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Abstract

This paper presents a new approach to predict soil properties and quantify uncertainty in the derived soil
property maps over large areas using sparse and ad-hoc samples. According to the soil-landscape model,
each soil sample contains corresponding relationships between soil and environment conditions. Under the
assumption that the more similar the environment conditions between two locations the more similar the soil
property values, each sample can be considered as a representative (individual representativeness) over areas
of similar environmental conditions. The level of representativeness of an individual sample to an unsampled
location can be approximated by the similarity in environmental conditions between the two locations. Based
on this “individual representativeness” concept and with the use of Case-based Reasoning (CBR) idea, which
solves new problems by referring to similar cases, soil property values at unsampled locations can be
predicted based on their environmental similarity to the individual samples. Furthermore, the uncertainty
associated with each prediction is related to the similarity and can thus be quantified. A case study located in
Illy Region, Xinjiang, Northwest China, has demonstrated that the predicted map of soil organic matter of
top layer is of good quality and the quantified uncertainty is positively correlated with prediction residual.
This suggests that the approach can be an effective alternative for predicting soil property and reporting
uncertainty in the resulting soil map over large areas with sparse and ad-hoc samples.
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Introduction

Information on spatial variation of soil properties over large areas is a critical piece of input data for
environmental modeling at the regional to continental scales (Abramopoulos et al. 1988; Bonan 1996; Dai
and Zeng 1996; Chen and Dudhia 2001, Zhu and Mackay 2001). Yet, quality information on soil spatial
variation over large areas is rather difficult to obtain due to the large number of field samples needed and the
requirement of sound global representativeness imposed by the existing mapping techniques (Journel and
Huijbregts 1978; Isaaks and Srivastava 1989; Cressie and Noel 1993; Goovaerts 1999; Mitas and Mitasova
1999; Schloeder et al. 2001; McBratney et al. 2003; Zhu et al. 2008). Due to the constraints of field
conditions and project budget and the complexity of spatial variation of soil properties, field sampling can
rarely meet these requirements (both the number of samples and the sound global representativeness). As a
result, the collected samples are often sparse and ad-hoc (poor global representativeness) in nature. The soil
property maps derived based on these samples using the existing mapping techniques are not only at low
quality but also lack the information on the uncertainty introduced by samples’ poor global
representativeness. The lack of uncertainty information in the derived soil property maps also prevents
proper uncertainty assessment of model outputs when the derived soil information is used as one of the
inputs.

Methods

The approach is based on the concept of soil-landscape model (Jenney 1941; McBratney et al. 2000;
McBrateney et al. 2003) which states that each sample contains certain corresponding relationship between
soil and associated environmental conditions in parameter space. With the assumption that the more similar
the environment conditions between two locations the more similar the soil property values, each sample can
be considered as a representative over locations (not necessarily contiguous) with similar environmental
conditions, that is, each sample owns “individual representativeness”. The level of representativeness of an
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individual sample for an unsampled location can be approximated by the similarity in environmental
conditions between the two locations. Based on this “individual representativeness” concept and with the use
of Case-based Reasoning (CBR) idea, which solves new problems just by identifying existing similar cases
while not requiring the presence of a global model for the entire problem domain (Aamodt and Plaza 1994;
Watson and Abdullah 1994; Leake 1996; Watson 1998), soil property values at unsampled locations can be
predicted based on the environmental similarities to the individual samples. Moreover, the uncertainty
associated with each prediction is related to the similarity. For example, if a location is not similar or at a low
degree of similarity to the current set of individual samples, the uncertainty associated with the predicted
value for that location is high because none of the existing samples is a good representative of this location.
Then, the uncertainty associated with the prediction at each location can be quantified by analyzing the
nature of the similarity values to the individual samples (Zhu 1997).

The new approach consists of three major components: 1) The selection of environment variables
(covariates) and characterization of associated environment conditions using these variables; 2) Calculation
of similarity in environmental conditions; 3) Estimation of soil property value and quantify uncertainty based
on the environmental similarity.

For environment characterization, the selected environment variables should be responsible for soil
formation or co-varying with soil closely so that they can be used to indicate spatial variation of soil
effectively. The approach uses a raster data model for spatial representation. For soil mapping over large
areas the grid size is often large. The characterization of environmental conditions over large grid size
depends on the variable. For variables (climate and geology) which do not vary rapidly over the area of a
pixel, we use one value to represent the environmental conditions at each pixel. For variables (such as
topographic variables and vegetation variables) that vary rapidly over a pixel area we use the probability
density function estimated using the Kernal Density Estimation (KDE) method to characterize the
environmental conditions at each pixel.

Similarity estimation was conducted at two levels: the individual environment variable level and the case
(sample) level which integrates all similarities from the individual variable level. The methods for the first
level depend on the data type and the characterization method of each variable. We adopted Gower distance
for measuring similarity in climate variables, Boolean function for parent materials, and a consistent
Measure (CM) for topographic variables and vegetation variables which are characterized using probability
density functions (Zhu 1999). The methods for the second level depend on the perception of interaction of
environment variables. With the knowledge that over large area climate conditions would control the general
spatial distribution pattern of soil, parent material would then differentiate soils in the same climate zone,
while specific topographic conditions would influence the local variation in the same parent material area,
we adopted a hierarchy approach in this research to integrate the similarities from individual variables.

For uncertainty quantification and soil property prediction, similarities at each location to individual samples
would form a similarity-vector characterizing the representativeness of sample cases at that location. By
analyzing this similarity vector, uncertainty associated with the prediction related to samples’
representativeness was quantified (Zhu 1997). Soil property value at an unsampled location was predicted
using a similarity weighted average method which integrates similarities with sample attributes. The result
from this approach contains two parts: a soil property map and the associated uncertainty map.

Results

A case study located in Illy Region, Xinjiang, Northwest China, has been conducted to examine the validity
of this approach. The study area is about 50,000 km? in size. The variables used are: average annual
precipitation, average annual temperature, average annual relative humidity, maximum and minimum
monthly precipitation, maximum and minimum monthly temperature, and maximum and minimum monthly
relative humidity, parent materials; elevation, slope gradient, profile curvature, surface area ratio and land
position index. A cross validation method with 73 field observation points was used to evaluate the
performance of the method. The RMSE between the predicted and the observed values is 0.32 which is much
smaller than 3.16, the standard deviation of these 73 field points. The correlation coefficient between the
values of uncertainty and the prediction residuals at these points is 0.537 which is significant at the 0.05
level.
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Conclusions

This paper presented a new approach to predict soil property over large area based on “individual
representativeness” of sparse ad-hoc samples. This approach does not require the global representativeness of
the whole sample set and is able to quantify prediction uncertainty introduced by the poor global
representativeness of the sparse and ad-hoc samples. The results suggest that this approach is an effective
and accurate way to map soil properties over large areas and is capable of providing uncertainty associated
with the derived property map. The uncertainty information is a valuable piece of information for evaluating
the credibility of prediction at each location. We conclude that this approach can serve as an effective
alternative for predicting soil property and reporting prediction uncertainty over large areas with sparse and
ad-hoc samples.
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