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Soil – the definition

Soil is a natural body composed of biota and air, 

water and minerals, developed from 

unconsolidated or semi-consolidated material 

that forms the topmost layer of the Earth’s 

surface (Chesworth 2008)



Soil functions

1. food and other biomass production,
2. storage, filtering, and transformation of water, gases and minerals,
3. biological habitat and gene pool,
4. source of raw materials,
5. physical and cultural heritage and
6. platform for man-made structures: buildings, highways.

Soil is the Earth’s biggest carbon store containing 82% of total terrestrial 
organic carbon.



Soil variables

• quantities of some material (y∈[0→+∞])

• transformed or standardized quantities such as pH (y∈[−∞→+∞])

• relative percentages such as mass or volume percentages (y∈[0→1])

• boolean values e.g. showing occurrence and/or non-occurrence of qualitative soil 

attributes or objects (y∈[0,1])

• categories (i.e. factors) such as soil classes (y∈[a,b,…,x])

• probabilities e.g. probabilities of occurrence of some class or object (p(y)∈[0→1])

• censored values e.g. depth to bedrock which is often observed only up to 2 m



Soil resource inventories

• describes the characteristics of the soils in a given area,

• classifies the soils according to a standard system of classification,

• plots the boundaries of the soils on a map, 

• makes predictions about the behaviour of soils



Sources of spatial variability in soil variables:

• Natural spatial variability in 2D (different at various scales), mainly due to climate, 

parent material, land cover and land use;

• Variation by depth;

• Temporal variation due to regular or periodic changes in the ecosystem;

• Measurement error (in situ or in lab);

• Spatial location error;

• Small scale variation;



Matrix comparison between traditional (primarily expert-based) and automated (data-driven) soil mapping



Traditional 
(conventional) 
soil mapping



Traditional (conventional) soil mapping



Predictive and automated soil mapping



Predictive and automated soil mapping

1. Select soil variables (or classes) of interest and suitable measurement 

techniques (decide what to map and describe);

2. Prepare a sampling design (select the spatial locations of sampling points and 

define a sampling intensity);

3. Collect samples in the field and then estimate values of the target soil variables 

at unknown locations to test and refine prediction models;

4. Select and implement the most effective spatial prediction (or extrapolation) 

models and use these to generate soil maps;

5. Select the most representative data model and distribution system;

6. Publish and distribute the soil information in the form of maps, geographical 

databases and reports (and provide support to users);



A classification of approaches to soil mapping: from purely expert driven 
(Class A), to various types of digital soil mapping including fully automated 
soil mapping (Class E)



Soil data sources targeted by PSM

1. Soil field observations and measurements;

2. Soil (polygon) maps and legends;

3. Tacit expert soil knowledge ;

4. Photographs 



Soil field observations and measurements
For maximum utility, field data should
be objective and reproducible; They
should be collected using some kind of
unbiased sampling design that
supports reproducibility and return
sampling. They should be located as
accurately as possible in both space
(geolocation) and time (temporal
location). They should describe and
measure actual conditions in their
present state (and current land use)
and not in some assumed natural,
climax or equilibrium condition. They
should capture and permit description
of spatial and temporal variation
across multiple spatial scales and time
frames.



Soil delineations
In conventional soil mapping, soil
delineations are usually manually
drawn polygons representing
(assumed) bodies of homogenous soil
materials (often geomorphological
units). These are first validated in the
field before a final area-class map is
produced, which can then be
generalized and used to extract soil
property maps.



Soil covariates

1. Raw spectral and multi-spectral images of the land 
surface (remote sensing bands),

2. DEM-derived covariates,
3. Climatic images,
4. Vegetation and land-cover based covariates,
5. Land survey and land use information — human-made 

objects, management, fertilization and tillage practice 
maps etc,

6. Expert-based covariates — soil delineations or 
delineations of soil parent material or geology (manually 
or semi-automatically prepared); empirical maps of soil 
processes and features 



Uncertainty of soil variables

point/profile
1.sampling (human) bias or omission of 
important areas;
2.positioning error (location accuracy);
3.sampling error (at horizon level i.e. in a 
pit);
4.measurement error (in the laboratory);
5.temporal sampling error (changes in 
property value with time are ignored);
6.data input error (or typing error);
7.data interpretation error;

delineations
1.human bias (under or over representation) / 
omission of important areas;
2.artifacts and inaccuracies in the aerial 
photographs and other covariate data sources;
3.weak or non-obvious relationships between 
environmental conditions and observed 
spatial distributions of soils;
4.use of inconsistent mapping methods;
5.digitizing error;
6.polygonization (mapping unit assignment) 
error;



Uncertainty of soil variables

Legros (1997).



Uncertainty of soil variables

Four most common reasons why a predictive model fails:

1. inadequate pre-processing of the input data,

2. inadequate model validation,

3. unjustified extrapolation,

4. over-fitting of the model to the existing data.

Kuhn and Johnson (2013) 

https://soilmapper.org/soil-introduction.html#ref-kuhn2013applied


Soil observations and variables

• Direct measurements obtained 
using analytical instruments and 
procedures in a laboratory or in 
the field 

• Indirect soil measurements 
obtained using mechanical 
devices, analytical instruments 
and procedures 

• Direct observations of soil 
properties and interpretations

• Indirect or derived interpretations 



Soil observations and variables

Soil observations can refer to genetic horizons (left), fixed depths i.e. point support 
(center) and/or can refer to aggregate values for the complete profile (right)



Soil observations and variables

Selected seven primary 
(depth to bedrock, organic 
carbon content, pH, soil 
texture fractions, coarse 
fragments), three derived 
(effective soil depth, bulk 
density and available 
water capacity) and two 
optional (effective cation 
exchange capacity and 
electrical conductivity) 
target soil properties of 
interest for soil mapping 
and modelling



Soil organic carbon
Total organic carbon can be 
determined directly or indirectly. 
Direct determination includes 
removal of any carbonates present 
by treating the soil with 
hydrochloric acid. Indirect 
determination consists of applying 
an empirical correction to the total 
carbon content to account for the 
inorganic carbonates present.

Histogram and soil-depth density 
distribution for a global compilation of 
measurements of soil organic carbon 
content (ORCDRC) in permilles.



Types of soil covariates

Soils (and vegetation + ecosystems) 
form under complex interactions 
between climate, living organism 
and anthropogenic influences, 
modified by relief and hydrological 
processes and operating over long 
periods of time. 

• Climate related 

• Vegetation and living organisms

• Relief and topography-related

• Parent material / geologic material

• Estimated geological age of surface

• Spatial position or spatial context

• Human or Anthropogenic Influences



Types of soil covariates

Climate related covariates, which include:
• temperature maps,
• precipitation maps,
• snow cover maps,
• potential evapotranspiration,
• cloud fraction and other atmospheric 

images



Types of soil covariates

Vegetation and living organisms, which 
include:
• vegetation indices e.g. FAPAR (mean, 

median), NDVI, EVI,
• biomass, Leaf Area Index,
• land cover type maps,
• vegetation types and communities (if 

mapped at high accuracy),
• land cover



Types of soil covariates

Relief and topography-related covariates, which include:
• standard calculations e.g. slope, curvatures, standard deviation,
• standard flow model outputs,
• landform classes / landform class likelihoods,
• hydrological / soil accumulation and deposition indices — MRVBFI, 

Wetness index, height above channel, height below ridge, horizontal 
distance to channel, horizontal distance to ridge,

• climatic and micro-climatic indices determined by relief e.g. incoming 
solar insolation and similar



Types of soil covariates

Parent material / geologic material covariates, which include:
• bedrock type and age,
• bedrock mineralogy (acid, basic),
• surface material type, texture, age, mineralogy, thickness,
• volcanic activity, historic earthquake density,
• seismic activity level,
• gamma ray spectroscopy grids,
• gravity measurements,
• electrical conductivity/resistance,



Types of soil covariates

Human or Anthropogenic Influences, which include:
• land use / land management maps,
• probability / intensity of agricultural land use,
• probability / intensity of pasture or grazing use,
• probability / intensity of forest land management,
• probability / intensity of urbanization,
• soil dredging, surface sealing,
• night time illumination (nightlights) images,
• probability of gullying or human-induced erosion,
• soil nutrient fertilization, liming and similar maps,



Preparing soil covariate layers

• Converting polygon maps to rasters,
• Downscaling or upscaling (aggregating) 

rasters to match the target resolution 
(i.e. preparing a stack),

• Filtering out missing pixels / reducing 
noise and multicolinearity (data 
overlap) problems,

• Overlaying and subsetting raster stacks 
and points



Statistical theory for predictive soil mapping
- regression models

• The structure of the regression model does not represent the true 
mechanistic relationship between the soil and its causal factors.

• The regression model includes only a few of the many causal factors 
that formed the soil.

• The covariates used in regression are often only incomplete proxies 
of the true soil forming factors.

• The covariates often contain measurement errors and/or are 
measured at a much coarser scale (i.e. support) than that of the soil 
that needs to be mapped.



Spatial prediction of soil variables
1. Select the target variable, scale (spatial 

resolution) and associated geographical 
region of interest;

2. Define a model of spatial variation for the 
target variable;

3. Prepare a sampling plan and collect samples 
and relevant explanatory variables;

4. Estimate the model parameters using the 
collected data;

5. Derive and apply the spatial prediction 
method associated with the selected model;

6. Evaluate the spatial prediction outputs and 
collect new data / run alternative models if 
necessary;

7. Use the outputs of the spatial prediction 
process for decision making and scenario 
testing.



Soil sampling

• Points need to cover the entire geographical area of interest and 
not overrepresent specific subareas that have much different 
characteristics than the main area.

• Soil observations at point locations should be made using 
consistent measurement methods. Replicates should ideally be 
taken to quantify the measurement error.

• Bulk sampling is recommended when short-distance spatial 
variation is expected to be large and not of interest to the map 
user.

• If a variogram is to be estimated then the sample size should be 
>50 and there should be sufficient point pairs with small 
separation distances.

• If trend coefficients are to be estimated then the covariates at 
sampling points should cover the entire feature space of each 
covariate.



Machine learning for soil prediction

• artificial neural networks

• classification and 
regression trees,

• support vector machines,

• random forests,
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Experience / example

“Enhancement of sustainable land 
soil resource management in 
agriculture” 



• large area coverage / extent
• repetitive coverage
• variety of scales and 

resolutions
• easily processed and 

analyzed
• unobstructive
• minimizes field/laboratory 

work

low cost, rapidity, and relatively high spatial resolution

Remote sensing and machine learning for predictive 
soil modeling

https://www.brainkart.com/article/Spectral-Signature-Concepts-Typical-Spectral-Reflectance-Charactristics-Of-Water,-Vegetation-And-Soil_4470/



Remote sensing and machine learning for predictive 
soil modeling

Workflow

• Preparation of point data (training data).
• Preparation of covariate data (the 

explanatory variables).
• Model fitting and validation (building rules 

by overlay, model fitting and cross-
validation).

• Prediction and generation of (currently 
best-possible) final maps (applying the 
rules).

• Archiving and distribution of maps (usually 
via soil geographical databases and/or 
web services).

• Updates and improvements (support). Predictive Soil Mapping with R
Tomislav Hengl and Robert A. MacMillan



Remote sensing and machine learning for predictive 
soil modeling

Training data

Historical soil distribution data
• unknown accuracy
• planning distribution of 

survey points

Field survey data
• points
• contours



Remote sensing and machine learning for predictive 
soil modeling

6 models

Direct observations
• cropland
• grassland
• orchards/plantations/abandoned

Indirect observations
• cropland
• grassland
• orchards/plantations/abandoned



Remote sensing and machine learning for predictive 
soil modeling

DIRECT OBSERVATIONthe explanatory variables
cropland grassland abandoned



Remote sensing and machine learning for predictive 
soil modeling

INDIRECT OBSERVATIONthe explanatory variables



Remote sensing and machine learning for predictive 
soil modeling

Support vector machine
Initial classification based on historical data
Binary results as survey guidance

Random forest
Based on field training data
Multiple models
Bootstraping 

xGboost – extreme gradient boosting



GOOGLE Earth Engine

• A cloud-based geospatial processing platform for executing 

large-scale spatial data analysis

• Earth Engine stores data, organizes it, and makes it available 

for global-scale data analyses

• Processing times reduced by orders of magnitude by using 

the distributed, cloud-based computing power 

• Multi-petabyte catalog of satellite imagery and climate, 

demographic, vector datasets (+ private datasets)

• Earth Engine is free for research, education, and nonprofit 

use. 

• Any analysis performed in Earth Engine can be downloaded 

for use by other tools (R, Python, etc.)



Practical work

- EO browser
- Semi-Automatic Classification 



data availability 
explosion





https://landsat.gsfc.nasa.gov/wp-content/uploads/
2015/06/Landsat.v.Sentinel-2.png







https://apps.sentinel-hub.com/eo-browser/



Semi-Automatic Classification Plugin (SCP) is a free open source plugin for QGIS that 
allows for the semi-automatic classification (also known as supervised classification) 
of remote sensing images. It provides several tools for the download of free images, 
the preprocessing, the postprocessing, and the raster calculation

http://www.qgis.org/


Semi-Automatic 
Classification Plugin (SCP) is 
a free open source plugin 
for QGIS that allows for the 
semi-automatic 
classification (also known as 
supervised classification) of 
remote sensing images. It 
provides several tools for 
the download of free 
images, the preprocessing, 
the postprocessing, and the 
raster calculation

1. Setting the search parameters
2. Create the search area
3. Select the product the parameters
4. Preview selected image
5. Check virtual download and download options
6. Run

http://www.qgis.org/
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