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Summary 
The Office of Environment and Heritage (OEH) has prepared digital soil maps (DSMs) for a 
range of key soil properties over New South Wales. These are maps derived through 
quantitative modelling techniques that are based on relationships between soil attributes and 
the environment. DSMs are presented for soil organic carbon (SOC), pH, cation exchange 
capacity, sum-of-bases, total phosphorous, electrical conductivity (EC), exchangeable 
sodium percent (ESP), clay, sand and silt. The maps are at 100-m spatial resolution and 
cover six soil depth intervals down to two metres, consistent with major Australian and 
international systems.  
The modelling techniques applied included multiple linear regression and Cubist decision-
tree approaches. Validation results for the maps indicate variable performance and 
effectiveness, with Lin’s concordance values approaching 0.8 for pH and sum-of-bases at 
deeper levels, but dropping below 0.20 for ESP and SOC at deeper levels.  
The maps provide at least a useful first approximation of these soil properties across the 
State. They may be viewed directly through the OEH spatial viewer eSPADE and are also 
available for download as geographical information system (GIS) or PDF files through the 
NSW Government environmental data portal SEED. 
These DSMs represent an alternative and complementary product to the Australia-wide 
DSMs presented within the Soil and Landscape Grid of Australia, being based on NSW 
rather than nation-wide data, and including several different soil properties. These new maps 
also complement existing conventional soil landscape products available for much of New 
South Wales.  
Together with the existing maps, the new DSMs help inform on vital soil conditions 
throughout the State and assist in the ongoing sustainable management and protection of 
these important resources. They also provide valuable input data for a range of other natural 
resource and environmental modelling systems throughout the State.  
  

http://espade.environment.nsw.gov.au/
https://datasets.seed.nsw.gov.au/dataset/digital-soil-maps-for-key-soil-properties-over-nsw
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1. Introduction 
Digital soil mapping (DSM) has become established over the last two decades as an 
important avenue for collecting important soil information. DSMs are prepared through 
quantitative modelling techniques based on relationships between soil properties or classes 
and the environment. The underlying models have their roots in the fundamental soil 
equation of Dokuchaev (1899) and Jenny (1941): s = f(cl, o, r, p, t, … ), which states that 
soils are a function of climate, organisms, relief, parent material and time. More recently, this 
conceptual model has been further advanced with the ‘s, c, o, r, p, a, n’ approach of 
McBratney et al. (2003), which has the additional factors of s (a soil attribute predictor) and n 
(a geographic position predictor) and also incorporates modelling of residual errors.  
The DSM approach uses available environmental data to represent each of these soil-
influencing factors, developing the relationships over known soil data points then 
extrapolating these relationships over broad regions using continuous environmental data 
grids (e.g. climate grids, digital elevation models or gamma radiometric data grids). 
DSMs have the potential to be a valuable complement to existing, conventional soil 
landscape mapping products over New South Wales. They can: 

• provide estimates of specific soil properties or classes down to fine grid size (e.g. 100-m 
pixels), rather than broad polygons 

• provide coverage for soil data for areas of the State with nil or only very broadscale 
existing soil data  

• provide estimates for soil properties that may not have been included in original soil 
surveys and laboratory analyses 

• provide data in a spatial format more readily applied by quantitative environmental 
modellers, e.g. ecological, hydrological and climate change modellers. 

However, conventional soil maps do retain many advantages over digital soil maps, including 
their more holistic approach in describing soil character, and the two mapping forms are best 
applied together. Further discussion on the relation of DSM to conventional soil mapping is 
given in Discussion (Section 4.3). 

1.1 Existing digital soil mapping over New South Wales 
Regional and broader scale DSMs have been undertaken over New South Wales in a 
number of projects during the past decade. A recent major national project has resulted in 
the release of the Soil and Landscape Grid of Australia (SLGA) (Grundy et al. 2015; Viscarra 
Rossel et al. 2015). This includes DSMs for a wide range of key soil properties over the 
entire Australian continent at three arc second grid (approximately 90m), with six depth 
intervals down to two metres. Associated maps presenting upper and lower 95% confidence 
level predictions are also provided. This product represents Australia’s contribution to a 
proposed global digital soil map: GlobalSoilMap.net (Sanchez et al. 2009; Arrouays et al. 
2014).  
Prior to this, digital mapping over Australia’s agricultural zone had been carried out for a 
range of soil properties including pH, SOC, total phosphorous (P) and clay over topsoils and 
subsoils by Henderson et al. (2005) at 250-m resolution. Soil carbon was further digitally 
mapped across most or all of the country by Bui et al. (2009), Viscarra Rossel et al. (2014) 
and Gray et al. (2015a). Local catchment and field-scale DSMs have been carried out within 
New South Wales for various soil properties, for example by Minasny et al. (2006); Malone et 
al. (2009); Triantafilis et al. (2009) and Karunaratne et al. (2014). 

http://www.csiro.au/soil-and-landscape-grid
file://parrxfp02.dec.int/Group/SSD%20Soil%20Science%20Section/Staff/Jon%20Gray/1%20Work%20general/DSM/NSW_Digital_Soil_Maps/Review%20reports/GlobalSoilMap.net
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1.2 Aims 
The above broadscale digital soil map products were developed using soil data from all over 
Australia. In this current project, DSMs are prepared using only NSW soil data (except for P 
total which used data from all eastern Australia). The environmental data (i.e. covariate 
layers) also covered New South Wales only. These new maps should provide further 
modelled evidence of soil properties across New South Wales that can be compared to and 
complement the existing continental-scale DSMs and also the NSW conventional soil maps.  
This project aims to: 

• use multiple linear regression (MLR) and Cubist decision-tree modelling techniques to 
prepare DSMs over New South Wales, covering the key soil properties of SOC, pH, 
cation exchange capacity (CEC), sum-of-bases, total P, electrical conductivity (EC1:5), 
ESP, clay, sand and silt  

• use 100-m resolution raster over six depth intervals down to 2m, consistent with the 
SLGA and GlobalSoilMap.net 

• provide validation results for the models and maps  
• discuss interpretation and use of the maps. 
The subject soil properties are essential for effective agricultural, hydrological, climatic, 
ecological and other scientific studies. The properties of SOC, pHca, CEC, sum-of-bases, 
total P, EC and ESP are indicators of a soil’s chemical condition, its nutrient status and 
potential to retain nutrients. The clay, silt and sand content of a soil control its texture and 
physical behaviour, including water holding capacity and permeability, and also influence 
many chemical characteristics. The storage of carbon in soil is considered vital in addressing 
global climate change (Baldock et al. 2012). 
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2. Methods 

2.1 Overview 
The digital soil maps (DSM) of the ten soil properties were prepared at six depth intervals 
down to two metres. They were based on soil survey data available over New South Wales, 
except for total P which used data from all over eastern Australia. These data were divided 
into training and validation subsets, at an approximate 80:20% ratio. Environmental covariate 
data representing the main soil-forming factors were applied in the initial training models and 
final maps production. These were derived from field survey data and various environmental 
data grids covering the entire State. 
The modelling approach was predominantly multiple linear regression, but the Cubist 
decision-tree approach was applied for some of the soil properties. Validation of the initial 
models and then the final digital soil maps was carried out using the validation dataset. 
Figure 1 presents a simple flowchart of the DSM process applied in this project. 

2.2 Soil data 
Soil data for most soil properties was derived from the NSW Soil and Land Information 
System (SALIS). An exception was for soil organic carbon (SOC) upper 30-cm layers that 
used data from the 2008 NSW monitoring, evaluation and reporting (MER) program 
(Chapman et al. 2011; OEH 2014) and the Australian Soil Carbon Research Program 
(SCARP) (Sanderman et al. 2011), because of the stronger modelling performance and 
availability of bulk density measurements (allowing for estimates of SOC stocks). Another 
exception was for total P, which was not available in SALIS, so data was derived from all 
eastern State natural resource agencies, as described in Gray et al. (2015b).  
Only profiles with full laboratory data and meaningful parent material descriptions were 
applied. Final profile numbers, plus the laboratory analytical method, are listed in Table 1. 
The soil dataset was randomly apportioned 80% as training data and 20% as validation data. 
  

http://www.environment.nsw.gov.au/soils/data.htm
http://www.environment.nsw.gov.au/soils/data.htm
http://doi.org/10.4225/08/5101F31440A36
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Table 1 Soil properties: laboratory methods and profile numbers  
For laboratory methods see OEH Soil survey standard test methods.  

Soil 
property 

Units Laboratory method  No. of 
profiles 

SOC %, kg/m3  
 

tonnes/ha 

LECO combustion; Walkley-Black wet oxidation (C6A/2)  
 

As above with bulk density: P14A or similar core method 
(mass of known vol.) 

16701 

26102  

As above 

pHca pH units pH of 1:5 soil/0.01M calcium chloride extract (C2B/2). 
Includes conversions from pH 1:5 soil/water suspension 
(C2A/2)  

5830 

CEC cmolc/kg C5A/4 silver thiourea and C5B/1C ammonuim choride 3330 

Sum-of-
bases3  

cmolc/kg As above 4210 

P total mg/kg 
(ppm) 

Various: X-ray fluorescence, sodium carbonate fusion and 
semi-micro kjeldahl (9A1, A2 and A3 from Rayment & Lyons 
2011) 

1804 

EC1:5 dS/m C1A/3, electrical conductivity in 1:5 soil:water suspension  6140 

ESP % Derived from exchangeable sodium and CEC (as above) 3370 

Clay % Sieves and hydrometer (P7B/3) 3950 

Sand % As above 3960 

Silt % As above 3940 
1 SOC from MER and SCARP programs  
2 SOC from SALIS (below 30 cm)   
3 Calcium, magnesium, sodium and potassium 

http://www.environment.nsw.gov.au/soils/testmethods.htm
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Figure 1 Overview of the digital soil mapping process 
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In addition to SOC concentration (%), SOC mass (kg/m3) was also derived by applying bulk 
density estimates included within the MER and SCARP datasets down to 30cm, and derived 
from the SLGA below 30cm. Stocks of SOC (tonnes/ha) were also calculated directly from 
the mass estimates in the final digital soil maps, but only over two intervals: 0–30cm and 30–
100cm.  
To avoid reporting two separate pH test results, pHw values were converted into pHca values 
using the correlation tables of Henderson and Bui (2002). The latter mode is preferred in 
Australia as it more closely represents the ionic soil solutions typically found in the field, and 
thus gives more consistent results. 
The soil datasets were organised into six depth intervals down to 2m, that is, 0–5, 5–15, 15–
30, 30–60, 60–100 and 100–200cm. These depth intervals were selected to be consistent 
with the SLGA and the global digital soil mapping project GlobalSoil.Net. Soil property values 
reported for the original depth interval of each soil horizon were converted into these 
standard depth intervals using the equal area splining process of Bishop et al. (1999) and 
Malone et al. (2009).  

2.3 Covariates  
Covariates were selected to effectively represent each of the key soil-forming factors of 
climate, parent material, relief, biota and age, as outlined below. Further detail is provided in 
the cited references. 

Climate  
1. Mean annual rainfall (mm pa, rain) derived from 2.5-km Australia-wide climate grids 

from the Australian Bureau of Meteorology with resampling of cell values down to a  
100-m grid. The values represent mean values obtained over the 1961–90 period, which 
overlaps or slightly predates the period when most of the soil profiles were collected (see 
Appendix 1, Figure A1.1) 

2. Mean annual daily maximum temperature (oC, Tmax) – as above (see Appendix 1, 
Figure A1.2) 

Parent material  
1. Lithology – the basis of this covariate was the lithology of the parent material, and more 

specifically the silica content (%) which is applied as a silica index. Silica content 
provides a simple but meaningful quantitative estimate of the chemical composition of 
most parent materials. It generally has a direct relationship to quartz content and an 
inverse relationship with basic cation content (Gray et al. 2016). For example, granite is 
moderately siliceous with approximately 73% silica, while basalt is mafic material with 
only approximately 48% silica. Higher silica content parent materials typically give rise to 
soils with more quartzose sandier textures with lower chemical fertility.  
For model development, the description of parent material or geologic unit recorded at 
each site by the soil surveyor was used. For the final map preparation, lithological 
classes and silica index values were applied manually to each geological formation as 
identified in the 1:250 000-scale digital geology map of the Geological Survey of NSW 
(NSW Department of Resources and Energy, undated). For poorly defined Cainozoic 
unconsolidated material, such as unqualified ‘alluvium’ or ‘colluvium’ for which their broad 
composition is unknown, lithological classes were allocated following reference to 
existing soil type maps. This exploited clear soil type to parent material relationships, 
such as Black Vertosols (Isbell 2002) with the mafic class and highly sandy Tenosols or 
Rudosols with the upper siliceous class. Note that calcareous and some other lithology 
types could not be characterised in any meaningful way by their silica content. These 
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occupy small areas across New South Wales and generally occur as minor components 
of broader mixed geology units (see Appendix 1, Figure A1.3). 

2. Gamma radiometrics – radiometric potassium (rad_K), uranium (rad_U) and thorium 
(rad_Th); 90-m grids developed by and sourced from Geoscience Australia (see 
Appendix 1, Figure A1.4–6).  

3. NIR clay components – the relative proportions of kaolin, illite and smectite clays and 
the smectite/kaolin ratio (S/K_ratio) derived from DSM techniques based on laboratory 
near infra-red (NIR) spectroscopy (Viscarra Rossel 2011); 90-m grids sourced through 
the CSIRO Data Access Portal via the SLGA (see Appendix 1, Figure A1.7–10). 

Relief 
1. Topographic wetness index (TWI) – a widely used index that represents potential 

hydrological conditions based on slope and catchment area, as derived from digital 
elevation models (DEMs) (Gallant & Austin 2015); sourced through the CSIRO Data 
Access Portal via the SLGA (see Appendix 1, Figure A1.11).  

2. Topo-slope index (TSI) – an index that combines topographic position and slope 
gradient, representing the degree to which a site is subject to depletion (1) or 
accumulation (6) of water, soil particles and chemical materials. Data was derived from 
field data and a 100-m DEM (Gray et al. 2015b) (see Appendix 1, Figure A1.12). 

3. Slope – slope gradient in percent as derived from a 100-m DEM (see Appendix 1, Figure 
A1.13).  

4. Aspect index (Asp) – an index to represent the amount of solar radiation received by 
sites, ranging from 1 for flat areas and gentle north or north-west facing slopes (high 
radiation in southern hemisphere) to 10 for steep south and south-east facing slopes (low 
radiation) (Gray et al. 2015b) (see Appendix 1, Figure A1.14). 

Biota  
1. Land disturbance index (LDI) – an index that reflects the intensity of disturbance 

associated with the land use (Gray et al. 2015b), where 1 denotes natural ecosystems 
and 6 denotes intensive cropping, based on 1:25 000-scale land-use mapping (OEH 
2007) (see Appendix 1, Figure A1.15) 

2. Ground cover (Ground_cov) – total vegetation cover % (photo-synthetic and non-photo-
synthetic) derived from CSIRO, 2011 MODIS fractional vegetation data (Guerschman et 
al. 2009) (see Appendix 1, Figure A1.16). 

Age 
Weathering index (W_I) – an index to represent the degree of weathering of parent 
materials, regolith and soil, based on gamma radiometric data (Wilford 2012); 90-m grids 
were sourced from Geoscience Australia. The index is considered reflective of the age 
factor in the clorpt and scorpan frameworks (see Appendix 1, Figure A1.17). 

2.4 Modelling approach 
Most of the digital soil maps were developed using multiple linear regression (MLR) models. 
A full listing of these models for each soil property and depth interval is provided in 
Appendix 2, together with sample numbers, coefficient of determination (R2) values and 
residual standard errors. An example of an MLR model prepared for SOC is shown below: 

SOC5_15 = exp(2.623+0.000783*rain-0.0513*tmax-0.0265*silica-0.119*rad_k-0.124*rad_u 
+1.373*kaolin-2.221*illite +0.0135*tsi-0.0656*ldi+0.00396*ground_cov -0.0260*w_i) 
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However, for clay, sand and silt, Cubist linear piecewise decision-tree models (Quinlan 1992) 
were applied. An example extract (showing two of the six rules) for the sand % (15–30 cm) 
model is shown below: 

Rule 1:  

If:  silica <= 57 

then: outcome = 84.77 - 70 smectite - 2.8 ldi - 0.21 ground_cov - 28 kaolin + 2.5 rad_u + 0.1 silica 
- 0.06 rad_th 

Rule 2: 

If:  silica > 57; silica <= 69: slope > 1.72715: w_i <= 5.0361 

then: outcome = -135.83 + 3.09 silica - 0.0159 rain - 4.2 sk_ratio + 0.5 rad_k - 0.02 slope + 0.1 twi 

The MLR approach was found to produce more consistent maps with less anomalies and 
edge effects than the Cubist approach for most soil properties. It also has an advantage of 
being more ‘transparent’ and readily interpreted, particularly by non-DSM experts (see Gray 
et al. 2015b). Analysis was carried out using R statistical software (R Core Team 2013). The 
Cubist approach applied the package of Kuhn et al. (2014). A natural log transformation was 
applied to several of the soil properties (SOC, CEC, sum-of-bases, total P) to address the 
observed skewness in the response. 

2.5 Map production 
Final maps were generated using ESRI ArcGIS software together with the above models. For 
those properties using the MLR models, these were run through the raster calculator tool by 
applying the equations (shown in Appendix 2) together with estimated values from the 
respective environmental covariate grids. For those properties using the Cubist models, 
these were run through a special tool for ArcGIS developed by Reuter (2011). The kriging of 
residual errors was trialled in order to incorporate any consistent spatial patterns of modelling 
error (Odeh 1995), but was not adopted in the final maps due to persistent anomalies. 
Additional maps at 0-30 centimetres and 30-100 centimetres depth intervals were also 
prepared by combining the component layers, using weighted averages, through the GIS. 

2.6 Validation 
The initial models and final digital soil maps were validated using the validation datasets 
(approximately 20% of original data points). Lin’s concordance correlation coefficient was 
used to measure the level of agreement of predicted values with observed values, relative to 
the 1:1 line (Lin 1989). Also determined were root mean square error (RMSE) and mean 
error. 
Preliminary maps of first-approximation, upper and lower 90% confidence limits for each soil 
property and depth layer were derived by using the RMSE values. For 90% confidence limits, 
the upper and lower estimates were derived by adding or subtracting 1.645 x RMSE 
(applying natural log scales where necessary). The adoption of more sophisticated 
techniques such as the cross-validation techniques demonstrated by Malone et al. (2014) 
and Kidd et al. (2015) should reduce the high uncertainty levels demonstrated by this first 
approximation validation process. The collection of independent validation data using a 
design-based sampling approach would also improve the assessment of accuracy and 
quality of the maps (Brus et al. 2011).  
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3. The digital soil maps 
Most of the models that were used to derive the maps for each of the soil properties are 
presented in Appendix 1, together with the associated validation results. 

3.1 The maps 
The maps for the six layers for each soil property are presented in Figures 2 to 13 below. 
They are presented in terms of classes (e.g. SOC <1%, 1–2%, etc.). Validation statistics for 
the maps are presented in Table 2 and discussed at the end of the section. 
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SOC concentration (%), 0–5 cm  

 
SOC concentration (%), 5–15 cm 

 
SOC concentration (%), 15–30 cm 

 
SOC concentration (%), 30–60 cm 

 
SOC concentration (%), 60–100 cm 

 
SOC concentration (%), 100–200 cm 

Figure 2 Soil organic carbon (SOC) concentration (%) 
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SOC mass (kg/m3), 0–5 cm 

 
SOC mass (kg/m3), 5–15 cm 

 
SOC mass (kg/m3), 15–30 cm 

 
 
SOC mass (kg/m3), 30–60 cm 

 
SOC mass (kg/m3), 60–100 cm 

 
SOC mass (kg/m3), 100–200 cm 

Figure 3 Soil organic carbon (SOC) mass (kg/m3) 
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SOC stocks (t/ha), 0–30 cm 

 
SOC stocks (t/ha), 30–100 cm 

Figure 4 Soil organic carbon (SOC) stocks (tonnes/ha) 
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pH (CaCl2), 0–5 cm   

pH (CaCl2), 5–15 cm 

 
pH (CaCl2), 15–30 cm 

 
pH (CaCl2), 30–60 cm 

 
pH (CaCl2), 60–100 cm 

 
pH (CaCl2), 100–200 cm 

Figure 5 pH (CaCl2) 
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CEC (cmolc/kg), 5–15 cm 

 
CEC (cmolc/kg), 15–30 cm 

 
CEC (cmolc/kg), 30–60 cm 

 
CEC (cmolc/kg), 60–100 cm 

 
CEC (cmolc/kg), 100–200 cm 

Figure 6 Cation exchange capacity (CEC) 



Digital soil mapping of key soil properties over NSW 

16 

 
Sum-of-bases (cmolc/kg), 0–5 cm  

 
Sum-of-bases (cmolc/kg), 5–15 cm 

 
Sum-of-bases (cmolc/kg), 15–30 cm 

 
Sum-of-bases (cmolc/kg), 30–60 cm 

 
Sum-of-bases (cmolc/kg), 60–100 cm 

 
Sum-of-bases (cmolc/kg), 100–200 cm 

Figure 7 Sum-of-bases 
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P total (mg/kg), 0–5 cm  

 
P total (mg/kg), 5–15 cm 

 
P total (mg/kg), 15–30 cm 

 
P total (mg/kg), 30–60 cm 

 
P total (mg/kg), 60–100 cm 

 
P total (mg/kg), 100–200 cm 

Figure 8 Total phosphorous  
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EC1:5 (dS/m), 5–15 cm 

 
EC1:5 (dS/m), 15–30 cm 

 
EC1:5 (dS/m), 30–60 cm 

 
EC1:5 (dS/m), 60–100 cm 

 
EC1:5 (dS/m), 100–200 cm 

Figure 9 Electrical conductivity (EC1:5) 
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ESP (%), 0–5 cm   

ESP (%), 5–15 cm 

 
ESP (%), 15–30 cm 

 
ESP (%), 30–60 cm 

 
ESP (%), 60–100 cm  

ESP (%), 100–200 cm 

Figure 10 Exchangeable sodium percent (ESP) 
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Clay (%), 0–5 cm  

 
Clay (%), 5–15 cm 

 
Clay (%), 15–30 cm 

 
Clay (%), 30–60 cm 

 
Clay (%), 60–100 cm 

 
Clay (%), 100–200 cm 

Figure 11 Clay 
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Sand (%), 0–5 cm  

 
Sand (%), 5–15 cm 

 
Sand (%), 15–30 cm 

 
Sand (%), 30–60 cm 

 
Sand (%), 60–100 cm  

Sand (%), 100–200 cm 

Figure 12 Sand 
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Silt (%), 0–5 cm  

 
Silt (%), 5–15 cm 

 
Silt (%), 15–30 cm 

 
Silt (%), 30–60 cm 

 
Silt (%), 60–100 cm  

Silt (%), 100–200 cm 

Figure 13 Silt 
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3.2 Map validation 
The results of map validation, using the randomly withdrawn validation datasets, are 
presented in Table 2. 
Lin’s concordance values are variable between the different soil properties and depth 
intervals, ranging between moderately high and low. The pH, CEC and sum-of-bases give 
the strongest results, with the concordance values generally ranging between 0.5 and 0.8. 
Low concordance values are evident for the lower depth intervals of SOC (≤0.23 below 
30cm), ESP (≤0.22) and silt % (≤0.34). 
The concordance values have varying patterns of strength with depth for different soil 
properties. They increase for pH, CEC, sum-of-bases and EC; decline for SOC, ESP and 
clay, but remain broadly constant for P (total), sand and silt. Root mean square error values 
tend to increase or remain broadly constant with depth. 

Table 2 Digital soil map validation results  

Property Depth 
(cm) 

N Lin’s 
concordance 

RMSE Mean error 

SOC  
concentration 
(log %) 

0–5 333 0.65 0.50 -0.060 

5–15 332 0.58 0.48 -0.044 

15–30 331 0.43 0.57 -0.024 

30–60 508 0.23 0.78  0.033 

60–100 310 0.14 0.79  0.048 

100–200 120 0.02 0.76  0.14 

 0–30 331 0.47 0.54  0.17 

 30–100 310 0.15 0.87  0.10 

SOC mass  
(log kg/m3) 

0–5 330 0.69 0.40 -0.0050 

5–15 329 0.58 0.40 -0.0038 

15–30 327 0.32 0.53  0.023 

30–60 508 0.18 0.78  0.048 

60–100 310 0.11 0.78  0.056 

100–200 120 0.03 0.74  0.14 

 0–30 327 0.51 0.41  0.031 

 30–100 304 0.16 0.72  0.042 

SOC stocks  
(log t/ha) 

0–30 327 0.51 0.41  0.031 

30–100 304 0.16 0.72  0.042 

pH (pH units) 0–5 1078 0.59 0.78 -0.047 

5–15 1070 0.64 0.75 -0.056 

15–30 776 0.73 0.79  0.015 

30–60 690 0.76 0.85  0.011 

60–100 513 0.79 0.89 -0.034 

100–200 239 0.77 0.98 -0.19 

 0–30 776 0.70 0.75  0.03 
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Property Depth 
(cm) 

N Lin’s 
concordance 

RMSE Mean error 

 30–100 513 0.78 0.87  0.06 

CEC  
(log cmolc/kg) 

0–5 641 0.44 0.74 -0.015 

5–15 638 0.49 0.72 -0.031 

15–30 603 0.57 0.69 -0.048 

30–60 541 0.59 0.73 -0.062 

60–100 401 0.61 0.73 -0.073 

100–200 179 0.74 0.62 -0.14 

 0–30 603 0.51 0.71 -0.03 

 30–100 401 0.57 0.74 -0.05 

Sum-of-bases 
(log cmolc/kg) 

0–5 803 0.49 0.85 -0.04 

5–15 800 0.53 0.83 -0.054 

15–30 613 0.63 0.83 -0.032 

30–60 544 0.67 0.86 -0.039 

60–100 404 0.69 0.87 -0.055 

100–200 183 0.79 0.77 -0.10 

 0–30 613 0.55 0.83  0.04 

 30–100 404 0.66 0.88 -0.04 

P total (log 
mg/kg) 

0–5 45 0.57 1.03  0.22 

5–15 45 0.60 1.03  0.055 

15–30 45 0.63 1.01  0.091 

30–60 45 0.62 1.01  0.098 

60–100 43 0.63 0.99  0.10 

100–200 32 0.54 0.95  0.017 

 0–30 45 0.60 1.02  0.05 

 30–100 43 0.60 1.05  0.10 

EC1:5 (log dS/m) 0–5 1214 0.18 0.90  0.023 

5–15 1202 0.24 0.92  0.011 

15–30 903 0.37 1.06  0.0051 

30–60 799 0.51 1.13 -0.043 

60–100 599 0.58 1.24 -0.070 

100–200 270 0.56 1.36 -0.18 

 0–30 903 0.29 1.02  0.18 

 30–100 599 0.53 1.28  0.18 

ESP (log %) 0–5 648 0.22 1.03  0.0098 

5–15 644 0.22 1.00  0.0050 

15–30 612 0.20 0.98  0.023 

30–60 549 0.17 1.00  0.0075 
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Property Depth 
(cm) 

N Lin’s 
concordance 

RMSE Mean error 

60–100 400 0.14 1.05  0.055 

100–200 184 0.07 1.22  0.068 

 0–30 612 0.21 1.03  0.06 

 30–100 400 0.14 1.09  0.24 

Clay (%) 0–5 812 0.52 12.8  0.70 

5–15 807 0.55 12.9  0.54 

15–30 701 0.57 14.08  0.48 

30–60 628 0.50 16.2  0.56 

60–100 456 0.45 17.5  1.18 

100–200 198 0.38 18.9  1.22 

 0–30 701 0.56 13.9  3.95 

 30–100 456 0.49 16.3  2.39 

Sand (%) 0–5 811 0.40 19.6  2.36 

5–15 807 0.43 19.7  2.54 

15–30 726 0.47 19.5  4.94 

30–60 630 0.47 20.0.  2.01 

60–100 455 0.44 20.5  1.27 

100–200 198 0.52 21.0  2.25 

 0–30 726 0.43 20.0  6.00 

 30–100 455 0.47 19.5  1.17 

Silt (%) 0–5 810 0.28 9.94 -2.45 

5–15 807 0.32 9.55 -2.26 

15–30 727 0.29 9.76 -2.17. 

30–60 629 0.28 9.17 -1.93 

60–100 457 0.33 8.74 -0.14 

100–200 199 0.22 10.07 -0.89 

 0–30 727 0.30 9.63 -1.44 

 30–100 457 0.34 8.48 -1.02 

RMSE: root mean square error; Mean error: predicted value minus observed value  

Maps of first approximation, upper and lower 90% confidence limits for each soil property 
and depth layer were derived using the RMSE values, as referred to in Section 2: Methods. 
These are not presented in this report but are available from the OEH data broker. They 
typically reveal wide ranges in confidence limits.  
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4. Discussion  

4.1 Strategy for use 
The digital soil maps presented here provide useful first approximations of key soil properties 
at different depth intervals across New South Wales, down to 100-m spatial resolutions.  
The maps are best viewed with GIS software, in either continuous or categorical format, 
although PDF images of the maps are available (as presented in Figures 2 to 13). The 
precise estimate for any particular pixel can be viewed using the GIS ‘identify’ tool. 
The validation results as presented in Table 2 are generally indicative of moderate map 
reliability. The upper and lower 90% confidence level maps also provide an indication of the 
uncertainties associated with the maps. More sophisticated techniques, such as those 
applied by Malone et al. (2014) and Kidd et al. (2015), may be adopted in the future to derive 
more reliable and narrower confidence limits. 
By applying the maps in conjunction with the various covariate layers (e.g. for climate, parent 
material and topography, as presented in Appendix 1), an understanding of the reasons 
behind the spatial distribution of the soil properties can be gained. For example, rising pH 
levels can be seen to be associated with lower rainfall, less siliceous parent materials and 
lower positions in the landscape.  

4.2 Limitations 
There are a number of limitations and sources of uncertainty associated with these digital soil 
maps, including:  

• inadequate representativeness of training data: the data may not be entirely 
representative of all environments, i.e. combinations of covariate space. Some 
environments may not be sufficiently well sampled, as there was no formal sampling 
design during collection of the data points over the soil survey program covering several 
decades. A sampling design such as a Latin hypercube approach (Minasny & McBratney 
2006) can help address this problem. The tendency of sampling points to be located in 
easily accessible locations rather than being randomly selected also introduces 
modelling weaknesses.   

• weaknesses in categorical training data: there may be considerable variation within 
many of the classes used in model and map development. Each lithology class (or silica 
index) actually represents a range of compositions. Additionally, some parent materials 
can be difficult to reliably classify, e.g. all shales were assumed to be upper-intermediate 
class (silica index 62%), whereas in reality they may vary between lower-intermediate 
class to mid-siliceous (silica index 57 to 73%).The land disturbance index (LDI) is a very 
coarse indicator of land use, land management and biotic conditions at a site. The topo-
slope index (TSI) similarly involves grouping a large range of topographic conditions into 
a single index value.  

• weakness in covariate data grids for map production: errors will occur due to the 
scale (i.e. pixel or polygon size), particularly with coarse-scale polygonal datasets. For 
example, there may be considerable lithological variation within individual geological 
units and the associated map polygons. Likewise, land use may vary from that identified 
in the land-use grid. The Bureau of Meteorology (BoM) climate grids required 
downscaling from original 2.5-km to 100-m resolution.  

• remote sensed data errors: data such as the gamma radiometrics and hyperspectral 
derived clay composition have uncertainties arising from the complexity of geophysical–
soil relationships, the fact signals usually only relate to soil properties of the top few 
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millimetres, and high noise-to-signal ratios (due to issues such as coarse resolutions and 
interference by water and vegetation) (McBratney et al. 2003; Mulder et al. 2011).  

• time issues: the LDI does not consider the period of time a new land-use regime has 
been in operation, thus soil property imprints from a previous land use may still be 
evident in the analysed soil. The current recorded land use and groundcover may differ 
from that at the time of profile collection. An issue arises when soils are old enough to 
have been influenced by previous climatic conditions and they therefore carry an imprint 
from those conditions, rather than being entirely influenced by current climate conditions. 

• laboratory analysis errors: including sample collection and handling errors, differences 
due to different laboratory techniques used and, for SOC, possible under-estimation of 
values by the Walkley-Black method (Skjemstad et al. 2000). 

Inherent weaknesses and uncertainties in DSM are discussed more broadly in Nelson et al. 
(2011); Bishop et al. (2015) and Robinson et al. (2015). 
Despite these weaknesses, the validation results are promising and suggest the models and 
resulting maps are useful in providing first approximations of a range of soil properties across 
the landscape in New South Wales. 

4.3 Relation to existing DSM and conventional 
soil survey products  

The DSMs for New South Wales presented here represent an alternative and 
complementary product to the Australia-wide maps presented within the SLGA (Grundy et al. 
2015; Viscarra Rossel et al. 2015). Both products are at similar scale and have the same 
depth intervals. However, the SLGA was prepared using modelling from data across all of 
Australia, while the NSW maps presented here were based on NSW data only (with 
exception of total P). The SLGA deals with a slightly different range of soil properties than 
this NSW project, with additional maps for total nitrogen, bulk density, available water-holding 
capacity and depth to restricting layers, but it does not include sum-of-bases (macro-
nutrients), EC and ESP which are presented here.   
It has been contended by the SLGA Working Group that the bringing together of several 
DSM products derived through different methods and data sources can lead to an ultimately 
more reliable product (pers. comm, SLGA Working Group meeting, Canberra, 28 October 
2014). This is exemplified by the combination of national and state-specific products in the 
primary product presented in the SLGA. These NSW maps appear to compare well with the 
national SLGA maps, certainly in their broad trends of spatial distribution of soil properties, 
however, validation statistics are generally somewhat weaker than for the SLGA maps. 
These new maps provide a further line of evidence for digital soil mapping results for the 
various soil properties.  
The maps also complement the conventional polygon-based eSPADE soil landscape maps 
available over NSW. Both products have their advantages and disadvantages. On the one 
hand, the DSMs provide detail of variation in soil properties within polygons. They also cover 
a range of soil properties that are not consistently available across the whole State. The 
DSMs are particularly useful where no detailed conventional soil mapping has been 
completed. The raster products can be more easily incorporated into many other 
environmental modelling programs. 
On the other hand, the soil landscape maps provide a more holistic overview of soil character 
than the individual soil properties of DSMs. They provide vital details on key soil character 
that are not covered by these DSMs or by DSM projects more generally. For example, they 
provide detail on soil type (Australian Soil Classification [ASC], Great Soil Group [GSG] or 
other system), profile type (uniform, gradational or texture contrast soil forms), profile depths, 
colour, soil structure, coarse fragments and various other macro- and micro-morphological 

http://www.csiro.au/soil-and-landscape-grid
http://espade.environment.nsw.gov.au/
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features. Importantly, they combine the different soil properties together into a single holistic 
soil description, which can be more useful and powerful than dealing with separate individual 
soil properties.  
The polygonal format of the conventional maps typically lend themselves better to applying 
land-use and management recommendations on the ground. Many land managers and 
regional planners find it useful to have discrete polygons with similar land management 
requirements identified for them on a map or other spatial layer, rather than a purely raster-
based product. 

4.4 Conclusion 
Digital soil maps have been produced for a range of key soil properties over New South 
Wales, with coverage over six soil depth intervals down to two metres. Validation results 
indicate at least moderate effectiveness of the maps. They are useful in providing at least a 
first approximation of these properties. The maps may be viewed directly through the OEH 
spatial viewer eSPADE and are also available for download as GIS or PDF files through the 
NSW Government environmental data portal SEED.  
Further development of the DSM techniques applied in this project, including use of other 
emerging remote-sensed datasets, and application of more sophisticated measures of map 
uncertainty, will improve the quality and effectiveness of these maps. 
The DSMs are a potentially useful complementary product to the existing digital soil maps 
and conventional soil landscape products available for much of New South Wales. Both the 
digital and conventional soil products can be used together to help inform on soil conditions 
throughout the State. They can thus assist in the ongoing sustainable management and 
protection of this vital natural resource. These also provide valuable input data for a range of 
other natural resource and environmental modelling systems, critical for effective 
environmental management across the State. 
 
 

http://espade.environment.nsw.gov.au/
https://datasets.seed.nsw.gov.au/dataset/digital-soil-maps-for-key-soil-properties-over-nsw
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Appendix 1: Covariate layers 
 

 

Figure A1.1 Annual rainfall (mm pa) 
 
 
 

 
 

Figure A1.2 Mean annual daily max 
temperature (oC) 

 
 

Figure A1.3 Lithology and silica content (%) 

 

Figure A1.4 Radiometric K (%) 
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Figure A1.5 Radiometric U (mg/kg) 
 

 
 

Figure A1.6 Radiometric Th (mg/kg) 

 
 

Figure A1.7 Kaolin (component fraction) 

 
 

Figure A1.8 Illite (component fraction) 
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Figure A1.9 Smectite (component fraction) 
 

 

Figure A1.10 Smectite/kaolin ratio 

 
 
Figure A1.11 Topographic wetness index 

(TWI) 

 
 
Figure A1.12 Topo-slope index (TSI) 

 
  



Digital soil mapping of key soil properties over NSW 

32 

 
 

Figure A1.13 Slope (%) 
 
 
 

 
 

Figure A1.14 Aspect index  

 
 
 

Figure A1.15 Land disturbance index (LDI) 

 

Figure A1.16 Ground cover (%) 
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Figure A1.17 Weathering index 
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Appendix 2: Multiple linear regression models  
(derived from training datasets)  

Soil 
property 

Depth 
(cm) 

Multiple linear regression equation N R2 RSE1 

SOC  
concentration 
(%) 

0-5 = exp(3.007+0.000758*rain-0.0659*tmax-0.0254*silica-0.180*rad_k+1.509*kaolin-2.146*illite-0.0850*ldi 
+0.00688*ground_cov -0.0444*w_i) 

1204 0.55 0.43 

5-15 = exp(2.623+0.000783*rain-0.0513*tmax-0.0265*silica-0.119*rad_k-0.124*rad_u+1.373*kaolin-2.221*illite 
+0.0135*tsi-0.0656*ldi+0.00396*ground_cov -0.0260*w_i) 

1203 0.52 0.39 

15-30 = exp(3.439+0.000870*rain-0.0343*tmax-0.0297*silica-0.125*rad_k-0.112*rad_u-0.0244*rad_th +0.748*kaolin-
3.509*illite+0.0141*tsi-0.0655*ldi-0.00599*ground_cov) 

1200 0.40 0.47 

30-60 = exp(0.8057+0.000571*rain-0.0422*tmax-0.0205*silica-1.358*illite+4.516*smectite-
1.155*sk_ratio2+0.0601*tsi-0.0289*twi+0.00658*slope-0.0238*ldi+0.0604*w_i) 

1935 0.21 0.74 

60-100 =exp(0.564+0.000362*rain-0.0339*tmax-0.0170*silica-0.0146*rad_th+0.0606*tsi-0.0327*twi+0.00707*slope 
+0.0328*w_i) 

1249 0.14 0.72 

100-200 = exp(-1.087+0.000293*rain-0.0119*silica+0.0369*tsi+0.00449*ground_cov) 471 0.06 0.78 

SOC mass 
(kg/m3) 

0-5 = exp(4.644+0.000449*rain-0.0501*tmax-0.0177*silica-0.155*rad_k+1.834*kaolin-1.195*illite-0.0189*twi-
0.0667*ldi+0.00652*ground_cov -0.0364*w_i) 

1203 0.53 0.39 

5-15 = exp(4.850+0.000541*rain-0.0420*tmax-0.0206*silica-0.115*rad_k-0.0558*rad_u-0.00817*rad_th 
+1.654*kaolin-1.750*illite-0.0107*twi-0.0540*ldi+0.00239*ground_cov -0.0276*w_i) 

1201 0.47 0.37 

15-30 = exp(5.901+0.000667*rain-0.0279*tmax-0.0237*silica-0.156*rad_k-0.0719*rad_u-0.0249*rad_th 
+0.908*kaolin-3.041*illite+0.0188*tsi-0.0180*twi-0.0623*ldi-0.00700*ground_cov -0.0324*w_i) 

1198 0.33 0.45 

30-60 = exp(3.175+0.000498*rain-0.0448*tmax-0.0185*silica+4.149*smectite-1.102*sk_ratio2+0.0584*tsi-
0.0320*twi+0.00615*slope+0.0569*w_i) 

1980 0.17 0.73 

60-100 = exp(2.353+0.000188*rain-0.0245*tmax-0.0166*silica-0.0118*rad_th+1.346*kaolin+0.0690*tsi-
0.0287*twi+0.00762*slope+0.0295*w_i) 

1271 0.12 0.70 

100-200 = exp(1.215+0.000122*rain-0.0116*silica+0.742*kaolin+0.0554*tsi+0.0542*asp+0.00396*ground_cov) 488 0.06 0.76 

0-30 2 =exp(4.832+0.000586*rain-0.0395*tmax-0.0203*silica5-0.123*rad_k-0.0164*rad_th+1.495*kaolin-
1.820*illite+0.00948*tsi-0.0601*ldi4-0.0302*w_i) 

1181 0.43 0.37 

30-100 2 = exp(2.916+0.000278*rain-0.0263*tmax-0.0207*silica+1.478*kaolin-1.797*illite+0.0679*tsi-0.0370*twi 
+0.00660*slope+0.00170*ground_cov+0.0506*w_i) 

1257 0.18 0.69 
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Soil 
property 

Depth 
(cm) 

Multiple linear regression equation N R2 RSE1 

pH (CaCl2) 0-5 = 5.416-0.000527*rain+0.0607*tmax-0.0183*silica+0.248*rad_k-0.0611*rad_u-0.0299*rad_th-1.837*kaolin-
1.136*illite+3.450*smectite+0.0343*twi+0.00750*slope+0.0645*ldi-0.00115*ground_cov+0.0294*w_i 

3911 0.47 0.70 

5-15 = 5.641-0.000553*rain+0.0594*tmax-0.0187*silica+0.249*rad_k-0.0576*rad_u-0.0304*rad_th-2.281*kaolin-
1.063*illite+3.780*smectite+0.0362*twi+0.00765*slope+0.0598*ldi-0.00110*ground_cov+0.0322*w_i 

3879 0.52 0.68 

15-30 = 6.925-0.000661*rain+0.0594*tmax-0.0212*silica+0.156*rad_k-0.148*rad_u-4.903*kaolin+1.127*Illite 
+5.107*smectite -1.077*sk_ratio2+0.0789*tsi+0.0286*twi+0.00881*slope+0.0181*asp+0.0982*ldi-
0.00135*ground_cov 

2827 0.61 0.73 

30-60 = 8.052-0.000898*rain+0.0659*tmax-0.0222*silica+0.153*rad_k-0.172*rad_u-6.741*kaolin+1.187*illite 
+6.548*smectite-1.938*sk_ratio2+0.0840*tsi+0.0422*twi+0.00953*slope+0.0190*asp+0.114*ldi-
0.00136*ground_cov 

2526 0.62 0.80 

60-100 = 10.20-0.00117*rain+0.0798*tmax-0.0221*silica+0.172*rad_k-0.225*rad_u-9.072*kaolin+6.909*smectite-
2.882*sk_ratio2+0.0796*tsi+0.0321*twi+0.00736*slope+0.123*ldi-0.00171*ground_cov 

1823 0.64 0.89 

100-200 = 10.626-0.00134*rain+0.0925*tmax-0.0212*silica+0.246*rad_k-0.147*rad_u-0.0282*rad_th-9.106*kaolin 
+6.927*smectite-3.212*sk_ratio2+0.0544*twi+0.141*ldi-0.00396*ground_cov 

811 0.65 0.95 

CEC 
(cmolc/kg) 

0-5 = exp(4.376-0.000157*rain+0.0197*tmax-0.0426*silica-0.138*rad_u+1.921*smectite+0.0582*tsi-0.0229*twi 
+0.00562*slope+0.0234*asp+0.0579*ldi) 

2535 0.41 0.68 

5-15 = exp(4.074-0.000196*rain+0.0265*tmax-0.0439*silica-0.109*rad_k+2.45*smectite+0.0570*tsi-0.0212*twi 
+0.00627*slope+0.0229*asp+0.0727*ldi) 

2493 0.44 0.66 

15-30 = exp(4.256-0.000251*rain+0.0325*tmax-0.0459*silica-0.0563*rad_u-
0.0225*rad_th+2.39*smectite+0.0437*tsi-0.0187*twi+0.00513*slope+0.0185*asp+0.0849*ldi-
0.00108*ground_cov+0.0336*w_i) 

2309 0.50 0.69 

30-60 = exp(4.113-0.000352*rain+0.0507*tmax-0.0463*silica+0.0736*rad_k-0.0734*rad_u-
0.0277*rad_th+1.592*smectite +0.127*ldi+0.0223*w_i) 

2091 0.49 0.71 

60-100 = exp(4.288-0.000435*rain+0.0484*tmax-0.0453*silica+0.107*rad_k-0.0771*rad_u-
0.0214*rad_th+1.544*smectite +0.127*ldi) 

1558 0.49 0.72 

100-200 = exp(3.938-0.000544*rain+0.0574*tmax-0.0459*silica-0.153*rad_u+2.499*illite+1.071*smectite+0.0922*ldi 685 0.55 0.71 

Sum-of-
bases 
(cmolc/kg) 

0-5 = exp(3.103-0.000361*rain+0.0696*tmax-0.0433*silica+0.171*rad_k-0.0998*rad_u-
0.0479*rad_th+2.17*smectite +0.00852*slope+0.0191*asp+0.0741*ldi+0.0254*w_i) 

3171 0.43 0.78 

5-15 = exp(2.957-0.000398*rain+0.0731*tmax-0.0445*silica+0.156*rad_k-0.0882*rad_u-
0.0481*rad_th+2.561*smectite +0.00902*slope+0.0194*asp+0.0910*ldi+0.0263*w_i) 

3130 0.46 0.76 
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Soil 
property 

Depth 
(cm) 

Multiple linear regression equation N R2 RSE1 

15-30 = exp(2.585-0.000560*rain+0.0766*tmax-0.0503*silica+0.154*rad_k-0.135*rad_u-0.0376*rad_th+1.916*Illite 
+3.782*smectite-0.579*sk_ratio2+0.0660*tsi-0.0179*twi+0.0121*slope+0.0249*asp +0.160*ldi +0.0452*w_i) 

2353 0.55 0.78 

30-60 = exp(3.398-0.000840*rain+0.0832*tmax-0.0521*silica+0.194*rad_k-0.157*rad_u-0.0366*rad_th+1.489*Illite 
+0.717*smectite+0.0406*tsi+0.0104*slope+0.202*ldi-0.00136*ground_cov+0.0383*w_i) 

2114 0.56 0.83 

60-100 = exp(3.425-0.00104*rain+0.0950*tmax-0.0496*silica+0.266*rad_k-0.189*rad_u-0.0303*rad_th+1.398*Illite 
+0.0414*tsi+0.00771*slope+0.192*ldi) 

1568 0.56 0.86 

100-200 = exp(4.074-0.00114*rain+0.102*tmax-0.0531*silica+0.283*rad_k-0.217*rad_u-0.0239*rad_th+0.190*ldi) 686 0.61 0.89 

P total 
(mg/kg) 

0-5 = exp(10.089+0.000811*rain-0.0430*silica-6.156*kaolin+5.948*illite+2.800*smectite-1.741*sk_ratio- 
0.0543*twi+0.0669*w_i) 

1335 0.34 0.84 

5-15 = exp(10.46+0.000865*rain-0.0422*silica-6.884*kaolin+5.441*illite+2.783*smectite-1.840*sk_ratio-
0.0577*twi+0.0761*w_i) 

1317 0.34 0.84 

15-30 = exp(11.76+0.000733*rain-0.0150*tmax-0.0441*silica-7.930*kaolin+6.641*illite-1.406*sk_ratio-
0.0694*twi+0.0795*w_i) 

1145 0.35 0.84 

30-60 = exp(12.09+0.000611*rain-0.0175*tmax-0.0451*silica-8.393*kaolin+7.074*illite-1.416*sk_ratio-
0.0781*twi+0.0712*w_i) 

1064 0.36 0.84 

60-100 = exp(13.38+0.000578*rain-0.0193*tmax-0.0454*silica-10.24*kaolin+5.933*illite-1.588*sk_ratio-
0.0751*twi+0.0749*w_i) 

851 0.39 0.84 

100-200 = exp(10.075+0.000562*rain-0.0478*silica-4.412*kaolin+3.565*illite-0.0806*twi) 579 0.33 0.88 

EC1:5 (dS/m) 0-5 = exp(-3.361+0.0000604*rain+0.0267*tmax-0.00915*silica-0.0181*rad_th+1.368*kaolin-2.169*illite-
2.375*smectite+1.065*sk_ratio2+0.0838*tsi+0.0247*twi+0.0390*asp+0.0524*ldi) 

4642 0.13 0.78 

5-15 = exp(-2.552+0.0271*tmax-0.00990*silica-0.0199*rad_th-2.283*illite-
2.081*smectite+0.852*sk_ratio2+0.0921*tsi +0.0238*twi+0.0407*asp+0.0442*ldi+0.0275*w_i) 

4525 0.17 0.80 

15-30 = exp(-2.447-0.000143*rain+0.0373*tmax-0.0122*silica-0.121*rad_k+0.0935*rad_u-0.0217*rad_th-3.675*illite-
1.443*smectite+0.827*sk_ratio2+0.128*tsi+0.0403*twi+0.0325*asp+0.0706*ldi-0.00154*ground_cov) 

3319 0.31 0.87 

30-60 = exp(-2.560-0.000288*rain+0.0573*tmax-0.0146*silica-0.118*rad_k+0.0714*rad_u-0.0130*rad_th-4.107*illite-
2.387*smectite+1.298*sk_ratio2+0.135*tsi+0.0592*twi+0.0790*ldi-0.00298*ground_cov) 

3049 0.40 0.98 

60-100 = exp(-3.038-0.000341*rain+0.0889*tmax-0.0170*silica+0.0848*rad_u-0.0169*rad_th-4.369*illite-
2.836*smectite +1.531*sk_ratio2+0.136*tsi+0.0701*twi+0.0620*ldi-0.00458*ground_cov+0.0523*w_i) 

2206 0.46 1.12 

100-200 = exp(-4.188-0.000444*rain+0.124*tmax-0.0196*silica+0.216*rad_u-0.0254*rad_th-5.849*illite+1.498*smectite 
+0.145*tsi+0.123*twi+0.161*ldi-0.00334*ground_cov) 

983 0.41 1.32 
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Soil 
property 

Depth 
(cm) 

Multiple linear regression equation N R2 RSE1 

ESP (%) 0-5 = exp(-2.726+0.000482*rain+0.0175*tmax+0.0314*silica-0.196*rad_k+0.163*rad_u+2.067*kaolin-
3.748*smectite +1.416*sk_ratio2+0.0432*tsi+0.0483*twi-0.00354*slope-0.0774*ldi-0.0824*w_i) 

2496 0.16 1.10 

5-15 = exp(-2.919+0.000424*rain+0.0229*tmax+0.0321*silica-0.155*rad_k+0.137*rad_u+2.481*kaolin-
4.222*smectite +1.691*sk_ratio2+0.0394*tsi+0.0517*twi-0.00491*slope-0.0862*ldi-0.0832*w_i) 

2476 0.17 1.05 

15-30 = exp(-0.992+0.000336*rain+0.0283*tmax+0.0306*silica-0.166*rad_k+0.151*rad_u-
3.27*smectite+0.779*sk_ratio2 +0.0329*tsi+0.0425*twi-0.00664*slope-0.0942*ldi-0.0838*w_i) 

2320 0.17 1.00 

30-60 = exp(-1.423+0.000293*rain+0.0378*tmax+0.0277*silica-0.125*rad_k+0.156*rad_u+0.0555*tsi+0.0477*twi-
0.00428*slope-0.112*ldi-0.0759*w_i) 

2133 0.15 1.02 

60-100 = exp(0.161+0.000227*rain+0.0359*tmax+0.0230*silica-0.159*rad_k+0.130*rad_u-1.878*illite-6.680*smectite 
+2.012*sk_ratio2+0.0860*tsi+0.0344*twi-0.0506*ldi-0.00247*ground_cov-0.0741*w_i) 

1543 0.12 1.07 

100-200 = exp(-0.850+0.0624*tmax+0.0225*silica-0.00409*ground_cov) 707 0.06 1.15 

Clay (%)  Cubist models (not presented)    

Sand (%)  Cubist models (not presented)    

Silt (%)  Cubist models (not presented)    

1 RSE: residual standard error (in natural log scale for SOC, CEC, sum-of-bases, P total, EC, and ESP   
2 SOC mass converted to SOC stocks (Mg/ha) using conversion factors
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