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Abstract 
Soil amelioration for the management of water repellent soils (Betti et al. 2018) can potentially reduce crop 
damage in frost prone areas as suggested by several anecdotal and research reports (Rebbeck et al. 2007). 
Subsoil clay addition (by clay delving) has been demonstrated to reduce frost damage in wheat (Rebbeck et 
al. 2007). Some evidence indicates a possible benefit from soil amelioration with deep tillage (Butcher et al. 
2017) but was insufficient to prove a direct link between soil amelioration and a reduction in frost severity 
and duration. By comparing multiple sites in different seasons, this research demonstrates that amelioration 
with strategic deep tillage (i.e. rotary spading) can reduce frost severity and duration and presents evidence 
that this reduced crop damage, can contribute to improved productivity.  
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Methods 
Field experiments and soil ameliorations 
Three replicated field experiments near Moora, Esperance and Yealering and one large-scale demonstration 
site located near Wickepin were established between 2014 and 2018 (Table 1) in the Western Australian 
wheatbelt. The topsoil at all sites had a severity of water repellence ranging between ‘moderate’ to ‘severe’. 
All experiments were conducted with the primary aim of assessing and validating various methods of soil 
amelioration, involving strategic deep tillage (rotary spaders) and clay-rich subsoil addition (either by clay 
spreading or delving), for the management of soil water repellence. All sites were also located in the frost 
prone parts of the landscape, including valley floors. In order to test and compare the effect of the soil 
ameliorations on frost severity and damage, from each site 3 treatments were chosen to represent: i) the 
‘control’ treatment, ii) the ‘deep tillage’ treatment (rotary spading) and iii) the ‘deep tillage + claying’ 
treatment (if applicable, either by clay spreading or clay delving in addition to spading, Table 1). 
 
Table 1. Description of the sites and amelioration treatments implemented 

*B=barley; W=wheat; L=lupin; C=canola. At all sites, amelioration treat. were compared to a Control treat. (no-tillage and no clay) 
 
Field Measurements  
During the 2017 and 2018 growing seasons, Tinytag® temperature loggers (TGP-4017) were used to 
monitor the severity and duration of frost events at each site recording air temperature at canopy height and 
every 15 minutes (according to the SAGI West protocols used in the GRDC National Frost Initiative as in 
Butcher et al. 2017). A frost event was defined as having taken place when at least one temperature logger in 
the experiment recorded a zero or sub-zero temperature. Frost duration was analysed by summing total hours 
below critical temperature thresholds (0, -2, and -4°C). 
Plant establishment (determined by plant counts or ground cover percentage aerial imageries) was used to 
assess any influence of soil amelioration treatments on plant density. Yield components (i.e. viable heads, 
non-viable heads, grains per head, number of grains per m2, grains size, harvest index, maturity biomass) 
were determined from biomass cuts while grain yields were measured either by harvest cuts or plot 

Location Year estab. Crop* Soil type Design Soil amelioration/s 

Yealering (Demo) 2014 B Pale deep sand Demo strips Deep tillage 

Moora 2016 B/L/W Deep yellow sand Replicated Expt. 
Deep tillage 
Deep tillage + Clay 

Esperance 2016 C/W 
Sandy texture-

contrast 
Replicated Expt. 

Deep tillage 
Deep tillage + Clay

Yealering 
(Experiment) 

2018 W 
Gravelly sandy 

loam 
Replicated Expt. Deep tillage 
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harvesters (data mostly not presented). Varied approaches were used to assess crop performance and 
potential frost damage depending on the site, crop and seasons. When possible, frost damage was assessed by 
measuring floret sterility (FS); otherwise, potential frost damage was determined from yield components. 
 
Results 
Frost severity and duration  
Several severe frost events occurred at the Moora experiment and Yealering demonstration site in 2016, as 
recorded by field observations, before the temperature data loggers could be installed at these locations. 
Nevertheless, crop samples were collected to quantify the evident crop damage. Afterward, temperature data 
loggers were installed in 2017 at Moora and in 2018 at Yealering.  
In 2017 and 2018 at Moora, the lowest temperatures were found in the control treatment. Combining subsoil 
clay with the deep tillage did not significantly impact on the canopy temperatures compared to deep tillage 
alone. Moreover, in both seasons at Moora, the canopy air temperatures in the ameliorated soil treatments 
never dropped below -4°C, unlike the control treatment. 
The 2017 season at Esperance was particularly severe, recording 27 frost events with minimum canopy air 
temperatures as low as -8.9 °C in the control treatment. Again, in 2018 at Esperance the mean lowest 
temperature of the control treatment (- 6.6°C) was significantly lower than those recorded in the ameliorated 
soils. At the Yealering experiment, 30 frost events occurred in 2018 and the soil amelioration significantly 
reduced frost severity (as minimum air temperatures at canopy height) on ten occasions. Like with the other 
sites, the control treatments also recorded the lowest temperature (- 7.3°C). At the Yealering demonstration 
site in 2018, 7 frost events occurred between September 17th and November 1st and the control recorded the 
lowest minimum temperature of -3.9°C. 
With regards to the duration of the frost, at all sites and in all seasons crop canopies in the ameliorated soils 
consistently experienced fewer hours below 0, -2, and -4°C compared to the untreated control treatments as 
shown in (Figure. 1). These differences were often significant, particularly with the -2 and -4°C thresholds. 
 
Table 2. Number of frost events and lowest temperature recorded at the site in the 2017 and 2018 seasons 

 

 
Figure 1. Comparison of the total number of hours below the critical temperatures (0, -2 and -4°C) experienced 
by crops in the control and ameliorated treatments (each dot represents a treatment-control comparison at each 
a site; the black solid line represents the 1:1 relationship). 
 
Frost damage 
An overview of the experimental results is presented in Table 3. Within the sites and seasons there was high 
variability in terms of yields, harvest indexes and assessments of crop damage but the results were generally 
consistent with the air canopy temperature data. Overall, the reduction in the number of hours experienced 
by the crop canopies below 0°C (as a consequence of the soil ameliorations) was positively correlated to 
harvest indices.  Strong evidence of the treatments reducing frost damage was obtained at the sites where 

Location Year Crop 
Sowing 

date 
(dd/mm) 

Temperature 
recording period 

(dd/mm) 

Number of 
frost events 

Lowest 
temp., °C 

Moora 2017 Lupin 15/05 01/09 - 14/11 20 -4.5 
Esperance 2017 Canola 12/05 17/08 - 18/10 27 -8.9 
Moora 2018 Wheat 30/05 31/08 - 30/10 17 -4.8
Esperance 2018 Wheat 03/06 07/08 - 12/12 25  -6.6 
Yealering (Trial) 2018 Wheat 21/05 28/07 – 22/10 30 -7.3 
Yealering (Demo) 2018 Barley 20/05 17/09– 01/11 7 -3.9
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severe enough, and therefore discriminating, frost events occurred (Table 3). Unsurprisingly, the sites where 
soil modification significantly reduced crop damage (discussed in more details below) were also those with 
the most severe frost events in terms of low temperatures and duration. On the other hand, it was not possible 
to determine the effect of the soil amelioration on reducing frost damage when the seasonal conditions 
produced ‘light’ frost events and frost damage was not impacting grain yield. Most probably, in these cases 
other factors played a major role in increasing the grain yields in the ameliorated soils (such as reduced water 
repellence, reduced compaction, improved early plant establishment, etc., Table 3). 
 
Table 3. Overview of the experimental results. 

Summary of experimental result Year, location (crop) Season rainfall cond. Crop establishment 

Sites with ‘moderate to severe’ frost 
damage. Soil amelioration 
significantly reduces frost severity, 
duration, damage and increases 
grain yield. 

- 2016 Moora (Barley) 
- 2016 Yealering Demo (Barley) 
- 2017 Esperance (Canola) 
- 2018 Yealering (Wheat) 

- Above average 
- Above average 
- Below avg., dry start 
- Below avg., dry start 

- No sign. difference 
- No sign. difference 
- No sign. difference 
- No sign. difference 

Sites with ‘light’ frost damage. 
Significant temperature effects 
between treatments but not 
sufficient frost damage to 
discriminate treatment effects.  

- 2017 Moora (Lupin) 
- 2018 Yealering Demo (barley) 
- 2018 Moora (Wheat) 
- 2018 Esperance (Wheat) 

- Below avg., dry start 
- Below avg., dry start 
- Average, dry start 
- Below avg., dry start 

- Better with tillage 
- No sign. difference 
- Better with tillage+clay  
- No sign. difference 

 

 

 
Figure 2. Above: relationship between floret sterility % (FS) and yields of barley at the Moora site in 2016 (a) 
and Yealering demo in 2016 (b). Below: Relationship between harvest index % (HI) and number of hours 
experienced by the crop below -2°C at the Yealering site in 2018 (c) and 0°C at the Esperance site in 2017 (d). 
 
In 2016 at Moora, floret sterility (FS) in barley indicated significant flowering and grain frost damage 
(Figure 2a). Floret sterility was 40-43% lower in the ameliorated treatments than the control and was well 
correlated to grain yield (R2=0.64; Figure 2a). Grain yield, harvest index, grain number and grains per spike 
were significantly lower in the control compared to ameliorated treatments (only yield data shown). There 
was, however, no significant difference between the deep tillage alone and deep tillage combined with 
subsoil clay treatments. Significant differences in the harvest index and barley grain yield were also found 
between the control and ameliorated (mouldboard ploughed) treatment at the Yealering demonstration site in 
2016 (only yield data shown). Floret sterility was high (>30%) and more than double in the control compared 
to the amelioration treatment, indicating that amelioration reduced floret sterility and contributed to higher 
grain yield (Figure 2 b), which, on average, was 61% higher than the control yield. At the Yealering site in 
2018, the average number of grains per spike, harvest indices, viable spikes, total grain number and grain 
yield of wheat were significantly higher and the number of non-viable spikes and screenings % were 
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significantly lower in the ameliorated treatment (only harvest index data shown). This data was consistent 
with the air canopy temperature data that showed a good correlation of harvest index and number of hours 
experienced by the crop canopy below -2 °C (Figure 2c). The 2017 season at Esperance was characterised by 
a combination of poor early rainfall, several severe frost events and a dry finish. All these factors potentially 
contributed to the very low harvest indexes and poor canola yields (< 500 kg/ha). Yield differences were 
mainly driven by differences in harvest index, as no significant differences were found between biomass at 
maturity. This result, in conjunction with the canopy air temperatures, suggest that differences in frost 
severity had a role in the greater reduction for the control treatment for the amount of viable canola grain 
(data not shown). This was also confirmed by the correlation between the number of hours experienced by 
the crops at temperature below 0°C and the harvest index (Figure 2d).   

Conclusions 
We found strong evidence that soil amelioration using strategic deep tillage can reduce frost severity. At all 
sites where air temperatures at canopy height have been measured there has been a consistent result of the 
ameliorated treatments having fewer hours below critical thresholds (0, -2 and -4°C) than the untreated 
control treatments. This has occurred across a wide geographic range and a variety of repellent soil types, 
crop types and seasons and is consistent with previous work (Rebbeck et al. 2007; Butcher et al. 2017).  
However, indication that crop damage was reduced as a consequence of reduced frost severity was only seen 
when seasonal conditions produced severe, and therefore discriminating frost events. 
Grain yield and harvest index have been consistently higher for ameliorated than the control treatments but 
we are unable to attribute how much of this might be due to a reduction in frost damage. Reductions in floret 
sterility and higher grain number per spike and harvest index for ameliorated treatments suggest that reduced 
frost damage may be a factor, but we cannot rule out other factors which could impact on these measures. 
Based on our results, there is no evidence that frost severity was reduced as a consequence of the reduced 
albedo (reflection of sunlight) of the topsoil as had been suggested previously (Rebbeck et al. 2007). At 
many of these sites the sandy subsoil brought to the surface was paler in colour than the topsoil, so greater 
sunlight reflection and less absorption would be expected in these cases. The evidence, however, does 
suggest that the topsoil does need to be significantly modified and/or mixed in order to see a substantial 
reduction in frost severity. Where some of the sites have had a deep ripping treatment which has reduced 
compaction but not significantly altered the topsoil condition, the reductions in frost severity are minimal if 
they are there at all (data not shown). The findings highlight the benefits of soil amelioration in reducing 
frost severity on repellent soils but leaves many questions unanswered that require further research, such as 
the mechanisms by which soil amelioration reduces frost severity and if soil amelioration can be used to 
reduce frost severity on soils that aren’t water repellent. 
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