Comments

Repo et al.,
2014

Mycorrhizal
colonization of
roots (in situ)

Pinus sylvestris
(Scots pine)

5 Hz–100 kHz, three
electrodes,
stainless needle
for stem contact

Peat and
vermiculite
mixture

Cold acclimation and
mycorrhizal
colonization
correlated with the IS
(R2 = .846)

Temperature affects EIS
measurements on
roots

Repo et al.,
2016

Frost damage in
mycorrhizal
roots

Pinus sylvestris
(Scots pine)

5 Hz–100 kHz, three
electrodes,
stainless needle
for stem contact

Perlite with
nutrient
solution

Degree of cold induced
injury increased with
characteristic
frequency, effect of
freezing injury
dominated that of
mycorrhizal treatment

High IS variation was
observed for roots of
plants grown under
similar conditions,
the high IS variation
might have been due
to other external
factors

Note. IS, impedance spectra; DAP, days after planting; Z′, real part of impedance; Z′′, imaginary part of impedance; EC, electrical capacitance; EI, electrical impedance;
EIS, electrical impedance spectroscopy.

Zhang et al., 1991). Distributed models are used in cases
where lumped models are not appropriate (e.g., highly differ-
entiated tissues), since it may be necessary to match the mea-
sured spectra (Burr et al., 2001; Repo et al., 2005). However,
it is challenging to formulate a circuit model that properly rep-
resents the root system and at the same time allows a physi-
cal interpretation of the model parameters (Repo et al., 2012).
Typically, more than one equivalent circuit fits well to the
impedance data, but most likely only one of them will provide
a reasonable representation of the physical properties of the
system (Ozier-Lafontaine & Bajazet, 2005; Repo et al., 2012;
Srinivas, Sarah, & Suryanarayana, 2003). Current research
therefore favors different interpretation methods such as prin-
cipal component analysis (PCA) (Repo et al., 2014), Debye
decomposition of the spectra (Weigand & Kemna, 2016), and
fitting of impedance spectra using Cole–Cole models (Martin,
Nordsiek, & Weller, 2015; Mary et al., 2017). Future stud-
ies should incorporate interpretations at the microscopic level
based on the physicochemical properties of roots to improve
the understanding of the polarization mechanisms at the root
segment scale.

Ozier-Lafontaine and Bajazet (2005) measured the
impedance spectra of a tomato (Solanum lycopersicum L.)
root system at different growth stages. They found that the
magnitude of the real and imaginary parts of the impedance
decreased as the root age increased (Figure 9). They showed
that root growth results in variations in root electrical proper-
ties, but the reasons for such variations (e.g., variations of the
soil–root interface or the root internal properties) remained
unclear.

Repo et al. (2014) classified the impedance spectra (5 Hz–
100 kHz) of the root system of Scots pine (Pinus sylvestris
L.) with PCA to investigate whether root colonization with
mycorrhizal fungi (Hebeloma sp. and Suillus luteus) could

be detected in situ. On average, the correlation between
the impedance spectra and mycorrhizal fungi showed 29
and 38.5% change for Hebeloma sp. and Suillus luteus,
respectively. This makes sense as mycorrhizal coloniza-
tion and mutualism between tree and mycorrhiza is known
to improve nutrient uptake of trees (Simard, Jones, &
Durall, 2003).

Spectral induced polarization is a variant of EIS that is
mainly used in the geophysical community. It uses a broad
range of frequencies from millihertz to tens of kilohertz and
four electrodes to reduce the influence of contact resistances
and to improve the accuracy of the complex impedance mea-
surements (Zimmerman et al. 2008). Spectral induced polar-
ization has been successfully applied in various biogeophys-
ical investigations (Abdel Aal, Atekwana, Slater, & Atek-
wana, 2004; Abdel Aal, Slater, & Atekwana, 2006; Atekwana
& Slater, 2009; Atekwana, Werkema, & Atekwana, 2006;
Kessouri et al., 2019). Mary et al. (2017) studied isolated
coarse roots (in the laboratory) and found that coarse roots
showed higher resistivity and polarized differently compared
with soil, suggesting that SIP is a promising tool for root stud-
ies. Ehosioke et al. (2018) designed a new setup that allows
the application of SIP to assess the electrical response of a sin-
gle root segment without the influence of the stem and grow-
ing media. They observed a very large polarization response
(0.4–0.8 rad) from crop root segments with peaks occurring
around ∼10 kHz. This is linked to interfacial polarization as
discussed above, but more studies are needed to better under-
stand this. Ehosioke et al. (2018) also observed a low phase
error of 0.06 rad due to the contact impedance, which is very
small compared with the polarization response from roots.
This new setup was used to compare the electrical proper-
ties of primary root, seminal root, brace root, and stem of a
maize plant grown in sand tubes at 27 d after sowing. The
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F I G U R E 8 (a) Arrangement of the electrodes and an example of a resistance curve when potential electrode P2 is moved in a radial direction
from the stem. (b) Relationship between the absorptive root surface area (ARSA) and the diameter at breast height (DBH) of European beech trees
growing at four localities in the Czech Republic contrasting in soil conductivity. Site names in the legend are arranged according to soil conductivity
with the latter increasing from Holy kopec to Machova dolina (right) (reproduced from Urban et al., 2011, with permission from Oxford University
Press)

results show that the stem is more resistive than the root and
displays a stronger polarization than the root (Figure 10).
This implies that the plant stem and roots do not contribute
equally to the electrical circuit of the stem–root–soil contin-
uum. The stronger influence of the stem is probably due to
the anatomical differences that exist between the root and the
stem (Longui et al., 2012).

Recently, Tsukanov and Schwartz (2020) used SIP to
investigate the relationship between the physical properties
of wheat (Triticum aestivum L.) root grown in hydropon-
ics and its electrical signature. They found a linear corre-
lation between the electrical polarization in the 0.1 Hz to
1 kHz frequency range and root mass (r2 = .97) and surface
area (r2 = .82). They also used SIP to monitor the electrical
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F I G U R E 9 Electrical impedance spectra of tomato root systems: (a) real part (Z′) of the impedance, (b) imaginary part (Z′′) of the impedance,
at different days after planting (DAP). The magnitude of the real and imaginary parts of the impedance decreased as the root age increased, which
was linked to the increase in root system size with age (Figure 5 from reprinted Ozier-Lafontaine & Bajazet, 2005, reprinted with permission from
Springer Nature)

response of wheat roots after poisoning the nutrient solution
with cyanide. This led to a 30% decrease in polarization within
2 h. Their results further suggests that SIP is suitable to study
morphology, physiology, and biomass of crop roots.

A key open challenge for EIS and SIP is the interpre-
tation in the case of multicomponent systems. In geologi-
cal systems, where the SIP method has been used widely
and for decades, the physicochemical mechanisms of polar-
ization for a single grain or pore throat are well under-
stood, but the extrapolation of these mechanisms to a real
porous media with heterogeneous characteristics (e.g., grain
size, pore size, permeability, tortuosity, chemical hetero-
geneity, fluid phase distribution, etc.) is still a challenging
task that requires theoretical developments (Kemna et al.,
2012). Consequently, interpretation of complex impedance
measurements in geosystems may be limited by the need
to independently assess or assume the effects of chemical
heterogeneity (Vaudelet, Revil, Schmutz, Franceschi, &
Bégassat, 2011; Weller, Breede, Slater, & Nordsiek, 2011),
temperature (Binley, Kruschwitz, Lesmes, & Kettridge, 2010;

Martinez, Batzle, & Revil, 2012), saturation (Breede et al.,
2012; Jougnot, Ghorbani, Revil, Leroy, & Cosenza, 2010),
multiple fluid phases (Revil, Schmutz, & Batzle, 2011;
Schmutz et al., 2010), grain size distribution (Revil & Florsch,
2010), pH (Skold, Revil, & Vaudelet, 2011), soil organic
matter (Schwartz & Furman, 2015), or biological processes
(Abdel Aal, Atekwana, & Atekwana, 2010; Atekwana &
Slater, 2009; Ntarlagiannis, Williams, Slater, & Hubbard,
2005). In the particular case of root systems, interpretation of
the complex impedance is difficult due to the complex archi-
tecture of roots and the inner root cell distribution and prop-
erties. Some setups involve the root–soil continuum, which
adds the complexity of the geosystems to that of the root sys-
tem with more variables to account for in the interpretation.
Understanding of the root–soil–fluid interface from an elec-
trochemical point of view and the inner root ionic distribution
is necessary to properly interpret the overall signature when
an external field is applied. More EIS and SIP studies at the
root scale will help to improve the understanding of the main
underlying mechanisms of polarization in roots, which is a
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F I G U R E 1 0 (a) Electrical resistivity and (b) phase spectra of primary root, seminal root, brace root, and stem of a maize plant at 27 d after
sowing. The stem was found to be more resistive and polarizable compared with the root sections. This indicates that the contribution of the stem will
dominate that of the roots when impedance measurements are made on a stem–root continuum

requirement for the development of a phytophysical model
(Kessouri et al., 2019) that links root electrical signatures to
root properties and root activity.

2.5.4 EIT

Electrical impedance tomography is similar to ERT in terms
of setup and measurement, but it uses a frequency-dependent
current injection to determine the real and imaginary part
(or amplitude and phase) of the complex impedance. Electri-
cal impedance tomography is the imaging counterpart of SIP
and has been used to obtain information about root system
anatomy, physiology, and morphology, as well as for biomass
estimation (Table 2). The advantage of this type of measure-
ment over other geophysical methods is that it has the diag-
nostic advantages of spectroscopy and the spatial resolution
benefits of a tomographic approach as described by Kemna
et al. (2012).

Weigand and Kemna (2017) investigated the suitability
of multifrequency EIT to characterize and monitor plant
root systems in a laboratory rhizotron experiment. They
monitored the spatiotemporal distribution of the complex
electrical resistivity of the root system of an oilseed plant
(Brassica napus L. subsp. napus) in a water-filled rhi-
zotron under nutrient deprivation using EIT. Total polariza-
tion parameters obtained from the multifrequency EIT results

showed a low-frequency polarization response of the root
system (Figure 11), which enabled a successful delineation
of the spatial extent of the root system. The magnitude of
the overall polarization response decreased along with the
physiological decay of the root system due to nutrient depriva-
tion. The length scales (i.e., frequencies) at which polarization
processes occurred also changed due to the prolonged nutrient
deficiency.

Mary et al. (2016) investigated the suitability of EIT for
mapping tree roots in dikes. They concluded that EIT is
useful to interpret anomalies produced by woody roots. In a
follow-up study, Mary et al. (2017) used EIT to map roots
embedded in an actual soil and observed that the maximum
phase contrast between root and soil occurred at a frequency
of 1 Hz. Anisotropy in the polarization was also observed
such that the polarization signal was strongest when the
current lines were aligned with the root. Electrical impedance
tomography seems promising for root system investigations.
However, some challenges need to be addressed in its appli-
cation in order to explore its full potential. Most laboratory
studies are conducted in hydroponics or in homogeneous
substrate, allowing good contrast to be obtained. In agri-
cultural fields, however, the topsoil is heterogeneous due to
grain size variations (resulting from weathering), presence
of microorganisms (e.g., earthworms), and human activities
such as plowing. Obtaining a good contrast for root system
characterization in a heterogeneous agricultural field may be
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F I G U R E 1 1 The spectral and spatial variation of polarization response of the root system of an oilseed plant: (a) the position of the bulk root
system, and (b) the change in spectral shapes over time, showing decreasing polarization. The polarization occurred at a length scale indicated with
dotted lines. (c, d) Spatial variation of the polarization response, showing (c) Time Step 1 and (d) Time Step 21. The change in spectral shape with
time suggests that relaxation time distributions can provide additional information on the electrical response of root systems. The symbol σ’’ is the
imaginary conductivity; z and x are the vertical and horizontal dimensions of the rhizotron (modified from Weigand & Kemna, 2017, available under
Creative Common Attribution 3.0)

difficult (Weigand, 2017). Other challenges are the acqui-
sition of high quality data in the field due to noise and
high electrode impedances (van Treeck, Zimmermann,
Weigand, Huisman, & Kemna, 2017), forward modeling
errors resulting from imprecise electrode locations, inaccu-
rate discretization, and so on (Zhao et al., 2019). Upscaling
laboratory observations to the field scale will require suitable
measurement devices, experimental setups, and procedures
adapted to field conditions.

2.5.5 Joint discussion of stem injection
methods

Measurement setups involving stem injection (Figure 2) of
current as a means of characterizing root systems have com-

monly been used in a range of studies reviewed above.
Although they adopted different methods such as ERM (Cao
et al., 2010), ECM (Dietrich et al., 2012; Kendall, Pederson, &
Hill, 1982), MALM (Mary et al., 2019; Peruzzo et al., 2020),
EIM (Čermák et al. 2013; Urban et al., 2011), and EIS (Repo
et al., 2005; Repo et al., 2012), it is interesting to note that all
studies share a common conclusion. Proximal leakage of cur-
rent at the stem–soil and solution interface appears as a com-
mon challenge in all measurement setups involving the stem–
root–soil continuum. For example, Cao et al. (2010) observed
that submerged roots did not contribute significantly to mea-
sured resistance, which is probably due to current leakage at
the stem–solution interface. Urban et al. (2011) further sup-
ports this argument, as they concluded that distal roots con-
duct only a fraction of the current, and stem injection methods
therefore cannot reliably estimate root system extent. Dietrich
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et al. (2012) reported that excision of submerged roots did not
affect capacitance and concluded that root capacitance is dom-
inated by the tissue between the stem electrode and the solu-
tion interface, and closely related to the cross-sectional area of
the root at the solution interface, thus agreeing with the find-
ings of previous studies (Cao et al., 2010; Kendall et al., 1982;
Repo et al., 2005; Repo et al., 2012; Urban et al., 2011). Mary
et al. (2019) also observed proximal current leakage when the
soil was wet and provided a more conductive pathway than
the roots. Clearly, in situ applications of these methods should
carefully consider other confounding variables, such as soil
moisture (Cseresnyés et al., 2018; Mary et al., 2019), soil tex-
ture and porosity (Chloupek, 1972), tissue density (Ellis, Mur-
ray, & Kavalieris, 2013; Ellis, Murray, et al., 2013), electrode
type (Kormanek et al., 2016), and growth media (Cseresnyés
et al., 2017). In any case, careful calibrations will be required.

3 SUMMARY AND CONCLUSIONS

3.1 Resistance, capacitance, or impedance?

Plant scientists, earth scientists, and geophysicists all see
potential in electrical methods to characterize the root sys-
tem of plants given the observed correlations between elec-
trical measurements or derived electrical properties with
root biomass and/or root activity. Initial studies focused on
resistance and capacitance measurements at a specific fre-
quency, whereas recent studies have increasingly focused
on impedance measurements at several frequencies; this
approach allows both conduction and polarization effects to be
studied simultaneously, giving information on roots at differ-
ent time and spatial scales. Electrical conduction in bulk soil
with roots is still mostly associated with soil moisture dynam-
ics and is best used to study root physiological processes (e.g.,
soil water content changes associated with root water uptake).
Electrical polarization of roots is related to the anatomy of the
root tissue and cell structure (e.g., cell membrane properties),
fluid composition, and plant metabolic state.

3.2 Technical details of the measurement

Next to the targeted property, the technical details of the mea-
surements (amount of electrodes, current injection strategy,
electrode material, scale) determine the data quality and infor-
mation content. In general, it was found that

∙ Four electrode measurements reduce problems with con-
tact resistance and are therefore more reliable than measure-
ments with two electrodes only.

∙ Injection schemes with an electrode in the stem (such as
EIM, MALM, and EIS) are integrative measurements of the

stem–root–soil continuum, and the results depend strongly
on where the electrode is placed in the stem and the prop-
erties of the growing medium close to the stem, since the
current may leave the system at the proximal parts of the
root–soil interface.

∙ Multi-electrode schemes in the soil or a combination of
injection in plant and in soil tend to give the most reliable
and comparable results.

3.3 Interpretation models

Equivalent electrical circuit models are essential to inter-
pret contributions of different components in the soil–plant
continuum governing electrical conduction and polariza-
tion during plant- or field-scale measurements. Small-scale
measurements such as ERM and SIP on root segments (with
or without the plant still connected) are important to val-
idate equivalent electrical circuit models and to determine
the contribution of individual components on the behavior
of the full root architecture in the soil. Equivalent circuit
models, however, are not very accurate because of the prob-
lem of nonuniqueness as more than one circuit model can
provide a good fit for the impedance data. Therefore, there
is an increasing use of alternative interpretation methods
such as classification-based approaches (e.g., PCA), fitting of
empirical spectral models (e.g., Cole–Cole model), or Debye
decomposition of the spectra. Recent studies have shown that
low-frequency polarization of root systems probably origi-
nates from polarization at various double layers, be it at cell
membranes, or larger ion-selective structures such as the Cas-
parian strip or the root surface. This is important not only to
study roots, but also to study soil moisture and solute transport
dynamics in relation to plant growth, since the contribution of
the presence of roots to the measured electrical signal is now
typically neglected. Interpretations at the microscopic level
based on the physicochemical properties of the root should be
incorporated to improve the understanding of the mechanisms
driving polarization at root segment scale.

3.4 Future research perspectives

More SIP studies should be used to understand the variabil-
ity of root electrical properties in time and space, across
species and genotypes. To achieve this, controlled experi-
ments will be required to obtain fundamental information, and
these experiments must be well designed and constrained to
study the effects of each key parameter separately. Although
different methods have investigated the influence of anatomy
and physiological processes on the root electrical response,
this is not yet fully understood. More studies are needed to
link root anatomy and physiology with electrical properties
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(conduction and polarization) of roots at different scales. Data
obtained at root segment scale are necessary to validate phe-
nomena underlying conduction and polarization occurring at
the root segment and root architecture scale, and thus interpre-
tation at the microscopic level will help to improve the under-
standing of the underlying mechanisms and establish models
summarizing these phenomena.

Due to the complexity of the root system architecture
embedded in the soil matrix, upscaling electrical properties
measured at the root segment scale to plant scale or to field
scale is a challenging task (Mary et al., 2016; Weigand &
Kemna, 2017). Process-based multiscale numerical model-
ing of a soil–root continuum can thus pave a way for our
understanding of upscaling mechanisms as we move from seg-
ment to plant and to field scale. A recent detailed numerical
study at the plant scale shows that roots indeed affect ERT
measurements and the effective electrical conductivity (Rao
et al., 2019). However, explicitly representing root architec-
ture (as in their study) in the computational domain demands
a very high spatial resolution, thus increasing computational
time and memory consumption. Further research on numeri-
cal approaches for such mechanistic models and the effect of
the multiple scale levels involved in the underlying processes
on the macroscopic properties is required. The parameteriza-
tion of root segment electrical circuit models and how to link
it to Cole–Cole or Debye decomposition models that will help
interpret field measurements is also important.

4 GLOSSARY

Alternating electric field: A voltage source in a medium usu-
ally produce an electric field that causes electric current to
flow, if the medium is a conductor. If the electric charge (cur-
rent) only flows in one direction, it is called direct current
(DC). If the current changes direction periodically, it is known
as alternating current (AC).

Capacitance (C): The electrical property of a capacitor that
measures its ability to store an electrical charge on its two
plates. The SI unit is farads (F).

Capacitors: These are devices that can store an electrical
charge (current) when connected to a voltage source.

Cole–Cole model (CCM): A phenomenological model
used to analyze SIP data. It is mostly used to describe the
strength and frequency dependency of individual polariza-
tion peaks on SIP data. It is expressed as ρ* = ρ∞ + (ρ0 −
ρ∞)/[1 + (ωτ)c] where ρ0 and ρ∞ are low-frequency and high-
frequency electrical resistivity values. respectively. C = 1−
∞, representing the CCM exponent that describes the relax-
ation time distribution. This can also be expressed in terms of
complex conductivity (σ*), but complex electrical resistivity
is used often in practical terms because it is calculated directly
from measured electrical impedance.

Current injection: The process of transmitting cur-
rent through an object of interest to assess its electrical
properties.

Debye decomposition: The process of determining a relax-
ation time distribution in place of a fixed number of relaxation
time.

Polarization: In an electric field, electric charges do not
flow through dielectric materials as they do in electrical con-
ductors; instead, they shift from their equilibrium position,
and the process is termed dielectric polarization. A dielectric
material is an electrical insulator that can be polarized when
an electric field is applied to it. Dielectric properties refer to
the storage and dissipation of electric and magnetic energy in
materials.

Dielectric relaxation: Momentary delay (lag) in the dielec-
tric constant of a material. The dielectric constant is the mea-
sure of a material’s ability to store electrical energy in an
electric field.

Electrical impedance (Z), resistivity (ρ), and Conduc-
tivity (σ) (real, imaginary, magnitude, and phase): Elec-
trical impedance is the measure of the opposition that a cir-
cuit offers to a current when a voltage is applied. Impedance
represents the concept of resistance in AC circuits and has
both magnitude and phase. In DC circuits, resistance could
be expressed as impedance at zero phase angle. Impedance
is a complex number, the SI unit is ohms (Ω), just like
resistance. Impedance (Z) is defined in Cartesian form as
𝑍∗

(𝑤) = 𝑍′
(𝑤) + 𝑗𝑍′′

(𝑤) where w is the angular frequency, j
is the imaginary number, Z′ is the real part (representing
conduction), and the Z′′ is the imaginary part (representing
polarization).

Electrical resistivity (ρ) is an inherent property of a material
that quantifies its opposition to the flow of electrical current.
Its SI unit is ohm meters (Ω m). Electrical conductivity (σ) is a
measure of materials ability to conduct electric current. The SI
unit is siemens per meter (S m−1). It is the reciprocal of electri-
cal resistivity. Complex resistivity (ρ*) and conductivity (σ*),
which are effective material properties, can be calculated from
the impedance using a geometric factor K, which accounts
for the geometric dimension of the measurement: ρ∗(𝑤) =
𝐾𝑍∗

(𝑤) = ρ′(𝑤) + 𝑗ρ′′(𝑤) = |ρ|(cos φ + 𝑗 sin φ) = |ρ|𝑒𝑗φ, where
|ρ| is the resistivity magnitude, and ϕ is the phase shift. σ∗(𝑤) =
1∕ρ∗(𝑤) = 1∕𝐾𝑍∗

(𝑤).
Electrode: An electrical conductor used to establish a con-

tact with a nonmetalic part of a circuit such as a semiconduc-
tor, an electrolyte, etc.

Electrolyte: Substances that dissolve in polar solvents such
as water, to produce an electrically conducting solution.

Entropy: A measure of the degree of randomness or dis-
orderliness in a system. A “negative entropy” (negentropy)
refers to increasing orderliness in a system.

Equivalent circuits: Theoretical circuits that retains all the
electrical properties of a given circuit.
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Grounding impedance: The resistance offered by the
ground electrode to the flow of AC current into the ground.
This is the ratio of the potential of the ground electrode to the
current injected by it (i.e., Ig = potential to ground/current =
V/I).

Impedance spectrum and spectroscopy: Impedance
spectrum is a plot of impedance vs frequency, which reveals
the change of impedance of a sample with frequency during
excitation by alternating current. Spectroscopy is the process
of using impedance spectrum to analyze the dielectric prop-
erty of a material as a function of frequency.

Inversion and tomography: Tomography is the process of
recording a projection series from different angles and then
using computational reconstruction to produce the image of
the object in three dimensions (tomograms).

Ion pumps and ion channels: These are assemblies of inte-
gral membrane proteins that regulate the transport of ions
into and out of cells or organelles, resulting in the gener-
ation of electrical signals. “Ion pumps” actively transport
ions against a concentration gradient, whereas “ion chan-
nels” allow a passive flow of ions down a concentration
gradient.

Nonpolarizable electrodes: An electrode whose poten-
tial is not affected by the current passing through it. They
are used to eliminate the electrode polarization effect that
occurs when metals (e.g., stainless steel electrodes) are
used.

Organelles: Tiny cellular structures that perform specific
functions within a cell, examples include vacuole, nucleus,
etc.

R-C circuit: An electric circuit composed of resistors and
capacitors driven by a voltage or current source.

Relaxation time: The time required for a perturbed system
to return back to equilibrium.

Resistor: A passive electrical component used to create
resistance to the flow of current.

Senescence: The process of aging characterized by gradual
deterioration of functional characteristics.

Suberization: This is the impregnation of cell walls with
suberins resulting in the formation of cork tissues. These
suberins are complex macromolecules (biopolymers) that
form protective barriers to prevent water and nutrients from
entering into the stele through the apoplast. In roots, suberins
are formed in the cell walls of the endodermal cells, collec-
tively known as the “Casparian strip.”

Vacuole: These are membrane-bound sacs within the cyto-
plasm of a cell. They are very important in providing support
and also help to perform other functions such as storage, waste
disposal, and protection.
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