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Abstract

BACKGROUND: Since the introduction of herbicide-tolerant varieties of canola (Brassica napus L.) in 1993, global plantings
have increased resulting in an increased incidence of Sclerotinia sclerotiorum (Lib.) de Bary infections. Developments in narrow
windrow burning techniques to destroy the seed of multiple herbicide-resistant weeds provide an opportunity to also intercept
and heat-treat the S. sclerotiorum inoculum source, termed sclerotia, before it re-enters the soil to infect susceptible crop species
in successive years.

RESULTS: Preliminary kiln studies determined that a temperature of 264 ∘C for 10 s was needed to destroy S. sclerotiorum
sclerotia viability (LT99) of sclerotia < 3 mm in diameter, whereas temperatures of 353 and 362 ∘C for the same duration were
required to kill sclerotia (LT99) of 3–4 and > 4 mm in diameter respectively. In the field, temperatures > 500 ∘C were maintained
in the centre of burning narrow windrows of canola residue for > 450 s and 300 ∘C was maintained consistently at either edge of
the windrows for the same duration. The temperatures achieved when burning canola narrow windrows were sufficient to kill
all sclerotia concentrated into the narrow windrow.

CONCLUSION: As a technique, narrow windrow burning of canola residue provides the temperature and temperature durations
required to kill S. sclerotiorum sclerotia, thus providing a non-fungicidal control option as part of a wider integrated disease
management approach.
© 2018 Society of Chemical Industry

Supporting information may be found in the online version of this article.
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1 INTRODUCTION
In Australia, canola (Brassica napus L.) is a profitable dicotyle-
donous oil-seed crop that provides weed and disease breaks
within cereal-dominated farming systems.1 A major threat to
canola production are disease epidemics caused by the fungal
pathogen Sclerotinia sclerotiorum (Lib.) de Bary.2,3 Sclerotinia scle-
rotiorum is a cosmopolitan fungal pathogen, causing sclerotinia
stem rot (SSR) disease that has a negative impact on canola yields
and reduces seed quality,4,5 costing the Australian agricultural
industry in excess of AU$42 million annually.6 Currently, there are
few non-fungicidal tools to prevent SSR. With the intensification of
canola plantings in Australia,1,7 S. sclerotiorum inoculum has accu-
mulated in the soil, resulting in an increased incidence and sever-
ity of SSR epidemics, placing increasing selection pressure on the
already limited fungicide control options.

With no genetic resistance to S. sclerotiorum in current canola
cultivars, SSR management is limited to fungicide applications
and extended periods of planting non-host species.2,8 However,
fungicide applications are expensive and reactionary, as SSR out-
breaks are difficult to predict.9 Furthermore, because S. sclerotio-
rum inoculum can persist within the soil for up to 7 years and infect

over 400 plant species,10 extended periods of planting non-host
species is likely to be ineffective,11 therefore supporting the need
to develop novel techniques that prevent the release of SSR
inoculum.

Sclerotinia sclerotiorum is an Ascomycetes fungus belonging to
the Sclerotiniaceae family.12 A characteristic shared by all Sclero-
tiniaceae is the formation of melanized aggregates, termed sclero-
tia, towards the completion of the fungal lifecycle.4 These sclerotia
form within the central stem of SSR-infected canola plants, enter-
ing the soil upon residue breakdown.9 As the inoculum source for
subsequent SSR infections, sclerotia act as protective structures
against adverse environmental conditions during dormancy, until
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favourable conditions stimulate apothecial growth and S. sclerotio-
rum spore release.2,12

In order to control multiple herbicide-resistant weed biotypes,
agroecologists have developed numerous techniques that inter-
cept and kill weed seeds before they enter the soil [collectively
termed harvest weed seed control (HWSC)].13 Of all HWSC tech-
niques, narrow windrow burning is the most widely adopted in
Australia, requiring growers to capture weed seeds mechanically
at harvest and concentrate them into a narrow windrow, 0.7–1 m
wide, at the rear of the harvester with the chaff fraction.13–16 In
the following autumn, these narrow windrows are burnt, achieving
sufficient temperatures for sufficient length of time to kill the inter-
cepted weed seeds.13,17 Like weed seeds, S. sclerotiorum sclerotia
are commonly found as contaminants in harvested canola seed,
indicating that sclerotia located above a harvest cutting height
are intercepted during grain harvest.18 It is therefore plausible that
narrow windrow burning of canola residue could decrease S. scle-
rotiorum inoculum, reducing the incidence and severity of subse-
quent SSR infections.

Burning crop residue has long been considered to be effective in
reducing disease inoculum in cereal crops.19,20 However, due to the
sparseness of standing canola residue the ability to burn canola
residue is limited, resulting in inadequate temperatures and tem-
perature durations required to kill S. sclerotiorum sclerotia.21 Meth-
ods to increase residue loads such as residue raking have been
assessed; however, these techniques can be ineffective as sclero-
tia become dislodged and enter the soil when canola residue is
disturbed.22 By concentrating fuel loads into a narrow windrow at
harvest, higher temperatures and temperature durations can be
achieved.17 However, to date, no studies have defined the tem-
perature and temperature durations required to kill S. sclerotiorum
sclerotia.

A series of experiments was conducted to detail the tempera-
tures and temperature durations required to kill S. sclerotiorum
sclerotia to ascertain the effectiveness of the narrow windrow
burning technique in controlling S. sclerotiorum sclerotia in the
field.

2 MATERIALS AND METHODS
2.1 Kiln experiment
2.1.1 S. sclerotiorum sclerotia collection
In 2016, a sample of S. sclerotiorum sclerotia were collected from
SSR-infected canola plants grown at Curtin University, Perth,
Western Australia (32.01∘S, 115.89∘E). The locality and host of the
original S. sclerotiorum isolates were: Geraldton (canola, 2014),
Eneabba [lupin (Lupinus angustifolius L.), 2013], Mount Barker
(canola, 2014) and South Stirling (canola, 2014) in the grain belt
of Western Australia. Based on intergenic spacer sequencing (IGS),
these S. sclerotiorum isolates were comprised of haplotypes IGS3,
IGS5 and IGS7.23 Upon canola senescence, mature sclerotia were
collected from canola stalks and sieved (CMT Equipment, Tweed
Heads, NSW, Australia) into three size fractions (<3, 3–4 and
>4 mm) (Fig. 1).

2.1.2 Kiln treatments
A kiln experiment was conducted to establish the temperature
by duration required for S. sclerotiorum sclerotia to lose viability
using a retrofitted and calibrated gas chromatograph kiln (model
HP 5890A) (Fig. S1A). Gas chromatographs are commonly used
to separate chemical compounds as they can instantaneously
heat and accurately maintain set thermal temperatures.24 Ten kiln

Figure 1. Sclerotinia sclerotiorum sclerotia size fractions used in this study
(< 3, 3–4 and > 4 mm).

temperatures (50, 100, 125, 150, 175, 200, 250, 300, 350 and 400 ∘C)
by four durations (10, 20, 40 and 80 s) were investigated. Each treat-
ment was compared with an ambient (25 ∘C) control. All sclerotia
were surface sterilized (4 min in 4% sodium hypochlorite, 4 min
in 10% ethanol, rinsed twice for 2 min in sterile Milli-Q H2O) and
left to dry on sterile tissue paper in a laminar flow before being
transferred to sterile Petri dishes and sealed with parafilm. Prior
to heat treatment, the chromatograph kiln was pre-heated and
maintained at each set temperature for 5 min. Under aseptic con-
ditions, sclerotia were transferred into a flame sterilized stainless
steel (316 grade) insect screen (0.3 mm diameter) sachet (Fig. S1B),
before being hung immediately in the pre-heated chromatograph
kiln and subjected to each temperature for the required duration.
Immediately following heat treatment, the insect screen sachet
was removed and sclerotia were placed into a sterile Petri dish and
sealed with parafilm to ensure sterility. Each temperature by dura-
tion treatment was replicated three times using six sclerotia (n = 6).
Each temperature by duration treatment was repeated for all scle-
rotia size fractions (Fig. 1). Following heat treatment, sclerotia were
stored at ambient temperature (25 ∘C) for 24 h before plating.

2.1.3 Plating and incubation of heat-treated sclerotia
Under sterile conditions, each heat-treated sclerotia was dissected
in half before being plated on a Petri dish containing autoclaved
water agar (15 g L−1 agar, pH 6, antibiotic ampicillin 1000 μL L−1

and streptomycin 250 μL L−1). Following plating, Petri dishes were
sealed immediately with parafilm and incubated at 22 ± 2 ∘C
under a 12 : 12 h day/night photoperiod.21 Twenty days after plat-
ing, sclerotia survival was assessed. Sclerotia were considered to
have survived heat treatment if there was S. sclerotiorum mycelial
growth radiating from the sclerotia segment. In order to verify
that the mycelia growth was S. sclerotiorum, mycelium were sub-
cultured for identification alongside a known S. sclerotiorum iso-
late (haplotype IGS3). Samples were subcultured by sectioning a
5 mm mycelium plug from the leading edge of each fungal colony.
Mycelium plugs were transferred to Petri dishes containing auto-
claved V8 PDA media (150 mL L−1 V8 Juice, 10 g L−1 agar, pH 6,
antibiotic ampicillin 1000 μL L−1 and streptomycin 250 μL L−121)
and incubated at 22 ± 2 ∘C under a 12 : 12 h day/night photope-
riod for 10 days.21 Following the incubation period, mycelia were
confirmed as S. sclerotiorum by the formation of new sclerotia
alongside known S. sclerotiorum isolates.

2.2 Burning of canola narrow windrow and standing residue
2.2.1 Trial design
Investigations into the effect of burning canola narrow windrows
and standing canola residue on the viability of S. sclerotiorum
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sclerotia were conducted in Wubin, Western Australia (30.07∘S,
116.62∘E) in 2015. Residue treatments were arranged in a random-
ized block design consisting of four replicates for each burning
treatment. Each plot was established using a 12-m wide con-
ventional combine harvester over a length of 80 m. All plots
were harvested at a cutting height of 15 cm, with the narrow
windrow treatment having all the harvested residue concentrated
into a narrow windrow [0.8 m wide; = 43 t ha−1 (SE ± 0.3)], with
the standing residue treatment having all the canola residue
spread the full width of the harvested plot [12 m; = 7.4 t ha−1

(SE ± 0.2)].

2.2.2 Temperature by duration of canola narrow windrow
and standing residue burns
Burning of the residue treatments was conducted in May 2016.
Temperatures were recorded using high-temperature (type K)
thermocouples (composed of Ni Cu/Ni Al) (KD Instruments, Perth,
Australia) inserted into the narrow canola windrows, 1 cm above
the soil surface at four locations: (1) in the centre of the windrow,
(2) 5 cm in from the left edge of the windrow, (3) 5 cm in from
the right edge of the windrow and (4) 5 cm outside the windrow.
Immediately prior to each burn, weather observations [air tem-
perature (∘C), wind (km h−1) and humidity (% RH)] were recorded
using a WindMate-350™ handheld weather station (Speedtech
Instruments, Sterling, VA, USA). Each windrow was ignited 5 m
downwind of the thermocouple and allowed to burn backward
into the wind to ensure even fire progression past the record-
ing thermocouples.17 Temperatures were recorded at 1 s intervals
using a four-channel data logging thermometer (Centre 309 data
logger, Centre Technology Corp., New Taipei, Taiwan) (Fig. S2). For
the standing residue treatment, four replicate thermocouples were
positioned 1 cm above the soil surface over undisturbed canola
residue. Plots were ignited 15 m downwind of the thermocouple
to ensure even fire progression; however, due to sparseness of
the residue there was poor fire progression, therefore temperature
by duration data could not be recorded in the standing residue
treatments.

2.2.3 Burning of S. sclerotiorum sclerotia within canola narrow
windrows
In order to assess the effectiveness that residue burning treat-
ments had on sclerotia viability, sclerotia were placed within each
burning treatment. Sclerotia were tested both as freely packed
sclerotia (representing sclerotia dislodged from canola stems dur-
ing the harvesting process) and sclerotia enclosed within canola
stems. For freely packed sclerotia, nine sclerotia (> 4 mm) were
placed loosely within three single-layer sachets (n = 9) of Cyclone™
Bronze insect screen wire (Cyclone Australia, Doncaster, VIC,
Australia). For stem-enclosed sclerotia, nine sclerotia (> 4 mm)
were inserted into the cavity of three 15 cm lengths of canola
stalks (n = 9) and enclosed in Cyclone™ insect screen wire as
described previously (Fig. S3). Insect screen sachets contain-
ing viable sclerotia were placed at 30-cm intervals, 1 cm above
the ground. Following the burning of each treatment, insect
screen sachets were placed into a sealed plastic bag to limit
contamination. Sclerotia samples were sectioned under sterile
conditions, plated on autoclaved water agar (15 g L−1 agar, pH 6,
antibiotic ampicillin 1000 μL L−1 and streptomycin 250 μL L−1) and
incubated as described previously.21 Twenty days after plating,
sclerotia survival was assessed and compared against the known
S. sclerotiorum isolate (haplotype IGS3) as described previously.

Figure 2. Temperature response curves for pooled Sclerotinia sclerotiorum
sclerotia size fractions. Plotted lines are predicted percent survival curves
using the three-parameter log logistic model (Eqn 1) for temperature
exposure durations of 10 s ( ), 20 s ( ), 40 s ( ) and 80 s ( ).
Vertical bars represent 1 ± SE of the mean. Horizontal lines ( ) indicated
the LT50 and LT90 for sclerotia survival.

2.2.4 Effect of narrow windrow burning on buried sclerotia
To quantify the effectiveness of narrow windrow burning in con-
trolling buried sclerotia, temperatures 1 cm below the soil surface
were recorded. Using a single windrow burn, three replicate ther-
mocouples buried 1 cm below the soil surface were compared
with one thermocouple placed in the centre of the windrow 1 cm
above the soil surface. Temperatures and durations were recorded
as described previously.

2.3 Data analysis
Sclerotinia sclerotiorum sclerotia survival was analysed assuming
a binomial distribution using non-linear regression analyses with
the DRC package in R 3.3.0 (R Development Core Team 2011;
http://www.R-project.org).25,26 Sclerotia survival were fitted to a
three-parameter log-logistic model:

Y = a

1 + exp
[

b (log x − log e)
] (1)

where; Y denotes sclerotia survival (%) in response to tempera-
ture x, a is the upper asymptotic value of Y , and b is the slope of
the curve around e, e is the temperature that causes 50% sclerotia
mortality (LT50). The survival response of each sclerotia size frac-
tion (<3, 3–4 and > 4 mm) to temperature duration (10, 20, 40,
80 s) was presented as a temperature duration index (TDI) which
is a ratio between the estimated LT50 parameters. The statistical
difference in estimated LT50 values of each temperature duration
was assessed by using the selectivity index (SI) function in the DRC
package of the R statistical software R 2.11.1, to determine if the
ratios between LT50 values were significantly different (P < 0.05).
Sclerotia survival data and pooled burning canola residue tem-
perature data for the four windrow burn treatments were plot-
ted using SigmaPlot Version 13 (Systat Software Inc., San Jose,
CA, USA).

3 RESULTS
3.1 Kiln study
Temperature by duration response screening of pooled sclerotia
size fractions (< 3, 3–4 and > 4 mm) using a retrofitted gas chro-
matograph kiln found that full sclerotia mortality was achieved at a
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Figure 3. Sclerotinia sclerotiorum sclerotia temperature response curves at three size fractions for time durations of (A) 10 s, (B) 20 s, (C) 40 s and (D) 80 s.
Sclerotia survival means and predicted survival curves were calculated using the three-parameter log logistic model (Eqn 1). Survival means are identified
for sclerotia sizes of < 3 mm ( ), 3–4 mm ( ) and >4 mm ( ). Vertical bars represent 1 ± SE of the mean. Horizontal lines ( ) indicated the LT50
and LT90 for sclerotia survival.

population level when exposed to 362 ∘C (LT99) for 10 s, with longer
exposure periods required as the temperature declined (Fig. 2).
Sclerotia size affected the temperature required to achieve full
sclerotia mortality, with smaller diameter sclerotia requiring lower
temperatures for similar durations. This was demonstrated with full
sclerotia mortality being achieved in the < 3 mm diameter frac-
tion when exposed to 264 ∘C (LT99) for 10 s whereas the 3–4 and
> 4 mm diameter fractions required 353 and 362 ∘C (LT99) for 10 s
respectively (Fig. 3A).

Although full mortality was achieved in the pooled population
at 362 ∘C for 10 s, increasing the duration decreased the mini-
mum temperature required for mortality. At a population level,
increasing the duration from 10 to 80 s decreased the LT50 temper-
ature from 209 ∘C (SE ± 6.7) to 128 ∘C (± 1.3) respectively (P < 0.01)
(Table 1D; Fig. 2). Increasing the duration also increased the rate
of sclerotia mortality, more than doubling the slope of the curve
around the LT50 parameter from a gradient of 6.56 (± 1.15) (10 s) to
14.7 (± 2.31) (80 s) respectively (Table 1D; Fig. 2).

The predicted temperature by duration required to kill 50% of
the sclerotia population (LT50) differed by sclerotia diameter with
the greatest difference in the required temperature being at the
shortest duration of 10 s. At the population level, the < 3 mm
diameter sclerotia required 164 ∘C (SE ± 1.62) (LT50) for 10 s,
increasing to 222 ∘C (± 4.56) (LT50) and 253 ∘C (± 3.52) (LT50) for

the 3–4 mm and > 4 mm diameter sclerotia respectively (Fig. 3A;
Table 1A–D). Conversely, as temperatures were maintained for
longer durations, the temperature required to achieve mortality
decreased for all sclerotia diameters. This is demonstrated by
the < 3 mm diameter sclerotia size requiring a temperature 46 ∘C
lower to achieve 50% mortality (LT50) when the duration was
increased from 10 to 80 s. Similarly, the 3–4 and > 4 mm diameter
size fraction required 89 ∘C (LT50) and 118 ∘C (LT50) lower temper-
atures respectfully when the duration was increased from 10 to
80 s (Table 1A–D) (Fig S4).

3.2 Field assessment
Temperatures measured (1 cm above the soil surface) while burn-
ing canola narrow windrows produced enough heat for a duration
sufficient to achieve full mortality in both the freely dispersed
and canola stem-enclosed S. sclerotiorum sclerotia (> 4 mm in
diameter) (Fig. S5). By contrast, following the burning of standing
canola treatments, all sclerotia remained viable. Because of the
sparseness of residue in the standing canola treatments, fire pro-
gression was incomplete and therefore temperature by duration
profiles could not be accurately recorded. The concentration
of canola residues into narrow windrows resulted in a 5.8-fold
increase in canola biomass per unit area compared with the
standing residue treatment in this study. This increase in biomass
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Table 1. Parameter estimates following non-linear regression for
temperature and temperature duration effects on the survival of Scle-
rotinia sclerotiorum sclerotia size fractions (A) < 3 mm, (B) 3–4 mm,
(C) > 4 mm and (D) pooled size fractions to calculate 50% sclerotia
mortality (LT50), temperature duration index (TDI) and probability val-
ues (P value) comparing temperature durations for each size fraction.
a is the upper asymptotic value of Y , b is the slope of the curve around
e and e is the temperature that causes 50% sclerotia mortality (LT50)
(Eqn 1). Numbers within parentheses indicate 1 ± SE from the param-
eter estimate

Heat
treatment
duration (s) a b e (LT50) (∘C) TDI

P
value†

A
10 97.28 (1.84) 16.12 (1.91) 164 (1.62) – –
20 95.97 (4.87) 8.62 (2.29) 128 (4.71) 0.78 <0.01*
40 97.97 (4.84) 8.68 (1.90) 119 (3.76) 0.72 <0.01*
80 99.82 (1.71) 17.52 (2.65) 118 (1.25) 0.71 <0.01*
B
10 100.73 (2.42) 7.86 (1.04) 222 (4.56) – –
20 100.16 (1.70) 17.76 (2.36) 175 (1.23) 0.78 <0.01*
40 100.34 (1.83) 12.21 (1.34) 149 (1.49) 0.67 <0.01*
80 97.03 (2.31) 18.95 (2.82) 133 (1.66) 0.59 <0.01*
C
10 99.27 (1.98) 11.41 (1.72) 253 (3.52) – –
20 98.10 (3.77) 6.44 (1.11) 198 (6.11) 0.78 <0.01*
40 96.26 (2.81) 15.55 (2.82) 164 (2.53) 0.64 <0.01*
80 98.49 (2.33) 15.78 (2.08) 135 (1.69) 0.53 <0.01*
D
10 98.59 (3.31) 6.56 (1.15) 209 (6.70) – –
20 99.11 (4.54) 5.17 (1.03) 159 (6.73) 0.78 <0.01*
40 97.69 (3.39) 9.02 (1.46) 144 (3.16) 0.68 <0.01*
80 98.04 (2.15) 14.70 (2.31) 128 (1.34) 0.61 <0.01*

*Significant at P < 0.05.
†LT50 P-value comparing heat treatment durations (20, 40 and 80 s)
with the 10 s for each sclerotia size fractions and pooled data.

created temperatures > 500 ∘C in the centre of the windrows for
a mean duration of 485 s (SE ± 28). Thermocouples located 5 cm
inside the left and right edge of the canola windrows recorded
temperatures > 350 ∘C for a mean duration of 303 s (± 99) and
566 s (± 138) respectively, affected by the prevailing wind direc-
tion. At 5 cm outside the windrow temperatures > 300 ∘C were
recorded for a mean duration of 130 s (± 96), which is sufficient to
affect sclerotia mortality (Fig. 4; Table 1).

This study confirms that the temperatures achieved and their
durations when burning narrow windrows of harvested canola
residues are sufficient to destroy S. sclerotiorum sclerotia of all
diameters commonly found in canola residue. Despite tempera-
tures generated in the centre of a burning canola windrow exceed-
ing 750 ∘C, temperatures measured 1 cm below the soil did not
exceed 65 ∘C (Fig. 5), indicating that any S. sclerotiorum sclerotia
located below the soil surface (measured at 1 cm) will maintain
viability.

4 DISCUSSION
SSR control is currently reliant on the use of fungicides, with
no genetic resistance in canola cultivars identified.2 The aim
of this study was to ascertain the effectiveness of narrow
windrow burning as a cultural management technique to control

Figure 4. Cumulative time maintained at each temperature class, increas-
ing in 50 ∘C increments using pooled data from four canola windrow burn
replications. Thermocouple locations: , left; , centre; , right; , 5 cm
outside the windrows. Vertical bars represent 1 ± SE of the mean. Reference
line ( ) indicates the maximum kiln testing duration of 80 s.

Figure 5. Temperatures and temperature durations achieved above and
below the soil surface during burning of a canola narrow windrow. Ther-
mocouples 1–3 are positioned 1 cm below the soil surface. Thermocouple
4 is positioned 1 cm above the soil surface. All thermocouples were located
in the centre of the windrow (44 t ha−1). Temperatures were recorded at 1 s
intervals. Thermocouple 1; Thermocouple 2; Thermocouple
3; ( ) Thermocouple 4.

S. sclerotiorum sclerotia, the primary inoculum for SSR infec-
tion. This study proposes that the HWSC technique, narrow
windrow burning, provides an opportunity to intercept and kill
sclerotia before they enter the soil to infect subsequent suscep-
tible crops.2,17,18 Despite this opportunity, the interception and
destruction of S. sclerotiorum sclerotia at harvest has not been
considered widely with all canola residue and chaff fraction spread
at harvest.17,27

To reduce the severity of SSR outbreaks, growers have attempted
to conduct hot, full-field burns of high biomass cereal residues in
years following a SSR infection.21 Studies have shown that elevated
temperatures (200–400 ∘C) can be achieved when burning stand-
ing cereal and legume residues; however, these temperatures are
maintained for only short durations (<50 s) and are seldom consis-
tent across the whole field.17,21 Despite the temperatures achieved
when burning standing crop residues being above the critical
temperatures demonstrated to kill sclerotia in this and other kiln
studies,18,21,28,29 Hind-Lanoiselet et al.21 commented that achieving
a minimum temperature was less important than the duration
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at which this temperature was maintained. This study concurs,
demonstrating that as temperatures were maintained for longer
durations the minimum temperature required to achieve sclero-
tia mortality was reduced for all sclerotia size fractions measured.
Furthermore, although the results of this kiln study concur with
previous studies,18,21,28,29 none of the previous studies investigated
the relationship between sclerotia diameter and the temperature
and duration required to ensure sclerotia mortality. Because the
temperature achieved can also be influenced by variables such as
wind speed and relative humidity,17,21 we consider that exceeding
the durations at which temperatures are maintained in this study
will be important to ensure control in the field.18,21,28,29 By concen-
trating fuel loads of canola residue into a narrow windrow at har-
vest, these higher temperatures and durations were consistently
achieved,17 ensuring sclerotia mortality.

Although temperatures within canola windrows are sufficient to
ensure full sclerotia mortality, this study highlights that S. sclero-
tiorum sclerotia must be located on or above the soil surface to be
killed. During field processes, sclerotia located on the soil surface
can be incorporated into the soil by vehicle traffic, livestock move-
ments, residue raking and cropping practices.30 The results from
this study demonstrate that if sclerotia are buried > 1 cm below
the soil surface, then the elevated temperatures from crop residue
burning are unlikely to affect their viability. Previous efforts to rake
canola residue into high biomass windrows have proven ineffec-
tive as sclerotia retention in disturbed canola stalks is reduced
by mechanical disturbance.22 Depositing canola residue directly
into narrow windrows without additional mechanical disturbance
ensures that all S. sclerotiorum sclerotia intercepted during the
canola harvest are located above the soil surface where temper-
atures can be achieved to ensure full mortality.17

Despite the efficacy to destroy S. sclerotiorum sclerotia, narrow
windrow burning does have agronomic disadvantages. The burn-
ing of crop residue increases the risk of soil erosion, along with
nitrogen and sulfur nutrients losses to the atmosphere in smoke.
Potassium can also become concentrated under the windrow
resulting in uneven distribution and crop deficiency.17 However,
with good nutrient budgeting and changing the location of nar-
row windrows in subsequent years, many of these agronomic
disadvantages can be reduced. In contrast with deep inversion
tillage, as the only other non-fungicidal means of reducing scle-
rotia germination,2 narrow windrow burning should be viewed as
an effective means of reducing soil inoculum levels if a sufficient
proportion of sclerotia can be intercepted at harvest.

Like narrow windrow burning for weed seed destruction, the
effectiveness of this technique is contingent on the proportion
of S. sclerotiorum sclerotia intercepted at harvest.31 This study has
focused primarily on the effectiveness of narrow windrow burning
for S. sclerotiorum sclerotia mortality. However, further studies are
needed to quantify the vertical distribution of sclerotia within
infected canola plants to specify the minimum cutting height
required to ensure S. sclerotiorum sclerotia interception.

5 CONCLUSION
This study has established that burning narrow windrows of canola
residue is an effective means of destroying S. sclerotiorum sclero-
tia. The temperatures and durations achieved during the burning
of canola narrow windrows is sufficient to destroy all S. sclerotio-
rum sclerotia at all diameters tested. The temperature in burning
standing canola residue could not be recorded because the burn
was not complete across the field and therefore not expected to

be effective in killing sclerotia. Although sclerotia located on or
above the soil surface within narrow windrows were killed during
burning, sclerotia incorporated into the soil were not exposed to
the elevated temperatures required to achieve full mortality. This
study clearly demonstrates that all S. sclerotiorum sclerotia inter-
cepted at harvest can be killed using the HWSC technique, narrow
windrow burning, as part of a wider integrated disease manage-
ment program to reduce SSR infection.
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