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Derivation of a Cropping System Transfer Function for Weed
Management: Part 2 — Microwave Weed Management
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Abstract: System behaviour is described by transfer functions, which relate the system’s output to one or more input
parameters. This paper derives the transfer function for crop yield potential as a function of applied microwave energy for
control of weeds. The resulting transfer function reveals that microwave weed control and soil treatment can increase
normalized crop yield potential above the ideal weed free potential. It also revealed that there was an ongoing yield
advantage associated with a once off microwave soil treatment to deplete the weed seed bank.
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1. INTRODUCTION

Good weed management is based on controlling the
viable weed seed bank in the soil. A study by Chauhan
et al. [1] found that in a no-till cropping systems,
approximately 65% of the viable weed seed bank is
found in the top 1cm of soil and 90% of the viable seed
bank is in the top 5cm of soil [2]. Burnside et al. [3]
reported that viable weed seeds in the soil can be
reduced by 95% after five years of consistent herbicide
management; however, Kremer [4] pointed out that in
spite of achieving good weed control over several
years, weed infestations will recur quickly in
succeeding years if intensive weed management is
discontinued or interrupted. These efforts to deplete the
soil seed bank are also hindered by the growing list of
herbicide-resistant weed biotypes.

Herbicide resistance in many weed species is
becoming wide spread [5] and multiple herbicide
resistances in several weed species has been widely
reported [6]. Some studies have demonstrated that
competition from weeds can reduce the expected yield
of crops by between 35% and 55% [7, 8]. In time,
herbicide resistant weeds may ultimately result in more
significant yield reductions and grain contamination.

The International Agency for Research on Cancer
(IARC), which is part of the World Health Organisation
(WHO), has concluded that glyphosate is probably
carcinogenic to humans [9]. This announcement has
generated considerable debate in the media
concerning the use of herbicides. Other authors have
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also highlighted the potential hazard to human health of
exposure to herbicides and pesticides [10-15].

Interest in the effects of high frequency
electromagnetic waves on biological materials dates
back to the late 19" century [16], while interest in the
effect of high frequency waves on plant material began
in the 1920s [16]. Many of the earlier experiments on
plant material focused on the effect of radio
frequencies (RF) on seeds [16]. In many cases, short
exposure resulted in increased germination and vigour
of the emerging seedlings [17-19]; however, long
exposure usually resulted in seed and plant death
[16, 20].

Davis et al. [21, 22] were among the first to study
the lethal effect of microwave heating on seeds. They
treated seeds, with and without any soil, in a
microwave oven and showed that seed damage was
mostly influenced by a combination of seed moisture
content and the energy absorbed per seed. Other
findings from this study suggested that both the specific
mass and specific volume of the seeds were strongly
related to a seed’s susceptibilty to damage by
microwave fields [22]. These finding may be associated
with the radar cross section [23] of the seeds, with
larger seeds intercepting more microwave energy.

In a theoretical argument, based on the dielectric
and density properties of seeds and soils, Nelson [24]
demonstrated that using microwaves to selectively heat
seeds in the soil “cannot be expected.” He concluded
that seed susceptibility to damage from microwave
treatment is a purely thermal effect, resulting from soil
heating and thermal conduction into the seeds.
Nelson’s final conclusion was that microwave soil
treatment was unviable because of its high energy
requirements; however these studies ignored the
effects of herbicide resistant weeds on crop yields.
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This paper presents a theoretical model for crop
yield potential, as a function of microwave treatment
energy, based on previous research into the effect of
microwave treatment on weed plants, weed seeds, and
the growth and yield of crops that have been grown in
microwave treated soil.

2. MICROWAVE WEED CONTROL

Extensive experiments, which have been reported
elsewhere [25], have shown that microwave treatment
using a 2kW, continuous wave, 2.45GHz industrial
microwave source and a pyramidal horn antenna with
an aperture of 110mm by 55mm (Figure 1), at a range
of 18cm from the soil surface, resulted in 100%
mortality of broad-leafed plants after 4 to 5 seconds of
treatment. Earlier experiments using a modified
domestic microwave oven (Figure 2) with a measured

Figure 1: Trailer mounted four by 2kW microwave system to
treat weeds and soil.

Figure 2: Modified microwave oven with a waveguide and
horn antenna arrangement to treat weeds and soil
[Source: 20].

average output power of 163W [26] resulted in 100%
mortality of prickly paddy melon (Cucumis myriocarpus)
[27] and fleabane (Conyza bonariensis) [28] within
about 20 seconds of treatment.

A recently completed pot trial [29], which treated
annual ryegrass (Lolium rigidum) seedlings using the
2kW trailer mounted system, achieved only 85% to
90% ryegrass plant mortality after 5 seconds of
treatment. It is unclear why the mortality rate was not
higher; however it is noted that the shoot apical
meristem of grasses is located at the base of the plant
[30] as opposed to the tips of the plant as in broad-
leafed species. This may influence the susceptibility of
grasses to microwave treatment.

It was assumed that the susceptibility of weeds and
their seeds to microwave damage has a normally

distributed frequency distribution
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In the case of plant experiments, the data was fitted
to a dose response curve of the form:

S=a.erfe[b(y—c)] (1)

Where S = the survival rate for plants (a normalised
fraction of the test population); and a, b, and c are
constants to be experimentally determined for each
species.

From these curves it is possible to estimate the LDsg
for each weed species based on:
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Data from earlier experiments [27, 28] with fleabane
(Conyza bonariensis) reveals that a simple model can
describe the survival response (Figure 3):

Survival = 0.49erfc[ 0.049 (¥ — 67.97)] (3)
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Figure 3: Combined fleabane survival response as a function
of applied microwave energy [Data from: 27, 28].
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Figure 4: Annual ryegrass survival response as a function of
applied microwave energy [Data from: 25, 29].

Data from Hollins’ recent experiment [29], in which
she treated annual ryegrass plants using the 2kW
microwave system, has been regressed against the
estimated energy density (Figure 4) to reveal that a

double logistic function can be used to model the
response:

Survival = 0.61- erfc[0.013(¥ - 0.0) |

(4)
+0.16- erfc[ 0.013(W - 383.0) ]

Microwave treatment of ryegrass seeds in the top 2cm
of soil is also effective; however the amount of time
(and therefore energy) required is much higher than for
growing plants [26, 31]. It is noted that seeds in moist
soil are much more susceptible to microwave treatment
[26, 31] than seeds in dry soil. The survival of ryegrass
seeds in dry soil, exposed to microwave energy, can be
described by:

Survival = 0 31erfe [0.046 (e 0074, 2000)] (5)

While for moist seeds in moist soil (Figure 5) the
relationship is:

Survival = 0.42erfe [0.01(%”‘089": ~561 3)} (6)
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Figure 5: Ryegrass survival response as a function of
applied microwave energy [Data from: 25].

(b)
Figure 6: Comparison of wheat and canola plant growth as a function of microwave treatment energy: (a) wheat and (b) canola
(Note: In each image, control on the left though to highest microwave treatment on the right).
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(b)

Figure 7: Comparison of (a) potted rice plant growth as a function of microwave soil treatment energy (Control on the left and
highest microwave treatment on the right) and (b) sub-sampled rice plants (highest microwave treated soil on left and control

on right).

3. EFFECT OF MICROWAVE SOIL TREATMENT ON
SUBSEQUENT CROP GROWTH AND YIELD

It has also been demonstrated elsewhere [32] that
plant maturation rate, plant height (Figure 6), plant/tiller
density (Figure 7), and mean yield (Figure 8 and
Table 1) all increased significantly in response to the
level of applied microwave energy. As an example, the
relationship between rice yield and applied microwave
energy can be described by:

Y =Y, {1.29+0.29-erf [0.0067 (¥ - 284.6) ]} (7)

Where Y, is the mean yield of hand weeded control
pots.

4. DERIVATION OF CROP SYSTEM TRANSFER
FUNCTION FOR MICROWAVE WEED
MANAGEMENT

As pointed out in a previous paper [33], equation (8)
approximates the crop yield potential in response to
weed infestation and herbicide application. This model

2 ‘ ; ;
3 © Yield Data o
S
€ ——Dose Response Curve o
o
o
2.l
s o
(]
2 o
©
£ 8
S
o
z
<
K/
] ©
>
S °
14

05 s . . s ‘

0 100 200 300 400 500 600

Microwave Energy (J cm'z)

Figure 8: Normalised mean rice yield per pot as a function of
applied microwave energy (Error bars represent Least
Significant Differences P = 0.05).

also attempts to account for herbicide resistance within
the weed population and the potential toxicity of the
herbicide to the crop itself.

Table 1: Effect of Microwave Soil Treatment on Crop Yield and Maturation Rate (Source for Wheat and Canola
Data: [32])
Microwave Treatment Un-Weeded | Hand Weeded _ Change from
(Jem?) Control Control 168 384 576 LSD (P =0.05) Control
Canola Dry Pod Yield (g pot™) 0.27° 0.56° 0.36° 1.25° 1.95° 0.55 550%
Days to Flowering - Canola 71.4° 67.6™ 70.2° 63.2° 61° 7.1 14.6%
Wheat Dry Grain Yield (g pot™) 0.66° 0.67° 0.68° 0.75° 1.25° 0.30 90%
Rice Dry Grain Yield (g pot™) 40.00° 41.3° 43.25° 59.00% 64.00° 18.90 60%

Note: entries with different superscripts across the rows are statistically different from one another (Also note: pots used in rice experiment were larger than for other

crops — hence higher yield per pot.).



Derivation of a Cropping System Transfer Function

Global Journal of Agricultural Innovation, Research & Development, 2016, Vol. 3, No. 1 5

1—
I[W(1-N-D,)-E,+1, |

[(1=poe )™ e ]

1=,

et l+e_[ d ) [1+p0(eSg—1)j|

(8)

1000 1. [W(1-N-D,)~E, +1,]

[(1 —pOeSg)e_/lH +poeSg]

A

+
w

| +aH? - bH |
Where | is the percentage vyield loss as the weed
density tends towards zero (= 0.38 [34]), W is the
viable seed bank, N is the natural death rate for the
whole population (Note: this is expressed as a fraction
of the initial seed bank population W,), D, is a fraction
of the seed population developing dormancy (Note: this
is expressed as a fraction of the initial seed bank
population W,, E,, is the seed emigration out of the
area of interest, |, is the seed immigration into the area
of interest, p, is the initial portion of the weed
population that is resistant to herbicides, s is the
selection pressure for herbicide resistance in the
system, g is the number of weed generations in the
study period, c is the rate at which | approaches zero
as time approaches «~(= 0.017 [34]), t is the time
difference between crop emergence and weed
emergence, t, is the time for 50% germination of the
viable seed bank, d is the slope of the seed bank
recruitment curve at to, A is the efficacy of the herbicide
killing action, H is the herbicide dose, and Aw is the
percentage vyield loss as weed density approaches
oo (= 38.0 [34]).

Weed competition in any season depends on the
recruitment rate from the viable weed seed bank. The
weed seed bank at the start of any cropping cycle, in
simplified terms, can be understood as the sum of the
dormant seed bank and the seed set from survivors of
the previous season’s weed management strategies;
therefore an iterative approach to weed studies must
be adopted [35, 36]. This can be approximated by:

[ N;_ 1+Db) Em+[m:|

|:(1_poeS(g ) A +poesgi7| j|‘Ss
&
I+e * ¢

Where S; is the viable seed set from the surviving
weed population, i is the counter for the current
season, i—1 indicates the previous season, and D, is
the fraction of the seed population from previous
seasons breaking dormancy (Note: this is expressed as
a fraction of the initial seed bank population W,).

+D,W;_ 9)

Selection pressure for genetic traits depends on the
initial efficacy of the herbicide to remove susceptible
individuals from the population, leaving only the
resistant individuals to reproduce. The adoption of a
single herbicide over a long period of time sustains this
selection pressure. Assuming an initially small resistant
population (p, = ‘I><‘IO'8), an average seed set of 700
seeds per weed plant, a slightly positive selection
coefficient of 0.0001 for herbicide resistance [37], and
other key herbicide data published by Bosni¢ and
Swanton [34] and Yin et al. [38], equations (8) and (9)
predict the same 15 year period to develop herbicide
resistance as predicted by Thorn by and Walker [39].
Herbicide rotations can forestall the development of a
resistant population; however several weed species
have developed resistance to multiple herbicide
groups [6].

Using the same basic derivation, that was used to
develop the herbicide transfer function response in
equation (8), but substituting parameterised versions of
the microwave weed response indicated by equations
(3) to (7) instead of the herbicide efficacy components
of equation (8), provides the relationship between crop
yield potential and applied microwave energy:

I[W(1-N-D,)-E, +1,]

{a-erfc[b(‘l‘—g)} }
+e~erfc[f(‘l’—k)]
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Table 2: Summary of Experimentally Derived Coefficients for Microwave Weed Management Using a Horn Antenna
Applicator for Different Weed Species to be Use in Equation (10) (Source of Data: [25, 27-29, 40])

Coefficients

Species R’ LDso,

a b g e f k (Jem™)
Annual Ryegrass (Lolium rigidum) 0.61 0.013 0 0.16 0.013 383 0.73 63
Barley Grass (Hordeum vulgare) 0.517 0.005 242.7 0 0.97 249
Barnyard Grass (Echinochloa crus-galli) 0.792 0.005 48.09 0 0.98 116
Brome Grass (Bromus spp.) 0.495 0.006 282.1 0 0.98 281
Fleabane (Conyza bonariensis) 0.528 0.019 71.97 0 0.97 74
Marshmallow (Malva parviflora) 0.553 0.006 176 0 0.98 190
Paddy Mellon (Cucumis myriocarpus) 0.5 0.12 64.49 0 0.83 64
Wild Oats (Avena sativ) 0.51 0.009 164.3 0 0.98 166
Wild Radish (Raphanus raphanistrum) 0.52 0.009 149.1 0 0.91 152

Where a, b, g, e, f, and k are constants from equations
(1) to (4), which have all been experimentally
determined for different weed species (Table 2). The
parameters |, m, n and q are associated with the yield
response described in equation (7).

Differentiating equation (10) with respect to ¥
determines the sensitivity of crop yield to microwave
weed treatments:
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5. METHOD

Equations (8) to (11) were coded into a simple
cropping system model using the MatLab (version
2015b) software platform. Using data published by
Bosni¢ and Swanton [34] and Yin et al. [38] for some of
the crop and weed parameters and assuming: an

average seed set of 700 seeds per weed plant; and a
seed mortality rate of 10% each year, the system
transfer function was used to analyse crop yield
potential as a function of applied microwave energy.
The parameters for microwave treatment are taken
from equations (4), (6), and (7).

One possible scenario for using microwave energy
in a broad acre cropping system is as a once off
microwave soil treatment to deplete the weed seed
bank, followed by a resumption of herbicide weed
control. This can be modelled using equations (8) and
(9), but assuming different numbers of weed seeds at
the start of the time based analysis. It has been shown
that microwave soil treatment can destroy seeds in the
top 5¢cm of soil [25, 31]. It is also apparent that 90% of
the viable weed seed bank in zero-till systems can be
found in the top 5cm of soil [2]; therefore the impact of
a once off microwave soil treatment can be estimated
by comparing the time based crop response from a
conventional herbicide regime with another analysis
with an initial seed bank population of 10% of the
original analysis.

6. RESULTS AND DISCUSSION

Figure 9 shows the potential crop yield response to
microwave-based weed control, as a function of
applied microwave energy. This model implies that an
improvement in normalised crop yield potential, above
unity, may be possible, due to the enhanced crop yield
in microwave treated soil. It is also important to
understand that microwave soil treatment has the
potential to deactivate the dormant weed seed bank in
the upper layers of soil. It is unclear how the depletion
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of the soil seed bank may affect the longer term
potential of microwave weed control. Residual
chemicals can provide some seedbank depletion;
however chemical soil treatment often requires a delay
before the treated site can be accessed or used. Unlike
residual chemical options, microwave soil treatment is
a purely thermal effect [24], therefore the treated site is
accessible as soon as the soil cools.

The mathematical system transfer function
presented in this paper is useful for assessing the
potential of using microwave weed management
strategies as a tool for managing herbicide resistant
weed populations.

N

Rate of Change of Crop Yield

Normalised Crop Yield

o
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Applied Energy (J cm'z)

Figure 9: Relative rice crop yield as a function of applied
microwave energy, based on the derived microwave
response model in equations (10) and (11).

Figure 10 shows the 15 year crop response (i.e. 15
annual generations of weeds) to ongoing herbicide

10°
4

Relative Crop Yield
Viable Weed Seed Bank (Seeds m)

Number of Generations

Figure 10: Modelling the generational impact of herbicide
resistant weeds on potential crop yield under continuous
herbicide weed management, based on equations (8)
and (9).

weed management, assuming an initial weed seed
bank density of 500seeds m? an initially small
resistant population (p, = 1 x 10'8), an average seed
set of 700seeds per weed plant, a slightly positive
selection coefficient of 0.0001 for herbicide resistance
[37], and other key herbicide data published by Bosni¢
and Swanton [34] and Yin et al. [38]. Figure 11 shows
the 15 year crop response to the same ongoing
herbicide weed management, except that the initial
weed seed bank density is reduced to 50 seeds m? to
account for a once off microwave soil treatment. The
difference in crop yield potential and soil seed bank
growth is shown in Figure 12.
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Figure 11: Modelling the generational impact of herbicide
resistant weeds on potential crop yield assuming a 90%
depletion of the weed seed bank by a once off microwave soil
treatment.
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Figure 12: Difference in crop yield potential and cumulative
soil seed bank between the scenarios depicted in Figures 10
and 11.
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The cumulative yield advantage over the 15 year
simulation, offered by a once off microwave soil
treatment to deplete the weed seed bank, is equivalent
to 1.5 full crops. When this is coupled with the 55%
increase in crop yield potential (See Figures 8 and 9) in
a single season due to microwave soil treatment, the
full advantage of a once off microwave soil treatment in
a cropping system may be equivalent to 2.05 additional
crops. Another advantage of depleting the initial soil
weed seed bank is that the seed bank grows at a
significantly slower rate than would otherwise occur.

It is also apparent from Figure 12 that the crop yield
advantage has a limited life time and that after 15 years
the difference in crop yield potential begins to decline.
This suggests that a periodic application of microwave
soil treatment to “restart” the conventional herbicide
strategy may be a viable option.

For low yielding, low value crops, the expenditure
needed to treat the soil with microwave energy may not
be justified; however for higher yielding, high value
horticultural or rice crops, this expenditure may be
more than balanced by the additional value derived by
the yield advantage provided by a once off microwave
treatment.

All modelling exercises are only indicative. The true
value of microwave weed and soil treatment, if there is
one, will only become evident as field experience with
the technology over many years is gained; however
these models provide motivation to develop the
technology to the point where field experience can be
gained.

CONCLUSION

This paper has developed a cropping system
transfer function relating microwave application energy
to potential crop yield. The resulting transfer function
reveals the microwave weed and soil treatment has the
potential to increase normalised crop yield potential
above unity, resulting in significant increases in
production potential. It also suggests that a once off
microwave soil treatment to deplete the weed seed
bank may offer long term yield advantages under
conventional herbicide weed management scenarios.
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