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RESEARCH ARTICLE

Dielectric properties of cereal stubble infected with
Bipolaris sorokiniana, Fusarium pseudograminearum and
Pyrenophora teres in the microwave frequency range

Toni Petronaitisa,b , Graham Brodiec, Steven Simpfendorfera, Richard J. Flavelb

and Nigel W. M. Warwickb

aNSW Department of Primary Industries, Tamworth, New South Wales, Australia; bSchool of
Environmental and Rural Science, University of New England, Armidale, New South Wales, Australia;
cCollege of Science and Engineering, James Cook University, Townsville, Queensland, Australia

ABSTRACT
Cereal production in Australia is severely impacted by stubble-
borne pathogens which can survive multiple seasons within cereal
residues (stubble). Microwave radiation may be able to reduce or
eliminate the pathogens, but the energy requirements first need
defining. Hence, the dielectric properties of wheat and barley
stubble with different pathogen loads were investigated at 10%,
15%, 30% and 100% moisture content using an open-ended
coaxial probe in a spectral band covering 915, 2450, and
5800MHz. A significant increase in dielectric constant and loss
factor was observed with increasing stubble moisture. The dielec-
tric constant and loss factor were lower in the crown (basal) sec-
tion of stubble compared with the stem (20 cm from base), due
to differences in density. When stubble moisture was 100%, the
loss factor of barley was higher than wheat. Infection of stubble
by different pathogens did not affect the dielectric properties.
Microwave heating could therefore be an effective method to
heat cereal stubble to eradicate a range of cereal pathogens,
especially at lower frequencies and high moisture content, at
which the loss factor is high. This research serves as a starting
point to define requirements for further development of effective
microwave radiation treatments under field conditions.
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Introduction

Fusarium crown rot, yellow leaf (tan) spot, and common root rot are significant dis-
eases of cereal crops in Australia. The fungal pathogens responsible for each of these
diseases can survive across seasons in cereal stubble or residues. In Australia, cost to
the wheat industry alone, exceeds AUD 90 million for Fusarium crown rot (caused
primarily by Fusarium pseudograminearum), and AUD 30 million for common root
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rot (caused by Bipolaris sorokiniana) (Murray and Brennan 2009b). Net blotches
(caused by Pyrenophora teres f. teres and P. teres f. maculata) cause AUD 62 million
damage to barley crops (Murray and Brennan 2009a). Conservation agriculture prac-
tises such as retention of cereal stubble are increasing the incidence of these diseases
due to the preservation of inoculum in the previous years’ rows of cereal
(Simpfendorfer et al. 2019).

Previous management options such as tillage and burning were effective at reducing
levels of stubble-borne fungal pathogens, such as inoculum of Fusarium crown rot,
common root rot, and net blotches. However, these practices are incompatible with
current conservation-agriculture practices, because they are associated with reduced soil
water storage, poorer soil health, and increased erosion (Ugalde et al. 2007). Disease
often recurs due to the persistence of background inoculum or growers returning to
susceptible crops prematurely. Complete elimination of inoculum from cereal stubble
and soil is needed to break the disease cycle. Heat treatment is an effective method for
eliminating pathogens from cereal stubble and soil (Bottomley et al. 2017), but no com-
mercially available options currently suit conservation-agriculture systems.

Microwave radiation has recently been identified as a promising new system to
heat-kill pathogens in cereal stubble whilst still allowing retention of these residues.
Microwave radiation has been shown to eliminate conidia (i.e. spores) of B. sorokini-
ana and macroconidia of F. pseudograminearum and F. cerealis from spore solutions
(Petronaitis et al. 2022), and F. pseudograminearum mycelia from infected durum
wheat stubble (Petronaitis et al. 2018). Similarly, populations of various seed-borne
pathogens, including Fusarium species in cereals, have been reduced by using micro-
wave radiation, but at the expense of seed viability (Knox et al. 2013; Taheri et al.
2019; 2020). These studies support the concept of using microwave radiation as a fast
and effective control strategy for a range of cereal pathogens. Extending microwave
treatments from laboratory experiments to cereal stubble in the field will first require
knowledge of the permittivity of cereal stubble to microwave radiation and heat uni-
formity within stubble, as these qualities will affect microwave efficiency, resources
(such as energy and time) and consequently cost.

The suitability of microwaves as a heat-delivery system for cereal stubble has not
been investigated. To do this, the dielectric properties of cereal stubble at microwave
frequencies must be investigated, as the dielectric properties determine the rate and
extent to which a material can heat at these frequencies (Nelson 2010). The dielectric
properties of wheat straw (the portion of stem cut at grain harvest) have been
described several times, but only in the radio frequency range of 1 kHz to 1000 kHz
for the purpose of developing a capacitance-based moisture sensing method for straw
and/or grain (Ko and Zoerb 1970; Guo et al. 2013; Jafari et al. 2020). In all cases, the
dielectric properties were a function of the frequency of the electric field, as well as
the moisture content, density, and temperature of the wheat straw. As such, the
dielectric properties of cereal straw or stubble requires defining in the microwave fre-
quency range, as microwaves are less expensive and not limited to material of regular
or simple shape, as is the case with radio frequency heating (Mazima et al. 2018).

The dielectric properties of a material, generally expressed as relative complex per-
mittivity, can be used to describe how the material will behave within an
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electromagnetic field, including microwave fields. Subsequently, these properties can
be used to estimate the rate at which the material, for example cereal stubble, can be
heated. To measure the relative complex permittivity (e) of a material, both the real
(dielectric constant) and imaginary (loss factor) components must be determined.
These are given by

e ¼ e0 � je00

where e0 represents the dielectric constant, j ¼ ffiffiffiffiffiffiffi�1
p

, and e00 represents the loss factor.
The dielectric constant is related to the material’s ability to store electromagnetic
energy, with a higher e0 indicating that more energy can be stored, but the dielectric
constant can also influence reflection (i.e. the amount of energy reflecting from the
surface and the amount of energy entering the material) of the electric field. The loss
factor represents the material’s ability to convert electromagnetic energy, for example
from the electric field imposed by microwaves, into heat energy. In practical terms, a
higher e00 means more field energy is transformed into heat energy where it is
absorbed in the material (i.e. volumetric heating) and can be transferred to other
parts of the material (via conduction). These factors are influenced by frequency, but
also the temperature, moisture content, composition and bulk density of the material
(Nelson 2010).

Various techniques for measuring the dielectric properties of agricultural materials
have been described (reviewed in Nelson 2010). The open-ended coaxial line tech-
nique has been used on a large range of fruits, vegetables, and grains (reviewed by
Guo et al. 2010), with the technology developed commercially and most notably used
as a rapid moisture probe for grain and seed (Nelson 2010). More recently, this
method has been used to determine the dielectric properties of legume grains (Guo
et al. 2010; Jiao et al. 2011; Taheri et al. 2018). An open-ended coaxial (line) probe is
used to measure the reflected signal of a given material at a range of frequencies (i.e.
broadband), calibrated with samples of known permittivity (e.g. air open circuit,
water and a short circuit), from which the permittivity of the material of interest can
be calculated (Nelson 2010). This method is a reliable way of measuring dielectric
properties and has been adopted by both industry and the scientific community, mak-
ing it a sensible option for measuring materials such as cereal stubble whose dielectric
properties are yet to be described.

The dielectric properties of cereal stubble infected with F. pseudograminearum, B.
sorokiniana, and P. tritici-repentis were measured. An open-ended coaxial probe was
used to measure the reflected signal of relative permittivity of cereal stubble in the
microwave spectrum. Given that the relationship between moisture and dielectric
properties is strongly correlated, we hypothesised that the dielectric properties of
wheat and barley stubble will be higher with increased moisture content at microwave
frequencies. In addition, we assessed whether the fungal pathogen infection status
and crop species affected dielectric properties of cereal stubble, as these are important
considerations in designing methods for broadacre-scale microwave application for
controlling all three of our target fungal pathogens.
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Materials and methods

Dielectric stubble experiment

Cereal stubble collection
Wheat (cv. Lancer) and barley (cv. Spartacus) stubble, infected with B. sorokiniana (Bs)
or F. pseudograminearum (Fp) or co-infected (Bs þ Fp), were collected post-harvest
from inoculated field plots located in Gurley, New South Wales in 2020 (-29.82837,
149.99848). Barley stubble (cv. Spartacus) naturally infected with P. teres f. maculata and
P. teres f. teres (Pte) was collected post-harvest from an experimental field at Tamworth
Agricultural Institute, Tamworth, New South Wales in 2020 (-31.152353, 150.984708).
All stubble samples had naturally senesced and dried at the time of collection. Cereal
stubble was prepared by separating whole plants into individual tillers, removing soil,
and cutting into 20 cm lengths (from crown). A subsample of 10 tillers was submitted
to the South Australian Research and Development Institute, Urrbrae, Australia to verify
the presence of the pathogen via quantitative polymerase chain reaction (qPCR).
Quantification of pathogens within each stubble type, collected from the two locations,
is outlined in Table 1. Tillers that were asymptomatic to Fusarium crown rot (i.e. free of
sub-crown internode, crown, or stem browning) were deliberately selected for use in the
nil treatments, as there were background F. pseudograminearum populations in the non-
inoculated (nil) field plots (Table 1).

Cereal stubble preparation
Four moisture content (MC) levels for each pathogen-cereal stubble combination
were prepared to analyse the change in dielectric properties associated with stubble
moisture content. The selected moisture contents were based on expected field equi-
librium (10% and 15%), timber fibre saturation (30%), and wet-weather saturation
(100%). Final moisture content (MCf) was achieved by adding a predetermined mass
of distilled water (mw (g)) to the sample dry mass (ms (g)) as determined by the fol-
lowing equation:

mw ¼ ms �
MCf�MCi

100� MCf

Table 1. Mean pathogen DNA levels present in a sub-sample of each cereal cultivar, cereal type
and pathogen combination, aquired via quantitative polymerase chain reaction (qPCR) and
expressed as pgDNA/g stubble for F. pseudograminearum (Fp) and B. sorokiniana (Bs) or kDNA
copies/g stubble (P. teres f. maculata and P. teres f. teres), averaged across two replicates.
Cultivar (cereal type) – pathogen Location F. pseudograminearum B. sorokiniana P. teres f. maculata P. teres f. teres

Lancer (wheat) – nil Gurley 2.60 x 103 5.95 x 103 15 4
Lancer (wheat) – Fp Gurley 2.9 x 104 0 3 1
Lancer (wheat) – Bs Gurley 153 1.55 x 103 14 8
Lancer (wheat) – Fp þ Bs Gurley 2.52 x 104 1.56 x 103 7 19
Spartacus (barley) – nil Gurley 3.41 x 103 569 239 81
Spartacus (barley) – Fp Gurley 3.34 x 104 0 130 14
Spartacus (barley) – Bs Gurley 1.06 x 104 2.83 x 103 149 66
Spartacus (barley) – Fp þ Bs Gurley 9.87 x 103 130 325 58
Spartacus (barley) – P. teres (2) Tamworth 618 279 3.97 x 104 5.36 x 104
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where MCf represents the final moisture content and MCi represents the initial mois-
ture content. Samples were dried in a dehydrator at 40 �C for 48 h to achieve sample
dry mass (ms) without affecting the viability of target fungal pathogens. Deionised
and autoclaved water was sprayed onto the cereal stubble (by weight), in polyethylene
bags, to achieve final moisture contents. Sealed bags were refrigerated at 5 �C to pre-
vent pathogen overgrowth and mixed twice daily for 5-6 days to ensure moisture was
evenly distributed among the cereal stubble. After the experiment, samples were
weighed and dried again at 105 �C for 48 h to determine the true MC of each sample
using wet and dried weights of the samples.

Measurement of dielectric properties
Dielectric properties were measured using an open-ended coaxial probe with network
analyser (E8364B PNA network analyser, frequency range 10MHz � 50GHz) using
Agilent software (Agilent Technologies 85070, Agilent, Santa Clara, California, USA).
Stubble pieces were measured at frequencies between 700 and 7000MHz, which
include the allowed microwave Industrial, Scientific, and Medical (ISM) frequencies
of 915, 2450, and 8500MHz. Initial calibrations were performed using open circuit
(air), a short circuit (aluminium foil sheet), and tap water at 22 �C.

Stubble pieces were brought to room temperature (22 �C) prior to experimentation.
Tillers were cut lengthways and flattened to create a flat surface for the open-ended
coaxial probe, with the exterior surface of the tiller in contact with the probe.
Measurements were taken from two locations on the tiller, at 5 cm and 15-20 cm
above the crown, hereafter referred to as “crown” and “stem” portions, respectively.
Leaf sheath was generally present on the outside of the 15-20 cm samples and was left
intact, given that preliminary readings did not appear to differ based on the presence
or absence of leaf sheath.

Experimental design
For the dielectric experiment, two tillers per sample were measured, with mean values
of each sample being used in the analysis. Two replicates of all treatments were con-
ducted. The experiment was conducted over two days and the order of treatments
was randomised within each replicate day (replicate one was conducted on day one
and replicate 2 was conducted on day two).

The study was set up as a 5-factor experiment with the following factors: pathogen
(Fp, Bs, combined Fp and Bs, Ptr, and a nil control), cultivar (Lancer and Spartacus),
moisture content of the stubbles (10%, 15%, 30%, and 100% moisture content on a
dry weight basis), location of the measurement along the stubble (i.e. stubble portion:
crown or stem), and the frequency of the electromagnetic fields (700, 1000, 2000,
3000, 4000 5000, 6000, and 7000MHz). Analysis of variance (ANOVA) was per-
formed on the data. Data was tested for symmetry around the grand mean (normal-
ity), prior to applying the ANOVA. Factor and interaction means were compared
using Least Significant Differences (p¼ 0.05) to determine significant differences in
the data. Data means were exported to MatLab software (Mathworks Inc., USA), for
surface plotting to visualise the data.
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Stubble characterisation experiments

Additional stubble characterisation experiments explored differences between stem
and crown portions of the stubble and between and wheat and barley stubble. This
allowed us to determine whether differences in dielectric properties between these
traits were primarily due to structural differences (i.e. stubble microstructure density,
cell size, and arrangement) or non-structural differences (i.e. using powdered
stubble tissue). The nil-pathogen Lancer wheat and Spartacus barley specimens were
used in these experiments, as pathogen status did not significantly affect dielec-
tric properties.

CT scanning
X-ray computed tomography (CT) scanning was used to measure the tissue volume
of the stubble. Five replicates of each combination of cultivar� stubble portion were
wet to 50% MC (as described previously) and scanned in a fully randomised replicate
block sequence. Samples were weighed before and after scanning, and then again after
drying at 60 �C for 72 h, to estimate the MC of each stubble segment during scanning.
Dry weight per unit length (mg/mm) was further determined by weighing a 5mm
subsection of the dried stubble measured with a digital calliper.

Stubble pieces were scanned using a GE-Phoenix Vjtomejxs 240 micro-CT scanner
(manufactured 2010, GE Sensing & Inspection Technologies GmbH, Niels-Bohr-
Straße 7, 31515 Wunstorf, Germany) located at the University of New England,
Armidale, NSW Australia, with “Datos” acquisition software (version 2.2.1.695) and
Phoenix datosjx 2 Reconstruction (version 2.2.1.716) software. Individual stubble
pieces were mounted vertically on the rotating stage and imaged using the predeter-
mined optimal X-ray tube settings (80 kV, 120mA, 600ms integration time per projec-
tion, focal spot 4 mm diameter). A 1000� 1000-pixel detector array (DXR-250) was
used to capture 3200 projections (full 360-degree rotation) using the GE constant
rotation CT function, with a resultant isotropic voxel side length of 6.94 mm and
tomographs were projected across the 16-bit depth dynamic range when
reconstructed.

Reconstructed tomographs were imported directly into FIJI image J -version 1.53j
(Schindelin et al. 2012). A 5.00mm section of the stem was selected by extracting 720
slices from the centremost section of the scan. The volume was smoothed using a 2D
gaussian filter (sigma ¼ 1.5) to remove the noise associated with the generally low
attenuation of x-rays by the low electron dense material. Voxels with a density greater
than that of the air were manually selected using a bi-level threshold tool and the vol-
ume classified as dry matter voxels was determined using a voxel counting method.
The structured density of the 5mm scanned section was determined from the scan
volume and the samples mass. The R statistical package was used to analyse the
measured parameters (Lenth 2016). Linear models were fitted with species and stem
portions as predictors and model diagnostics were used to ensure model assumptions
were upheld. An ANOVA was performed and post-hoc multiple comparisons were
carried out using Tukey’s method (R package:lsmeans) (Lenth 2016).
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Light microscopy
Light microscopy was used to evaluate the stubble microstructure, specifically the
thickness and intensity of the epidermis, parenchyma and vascular bundles of the
crown and stem sections. Using the same experimental design as the CT scanning
experiment, dried stubble pieces were fixed in formalin-acetic acid-alcohol (FAA)
(formaldehyde-ethanol-acetic acid-water; 10:50:5:35). Samples were dehydrated in a
Leica TP 1020 tissue processor (Leica Biosystems, IL, USA) through a graded ethanol
series: 70, 80, 90, 95% ethanol for 2 h in each bath, two series of 100% ethanol, and
one of ethanol-xylene (50:50) 1 h per bath; subsequently, xylene for 1 h, then xylene
for 2 h, and finally two baths of paraffin tissue embedding medium (Leica Paraplast
Plus, IL, USA) of 2 h each.

The dried samples were embedded in paraffin wax with a Leica EG1150 Tissue
Embedder (Leica Biosystems, IL, USA) and transverse sections were cut to 20 mm
with a Leica SM 2010 slide microtome (Leica Biosystems, IL, USA). Sections were de-
wrinkled in a water bath at 41 �C and transferred to slides which were laid onto a
histoplate at 47 �C for at least 1.5 h. The slides were dewaxed in two xylene baths and
subsequently hydrated through an ethanol series of 100, 90, 70, 50% ethanol, and dis-
tilled water for 5min in each bath (O’Brien and McCully 1981; Retamales and
Scharaschkin 2014). Slides were stained with Safranin O (Matheson Coleman & Bell)
and counterstained with Astra Blue (Glentham Life Sciences) (Kraus et al. 1998;
Warwick et al. 2017) as follows: 6min in Safranin O, two baths of distilled water of
1min each, 2min in Astra Blue, 1min in distilled water, an ethanol series at 50, 70,
90, and 100%, 30 s in each bath, and finally, 30 s in SolV21C (xylene substitute)
(Muraban Laboratories, NSW). The samples were mounted with Euparal (Agar
Scientific, UK) (Warwick et al. 2017).

All slides were scanned in a Nanozoomer Hamamatsu 2.0 RS (Hamamatsu
Photonics K.K., Japan), set at 40x magnification, with a Z-stacking of 7 layers at
1 mm. The samples were measured with NDP.view2 (Hamamatsu Photonics K.K.,
Japan) viewing software. Five measurements were taken per image of the culm thick-
ness (measured from the cuticle to the end of the ground tissue), the outer ring thick-
ness (cuticle, epidermis, and hypodermis), the inner ring thickness (ground tissue)
and the number of vascular bundles of the outer ring, inner ring, and total vascu-
lar bundles.

The mean values for each trait were analysed using a linear mixed model frame-
work. Fixed effects were included to account for crop species and stubble portion,
along with their interaction. Replicate was fitted as a random effect and individual
samples within replicates accounted for residual error. The model was fitted using the
ASReml-R package (Butler et al. 2017) in the R statistical computing environment (R
Core Team 2019) whereby all variance components were estimated using residual
maximum likelihood (Patterson and Thompson 1971).

Dielectrics of ground material
Air-dried stubble samples were ground in a ball mill for 2min (at 30 s�1 oscillations)
each, resulting in a uniformly fine powder. The powder was then transferred into a
custom made guarded parallel plate apparatus (as described in Agilent Technologies
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2003) and packed to density of 0.495 g cm�3 with guarded plate diameter of 13.6mm
and depth of 1.6mm for the material under test. Using the equation below we calcu-
lated complex relative permittivity of the material (or dielectric constant):

er ¼
tm Cp

A e0

where er is the relative permittivity, tm is the thickness of the material (m), Cp refers
to the equivalent parallel capacitance of the material (F), A is the area of the guarded
plate and e0 is the permittivity of free space (which we assumed to be 8.854� 10�12

Fm�1) (Agilent Technologies 2003). Capacitance was determined using an Atlas
LCR45 passive component impedance meter (Peak Electronic Design Ltd, UK) meas-
ured at a frequency of 200 kHz which provided the most optimal resolution with this
experimental apparatus. The R statistical package was used to analyse the measured
parameters (Lenth 2016). Linear models were fitted with species and stem portions as
predictors and model diagnostics were used to ensure model assumptions were
upheld. An ANOVA was performed and post-hoc multiple comparisons were carried
out using Tukeys method (R package:lsmeans) (Lenth 2016).

Results

Dielectric constant (‰0) (real part of dielectric properties)

The dielectric properties of both the crown and stem portions generally increased
with increasing MC and decreased with increasing frequency across the microwave
spectrum (i.e. at 700, 1000, 2000, 3000, 5000, 6000 and 7000MHz) (Figure 1a and b).
Dielectric constant increased with MC on average across both crown and stem por-
tions, which was evident by a main effect of MC (p< 0.01, Table 2). The increase in
dielectric constant in the stem portions (Figure 1b), however, was significantly greater
than the increase observed in the crown portions at higher MCs, for example at
100% MC (p< 0.01, Figure 1a). The dielectric constant of stem portions was also sig-
nificantly higher at 30% MC at most frequencies (Figure 1a and b). This large differ-
ence between the dielectric constant of crown and stem portions at the higher MCs
resulted in an additional main effect of stubble portion (crown versus stem) when
averaged across all MCs (p< 0.01, Table 3). Increasing stubble MC from 10% to 15%
did not result in a significant increase in dielectric constant in the crown or stem
portions individually (Figure 1a and b) or when averaged across both stubble portions
(Table 2) (p< 0.01). Infection status (p¼ 0.52) and crop species (wheat cv. Lancer
versus barley cv. Spartacus) (p¼ 0.65) also did not affect dielectric constant (at
2GHz) (data not shown).

Dielectric loss factor (‰00) (imaginary part of dielectric properties)

Loss factor was affected by MC, stubble portion and crop species (p< 0.01). Loss fac-
tor increased with increasing MC in the stems, with the highest loss factor observed
at 100% MC in stems for both the wheat and barley cultivar examined (Figures 2b
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Figure 1. Surface plot showing the dielectric constant of the (a) crown and (b) stem portions of
stubble (averaged across crop species) at a range of cereal stubble moisture contents for eight fre-
quencies in the microwave spectrum.

Table 2. Main effect of moisture at four moisture contents (%) on the dielectric constant for eight
frequencies in the microwave spectrum. There was a significant (p< 0.05) effect of moisture con-
tent at all frequencies.

MC (%)
Frequency (MHz)

700 1000 2000 3000 4000 5000 6000 7000

10 1.86 1.88 1.69 1.78 1.65 1.61 1.59 1.51
15 2.18 2.15 1.91 1.97 1.82 1.75 1.71 1.63
30 3.64 3.6 3.15 3.07 2.79 2.62 2.49 2.33
100 7.14 6.99 6.37 6.12 5.66 5.30 4.97 4.62
LSD (p5 0.05) 0.99 0.96 0.88 0.82 0.76 0.71 0.65 0.59
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and 3b). In the crown portions, the loss factor increased significantly when the MC
of stubble was 30% (compared with loss factor at 10% stubble moisture), but was the
same (for barley cv. Spartacus, Figure 3a) or decreased (for wheat cv. Lancer, Figure

Table 3. Main effect of cereal stubble portion (stem or crown) on the dielectric constant for eight
frequencies in the microwave spectrum. There was a significant (p< 0.05) difference between
stubble portions at all frequencies.

Cereal stubble portion
Frequency (MHz)

700 1000 2000 3000 4000 5000 6000 7000

Crown 2.60 2.60 2.31 2.33 2.15 2.06 1.99 1.88
Stem 4.81 4.71 4.24 4.14 3.82 3.59 3.39 3.16
LSD (p5 0.05) 0.70 0.68 0.63 0.58 0.54 0.50 0.46 0.42

Figure 2. Surface plot showing the loss factor of the (a) crown and (b) stem portions of stubble
from wheat cv. Lancer at a range of stubble moisture contents for eight frequencies in the micro-
wave spectrum.
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2a) in crown portions when further increased to 100% MC. Loss factor differed sig-
nificantly between barley cv. Spartacus and wheat cv. Lancer within the stem tissue at
100% MC across all frequencies tested. Within these treatments (stem tissue at 100%
MC), the loss factor generally decreased with increasing frequency in barley cv.
Spartacus (6.03 at 700 to 3.74 at 7000MHz, Figure 3b) and increased with increasing
frequency in wheat cv. Lancer (2.24 at 700 to 3.03 at 7000MHz, Figure 2b). No dif-
ference in loss factor was observed between the crown and stem portions at 10%,
15% or 30% MC in the interaction between MC, stubble portion and crop species
(data not shown). Fungal pathogen infection status also did not affect the loss factor
(p¼ 0.52, data not shown).

Figure 3. Surface plot showing the loss factor of the (a) crown and (b) stem portions of stubble
from barley cv. Spartacus at a range of stubble moisture contents for eight frequencies in the
microwave spectrum.
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Stubble characterisation

The density of the intact stubble was significantly higher in the crown portions com-
pared with the stem portions of stubble (p¼ 0.01, Table 4). Once the physical struc-
ture of the stubble was removed by grinding into a powder, the dielectric of the
ground material was also significantly higher in the crown than in the stem portions
(p¼ 0.00, Table 4). Overall, the dielectric constant of the ground material, measured
without additional moisture, was higher than what was observed for the intact stub-
ble, possibly due to more air in the intact stubble samples.

There were clear differences between the transverse structures of the two cereal
stubbles examined. Barley cv. Spartacus had a significantly thicker (for crown tissue:
204.5 mm compared with 137.2 mm in wheat) or similarly sized (for stem tissue:
91.1 mm for barley and 77.8mm for wheat) outer ring of the epidermis (p¼ 0.04)
compared with the wheat cv. Lancer. However, the much larger inner ring thickness
in Lancer wheat (635.2 mm) compared with Spartacus barley (296.4mm, p¼ 0.00)
means that the total culm thickness was still larger overall in wheat (740.5mm),
compared with barley (444.9 mm) (p< 0.01, Figure 4a and b). Wheat cv. Lancer also
contained a greater number of vascular bundles (54.2 bundles) compared with that
of barley cv. Spartacus (40.5 bundles) (p< 0.01). When averaged across crop spe-
cies, more vascular bundles were found in the crown (19.4) compared with the
stem (15.8) in the outer ring (p< 0.01), but this difference was not evident in the
inner ring (p¼ 0.85).

Water loss during the 30-minute CT scan time was greatest in the stems of barley
cv. Spartacus (-19.2%, p< 0.01). Water loss in the crowns of both crop species were
similar (-12.6% in barley cv. Spartacus and �10.2% in wheat cv. Lancer). The least

Figure 4. Transverse sections of stubble taken from the stem portion of (a) wheat cv. Lancer and
(b) barley cv. Spartacus. Scale bar represents 500mm.

Table 4. Main effect of stubble portion (stem or crown portions) on the density of intact stubble
(density) and the dielectric constant of the ground and compacted stubble (dielectric). There was
a significant (p< 0.05) difference between stubble portions for both the density and dielectric
measurements.
Stubble portion Density (mg/cm3) Dielectric

Crown 0.221 7.18
Stem 0.284 6.66
LSD (p5 0.05) 0.014 0.12
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amount of water was lost from the stems of wheat cv. Lancer (-6.0%). This water loss
characteristic may be important for field efficacy of microwaving, for example, barley
cv. Spartacus may require more rapid treatment after a rain or a wetting event before
too much moisture is lost from the stubble.

Discussion

This study is the first to measure the dielectric properties of wheat and barley stubble
at different MCs in the microwave frequency range (700 to 7000MHz). As expected,
dielectric constant and loss factor increased with increasing MC. Different portions
along the stubble length appeared to have varied dielectric properties indicating that
the crown section of cereal stubble does not have as much potential for heating com-
pared with the stem. Interestingly, barley (cv. Spartacus) also had a higher loss factor
compared with wheat (cv. Lancer) when stubble MC was high, although these differ-
ences may be too small to make a practical difference. Our models suggest that
microwave radiation would be effective for heating cereal stubble for the purpose of
eradicating cereal pathogens, especially at lower frequencies and moderate to high
MC, when the loss factor is high.

The dielectric properties, both dielectric constant and loss factor, increased with
increasing moisture in the cereal stubble samples. This is not surprising, as the mois-
ture relationship with dielectric properties is highly correlated, to a point where
dielectric properties are used as a commercial method for moisture sensing as they
indicate the polarity of a material (Nelson 2010). Similar findings have been observed
in other crops such as legume (Guo et al. 2010; Jiao et al. 2011; Taheri et al. 2018)
and wheat grains (reviewed by Mazima et al. 2018). These studies also observed a
decrease in dielectric constant and loss factor with increasing frequency, which we
observed similarly at 15%, 30% and 100% MC for the dielectric constant, and at
100% MC only for the loss factor. In these wetter stubble samples, dissolved solids
from the stubble may have leached into water that was present on the stubble surface,
and as such these dissolved solids in water would result in higher dielectric properties
(Nelson 2001).

In this study, cereal stubble with a higher MC would have had a greater number
of dipolar molecules (water) than the dry cereal stubble. These water molecules inter-
act with electromagnetic fields and are subsequently more responsive to heating via
microwave radiation. The dielectric constant of cereal stubble, even at 100% MC, was
7 (averaged across crown and stem), which is much closer to the dielectric properties
of air or paper (dielectric constant of 1 and 3, respectively), than water (dielectric
constant of 78) (Brodie 2021). The higher dielectric constant indicates a greater
reflection of energy away from the surface of the material, reducing the overall
amount of microwave energy entering the sample. This may reduce the heating effect,
however, there is also better absorbance in the material provided by the higher loss
factor. The increase in loss factor with MC subsequently indicates that there will be
more heating in cereal stubble with a higher MC, as the field energy is converted into
heat energy where it is absorbed by the material. Given these results, the microwave
treatment of cereal stubble is still likely to be maximised in moist stubble (i.e. in 30-
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100% MC stubble). Microwave efficacy could therefore be maximised when cereal
stubble is wet, for example following rainfall events, or by applying water to the stub-
ble prior to microwaving.

Dielectric properties (both the dielectric constant and loss factor) of the stem por-
tions increased significantly with moisture. Increases were also observed in the crown
portions, but these were much lower. The dielectric constant, even at the highest MC,
was approximately 3 for the crown segments and 11 for the stem segments.
Additionally, loss factor did not increase from 30% to 100% MC in the crown seg-
ments but continued to increase in the stem segments at these MCs. It is likely that
differences in the structure of these two plant parts can explain majority of this vari-
ation. The crown portions of stubble had a significantly higher density than the
stems, and the density of a material is known to affect the interaction between a
given material and a microwave field (Nelson 2010). Similar findings have shown
wheat grains and straw to have different dielectric properties and also vary in their
response to moisture (Jafari et al. 2020). The porosity of the different plant parts
likely contributed to this result.

Interestingly, when stubble structure and density was removed via grinding of
samples into a powdered form, there was still a difference between the dielectric of
the crown and stem portions. The results were, however, more similar, with
approximately 7.2 recorded for the crown segments and 6.7 for the stem segments
(at ambient MC). This suggests there may be some inherent differences in chemical
properties between the two plant parts. The only other observed difference between
the crown and stem was that the crown had a higher number of vascular bundles
in the outer ring of the epidermis, but it is not clear whether this can account for
any of the observed differences. Practically, different treatment approaches may be
required when heating the different portions of the cereal stubble, for example
pathogens residing in the crown (targeting F. pseudograminearum and B. sorokini-
ana) may require more energy than pathogens residing in the stem (targeting
P. teres).

Differences in dielectric properties between the two crop species was observed in
stem sections at 100% MC. Specifically, the wheat cv. Lancer had a lower loss factor
compared with the barley cv. Spartacus, suggesting that the stem portions of Lancer
heat less than Spartacus under high moisture conditions and lower frequencies. There
are two possible explanations for this observation. Lancer is a short plant height culti-
var with relatively dense culms, and again, density may have an affect (Nelson 2010).
However, no differences in density or stem wall thickness were observed between the
two crop species, so this explanation may be reasonably excluded. Further, if crop
species was influenced by density alone, we assume that a crop species effect would
have been observed for both dielectric constant and loss factor across a larger range
of frequencies and moisture contents (as was observed for differences between the
crown and stem portions). It is therefore more likely that we detected differences in
dissolved ions and other solids present in the moisture component of the wetted
stubble, which are known to be more reactive at lower frequencies (Nelson 2001).
Barley is naturally more salt tolerant and can accumulate more salt (NaCl) than bread
wheat (Munns and Tester 2008), and higher energy loss due to ionic conduction can
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occur at low frequencies when there are more dissolved salts (i.e. larger number of
potential hydrogen bonds) (Brodie 2021). This further supports the idea that there
may be an overall difference in dielectric properties between wheat and barley, how-
ever, further study is needed to explore these lower frequency responses, as well as
testing of more than one cultivar of each crop species.

No difference between infected and uninfected cereal stubble was observed in our
experiments. It is important to consider that there was no true “nil infection” stubble
available due to background infection of almost all stubble by F. pseudograminearum.
The Spartacus barley stubble collected from the Tamworth site containing high levels
of P. teres did have comparatively low levels of F. pseudograminearum, but there were
still no differences in dielectric properties detected between this stubble and Spartacus
barley stubble collected from the Gurley site. Ideally, our results would be confirmed
using a control cereal stubble that is free of any pathogen, but this is inherently diffi-
cult when using field collected stubble due to the widespread prevalence of F. pseu-
dograminearum in Northern NSW (Petronaitis et al. 2021). Our finding that the
colonisation of cereal stubble by different pathogens did not affect dielectric proper-
ties in the microwave frequency range may, in fact, be an advantage when it comes
to treating infected cereal stubble. The co-infection of cereal crops, for example by F.
pseudograminearum and B. sorokiniana, is common in Australia (Simpfendorfer and
McKay 2019). The presence of these two pathogens together did not appear to affect
the heating potential of cereal stubble. Given that these pathogens can be eradicated
using a similar amount of microwave energy (< 300 J g�1 in a 10ml spore suspen-
sion) the treatment for one pathogen will likely eradicate both (Petronaitis
et al. 2022).

Several other factors may also affect the dielectric properties of cereal stubble, and
therefore the ability to heat stubble using microwaves. Advanced age and weathering
of stubble, and subsequent decomposition, will likely reduce the density and probably
increase porosity. Older stubble may therefore have higher dielectric properties,
although this hypothesis should be tested experimentally. Further, temperature affects
the strength of hydrogen bonds, so higher temperatures will subsequently reduce
relaxation time (Brodie 2021). As such, temperature and other weather conditions
would need to be considered in a field setting.

Our measurement of the dielectric properties of cereal stubble across the micro-
wave frequency range demonstrates that microwaving could be an effective method of
heating cereal stubble. Efficacy would be maximised when stubble MC is in the range
of 30- to 100%, achieved in the field through timing with natural weather events (e.g.
following rainfall, dew, or fog) or via water application (e.g. irrigation or spray) to
the stubble prior to microwaving. Different treatment approaches may be required
when heating the different portions of the cereal stubble due to the reduced heating
efficacy of crown tissue predicted in our models for both dielectric constant and loss
factor. Future research is required to investigate the dielectric properties of a broader
range of crop species and varieties, also considering stubble age and other abiotic
conditions. Although field validation will be important in the future, this study sup-
ports further development of microwave application for disease control at the broad-
acre scale.
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