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ABSTRACT
The paper describes a technique that is proposed for imaging water transport in and around the root
zone of plants using distributed measurements of electrical impedance. The technique has the
potential to analyse sub-surface phenotypes, for instance drought tolerance traits in crop breeding
programmes. The technical aim is to implement an automated, low cost, instrument for highthroughput screening. Ultimately the technique is targeted at in-field, on-line, measurements. For
demonstration purposes the present work considers measurements on laboratory scale rhizotrons
housing growing maize plants. Each rhizotron is fitted with 60 electrodes in a rectangular array. To
reduce electrochemical effects the capacitively-coupled contactless conductivity (C4D) electrodes
have an insulating layer on the surface and the resistance of the bulk material is deduced from
spectroscopic considerations. Electrical impedance is measured between pairs of electrodes to build
up a two-dimensional map. A modified electrical model of such electrodes is proposed which includes
the resistive and reactive components of both the insulating layer and the bulk material.
Measurements taken on a parallel-plate test cell containing water confirm that the C4D technique is
able to measure electrical impedance. The test cell has been used to explore the effects of water
content, compaction and temperature on measurements in soil. Results confirm that electrical
impedance measurements are very sensitive to moisture content. Impedance fraction changes up to
2

20% are observed due to compaction up to a pressure of 0.21 kg/cm and a temperature fraction
sensitivity of about 2% / °C. The effects of compaction and temperature are most significant under dry
conditions. Measurements on growing maize reveal the changes in impedance across the rhizotron
over a period of several weeks. Results are compared to a control vessel housing only soil.

Keywords capacitively-coupled contactless conductivity, electrical impedance imaging, root zone
monitoring, soil moisture
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1 INTRODUCTION
There is growing interest in exploring the use of soil-based measurements around the root zone of
plants to inform crop-based studies. One possibility is to infer plant health and growth characteristics
from moisture distribution around the plant root system. The technical aim of the present work is to
implement an automated, low cost, instrument for high-throughput screening based on the
measurement of electrical impedance. The scientific aim is to use the acquired data to determine
water movement which in turn will provide information on root function and structure.

Soil is created from particles of broken rock caused by weathering and erosion. There is no single
definitive description of soil as it can vary widely, with each ‘type’ of soil having merits according to the
particular application. Soil is classified by the ratio of sand, silt, clay and organic matter, both living and
dead, to determine the texture. Characterisation is often determined using the soil texture triangle in
which the ratio of the three main particle components determines the classification [Brady 1974, White
1979]. The difference in size between the smallest clay particles to coarse sand and gravel can vary
as much as 10,000 times. The soil can be classified by performing a particle size distribution to
determine the ratio of sand, silt and clay particles. Soils with larger pores, such as a sandy loam, will
hold less water than a clay soil and drain quicker. Although clay soils hold more water, the pores are
much smaller and the suction required to remove this water is greater. As stone content increases
within a soil sample it can hold less water, making crops more susceptible to drought. The structure of
the soil is defined by the way in which the four components are physically arranged and this is readily
changed. The way the soil is “worked” has a substantial effect on structure and porosity and a
negligible effect on texture. The range of soil texture and structure leads to difficulties in measuring
with soils due to the inherent heterogeneity of samples and it is challenging to achieve repeatability
between tests. Even within a small area of a field there can be multiple soil textures and structures.
For this reason frequent measurements over small areas of soil are required to accurately estimate
soil properties within a field.

The soil type influences the ability to hold water. As water enters the soil air begins to be displaced.
Once all soil pores are filled with water the soil is saturated and said to be at its maximum retentive
capacity. The fraction of air-filled pore space by volume must be approximately 10% for most roots to
survive [Kirkham 2004]. After wetting of the soil to saturation, gravity will draw water downwards with
larger pores being drained of water first, until it reaches field capacity. On further removal of water, for
instance due to evapo-transpiration, the soil approaches the wilting point at which plants can no longer
extract water from the soil as the binding forces are too great. As a guideline the saturation point of
soils occurs at a gravimetric water content fraction of approximately 30-40% but is very dependent on
soil type. The ability to measure the soil moisture level can assist in farming techniques such as
dynamic irrigation, where water is only provided to crops as necessary. Moisture content is an
important parameter that influences the electrical impedance of a soil. The water provides ionic
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pathways that lead to reduced electrical resistance. However, electrical impedance of soil is also
influenced by other parameters such as soil structure, texture, compaction, temperature, organic
matter and salinity. In order to estimate the water content from measurements of electrical impedance,
it is necessary to understand the effects that such factors have on the electrical impedance.

Many geophysical mapping systems have been implemented and these have aimed to provide images
of subsurface soil morphology, often with the desire to monitor soil water content. Typically, studies
are performed either with ground penetrating radar (GPR) [Binley et al 2001], electrical resistivity
measurements [Greve et al 2010, Chang Seop et al 1997, Binley et al 2001], or from surface probes
[Herman 2001, Szarka 1987]. GPR is typically limited by soil moisture content and in very wet soils the
measurement range is severely limited. Other technologies such as neutron probes are inhibited by
cost and legislation.

Measurements in typical geophysics applications using surface-penetrating electrical currents are
taken between pairs of electrodes placed at the soil surface. Individual impedance measurements of
soil will provide only a bulk measurement of apparent resistivity between electrodes. A more complete
‘view’ of the soil is achieved through physical movement of the electrodes above the ground to change
the region of soil being interrogated. Using Vertical Electrical Sounding (VES) the separation between
current injection electrodes is changed to determine horizontal boundaries beneath the soil surface.
Loke [2001], Barker [1981] and Dahlin [1996] describe 2D resistivity surveys in environmental
applications. Using “profiling”, electrodes are moved along the surface of the ground at fixed
separation to create a map of the soil resistivity at a selected depth. Vertical transitions between soil
types, rocks and air pockets can be imaged. Relatively little sub-surface imaging has been performed
at the individual plant scale. A few examples, [Amin et al 1993, Hedberg et al 1993, Anderson et al
1992, Luo et al 2008], have monitored soil water movement and macropore configuration of
undisturbed soil cores. These use either X-Ray or magnetic resonance imaging (MRI), which offer very
high resolution, but are limited by size, equipment cost and agility in adapting to different conditions. Xray techniques can typically only be performed in the laboratory on shallow depth soil cores due to
absorption. Using electrical resistance tomography (ERT) Binley et al [1996] inferred the preferential
flow of water through an undisturbed soil column. In the present work identification of the distribution of
water in the region of the plant roots is inferred directly from measurements of electrical impedance
from a 2D array of electrodes.

Electrical impedance measurements of soil present some challenges. Excellent work has been done
by Zimmermann et al [2008a, 2008b] using high resolution phase measurements to study the
polarisation properties of soils and sediments. Typically, electrical measurements in soil require
galvanic contact between electrodes and soil to enable current flow. With this arrangement electrode
polarisation occurs due to a change between electron and ionic conduction at the soil-electrode
interface. Other applications are subject to the same challenges, for instance in monitoring pressure
filtration [York et al 2005]. In addition, contact with the soil can lead to corrosion of the electrodes.
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Therefore, the present work has explored the use of insulated electrodes which has the potential to
reduce the influence of these effects. In the present work electrodes are insulated by use of a cured
PCB solder laminate, chosen for its strength and high value of permittivity [Bungard, 2013]. Visual
observation and repeatability of the measurements suggests that the insulating layer was stable for
the period of the tests. Measurements have been conducted on small vessels, called “rhizotrons”,
which are typically used to enable visual observation of the root zones of plants. Preliminary results to
introduce and verify the technique can be found in Newill et al [2013].

Section 2 discusses the use of insulated electrodes. This is followed by verification of the analytical
model of the electrode structure through laboratory-based measurements performed with parallel-plate
test cells. The effect of soil moisture, compaction and temperature are explored. Finally, preliminary
results from electrical impedance measurements on growing maize plants are presented.

2 CAPACITIVELY-COUPLED CONTACTLESS CONDUCTIVITY (C4D)
2.1 Analysis of Capacitively Coupled Contactless Conductivity
C4D provides measurement of electrical conductivity through an insulating layer that is placed
between the electrode and medium under test. Originally this was motivated in order to detect the
conductivity of saline solution in very small capillary pipes in which it would be logistically very difficult
to fit conventional electrodes. The earliest work utilizing C4D for electrophoresis was published by Gas
et al [1980] who implemented a four-electrode design. In direct-contact conductivity measurements a
four-electrode design reduces the influence of any polarization effects as the current injection and
voltage measurements are performed on different pairs of electrodes. However, since there is no
direct contact, only two electrodes are required for C4D. As an example, Fracassi da Silva and do
Lago [1998] used an axial arrangement consisting of two tubular electrodes around a capillary and
found that frequency had a substantial effect on sensitivity.

Previous work has reported the use of the C4D technique in an electrical tomography application
[Wang et al 2012]. They implemented a simple electrical model, as seen in Figure 1, to represent the
electrical system for electrodes connected around the periphery of an insulating pipe containing a
conductive fluid. Capacitances C1 and C2 approximate the capacitance of the dielectric wall and the
resistance R represents the conductive fluid passing through a pipe network. Reconstructed images
show that they were able to identify the location of a plastic object in the pipe.

Vi

C1

R

C2

Figure 1: Wang C4D Model
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In the present work the Wang model is extended to include the resistive and reactive components of
both the insulating layer covering the electrodes and the bulk material as shown in Figure 2. The
resistive and capacitive components RB and CB depend on the bulk material. The impedance of the
walls, RW1, RW2, CW1, CW2 do not change for the period of the measurements. As they are, essentially,
identical they can be considered as a single, parallel connected, RC impedance comprising RW and
CW. Since only the complete impedance of the system can be measured, the challenge is to extract
the bulk impedance from the total impedance.

CW1

RW1

CB

CW2

RB

RW2

Figure 2: System Block Diagram and Electrical Model for the C4D Configuration.

By combining the two identical wall impedances into a single value of impedance, having resistive and
capacitive components RW and CW respectively, the expression for the impedance of the combined
wall and bulk material is:

 R X2
R X2
Z T = Z W + Z B =  2 W W 2 + 2 B B 2
 RW + X W RB + X B


 −


 R2 X
R2 X
j  2 W W 2 + 2 B B 2
 RW + X W RB + X B





(1)

ZT is the total complex impedance comprising the wall and bulk impedances with the associated
resistive and reactive components. It is instructive to consider the real and imaginary components of
the complex impedance (ZW and ZB). These have contributions from both resistive and reactive parts
of the wall and bulk materials (RW , RB, XW, XB) and the behaviour may not be immediately obvious.
Figure 3 shows the frequency dependence of the real and imaginary components of the complex
impedance. Values have been calculated using the analytical model represented by Equation 1
assuming that tap water is the bulk material contained in a parallel-plate test cell. The aim is to
understand the behaviour of the real component of the impedance. At low frequencies, below about
100 Hz the real component of impedance is, essentially, independent of frequency and approximates
to the resistance of the insulating layer. Also in this region the imaginary component gradually
increases until, at about 1 kHz the two are equal. Above 1 kHz both components decrease, the real
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component at a faster rate than the imaginary, until it reaches a plateau region extending from 30 kHz
to 700 kHz. Crucially, for this technique, it is within this region that the impedance is representative of
the bulk material properties. The final decrease in real impedance is dictated by the permittivity of the
bulk material.
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Figure 3: Simulated Complex Impedance using Tap Water as the Bulk Material.

3 EXPERIMENTAL SETUP
3.1 Parallel-Plate Test Cell
The C4D analytical solution described above has been verified with measurements on parallel-plate
test cells. These were constructed from 3mm thick Perspex with insulated electrodes, each measuring
3cm x 3cm, placed on opposite sides. Capacitively-coupled measurements were acquired at excitation
frequencies from 10 Hz to 13 MHz. using a Hewlett Packard 4192A impedance analyser.
Consideration of the spectroscopic response for water identified the plateau region representing the
real component of impedance for the bulk material. In addition the test cells have been used to explore
the effect of moisture, compaction and temperature on impedance measurements of soil. An
environmental chamber was used to control the temperature which was varied from 5°C to 40°C in
5°C steps. Four levels of uniform compaction, numbered 1-4 and corresponding to pressures of 0.05
2

2

2

kg/cm , 0.11 kg/cm , 0.16 kg/cm and 0.21 kg/cm

2

as measured using a Geotest E-280 Pocket

Penetrometer were considered.
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3.2

Rhizotron

A rhizotron provides a method for non-invasive viewing of the region around the roots of plants.
Typically it has at least one transparent panel. The rhizotron might be constructed for use in a
laboratory or could be built underground [James et al 1984, Busch et al 2006, Taylor 1991].
Dimensions can range from centimetres to several metres. Rhizotrons allow the user to determine the
properties of the soil and roots, typically through visual observations. This may include photographs,
possibly with image processing, to determine the colour contrast between wet and dry soil, or to
identify roots. Regardless of the measurement technique, the use of visual observations is
compromised as features can only be observed through a clear viewing window, accompanied by
reflections, and these do not extend to within the bulk of the soil core.

The present work employs laboratory-scale rhizotrons measuring 0.4 m x 0.6 m x 0.05 m. One side of
each rhizotron has the traditional transparent viewing panel. On the opposite side is a 10x6 array of
capacitively-coupled electrodes as shown in Figure 4. These are used to provide measurements of
electrical impedance in the soil during the growth cycle of maize plants. The evolution of the
distribution of water content is inferred directly from measurements between adjacent electrodes.
While allowing plants to grow with relative freedom the root system is confined within what is
essentially a 2D space. Electrodes are selected and activated using the measurement system
described below.

(a) Transparent side

(b) Electrodes

Figure 4: Photographs of the rhizotron

3.3 Measurement System
An array of 60 electrodes, configured as 10 rows and 6 columns, with accompanying bespoke
switching electronics, is attached to the back plane of each rhizotron. Each electrode is separated
from the soil by the thin insulating layer. An impedance analyser and desktop PC are the only other
pieces of equipment. One impedance analyser can be switched between several rhizotrons. Figure 5
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shows the system block diagram and how the 6 main components are interfaced. The desktop PC,
hosting bespoke software “TabUMS”, supervises a user defined switching pattern of the electrodes.
Parallel rhizotrons can be interrogated using the switching network.

Figure 5: Measurement System Block Diagram

Each electrode is connected to one output of a 16 channel Analog Devices ADG1206 multiplexer on
the “Switch” PCB. Four multiplexers are required for the 60 electrodes. Switching is required to
‘activate’ selected pairs of adjacent measurement electrodes. The 4-bit address lines of the ADG1206
multiplexers are controlled by the power/ demux PCB. The board features a PCF8574 8-bit IO
expander which communicates with the PIC32 via I2C. One IO expander can only control two
multiplexers and therefore two demux PCBs are required for each rhizotron. The 8-bit operation of the
IO expander is separated into two channels. Four bits are used to control switch PCB 1 while the
remainder control switch PCB 2. The expander control commands are provided by a configuration file
on the desktop computer. The demux PCBs also provide the power to operate the multiplexer ICs. A
Texas instruments TPS61041 Switch Boost Converter creates ±15V rails for the ADG1206. At higher
frequencies the measurements become increasingly susceptible to parasitic effects. In order to reduce
the effect shielded coaxial cables are used wherever possible. In addition, all cables were clearly
labelled to reduce variations between tests.
For each cycle a command is propagated through the system from the PC to the switch PCB’s to
activate the required pairs of electrodes. Once activated, the PC sends a command to the impedance
analyser via the Prologix USB-GPIB interface to measure the complex impedance. This is repeated for
every electrode pairing. Bespoke software on the PC supervises serial communication with the
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switching electronics. The software can be configured to acquire a selected number of measurements,
or run indefinitely at user defined time intervals. The measured impedances are stored in “.csv” file
format. Impedance measurement data are processed in MATLAB to yield a plot of impedance over
time at all adjacent electrode pairings in a video format.

The rhizotron measurement system creates an image of soil moisture distribution by measuring the
real and imaginary components of impedance between pairs of adjacent electrodes placed along the
back plane of the vessel. Measurements are taken between all horizontally and vertically adjacent
electrodes except, for technical reasons, the rightmost column, resulting in 95 measurements per
frame. Sequential frames are taken over time and combined to create a movie providing a temporal
representation of soil moisture distribution as viewed from the side of the rhizotron.

3.4 Preliminary Exploration of Plant Growth
After the analytical solution was verified with parallel-plate measurement data, focus was turned to the
acquisition of growth data using the rhizotron test vessels. Plant growth tests were performed to
determine whether the technique is capable of measuring changes in soil moisture content. Three
rhizotrons were interrogated in parallel. One rhizotron acted as a control, with no plant, and each of
the remaining two vessels hosted a maize plant. Maize was chosen due to its rapid growth
characteristics which lead to significant uptake of moisture. Growth chambers were used to mimic a
diurnal cycle comprising 18 hours of daylight at 25°C, and 6 hours of darkness at 10°C. Following the
rhizotron growth tests, results were analysed to determine the temporal and spatial movement of
moisture through the soil.

4 RESULTS AND DISCUSSION
4.1 Measurements to Explore the Performance of C4D System
The aim of the tests described in this section was to determine how accurately the electrical
properties, specifically the real impedance, of the bulk material can be estimated using capacitively
coupled measurements. Initial tests considered water as the bulk material to allow laboratory bench
conductivity meters to verify impedance measurements The electrical conductivity of the water was
measured using a commercial probe and, from knowledge of the geometry of the cell, converted to
resistance and assigned to the variable “RB” in the analytical solution. As previously mentioned, above
1 MHz the relative permittivity of the bulk material dictates the decrease in real impedance seen in
Figure 6. Small changes in the value of the relative permittivity of water have no measurable effect on
the impedance at the selected plateau frequency for water. Therefore, a fixed value of 80 was used for
the relative permittivity of water. The parameter is referred to as CB in the model shown in Figure 2.
For soil based measurements the range of values for the relative permittivity is large compared to
water, from as little as 3-4 for dry soil, to 50 for saturated soil [Smith 1993]. As relative permittivity of
the soil sample increases, the ‘roll-off’ will occur at lower frequencies. This will reduce the bandwidth of
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the plateau region, making selection of the plateau frequency more difficult. An advantage of the large
range of relative permittivity values experienced in soil is that the changing roll-off frequency may be
useful in estimating the capacitance of the soil, which may help improve estimations of moisture
content. This is to be explored in future work.

Figure 6 suggests good agreement between the measured impedance and simulated values. The
most significant differences lie between frequencies of 10 Hz and 1 kHz, at the “knee” of the curves.
These differences in values are attributed to the use of fixed values of relative permittivity in the simple
electrical model that has been proposed for the insulated electrode measurement system. It is known
that the relative permittivity of water changes with frequency. It is also expected that the relative
permittivity of the insulating layer will change with frequency. However, in the present model it is
assumed that the impedance and permittivity of each component is not frequency dependent. This
may lead to inaccuracies in calculated impedance compared to measured data. The differences at low
frequency are not crucial to the present work as this lies outside the “plateau” region of interest.
Between frequencies of 50 kHz and 10 MHz the average difference between the theoretical and
measured impedance fraction is 5% with a maximum of 12%. Within the plateau region, between
frequencies of 30 kHz and 100 kHz, the average error in impedance fraction is 3% with a maximum of
only 4%. Similar consistency was observed between measurements and simulations using de-ionised
water.
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Figure 6: Comparison of Calculated and Measured Impedance for Tap Water

4.2 Measurements on Soil
Following verification of the model using water as the bulk material soil-based measurements were
performed. The soil comprises gravimetric fractions of 61% sand, 20% silt and 19% clay and,
according to the USDA textural class, is therefore identified as a sandy loam. The aim of these
measurements was to explore the effect of variations in moisture, compaction and temperature on the
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measured electrical impedance to determine how significant the influence of temperature and
compaction was on the impedance of the soil compared to changes in moisture level. Topp et al
[1980] considered the effects on the dielectric properties of soils within the MHz to GHz range of
frequencies. They found that the largest variation in the soil properties arose from texture, structure,
soluble salts, water content, temperature and measurement frequency. In this work the effect of
soluble salts was not considered further but by using soil from the same batch variation between tests
is reduced.

Figure 7 shows the variation of impedance due to changes in soil moisture and compaction. The
changes due to compaction are relatively small but in all cases the impedance is reduced as
compaction is increased. As expected the measured electrical impedance becomes less resistive as
moisture content increases. As soil moisture decreases from a gravimetric fraction of 30% to 15% the
relatively low value of impedance changes by a factor of about 10, from 1 kΩ to 10 kΩ. This change
becomes more pronounced as the moisture level decreases further, changing by a factor of 100, from
10 kΩ to 1MΩ, as the moisture drops from a gravimetric fraction of 15% to 5%. The influence of
compaction on measured impedance is more significant, compared to soil moisture, for dry soils. At a
gravimetric fraction of 5% moisture the impedance decreases from 1.4 MΩ to 800 kΩ as the soil
compaction is increased from level 1 to 4. The same change would be produced by an approximate
increase in soil moisture from a gravimetric fraction of 5% to one of 6%. Considering wet soil, with a
gravimetric fraction of 25% moisture, the same change in compaction changes the impedance by only
1.4 kΩ to 1.1 kΩ. This change would be produced by an increase in moisture from a gravimetric
fraction of 25% to 28%. Consequently, under wet conditions, the effect of compaction on electrical
impedance is more significant and it becomes difficult to separate the influence of moisture and
compaction. As soil compaction is unlikely to change dramatically during a growth period then any
change of impedance might typically be attributable to change in moisture.
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Figure 7: Effect of Soil Moisture and Compaction on Measured Electrical Impedance.
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Figure 8 is similar to Figure 7. In this case it provides a comparison of changes to electrical impedance
due to variation of both soil moisture and temperature. The measured impedance is consistently
higher at lower temperature. As with compaction testing, in drier soils the effects of temperature
variation on electrical impedance are significantly smaller than those caused by changes in soil
moisture. As soil moisture content increases the effects become more difficult to differentiate, with the
variation due to temperature in high moisture content soils becoming more significant compared to
variations due to moisture. However, unlike the case for compaction, a simple linear approximation
exists from which the electrical impedance can be correlated to temperature. Analysis of test data
showed that a temperature fraction change of 2% / °C provided a suitable linear approximation for
correction. Not surprisingly this value is similar to that experienced in water.
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Figure 8: Effect of Soil Moisture and Temperature on Measured Electrical Impedance.
In conclusion, C4D measurements are shown to be capable of providing changes in electrical
impedance that reflect the influence of water, compaction and temperature. Linear approximations of
soil impedance can provide correction for temperature. While no such approximation was available for
soil compaction, the change of soil bulk density due to compaction is limited compared to the changes
due to water content and temperature, which will fluctuate daily.

4.3 Water Distribution During Plant Growth
Following characterisation of the measurement technique, using parallel plate test cells containing
water and soil, trials were conducted on rhizotrons housing maize plants grown from seed. The aim of
the trials was to explore the potential for the technique to be used to determine the distribution of
water around the roots of growing plants from measurements of electrical impedance. Two trials were
conducted each lasting several weeks. Each trial considered three rhizotrons, two containing growing
maize plants and one as a control containing only soil. A different rhizotron was selected as the control
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for the two trials in order to eliminate the chance of preferential behaviour in a particular vessel or
position in the growth chamber. The rhizotrons were sealed at the top to reduce leakage of moisture
through evaporation and weed growth. A hole was left in the covering layer in each rhizotron to allow
the plant to grow. This was mimicked in the control vessel for consistency. The two trials are identified
as “T1” and “T2” and the three rhizotrons as “FNS1”, “FNS2” and “FNS3”. Therefore “T1-FNS1” refers
to rhizotron 1 in trial 1. The three rhizotrons were connected in parallel to the measuring system and
interrogated sequentially. Measurements were made between each horizontally and vertically adjacent
pair of electrodes. For the trials each rhizotron was filled with sieved soil. This was wetted to saturation
and left to drain for a period of approximately 24 hours to reach field capacity which was estimated to
be a gravimetric fraction between 30% and 35% water content. Each rhizotron was interrogated at
frequencies of 10 kHz, 50 kHz, 100 kHz, 500 kHz and 1 MHz and the complete frame of
measurements for each rhizotron took about 5 minutes to acquire. Measurements were repeated
every hour.

Results from the two trials were similar, with some differences in growth being evident due to the
inherent non-uniformities in the growing conditions. Results from trial 2 are presented here and are
representative of both trials. Photographs of the three rhizotrons after 9 weeks growth at the
completion of trial 2 are shown in Figure 9. The trials were terminated when the plants began to show
signs of stress as water availability reduced as evidenced by discoloration of the leaves and wilting.
Clearly, as expected, there is no evidence of significant growth in the control vessel FNS3. The plants
in FNS4 and FNS5 achieved heights of 79cm and 71cm respectively.

The plants were carefully removed from the soil for post trial analysis and are shown in Figure 10
While some root mass was lost due to the fragility of roots, the majority was preserved. A weed that
grew in FNS5 is also shown for comparison. The aim of this test was to observe whether the complete
plant mass correlates with the remaining moisture content of the soil. Accurate measurement of the
height of the plant is, naturally, challenging but both the height and the mass differ by fractional
heights of 9% for the plants from FNS4 and FNS5.

Figure 9: Growth of the maize at the completion of trial 2
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Figure 10: Post-Trial Root Bundles for T2-FNS4 and T2-FNS5

All growth vessels showed significant cracking in the soil. It should be noted that such cracking
compromises the measurement of electrical impedance due to the discontinuities that arise. As can be
seen in Figure 11, the cracking in T2-FNS5 is greater than in T2-FNS4 despite the fact that the
resulting maize plant is smaller. At the completion of the trial three small soil samples were removed
from each rhizotron vessel in order to determine the gravimetric soil moisture content through
weighing, drying and re-weighing the soil samples. The samples were removed from the same position
in each rhizotron, corresponding to bottom, middle and top locations. Results are shown in Table 1.
Clearly the control vessel (T2-FNS3) shows greater water content and this increases with depth in the
rhizotron. This might be expected due to the inevitable loss through evaporation. Results from the
growth vessels in Trial 2 reveal similar amounts of water from which it is not possible to deduce
anything regarding variation with depth or size of plant. It is worth noting that for Trial 1, in which one
plant showed a fractional height about 50% larger than the rhizotron housing the smaller plant, a
significantly greater water content was observed at the conclusion of the trial.

Figure 11: Post-trial photographs of soil cores from T2-FNS3, T2-FNS4 and T2-FNS5.
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Gravimetric Fraction (%)

Soil Sample Location

T2-FNS3

T2-FNS4

T2-FNS5

Top

9.0

4.3

4.0

Middle

11.5

3.6

4.5

Bottom

12.4

4.0

3.6

Table 1: Post-test gravimetric soil moisture content for rhizotron growth trial 2

As discussed above the electrical impedance measurements in the parallel plate test cell revealed a
temperature fraction change of about 2% / °C. Figure 12 shows the measured impedance for a pair of
electrodes in the control vessel over a period corresponding to 15 diurnal cycles each ranging from 10
°C to 25 °C. From a minimum of 3500 Ω a maximum of 4550 Ω might be anticipated for an increase of
15 °C. Figure 12 shows a maximum of approximately 4500 Ω, corresponding to a temperature fraction
change of 1.9% / °C which is in good agreement with expectations.
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Figure 12: Measured impedance for 15 diurnal cycles in the control vessel

A similar analysis was undertaken on a growth vessel and results are shown in Figure 13. As can be
seen the baseline impedance increases over time as the plant grows and water is extracted from the
soil. Significant drying of the soil due to root water extraction can be seen to begin at approximately
measurement 500, which correlates to day 20. The soil then continues to dry throughout the test,
which leads to a steady increase in the baseline of the impedance over the duration. During the early
stages of growth, indicated by point “A”, the diurnal measurements range from approximately 3400Ω
to 4400Ω corresponding to a temperature fraction change of about 2% / °C. However at later stages of
the growth period, when the amount of water in the soil is decreasing due to evapo-transpiration, the
diurnal range suggests increases to a maximum temperature fraction change of approximately 5% / °C
at point “B” reducing to a temperature fraction change of 3% / °C at point “C”. Clearly these values
vary from the expected temperature fraction change of 2% / °C. It can be seen that this difference
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corresponds to the period when the change of impedance each day is largest, suggestive of maximum
growth rate. Clearly this will affect the measurements relating to temperature change as the amount of
soil moisture has changed between the “high” and “low” temperature measurements. For the present
work reported below, measurements are taken at a fixed point in the simulated “diurnal” cycle,
corresponding to a selected temperature. For future work, in less controlled environments, it will be
necessary to further understand and accommodate temperature effects.
4
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Figure 13: Measured impedance over the growing period in a growth vessel

Figure 14 shows screenshots of the movie files that were created from the resulting images for all
three rhizotrons over the duration of Trial 2, at 15 day intervals. Acquired test data were interpolated to
produce a smoother transition between adjacent electrode pairings. Measurements were taken at 1
MHz injection frequency, This frequency was chosen following preliminary test results in parallel-plate
test cells which suggested that at low MHz frequencies the total measured impedance was least
sensitive to the insulating layer. In order to mitigate against the effect of temperature when considering
the change in impedance due to plant growth, measurements are used that correspond to a selected
temperature. Blue represents low impedance at the start, when the soil is relatively wet, through to red
representing high impedance at the end of the trial when the soil is dry. As can be seen all three
rhizotrons display low impedance at the start when the soil is wet. In the second half of the trial the
rhizotrons containing maize plants show gradually increasing impedance, with most change towards
the top of the vessel. The range of the impedance measurements presents some difficulties for these
colour-coded images as small changes are masked. A zoomed image of the control (FNS3) after 60
days shown in Figure 15, using the highest impedance that is measured in that vessel for calibration,
more clearly reveals the smaller changes in impedance that occur. Clearly there is a progression from
high impedance (red), dry soil, in a band at the top and likely to be due to evaporation, through to low
impedance (blue), wet soil, that has not changed significantly, at the bottom.
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Figure 14: Screenshots of the movie representation of Trial 2.
Blue (dark) represents low impedance through red (light) representing high impedance.
Each image represents a side view of the rhizotron

Figure 15: Zoomed image of the control vessel (FNS3) after 60 days Blue (dark) represents low
impedance through red (light) representing high impedance.
The image represents a side view of the rhizotron
Figure 16 show graphs of the measured impedance for selected electrode pairs for FNS3, 4 and5.
Each plot is positioned to represent the location of the measurement pair in the rhizotron. The “red”
line in each graph represents the control rhizotron FNS3, where measurements are, essentially,
constant. At the top there is evidence of increasing impedance, assumed to be due to evaporation.
The “green” and “blue” lines represent the growth rhizotrons, FNS4 and FNS5 and clearly show
increased change of impedance.
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Results suggest increased rates of change of impedance from about day 25 onwards. It is tempting to
suggest that this onset is due to the increasing root mass but, of course, the same behaviour is
apparent in the control vessel, for instance measurement 93, and therefore there is a strong influence
due to evaporation. Comparison between measurements at the top and bottom, for instance 93 and
13, suggest that the change in impedance ensues earlier towards the top of the vessel.

Figure 16: Plots of measured impedance (Ω) against time (days) in Test 2 for FNS3, 4 and 5 for
for selected measurement pairings.
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5 SUMMARY
The potential for using measurements of electrical impedance to determine the changing distribution of
water in soil due to the growth of roots has been explored. Such information might inform, for instance,
crop breeding programmes. Capacitively-coupled contactless conductivity (C4D) electrodes have been
employed in order to reduce electrochemical effects that typically arise when metal electrodes are in
intimate contact with the soil. Such effects alter the measurements due to the effect of contact
impedance and can lead to catastrophic failure due to corrosion.

Tests using parallel plate cells verify the analytical model that is proposed. Consideration of
measurements on soil, as a function of moisture content, compaction and temperature, reveal that
moisture has the most significant influence on the measured impedance. As moisture levels increase
the impedance decreases and the most notable changes occur in dry soil. Compaction of the soil
produces changes in the measured impedance. The effect is relatively insignificant compared to soil
moisture under dry conditions but becomes comparable when the soil is wet. The observed
temperature fraction dependence of 2%/ °C is in agreement with previous reports and can be
calibrated out of the measurements.

Measurements were made on laboratory-scale rhizotrons housing growing maize plants. Results were
compared to those using a control vessel containing only soil. Measurements from the 10x6 electrode
arrays reveal changes in the impedance measurements that have been correlated with the water
uptake due to the growth of the plants from qualitative visual inspection and post-test gravimetric
analysis. Changes in the control vessel are much smaller than those in the growth vessels and,
despite precautions, it is likely that these are due to evaporation.

In conclusion the technique shows potential for providing live estimates of the water distribution in the
root zone. Due to difficulties presented by the inherent inhomogeneities of soil the relationship
between the impedance measurements and the water content is relative. In addition, effects due to
compaction and temperature must be considered. Measurement of temperature is straightforward and
allows straightforward calibration. Deployment would require control measurements on regions that do
not contain growing plants in order to provide calibration.
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