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Abstract 

In Western Australia (WA), there is a mean difference of 1.3 t/ha between the actual yield 
achieved and the water-limited yield potential. We hypothesised deep amelioration of multiple 
soil constraints would increase yield above the calculated water-limited yield potential for a 
low-input cropping system. We conducted a series of field experiments in the low rainfall region 
of WA where soil was ameliorated (i) either by surface application of agricultural lime or (ii) by 
loosening and incorporating agricultural lime to different depths (up to 45 cm). Surface 
application of agricultural lime significantly increased yield within 1–7 years of application 
while combined loosening with lime addition to 45 cm depth (soil re-engineering) at least 
doubled the grain yield almost immediately and continued to generate the same yield advantage 
over multiple seasons. Grain yield, in the re-engineering treatment, exceeded the water-limited 
yield potential by 33─56% under standard agronomic practice. 
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Introduction 

In WA, more than 70% of the topsoil (0–10 cm) and around 50% of the subsoil (10–20 and 20–
30 cm) are acidic and have a soil pH in CaCl2 below the minimum target pH of 5.5 in the 
topsoil and 4.8 in the subsoil (Gazey et al., 2013). Importantly, soil acidity also often occurs 
with other soil constraints such as compaction and topsoil water repellence (van Gool 2016). On 
soils with multiple constraints, most crop roots are confined within 20–25 cm of the soil surface 
(Azam and Gazey 2020). In a paddock where crop roots are restricted within 25 cm soil depth a 
large proportion of growing-season rainfall can quickly leach beyond the root zone. This results 
in an ineffective use of stored subsoil moisture (Azam et al. 2019a) and creates a gap of up to 
1.3 t/ha between the actual yield achieved and the water-limited yield potential for wheat 
(Lawes et al 2018) as calculated using the French and Schultz (1984) equation.

In WA, several soil amelioration approaches are available for growers to manage subsoil acidity 
and compaction; the two most widely occurring soil constraints. Approach 1: is the traditional 
approach whereby agricultural lime is applied (often multiple applications) on the soil surface to 
acidic soils. This approach takes many years to significantly increase subsoil pH and this does 
not treat subsoil compaction (Azam and Gazey 2020). Approach 2: is more recent and an 
increasingly adopted approach that involves use of strategic tillage operations, whereby lime is 
spread and incorporated while loosening compacted soil by a deep ripper or overcoming water-
repellent soils by inversion ploughing (Davies et al. 2019). However, approach 2 is found to 
only partially ameliorate multiple soil constraints, hence yield responses can vary depending on 
the level of amelioration (Davies 2018). There is also a ‘blue sky’ soil profile re-engineering 
approach to address multiple constraints to a deeper depth – this approach is currently difficult 
(expensive) to adopt at farm scale but is useful to benchmark the real water-limited grain yield 
potential for a particular site (Azam and Gazey 2019c). This paper presents the results from a 
series of long-term field experiments to evaluate the three different approaches mentioned above 
and determine which approach is more effective to ameliorate 
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multiple soil constraints and increase yield above the calculated water-limited yield potential 
for a low-input cropping system. 

Methods 

Long-term soil amelioration trials (Approach 1 and 2): The Department of Primary Industries 
and Regional Development (DPIRD) has conducted several long-term soil management 
experiments in WA, in which a wide range of lime rates (0–8.5 t/ha) were applied with and 
without using strategic tillage for lime incorporation on small plots (width 2–4 m, length 20–30 
m). In Wongan Hills 
(30°85’S, 116°74’E) long-term experiment (see details in Azam et al. 2019b), five lime (90% 
neutralising value) rates were applied in 1994 and plots were subdivided in 1998 and 2014 for 
application of additional lime rates. In 2018, three strategic tillage treatments (0, 15 and 25 cm 
depths) were also applied to incorporate residual lime. Lupin, wheat, canola and barley crops 
were grown in a random rotation over 27 years. In the Merredin (31°29'S, 118°13'E) 
experiment, 0, 2, 4 and 6 t/ha lime (94.9% neutralising value) rates were applied in 2017 in 
conjunction with and without shallow strategic tillage (offset plough, 10–15 cm deep). Wheat 
was grown continuously in the Merredin trial for five years. The West Casuarinas (28°95’S, 
115°26’E) experiment was established in 2007 where 0 or 2 t/ha lime was either surface 
applied or incorporated with a mouldboard plough (MBP) to a depth of 25–30 cm. A Wheat-
Lupin-Barley-Lupin-Wheat rotation was grown continuously for 13 years. .  

Re-engineering trial (Approach 3): a deep lime incorporation (re-engineering) experiment (see 
details in Azam and Gazey 2019c) was established in Kalannie (30°25’S, 117°17'E) in 2018 
using 0, 1.5, 4.5 and 6.0 t/ha lime (94.9% neutralising value)and monitored for three seasons. . . 
Five soil amelioration treatments comprising an untreated control, removal of compaction only 
and removal of both compaction and acidity (by incorporation lime at 0–10, 0–30 and 0–45 cm 
depths) were included.  

Soil samples were collected from all experiments at 0–10, 10–20, 20–30, 30–40 and 40–50 cm 
depths from each plot to measure soil pH using 1:5 soil:0.01M CaCl2 extract. Crops, from all 
experiments, were harvested using a plot harvester or by hand-cuts for measuring yield. In the 
re-engineering experiment, soil profile moisture content was measured in situ regularly using 
capacitance probes. Crop root architecture was also imaged repeatedly in situ using a Rhizotron 
set up (see details in Azam and Gazey 2020). 

A linear model was fitted to each of the measurements using the ANOVA procedure in GenStat 
(Version 18.1, VSN International, Oxford, UK) to compare the treatment effects on soil pH and 
crop yield. Fisher's protected least significant difference (LSD) was applied at the 0.05 
significance level. 

Results 
Yield response 

In approach 1 (surface liming), the time to gain significant yield increases depended on the 
initial pH of the topsoil and the rate of lime application (Figure 1a). The initial pH of the topsoil 
at Wongan Hills was greater than 5.0 CaCl2and it took seven years for a significant yield 
response (Figure 1a). In the seventh year the yield response in was significant only with the 4t/
ha lime treatment. By 2012, (19 years after the first application of lime and the next time a crop 
yield was measured), surface application of both 2 and 4t/ha lime generated significantly 
greater yield for wheat. The same was found for wheat, canola and barley in each year from 
2018–2020. Rates of lime below 2t/ha never yielded significantly more than the control. No 
significant differences in crop yield were observed between 2 and 4 t/ha of lime.   

Topsoil of the Merredin experiment was initially more acidic (pH <4.6 CaCl2) and wheat yield 
increased significantly from the first season. In the experiment at Merredin, application of 2, 4 
and 6 t/ha lime to the soil surface significantly increased yield from the first year after 
application and continued to yield higher, compared to the control. There was no significant 
yield difference between 
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the lime rates (Figures 1c). In this experiment, shallow incorporation treatments (15 cm deep) 
did not increase grain yield over surface applied lime within 5 years (data not presented).  

Figure 1: Grain yield responses due to (i) surface application of lime in (a) Wongan 
Hills and (c) Merredin; (ii) incorporation of lime using a mouldboard plough in (b) 
West Casuarinas and (iii) soil re-engineering in (d) Kalannie. * indicate significant yield 
increases over the 0t/ha lime treatment at P=0.05. Different letters indicate levels of 
significance in re-engineering experiment. 

In the West Casuarinas experiment, incorporation of 2 t/ha lime using a mouldboard plough 
(MBP) to a depth of 25–30 cm significantly increased yield after seven years and has 
continued to have a yield advantage over last 14-seasons, compared to the MBP-alone and the 
control (Figure 1b).  

In the re-engineering experiment at Kalannie, the combined removal of compaction and acidity 
doubled the grain yield (Figure d). Removal of compaction alone increased yield of wheat but 
not of canola or barley. Grain yield exceeded the water-limited potential (as calculated using 
the French and Schultz (1984) equation) by 33─56% due to amelioration of multiple 
constraints under standard agronomic practice (data to be presented). Deep soil re-engineering 
allowed plants to produce root systems 60–65 cm deep, while they were only 20–25 cm deep 
for the control (data not presented). Significant and rapid improvement in root growth and 
yield were achieved due to the increase in sub soil pH as well as a uniform and sustained 
decrease in soil resistance (Azam and Gazey 2020). 

Economic implications 

The cumulative net benefit, in comparison to the control, shows that application of lime to the 
soil surface generated economic benefit within 1–7 years, depending on the rate of lime 
applied and the initial pH of the soil (Figure 2). 

(a) 

(b) 

(c) (d) 
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In the Wongan Hills experiment, modelled results from iLime showed that treatment with lime 
did not break even (compared to the control) until five years after the original application 
(Figure 2a). After this break-even year, the return for the lime treatments was greater than the 
control, year on year.  

Figure 2. Cumulative net benefit ($AU/ha) in (a) Wongan Hills, (b) West Casuarinas, 
(c) Merredin and (d) Kalannie experiments. Net benefit was calculated as the sum of the
return in each year (yield x price for that year), less the return for the control in that year
and the total cost of each treatment. Yield from the experiments was used, except for
Wongan Hills, which was estimated from the iLime app. Prices and costs were discounted
by 7% for the 27-year analysis at Wongan Hills but were not discounted for the shorter
analyses at the other locations.

In the West Casuarinas experiment, MBP on its own increased crop yield response, and thus net 
returns, from the fourth season to the ninth season, but after that the crop response, and hence 
returns, plateaued (Figure 2b). The combination of MBP and lime became more profitable than 
MBP only from the seventh season onwards and profitability has increased since then to the 
present. 

The breakeven point was reached a year after the application of lime at Merredin (Figure 1c) 
while it took two years to reach breakeven at Kalannie (Figure 2d) and only for the 2t/ha 
treatment. In both short-term experiments, higher lime rates initially lagged behind in net 
economic benefit compared to the 2t/ha lime due to the higher cost of treatment. Towards the 
end of this reporting period, the cumulative benefit from higher rates of lime was close to those 
for 2t/ha, emphasising that these higher rates might neutralise ongoing acidification maintaining 
soil pH, crop yield potential and hence the economic benefit. 

(d) 

(b) 

(c) 

(a)
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Soil pH 

At Wongan Hills, only cumulative higher lime rates (>6.5 t/ha from multiple applications) 
increased subsoil pH in the 10–20 cm depth to the minimum target level (Table 1). There was 
no effect at depths below 20 cm compared to the initial pH measured in 1994. However, higher 
rates of lime always had higher pH in the 0–10 and 10–20 cm depths and some lime remained 
undissolved in the top 4 cm surface soil (see Azam and Gazey 2020). In contrast, in Merredin 
none of the lime rates significantly increased subsoil pH below 20 cm depth over the 5 years 
duration (data not presented). 

Table 1: Soil pH under different liming strategies and tillage treatments in autumn 2019 
in loamy sand at Wongan Hills WA. Statistics: least significant differences (5%) for deep 
tillage x lime rates at 0–0.10 m depth = 0.36, at 0.10–0.20 m depth = 0.60 and at 0.20–0.30
m depth = 0.45. Depth (m) 

Applications of lime (t/ha) – 1994; 1998; 2014 

0; 0; 0 2; 0; 0 4; 0; 0 0; 1.5; 3.5 2; 1.5; 3 4; 1.5; 3 

Without deep tillage 

0-0.10 5.60 5.80 5.83 6.48 6.58 6.45 
0.10-0.20 4.58 4.60 4.63 4.95 5.35 5.40 
 0.20-0.30 4.13 4.28 4.65 4.45 4.58 4.95 

With deep tillage 
0-0.10 5.28 5.90 5.90 6.33 6.50 6.55 
0.10-0.20 4.73 5.23 5.48 5.63 5.73 6.00 
 0.20-0.30 4.25 4.43 4.48 4.45 4.85 5.20 

At the West Casuarina experiment, incorporation of 2 t/ha lime significantly increased soil pH 
to the depth of incorporation, however, topsoil pH did not increase to the minimum target pH 
of 5.5 (see Davies et al 2015). At Wongan Hills, incorporation of residual lime to 25 cm using 
a rotary hoe rapidly increased pH above the minimum target level (pH 4.8) and significantly 
increased wheat yield in the year of treatment (see Azam et al 2019b). The improvement in 
subsoil pH varied between different sites mainly due to differences in lime rates and time after 
lime application.  

Conclusion 
Surface lime application took seven years to generate a significant increase in crop yield in 
sites with an initial topsoil pH greater than 5.0. However, where the topsoil pH was 4.6 or less, 
crop yield increased almost immediately. Once yield had increased in the lime-treated plots, in 
most experiments, they continued to yield more and increased in economic benefit year on 
year, compared to the un-limed control and irrespective of crop type.  

Incorporation of lime using strategic tillage was effective in increasing crop yield where the 
depth of incorporation was 25 cm or deeper. The response in yield was greater from 
incorporation to deeper depths and with higher lime rates than for shallower depths with lower 
lime rates, with the deepest lime incorporation treatment at Kalannie lifting the grain yield 
above the calculated water-limited yield potential. Therefore, we recommend incorporation of 
lime using strategic deep tillage for compacted soil with subsoil acidity. 
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