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Abstract
Alternatives to chemical weed control are 
currently being examined. Microwave 
heat treatment for weed seed bank con-
trol has been considered for some time. 
This study investigated the effect of mi-
crowave heating on key soil nutrients, 
pH and bacterial populations. The fi nd-
ings suggest that microwave treatment 
has little to no effect on soil nutrients and 
pH. Microwave treatment signifi cantly 
reduced soil bacterial populations by 
78% in the top 2 cm after 16 min of mi-
crowave treatment; however the soil was 
not sterilized and bacteria could regener-
ate after treatment.

Introduction
Environmental weeds pose a signifi cant 
fi nancial, social and environmental prob-
lem on a worldwide scale, and there is a 
need to develop technology capable of 
reducing weed seed banks in soil pro-
fi les. Depletion of the weed seed bank is 
critically important to overcoming yearly 
weed infestations (Kremer 1993), particu-
larly in the management of annual weed 
species. Mechanical and chemical controls 
are currently the most common methods 
employed for weed control in cropping 
systems (Batlla and Benech-Arnold 2007, 
Bebawi et al. 2007). The success of these 
methods usually depends on destroying 
the highest number of individuals during 
their seedling stage before they interfere 
with crop production and subsequently 
set further seed. These strategies must be 
employed over several years to deplete the 
weed seed bank (Burnside et al. 1986). 

Over the past 40 years, microwave 
heating has frequently been proposed 
as an alternative method of controlling 
soil-borne pests such as weed seeds, in-
sects, nematodes and pathogens (Davis 
1973, Menges and Wayland 1974, Barker 
and Craker 1991, Nelson 1996, Brodie et 
al. 2007a). In particular, microwave treat-
ment of soils as a method of weed control 
(i.e. killing the weed seed bank) has been 
proposed for some time (Nelson 2003, Be-
bawi, et al. 2007, Brodie et al. 2007b). There 
is a growing body of literature that has 
demonstrated the potential for microwave 
control of weed seed germination (Tran 
1979, Vela-Múzquiz 1984, Barker and 

Craker 1991, Vidmar 2005, Sartorato et al. 
2006, Velazquez-Marti et al. 2006, Brodie, 
et al. 2007b).

One of the main concerns with micro-
wave control of weed seed banks is the 
effect of microwave radiation on soil nu-
trients and soil biota. The objective of this 
study was to determine the effect of mi-
crowave radiation and soil depth on soil 
nitrogen (N), phosphorus (P), potassium 
(K), sulphate (SO4), pH and bacteria colo-
nies.

Method
A two-factor experiment, replicated four 
times in a completely randomized design, 
was undertaken to determine the effect of 
microwave heating on soil chemical and 
biological parameters. Factor A involved 
fi ve heating durations split by six soil 
depths. The experiment used a laboratory 
prototype microwave system with a 130 × 
43 mm pyramidal horn antenna that has 
been described in Brodie et al. (2007b). The 
heating pattern generated in the soil by 
this system (see Figure 1) has a maximum 
temperature between 2 cm and 5 cm in 
depth, depending on the soil type and 
moisture content. 

A number of 4.3 × 12.5 × 40 cm wooden 
boxes were constructed to hold the soil 
during the experiments. The boxes had 
dimensions which allowed the microwave 
antenna to fi t precisely into the top open-
ing. The purpose of the wooden box was 
to simulate a soil profi le to the 
depth of 40 cm, whilst reduc-
ing the interaction between 
microwave radiation and the 
medium surrounding the soil. 
In order to access the soil at 
different depths within the soil 
profi le, three holes were placed 
at each of the six soil depths (0, 
2.5, 5, 10, 20 and 40 cm).

The soil used in the experi-
ment originated from a farm 
in Riddells Creek, 40 km NW 
of Melbourne. The land is in 
the Mt. Macedon land sys-
tem, which is typifi ed by red 
gradational soils, with a fi ne, 
well developed subsoil. The 
A-horizon is typically very 

deep. The property is primarily a horse 
stud, although paddocks are often 
used for horse agistment. The vegeta-
tion cover is sparse, consisting of vari-
ous introduced pasture species. The 
soil was removed from depths between 
5 cm and 50 cm, was air-dried for four 
days to reduce the soil moisture content 
and passed through a 2 mm sieve to re-
move any larger aggregates. 

The soil was placed within the plywood 
box to simulate the soil profi le until lev-
el with the top of the box. The box was 
placed under the microwave antenna for 
treatment durations of 0, 2, 4, 8, and 16 
min. After the completion of the micro-
wave treatment, soil was removed from 
each of the three holes at each sample 
depth using a sterile auger, and placed 
into a clearly marked sterile vial. These 
soil samples were stored in a refrigerator 
at 4°C to minimize any effect that micro-
bial activity might have on the chemical 
characteristics of the soil. The soil samples 
were then transported in an ice-cooler to 
the soil laboratories at the University of 
Melbourne’s Parkville campus for analy-
sis. Data was analyzed using a two factor 
Analysis of Variance (ANOVA). 

Temperature determination
Temperature was not measured during the 
main experimental runs due to an over-
sight; however a follow up experiment 
was conducted to determine the tempera-
ture in air dry soil at different depths after 
different heating durations. Immediately 
following microwave treatment, the tem-
perature of the soil was determined using 
six liquid-in glass thermometers.

Soil nutrient determination
There are a number of methods used in soil 
analysis to extract nutrients from the soil, 
many of which require signifi cant time in 
laboratories. The nutrient determination 
used in this research is commonly used 
in agricultural soil analysis, where large 
numbers of soil samples are submitted 
for testing (Kuo 1996, Tabatabai 1996). For 

Figure 1. Temperature distribution generated 
by a pyramidal horn antenna in the H-plane 
(source: Brodie et al. (2007b)).
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each nutrient analyzed, a unique extract-
ant and reagent combination was required 
(see Table 1). 

The soil sample was ground until it 
had a fl our-like consistency. One gram 
of each soil sample was weighed and a 
fi xed volume of the appropriate extractant 
was added. The soil and extractant mix-
ture was placed into a mechanical shaker 
for 10 minutes. The resulting slurry was 
fi ltered into a beaker to remove the soil 
component and an appropriate reagent 
was added to the fi ltrate. The colour of 
the resulting mixture was compared to a 
colour chart with a range of known nutri-
ent values. 

pH determination
In this research a pH meter with an ac-
curacy of ±0.1 pH units was used to deter-
mine the soil pH. One gram of soil sample 
was added to 100 mL of distilled water. 
The mixture was placed in a mechanical 
shaker for 5 minutes, then left to stand for 
10 minutes to allow sedimentation. The 
pH meter was placed in the clear liquid 
above the soil sediment and the reading 
tabulated. The pH meter was calibrated in 
a standard solution following each read-
ing to ensure accuracy of results.

The pour plate technique bacterial count
A serial dilution is required in order to 
reach the desirable 30 to 300 number of bac-
teria colonies. Without a serial dilution, the 
number of bacteria colonies would be too 
numerous to count. The pour plate method 
requires the use of 1, 0.1, 0.01, or 0.001 mL 
of the sample. The diffi culty of measuring 
and working with the two smaller volumes, 
0.01 and 0.001 mL required the use of sam-
ple dilutions. These solutions are prepared 
by adding 1 mL of undiluted sample, using 
a pipet, into 99 mL of Phosphate-buffered 
saline diluent. Diluting the sample allows 
1 mL of diluted sample to be used instead 
of 0.01 mL of undiluted sample, and 0.1 
mL of diluted sample instead of 0.001 mL 
of undiluted sample. 

An agar medium was created and 
poured into a 1 litre glass container which 
was placed in an autoclave for sterilization. 
Following autoclaving, the liquid agar was 
placed in a water bath set at a temperature 
of 45°C, until used. Each soil sample was 
placed in a 160 mL dilution bottle that 
contained 100 mL of Phosphate-buffered 
saline. Four glass beads were placed into 
the dilution bottle and the lid replaced. 
The dilution bottle containing the soil 
suspension was shaken on a mechanical 
shaker for 10 minutes with the bottles in 
a horizontal position. The sample was di-
luted twice and 1 mL of the diluted sample 
was placed into a sterile Petri dish using a 
pipet. Fifteen millilitres of liquefi ed plate 
count agar was placed into the Petri dish 
by gently lifting the cover just high enough 
to pour the medium. The melted medium 

was thoroughly mixed with the sample in 
the Petri dish by rotating the dish in op-
posite directions, 10 times each direction. 
The plates were placed on a level surface 
to solidify. The plates were inverted and 
placed in a sealed plastic bag. The bags 
were placed in an incubator that had been 
preheated to 35°C. The plates were incu-
bated for 48 hours at 35°C. All colonies on 
the plates were counted with the aid of a 
Quebec Colony Counter. 

Each counted colony is known as a col-
ony forming unit (CFU), and is expressed 
as CFUs mL−1. The theory behind CFUs is 
that each viable bacterial unit grows and 
forms a colony, and is a measure for re-
porting bacterial density. In order to get a 
defi nitive bacterial estimate, the number 
of CFU mL−1 is determined by multiply-
ing the number of CFUs per plate by the 
dilution factor.

Results and discussion
Temperature response
The temperature at the surface of the 
soil rose rapidly (18°C min−1) during the 
fi rst two minutes of heating; however the 
rate of temperature increase fell to only 
2.5°C min−1 as heating time extended to 
16 min (Figure 2). The rate of heating de-
clined with depth. At 40 cm the initial rate 
of temperature rise was only 5.5°C min−1 
for the fi rst 2 min and fell to 3.1°C min−1 

as heating time extended to 16 min. The 
highest mean temperature was 140°C at 
2.5 cm depth after 16 min of microwave 
heating (Figure 2). 

Soil pH and nutrients
Results indicate that soil pH and most soil 
nutrients were unaffected by microwave 
treatment. The pH remained unchanged 
with an average of 6.0 irrespective of treat-
ment; Potassium (K) levels were constant 
with an average of 200 ppm for all treat-
ments; Nitrate (NO3) levels were consist-
ent with an average of 10 ppm for all treat-
ments; and sulphur (S) levels were con-
sistent with an average of 200 ppm for all 
treatments. However statistical analysis of 
nitrite (NO2) and phosphate (PO4) showed 
signifi cant differences between treatment 
combinations. 

Nitrite (NO2) tended to concentrate 
towards the surface of the untreated soil 
with the concentration fluctuating be-
tween 3 ppm and 4 ppm in the top 5 cm 
and dropping to 1 ppm at 40 cm (Figure 
3). However microwave treatment sig-
nifi cantly reduced nitrite concentration 
between 2.5 cm and 5 cm in depth while 
signifi cantly increasing nitrite concentra-
tion at 20 cm in depth. In the particular 
case of the 16 min microwave treatment, 
except at 20 cm, the nitrite concentration 
was low at all depths. 

Table 1. Extractant and reagent required for nutrient determination.
Nutrient Extractant Reagent
Nitrite KCl HNO3
Nitrate KCl NaOH
Potassium 0.5M NH4HCO3 HNO3
Sulphur H2O HNO3
Phosphorus 0.5M NaHCO3 HNO3

Figure 2. Soil temperature as a function of microwave treatment time and 
soil depth.
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Figure 3. Concentration of nitrite in soil as a function of microwave 
treatment time and soil depth.

Figure 4. Concentration of nitrite in soil as a function of microwave 
treatment time only.
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The average nitrite concentration across 
all soil depths as a function of microwave 
heating duration signifi cantly (P <0.05) 
increased after 2 min duration whereas it 
reduced back to its original levels of con-
centration as microwave heating contin-
ued to 4 min and beyond (Figure 4). We 
can not explain the two and four minute 
heat duration effects on nitrate concen-
tration behaviour. It may be due to either 
microwave heating or to an artefact of the 
method used to determine nitrite concen-
tration.

Microwave heating duration signifi-
cantly affected (P <0.05) soil phosphate 
concentrations (Figure 5). The average 
phosphate concentration across all soil 
depths as a function of microwave treat-
ment time, suggests that there is a signifi -
cant decline in available phosphate after 

4 min of microwave heating (Figure 6). It 
must again be noted that the concentration 
of phosphate in this soil is quite low, rang-
ing from 1.0 ppm to 4.0 ppm. This sug-
gests that the soil is defi cient in phosphate 
as the ideal range should be between 15 
ppm and 35 ppm. This low phosphate con-
centration means that although the differ-
ences between treatment averages were 
signifi cant, in a more fertile soil they may 
not have been signifi cant at all. Future re-
search will consider using soils that have 
been well fertilized so that any changes in 
nutrients due to microwave treatment will 
be more conclusive.

Bacterial populations
Microwave duration treatment signifi cant-
ly (P <0.05) reduced bacterial populations 
(by 78%) in the soil (Figure 7). Bacterial 

colonies were signifi cantly reduced with 
increases in microwave duration treat-
ments (Figure 7). This was particularly 
evident in the upper layers of the soil.

Although microwave heating signifi -
cantly reduced the number of bacterial col-
onies, it is important to note that the soil 
was not completely sterilized even after 
16 minutes of microwave treatment. Some 
bacteria are benefi cial for plant growth 
and as such it is good that the microwave 
treatment does not completely destroy the 
bacterial population. No effort was made 
during this investigation to identify the 
particular bacteria in the colonies. Any 
future research should concentrate on 
particular species of bacteria to determine 
the effect of microwave treatment on their 
populations. 

Conclusions
This research has demonstrated that mi-
crowave treatment has little to no effect on 
soil nutrient concentrations and pH. The 
only nutrients that showed any response 
to microwave treatment were nitrite and 
phosphate, both of which were present at 
very low concentrations in the soil to be-
gin with. The study has shown that micro-
wave treatment reduces bacterial popula-
tions; however the soil was not completely 
sterilized suggesting that the soil micro-
biota should recover after treatment.
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Figure 6. Concentration of phosphate in soil as a function of microwave 
treatment time only.

Figure 7. Numbers of bacterial colonies in soil as a function of microwave 
treatment time and soil depth.

Figure 5. Concentration of phosphate in soil as a function of microwave 
treatment time and soil depth.
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