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Abstract. This study, in southern NSW, examined the chemical properties of about 4700 surface 

soils in agricultural paddocks and recorded lime and gypsum inputs. The area was bounded 

approximately by Cootamundra in the north, the NSW/Victorian border in the south, extending to 

Tumbarumba in the east and to near Berrigan in the west. The long term average annual rainfall 

ranged from about 420 mm in the west to a maximum of 1175 mm in the east. The data, collected 

between 1997 and 2003, were for the surface 20 cm of soil, in two 10 cm layers.  The data was 

generated from a soil testing program conducted with farmers in the region. We grouped the soils 

into 3 zones based on a GPS location taken at the time of sampling.  These zones were 1 (lower 

rainfall mixed farming), 2 (higher rainfall mixed farming) and 3 (long term pasture). 

Acidic soils occurred across all 3 zones, however the soils in zone 1 appeared to be less acidic than 

soils in the other two zones. We found that surface soils (0 to 10 cm) with soil pH in 1:5 soil:0.01 

M calcium chloride (pHCa) ≤ 4.5 represented 27%, 57% and 54% for zones 1, 2 and 3 respectively.  

In addition, zone 1 had 74% of surface soils with a pHCa ≤ 5.0, and this was more acidic than 

previously reported. However, the surface soils in zone 1 had relatively low exchangeable 

aluminium (Alex) and had less acidic subsurface soils (10 - 20 cm), so that responses to lime 

application by pastures and crops may be less frequent or smaller than the surface soil pHCa alone 

may indicate. There was a higher frequency of acidic soils (pHCa ≤ 4.5) in the subsurface soils than 

in the surface soils in zones 2 (62 cf 57%) and 3 (64 cf 54%), suggesting that the acidity problem at 

this depth was a major problem. Low pHCa in the subsurface soil is known to be a constraint on 

crop yield. We found no evidence of the amendment of this soil depth when lime was applied and 

incorporated into the 0 to 10 cm depth, and economic amendment of acidity in the 10 to 20 cm 

depth remains unresolved. 

Increased adoption of liming occurred in the late 1990s, and by 1997 the percentage of paddocks 

limed was 14.3%, 21.3% and 13.6% in zones 1 to 3, respectively. Soil pH buffering and long term 

pHCa declined after liming at rates similar to rates reported in field experiments. The total quantities 
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of lime applied were insufficient for soil amendment and maintenance of soil pHCa, particularly in 

the long term pasture areas.  The rate of soil acidification in the 0 to 20 cm depth in the average 

annual rainfall range of 525 to 625 mm was estimated to be 1.52 kmol H+.ha.yr.  This would 

require 76 kg of lime.ha.yr to neutralise. 

Sodic and saline soils occurred mainly in the lower rainfall cropping areas, and were more frequent 

in an area around the township of Lockhart.  Half the gypsum applications were at low rates (≤ 0.5 

t/ha), and were probably for sulphur application to canola.  Some of the sodic soils were acidic 

(34% ≤ pHCa 4.5) so that the application of lime/gypsum mixes could be appropriate in the 

amendment of these soils. 

Soils in the pasture system had mean organic carbon content (OC%) of 2.42, compared to the 

cropping zones at 1.65 and 1.75%. OC% was related to annual average rainfall; the increase in 

OC% was 0.19% and 0.08% for each 100 mm of average annual rainfall for the surface and 

subsurface soil, respectively. A group of soils in the cropping areas had surface OC% of ≤ 1.25% 

OC (zone 1, 12%; zone 2, 20%) and this could be the result of intensive cropping.   

Most soils (55 to 63%) were of moderate P status (P Colwell, 21 to 60 ug/g). However, there was 

still a substantial group of soils (31 to 43%) of low P status (P ≤ 20 ug/g). Most surface soils in all 

zones (72 to 80%) were low to marginal in S status (KCl 40, ≤ 10 mg S/kg). S deficiency has been 

identified in canola and current practice in the cropping areas is for inputs of gypsum at low rates.  

Introduction  

Soil acidity occurs in the south eastern area of NSW (Osborne et al. 1978; Conyers 1986; 

Chartres et al. 1990; Helyar et al. 1990), and is recognised as a major agricultural and 

environmental problem (Cregan and Scott 1998). The soils of the higher rainfall wheatbelt are 

more severely acidic than those in the western lower rainfall wheatbelt areas (Chartres et al. 1990; 

Helyar et al. 1990). The soils in the west are the calcareous red earths, red earths and red brown 

earths (Stace et al. 1968), described as red chromosols, red kandosols and red sodosols by Isbell 



page 6 

CSU Research Output   http://researchoutput.csu.edu.au 

(1996). In the east red and yellow podsolic soils dominate (red and yellow chromosols; Isbell 

1996).  

In the cereal cropping areas of the southern slopes of New South Wales, research has 

demonstrated substantial yield increases following lime application in both cereals (Scott 1982; 

Conyers et al. 1996b; Scott et al. 1999,) and pastures (Hochman et al. 1990; Scott and Cullis 

1992).  This has resulted in increased use of agricultural lime.  

Australian soils are generally low in phosphorus (P) in their native state (Moody and Bolland 

1999) and the soils of southern NSW are no exception. The cropping and pasture areas have had a 

long history of superphosphate use.  However, Hochman et al. (1990) cautioned that despite this 

fertiliser history, it should not be assumed that soils have high available phosphorus. Sulphur (S) 

deficiency has been suggested to be less frequent in the southern areas of NSW than in northern 

NSW and other states of Australia (Lewis 1999). However S deficiency in canola was observed 

from the late 1980s onwards in southern NSW (Colton and Sykes 1992). 

This paper examines the chemical properties of the surface soils of southern NSW, and the use 

of lime and gypsum application in their management. The data, collected between 1997 and 2003 

by farmer groups, were for the surface 20 cm of soil in 10 cm layers. These data were a valuable 

resource and provided the basis to gain more detailed, updated and new information on chemical 

fertility of the surface soil, and were a basis for assessing the status of soil acidity and the use of 

lime and gypsum in recent agriculture.  Changes of management of soil acidity and fertility may be 

required.  

Materials and Methods 

Farmer members of 27 rural groups were trained in soil sampling procedures and GPS location, 

and sampled paddocks across southern NSW. Samples were analysed at a commercial laboratory 

accredited by the National Association of Testing Authorities, Australia (NATA). The data on soil 

properties (including a GPS location) were recorded for over 4700 agricultural paddocks sampled 

at both 0 to 10 and 10 to 20 cm depths. Paddock size and inputs of lime and gypsum applications 

was also noted.   

At subsequent workshops, producers were trained in the interpretation of the soil test results. 

This process informed farmers, community groups and those responsible for natural resource 

management about the chemical and physical fertility of their soils. The primary purpose was to 
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make farmers aware of the importance of the management of soil fertility, particularly of soil 

acidity. 

Paddocks, in either crop or pasture, were sampled from 1997 to early 2003. A minimum of 25 

cores per sample were collected at random, and unrepresentative areas such as sheep camps, wet 

areas, gateways, under trees etc were avoided. The internal diameter of the corer was 20 mm.  

Paddock location was determined by GPS (Magellan GPS2000XL and GPS310 models used) at the 

paddock centre. Our aim was to have the ability to relocate paddocks in the future. Paddock names 

and sizes were recorded. 

The area of interest was between the Murray River (NSW/Victorian border) in the south and the 

townships/cities of Cootamundra (latitude 34° 39′ south; longitude 148° 02′ east) in the north, near 

Tumbarumba (lat. 35° 47′ south; long 148° 01′ east) in the east and approaching Berrigan (lat. 35° 

40′ south; long 145° 49′ east) in the west (Fig 1). About 4700 paddocks were sampled from 709 

properties (Fig. 1). As a result of missing values in the data set the number of values available for 

any purpose was less than the 4700 possible values.  Numbers of data values are given throughout 

the results.  

In the 525 to 625 mm average annual rainfall (AAR) area around Brocklesby, an additional 

group of 62 soils were sampled from undisturbed, non agricultural sites (undisturbed road sides). 

Soils were sampled in the same manner as the agricultural soils, except that a minimum of 5 cores 

were taken in a transect running parallel to and between the edge of the road and the nearest 

paddock boundary. This permitted some comparisons to be made between the soils in these 

undisturbed locations and 170 agricultural soils located in the same area. Non agricultural and 

agricultural sites were not paired, but were all within about 20 kms of the township of Brocklesby 

(lat. 35° 49′ south; long 146° 40′ east), and within an area bounded by the townships of Walbundrie 

in the north, Howlong in the south, Balldale in the west and Burrumbuttock in the east.   

 

PLEASE PUT FIG. 1 NEAR HERE 

Using GPS positions, average annual rainfall was estimated for each location (range 1175 mm in 

the east to 420 mm in the west).  The rainfall was for the time 1921 to 1995 and was derived from 

the monthly mean climate surfaces for Australia supplied with the software package ANUCLIM 

(Copyright ANU Centre for Resource and Environmental Studies).  ESOCLIM (EStimation Of 
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CLIMate) module of ANUCLIM was used to generate a continuous grid of annual average rainfall 

for southern NSW. As ESOCLIM requires a digital elevation model in order to generate such a 

surface, Global Map Australia 1M 2001 gridded elevation data set (copyright Geoscience 

Australia) with 1km pixel size was used.  The resulting output surface was smoothed using a 5 x 5 

focal mean kernel, then intersected with the soil test point locations. The rainfall was rounded to 

the nearest 25 mm.  Based on rainfall, surveyed locations were grouped into three zones.  The first 

zone was 425 mm to 525 mm AAR and was called the low rainfall mixed farming zone (zone 1).  

The second zone was 550 to 725 mm and was the high rainfall mixed farming zone (zone 2), and 

the final zone was 750 mm to over 1000 mm, and was called the long term pasture zone (zone 3).  

The broad areas are presented in figure 1.  They align approximately with a change of dominant 

soil type at the zone 1/zone 2 boundary and with a change from mixed farming to grazing at the 

zone 2/zone 3 boundary. 

Chemical analyses 

Soil samples were analysed for pH in both water (pHw) and calcium chloride (pHCa; Rayment 

and Higginson 1992, methods 4A1 and 4B2). The calcium chloride method was preferred because it 

is a less variable measure when soil is sampled at different times of the year (Slattery et al. 1999). 

Exchangeable cation measurements were conducted using either the barium chloride/ammonium 

chloride method (Gillman and Sumpter 1986) between 1997 and February 2001 (Pivot 

Laboratories, Melbourne).  From that time cations (Ca, Mg, Na and K) were extracted in 1M 

ammonium acetate solution (pH 7) for 30 minutes at a soil to solution ratio of 1:10 (Rayment and 

Higginson, 1992, method 15A1). Al was extracted in 1M KCl at a 1:10 soil/solution ratio after 

agitating for 1 hour (Rayment and Higginson, 1992, method 15G1), with Al measured by atomic 

absorption spectrophotometry in the extracted solution after centrifuging and filtering. 

Effective cation exchange capacity (ECEC) was expressed as the sum of the cations (calcium, 

magnesium, potassium, sodium and aluminium). The electrical conductivity (EC) results presented 

are for 1:5 extract (Rayment and Higginson 1992; 3A1). In the soil surface only, phosphorus 

(Colwell 1963) was analysed.  In about 13% of sampled paddocks, organic carbon (Walkley and 

Black 1934) was also analysed at both soil depths, and sulphur (Blair et al. 1991) was analysed in 

the soil surface layer only in about 17% of paddocks sampled.   



page 9 

CSU Research Output   http://researchoutput.csu.edu.au 

Statistical analyses 

The means of variables and their standard errors were calculated. Regressions were considered to 

be different if either their slopes or intercepts were significantly different at (P ≤ 0.05).  All 

analyses were conducted in Genstat version 5 (Payne et al. 1993). 

 

Results 

Property size ranged from hobby farms of a few hectares to about 3000 ha; a single property of 

11,000 ha was in the sample. Mean paddock size was 56, 27 and 27 ha in zones 1 to 3 respectively 

with 97, 87 and 74% of paddocks in each zone >10 ha in size.  The largest paddocks were 800 ha in 

zone 1. 

 

Soil acidity status  

The frequency of various ranges of soil pHCa for the surface soil (0 to 10 cm) and subsurface soil 

(10 to 20 cm) are given in Figure 2 for the three agricultural zones. All soils, both limed and 

unlimed, are included. The soils in zone 1 (lower rainfall mixed farming) appeared to be less acidic 

than soils in the other two zones. In the subsurface soil a higher pHCa in zone 1 was clearly 

apparent (Fig 2). 

PLEASE PUT FIG. 2 NEAR HERE 

Table 1 presents broad distributions of pHCa and also includes values estimated from Helyar et 

al. 1990 (from Fig 1 and Tables 2 and 3 of that paper).  The data from Helyar et al. was based on 

estimates made by district advisory officers for the surface soil (0 to 10 cm). The data from our 

survey, and that from Helyar et al. (1990), are broadly similar for this soil layer. However, we 

found that surface soils with pHCa ≤ 4.5 were 27% of zone 1, 57% of zone 2 and 54% of zone 3. 

Our estimates place an additional 14, 12 and 9%of locations in the pH range ≤ 4.5 for zones 1 to 3, 

when compared to Helyar et al. (1990).  In zones 2 and 3 this occurred concurrently with a 

reduction in the frequency of soils in the pHCa 4.51 to 5.0 range.  However in zone 1 this was not 

the case with soils in the range 4.51 to 5.00 increasing in frequency from 41 to 47% relative to 

Helyar et al. (1990).  
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The data in the current study also permitted a description of the subsurface soil which was not 

attempted by Helyar et al. (1990).  Our estimates (table 1) were that subsurface soils with pHCa ≤ 

4.5 were 12% in zone 1 (cf 27% for the surface soil), 62% in zone 2 (cf 57%) and 64% in zone 3 (cf 

54%).  This indicated more frequent acidity problems in the subsurface soil than in the surface soil 

for zones 2 and 3.  In zone 1 there was a still substantial occurrence of subsurface acidity, although 

less frequent compared to surface acidity.   

PLEASE PUT TABLE 1 NEAR HERE 

There was a general trend in soil pHCa across the area of the survey.  The soils in the west of the 

region (lower annual rainfall; zone 1) were less acidic on average than the soils in the more easterly 

area (higher rainfall; Fig 3).  This trend was apparent at both soil depths, but was clearest with the 

10 to 20 cm depth.  In zone 1, the subsurface soil (10 to 20 cm) was, on average, less acidic than 

the surface soil layer, and this was reversed as rainfall increased.  

PUT FIG. 3 NEAR HERE 

The concentration of exchangeable aluminium (Alex) also varied with rainfall (Fig. 4).  

Regressions of Alex on soil pHCa within each rainfall group permitted the estimation of the Alex at a 

pHCa of 4.1.  The regressions were linear models of pAlex (negative log of exchangeable Al) on 

pHCa for soils with some measured Alex (pHCa less than about 5.2). All relationships were 

significant (P< 0.001) and the variance accounted for (VAF) varied from 40% to 85%. The Alex at 

pHCa 4.1 was related to average annual rainfall (P ≤ 0.001) for both the surface soil and subsurface 

soil. The independently fitted regressions for the surface and subsurface soil were not significantly 

different, and a single regression is presented in Fig 4a. The data from the surface soils in our 

survey fitted well with that of Conyers (1986; Fig. 4b), showing low Alex at low rainfall with 

generally higher, but variable, Alex associated with higher rainfall areas. 

PLEASE PUT FIG. 4 NEAR HERE 

Lime and its effect on soil pH 

Figure 5 shows the distribution of soil pHCa in the zones at both depths.  In all zones there was a 

clear increase in pHCa in the 0 to 10 cm soil where lime was applied. The application of lime 

significantly (P ≤ 0.001) increased soil pHCa in the 0 to 10 cm soil layer in all three zones (Table 2).  

The increases were 0.25, 0.61 and 0.38 pHCa units for agricultural zones 1 to 3, respectively.  At 10 

to 20 cm, in zones 2 and 3, there was no significant effect of lime application on the pHCa. In zone 
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1, at 10 to 20 cm more limed soils have lower pHCa than the unlimed soils (Fig 5). In zone 1 the 

effect of lime was significant (P ≤ 0.001) at 10 to 20 cm depth, but the effect was the reverse of 

what would be expected; the unlimed soil had a pHCa of 5.28 and the limed soil was pHCa 4.88 

(Table 2).  

 

PLEASE PUT FIG. 5 NEAR HERE 

PLEASE PUT TABLE 2 NEAR HERE 

 

In zone 1 the soil pHCa increase in the surface soil with lime application was small (0.25 of a pH 

unit), but this may be misleading. The soils in this zone were less acidic overall than in zones 2 and 

3, and we suggest that this has allowed lime use to be more accurately targeted to areas of acidity.  

In the unlimed soils in zone 1 there was a relationship between soil pHCa in the surface and 

subsurface soil. This relationship is given below; Values in parentheses are standard errors of 

parameters. 

pHCa (0 to 10 cm) = 2.12 + 0.51 x pHCa (10 to 20 cm) 

P ≤ 0.001; VAF = 51.5%; n = 769 

Assuming that this relationship holds for the limed soils before lime application, and that there 

was no effect of lime on the pHCa of the 10 to 20 cm soil, the mean pre liming pHCa of the surface 

of the limed soils was estimated as 4.62 compared to the mean for the unlimed soils of 4.88.  This 

suggested that the soils which were limed in zone 1 were likely to have been initially more acidic 

before liming than the currently unlimed soils.  The pHCa increase due to lime would then be 0.46 

pH units (4.62 to 5.08) rather than 0.25.  

The limed soils were further divided into groups, within zones, which related to time since lime 

application (Fig 6).  The mean of the unlimed soils was used as values for time zero; this assumed 

that the limed and unlimed soils were similar in pHCa before lime application, which was unlikely 

to be the case in zone 1.  In zones 2 and 3 there is a trend for an increase in pHCa of the 0 to 10 cm 

soil immediately following lime application, and a steady decline in soil pHCa with time from about 

one to three years post lime application. The increase in soil pHCa from time zero to the first post 
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lime estimate was 0.82 pHCa units (4.45 to 5.27) for zone 2, and 0.46 (4.50 to 4.96) for zones 3.  An 

estimated pHCa increase for zone 1 would be 0.46 pHCa units, based on the adjusted initial pHCa of 

4.62 (see above) and a value of pHCa 5.08, one year post lime application. 

PLEASE PUT FIG. 6 NEAR HERE 

Lime was applied most commonly at a rate of 2.5 t/ha (Fig 7); 40 to 50% of lime applications 

were at this rate.  The next most frequently applied rate was at 2 t/ha in zones 2 and 3, and 1.25 t/ha 

in zone 1.  Figure 7 does not show some extreme rates of application; in zone 3, 8% of applications 

were at rates exceeding 4 t/ha (maximum 10 t/ha), while in zone 2 only 0.2% exceeded 4 t/ha 

(maximum 5 t/ha).  In zone 1 no applications exceeded 4 t/ha.  There was a clear increase in 

average lime rates (P ≤ 0.01) from the lower rainfall mixed farming (mean ± sem; 1.89 ± 0.051 

t/ha; n = 149) to the higher rainfall mixed farming (2.10 ± 0.023 t/ha; n = 681), and from the high 

rainfall mixed farming to the long term pastures zone 3 (P ≤ 0.01; 2.54 ± 0.112 t/ha; n = 175).   

Approximate soil pHCa buffering capacities can be estimated as 3.54, 2.94 and 5.99 t of 

lime/ha.pHCa unit for zones 1 to 3 respectively. These estimates are based on the increase in pHCa of 

the 0 to 10 cm soil one year post lime application, over the unlimed paddocks in that zone.  In zone 

1 an unlimed pHCa of 4.62 was used.  The mean rate of lime application for the paddocks one year 

post liming was used. The number of paddocks in the survey at one year post liming was 24, 125 

and 23 for the zones 1 to 3.  The most reliable estimate of buffering then is that from zone 2, where 

more values were available for its estimation. 

PLEASE PUT FIG. 7 NEAR HERE 

Excluding the unlimed soils presented in Figure 6, the rate of decline of pHCa of the limed soils 

was estimated for each zone and depth (Table 3).  The surface soil pHCa declined at rates of 0.029, 

0.059 and 0.042 pHCa unit/year for the zones 1 to 3 respectively. The rate of decline for zone 1 was 

not significantly different from zero and is thus unreliable.  In part this was due to the low numbers 

of observations and the larger error apparent in figure 6.  In all zones the soil in the subsurface (10 

to 20 cm) was not significantly affected by lime incorporation into the surface soil.  This was 

consistent with the data given in Table 2. 

PLEASE PUT TABLE 3 NEAR HERE 

The time course of adoption of liming in southern NSW could be estimated from the data in this 

study.  Total tonnes used on paddocks within the record are given in fig 8a and are plotted with 
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year of application.  Also presented are independent estimates for southern NSW based on reported 

production of lime and estimates of agricultural usage obtained from lime producers (KR Helyar 

and WG Schumann, pers.com.).  A similar pattern of lime use with time was mirrored in each data 

set.  There was slow adoption until about 1990, a minor lull, recovering by 1994, dipping in 1995 

following a dry year in the 1994 season, and then growing rapidly to peak in 1997. It is in the 

nature of the survey data that it is incomplete for lime used beyond 1997 (data not presented).  

Paddocks surveyed at the beginning of this study (1997) were not revisited.  The result was lime 

use on these paddocks from 1998 to 2003 was not recorded.  The effect was an apparent abrupt 

reduction in lime use beyond 1997 as the aggregate area of the survey increased, but the candidate 

area for lime application decreased with each subsequent year.  It is clear in fig 8b that this was not 

in fact the case and lime use, after a small dip, continued to increase beyond 1997.  

PLEASE PUT FIG. 8 NEAR HERE 

Lime inputs into agriculture reached about 60 to 70 kg/ha.year in the areas surveyed during 

1996/97 (Fig 9), except in zone 2 (higher rainfall mixed farming) where an input of 93 kg/ha.year 

was estimated for 1997.  In general, zone 2 had higher inputs of lime during the mid 1990's when 

compared to the other zones.  Again data after 1997 was incomplete and not presented (Fig 9).  

The data on percentage of paddocks which had been limed was also incomplete after 1997, so 

that percentage of land limed derived from values given in fig 5 would be incorrect.  In zones 1 to 3 

the percentage of paddocks limed by 1997 was 14.3%, 21.3% and 13.6%, respectively. On a 

surveyed area basis in zones 1 to 3 the percentage of area limed by 1997 was 9.6%, 17.9% and 

10.4%, respectively.  This suggests that there was a preference for liming smaller, rather than 

larger, paddocks. 

PLEASE PUT FIG. 9 NEAR HERE 

Changes in soils in the 525 to 625 mm rainfall area due to agriculture 

The non agricultural soils sampled on undisturbed road sides were compared with agricultural 

soils in the area.  The non agricultural soils had lower soil P status (11.13 P(Colwell) μg/kg ) than 

unlimed (19.78 P(Colwell) μg/kg) and limed soils (21.52 P(Colwell) μg/kg) in agriculture, reflecting the 

long use of P fertilisers in agriculture (Table 4).  The non agricultural soils were less acidic than 

unlimed agricultural soils, suggesting acidification of the soil in agriculture.  The soil pHCa in the 0 

- 10 cm declined from 5.08 to 4.47, with the subsurface soil declining from 4.97 to 4.57.  With this 
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decline in soil pHCa there was a decrease in ECEC from 11.80 to 5.68 cmol(+)/kg in the surface soil 

and from 7.62 to 5.41 cmol(+)/kg in the subsurface soil.  There were declines in exchangeable Ca 

and Mg in the surface soil, and in Ca, Mg and K in the subsurface soil; exchangeable Al increased 

in agriculture in the surface soil. 

PLEASE PUT TABLE 4 NEAR HERE 

Lime application to the agricultural soil has increased soil pHCa, ECEC and exchangeable Ca in 

the surface and decreased exchangeable Al, compared to the unlimed agricultural soils.  Liming the 

0 to 10 cm soil had little effect on the soil at 10 to 20 cm depth indicating negligible downward 

movement of lime from the 0 to 10 cm layer. It may be that the limed agricultural soils in this area 

may have been more acidic pre liming than agricultural soils which remained unlimed.  This was 

supported in Table 4 as the 10 to 20 cm soils in the limed sites tended to have lower pHCa and 

exchangeable cations than the soils which were unlimed, although this was not statistically 

significant. This suggested that the limed soils may have been more acidified pre liming than the 

currently unlimed soils.  

The relationships for the surface soil (0 – 10 cm) between soil pHCa and ECEC were fitted in 

linear regressions.  The fitted regressions were not significantly different between the limed and 

unlimed agricultural soils, but the undisturbed soils lay on a different relationship from the 

agricultural sites (P ≤ 0.05). A single regression was fitted for the agricultural sites and the 

relationship was significantly different from that for the undisturbed sites in both intercept (P ≤ 

0.05) and slope (P ≤ 0.01). The ECEC of the agricultural sites decreased less with decrease in soil 

pHCa than the non agricultural soils, but the non agricultural sites had a higher ECEC throughout 

the pHCa range than the agricultural soils (Fig 10). 

PLEASE PUT FIG. 10 NEAR HERE 

 

Sodic soils 

Surface soil sodicity (>5% of ECEC occupied by sodium) occurred in about 10% of agricultural 

soils (481 soils of the 4689 soils) for which Naex was measured.  These soils were unusual in zone 3 

(< 1% of soils), but more common in zone 2 (5%) and zone 1 (34%).  Sodic surface soils were 

more frequent in an area within 50 km of Lockhart and extending about 60 km to the south-east 

(Fig 11a).  Severe sodicity (>15% ECEC as Na) was localised to an area north of Urana and to the 



page 15 

CSU Research Output   http://researchoutput.csu.edu.au 

north and north-east of Albury. Sodicity in the sub surface soil (10 to 20 cm depth) was more 

common with about 20% (946 of the 4689 agricultural soils) having a sodium % of >5%, and was 

similarly distributed to the surface sodicity (Fig 11 cf a and b).  Of the paddocks with sodic surface 

soils (0 to 10 cm depth) about 90% were also sodic in the subsurface soil.  Approximately 34% of 

the soils with a sodic surface had a surface soil pHCa of ≤ 4.5. 

 

PLEASE PUT FIG. 11 NEAR HERE 

Gypsum had been applied to 477 paddocks, with zone 3 having a frequency of <1%, zone 2 

being 8% and zone 1 having 29% of paddocks with gypsum applied.  These frequencies appeared 

to reflect the frequencies of sodic surface soils within each rainfall zone.  However, many 

applications of gypsum were at low rates (≤ 0.5 t/ha) and these comprised about half of the 

recorded gypsum applications (Fig 12).  These low rate applications of gypsum were made in the 

cropping areas (except in one instance), and were probably made as a source of sulphur, 

particularly for canola.  Applications at rates above 0.5 t/ha were commonly made at rates of 2.5 

t/ha, 2.0 t/ha and about 1 to 1.25 t/ha (Fig 12).  These higher rate application (>0.5 t/ha) were made 

on <1% of paddocks in the pasture area, about 4% in the zone 2 and about 18% of paddocks in the 

lower rainfall mixed farming zone.  

PLEASE PUT FIG. 12 NEAR HERE 

 

Salinity 

The electrical conductivity (EC) measurements indicated that 16% of paddocks in the low 

rainfall mixed farming zone (zone 1) had an EC > 0.10 dS/m; the threshold for sensitive species on 

a soil of 10 to 40 % clay.  Zones 2 and 3 had frequencies of 11 and 10 %, respectively.  The 

subsurface soil had lower frequencies of 13%, <1% and 1% for zones 1, 2 and 3 respectively. 

In the lower rainfall cropping zone the instance of EC > 0.10 dS/m was high in both the surface 

soil and subsurface soil (16 and 13 %).  Of the soils with the surface soil > 0.10 dS/m, 30% of had 

subsurface soils also greater than this threshold (45 of 149 paddocks).  The soils with high EC in 

the subsurface matched the distribution of sodic soils with the major concentration in the area 
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around Lockhart (data not presented). In 33% of cases (49 of 149) in the surface soil the high EC 

(> 0.10 ds/m) occurred in soils likely to be dispersive (sodium saturation of ECEC of > 5%).  

 

Organic carbon, phosphorus and sulphur 

The distribution of soil organic carbon within each of the agricultural zones is presented in Fig 

13, with OC% rounded to the nearest 0.25%.  In the surface soil the cropping zones (zones 1 and 2) 

appeared to have similar organic carbon distributions with soils most frequently (87 and 66% of 

soils) having OC% within the range 1.5 to 2.0 %. In zone 1 there were no soils with OC% greater 

than about 2.25%.  The soils in the pasture zone (zone 3) had a wide distribution of soil OC% with 

the range 2.0 to 2.5% having 47% of the soils. The largest difference in the organic carbon 

concentration in the surface soil was between the cropped zones (1 and 2) and the long term pasture 

zone (Table 5).  The pasture system had mean OC% of 2.42 compared to the cropping zones at 

1.65 and 1.75%.  The difference in OC% for zones 1 and 2 was not statistically significant but both 

soils of cropped zones were significant lower than the pasture zone (P ≤ 0.001). Generally, the 

subsurface soil had OC% of about one third to half of that of the surface layer (Fig 12; Table 5).  

Again the pasture zone had the highest OC% of 0.97 for the subsurface soil. 

PLEASE PUT FIG. 13 NEAR HERE 

PLEASE PUT TABLE 5 NEAR HERE 

The trend in OC% across the zones is further emphasised when average annual rainfall was 

related to OC%.  Figure 14 shows the mean OC% for different rainfall groups; the fitted regression 

relationships were for all data (0 to 10 cm, n = 557; 10 to 20 cm, n = 523).  Both relationships were 

significant (P ≤ 0.001) and the change in OC% was 0.23% and 0.08% for each 100 mm of average 

annual rainfall for the surface and subsurface soil, respectively.  However the variance accounted 

for was only 18.4% and 6.2%, respectively. 

PLEASE PUT FIG.14 NEAR HERE 

The average soil P (Colwell) for zones 1 to 3 was (mean ± sem) 29.4 ± 0.69, 23.8± 0.31 and 28.6 

± 0.70.  The average soil test for zone 2 was slightly, but significantly lower (P ≤ 0.05) than the 

other two zones (Fig 15a).  Based on Moody and Bolland (1999) for soils of moderate P sorption, 
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31 to 43 % of soils had low P (≤ 20 ug/g), 55 to 63% were moderate P (21 to 60 ug/g), and few 

soils (2 to 7%) were of high P status. 

PLEASE PUT FIG. 15 NEAR HERE 

Average available S (KCl 40) in the surface soil was 8.40 ± 1.09, 8.41 ± 0.50 and 7.52 ± 0.41 mg 

S/kg for zones 1 to 3 respectively; and were not significantly different.  Depending on zone, 40 to 

46% of soils had S status of ≤ 5 mg S/kg; and thus likely to be inadequate for pasture growth (Blair 

et al 1991; fig 15b).  An additional 30 to 35% of soils had S of 5.1 to 10 mg S/kg; a value likely to 

be either critical or marginal for pasture growth (Blair et al 1991; Lewis, 1999).  Between 17 and 

26% of soils had adequate S for pasture growth of S >20 mg S/kg. 

 

Discussion  

Soil acidity status  

Our data broadly supported that of Helyar et al. (1990), but showed that the % of surface soils ≤ 

4.5 pHCa was higher by 9 to 14% , depending on zone, than that estimated by Helyar et al. (1990).  

The clearest divergence was in the lower rainfall mixed farming area where the percentage of soils 

≤ pHCa 5.0 was 74% in our survey, and 54 % in the data of Helyar et al. (1990). These 

discrepancies could be due to continued acidification that has taken place with time, but this would 

be countered as lime use has increased substantially within the area.  Irrespective of the above, soil 

acidity remains a major sustainability and production issue in the areas of our study, despite 

increased lime use. 

The lower rainfall mix farming area had fewer acidic surface soils (27% ≤ pHCa 4.5), compared 

to the areas to the east (57 and 54%). This reaffirmed the general pattern, where pHCa tended to be 

lower in soils to the east, which was evident in the data of Helyar et al., and that of Chartres et al. 

(1990) for a transect along the northern boundary of our study area. Despite this the acidity 

problem in the lower rainfall areas was still substantial and is occurring in surface soils more 

frequently than previously reported.  

There was a higher frequency of acidic soils (pHCa ≤ 4.5) in the subsurface soils than in the 

surface soils in zones 2 (62 cf 57%) and 3 (64 cf 54%), suggesting that the acidity problem at this 
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depth was emerging as a major issue.  Subsurface pHCa is known to be a constraint on crop yield 

and its amendment with lime incorporated to this depth has given yield improvements (Scott et al. 

1997). 

The soils to the west (425 mm to 525mm) are dominantly red earths and red brown earths (red 

kandosols and red chromosol) and these soils even if moderately acidic in the surface soil have a 

clear increase in soil pHCa with increasing depth (Fig. 3). In the higher rainfall areas the dominant 

soils are yellow and red podsolics (yellows and red chromosols), which frequently have a 

subsurface soil which is slightly more acidic than the surface soil layer.  

At a standardised pHCa of 4.1, the soils in the areas with average annual rainfall of < 900 mm had 

lower Alex than soils in higher rainfall areas (fig 4a).  Our data supports that of Conyers (1986) and 

the relationship we report for the 0 to 10 cm layer does not differ from that reported by Conyers 

(1986; fig 4b).  Despite the linear fit to our data, the Alex below about 900mm AAR showed the 

asymptotic effect anticipated by Conyers.  In zone 1 then, soils which are acidic in the soil surface 

have lower Alex concentrations than in other zones.  When this is combined with a less acidic 

subsurface soil the effects of acidity may be less severe than anticipated based on the pH of the 

surface soil alone. 

Lime application 

The application of lime in the lower rainfall zone appeared to be targeted to the paddocks with 

more acidic soils. The underlying reason for this was probably that the farmer has only had to lime 

a relatively small proportion of his farm to address acidity. In zone 2 and 3 the soil acidity problem 

was more general, and farmers needed to lime a larger proportion of their farms.  

Lime increased the soil pHCa in the 0 to 10 cm layer, with the only reliable estimate of buffering 

capacity being 2.94 t of lime/ha.pHCa unit for zone 2. A value of 2.99 t of lime/ha.pHCa unit was 

estimated from an experiment near Albury (Scott et al. 1999), while other estimates from field 

experiments range from about 2.4 to 3.2 t of lime/ha.pHCa unit (BJ Scott unpublished data). The 

lime used in the experiment had Ca 38% and Mg 1.6%, a neutralising value (NV) of 96%, and 95% 

of product was finer than 0.25 mm.  This lime would be typical of lime applied commercially in the 

northern part of the study area.  However the lime typically used in the southern part of the area is 

less effective in raising the soil pH (Conyers et al. 1996). 
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The data reported did not demonstrate an increase in pHCa in the 10 to 20 cm layer when lime 

was applied and incorporated into the 0 to 10 cm soil layer. A survey in the Harden area (Scott et 

al. 2001) also failed to demonstrate any effect on the subsurface soil acidity of liming the 0 to 10 

cm layer. The present study has identified the extensive occurrence of low pHCa in the 10 to 20 cm 

soil depth in zones 2 and 3, and both this study and that of Scott et al. (2001) have demonstrated 

that lime applied to the 0 to 10 cm soil has no apparent effect in amending acidity in the 10 – 20 cm 

depth. However, in experimental plots small increases in pHCa (0.15 pH units) in the 10 to 20 cm 

layer have been recorded 10 or 11 years after lime application at 2 t/ha in the Albury area (Scott et 

al. 1999).  We suggest that there would be an increase in pHCa in the 10 to 20 cm soil after lime 

application, and this increase would be important in increasing grain yield on these acidic soils.  

However the survey approach was relatively insensitive in identifying these small pHCa increases.  

The small change emphasised the time (decades) needed to significantly raise the pHCa of an acidic 

10 to 20 cm layer by liming the 0 to 10 cm depth at lime rates currently used.  This again identified 

the need for acid soil tolerant species and cultivars, even when lime application was practiced.  

Revisiting efforts to identify useful approaches to amending the 10 to 20 cm soil may be warranted.  

This could include lime incorporation to below the plough layer (Anderson and Hendrick 1983; 

Ellington 1986; Kernebone et al. 1986; Jayawardane et al. 1995), and the use of amendment 

compounds more likely to be leached to depth before reacting (Smith et al. 1995; Noble et al. 

1995).  

The use of higher rates of lime application can hasten the rate of downward movement of the 

lime effect.  The application of 5 t/ha of lime incorporated into the 0-10 cm soils increased the soil 

pHCa of the 10-20 cm layer by about 0.6 pH units after 10 or 11 years, compared with an increase 

of 0.15 pH units after 2 t/ha of lime in experimental plots near Albury NSW (Scott et al. 1999).  

The pHCa of the 10-15 cm soil layer increased from 4.1 to about 4.5, 9 years after initial lime 

application at 3.7 t/ha, followed by 2.6 t/ha after 6 years at a site east of Wagga Wagga NSW (Li et 

al. 2002).  On the sandier soils of Western Australia the soil pHCa at 10-20 cm depth increased from 

about 4.5 to about 4.9, after 9 to 10 years following shallow lime incorporation at 2.5 t/ha 

compared to about pHCa 5.25 after 5 t/ha was applied (Whitten et al. 2000; sites 7a, 7b and 10). 

The use of lime in the study area was first recommended in the early 1980's (Cregan et al. 1984), 

and maintained as a recommendation for the management of acidic soils from that time. The major 

time of adoption was from the early 1990s onwards. The pattern of lime use derived from our 

survey and the pattern obtained from lime producing companies were in remarkable agreement 

until 1997. After 1997, the more reliable data (that from the lime producers) indicated that lime use 
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in southern NSW continued to increase. The data suggested that the area of our survey was 

representative of the pattern of adoption of lime use in southern NSW.  However the adoption was 

rather low compared to the Harden area of southern NSW (Scott et al. 2001).  In zone 2 (high 

rainfall mixed farming) about 21% of paddocks had been limed by 1997, compared with 57% of 

paddocks in the Harden area. The reason could be that the area of the present study is remote from 

both the Victorian and NSW lime producers and the cost of lime is increased by the cost of 

transport. The Harden area is serviced by the local lime production from Galong.  The present cost 

of lime (spread) is about $70 to $75/t in southern NSW, compared to $50 to $55/t in the Harden 

area. Cropping intensity is also higher in the Harden area than in the area of this study, as the soils 

of the higher rainfall mixed farming area of our study have dispersive sub soils and are frequently 

subject to shallow perched water tables in wet winters.  

The rates of application of lime were commonly from 1.25 to 2.5 t/ha (ie 0.5 to 1 ton/acre) and 

were in the range recommended for most soils. The lower rates tended to be used in the more 

westerly lower rainfall zone where acidity was less severe. 

Management of acidic soils requires inputs of lime sufficient to amend the existing acidity 

problem. Additional inputs of lime are then required to counter the acidity inputs from the 

agricultural system.  Helyar (1990) has suggested that the long term lime requirement should equal 

the acidity input of the agricultural system.  This approach has been used to estimate the input of 

lime required to balance the acidity inputs in a range of agricultural systems.  In low rainfall 

cereal/pasture systems (ie similar to zone 1) estimates of lime requirement range from 8 to 46 

kg/ha.year (Dolling et al. 1994a and b).  At Wagga, representative of zone 2, maintenance lime 

requirement was 46 to 142 kg/ha.year (Conyers et al. 1996a; Helyar et al. 1997).  Helyar and 

Porter (1989) estimated the inputs for tableland pasture systems to be 173 to 210 kg/ha.year. Our 

data for 1996 and 1997 indicated inputs of 44 to 62 kg/ha.year for zone 1, 82 to 93 kg/ha.year in 

zone 2, and 59 to 71 kg/ha.year in zone 3. The inputs of lime in the cropping areas (zones 1 and 2) 

approximated the maintenance requirement, while in zone 3 the inputs of lime during 1996 and 

1997 were well below maintenance requirement.  This is partly due to poor commodity prices in 

the livestock industries, and to uncertainty about the usefulness of lime in a non arable system 

where lime is surface applied, and not incorporated into the soil surface (Scott et al. 2000). 

However in our data the amount of lime reported included lime used for both amendment and 

maintenance so that even in the cropping areas higher inputs of lime would be required to both 

amend the soil initially, and to maintain that amended condition. In cropping systems the amount of 
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lime consumed by acidification is known to vary with the pHCa achieved post liming; the higher the 

pHCa the more rapid the lime consumption or "loss" of lime.  Estimates vary from 50 kg/ha.year 

with a pHCa of 5 achieved one year after liming to about 150 kg/ha.year with a pHCa of 5.5 (Conyers 

et al. 2003).  This range of 50 to 150 kg/ha.year of lime for maintenance was in broad agreement 

with the estimates made on acidified soils in zone 2 (46 to 142 kg/ha.year).  

We conclude that, on a broad regional basis, the cropping areas (Zones 2 and 3) are receiving 

sufficient lime to maintain current soil pH.  This arresting of pH decline and the use of plants 

tolerant of acidity would be anticipated to maintain current agricultural production. The cropping 

areas probably require somewhat higher lime inputs than were applied in 1996 and 1997, to both 

amend and maintain an agriculturally non limiting soil pHCa. as well as to amend low pHCa at the 0-

20 cm soil depth  

The long term pasture systems however, were receiving only a small fraction of the lime 

required to amend present acidity and to then maintain the amended soil pHCa.  The effects of 

continued acidification of soils are that the deeper soils depths acidify over decades and 

amendment of acidity at depth is economically difficult.  In addition the range of agricultural 

species used in the grazing enterprises is restricted to those with considerable acidic soil tolerance.  

In addition, soil acidification is likely to have substantial off-site effects on water quantity and 

quality and as a result, on dryland salinity (Scott et al. 2000). The continued addition of H+ leads to 

the breakdown of clay in the soil (Ulrich 1991) and, over very long time scales, the clay is 

depleted. 

 

Soil acidification 

In the Brocklesby area (525 to 625 mm) there was evidence of a lower soil pH at unlimed 

agricultural sites compared to undisturbed non agricultural sites. This decrease occurred in both the 

surface soil (pH 5.08 cf 4.47), and the subsurface soil (4.97 cf 4.57).  This decline in soil pH 

confirmed the results of Smith and Falkiner (1981) who surveyed 73 paired sites over the entire 

area of the present study. They identified declines in the surface soil pHCa from 4.96 in undisturbed 

sites, to 4.68 in agricultural sites, with a smaller decline in the subsurface soil (10 to 30 cm depth; 

5.08 to 4.98).  In the Barellan area (average annual rainfall about 450 mm) located to the north west 

of the present study area, Evans et al. (2001) examined 20 paired sites and found pHCa in the 0 to 

10 cm of soil declined from an average of 5.23 in the undisturbed sites to 4.88 in the agricultural 
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sites. There was a smaller, statistically non significant, decline in the 10 to 20 cm from an average 

of pHCa 5.10 in undisturbed sites to 4.97 in agricultural sites.  

In the present study the relationships between soil pHCa and ECEC were different for non 

agricultural and agricultural soils (Fig 10).  We believe that this difference was likely to be due to 

loss of organic matter as the agricultural soils came under cultivation (not measured see Dalal and 

Chan 2001).  This loss of organic matter would have added alkalinity to the soil and negated, in 

part, the acidity inputs from agriculture, so slowing the rate of pH decline. On liming the soil pHCa 

rose, but the ECEC was lower than for non agricultural soils of the same pH, reflecting the loss of 

organic matter.  The rates of decline of pHCa from the surveys described above are slower than for 

experiments where the study was initiated on existing agricultural soils (Conyers et al. 1996a; 

Helyar et al. 1997).  In these field experiments further decreases in soil organic matter were likely 

to be small compared to the changes which were probable with undisturbed soils coming into 

agriculture.  As a result the field experiments were less likely to have alkalinity added to the soil 

from this source and were less buffered. The result would be a more rapid pH decline in the field 

experiments, although the agricultural system may be adding the same amount of acidity (H+) in all 

situations. 

Estimates of acidity input to the surface 20 cm of soil can be made from the present study using 

ECEC and Alex changes reported in table 4 (Conyers et al. 2000), and assuming bulk density of soil 

at 1.4 g/cc, and a time in agriculture of 80 years.  This calculation indicated that 1.52 kmol H+.ha 

was added annually to the surface 20 cm of soil, and this would require 76 kg/ha.year of lime to 

neutralise.  This estimate is on scale with estimates at Wagga Wagga (AAR about 575 mm) of 46 to 

142 kg/ha.year of lime to neutralise acidity inputs from agriculture (Conyers et al. 1996; Helyar et 

al. 1997).   

Sodic soils 

Sodic surface soils were rare (<1%) in the long term pasture zone, with increasing frequency in 

the higher rainfall wheat belt (7% of surface soils), but most sodic soils occurred in the lower 

rainfall areas particularly around Lockhart.  With increasing soil depth to 10 to 20 cm the 

frequency of sodic soils doubled. Gypsum was used extensively at low rates (≤ 0.5 t/ha) as a cost 

effective source of sulphur for canola, as recommended (Colton and Sykes 1992). Gypsum at rates 

greater than 0.5 t/ha was presumably applied as a soil ameliorant. The frequency of application in 

the lower rainfall zone (17% of paddocks) seemed to be less frequent than the occurrence of sodic 
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surface soils would require (34% of paddocks were sodic).  It is likely that the rates of gypsum 

application are also too low.  Current recommendations are for applications of 2.5 to 5 t/ha (Abbott 

and McKenzie 1996). The rates of gypsum applied appeared to be very similar to those used for 

lime application. This may reflect an undue influence of lime rate recommendations on the rate of 

gypsum applied.  Many of the sodic surface soils were acidic (34% of sodic soils had pHCa of ≤ 

4.5).  There may be some benefit to soil structure from lime application on these soils. There would 

be benefit from both the amendment of acidity and the displacement of Na from the exchange 

surfaces by the calcium inputs.  Lime/gypsum mixes could be appropriate for the amendment of 

these soils. 

Salinity 

Ten to 16 % of soils had elevated EC in the surface soil, depending on the zone.  However, in 

zones 2 and 3 this did not persist into the subsurface soil with only 1% of soils having EC >0.10 

ds/m.  This surface salinity could be due to mineralisation of N in the surface soil, or to evaporation 

of moisture from the soil surface leading to a temporary elevation of EC at the soil surface.   

However, in zone 1 the elevated EC was more frequent at both soil depths (16% and 13% for 

surface and subsurface).  The surface soil salinity occurred with surface sodicity in 33% of cases 

and the salinity may assist in minimising soil dispersion in these soils.  In 30% of cases both soil 

layers were saline at EC >0.10 ds/m. 

Organic carbon, P and S 

Organic carbon in the surface soil was related to annual average rainfall with higher OC% in 

higher rainfall areas. Soil organic carbon is known to be correlated positively with rainfall 

(Baldock and Skjemstad 1999; Dalal and Chan 2001) and our data confirmed that trend.  However 

there was a confounding of rainfall with agricultural system, such that the high rainfall areas in our 

survey were long term pasture systems, and the lower rainfall areas were used for cropping.  The 

largest differences in OC% were between cropping systems and the long term pasture system. A 

group of soils in the cropping areas have surface OC% of ≤ 1.25% OC (zone 1, 12%; zone 2, 20%) 

and this could result from intensive cropping.  The use of a pasture phase and direct drill sowing is 

likely to increase these OC concentrations in the higher rainfall part of the cropping zone (Chan et 

al. 2003; Heenan et al. 2004) and reduce problems associated with poor structural stability, 

depleted mineralizable reserves of N and P, and bulk density increases (Dalal and Chan 2001).  
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Most soils (55 to 63%) were of moderate P status, depending on the agricultural zone.  This is 

presumably the result of long term P applications to pasture and crops.  However, there was still a 

substantial group of soils (31 to 43%) that were of low P status and likely associated with strong 

responses to P applications by crops and pastures.  Few soils were of high P status. 

Most soils were low to marginal in S status (73 to 80%) by the method of Blair et al. (1991).  

This test has been calibrated to pasture response, but Lewis (1999) was unable to report any 

calibration for cereal or oilseed crops.  In addition the status of the soil below 10 cm is unknown 

and, as sulphate can leach downwards in the soil, it is possible that there are reserves of plant 

available S below the surface layer.  The change of fertiliser use in the 1970s from superphosphate 

to higher analysis fertilisers (lower in S content) was anticipated to lead to S deficiency (Batten, 

1980).  Since that time S deficiency has been identified in canola (Colton and Sykes 1992), and 

inputs of gypsum at low rates are current practice.  However, inputs of 200 kg/ha of gypsum once 

in a typical cropping/pasture rotation may be insufficient to meet plant requirements for S through 

the entire crop/pasture rotation (Tonkin 1999). 
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Table 1. The distribution of soil acidity (0 - 10 cm and 10 - 20 cm; pHCa) in various pH classes 

in three zones of southern New South Wales from a study conduced between 1997 and 2003.  

The data derived from Helyar et al. (1990) for the 0 - 10 cm layer is presented for comparison 

 Soil pHCa classes 

 ≤ 4.0 4.01 - 
4.25 

4.26 - 
4.50 

4.51 - 
5.00 

5.01 - 
5.50 

5.51 - 
6.00 

6.01 - 
7.00 

> 7.00 

Lower rainfall mixed farming (425 - 525 mm; n = 942) 

Frequency % 
(0 - 10 cm) 

0.1% 1.6 25.5 46.8 17.0 5.2 3.8 0.0 

Frequency % 
(10 - 20 cm) 

0.0% 1.0 11.4 39.4 22.2 12.2 12.3 1.5 

Helyar et al. 
(1990; 0 - 10 
cm) 

0.4% 2.7 10.1 40.8 30.2 12.1 2.0 0.0 

Higher rainfall mixed farming (550 - 725 mm; n = 2633) 

Frequency % 
(0 - 10 cm) 

3.6 20.2 32.9 25.4 12.2 4.1 1.6 0.0 

Frequency % 
(10 - 20 cm) 

3.4 16.6 41.6 32.7 4.4 0.9 0.3 0.0 

Helyar et al. 
(1990; 0 - 10 
cm) 

2.1 8.1 34.7 46.1 11.4 2.2 3.2 0.1 

High rainfall long term grazing (750 – 1000+ mm; n = 915) 

Frequency % 
(0 - 10 cm) 

4.4 13.1 36.8 35.4 7.7 2.3 0.3 0.0 

Frequency % 
(10 - 20 cm) 

3.9 19.7 40.5 31.6 2.7 0.9 0.5 0.1 

Helyar et al. 
(1990; 0 - 10 
cm) 

2.8 8.1 34.5 44.5 8.3 0.0 0.0 0.0 
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Table 2.  Mean soil pHCa,, standard error of the mean (sem), and number of paddocks in each 

sample for limed and unlimed, surface soil (0 to 10 cm) and subsurface soil (10 - 20 cm) in 

southern New South Wales. 

Lime and depth Mean soil pHCa sem Number of paddocks 

Zone 1 (425 to 525 mm AAR) 

Unlimed (0 - 10cm) 4.83 0.017 769 

Limed (0 - 10 cm) 5.08 0.033 169 

Unlimed (10 - 20cm) 5.28 0.025 769 

Limed (10 - 20 cm) 4.88 0.035 167 

Zone 2 (550 to 725 mm AAR) 

Unlimed (0 - 10cm) 4.45 0.009 1845 

Limed (0 - 10 cm) 5.06 0.019 720 

Unlimed (10 - 20cm) 4.50 0.008 1845 

Limed (10 - 20 cm) 4.53 0.013 718 

Zone 3 (750 to 1000+ mm AAR) 

Unlimed (0 - 10cm) 4.50 0.013 694 

Limed (0 - 10 cm) 4.88 0.034 178 

Unlimed (10 - 20cm) 4.48 0.013 694 

Limed (10 - 20 cm) 4.48 0.027 178 
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Table 3.  The relationship between soil pHCa, for surface soils (0 to 10 cm) and subsurface soils 

(10 - 20 cm) of limed soils, with standard error (se) of the constant and slope, with years since 

lime application for the three agricultural zones in southern New South Wales. 

Soil depth constant se of 

constant 

slope se of slope Significance of 

regression 

Zone 1 (425 to 525 mm AAR) 

0 to 10 cm 5.15 0.054 -0.029 0.016 n.s. 

10 to 20 cm 4.86 0.053 -0.0004 0.016 n.s. 

Zone 2 (550 to 725 mm AAR) 

0 to 10 cm 5.29 0.027 -0.059 0.006 *** 

10 to 20 cm 4.51 0.019 0.006 0.004 n.s. 

Zone 3 (750 to 1000+ mm AAR) 

0 to 10 cm 5.03 0.051 -0.042 0.010 *** 

10 to 20 cm 4.49 0.042 -0.005 0.009 n.s. 

n.s., not significant;  ***, P ≤ 0.001. 
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Table 4.  Comparison of some soil characteristics in non agricultural (undisturbed) and 

agricultural sites in the Brocklesby area of southern western NSW. 

 

Soil Parameter Non-agricultural 

(n = 62) 

Agricultural unlimed 

(n = 119) 

Agricultural limed 

(n = 51) 

0 - 10 cm 

pHCa 5.08a 4.47b 4.86c 

P(Colwell) μg/kg 11.13a 19.78b 21.52b 

Exchangeable cations    

Ca cmol(+)/kg 7.88a 3.35b 4.55c 

Mg cmol(+)/kg 2.72a 0.90b 0.79b 

K cmol(+)/kg 0.91a 0.92a 0.90a 

Na cmol(+)/kg 0.17a 0.12ab 0.09b 

Al cmol(+)/kg 0.11a 0.38b 0.16a 

ECEC cmol(+)/kg 11.80a 5.68b 6.50c 

10 - 20 cm 

pHCa 4.97a 4.57b 4.54b 

P(Colwell) μg/kg n.a. n.a. n.a. 

Exchangeable cations    

Ca cmol(+)/kg 4.27a 3.21b 3.13ab 

Mg cmol(+)/kg 2.14a 1.15b 0.85b 

K cmol(+)/kg 0.82a 0.63b 0.61b 

Na cmol(+)/kg 0.22a 0.17a 0.12a 

Al cmol(+)/kg 0.15a 0.25b 0.25ab 

ECEC cmol(+)/kg 7.62a 5.41b 4.97b 
a Numbers in the same row followed by the same letter are not significantly different at P ≤ 0.05 
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Table 5.  The mean organic carbon concentration (%) of surface soils (0 to 10 cm) and 

subsurface soils (10 - 20 cm) from southern New South Wales with standard errors of the 

means (sem) and number of paddocks in each sample. 

Depth Mean soil OC (%) sem. Number of paddocks 

Zone 1 (425 to 525 mm AAR) 

  0 - 10cm 1.65 0.032 67 

10 - 20cm 0.79 0.026 67 

Zone 2 (550 to 725 mm AAR) 

  0 - 10cm 1.75 0.033 315 

10 - 20cm 0.60 0.019 275 

Zone 3 (750 to 1000+ mm AAR) 

  0 - 10cm 2.42 0.040 264 

10 - 20cm 0.97 0.031 261 
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Figure 1 The location of sample sites in southern New South Wales in relation to long term 

estimated rainfall (1921 - 1995) and some townships. 
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Figure 2.  The distribution of soil pHCa of surface soil (0 to 10 cm depth; a) and subsurface soil (10 

to 20 cm depth; b) within agricultural soils from three zones in southern New South Wales. 
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Figure 3.  Mean soil pHCa (0 to 10 and 10 to 20 cm depth) within rainfall groups for all agricultural 

soils sampled (n = 4605) in southern New South Wales.  Error bars are the 95% confidence limits 

of the mean. 

 

Rainfall (mm/year)

42
5

45
0

47
5

50
0

52
5

55
0

57
5

60
0

62
5

65
0

67
5

70
0

72
5

75
0

77
5

80
0

82
5

85
0

87
5

90
0

92
5

95
0

97
5

10
00

+

So
il 

pH
C

a

4.0

4.5

5.0

5.5

6.0

 0 - 10 cm
10 - 20 cm

Zone 1 Zone 2 Zone 3

 

 

 



page 40 

CSU Research Output   http://researchoutput.csu.edu.au 

Figure 4.  The relationship between exchangeable Al at pHCa 4.1 and average annual rainfall for (a) 

the 0 to 10 (•) and 10 to 20 (Ο) cm depths for groups of agricultural soils in southern NSW and (b) 

the surface soil data compared with data, relationship and confidence limits of Conyers (1986). 

Values in parentheses are standard errors of parameters. 
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Figure 5. The distribution of soil pHCa in either the surface soil (0 to 10 cm), or subsurface soil (10 to 20 cm) for limed and unlimed soils in the low rainfall 1 

mixed farming zone (zone 1, 425 to 525 mm AAR), high rainfall mixed farming zone (zone 2, 550 to 725 mm AAR) and the high rainfall long term pasture 2 

zone (zone 3, 750 to > 1000 mm AAR).  3 
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Figure 6. The decline of average soil pHCa with years following liming for low rainfall mixed 1 

farming zone (425 to 525 mm, zone 1), high rainfall mixed farming zone (550 to 725 mm; zone 2) 2 

and the long term pasture zone (750 to 1000+ mm; zone 3). The pHCa at time zero was the mean 3 

pHCa of the unlimed soils in that zone, and the error bars are the 95% confidence limits of the mean. 4 
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Figure 7.  The distribution of lime rates applied (rounded to the nearest 0.25 t/ha) in three zones in 1 

southern New South Wales. 2 
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 1 

Figure 8.  The time course of adoption of lime in southern New South Wales based on (a) usage in 2 

paddocks within the survey of the three agricultural zones (tonnes), and (b) on independently 3 

estimated values (tonnes) based on reported production and sales from lime producers for southern 4 

New South Wales (Helyar and Schumann, pers comm). 5 
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 1 

 2 

Figure 9.  The inputs of lime (kg/ha.year) from a survey of the three agricultural zones in southern 3 

New South Wales. 4 
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 1 

Figure 10. The relationships between soil pHCa and effective cation exchange capacity (ECEC, 2 

cmol(+)/kg) for the surface soils on non agricultural (  and broken line) and agricultural (unlimed, 3 

○; limed, ● and solid line) sites in the area near Brocklesby in southern New South Wales. Values 4 

in parentheses are standard errors of parameters. 5 
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 1 

Figure 11. The distribution of sodic surface soils (a) and subsurface soils (b) in southern New 2 

South Wales from a survey of about 4700 paddocks. 3 
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Figure 12. Rates of application of gypsum in southern New South Wales. 1 
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 1 

Fig 13  Distribution of soil organic carbon (%) in the soil surface (0 to 10 cm depth; a) and 2 

subsurface (10 to 20 cm depth; b), rounded to the nearest 0.25% OC, in the three agricultural zones 3 

in southern New South Wales. 4 
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 1 

Figure 14.  The trend in soil organic carbon (%) in the 0 to 10 cm (  and solid line) and 10 to 20 2 

cm (Ο and broken line) depths in rainfall groups in relation to average annual rainfall (mm) in 3 

southern New South Wales. Values in parentheses are standard errors of parameters.  4 
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Figure 15. The distribution of soil P status (a; 0 to 10 cm depth; Colwell, ug/g), and of soil S status 1 

(b; 0 to 10 cm depth; KCl 40, mg/kg) in the three agricultural zones in southern New South Wales. 2 
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