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ABSTRACT 

Context. Many wheat producers are increasing the biomass of cereal stubble retained after harvest 
through the adoption of stripper front harvesters, which result in taller standing stubble. Aims. We 
investigated whether taller stubble affects the survival and dispersal of Fusarium pseudograminearum 
(Fp), the causative agent of Fusarium crown rot (FCR). Methods. Field experiments at two sites in 
northern New South Wales were run for 3 years to investigate whether taller cereal stubble in 
Year 1 facilitated additional Fp colonisation, and subsequent effects on dispersal of Fp inoculum 
from chickpea harvest in Year 2 and FCR infection and expression in cereal crops in Year 3. Culturing 
and quantitative polymerase chain reaction (qPCR) methods assessed Fp colonisation and future 
disease risks. Key results. In taller cereal stubble, Fp colonised an additional 91–92% of the stubble 
length in the 6 months post-harvest and persisted at higher levels for at least 1 year than did the 
shorter cereal stubble. Cutting cereal stubble short (in Year 1) therefore successfully restricted 
further colonisation by Fp. Significant displacement of Fp in the crown 6 months post-harvest resulted 
in significant decreases in Fp DNA overall; however, long-term survival of Fp was observed 10–20 cm 
above the crown. Conclusions. Different residue management scenarios did not increase FCR risk for 
Year 3, likely owing to high inoculum levels across all treatments and unseasonably wet conditions in 
Years 2–3. Implications. We provide important field-validation of Fp colonisation in standing cereal 
stubble and discuss implications for FCR management across regions and seasons. 

Keywords: chickpea, disease management, Fusarium crown rot, harvest, rotation, stubble, tillage, 
wheat. 

Introduction 

Fusarium crown rot (FCR) is a significant disease of winter cereal crops across the northern 
grain region of Australia (NGR) (northern New South Wales and southern Queensland). 
Fusarium pseudograminearum (Fp) is the main Fusarium species causing FCR in this region 
(Akinsanmi et al. 2004). This pathogen is particularly difficult to control in conservation 
agriculture systems because of its ability to survive within cereal residues for up to 
3 years (Summerell and Burgess 1988). Fungal hyphae surviving within infected cereal or 
grass weed residues provide inoculum for future seasons. Infection of susceptible cereal 
crops, such as wheat and barley, occurs through the roots, crown, lower culm, or leaf sheath. 
This can result in symptoms characteristic of FCR such as basal browning, dead (white) 
heads, and pinched grain, which ultimately result in yield loss (Alahmad et al. 2018). 

Changes in tillage practices, particularly stubble retention, has led to an increase in FCR 
incidence in Australia (reviewed in Simpfendorfer et al. 2019). Potential yield loss caused 
by FCR alone increased by 19.2% in the 20 years from 1988 to 2008 (Murray and Brennan 
2009). The increase in risk and yield loss to FCR has been associated with the adoption of 
cereal residue retention (particularly standing cereal stubble), because pathogen survival is 
favoured in intact residues (Wildermuth et al. 1997; Verrell et al. 2017). The additional soil 
moisture provided by retention of cereal crop residues may also promote infection of new 
crops by meeting water potential requirements of pathogens such as Fp to infect a 
susceptible host (Swan et al. 2000). The positive benefits that retained cereal stubble have 
on soil structure, soil moisture, and soil fertility are a major priority for growers. As such, 
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adoption of this practice has continued regardless of any 
associated yield penalties from the increase in FCR risk 
(Alahmad et al. 2018). Tillage and burning are effective at 
reducing FCR inoculum, but these are often deemed incom-
patible with conservation agriculture practices. As such, 
integrated disease management strategies that allow for 
stubble retention have become industry standard (Simpfendorfer 
et al. 2019). Some strategies can lower FCR incidence through 
inter-row sowing to avoid Fp in cereal rows from previous 
years or allowing additional time for inoculum break-down by 
using non-host rotations (Verrell et al. 2017). Even so, FCR 
often recurs due to persistence of background inoculum or 
growers returning to susceptible cereal crops prematurely 
to maximise short-term profits. 

Complicating FCR management further is the adoption of 
new cropping practices that could increase the persistence 
and distribution of Fp in stubble retention systems. Stripper 
front harvesting systems, for example, increase standing 
stubble biomass and harvest efficiency through rapid ‘stripping’ 
of heads during harvest (Tado et al. 1998). This results in taller 
standing stubble (50–60 cm height) than with a conventional/ 
combine harvester (~30 cm height). Taller stubble means 
more stubble biomass, and the potential to influence stubble 
microclimatic conditions such as wind speed and temperature 
(Broster et al. 2020). A significant consequence of taller cereal 
stubble is that Fp could colonise the additional stubble 
(a readily available carbon resource) as a pioneer coloniser. 
Pathogenic Fusarium species have an advantage over other 
field saprotrophs when it comes to colonising stubble, 
allowing rapid colonisation with little competition (Pereyra 
et al. 2004). In the laboratory, Fp can colonise sterile bread 
wheat (Triticum aestivum), durum wheat (Triticum durum), 
oat (Avena sativa) and barley (Hordeum vulgare) as quickly as 
1 cm per day under moist (~98% relative humidity) conditions 
(Petronaitis et al. 2022). Colonisation of cereal stubble by Fp 
has been observed within cereal residues following wet 
summer fallow conditions (Summerell and Burgess 1988), 
but remains to be experimentally validated in the field. 

In Australia, pulses have become an important rotation 
crop choice for cereal growers, with market demand being 
expected to increase in future (reviewed in Olita et al. 2024). 
Chickpea is the predominating pulse crop in both Australia 
and the NGR (reviewed in Olita et al. 2024). Chickpea crops 
are of short stature, requiring low mechanical harvest heights 
to capture grain set in pods produced at the bottom of the 
chickpea canopy, while still allowing for header ground 
clearance (Singh et al. 2019). Hypothetically, chickpea planted 
into retained standing cereal stubble infected with Fp could 
result in the dispersal of Fp inoculum across the harvested 
area mixed in with the chickpea header trash. This could undo 
any efforts to restrict FCR inoculum to retained cereal rows 
from previous years, reducing the benefits of inter-row sowing 
in a cereal–chickpea–cereal rotation. 

Kelly-chaining (a form of shallow tillage) may also be 
applied to cereal stubble and results in the spreading and 

shallow (0–10 cm) incorporation of cereal stubble into the 
soil surface (Kelly Tillage 2022). It is typically applied before 
sowing chickpea to increase the rate of cereal stubble 
decomposition and improve planting efficiency. Kelly-chaining 
may alternatively be applied after sowing to flatten furrows 
and reduce the risk of herbicide residue damage to chickpea 
seedlings. However, tillage can redistribute any FCR inoculum 
originally contained within retained standing cereal rows 
(Simpfendorfer et al. 2019). Following Kelly-chaining, Fp 
surviving within cereal stubble fragments may be incorporated 
into the soil surface layer where the pathogen can more readily 
infect susceptible cereal crops within future rotation sequences. 

Stripper front headers and short-stature break crop 
rotations (with or without Kelly-chaining) have the potential 
to increase Fp inoculum and inoculum dispersal, yet their 
effect on FCR risk is currently unknown. We therefore 
investigated whether retaining taller standing cereal stubble 
(a likely outcome of the use of stripper front headers) could 
promote further saprotrophic growth of Fp compared with 
short or conventional-height cereal stubble. We hypothesised 
that taller standing cereal stubble would result in more 
extensive vertical saprotrophic colonisation by Fp after 
harvest compared to shorter harvest heights. If true, stripper 
front headers may not be recommended in high FCR-risk 
scenarios; reducing the harvest height of cereals infected 
with Fp may be beneficial to prevent further saprotrophic 
colonisation of stubble in these cases. We also tracked Fp 
DNA in a range of cereal stubble management treatments 
across multiple seasons (including a chickpea rotation) to 
determine whether any of the stubble management approaches 
tested were associated with a reduction in FCR risk over time. 

Materials and methods 

Site preparation and establishment of cereal 
stubble treatments: Years 1–2 (2019–20) 
Two field experiments were conducted in the NGR, at the 
Australian Cotton Research Institute located in Narrabri NSW 
(30°20 0S, 149°60 0E) (flood irrigated) and the Liverpool Plains 
Field Station located in Breeza NSW (31°17 0S, 150°42 0E) 
(dryland). Soil types were grey vertisol with high clay content 
at both Narrabri and Breeza (Isbell 2021). Rainfall is highest 
between November and February, with a mean annual rainfall 
of 584 mm at Narrabri and 684 mm at Breeza. Site-wide 
background pathogen DNA concentrations were determined 
using PREDICTA® B Northern panel test (South Australian 
Research and Development Institute, Adelaide, SA, Australia) 
prior to sowing in 2019. 

Durum wheat cultivar DBA Lillaroi was mixed with 
Fp-colonised grain inoculum (2 g/m row) at sowing in May 
2019 (Year 1) to establish cereal stubble with extensive Fp 
colonisation as described by Forknall et al. (2019). The Fp 
inoculum contained a mixture of five Fp isolates collected 
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post-harvest from experiments conducted across NSW in 
2018. Irrigation was used to establish the crop at both sites 
because of persisting dry conditions. 

Each experiment consisted of a total of 54 plots (10 × 2 m), 
arranged in a rectangular array of 6 columns × 9 rows 
(Narrabri) or 18 columns × 3 rows (Breeza). This enabled the 
application of 18 treatments in total, where each treatment 
was randomly applied to plots in each experiment according 
to a randomised complete block design, with three replicate 
blocks. The experiment consisted of nine cereal stubble 
management treatments, formed through a combination of 
harvest height (short, medium, or tall) (Table 1), harvest trash 
(retained or removed) and shallow tillage (Kelly-chained or 
intact). Two crop species treatments (durum wheat or bread 
wheat) were then applied in 2021 (Year 3). Supplementary 
Table S2 shows the number of duplicated crops per replicate. 
Timings of each treatment in the context of seasonal 
conditions and crop rotation are presented in Fig. 1. 

The harvest height and harvest trash treatments were 
applied at harvest of durum wheat in Year 1 and examples 
of these can be seen in Supplementary Fig. S1. The ‘trash-
retained’ treatment involved retaining the header trash 
fraction during harvest and spreading trash evenly over the 
plot. The ‘trash-removed’ treatment involved collection of the 
trash fraction from the back of the header using a woolpack, 
which was subsequently transported off the experimental 
area. Prior to sowing chickpea in May 2020 (Year 2), the shallow 
tillage treatment (Kelly prickle chain, Kelly Engineering, South 
Australia) was imposed to the assigned Kelly-chain plots. This 
included two passes with a single prickle chain module on a 
30 degree working angle. Stubble fragmentation was minimal, 

Table 1. Final harvest heights of the 2019 durum wheat infected with 
Fp at two experimental sites in northern NSW. 

Harvest height Breeza, NSW Narrabri, NSW 

Short (cm) 13 17 

Medium (cm) 25 32 

Tall (cm) 38 45 

Differences in height between sites are due to differences in final crop height. 

with majority of the residue spread across the plot surface and at 
the same length of the  original  harvest height, although some 
fragments were incorporated to a soil depth of approximately 
3 cm. The treatment was applied in combination with the harvest 
height treatments, exclusively to plots that had previously had 
trash retained. 

Soil moisture profiling: Years 1–2 (2019–20) 
Soil moisture content (SMC) was measured on a plot basis in 
November 2019, May 2020, and November 2020. The SMC 
was not measured again in May 2021 because of significant 
rainfall experienced at both sites, preventing tractor access to 
the fields and the likelihood of fully recharged soil moisture 
profiles as a result. One 1.2 m soil core was sampled per 
plot and cut into 0–30 cm, 30–60 cm, 60–90 cm, and 
90–120 cm segments. The wet weight and dry weight of each 
soil segment were measured to calculate gravimetric SMC (%) 
as follows: 

whereby the wet weight (g) represents field moisture, and dry 
weight (g) was measured after the sample had been dried for 
48 h at 105°C. 

Recovery of pathogens in standing durum wheat 
stubble using agar culturing: Years 1–2 (2019–20) 
Durum wheat stubble was collected from 30 plants that were 
still standing at random across each plot in November 2019 
(durum wheat harvest, Year 1), May 2020 (chickpea sowing, 
Year 2), and November 2020 (chickpea harvest, Year 2). 
Plants were separated into individual tillers and 20 tillers per 
plot were then selected randomly for culturing and another 20 
tillers per plot were retained for quantitative polymerase 
chain reaction (qPCR) analysis. Starting at the stem base 
(crown), a 1.5 cm segment was removed from each tiller every 
5 cm along the entire tiller length. Stem portions were surface 
sterilised with 0.2% w/v sodium hypochlorite in 45% v/v 
ethanol for 1 min then washed with sterile distilled water. 

Fig. 1. Treatment timings imposed on field experiments at Breeza and Narrabri in northern NSW, in relation to the seasonal rotation and 
rainfall experienced at each site. Months with an asterisk (*) indicate supplementary flood irrigation timing of 1 ML/ha (approximately 
equivalent to 75 mm of rainfall) applied to the Narrabri site only. 
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Samples were air-dried overnight and plated on 1/4 strength 
potato dextrose agar (PDA) + novobiocin (10 g PDA, 15 g 
technical agar plus 0.1 g novobiocin/L water) and incubated 
under alternating white and near ultraviolet lights (12 h 
photoperiod) for 7 days at 25°C. Pathogen incidence was 
recorded as the number of segments producing typical Fp 
colonies on the basis of morphology, with maximum vertical 
colonisation recorded as the top-most height (tiller segment) 
from which the pathogen was isolated. 

Estimation of pathogen DNA in standing durum 
wheat stubble and header trash: Years 1–2 
(2019–20) 
For quantification of Fp DNA in standing stubble, the 20 
standing durum wheat stubble tillers retained for qPCR 
analysis from each plot were cut into portions according to 
harvest height and site, i.e. three portions for the long 
harvest height treatments (0–17 cm, 17–32 cm and 32–45 cm 
at Narrabri, and 0–13 cm, 13–25 cm and 25–38 cm at Breeza), 
two portions for the medium harvest height treatments 
(0–17 cm and 17–32 cm at Narrabri, and 0–13 cm and 
13–25 cm at Breeza), whereas short harvest height treatments 
remained as a single portion (0–17 cm at Narrabri, and 
0–13 cm at Breeza). Samples were air-dried and excess dirt 
was removed with a brush. The stubble portions were then 
chopped into fragments of approximately 2.5 cm long and 
submitted to the South Australian Research and Development 
Institute (SARDI), Adelaide. Recombinant DNA probe sequences 
specific to  Fp, F. culmorum and F. graminearum were used for 
pathogen quantification via qPCR. Protocols for DNA extraction 
from the cereal residues and subsequent analysis are proprietary 
with SARDI (Ophel-Keller et al. 2008). 

For quantification of Fp DNA on the plot surface 
(purposefully excluding standing stubble), samples were 
collected at the following three times: following Kelly-chain 
implementation in May 2020, immediately prior to harvest 
in November 2020 and again immediately after harvest 
in November 2020. For the first two time points, samples 
were collected from the trash-retained and Kelly-chain plots 
only (the trash-removed plots had no material to collect). For 
the third time point, all plots were sampled and contained a mix 
of chickpea and wheat stubble. Sampling involved collecting 
five 1 L subsamples of residue from across the plot area, bulked 
on a plot basis. The subsamples were air-dried and chopped 
into fragments approximately 2.5 cm long. A final 200 mL 
subsample of this chopped and dried harvest residue was 
submitted to the South Australian Research and Development 
Institute (SARDI), Adelaide, as above. 

Chickpea growth and yield: Year 2 (2020) 
A chickpea crop (cv. PBA Seamer) was established in Year 2 
(2020 season) of experimentation, with the chosen cultivar 
sown across all experimental plots in late May 2020. Chickpea 

was sown between the rows of standing stubble (if present) as 
per industry standard. Chickpea plant populations (plants/m2) 
were counted in each plot 30 days after planting. Lowest pod 
heights were measured on two random plants per plot prior 
to harvest in 2020 as the distance from ground level to lowest 
pod. Chickpea grain yield was determined from machine 
harvested samples taken from 2 × 10 m plots in November 
2020. 

Wheat crop: Year 3 (2021) 
Durum wheat rated very susceptible to FCR (cv. DBA Lillaroi), 
and bread wheat rated moderately susceptible to FCR (cv. 
LRPB Hellfire) (Matthews et al. 2024) were established in 
Year 3 (2021 season). Significant rainfall experienced between 
May and July 2021 at both sites delayed sowing until the end of 
the sowing window (July 2021). The experiment was hand-
sown at the Breeza site owing to wet soil preventing machinery 
access. The Year 3 crop was sown directly over the previous 
chickpea rows, corresponding to the inter-row of the Year 1 
durum wheat crop, as per industry standard. Plant populations 
(plants/m2) were counted in each plot 30 days after planting. 
Grain yield was determined from machine harvested samples 
taken from 2 × 10 m plots in December 2021 (delayed because 
of minor flooding at both sites). Grain quality was determined 
for screenings (proportion of grain passing through 2.0 mm 
slotted screen), grain protein using near infrared spectroscopy 
(NIRS) and grain size based on 1000-grain weight. 

The incidence and severity of FCR infection in the Year 3 
durum and bread wheat crops were assessed after physiological 
maturity in post-harvest stubble collected on the day of harvest 
from each plot. Plants were randomly sampled (25 plants per 
plot) and the crown rot index (CRI) was visually determined as 
a measure of FCR incidence and severity, as described by 
Forknall et al. (2019). A 1.5 cm section was removed from the 
base of each primary tiller (starting approximately 1 cm above 
the roots) and cultured as described previously, to determine 
the incidence of plants infected by Fp (Fp incidence). 

Statistical analysis 
In total, 15 response variables were analysed separately for 
each experiment, by using a linear mixed model framework. 
Response variables were not analysed across experiments, as 
the harvest heights (short, medium and tall) represented 
different actual heights in each experiment (Table 1). The 
response variables considered broadly fit into four categories, 
being those measured at the plot level, those measured at the 
plot level over time, those measured at the plot level over time 
and depth, and those measured at the tiller segment level over 
time (Table S1). Transformations were applied as needed to 
ensure the model assumptions of normality and homogeneity 
of residual variance across the range of fitted values were met 
(Table S1). 
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The maximal treatment structure of the model fit to the 
response variables measured at the plot level can be specified 
using the notation of Wilkinson and Rogers (1973), as follows: 

Harvest height × Trash treatment × Crop species 

where × corresponds to the crossing operator. This treatment 
structure was adjusted to remove those treatments that had 
not been applied at the time the variable was measured. For 
example, the Crop species term was omitted from the 
treatment structure in the analysis of variables measured 
prior to this treatment being applied in Year 3 (Table S1). 
All terms resulting from this treatment structure were fit as  
fixed effects, and terms corresponding to the experimental 
design structure were fitted as random effects. To respect 
repeated sampling of the same plot, extensions to the random 
effects and residual variance structures are documented in 
Table S1 for each model category. 

Two embedded factorial treatment structures were used to 
investigate consistent treatment effects across sampling times 
for Fp DNA variables (Table S1). The first treatment structure 
included the combination of all three sampling times 
(November 2019, May 2020, November 2020), stubble 
heights and the trash treatments that were consistent across 
all sampling times for the trait of interest, as the embedded 
factorial. The second treatment structure included the combina-
tion of sampling time (May 2020, November 2020), stubble 
height and trash treatments that were consistent across the 
two sampling times for the trait of interest, as the embedded 
factorial. Although the composition of the fixed effects varied 
between the two treatment structures, the random effects 
fitted in the model were consistent. 

Predictions of the fixed effects from each model fit were 
provided as empirical best linear unbiased estimates (eBLUEs), 
and back transformed, where necessary, to the original scale 
for presentation. Approximate standard errors of the back-
transformed eBLUEs were obtained using a Taylor series 
approximation (Butler et al. 2017). Models were fitted using 
the ASReml-R package version 4.2 (see https://vsni.co.uk/ 
software/asreml-r/) (Butler et al. 2017) in  the  R  statistical  
computing environment (R Core Team 2019), whereby 
variance components were estimated using residual maximum 
likelihood (Patterson and Thompson 1971). A Fisher’s least  
significant difference test was used to compare significant 
fixed effects. The significance level for all testing was set at 
the 5% level. 

Results 

Taller stubble had the highest Fp colonisation after 
harvest 
In the year following implementation of the different harvest 
heights, the medium and tall harvest heights led to significant 
(P < 0.001) additional colonisation by Fp (Fig. 2a, b). In the 

first 6 months after harvest, the maximum height of Fp 
colonisation in the tall stubble increased by 92% in Narrabri 
and 91% in Breeza. In medium stubble, increases of 54–77% 
in Narrabri and 54% in Breeza were observed. Maximum 
colonisation did not significantly (P < 0.001) change in the 
short stubble for the same period, in both experiments (Fig. 2a, b). 

Some decline in Fp colonisation was detected in November 
2020 (12 months post-harvest) for most treatments compared 
with levels in May 2020 (P < 0.001; Fig. 2a, b). At Narrabri, a 
13–20% reduction in Fp colonisation was observed across all 
harvest heights (P < 0.001; Fig. 2a). At Breeza, Fp colonisation 
reduced by 29% in tall stubble and 13% in medium height 
stubble (P < 0.001; Fig. 2b). Still, after 1 year, the maximum 
colonisation height of Fp in both the medium and tall stubble 
remained significantly higher than was Fp colonisation in 
shorter stubble. 

Fp survival was prolonged in above-ground portion 
of stubble 
The frequency of Fp recovery changed over time at different 
heights, with the pathogen being best preserved at a stubble 
height of 10 cm (P < 0.001; Table 2). Incidence of Fp at 0 cm 
(the crown portion) declined steeply over the period from 
November 2019 to November 2020 at both experiments 
(P < 0.001; Table 2). However, the Fp incidence at 10 cm 
above the crown was stable (Narrabri) or increased (Breeza) 
in the first 6 months after harvest (May 2020). Incidence also 
increased (by approximately 30%) at 20 cm above the crown 
at both experiments during this time (Table 2). This was 
followed by a decrease in Fp incidence in the following 
6 months (November 2020); however, there was still a 
greater incidence of Fp at 20 cm height in November 2020 
than were the levels at harvest in November 2019 (Table 2). 

The incidence of Fp in the crown section of the main stem 
was initially much lower at Breeza (44.2%) than at Narrabri 
(98.5%), indicating that more plants were initially infected 
with FCR at Narrabri in 2019, even though the same Fp 
inoculum and application rate was used in both field experi-
ments (Table 2). After 12 months, Fp incidence at Narrabri 
was still more than twice that of Breeza at 0 and 10 cm 
(Table 2). Although the two experimental sites could not be 
compared statistically, the difference in colonisation may 
reflect the impact of irrigation at the Narrabri experiment 
during the 2019 season, because of extreme drought conditions, 
which facilitated greater Fp infection. 

Total Fp DNA declined over time 
Although the height at which Fp had colonised the durum 
wheat stubble increased in the 6 months after harvest, the 
total amount of Fp DNA declined significantly (P < 0.05) over 
the course of the experiments (Fig. 3a, b). At Narrabri, the 
shorter stubble contained the lowest concentrations of Fp 
DNA (pg DNA/g stubble) at harvest in November 2019 
(P < 0.001; Fig. 3a). After 1 year, the Fp DNA concentrations 
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Fig. 2. Maximum vertical colonisation by Fp in cereal stubble of different heights (mean observed height, in cm) at harvest of an inoculated 
durum crop (November 2019), following a summer fallow (May 2020) and then a chickpea break crop (November 2020) at (a) Narrabri and 
(b) Breeza in NSW. Note harvest heights were unique to each site owing to differences in final crop height in 2019, with slight variability in 
actual height achieved between and across plots for each target height treatment. Error bars represent the approximate back-transformed 
standard error of the mean (Breeza) or standard error of the mean (Narrabri). 

Table 2. Incidence (%) of Fp recovered from different tiller segments 
at three different sampling times (November 2019, May 2020, and 
November 2020) at the two field experiments in northern NSW. 

Time Narrabri Breeza 

0 cm 10 cm 20 cm 0 cm 10 cm 20 cm 

November 2019 98.5a 69.7b 4.5f 44.2a 14.2d 1.1f 

May 2020 45.1c 68.5b 34.1d 36.0b 26.2c 29.2bc 

November 2020 19.4e 46.2c 15.8e 7.8e 17.7d 14.9de 

Heights were measured from the base of the crown towards the head end, and as 
such 0 cm represents the crown portion. Values followed by the same letter (l.s.d.) are 
not significantly different within each experiment, at the 5% confidence level. 

across the different stubble height treatments were not 
significantly different at this experiment. However, at Breeza, 
the Fp DNA concentrations were similar between treatments 
at the initial harvest of infected durum wheat in November 
2019 (P = 0.04, Fig. 3b). In the 6–12 months following 
harvest, Fp DNA was lowest in the short stubble (Fig. 3b), 
which aligned with the prevention of Fp saprotrophic vertical 
colonisation in short stubble treatments (Fig. 2b). 

The Kelly-chain treatment resulted in lower concentrations 
of total Fp DNA across the duration of the experiment (Fig. 4a, b). 
At both experiments, Fp DNA was more than double in the 
standing stubble treatments compared with the Kelly-chained 
treatments for most treatment combinations (Narrabri, 

P = 0.007; Breeza, P = 0.002; Fig. S2). Importantly, however, 
the amount of Fp DNA present within the inter-row space 
(avoiding the stubble rows) was significantly higher in the 
Kelly-chain treatment at Narrabri (P = 0.004; Fig. 4a) and 
Breeza (P < 0.001; Fig. 4b). Interestingly, Fp DNA also increased 
over time within the inter-row spaces of the treatments with 
standing stubble (Fig. 4a, b; P < 0.004). 

The amount of Fp DNA detected in the chickpea header 
trash at chickpea harvest in November 2020 can be seen in 
Fig. S3. Although some significant effects were observed, no 
trends could be ascertained in the data and DNA concentra-
tions appeared to be highly variable between and within 
treatments (from 0 to 9508 pg Fp DNA/g chickpea stubble). 

Pre-planting Fp soil DNA analysis was conducted in Year 3 
to estimate FCR risk for the durum and bread wheat treatments 
to be grown that season. At Narrabri, Kelly-chain treatments 
(log1.61 pg DNA/g soil) had significantly higher Fp soil 
DNA concentration than did the trash-removed treatments 
(log1.29 pg DNA/g soil) (P = 0.004, data not shown). Even 
so, all treatments fell within the same FCR ‘high’ risk category 
(>1.2 log pg DNA/g soil, as defined by SARDI 2019). At Breeza, 
stubble management treatments did not significantly (P > 0.2) 
affect the Fp soil DNA. Prior to soil sampling, a large proportion 
of the original durum stubble from Year 1 was observed to be 
washed off the experimental plots at Breeza by high rainfall and 
surface water movement, which may have contributed to this 
result. However, values were still within the same ‘high’ risk 
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Fig. 3. Total concentrations of Fp DNA (pg DNA/g stubble × 103) in different stubble height treatments (mean observed height, in cm) after 
harvest of an inoculated durum crop (November 2019), a summer fallow (May 2020) and a chickpea break crop (November 2020) at 
(a) Narrabri and (b) Breeza in northern NSW. Note the differences in scale for the Y-axis between locations. Error bars represent the 
approximate back-transformed standard error of the mean. 

category for Breeza, with a mean of log 1.38 pg DNA/g soil 
detected. The ‘high’ risk category reported here by SARDI (2019) 
is specific to soil-only samples; stubble was not added (as per 
commercial protocol) to avoid potential bias. 

Different cereal stubble treatments did not affect 
soil moisture under high rainfall conditions 
Overall, the stubble treatments at both sites did not appear 
to affect SMC, and presumably fallow efficiency. Rainfall at 
both sites in the summer of 2019–20 significantly (P < 0.001) 
increased SMC at most soil depths by May 2020 (Table 3). A 
significant (P < 0.001) height × trash × time interaction was 
observed at Narrabri, although differences were small 
(<1.65% SMC) and with no clear trend (data not shown). 
At Breeza, there were no significant (P > 0.12) effects of cereal 
stubble treatments on SMC. The different stubble treatments 
may have had a more meaningful impact on fallow efficiency 
and SMC if the drier conditions experienced in 2019 had 
persisted into 2020–21. From 2021, further SMC measurements 
could not be taken because of waterlogging at both sites. 

Chickpea crop performance 
Overall, the cereal stubble treatments did not appear to have 
many meaningful effects on chickpea performance in Year 2. 
At Breeza, the Kelly-chained treatment resulted in a slightly 
higher chickpea establishment (32 plants/m2) than did the 

trash-retained treatment (28 plants/m2) (P = 0.05, data not 
shown). This was possibly due to better seed–soil contact at 
sowing when using the disk seeder. Pod height was similarly 
unaffected by cereal stubble treatments at either site (P > 0.32, 
data not shown). There was no significant effect of standing 
stubble height (P > 0.96), trash treatment (P > 0.19) or the 
interaction of harvest height and trash treatments (P > 0.14) 
applied in Year 1 (November 2019) on chickpea yield at both 
sites in Year 2 (November 2020). Yield averaged 2.19 Mg/ha at 
Narrabri and 1.19 Mg/ha at Breeza. Cereal stubble height, 
therefore, had little effect on chickpea production at these sites. 

Final wheat crop performance: yield and grain quality 
Like the chickpea results, the stubble height and trash 
treatments implemented to the Year 1 durum wheat stubble 
did not appear to meaningfully affect wheat crop performance 
in Year 3. Variety was the most consistent driver of differences 
in yield and grain quality, with DBA Lillaroi outperforming 
LRPB Hellfire at both experiments (Table 4), despite DNA 
results suggesting that these experiments were high risk for 
FCR in the 2021 season. Although some additional significant 
effects were observed for the Narrabri experiment, such as a 
main effect of trash treatment on grain protein, differences 
between treatments were small (e.g. <0.24% for grain protein). 

At Narrabri, DBA Lillaroi also had lower screenings and a 
higher 1000-grain weight (2.2% and 44.1 g respectively) than 
did LRPB Hellfire (7.2% and 32.1 g respectively) (P < 0.001). 
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Fig. 4. The total amount of Fp DNA (pg DNA/g of residue) within residues collected from inter-row spaces at (a) Narrabri and (b) Breeza in 
northern NSW. Residue in the retained treatments was maintained as standing stubble throughout the experiments, whereas residue in the 
Kelly-chained treatment was incorporated to a depth of approximately 3 cm in May 2020 prior to sowing chickpea. The durum wheat stubble 
infected with Fp was originally harvested at different heights (mean observed height, in cm) in November 2019. Results were averaged for 
stubble height at Breeza because there was no significant effect of stubble height at this experiment. Error bars represent the approximate 
back-transformed standard error of the mean. 

Table 3. Summary of soil moisture content (SMC %) at three different sampling times (November 2019, May 2020, and November 2020) at the two 
field experiments in northern NSW. 

Time Narrabri SMC (%) Breeza SMC (%) 

0–30 cm 30–60 cm 60–90 cm 90–120 cm 0–30 cm 30–60 cm 60–90 cm 90–120 cm 

November 2019 14.1f 17.0e 17.0e 17.0e 25.5e 23.7f 24.0f 24.0f 

May 2020 23.8a 23.5a 22.1b 18.8cd 34.3a 34.3a 31.0bcd 23.8f 

November 2020 23.4a 18.8c 18.2d 19.2c 29.8d 32.0b 32.1b 31.0c 

Values followed by the same letter (l.s.d.) are not significantly different within each experiment, at the 5% confidence level. 

Grain protein showed significant main effects for variety 
(P < 0.001) and trash treatment (Table 4, P = 0.02), with DBA 
Lillaroi having higher protein content (13.2%) than LRPB 
Hellfire (13.0%). Differences in grain protein were very small, 
between trash-retained (13.2%) and trash-removed (12.9%) 
treatments, whereas the Kelly-chain (13.0%) treatment was not 
significantly different from either of the other trash treatments. 

At Breeza, DBA Lillaroi yielded 3.74 Mg/ha, which was 
0.3 Mg/ha higher than LRPB Hellfire (Table 4, P < 0.001). 
DBA Lillaroi also had a higher 1000-grain weight (42.6 g) 
than did LRPB Hellfire (35.3 g) and lower screenings (1.4%) 
than did LRPB Hellfire (4.5%) (P < 0.001). Although a 
significant height × trash × variety interaction was observed 
for grain protein (P = 0.04), the most notable trend in the data 

was lower protein in Lillaroi (14.0–14.9%) than in LRPB 
Hellfire (14.6–15.3%) (data not shown). 

Final wheat crop performance: FCR infection and CRI 
The Fp incidence and severity (CRI) in Year 3 was less affected 
by the individual stubble management treatments and more 
influenced by inoculum persisting from Year 1 across all 
treatments (Table 4). At Narrabri, a mean Fp incidence of 
27% was observed across the experiment, with no significant 
treatment differences detected (P ≥ 0.07 for all terms). 
However, CRI was significantly (P < 0.001) higher in DBA 
Lillaroi (30.3%) than in LRPB Hellfire (18.3%), reflecting 
the increased relative susceptibility of durum wheat to FCR 
under similar disease pressure (S-VS rating for DBA Lillaroi 
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Table 4. Summary of the significant effects of final wheat crop performance including yield, grain quality (screenings, grain protein, and 1000-grain 
weight), crown rot index (CRI) and incidence of plants infected with Fp (Fp incidence) at the two field experiments in northern NSW. 

Trait Narrabri Breeza 

Significant terms P-value Significant terms P-value 

Yield Height × trash × variety interaction 0.02 Variety main effect <0.001 

Screenings Variety main effect <0.001 Variety main effect <0.001 

Grain protein Variety main effect 
Trash main effect 

<0.01 
0.02 

Height × trash × variety interaction 0.04 

1000-grain weight Variety main effect <0.001 Variety main effect <0.001 

CRI Variety main effect <0.001 No significant terms NA 

Fp incidence No significant terms NA Height × trash × variety interaction 0.05 

The significance of treatment effects was reported for each trait, where treatments are defined as harvest height (‘height’: low, medium, and high), header trash (‘trash’: 
trash-retained, trash-removed and Kelly-chain) and variety (‘variety’: DBA Lillaroi and LRPB Hellfire). 

versus the MS-S rating for LRPB Hellfire) (Matthews et al. 
2024). There were no significant effects of any treatment 
on CRI at Breeza (mean 21.6%, P ≥ 0.17 for all terms). 
There was a significant height × trash × variety effect for Fp 
incidence; however, no trends were obvious from reviewing 
the results (P = 0.05, Fig. S4). It is possible that the colder 
and wetter conditions at Breeza during Year 3 (2021) were not 
as conducive to FCR expression (despite higher Fp incidence 
on average). Nonetheless, the presence of FCR at moderate-to-
high levels in both cereal crop types following a chickpea 
break crop, and two unusually wet summer fallows, exem-
plifies the persistence of Fp inoculum in the NGR. 

Discussion 

This study has made an important link between cereal harvest 
height and the potential for Fp inoculum accumulation of 
post-harvest stubble, which has not been previously identified. 
Within 6 months after harvest, a 61–70% increase in the height 
of Fp saprotrophic colonisation was observed in taller stubble 
(38–45 cm) compared with short stubble (13–17 cm) at two 
different field locations. Our findings add to the existing 
evidence that Fp can saprotrophically colonise cereal stubble 
in controlled environments (Melloy et al. 2010; Percy et al. 
2012; Petronaitis et al. 2022) and  in  field stubble that has 
been flattened (Summerell and Burgess 1988). In our study, 
Fp persisted higher within taller and conventional (medium) 
height stubble for a full 12 months after harvest (potentially 
longer if sampling was possible beyond Year 2). Our technique 
of cutting cereal stubble short therefore limited the stubble 
available for Fp colonisation, supporting the hypothesis that 
short harvest heights can limit saprotrophic colonisation of 
cereal stubble by Fp. In practice, growers could similarly 
choose to limit inoculum accumulation in their cereal stubble 
by using this simple technique. 

A major aim of this research was to test whether taller 
cereal stubble increases FCR risk, by facilitating additional 
stubble biomass that could allow Fp to proliferate. If true, the 
widespread use of stripper front headers has the potential to 

further increase FCR. We observed both significant increases 
in inoculum (via Fp saprotrophic colonisation) in medium and 
tall stubble, as well as higher Fp DNA concentrations in taller 
stubble at times (via qPCR). Interestingly, this did not translate 
to an increase in the overall FCR risk or disease expression in 
Year 3. However, FCR risk was also unmitigated by light tillage 
(and increased stubble–soil contact), rotation through a non-
host break crop, or unusually wet seasonal conditions, all of 
which are known to facilitate decomposition of cereal stubble 
and displacement of Fp (Wildermuth et al. 1997; Swan et al. 
2000). These results speak to the overall persistence of Fp in 
the NGR, where Fp has been detected in 100%  of cereal crops  
in random crop surveys (n = 264, with majority in the ‘high’ 
pathogen load category) (Milgate and Simpfendorfer 2020). 
It is perhaps unsurprising, then, that no differences in stubble 
height treatments on FCR risk were observed in the present 
study. It is also possible that the Fp inoculation in Year 1 of 
the experiments was ‘too successful’, increasing FCR risk so 
significantly that any differences implemented by the harvest 
height treatments were undetectable in the following seasons. 
Given the extent of post-harvest colonisation and persistence of 
Fp inoculum identified in this study, further investigation of 
the effects of Fp saprotrophic colonisation on FCR risks are 
warranted. Longer-term farming system experiments would 
be required to define whether harvest height modification is 
effective for FCR management across locations and seasons. 

A combination of both traditional culturing methods and 
qPCR were used to capture the growth and survival of 
Fp within stubble in this study. In the past, research and 
diagnostic protocols have used culturing of either crown 
tissue (2 cm or or lower) (Nelson and Burgess 1994; Swan 
et al. 2000) or qPCR (Hogg et al. 2010; Liu et al. 2012; 
Sabburg et al. 2015; Knight and Sutherland 2016; Knight 
et al. 2021) to assess Fp in stubble. Our research suggested 
that these methods used in isolation may underestimate the 
persistence of Fp, particularly in aboveground stubble. We 
found that Fp decreased rapidly in the crown, surviving 
best longer term (6–12 months post-harvest) at 10–20 cm 
above the crown. This may be a ‘sweet spot’ for Fp survival, 
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because competition with other saprotrophs would be limited 
compared with stubble in contact with the soil (Summerell 
and Burgess 1988; Bockus 1998; Yi et al. 2002; Pereyra et al. 
2004). Displacement from crown tissue also resulted in an 
87% reduction in total Fp DNA in the first 6 months after 
harvest. This made sense, given that vascular bundles of the 
crown tissue are more densely colonised during aggressive 
pathogenic colonisation (Knight et al. 2017); so, saprotrophic 
colonisation of stubble may not contribute equally to fungal 
load. Subsequently, the increases in saprotrophic colonisation 
in medium and tall stubble were not successfully ‘captured’ by 
qPCR because the decrease in Fp DNA in the crown was much 
larger in magnitude. Culturing, particularly of above-ground 
stubble parts (10–20 cm), may therefore be a better long-term 
indicator of the persistence of Fp in post-harvest cereal stubble. 

Another aim of this study was to investigate whether Kelly-
chaining (a popular tool among chickpea growers in the NGR) 
had any effects on FCR in a cereal–chickpea–cereal rotation. 
The Kelly-chain treatment resulted in the lowest levels of total 
Fp DNA across the duration of the experiment (when stubble 
was collected off the surface of the plots). This could reflect 
more rapid decomposition and subsequent displacement of 
Fp when stubble is incorporated into the soil surface 
(Summerell and Burgess 1988). However, in the inter-row 
spaces the amount of Fp DNA was significantly higher for 
Kelly-chained treatments, which could be problematic when 
using inter-row sowing strategies for Fp inoculum avoidance 
(Simpfendorfer et al. 2019). Surprisingly, Fp DNA also increased 
in row spaces in the standing stubble treatments over the course 
of the experiment. Some standing tillers may have fallen over as 
crown tissue rotted out, causing more inoculum to enter row 
spaces. This could be an important consideration when using 
inter-row sowing as a main strategy to mitigate FCR and 
reinforces the importance of determining pre-planting inoculum 
to assess FCR risk (Simpfendorfer et al. 2019). 

Infection by Fp and disease severity in Year 3 appeared to 
be most influenced by inoculum persisting from Year 1, as 
well as differences in cultivar susceptibility. The durum 
wheat (DBA Lillaroi) performed better (higher yield and 
1000-grain weights, and lower screenings) than did the 
moderately susceptible bread wheat (LRPB Hellfire) at both 
experiments. Although the symptoms of FCR (such as stem 
browning) can be more severe in more susceptible cereal crops 
such as durum wheat (Hollaway et al. 2013), durum wheat can 
also have a better tolerance to FCR than do some bread wheat 
varieties under increasing inoculum levels (Forknall et al. 
2019). This means that decline in crop performance is not as 
steep in durum as it is in some bread wheats under the same 
disease pressure. Although these factors explain the result seen 
in our experiment, it is important to note that durum wheat is 
extremely susceptible to Fp (Simpfendorfer et al. 2019), as seen 
by higher CRI in DBA Lillaroi at the Narrabri experiment. 
Undoubtedly, the high in season rainfall and stored soil 
moisture during the present study would also have reduced 
FCR expression (Alahmad et al. 2018). 

One potential benefit of taller cereal stubble is the 
possibility of improved soil moisture storage (Francis 2018). 
Interestingly, in both the present study and previous work by 
Broster et al. (2020), soil moisture was not meaningfully 
increased by taller cereal stubble treatments (up to 60 cm 
height). Wet fallows and mild temperatures may have influenced 
our study by providing additional moisture across all treatments. 
However, the experiment by Broster et al. (2020) was run during 
the 2019 drought where increased stubble biomass was more 
likely to have significant effects on SMC. We also found that 
Kelly-chaining had no meaningful effect on SMC,  even though it  
is a form of shallow tillage that may be associated with lower soil 
moisture storage across seasons (Alahmad et al. 2018). However, 
with the high rainfall experienced in Years 2 and 3, any form of 
retained residue is likely to have provided sufficient coverage for 
SMC preservation. 

The high rainfall conditions experienced from Year 2 
onward also likely to have promoted the saprotrophic colonisa-
tion of stubble seen in our study. Similar findings have been 
demonstrated in laboratory studies using different types 
of cereal stubble, whereby more extensive colonisation of 
stubble by Fp was observed under high humidity conditions 
(Petronaitis et al. 2022). In the field, Summerell and Burgess 
(1988) observed Fp increasing in cereal stubble following wet 
winter fallow conditions (with stubble laying on or lightly 
incorporated to 10 cm soil depth). Similar stubble management 
treatments in drier-than-average conditions resulted in no 
saprotrophic colonisation of cereal stubble by Fp (Summerell 
et al. 1989). Saprotrophic colonisation may therefore be more 
frequently observed following persistent high humidity or 
rainfall conditions and may not occur every season. A long-term 
survey over a large geographical scale would be necessary to 
model the effects of weather on saprotrophic colonisation. 

Leaving cereal stubble tall in fields infected with Fp, for 
example, when using stripper front headers, could result in 
extensive saprotrophic colonisation after harvest. Hypothetically, 
this could increase disease risk in subsequent cereal crops, 
although we did not observe this in the present study (likely 
owing to seasonal conditions). More research is required across 
different cropping systems and seasons to define the risks posed 
by stripper front headers and/or higher cereal stubble loads. 
Cutting stubble shorter at harvest may therefore be a useful 
strategy to restrict saprotrophic colonisation of Fp in post-
harvest cereal stubble but should not replace existing integrated 
disease management strategies for FCR. 

Supplementary material 

Supplementary material is available online. 
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