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In the cropping regions of South Australia there is little information on whether acidity and acidiﬁcation
associated with high-input agriculture is affecting crop production and proﬁtability. In much of the midnorth of South Australia, where thermic Calcic Palexeralf soils predominate, the levels of Al are low
compared with other acid-soil types reported in comparable studies in Australia. In this study lime
requirement curves have been used to predict the lime rate that achieves 80–90% maximum yield for
different crop species on 3 sites on the red-brown earth soil type in the mid-north of South Australia. The
results given demonstrate that the approach used for predicting lime responsiveness, with lime
requirement calculated using the model of [Hochman, Z., Godyn, D.L., Scott, B.J., 1989. The integration of
data on lime use by modelling. In: Robson, A.D. (Ed.). Soil Acidity and Plant Growth. Academic Press,
Sydney, Australia, pp. 265–301], has provided good estimates of ﬁnal pH changes. Yield response curves
show that the largest yield gains mostly occurred in the second season of the experiment when lime at
about 2.0 t/ha increased pHCa to 5.5–6.0. With the lime treatments calculated, yield of wheat, barley and
faba beans were increased by about 70%, and durum by 30% compared with the control. It would appear
that liming to achieve a pHCa of 5.2 has removed Al toxicity, and further liming to achieve pHCa 5.5–6.0
may have improved other soil properties to realise further yield gains. With cropping in this region
commonly using practices that include high fertiliser nitrogen input and retention of crop residues,
acidiﬁcation is likely to be an on-going issue with these red-brown earth soils. Thus it is appropriate that
soil testing and, where required, liming at the rate of 1.5 t/ha is used by farmers to both improve cropping
proﬁtability and also offset acid input associated with the farming practice.
ß 2008 Elsevier B.V. All rights reserved.
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1. Introduction
Soil acidity is a major factor that affects crop growth in many
countries, with soils becoming more acidic from the use of no-till
systems, crop rotations incorporating legumes or high inputs of N
fertiliser (Xu et al., 2002; Bolan and Hedley, 2003; Godsey et al.,
2007a). There is clear evidence that soils in the higher rainfall areas
(>500 mm) of south-eastern Australia are affected by acidity
(Coventry, 1992), and in western Australia, acidiﬁcation is affecting
the medium rainfall (400–500 mm) cropping areas (Dolling et al.,
1994). In South Australia it is estimated that 30% of soils in pasture
and crop production areas have pHCa < 4.5, however to date there
is little information on whether this acidity is affecting plant
production.
To enhance plant productivity on acid soils (pHw 4.0–6.0), lime
application is usually recommended but positive responses may

* Corresponding author. Tel.: +61 8 83037954; fax: +61 8 83037730.
E-mail address: david.coventry@adelaide.edu.au (D.R. Coventry).
0378-4290/$ – see front matter ß 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.fcr.2008.02.013

not be immediately obtained (Warman et al., 1996; Edmeades and
Ridley, 2003). In studies in north-eastern Victoria and southern
NSW, with soil pHCa < 4.7, crop yield increases of the order of 20–
100% have been obtained after liming the soil (Cregan et al., 1989;
Coventry, 1992). In western Australia, various lime responses have
been reported (Dolling et al., 1991), including occasional negative
effects (Carr et al., 1991). In some studies on acidic soils in the
eastern states of Australia, there are instances of no clear beneﬁt
from liming, particularly with pasture species (Coventry, 1992). In
South Australia, there have been few attempts to discriminate any
responses on the basis of soil type and lime requirement, or to
relate methods for determining the amount of lime applied to plant
responses (Merry et al., 1990).
Various methods have been tested to estimate requirements for
lime and crop responses including target pH (Shoemaker et al.,
1961; Adams and Evans, 1962; Curtin et al., 1984; Edmeades et al.,
1985), toxic Al removal (Kamprath, 1970; Reeve and Sumner,
1970; Webber et al., 1976; Farina et al., 1980) and soil buffer
capacity methods (Edmeades et al., 1985; Noble et al., 1997). In
Australia some experience suggests it is better to use a combina-
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tion of soil information (ﬁeld buffering capacity, exchangeable
bases, Al and pH) to estimate lime requirement (Hochman et al.,
1989), and to discriminate the response to lime on the basis of soil
type, crop species and relative grain yield response (Slattery and
Coventry, 1993; Liu et al., 2004). In the present study the lime
prediction approach as described by Hochman et al. (1989) is used
to estimate lime rates to neutralise acidity as found in the lower
and mid-north cropping regions of South Australia and, in ﬁeld
experiments, to establish if this acidity is affecting production for a
range of ﬁeld crops.
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2.1. Site selection, soil description and characterisation
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Farmer co-operators (Geoff Rowett, Marrabel; Mick Ryan, South Kapunda; David Shannon, North Kapunda).
Stace et al. (1968).
Northcote (1979).
Northcote et al. (1975).
ECEC (effective cation exchange capacity).
Field buffering capacity (Bs).
Slope of the regression of pH and total exchangeable bases (SLs) were calculated from the model of Hochman et al. (1989).
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Table 1
Description and chemical characteristics of the 3 soils in this study
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Three ﬁeld sites were established in 1999 on acidic soils in the
lower and mid-north regions of South Australia (Table 1). These
sites were at Marrabel (longitude 1388530 ; latitude 348080 ), at the
northern side of Kapunda (longitude 1388550 ; latitude 348180 ), and
at the southern side of Kapunda (longitude 1398000 ; latitude
348230 ). These locations were selected to represent medium–high
rainfall cropping regions of South Australia and the most common
soil type, red-brown earths (Merry et al., 1990), thermic Calcic
Palexeralf (Fitzpatrick and Naidu, 1995). Twenty core samples
were taken at each site using a parallel grid pattern (August, 1998),
for site characterisation, with sub-samples dried at 40 8C for 24 h
and ground (2 mm sieve).
Soil pHCa was measured in 1:5, soil to 0.01 M CaCl2, mixed by endover-end shaking (1 h at 30 rpm). Soil extractable Al (extracted by
0.01 mol/L CaCl2 using 1:5 soil:solution) and exchangeable Al
(extracted by 1 mol/L KCl using 1:10 soil:solution) were determined
by a modiﬁcation of the method of Wilson and Sergeant (1963); Mn
was determined (in each of the extracts used for Al) with analysis
done by ICP-OES. The ECEC (cmol (+) kg1) as given in Table 1 was
determined by summing the concentrations of Ca, Mg, Na, K, and Mn
(1 M KCl) and Al (1 M KCl) (Slattery et al., 1995). Calcium, Mg, Na and
K were extracted in 0.1 M NH4Cl (Rayment and Higginson, 1992) and
then measured individually by atomic adsorption (Gillman and
Sumpter, 1986). Boron was measured similarly to the method
(12C1) in Rayment and Higginson (1992) and organic carbon was
measured similarly to the method of Walkley and Black (Rayment
and Higginson, 1992). Grain protein was measured by the method of
O2/O3 Dumas Combustion total nitrogen determination (Rayment
and Higginson, 1992).
2.2. Lime requirement estimates
The soil data shown in Table 1 was used to provide a lime
requirement estimate as described in the lime requirement model
given by Hochman et al. (1989). This approach uses the combined
soil information of ECEC, pH and Al to calculate ﬁeld buffering
capacity and to predict lime rates required to raise soil pH to a predetermined level.
2.3. Experimental treatments and management
Five soil amendment treatments were randomised within 4
replicates in a split-plot design (60 plots/site) (February, 1999).
The plots were 1.8 m  15 m long and the ﬁve amendments were:
control (nil lime), sulfur (0.3 t S/ha—all sites), L1 (1 t lime/ha—
Marrabel and North Kapunda; 0.75 t lime/ha—South Kapunda), L2
(2 t lime/ha—Marrabel and North Kapunda; 1.67 t lime/ha—South
Kapunda) and L3 (4 t lime/ha—Marrabel and North Kapunda;
3 t lime/ha—South Kapunda). The L2 lime rate was the value
calculated to neutralise acidity (target pH 5.25) based on the
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Table 2
Monthly rainfall for the 3 sites used in the study
January
Marrabel
1999
2000

February

March

April

May

June

July

August

September

October

November

December

April–October

Total

22.4
0

11.2
93.4

56.8
18.8

10.0
48.6

72.0
54.2

33.8
59.0

35.2
66.2

39.0
48.4

52.2
55.8

63.0
66.0

65.9
25.6

26.0
7.8

305
398

487
544

South Kapunda
1999
9.2
2000
0.6

10.6
118.2

62.2
18.6

5.6
46.8

78.2
66.0

36.6
69.2

45.8
72.2

43.2
51.0

61.2
52.2

48.4
54.0

56.4
33.9

22.6
6.6

319
411

480
589

North Kapunda
1999
9.0
2000
0.6

11.0
111.0

62.0
19.5

5.0
44.8

79.0
63.2

35.0
67.9

44.0
71.1

41.0
52.6

61.0
53.4

49.0
55.0

57.0
31.8

25.0
7.0

314
408

478
578

Hochman model. The S (acidity input) rate was calculated
assuming that 1 mole CaCO3 equals 3.125 mole S. Lime was
spread with a 1.5-m drop spreader and powdered S was spread by
hand on the surface soil. After the materials were spread, the soil
was cultivated with treatments incorporated to a depth of 10 cm
by one pass with a scariﬁer. The lime was ground agricultural
limestone containing 40% Ca (98% CaCO3) and 0.3% Mg (mainly as
MgCO3), with an effective neutralising value of 96%, with 100% of
the product less than 250 mm in particle size. The lime was
supplied by Omya Southern (Linﬁeld, New South Wales).
Crop species were sub-plots within the main soil treatments. The
crop species and cultivars used were wheat (Triticum aestivum)
cultivar Janz; barley (Hordeum vulgare) cultivar Franklin; canola
(Brassica napus) cultivar Dunkeld; durum (Triticum turgidum)
cultivar Yallaroi and faba beans (Vicia faba) cultivar Fiesta, with 3
crop varieties sown in each season. The rotation of crops through the
2 seasons was based on past crop sequence and farmer preference.
In 1999, the sites were sown on 27 and 28 of May, and in 2000,
the sowing occurred on 3 and 4 of June. Depths of sowing were 3–
4 cm for wheat, durum and barley, 2 cm for canola and 4–5 cm for
faba beans. Seeding rates were 72 kg wheat/ha, 83 kg barley/ha,
104 kg durum/ha, 3.5 kg canola/ha, and 180 kg faba beans/ha. The
crops were sown with an 8-row cone-seeder with narrow points
and press wheels. An overall 80 kg/ha of 18:20:0, N:P:K, with 2.5%
Zn, was applied to canola, faba bean, durum and wheat in 1999 and
2000, with an extra 25 kg/ha N at tillering in the 1999 season.
Fertiliser for barley at sowing was in the form of triple superphosphate (25 kg P/ha). Before sowing in both years, each site was
sprayed for emerged weeds with glyphosate (2 L/ha). Postemergent weeds were controlled during the growing season
according to district recommendations. Where possible, Glean1
(18 g/ha) or Achieve1 (380 g/ha) was used for ryegrass control. In
July 1999, omethoate (50 mL/ha) was sprayed to prevent lucerneﬂea and red-legged earth mites on sites coming out from pasture.
In the 2000 season, Mancozeb (2.5 kg/ha) was used to prevent
chocolate spot on the faba bean plots. Rainfall was measured at
each site and is shown in Table 2.
2.4. Treatment measurements
Whole plots were machine-harvested at maturity using a KEW
harvester on 29 December 1999 and 4 December 2000 for grain yield
and protein. Destructive sampling was performed only in the 2000
season so as to measure dry matter (DM). Data for DM yield
(2 m  0.5 m rows of plants intact, 3 random locations/plot) are
shown only for the wheat crop at the North Kapunda site (2000),
where grain yield data were not reliable due to extreme frost damage.
Soil samples were collected (0–10 cm depth) from each plot
during September of 1999 and 2000, with 15 cores/plot randomly
taken: sample preparation and chemical analyses were undertaken
as previously described.

Fig. 1. Relationship between the lime applied and the change in soil pHCa at 3 sites in
1999 and 2000. (a) Marrabel, (b) South Kapunda, and (c) North Kapunda. Lime rates
were determined from the Hochman et al. (1989) predictive model.
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Fig. 2. Field-observed versus predicted values from the Hochman model for all soil
treatments in the 2000 season at 3 sites. The solid diagonal line shows best-ﬁt line.

2.5. Statistical analysis
Both linear and non-linear regression analysis was applied to
the means of the yield data, plotted with the mean soil pH
collected over 2 growing seasons, for wheat, durum, barley and
one growing season for canola and faba bean. Backward
elimination was used to calculate the relationship between
relative yield, and means of pH and extractable Al and Mn for each
species at each site to predict yield. Analysis of variance (ANOVA)
was applied to the relative yields of the crops over 2 growing
seasons to determine signiﬁcant differences between these sites.
ANOVA was also used to determine the least signiﬁcant
differences among treatments for soil extraction analysis and
between yields for the treatments at three sites. All data were
analysed using Genstat 5 statistical analysis software, release 5,
2001 (Lawes Agricultural Trust, Rothamstead, UK), using SUPER
ANOVA statistical analysis software version 1.1 (Abacus Concepts
Incorporation, 1991).

Fig. 3. Relationship between pHCa and 0.01 M CaCl2 extractable Al and Mn for all 3
sites. Arrow indicates ‘break of curve’.

K were not changed (P = 0.05) with soil amendment (Table 3).
These data suggest that the exchange sites vacated by H+, Al and
Mn were almost all taken up by Ca after liming.

3. Results
3.3. Yield data
3.1. Lime requirement calculations
The relationships between the lime applied and the actual
change in soil pHCa at the 3 sites in 1999 and 2000 seasons, and the
pH values that are predicted from the Hochman model, are shown
in Fig. 1. There was a difference in pH measured in 1999 and 2000,
indicating a delay in S and lime dissolution in these soil types, after
a time period of almost 12 months the target pH was achieved. By
2000 this model provided a very good estimate (R2 = 0.86) of the
ﬁnal pH for soil treatments at each of the 3 sites (Fig. 2).
3.2. Soil chemical characteristic relationships
The AlCa and MnCa measures decreased with lime application,
and increased with S application (P < 0.05). These data are shown
plotted against site-combined measures of pHc (Fig. 3), with the
‘‘break of curve’’ value of pHCa 4.75. The regression equations at
each site show a negative relationship for pH with extractable
aluminium (AlCa) and extractable manganese (MnCa) (Table 3).
Liming also increased (P < 0.05) exchangeable Ca, and the S
treatment decreased exchangeable Ca (P < 0.01) at all sites. The
regression equations developed for pH and individual cations had
signiﬁcant (P < 0.01) positive correlations with Ca, but Mg, Na and

Irrespective of crop type, there were no grain yield responses
(P = 0.05) to the addition of lime in the 1999 season (Table 4). Only
the S treatment produced a signiﬁcant change (P < 0.05) with
reduced yield for all species at the Marrabel site. In the 2000
growing season, the lime treatments produced higher yields
(P > 0.001) compared to the control, the S treatment at all sites
decreased yield (P > 0.001) (Fig. 4). The L2 treatment produced
signiﬁcantly higher yield response compared to L1 and L3
treatments for all species at South Kapunda. At Marrabel, the
trend was similar and L2 had higher yield compared to L1 and L3,
but only for faba beans and barley. At North Kapunda, increasing
lime rates signiﬁcantly (P > 0.001) improved yield for the 2 species
harvested. It was not possible to get grain yield for wheat due to
severe frost damage at this site, but the DM yields suggest the
likelihood of a grain yield response to lime (Fig. 3). Grain protein
data for wheat are shown in Table 5.
Regression analyses and responses between grain yield and pH
are given for all sites (Table 6 and Fig. 4). The relationships for
extractable Al and extractable Mn with yield (data not shown)
show a signiﬁcant decline in yield with increasing Al or Mn. These
declines in yield are evident after the value for Al and Mn exceeds 1
and 10 mg/kg, respectively.
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Table 3
(a) Relationships between pHCa and extractable Al and extractable Mn and (b), Coefﬁcients (R2) and slopes (b = cmol (+) kg1/pH unit) for relationships between exchangeable
cations and soil pH, for all sites, for 3 sites in year 2000
A (S.E.)

B (S.E.)

C (S.E.)

R2

Marrabel site
pH = A  Al + B  Al2 + C
pH = A  Mn + B  Mn2 + C

41.22  6.85
156.73  30.34

3.73  0.88
13.39  3.03

114.17  16.99
467.37  75.22

0.73
0.81

South Kapunda site
pH = A  Al + B  Al2 + C
pH = A  Mn + B  Mn2 + C

23.20  3.29
103.74  13.73

2.05  0.33
8.85  1.36

65.89  8.24
307.81  34.35

0.82
0.91

North Kapunda site
pH = A  Al + B  Al2 + C
pH = A  Mn + B  Mn2 + C

48.46  5.32
122.56  29.49

6.35  0.63
10.31  2.92

140.39  15.74
375.80  73.13

0.89
0.76

Regression equation
a

Ca

b
Marrabel
South Kapunda
North Kapunda
a

Mg

K

Na

Al

Mn

R2

b

R2

b

R2

b

R2

b

R2

b

R2

b

0.82
0.92
0.91

1.79
1.34
1.12

nsa
ns
ns

0.05
0.07
0.04

ns
ns
ns

0.06
0.02
0.01

ns
ns
ns

0.01
0.02
0.02

0.65
0.63
0.78

0.12
0.05
0.14

0.84
0.86
0.77

0.06
0.03
0.04

Not signiﬁcant (P = 0.05).

Table 4
Grain yield data (t/ha) for season 1999 for the 3 sites
Marrabel
S
C
L1
L2
L3
l.s.d. (P = 0–05)
South Kapunda
S
C
L1
L2
L3
l.s.d. (P = 0–05)
North Kapunda
S
C
L1
L2
L3
l.s.d. (P = 0–05)
a

Wheat (barleya)

Barley (wheat)

Durum (beans)

1.36
1.75
1.85
1.90
1.98
0.11

2.00
2.13
2.15
2.11
2.03
0.09

2.29
2.51
2.69
2.55
2.67
0.12

Wheat (barley)

Durum (wheat)

Canola (durum)

2.56
2.72
2.68
2.76
2.51
0.20

2.75
2.39
2.78
2.83
2.59
0.20

1.95
2.00
2.12
2.12
2.07
0.13

Wheat (barley)

Barley (beans)

Canola (wheat)

2.46
2.29
2.33
2.44
2.38
0.21

2.40
2.46
2.48
2.35
2.17
0.05

1.88
1.94
1.87
1.92
1.99
0.31

Rotation crop for 2000 season.

3.4. Prediction of yield and ﬁeld lime requirement
In order to determine which of the soil acidity factors (pH, Al,
Mn) could most accurately predict yield, the yield of the various
crops was modelled using backward elimination analysis (Table 7).
The backward elimination used ﬁrst pH alone, and was continued
with pH + Al, pH + Mn and pH + Al + Mn until the highest regression coefﬁcient was found for each relationship. The ‘maximum’
grain yield was determined from the response curves shown in
Fig. 5, and the equations in Table 7 are derived from the ﬁelddetermined lime rate to reach 80–90% relative to the maximum
yield. In this analysis, pH alone accounted for 44–77% of the
variation in the Marrabel and South Kapunda site for wheat, and
63–90% for barley, durum and faba bean at 3 sites. The addition of
Al and Mn into the model in 3 sites improved the relationship. At
the Marrabel site the inclusion of Al and Mn together improved the

relationship from 44 to 77% for wheat, and from 63 to 74% for
barley for Al alone and from 44 to 77% for faba bean for Al and Mn
together. For the South Kapunda site, these improvements were
77–85% for wheat, 79–97% for barley for Al and Mn inclusion and
nothing for durum. With the North Kapunda data, the ﬁtness of the
model increased from 90 to 98% for barley and 87 to 97% for faba
bean by inclusion of Al or Mn individually or together.
4. Discussion
4.1. Efﬁcacy of the lime requirement model
In this study ﬁeld experimental data was used to test and
validate a chosen model’s ability to predict change in soil pH with
rates of lime. The lime requirement calculated using the model of
Hochman et al. (1989) provided good estimates of the ﬁnal pH
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Fig. 4. Relationship between crop  lime treatment for grain yield at (a) Marrabel,
(b) South Kapunda and (c) North Kapunda sites in 2000. B, barley, F, faba beans, and
W, wheat. The data shown in section c for wheat is DM (t/ha) production; l.s.d.
(P < 0.5) shown with error bars.

changes (Figs. 1 and 2) at the 3 sites, after a time period of almost
12 months, the target pH was achieved (R2 = 0.86). The equation
obtained in this study (predicted pH change = 0.86  (observed pH
change)  0.04) is very similar to the equation obtained by

Hochman et al. (1995) (predicted pH change = 0.85  (observed
pH change)  0.02), also the buffering capacity (Bs) and the slope of
the regression of pH and total exchangeable bases (SLs) for all 3
sites agrees well with the Hochman predicted data (Table 1).
The closeness between observed and predicted pH values
would indicate that the values associated with pH buffering are
likely to be important in lime reaction in these soils. Parameters
affecting the pH buffering that have been used to predict the effects
of lime rates are ECEC, Al and pH of unlimed soil. There is evidence
that these reactions are the main pH buffering reactions between
pH 4.5 and 6.5 (Helyar et al., 1993; Magdoff and Bartlett, 1985). At
this pHCa range (4.5–6.5) the soil pH is mainly buffered by
association/dissociation reactions of H+ ions (Helyar and Porter,
1989). Thus in the current study, the factors affecting the lime
requirement model utilised (ECEC, Al and pH) of unlimed soil have
worked well, especially as the pHCa was in the range between 4.0
and 6.0 (Hochman et al., 1989).
According to Hochman et al. (1995), addition of an equal
amount of lime to different sites with the same ECEC, Al and Mn,
though with different initial pH values, gives a smaller pH change
in the soil wherever there were higher initial pH values. This
prediction is consistent with the equation of Bailey et al. (1989) but
not with the observation of Magdoff and Bartlett (1985) that soils
are least buffered in the pH range 5.0–5.6. This outcome was also
obtained in the current study where the North Kapunda site with a
lower initial pH value, compared with Marrabel and South
Kapunda sites with higher pH values, almost reached the same
ﬁnal pH level with the same lime rates. The buffering capacity of
the Marrabel and South Kapunda sites were higher than the North
Kapunda soil (Table 1). For example at the Marrabel and South
Kapunda sites, the pH values increased by 0.9 of a pHCa unit after
addition of 4 t/ha (L3) of lime, whereas increases of 1.7 of pHCa unit
was obtained for the North Kapunda site for the same lime rate. The
lower soil ECEC at the South Kapunda and North Kapunda sites will
account for the difference in the observed buffering capacity when
compared with the Marrabel site.
The use of single or double buffer methods (with either NaOH or
Ca(OH)2) have been recommended for estimating lime requirement of soils (Woodruff, 1948; Shoemaker et al., 1961; Adams and
Evans, 1962; Mehlich, 1976; Yuan, 1976; Godsey et al., 2007b).
Such methods were previously used in the study by Richards
(1992) in South Australia, but produced discrepancies in predicting
a ﬁnal pH, particularly for pHCa 5.0 and 5.5. The reaction of different
buffer solutions on soils from the 3 sites in this study has also been
used to calculate lime requirement (data not shown). Here the
pHBC measured with either NaOH or Ca(OH)2 underestimated the
lime to achieve best pH and yield responses. A major difﬁculty in
obtaining a ‘right’ lime requirement with analytical methods is the
lack of calibration against observed crop responses in the ﬁeld.
Whilst the lime requirement calculated by buffer methods may
ameliorate toxicity due to the effect of Al and Mn, they may not be

Table 5
Grain protein and N content for the wheat crop on 2 sites in the 1999 and 2000 growing seasons
Grain protein (%)

N content (kg N/ha)

1999

Grain protein (%)

N content (kg N/ha)

2000

Marrabel a

Control
2 t/ha lime added
l.s.d. (P = 0–05)

11.40
12.50
ns

119
237
47

8.27
8.75
ns

133
224
44

South Kapundab

Control
1.67 t/ha lime added
l.s.d. (P = 0–05)

12.5
11.80
ns

340
307
ns

9.35
9.00
ns

199
313
54

a
b

1999 wheat crop followed canola, 2000 wheat crop followed barley.
1999 wheat crop followed pasture, 2000 wheat crop followed durum.
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Table 6
Regression equations for the relationship between grain yield (Y) of each crop species and pHCa; the data are presented in Fig. 5
Sitea

Regression equation

B (S.E.)

C (S.E.)

R2

Wheat
M
SK

Y = A  pH + B  pH2 + C
Y = A  pH + B

7.54  3.12
0.97  0.13

0.68  0.31
2.32  0.64

18.49  7.81

0.89
0.88

Barley
M
SK
NK

Y = A  pH + B  pH2 + C
Y = A  pH + B
Y = A  pH + B  pH2 + C

5.98  2.15
1.29  0.16
2.35  0.85

0.53  0.22
3.75  0.82
0.16  0.08

14.43  5.29
4.66  2.12

0.85
0.89
0.92

Durum
SK

Y = A  pH + B  pH2 + C

5.22  2.24

0.45  0.22

12.37  5.61

0.85

Faba
M
NK

Y = A  pH + B
Y = A  pH + B  pH2 + C

0.92  0.10
4.27  1.01

3.14  0.52
0.35  0.10

11.27  2.49

0.91
0.92

Canola
NK
SK

Y = A  pH + B
Y = A  pH + B

0.02  0.02
0.05  0.05

1.84  0.12
2.28  0.24

a

A (S.E.)

M, Marrabel; SK, South Kapunda; NK, North Kapunda.

Table 7
Regression equations derived from backward elimination of ﬁeld determined lime
requirement to reach 80–90% of relative grain yield
R2

Regression equation

PA

Yield = 1.39 + 0.68 pH
Yield = 1.92 + 0.09 pH  0.16 Al
Yield = 4.63  0.34 pH  0.04 Mn
Yield = 8.57  0.88 pH + 0.57 Al  0.16 Mn

Wheat—Marrabel
0.44
0.56
0.65
0.77

***
ns
ns
***

Yield = 1.62 + 0.74 pH
Yield = 0.16 + 0.42 pH  0.1 Al
Yield = 1.14 + 0.27 pH  0.02 Mn
Yield = 0.28 + 0.5 pH  0.13 Al + 0.01 Mn

Barley—Marrabel
0.63
0.74
0.72
0.74

***
**
ns
ns

Yield = 1.39 + 0.68 pH
Yield = 1.92 + 0.09 pH  0.16 Al
Yield = 4.63  0.34 pH  0.04 Mn
Yield = 8.57  0.88 pH + 0.57 Al  0.16 Mn

Faba bean—Marrabel
0.44
0.56
0.65
0.77

***
ns
ns
***

Yield = 2.32 + 0.77 pH
Yield = 4.11 + 1.29 pH + 0.1 Al
Yield = 3.96 + 1.25 pH + 0.02 Mn
Yield = 0.86 + 0.53 pH + 1.04 Al  0.22 Mn

Wheat—South Kapunda
0.77
0.79
0.78
0.85

***
ns
ns
**

Yield = 3.75 + 1.29 pH
Yield = 0.74 + 0.78 pH  0.32 Al
Yield = 0.71 + 0.55 pH  0.06 Mn
Yield = 0.79 + 0.6 pH + 2.73 Al  0.42 Mn

Barley—South Kapunda
0.79
0.82
0.85
0.97

***
*
*
***

Yield = 1.15 + 0.71 pH
Yield = 2.27 + 0.12 pH  0.23 Al
Yield = 3.20  0.02 pH  0.05 Mn
Yield = 0.16 + 0.52 pH  0.49 Al + 0.07 Mn

Durum—South Kapunda
0.66
0.81
0.76
0.83

***
ns
ns
ns

Yield = 0.57 + 0.69 pH
Yield = 1.74 + 0.31 pH  0.07 Al
Yield = 1.56 + 0.36 pH  0.02 Mn
Yield = 1.49 + 0.38 pH  0.01 Al  0.02 Mn

Barley—North Kapunda
0.91
0.97
0.98
0.98

***
***
***
*

Yield = 2.74 + 0.79
Yield = 0.31 + 0.37
Yield = 0.12 + 0.38
Yield = 0.10 + 0.37

Faba—North Kapunda
0.87
0.96
0.97
0.97

***
***
***
*

A

ns
ns

pH
pH  0.06 Al
pH  0.02 Mn
pH  0.01 Al  0.02 Mn

Signiﬁcant at ***p = 0.001, **p = 0.01, *p = 0.05, ns not signiﬁcant.

sufﬁcient to achieve 90% of potential yield (as shown in this study).
This would suggest that the only true standard against which rapid
methods for the estimation of lime requirement can be calibrated
is lime requirement based on the results of ﬁeld experimentation
on the crops and soils of interest. When such calibrations are
carried out, meaningful estimates of LR can be obtained from
laboratory methods (Sumner, 1997).
Many Australian studies have reached a similar conclusion that,
on determining lime requirement to reduce exchangeable Al to a
pre-determined level, they did not then maximise plant growth
(Aitken et al., 1990; Aitken, 1992; Slattery and Coventry, 1993). The
importance of calibration for lime requirement based on a local or
regional soil basis has been highlighted by Godsey et al. (2007b).
This need for calibration is particularly important in the mid-north
cropping region of South Australia, as in this region the levels of Al
are low compared with most other acidic soil types in Australia.
The best option for the South Australian situation would be
increasing pH, and subsequently Ca and ECEC of the soil to reach a
target yield, rather than what would be indicated by liming to just
remove Al toxicity. Thus predicting pHBC from soil properties
(such as OM, exchangeable Al, initial soil pH and ECEC) to predict
lime requirement to reach a target pH is likely to be more suitable
to these soil types.
4.2. Yield responses
Yield increases with lime application were not evident in 1999,
but in 2000 the lime treatments resulted in substantially increased
yield of the ﬁeld crops compared with the control at all sites.
Wheat, barley and faba beans were similar in their response (70–
75%), and durum was increased by about 30%. The response at the
lower rates (1 t/ha) did not provide the same yield advantage
compared to L2 and L3 (the only exception was the wheat crop at
the Marrabel site for 2000 season), whilst sometimes there was a
small (P < 0.05) yield reduction with L3.
Data provided in this study (Table 6) indicate that pH alone
mostly explains the differences observed in grain yield. The
regression of Al and Mn against yield shows that the yield
decreases as the soil pH decreases (here almost entirely inﬂuenced
by the S treatment), and yield increases as the Al and Mn decreases
(data not shown). The S treatment was found to have an AlCa
around 5 mg/kg for all sites, and at the Marrabel and South
Kapunda sites the Al level on the unlimed treatment (control) was
2 and 3 mg/kg, respectively (Fig. 3). With these latter values, only
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Fig. 5. Relationship between grain yield (t/ha) and pHCa for (a) barley—Marrabel, (b)
wheat—Marrabel, (c) faba beans—Marrabel, (d) barley—South Kapunda, (e)
durum—South Kapunda, (f) wheat—South Kapunda, (g) barley—North Kapunda,
and (h) faba beans—North Kapunda, 2000 season.

very sensitive cultivars would be likely affected by Al toxicity
(Fenton et al., 1996). The amount of lime required to reduce AlCa to
lower than 1 mg/kg for the 3 sites was about 1 t/ha. These lime
rates correspond to raising the soil pHCa, to a value of 5.2 for all
sites. At this pHCa most of the crop species in this study were at
about 55–75% of their potential yield (Fig. 5). At pHCa 5.2, the
extractable MnCa levels were about 20–30 mg/kg and increasing
pH to higher levels further decreased Mn levels to levels of 8–
10 mg/kg (at pHCa 5.5–6.0). At pHCa 5.5–6.0, most plant species
reached 80–90% of their potential yield. Wherever Al was higher
than 1 mg/kg it would seem that liming to achieve a pHCa of 5.2
(L1) has removed Al toxicity (Fig. 3), and further liming to achieve
pHCa 5.5–6.0 (L2-L3) may have improved other soil components to
realise the further yield gains. No plant tissue analyses were
conducted in this study, which may have given an indication on
possible micro-nutrient beneﬁts (e.g. Ca, Mg, Zn). Many of these
soil types are characterised by low Zn availability (Reuter, 1992).
Zn availability also declines at higher pH values (pHCa range 5.5–
7.0), or by over liming (Kamprath and Foy, 1971; Bolland et al.,
2000). Liming soil can increase the availability of nitrogen through
stimulating mineralisation of N (Ridley et al., 1990). Nitrogen was
applied as fertiliser at sowing and tillering in 1999 and at sowing in
2000, and each site had a good recent history of rotation with
legume-based pasture or pulse crops, so it is unlikely that the sites
would be N limiting for realising yield. Thus in this study the large
increase in N uptake evident in wheat harvested in 2000 may be
due to liming enhancing root growth (alleviating Al toxicity) rather
than from increased N availability.

The information provided in this paper suggests that to improve
lime prediction, an agreement between plant response and lime
required to reach maximum yield for each species is needed. So the
importance of calculating the amount of lime required to achieve
90% of maximum yield/species would help to decide cost to beneﬁt
ratios of tonnes of lime to the percent of achieved yield. With this
approach, the level of tolerance of each species to the toxic effects
of elements such as Al and Mn is considered in the lime
requirement model, similarly to the approach used by Slattery
and Coventry (1993). In order to determine which of the soil
properties could most accurately predict yield, yield was modelled
using backward elimination analysis against soil pH, Al, and Mn.
Backward elimination was continued until the greatest regression
coefﬁcient was found for each relationship. In this analysis, pH
accounted for 44–77% of the variation at the Marrabel and South
Kapunda sites for wheat, and 63–90% for barley, durum and faba
bean at 3 sites. The addition of Al and Mn into the model in 3 sites
improved the relationship but with pHCa the more sensitive
indicator of soil chemical changes than AlCa or MnCa, pH alone may
still be the best soil measurement for obtaining accurate lime
predictions over a range of soil types. Response curves for wheat
and durum show that its largest yield gains occurred at pHCa 5.2–
5.5, which requires a lower amount of lime (about 1 t/ha, Fig. 5) for
wheat at Marrabel site and medium amount of lime (about 1.5 t/
ha) at the Marrabel site for wheat and durum. With these soil types,
wheat and durum reaches 80–90% of maximum yield at about pH
5.5, and it is unlikely to be economic to attempt to obtain 100%
yield by applying additional lime (about 3 t/ha). For barley 90% of
maximum yield was reached at pHCa of 5.3–5.5 with the addition of
2 (Marrabel), 1.5 (South Kapunda) and 4 t/ha (North Kapunda). The
cost of raising soil pH to a higher level of pH for greater yields
probably is a decision that could be related to the cost of lime in the
area. The precise rate of lime requirement to achieve target pH may
not be an issue in places where lime application is cheap (such as
South Australia), but can be important for places where lime is
expensive (such as in Victoria and New South Wales). In South
Australia the cost of lime spread and incorporated is about $30/t,
and using this value and season 2000 grain and input prices, the
optimum gross margin for wheat is at the 1.5–2.0 t lime/ha level.
Consideration also has to be given to the rate of acidiﬁcation
occurring on these soils with current cropping practices. There is
clear evidence of acidiﬁcation occurring on cropping soils in the
medium rainfall cropping regions, and that this rate is being
accelerated with commonly used practices of nitrogen fertiliser
input and stubble retention (Xu et al., 2002). As shown in this study
there are economic beneﬁts from liming to achieve 90% of a target
yield, but also on-going beneﬁts from off-setting acid input
associated with soil acidiﬁcation.
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