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Soil property is one of the most important information for land management and
environment modeling. Unfortunately, soil property of the slope complex area in
Thailand is not available. The main objectives of the study to classify landform and
generate data of soil forming factors using remote sensing and GIS techniques, to
quantify relationship between soil properties and soil forming factors and to predict soil
properties in slope complex area. In this study, the combination of topographic position
index (TPI) values from different scales and criteria set were firstly used to classify
landform for in situ soil survey. Then extracted soil properties of top and sub soils
(sand, silt, clay, pH, OM, N, P, K, Ca, Mg, Na, CEC and BS) and soil forming factors
(10 year mean annual rainfall, NDVI, elevation, slope, aspect, plan curvature, profile
curvature, curvature, TWI and Al/Si ratio) were used to construct soil-landscape
modeling using PLS regression and cokriging interpolation. Model with less NRMSE
was selected as optimum model for soil property prediction in slope complex.

Based on landform classification, major landform categories in the study area

were open slopes and mountain tops covering an area of 43.88 and 12.71% of the



v

study area, respectively. In addition, it was found that overall accuracy and kappa hat
coefficient of agreement of landform classification were 92 and 91%, respectively

For PLS regression analysis, it was found that coefficient of determination
(R?) for top and sub soil properties range from 0.523 to 0.916 and 0.589 to 0.900,
respectively. The best predictive model of top and sub soil property was sand and Ca,
respectively. While the worst predictive model of top and sub soils was silt and N,
respectively. At the same time, three significant soil forming factors from PLS
regression analysis accordance with VIP values were used as 3 auxiliary variable of
cokriging interpolation for soil property prediction. It was found that RMSE of top
and sub soils properties range from 0.094 to 308.7 and 0.031 to 272.4, respectively. In
addition, an optimum semivariogram type of cokriging interpolation for physical and
chemical topsoil properties was Spherical model. In contrary, an optimum
semivariogram type for physical subsoil properties was Exponential model and
chemical subsoil properties was Spherical or Gaussian model. As results, it was found
that an optimum model for top and sub soil properties prediction based on least
NRMSE was PLS regression model. However, cokriging interpolation model
provided a better result for available P and K prediction of subsoil than PLS
regression model.

In conclusion, soil-landscape models can be efficient used as a tool for soil
property prediction in slope complex areas where soil characteristic and properties are
not available. The predictive soil properties can be further applied in various aspects

by soil scientists.
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CHAPTER I

INTRODUCTION

1.1 Background and significance of the study

Soil information is one of the important factors for land management and
environment modeling. Unfortunately, soil resources in the mountainous area
(slope>35%) of Thailand were seldom investigated due to the complexity of the
landscape. These complexities cause soil properties to exhibit different and complex
scales of variation, which requires costly investments of time and money for
conventional survey. Therefore, the soil maps in the highlands of Thailand are mostly
described as slope complex (SC) or Soil Units 62 for which soil characteristics and
properties are not available. Area of slope complexes in Thailand is about 154,000 sq.
km or 30% (Land Development Department [LDD], 1989). In the meantime, the area
of slope complexes in Northern Thailand is about 86,400 sq. km or 50.93% (LDD,
1992). Distribution of slope complexes of Northern Thailand based on soil groups and
land use data in 1990 is shown in Figure 1.1 and Table 1.1. In fact, agricultural lands
exist in slope complex areas. Therefore, soil properties of these areas are very

important for agricultural practices.
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Figure 1.1

Distribution of slope complex area in Northern Thailand (LDD, 1990; 2002).

Table 1.1  Area of slope complex and land use of Northern Thailand in 1990 (LDD,
1990; 2002).
Soil unit Major land use Area in sq. km Percent
Slope complex Urban and built-up area 54.41 0.03
Agricultural land 9,908.99 5.77
Forest land 69,257.50 40.33
Water bodies 181.10 0.11
Miscellaneous land 9,582.38 5.58
Sub-Total 88,984.37 51.82
Non-slope complex Urban and built-up area 308.78 0.18
Agricultural land 52,505.23 30.58
Forest land 20,524.40 11.95
Water bodies 621.43 0.36
Miscellaneous land 8,780.01 5.11
Sub-Total 82,739.85 48.18
Total 171,724.23 100.00




Understanding the soil distribution patterns in relation to landscape attributes
1s seen as a step to improve the accuracy of prediction of soil variables at unsampled
locations. The properties of soil vary from place to place, but this variation is not
random. Natural soil bodies are the result of climate and living organisms acting on
parent material, with topography or local relief exerting a modifying influence and
with time required for soil-forming processes to act (Soil Survey Division Staff,
1993).

During the last decade, many studies attempted to characterize and predict the
spatial distribution of soils using more readily available environmental variables, a
technique now called soil-landscape analyses (Hewitt, 1993) or environmental
correlation (McBratney, Odeh, Bishop, Dunbar and Shatar, 2000). In recent years,
there has been increasing scientific interest of how to combine the results of soil-
landscape analyses and spatially distributed models (Florinsky, Eilers, Manning and
Fuller, 2002; Park and Vlek, 2002; McBratney, Santos and Minasny, 2003; Lopez-
Granados, Jurado-Exposito, Pena-Barragan and Garcia-Torres, 2005; Santra, Chopra
and Chakraborty, 2008; Ballabio, 2009; Castrignano, Buttafuoco, Comolli and
Castrignano, 2011). The underlying motivation is to improve model outputs and
reduce the time and cost of collecting information on the spatial heterogeneity of soils
by developing a framework to identify the spatial distribution of soil attributes over
the landscape (McBratney et al., 2003; Scull, Franklin, Chadwick and McArthur,
2003).

In addition, the rapid increase in computation power together with fast
developments in data acquisition technology from remote sensing, geostatistics,

digital terrain analysis and GIS have resulted in a gradual shift from conventional,



qualitative survey techniques to reproducible, fast and cost-effective quantitative
predictive methods, referred to as “Digital Soil Mapping” (McBratney et al., 2003).
This group of quantitative mapping methods is part of a new field of soil science
known as “pedometrics” which was officially recognized at the beginning of the
1990s (McBratney et al.,, 2000). Pedometrics is defined as “the application of
mathematical and statistical methods for the study of the distribution and genesis of
soils” (Heuvelink, 2003).

Thus soil-landscape study should provide a consistent framework within
which to derive soil property values for use in predictive models and land use
interpretations in the landscape, and provide a baseline from which future studies may

assess the impacts of land use practices.

1.2  Research objectives

The purpose of this study is to apply GIS and remote sensing techniques for
soil-landscape analysis. The importance of this study is to quantify relationships
between soil properties and environment variables, and use the resulting to predict
soil properties in mountainous areas. The study seeks to fulfill the following
objectives:

(1) To classify landform and generate data of soil forming factors using
remote sensing and GIS techniques.

(2) To quantify relationships between in situ soil properties and soil forming
factors in the study area.

(3) To use the resulting soil-landscape models to predict soil properties in

slope complex area.



1.3  Scope and limitations of the study

(1) Soil forming factors including climate, organism, relief and soil parent
materials without time factor are used for physical and chemical soil properties
prediction model based on soil survey data.

(2) Two predictive models including partial least squares (PLS) regression
as knowledge-based model and cokriging interpolation as data driven model are
applied for soil properties prediction in slope complex area.

(3) Due to budget constraint, one sampling point for in situ soil survey is
identified for one combination of landform and geology unit. In fact, total sampling
points in this study are 48 points which are divided into 2 sets: 28 points for model
construction and 20 points for model validation.

(4) Study area is mountainous area (slope>35%) in Mae Sa watershed,

Chiang Mai Province, Northern Thailand.

1.4 Study area

The Mae Sa watershed was chosen as the study area because it is a
representative site for small-scale rural development and integrated watershed
management in mountainous regions, which includes upstream and downstream
communities, tourist resorts and several government line agencies. Some of the
government agencies are located in the watershed area such as the Royal Projects
(Mae Sa Mai and Nong Hoy) and Queen Sirikit Botanical Garden (Figure 1.2).
Furthermore, the watershed had been selected to serve as a pilot project for river

rehabilitation and land development launched by LDD in 2007.



The Mae Sa watershed includes the area from the source of Mae Sa river until
the outlet into the Mae Ping river including all the streams and creeks flowing into
Mae Sa, which is an area of 138.85 sq. km. The main river, the Mae Sa, has a length
of 24 km, with about 20 creeks as tributaries. The watershed is an upland area with
mountainous terrain and altitudes ranging from 300 to 1,600 m MSL. Most soils in
this area have been classified as slope complexes (about 71%) as shown in Figure 1.3.
Precipitation differs in the watershed among locations and years; the average rainfall

is at 1,160 mm, with about 85% concentrated in the rainy season.
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Figure 1.2 Location of the study area, Mae Sa Watershed, Chiang Mai Province.
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Figure 1.3 Distribution of slope complex and elevation in the study area, Mae Sa
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1.5 Benefit of the study

(1) Understanding relationship between in situ soil properties and soil
forming factor derived from geoinformatics in the study area.

(2) Soil properties map in slope complex area based on resulting soil-
landscape model.

(3) Research methodology as a study prototype to quantify soil property in
slope complex for soil survey.

(4) Specific predictive physical and chemical soil properties that are useful

for land management and environment modeling.



CHAPTER I

LITERATURE REVIEW

2.1 Soil forming factors

The properties of soil vary from place to place, but this variation is not
random. Natural soil bodies are the result of climate and living organisms acting on
parent material, with topography or local relief exerting a modifying influence and
with time required for soil-forming processes to act (Figure 2.1). Conceptual model of
soil forming factors, its origin in the soil factor equation outlined by Jenny (1941)
describes soil as a function of climate, biological influences, topography, parent

material and time (Eq. 2.1).

O (organisms) (auxiliaries)
Oh Humans (dust, salt spray, fire, etc.) Cl (climate)
&
. Influx
Factors
Site
" Factors
%
P (parent material) R (relief)

I (initial material) T (time)

Figure 2.1 Flower diagram of factors of soil formation (soil state factors) (Buol,

Hole and McCracken, 1989).



S =f(cl,o,1,p,t, ...) (2.1)
where S : any soil properties as a function of the stated factors;

cl . climate;

0 : organisms;

r . relief}

p . parent material;

t : time;

additional factors (various auxiliaries).

The equation implies that, by looking for changes in one or more of these
factors as the landscape is traversed, one can accurately locate boundaries between
different bodies of soil. These are conceptual models of pedogenesis and inductive
approach for defining, identifying, and mapping soils. Therefore understanding the
soil distribution patterns in relation to landscape attributes is seen as a step to
successfully predict soil patterns and anticipate soil behavior.

For the most part, soils are the same wherever all elements of the five factors
(climate, organisms, relief, parent material and time) are the same. Under similar
environments in different places, soils are similar. This regularity permits prediction
of the location of many different kinds of soil (Soil Survey Division Staft, 1993).

The soil forming factor equation is itself a powerful paradigm. The mmplicit
idea in its formulation attracted a large number of adherents, who were intrigued by
its promise. They were excited by the idea that this apparently simple concept could
be used as the basis for accurately locating soil boundaries and delineating bodies of

soil anywhere in the world. It is generally implied that soils are natural bodies that are
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distributed in a predictable way and in response to a systematic interaction of
environmental factors.

Definition and interpretation of five soil forming factors can be here briefly
summarized as follows:

(1) Climate: Influences soil formation in three ways including: precipitation,
temperature and native vegetation. Water is essential to the forming and functioning
of soil. It dissolves and transports materials, facilitates growth of plants and other
organisms that contribute organic matter and certain kinds of fabric to soil. As a
general rule, reaction rates approximately double for every 10°C increase in
temperature. While rainfall increases, chemical and physical weathering rates
increase; soil profile depth increases; content of clay in the soil solum increases;
organic matter, nitrogen and ratio of carbon/nitrogen (C/N ratio) increases besides
nutrient status are changes include: loss of base cations (Ca>", Mg®", K', Na") while
AP", Fe*", Mn® and H™ increase. Its affect to soil acidity increases (Jenny, 1941;
1980; Buol et al., 1989; Kheoruenromne, 2005).

(2) Organisms: Namely, microbes, vegetation, animals, and human are
important for nutrient cycling in soil formation including: Chemical weathering
(Organic acid anions), Organic matter accumulation (humification), nutrient cycling
and nitrogen addition (N-fixation) (Jenny, 1941; Buol et al., 1989).

(3) Relief: These include elevation, slope, aspect and natural soil drainage
condition. They correlate with the erosion and deposition process and its affect to soil
profile depth, soil horizon and soil color (Jenny, 1941; Buol et al., 1989).

(4) Parent material: The parent material is the geological substrate itself. For

a soil or ecosystem that is reforming after a disturbance, or major climate change, the
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parent material is the soil that was present at the beginning of the new state factor
assemblage (Certini and Scalenghe, 2006). It impacts to soil textural class, innate soil
fertility, types of clay minerals and pH (Jenny, 1941; 1980; Buol et al., 1989).

(5) Time: Time factor is defined as the elapsed time since the soil forming
process began or was exposed to its present assemblage of soil forming factors. It
relates with stage of soil development, absolute dating of soil horizons/profiles and

rate of soil formation (Jenny, 1980; Buol et al., 1989; Kheoruenromne, 2005).

2.2 Soil-landscape analysis

Trained soil scientists can delineate bodies of soil accurately on the landscape
by directly examining less than one-thousandth of the soil below the surface. They
can do this because of the validity of the soil-landscape model. A powerful paradigm,
it enables soil scientists to make very accurate predictions about their world (Hudson,
1992). The soil-landscape paradigm has its origin in the soil factor equation (Eq. 2.1)
outlined by Jenny (1941).

Since its introduction, its subsequent validation by Jenny and his coworkers,
the soil factor equation has served as a general model of soil geography. It leads to the
inference that soils are organized, mappable bodies. A large organized program of
normal science or puzzle-solving has taken place under the general direction of this
initial paradigm.

To understand the soil-landscape paradigm, one must break faith with a widely
espoused tenet of soil science: the idea that soil is a continuum on the landscape. Soil
does behave as a continuum within short distances. However, it is characterized by

frequent, often abrupt discontinuities that can be discerned by trained observers. The
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term discontinuity, as used here, refers to a boundary area on the landscape in which
one or more of the soil-forming factors changes rapidly within a short lateral distance.
A concomitant change in soil properties typically occurs at the same zone and within
the same lateral distance. These abrupt soil changes at observable discontinuities
make soil mapping a practical enterprise (Hudson, 1992).

Understanding the soil-landscape paradigm also requires that one understand
the concept of soil-landscape units. These are natural terrains resulting from the
interaction of the same five factors conventionally cited in the functional equation for
soil formation. A soil-landscape unit has a recognizable form and shape of the surface
of the earth. It is similar to a landform, but is more narrowly defined. For example,
two areas could be identified as slopes, and thus would be the same landform.
However, the soil on a south aspect might be significantly different from the soil on a
north aspect. Therefore, at least two soil-landscape units would be recognized within
this landform. A soil landscape unit can be thought of as a landform further modified
by one or more of the soil-forming factors.

The main elements of the soil-landscape paradigm stated below are
paraphrased from Hudson (1990):

(1) Within a soil-landscape unit, the five factors of soil formation interact in
a distinctive manner. As a result, all areas of the same soil-landscape unit develop the
same kind of soil. In a given soil survey area, there is a relatively small number of
different soil-landscape units. Individual areas of each unit occur again and again.

(2) Generally, the more different conterminous areas of two soil-landscape
units are the more abrupt and striking the discontinuity separating them. An example

is the boundary between a steep backslope and a gently sloping alluvial fan at its base.
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Conversely, the more similar conterminous areas of two soil-landscape units are, the
less striking the discontinuity separating them tends to be.

(3) Generally, the more similar two landscape units are, the more similar
their associated soils tend to be. Conversely, very dissimilar landscape units tend to
have very dissimilar soils.

(4) Adjacent areas of different soil-landscape units have a predictable spatial
relationship one to another. For example, one area will always be located above
another on the landscape, or between another and a stream.

(5) Once the relationships among soils and landscape units have been
determined for an area, the soil cover can be inferred by identifying the characteristic
soil-landscape unit. The soil is examined directly only as needed to validate this
relationship.

The soil-landscape paradigm makes soil mapping possible because of
observable discontinuities between conterminous areas of different soil-landscape
units. Conterminous soils that are distinctly different tend to be on distinctly different
soil-landscape units separated by abrupt discontinuities. As a general principle, the
more different two conterminous areas of soil are, the easier it i1s to locate the
boundary between them accurately and precisely. This is a fortuitous relationship.
Because of it, conterminous areas of soil that are the most different generally can be

separated most accurately and precisely in mapping.

2.3  Soil-landscape models

An appropriate understanding and inclusion of spatial variation of soils are

essential for ecological and environmental process modeling on the landscape scale
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(Park and Vlek, 2002). During the last decade, many studies attempted to characterize
and predict the spatial distribution of soils using more readily available environmental
variables, a technique now called soil-landscape analyses (Hewitt, 1993) or
environmental correlation (McBratney et al., 2000). In more recent years, there has
been increasing scientific interest in how to combine the results of soil-landscape
analyses and spatially distributed models (Heuvelink and Pebesma, 1999; Zhu, 2000).
The underlying motivation is to improve model outputs and reduce the time and cost
of collecting information on the spatial heterogeneity of soils by developing a
framework to identify the spatial distribution of soil attributes over the landscape
(Heuvelink and Pebesma, 1999; McBratney et al., 2000).

Integration of the conceptual and methodological advances in related
disciplines with pedological research offers rich possibilities for the development of a
truly landscape-scale pedology. Landscape-scale pedology focuses on soil properties
and processes that cannot be understood in isolation from their spatial and temporal
context - where lateral transfers of water, solutes and sediments at present or in the
past are central to explain the soil attribute or processes at a particular point in the
landscape (Pennock and Veldkamp, 2006).

The term landscape has many meanings but is used in this context to capture
both landform and land use. Landform combines both the morphology of the surface
and the parent materials that comprise it. Land use includes both human-imposed
modification of the land surface and the assemblage of plant communities that occurs
in natural areas. Both landform and land use are dynamic - land use is subject to both
deliberate alteration and unintended disturbances but landform is also subject to

significant short-term erosional modification as well as long-term evolution (Schoorl,
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Beldkamp and Bouma, 2002). There is clearly a tendency to combine this soil
landscape-land use complexity in more advanced soil landscape analysis by means of
dynamic process modeling.

Landscape-scale pedology also provides the linkage between soil processes
and soil surveys, and this linkage is essential for upscaling of soil process information
to regional, national, and global scales.

Soil-landscape modeling is a science devoted to understanding the spatial
distribution of soils and coevolving landscapes as part of ecosystems that change
dynamically through time. It is describes and explains the spatial and temporal
distribution of soil and landscape properties and patterns at landscape-scale
(Grunwald, 2006a). Three exclusive soil-landscape modeling philosophies exist:

(1) Empiric, factorial models use factors such as climate, organism,
topography, parent material, and time to explain and predict the spatial and temporal
distribution of soils;

(2) Spatial models utilize geostatistical methods to predict soil and
landscape properties at previously unsampled locations within a specified domain;

(3) Deterministic, pedo-dynamic (process-based) models integrate algorithms
to describe pedogeomorphological processes forming soils.

The goal of soil-landscape modeling is to gain an understanding of the spatial
distribution of soil attributes, characteristics of soils, and their behavior through time.
Soil-landscapes can be defined in terms of:

(1) Geomorphology and topography: the form and shape of a landscape;

(2) Land cover: the aboveground characteristics;

(3) Land use: the functions that a landscape performs;
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(4) Solil attributes: the belowground characteristics;

(5) Genesis: the formation of soil attributes due to pedological processes.

Quantitative models that describe soil-landscapes are rooted in conceptual
(mental) models. These conceptual soil-landscape models have currently evolved into
complex quantitative models that utilized advanced mathematics and statistics,
emerging soil mapping techniques, and computers that are capable of processing huge
multidimensional datasets. Pivotal events that shaped soil-landscape modeling history

are summarized by Grunwald (2006b) as shown in Figure 2.2.
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Figure 2.2 Pivotal events that shaped soil-landscape modeling history; Time periods

and placement of events are approximate (Grunwald, 2006b).

2.4 Pedometrics

Soil-landscapes are complex and diverse due to pedogeomorphological and

hydrological processes acting over hundreds and thousands of years. These soil-
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forming and destroying processes operate simultaneously in soils, and the resulting
profile reflects the balance of these processes present and past. The spatial
distributions of subsurface attributes and processes in natural environments often vary
at granularities ranging from pedons, hillslopes, to regions. Reconstructing soil-
landscapes requires an interdisciplinary holistic approach (Grunwald, 2006b).
Pedometrics attempts to integrate knowledge from numerous disciplines, including
soil science, statistics, and GIS (Figure 2.3). Pedometrics, a term coined by Alex B.
McBratney, is a neologism, derived from the Greek words “nedog” (pedos; soil) and
“uetpov”’ (metron; measurement). It is formed and used analogously to other applied
statistical fields such as biometrics, psychometrics or econometrics (Webster, 1994).
The most recent definition of pedometrics, available via the website of the
Pedometric society (www.pedometrics.org), is “the application of mathematical and
statistical methods for the study of the distribution and genesis of soils” (Heuvelink,

2003).

SPATIAL
INFORMATION(sTATISTICS

Figure 2.3 Pedometrics can be considered an interdisciplinary science integrating

soil science, GIS and statistics (Grunwald, 2006b).
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Another way of looking at pedometrics is to see it as the implementation of
newly emerging scientific theories, such as wavelets analysis and fuzzy set theory, in
soil data modeling applications (Figure 2.4). The development of pedometrics is also
a result of new technological discoveries and improvements, remote and close-range
sensing techniques, GPS positioning and computers in general (Burrough, Bouma and
Yates, 1994; McBratney et al., 2003). The expansion of new applications in the early
90’s has made pedometrics one of the leading sub-disciplines in the area of soil
research (Hartemink, McBratney and Cattle, 2002). Pedometrics is promoted and
communicated via publications, conferences and workshops organized by the
Pedometrics society, a working group under the International Union of Soil Sciences
(IUSS). After a decade of existence and numerous conferences and workshops, this
Working Group has been promoted, at the 17th World Congress of Soil Sciences, to

become a Commission under the IUSS.

0 3 | T —

GEOSTATISTICS Cokriging, Universal kriging

007 ﬂ

REMOTE SENSING Airborne rada

0] —
FUZZY LOGIC, FRACTALS

O
ENVIRONMENTAL CORR. (CLORPT)

O 3| >

1970's 2000

Figure 2.4 Some new emerging scientific fields that can be related to the

development of pedometrics in the last decades (Hengl, 2003).
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Recent topics covered by pedometrics include: multi-scale data integration; the
use of wavelets transforms to analyze complex variation; soil-landscape modeling
using digital terrain analysis; quantification of uncertainty and fuzziness of
information and evaluation criteria; soil genesis simulation; soil pattern analysis;
design and evaluation of sampling schemes; incorporation of exhaustively sampled
information (remote sensing) in spatial interpolation; precision agriculture
applications and others. A major topic of pedometric research is the development of
models and tools capable of dealing with the spatio-temporal variation of soils
(McBratney et al., 2000; 2003). These tools and methods can then be implemented to

improve or replace conventional soil mapping.

2.5 Models of soil variability for soil mapping

Approaches to soil mapping can be divided into two main streams:
knowledge-based, where the surveyor builds up a mental model of why each soil is
where it is and data-driven, where actual observations are observed and interpolated
(Rossiter, 2005). It refers to basic of pedometric techniques. There are basically two
generic groups of pedometric techniques in general and the enrichment of soil
information specifically:

(1) Classical methods collectively referred to here as the CLORPT methods
or statistical methods;

(2) Geostatistical methods. A comparison between CLORPT approach and

geostatistical approach is summarized as showed in Table 2.1.
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However the best features of these two methods may be combined as hybrid
method. The older and the emerging techniques and the style of each are summarized

as showed in Figure 2.5. The detail of model approach is described in the next section.

Table 2.1 Comparison of some aspects of the conventional geostatistical and plain

regression-based spatial prediction approaches (Hengl, 2003).

CLORPT APPROACH

GEOSTATISTICAL APPROACH

- Requires correlation with the auxiliary data

- Lower sampling density desirable

- Knowledge-driven
- One model over entire area

- Deals with feature space

- Requires spatial dependence

- Higher sampling density desirable

- Data-driven

- Stratification desirable

- Deals with geographical space

- Aims at structural part of variation (drift or trend) - Aims at spatially correlated random part of variation

- Requires non-stationarity - Requires stationarity

- Prediction error reflects the "distance’ of the point - Kriging variance reflects a geometry of the point

locations in the feature space while ignoring theirs locations while ignoring environmental patterns
spatial location

- For linear regression, in general, no input parameters - Numerous input parameters such as lag spacing,
are required; predictions are unique for the same data variogram function model, limiting distance,
set; however, functional relationship between the interpolation method, anisotropy model etc. are

auxiliary maps and soil variables is unknown and required; the predictions are non-unique for the same

might differ for similar datasets data set

CLORPT techniques
Use of exogeneous information:
Climate, organisims, chronology,

Hybrid techniques
Soil variation is deterministic-
stochastic, enabling combined

Geostatistical techniques
Based on regionalised variable
theory: Soil property as a

and land information (including methods representation of a random
aerial photos and satellite field which can be modeled
imageries) stochastically
\ ;“"‘oﬁ 2 o=, ;.
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Figure 2.5 The main pedometric techniques used for soil survey (McBratney et al., 2000).
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2.5.1 The knowledge-based model of soil variability

The knowledge-base model of soil variability begins with the
development of a numerical or statistical model of the relationship among
environmental variables and soil properties, which is then applied to a geographic
data base to create a predictive map (Scull et al., 2003). Three main goals are to (1)
exploit the relationship between environmental variables and soil properties in order
to more efficiently collect soil data; (2) produce and present data that better represent
soil landscape continuity and (3) explicitly incorporate expert knowledge in model
design.

In 1941, Jenny published his monograph “Factors of soil formation-a
system of quantitative pedology”, in which he presented evidence that soils do not
occur randomly on the landscape; rather, they are the product of specific soil-forming
factors, traditionally known as “the CLORPT model”. In any case, the basic idea is
that each soil is in its place for a reason, and if we can determine the (often very
complex) history of the soil’s environment, we can predict the soil itself (Rossiter,
2005). This 1s the idea behind knowledge-based approaches to digital soil mapping.

When applied to digital soil mapping, statistical methods can be used
to exploit the relationship between quantifiable landscape indices and soil properties
to create predictive soil maps. Statistical methods or McBratney et al. (2000) call the
CLORPT methods are based on the empirical-deterministic models that originated
from factors of soil formation. It simply uses the GIS to overlay existing data to
predict soils, just as the pre-GIS mapper does intuitively; the difference is that the

relations must be formalized.
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2.5.2 The data-driven model of soil variability

Another approach is to look only at the data, and develop geostatistical
models which can then be applied to predict soil properties at unsampled locations.
Since the late 1960s, there has been an emphasis on what might be called geographic
or purely spatial approaches, i.e., soil attributes can be predicted from spatial position
largely by interpolating between soil observations locations. Another way of thinking
about this is as a “neighborhood law” and also of soil geostatistics, etc. Generally, we
can consider the soil at some location (X,y) to depend on the geographic coordinates
x,y and on the soil at neighboring locations (x+u,y+v), i.e., the dependence usually
being some decreasing function of the magnitude of u and/or v (Eq. 2.2) (McBratney

et al., 2003).

s(x,y) = f((x, y),s(x+u,y + V)) (2.2)

This approach arose originally out of the need for spatial prediction to
make soil maps, and because of a failure to obtain prediction from the soil-forming
factors largely because the quantitative variables describing these factors were not
readily available to do such predictions. These purely spatial approaches are almost
entirely based on geostatistics.

Geostatistical methods are based on the theory of regionalized
variables, which allows us to consider spatial variability of a soil property as a
realization of a random function represented by a stochastic model. The geostatistical
method of spatial interpolation is termed kriging. The first major applications of

ordinary kriging in soil studies emerged in the early 1980s. Since then, ordinary
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kriging has been widely used in various sub-fields of soil science. Major limitations of
the univariate geostatistical technique of kriging are due to the assumptions of
stationarity which are not often met by the field-sampled data sets and, of course, the
often cited requirement of large amount of data to define the spatial autocorrelation.
However, with increasing availability of ancillary information, the lack of adequate
samples has been partially solved. The univariate usage of kriging is also limiting in
situations of complex terrain where the soil-forming processes are themselves

complex (McBratney et al., 2000).

2.5.3 Combining knowledge-based and data-driven approaches

In such situations, there is the need to model both the structured and
the spatially dependent components of the soil variable. Also there are economic and
logistic reasons for including the ancillary influencing soil variability, especially if the
latter are more readily and cheaply available. As both the soil and the exogenous
factors are multivariate, the most obvious choices are appropriate combinations of
multivariate/univariate analysis using the CLORPT factors and the geostatistical
methods. These combinations constitute the hybrid techniques (see also Figure 2.5).

The hybrid techniques are based on various combinations of the
geostatistical method and multivariate or univariate CLORPT method. In other words
it is deterministically related to some causative factors (trend). Wherever trend exists,
the ordinary univariate kriging is inappropriate. Several methods have been designed
to accommodate the trend, i.e., universal kriging, cokriging, regression kriging,
kriging with external drift and factorial kriging (McBratney et al., 2000). Relevant

techniques applying in each method were here summarized as shown in Table 2.2.
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Table 2.2  Model of soil variability for soil mapping.

Model of soil variability Predictive approaches

Knowledge-based: Expert systems
Statistical methods (CLORPT)

e  Linear models

— Ordinary least squares — Principal component regression
— Multiple linear regression — Partial least squares regression
— k-means clustering — Linear discriminant analysis

e  Generalized linear model (GLM) e  Generalized additive model (GAM)

e  C(Classification and regression trees e  Artificial neural network (ANN)

Data-driven: Geostatistical methods

o  Simple kriging (SK) e  Ordinary kriging (OK)
Combining knowledge-based and data-driven approaches:

Hybrid methods

e Universal kriging e  Cokriging

e  Regression kriging e  Kriging with external drift

e  Factorial kriging

2.6 Partial least square (PLS) regression

Partial least squares (PLS) regression is a technique that combines features
from and generalizes principal component analysis (PCA) and multiple linear
regressions. Its goal is to predict dependent variables (Y) from a set of independent
variables or predictors (X). This prediction is achieved by extracting from the
predictors a set of orthogonal factors called latent variables which have the best
predictive power (Abdi, 2007; 2010; Eriksson, Johansson, Kettaneh-Wold, Wikstrom
and Wold, 2008;). This concept is illustrated in Figure 2.6 representing a hypothetical
data set with three independent variables (X;, X, and X3) and three dependent
variables (Y, Y, and Y3; in case that dependent variables more than one) while t; is
X-scores (latent variables or PCA1). As a result, the first latent variable (t;) can be

obtained relationship with dependent variable (u;, Y-scores) (Eriksson et al., 2008).
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In addition, PLS regression is especially useful when (1) the number of
predictor variables is similar to or higher than the number of observations and (2)

predictors are highly correlated (collinearity) (Carrascal, Galvan and Gordo, 2009).

Figure 2.6 Concept of PLS regression (Eriksson et al., 2008).

2.7 Cokriging interpolation

Cokriging allows samples of one or more auxiliary variables (also called the
co-variable), which are correlated with the primary variable (target value) of interest,
to be used when predicting the target value at unsampled locations. The co-variable
may be measured at the same points as the target (co-located samples), at other points,
or both (Rossiter, 2007). It assumes that the correlation between the primary variable
and auxiliary variable can be used to improve the prediction of the value of the
primary variable (Chang, 2004).

The diagrams of Figure 2.7 explain the difference between kringing and
cokriging interpolation and their performance. In kriging interpolation, the value of

target variable (Z;) at unsampled location Xj is interpolated by a linear combination of
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the values at X, surrounding location (Eq. 2.3). For cokriging interpolation, the value
of target variable (Z;) at unsampled location X is interpolated by a linear combination
of n surrounding locations of the variable Z; and m surrounding location of an
auxiliary variable (Z;) (Eq. 2.4) (Isaaks and Srivastava, 1989; Knotters, Brus and

Oude Voshaar, 1995; Lloyd, 2007).

(a) Kriging (b) Cokriging
7 x Z1(X3)
. 1( 2) .ZZ(XZ) ZZ(XG)
@)
0 Z,(X7)
Z,(Xy) = Z,(Xo)
OZ,(Xs)
@ Z:(X3) @7, (X) .Zl(Xg) ®Z.(X)
Z,(X3) OZ,(X4) Z,(X))
® Z (X)) is an observation of the target variables
O Z: (Xy) is an observation of the auxiliary variables
Xo is an unsampled location, to which Z; has to be interpolated

Figure 2.7 Diagrams of kriging and cokriging interpolation (Knotters et al., 1995).

Z:(Xo) = Xy a; X Zy (X)) + X1 by X Z,(X;) (2.4)
where A : primary variable (target variable);
Z, : auxiliary variable;

7,(X,) : is the estimate value of primary variable at location 0;

X; : are the primary value at n nearby locations;

X : are the auxiliary value at m nearby locations;

a; : are cokriging weights of Z; at n nearby locations;
b; : are cokriging weights of Z, at m nearby locations.
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2.8 Literature review

Two groups of research papers related with this study include landform
classification and soil-landscape model and are reviewed here.
2.8.1 Landform classification

Ekasingh, Sangchyoswat, Samranpong, Punsompong, Sumhem,
Wongchaimoon and Prommanon (2004) wused unsupervised classifications
(ISODATA) to classify landform (toe slope, foot slope, back slope shoulder and
summit) based on terrain attributes (plan curvature, profile curvature, slope, elevation
and topographic wetness index (TWI)) and generated Delineated Mapping Unit
(DMU) for decision support system of soil survey in highland. The results show that,
overall accuracy range from 72.41-90.62% when compared with ground survey.

Ventura and Irvin (2000) described an approach for automated
landform classification methods for soil-landscape studies. Continuous classification
(fuzzy set) methods and unsupervised (ISODATA) classification techniques were
used to classify the landscape of a study area in southwestern Wisconsin, USA. Each
pixel of a 10-m resolution digital elevation model (DEM) was grouped according to
its membership in a continuous landform class. These classes were determined by the
natural clustering of the data in attribute space. Six topographic attributes were used
for the classification methods: elevation, slope, profile and tangent (related to plan)
curvature, topographic wetness index (TWI), and incident solar radiation.

The resulting ISODATA classifier provided a relatively quick and easy
way to delineate landform elements. The landform element designations can be
overlaid on any digital map or orthophoto, which could prove useful in designing

sampling schemes based on landform designations, or in providing a first cut for soil
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unit delineation. Continuous (fuzzy) classification provides more information about
the character and variability of the data than the ISODATA method, affording more
insight into the nature of the data and making it more amenable to statistical analysis.
This technique requires a conceptual shift to accommodate the new form and degree
of information. However, it is a more time consuming method and the results are not
as easily visualized.

Hengl and Rossiter (2003) used supervised landform classification to
enhance and replace aerial photo interpretation (API) in semi-detailed soil survey. The
six sample areas were selected by conventional aerial photo interpretation map using a
geo-pedological legend of 21 classes in eastern Croatia. Nine topographic attributes
extracted from DEM were used for the classification: ground water depth, slope, plan
curvature, profile curvature, viewshed, flow accumulation, topographic wetness index
(TWI), sediment transport index, and the distance to nearest watercourse. The results
show that the methodology can be applied by soil survey teams to edit and update
current maps and to enhance or replace API for new surveys.

Weiss (2001) presented the concept of topographic position index
(TPI) and how it could be calculated. Using this TPI at different scales, plus slope,
users can classify the landscape into both slope position (i.e. ridge top, valley bottom,
mid-slope, etc.) and landform category (i.e. steep narrow canyons, gentle valleys,
plains, open slopes, mesas, etc.). The TPI is the basis of the classification system and
is simply the difference between a cell elevation value and the average elevation of
the neighborhood around that cell. Positive values mean the cell is higher than its

surroundings while negative values mean it is lower.
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By thresholding the continuous TPI values at a given scale and
checking the slope for values near zero, landscapes can be classified into discrete
slope position classes. One repeatable method of creating classes is to use standard
deviation units (SD) to generate a 6 category slope position grid. And landform
category can be determined by classifying the landscape using two TPI grids at
different scales. The combination of TPI values from different scales suggests various

landform types (Tagil and Jenness, 2008).

2.8.2 Soil-landscape models

Moore, Gessler, Nielsen and Peterson (1993) developed spatial soil
attribute prediction model using terrain analysis. Stepwise regression was performed
to quantified relationships between soil attribute (A horizon depth, organic matter,
extractable phosphorus, pH, sand and silt) and terrain attributes include: primary
terrain attributes (elevation, slope, aspect, plan and profile curvature, flow path
lengths and specific catchment area) and secondary attributes (topographic wetness
index, sediment transportation index and stream power index). The result show
coefficients of determination (R”) as 0.482-0.636 in addition slopes and topographic
wetness index were the terrain attributes most highly correlated with surface soil
attributes.

Gessler, Moore, McKenzie and Ryan (1995) quantified relationships
between terrain attributes (plan curvature. compound topographic index, upslope
mean plan curvature) and soil attributes (A horizon depth, solum depth, E horizon
presence/absence) for developed soil-landscape modeling and spatial prediction of

soil attributes in Great Dividing Rang in southeastern Australia. The results show that,



30

CTI was a useful predictor because it combines contextual and site information via
the upslope catchment area and slope, respectively. Plan curvature was not expected
to have a strong predictive power because it does not include contextual information.
However, it was significant in predicting the A horizon and solum depth in
combination with CTI.

Paiboonsak (2000) studied soil-landscape modeling and technique for
soil mapping in slope complex areas by using GIS and analyzed the database
structures of soil forming factors (vegetation, parent material, elevation, slope
gradient and aspect). A soil mapping unit was generated base on the combination of
soil forming factors by overlay process. The result found that parent material can be
provided information about soil texture, while slope, aspect, elevation and vegetation
can be provided information about soil depth.

Ryan, McKenzie, O'Connell, Loughhead, Leppert, Jacquier and Ashton
(2000) developed quantitative spatial predictions of 5 forest soil properties (depth to B
horizon, soil stone volume, soil carbon density, soil phosphorus density and soil water
storage) by using classification and regression trees and generalized linear models.
Spatial environmental variables considered for model building form 2 data sources
include: (1) digital terrain analysis (elevation, relative elevation, relief, slope, plan
curvature, profile curvature, tangential curvature, contributing area specific
contributing area, stream power index, aggradations index, dispersal area, specific
dispersal area, degradation index, up-slope and down-slope means for slope/plan
curvature/profile curvature/tangential curvature, erosion index, mean annual rainfall,
mean annual temperature, net radiation and Prescott index) and (2) remote sensed data

(Landsat TM bands 1-7, NDVI and airborne geophysical gamma radiometric of
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potassium/thorium/uranium/total count, magnetic intensity). The results from spatial
predictions of 4 forest soil properties include: depth to B horizon, soil stone volume,
soil carbon and phosphorus density (at 0-1 m depth) and soil water storage show
coefficients of determination (R?) as 0.46, 0.63, 0.54, 0.62 and 0.67 respectively.

Gobin, Campling and Feyen (2001) developed soil-landscape models
to predict the spatial distribution of soil texture at the surface horizon across a
catchment in southeastern Nigeria. Topographic attributes (slope gradient, plan
curvature, profile curvature, aspect, contributing area, compound topographic index
(CTI), stream power index (SPI) and slope aspect index (SAI)) were used to quantify
the correlation between landscape and soil texture. Stepwise multiple-linear
regression was performed on the normalized terrain attributes and on the principal
components constructed from the normalized terrain attributes to avoid multi-
collinearity. The derived soil-landscape models were used to predict clay, silt, sand,
ironstone and thickness of the surface horizon from the original terrain attributes for
the entire study area (R* = 0.41 to 0.75).

Hengl, Rossiter and Husnjak (2002) used the CLORPT approach to
develop two regression models for pH and organic matter in topsoil. Environmental
predictors used are standard terrain parameters (elevation, slope, curvature, aspect and
wetness index), climatic data (rainfall and temperature) and vegetation components
derived from the annual NOAA’s NDVI time series. The results show that these two
soil properties can be mapped using the CLORPT approach with equal or better
precision than with using the existing 1:50,000 soil class map and averaging the
properties per soil mapping unit. While the precision of prediction for pH did not

improve significantly (residual standard error: 0.60 versus 0.61), the precision for OM
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was considerably better (residual standard error: 2.81 versus 3.85). The models
accounted for 54% (pH) and 66% (organic matter) of the total variation. Principal
components of the NDVI time series proved to be most significant predictors of the
soil properties, showing clearly general vegetation types and their dynamics. The
prediction of pH indeed seems to be more difficult than the prediction of OM. The
achieved coefficient of variation for pH was 16.8%, while the model for OM it was
10.8%.

Lopez-Granados et al. (2005) compared various prediction methods for
mapping soil properties (texture, organic matter (OM), pH, phosphorus and
potassium) for precision farming approaches by incorporating secondary spatial
information into the mapping. The primary information (or primary attribute) was
obtained from an intensive grid soil sampling and the secondary spatial information
from spectral data (blue green and red waveband) from an aerial color photograph of
bare soil. The prediction methods were statistical (linear regression between soil
properties and digital values) and geostatistical algorithms (ordinary kriging, ordinary
kriging plus regression and kriging with varying local means). The results show that
the best prediction method for mapping organic matter, pH and potassium was kriging
with varying local means in combination with the spectral data from the blue
waveband with the smallest mean square error (MSE) indicating the highest precision.
Maps from these kriging estimation showed that a combination of geostatistical
techniques and digital data from aerial photograph could improve the prediction
quality of soil management zones, which is the first step for site-specific soil

management.
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Ballabio (2009) used four regression models include: ordinary least
squares (OLS) regression, partial least squares (PLS) regression and classification and
regression trees (CART) and support vector regression (SVR) to developed spatial
prediction of soil parameters, namely organic carbon content in A horizon, extractable
aluminum concentration in B horizons and cumulative thickness of A and B soil
horizons. While predictor variables were: altitude, slope, compound terrain index,
solar radiation related parameters, LS factor, sediment transport index, vegetation
cover map (dummy variables) The result found that coefficients of determination of
OLS, PLS, CART and SVM range from 0.10 to 0.11, 0.11 to 0.12, 0.46 to 0.64 and
0.55 to 0.76, respectively. In conclusion, the non-linear approximation of SVR has
several advantages over other techniques for digital soil mapping in mountain areas
with a small number of available observations and the non-linearity of the relations

between environmental variables and soil properties.



CHAPTER III

RESEARCH METHODOLOGY

3.1 Data and equipment

Data used in this research include climate, remotely sensed, topography, soil
and geology data. Equipment for soil survey includes soil auger, soil core, Munsell
soil color chart, GPS and digital camera. Equipment for data analysis used in this
research consists of notebook and statistical, image processing and GIS software
(Table 3.1).

Table 3.1 List of data and equipment in this research.

Data Data characteristic Source
1. Climate data Annual rainfall for 10 year period - TMD
(2000-2009) - Royal Project
2. Landsat-5 TM data Acquired 17/01/2009 - GISTDA
3. Contour data Contour 20 m. Intervals - RTSD
4. Topographic data Topographic layer, scale 1:50,000 - RTSD
5. Geology data Digital geology layer, scale 1:50,000 - DMR
6. Soil series data Digital soil layer, scale 1:50,000 - LDD
Equipment Usage Source
Hardware
Soil auger Soil survey Soil and Plant Laboratory, MJU
Soil core Soil survey Soil and Plant Laboratory, MJU
Munsell soil color chart  Soil survey Soil and Plant Laboratory, MJU
GPS Soil survey Personnel
Digital camera Soil survey Personnel
Notebook Soil survey/Data analysis Personnel
Software
XLSTAT Data analysis Personnel
ERDAS Imagine Data analysis Remote Sensing Laboratory, SUT

ArcGIS Data analysis Remote Sensing Laboratory, SUT
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The main activities of methodology are divided into 3 components; (1)

landform classification, (2) input data generation and (3) soil-landscape model

development. The relationship among three components and its basic flow chart is

presented in Figure 3.1. The details of each component are explained in the following

section.

1. Landform classification

DEM

Topographic

position index Slope

L

2. Input data generation

Conceptual model of soil forming factors

S = f(clo,r,p,t)

R: Relief or
topography

P: Parent
Materials

Cl: Climate

O: Organisms

Landform classification

A

Landform map

Terrain Geology Climate Landsat
attribute data

Y

Stratified random

Y

Y

=

sampling

3. Soil-landscape model development

- Validation

observations

- In situ soil
Z properties

Soil forming
factor

A

Predictive soil properties

Statistical methods
(PLS regression)

Geostatistical methods
(Cokriging)

!

Accuracy assessment

Y

Predictive soil properties
in slope complex area

Figure 3.1 Basic flow chart represents the methodological framework.
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3.2.1 Landform classification

The data used for landform classifications are derived from DEM by
calculation slope and topographic position index (TPI) in two scales (small and large).
The TPI compares the elevation of each cell in DEM to the mean elevation of a
specified neighborhood around that cell. Positive TPI values represent locations that
are higher than the average of their surroundings (tends to be hilltop). Negative TPI
values represent locations that are lower than their surroundings (tends to be valley)
and TPI value near zero are normally flat areas (Weiss, 2001). The combination of
TPI values from different scales and criteria set suggests various landform types
(Table 3.2). The schematic flow diagram of landform classification procedure is
represented in Figure 3.2.

In practice, DEM with cell size of 25x25 m are firstly used to generate
two focal mean data with two different window sizes (15x15 pixel and 45x45 pixels).

Then TPI data are calculate by using following equation:

TPI = DEM — Focal Mean 3.1)

Herein, two data set of TPI are extracted in two different scales (15x15
pixels and 45x45 pixels) of focal mean data and they are reclassified using standard
deviation (SD) into three categories as follows:

(1) TPI with standard deviation value less than or equal to -1;

(2) TPI with standard deviation value between -1 and 1;

(3) TPI with standard deviation value more than or equal to 1.

After that, these three categorized TPI data are overlaid with slope data

which are extracted from DEM and classified into 2 classes (<5 degree and >5 degree)
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for landform classification. Herewith, criteria for landform classification suggested by

Weiss (2001) are applied to extracted landform categories (see Table 3.2) as follows:

(1) Canyons, Deeply Incised Streams;

(2) Midslope Drainages, Shallow Valleys;

3) Upland Drainages, Headwaters;

4) U-shaped Valleys;
®)) Plains;

(6) Open Slopes;

(7) Upper Slopes, Mesas;

(8) Local Ridges/Hills in Valleys;

9) Mid-slope Ridges, Small Hills in Plains;

(10)  Mountain Tops, High Ridges.
Table 3.2 Landform category and criteria by Weiss (2001).
No Landform category Criteria

1 Canyons, Deeply Incised Streams Small Scale TPI: TPI < -1 SD
Large Scale TPI: TPI <-1 SD
2 Midslope Drainages, Shallow Valleys Small Scale TPI: TPI < -1 SD
Large Scale TPI: -1 SD <TPI<1SD
3 Upland Drainages, Headwaters Small Scale TPI: TPI < -1 SD
Large Scale TPI: TPI>1 SD
4 U-shaped Valleys Small Scale TPI: -1 SD <TPI<1 SD
Large Scale TPI: TPI <-1 SD
5 Plains Small Scale TPI: -1 SD<TPI<1 SD
Large Scale TPI: -1 SD <TPI<1SD
Slope < 5°
6 Open Slopes Small Scale TPI: -1 SD <TPI<1 SD
Large Scale TPI: -1 SD <TPI<1SD
Slope > 5°
7 Upper Slopes, Mesas Small Scale TPI: -1 SD <TPI<1 SD
Large Scale TPI: TPI>1 SD
8 Local Ridges/Hills in Valleys Small Scale TPI: TPI > 1 SD
Large Scale TPI: TPI <-1 SD
9 Midslope Ridges, Small Hills in Plains Small Scale TPI: TPI > 1 SD
Large Scale TPI: -1 SD <TPI<1SD
10 Mountain Tops, High Ridges Small Scale TPI: TPI > 1 SD
Large Scale TPI: TPI>1 SD
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The result of landform classification in this process will be further used

for soil sampling unit identification with geology data in the next component.

Component 1 Landform classification

INPUT PROCESS OUTPUT

Focal mean

Focal mean (small scale)
(15x15 pixels)

DEM

Focal mean (large scale)
(45x45 pixels)

v

Topographic position index (TPI)

TPI map

| TPI=DEM — Focal mean |

+: higher than its neighbors Small scale: SC

A
(tends to be hilltop)
0: same as its neighbors (flat area)
. g' Large scale: LC
- lower than its neighbors
(tends to be valley)
;Il Slope |
Reclassify
Slope : (1) slope < 5°
(2) slope > 5°
<
)
TPI: (1) TPI<-1SD
(2)-1SD <TPI< 1SD
(3) TP1> 1 SD
| Landform classifying |
Landform Criteria
Canyons, Deeply Small Scale TPI: TPI<-1 SD
Incised Streams Large Scale TPI: TPI <-1 SD
Midslope Drainages, Small Scale TPI: TPI<-1 SD
Shallow Valleys Large Scale TPI:-1 SD <TPI< 1 SD
Upland Drainages, Small Scale TPI: TPI<-1 SD
Headwaters Large Scale TPL: TPI> 1 SD
U-shaped Valleys Small Scale TPI: -1 SD < TPI < 1 SD
Large Scale TPL: TPI <-1 SD
Plains Small Scale TPI: -1 SD < TPI < 1 SD
Large Scale TPI: -1 SD < TPI < 1 SD
Slope < 5°
> Landform map
Open Slopes Small Scale TPI: -1 SD < TPI < 1 SD /
Large Scale TPI: -1 SD < TPI < 1 SD
Slope > 5°
Upper Slopes, Mesas Small Scale TPI: -1 SD < TPI < 1 SD
Large Scale TPL: TPI> 1 SD
Local Ridges/Hills in Small Scale TPL: TPI = 1 SD
Valleys Large Scale TPI: TPI <-1 SD
Midslope Ridges, Small Scale TPL: TPI= 1 SD
Small Hills in Plains Large Scale TPI: -1 SD< TP < 1 SD
Mountain Tops, High | Small Scale TPL: TPI> 1 SD
Ridges Large Scale TPL: TPI = 1 SD

Figure 3.2  The schematic flow diagram of landform classification procedure.
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This study aims to incorporate spatial variation of in situ soil properties

in slope complex and theirs soil forming factors in the study area to develop soil-

landscape model. Three major tasks under input data generation for soil landscape

modeling are conducted, namely (1) soil forming factor preparation, (2) soil sampling

unit identification and soil sampling scheme and (3) soil survey and soil data analysis

as shown in Figure 3.3.

Component 2 Input data generation

INPUT

Conceptual model of soil
forming factors
S=f(clo,r,p,t)
CI: Climatic properties

PROCESS

Climate data

O: Organisms, vegetation or
human activity

R: Relief or topography

P: Parent materials

Geology map

]

Interpolation (IDW)

OUTPUT

Soil forming factors preparation

NDVI

Terrain analysis

Vector to raster

.

-

Y

} Mean annual rainfall
7 NDVI
} Terrain attribute

Elevation, Slope, Aspect, Plan curvature,
Profile curvature, Curvature, TWI

N

d

Al/Si ratio

Chemical composition

Overlay

L

v

Sampling unit

y

v

Stratified random
sampling

Soil sampling unit identification

Soil sampling
point location

v

Field survey

v

Laboratory analysis

In situ soil properties

Sand, silt and clay

pH, OM, N, P, K,Ca, Mg, Na, CEC and BS

Figure 3.3

The schematic flow diagram of input data generation.
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3.2.2.1 Soil forming factor preparation

Under this sub-component, soil forming factors are firstly
reviewed from various research works and then selected for the study. Table 3.3
summarized reviewed literatures for soil forming factor. The brief information for
selected soil forming factors is described as follows:

(1) Organism factor: Organisms is related to the effect of
vegetation and human activity. The natural vegetation class should represent some kind
of equilibrium relation with soil type. In this study NDVI which is derived from
Landsat-TM data is selected for living organism indicators of soil properties. This factor
was used by some researchers such as Ryan et al. (2000) and Hengl et al. (2002).

(2) Relief factor: Primary and secondary terrain attributes
which are extracted from DEM are reviewed for representation relief factor (Table 3.4
and Table 3.5). In this study elevation, slope, aspect, plan curvature, profile curvature,
curvature, and TWI are selected as relief factor on soil properties. These relief factors
are basic soil forming factor and they are selected by many soil scientists such as
Gessler et al. (1995), Ryan et al. (2000), Gobin et al. (2001) and Hengl et al. (2002).

(3) Parent material factor: Chemical composition of parent
materials has an effect on weathering process and it can affect to soil properties. The
high amount of silica (SiO;) content has tendency to provide more quartz and
becomes sand while the weathering of alumina (ALO3;) minerals containing high is
more likely to be clay. These affect to soil texture and innate soil fertility. In this
research, ratio of alumina (ALO3) and silica (Si0,) in each geologic unit was selected
for parent material factor of soil properties as suggested by Sunya Sarapirome

(personal communication, 2010).
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(4) Climate factor: Rainfall affects both vegetative
production and soil horizon development and its interacting with parent material also
affects to soil physical and chemical properties. Thus, mean annual rainfall for 10
year period (2000-2009) from TMD are used for this study. This climate is a basic
factor for soil forming factor and it is applied by many researchers for example Ryan
et al. (2000) and Hengl et al. (2002).

(5) Time factor: Time is the driving force behind all soil
forming processes. This factor is not applied in this study because the predictive
models used in this study are considered as static model that are rely on bio-physical

factors.

Table 3.3  Literature review of soil forming factor for soil-landscape model.

Soil forming factor Factors (Authors)

Organism factor Landsat TM bands 1-7 and NDVI by Ryan et al. (2000)
NOAA'’s annual NDVI data by Hengl et al. (2002)
Vegetation cover map by Ballabio (2009)

Relief factor Elevation, slope, aspect, plan and profile curvature, flow path lengths
and specific catchment area, TWI, STI and SPI by Moore et al. (1993)
Plan curvature, CTI and upslope mean plan curvature by Gessler et al.
(1995)
Slope, plan curvature, profile curvature, aspect, contributing area, CTI,
SPI and SAI by Gobin et al. (2001)
Elevation, slope, curvature, aspect and wetness index by Hengl et al.

(2002)

Parent material factor Airborne geophysical gamma radiometric of potassium/thorium/uranium,

total count and magnetic intensity by Ryan et al. (2000)

Climate factor Mean annual rainfall, mean annual temperature, net radiation and
Prescott index by Ryan et al. (2000)
Rainfall and temperature by Hengl et al. (2002)
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Table 3.4 Examples of primary terrain attributes that can be computed by terrain
analysis from DEM data (Wilson and Gallant, 2000).

Attribute Definition Significance

Altitude Elevation Climate, vegetation, potential energy

Upslope height Mean height of upslope area Potential energy

Aspect Slope azimuth Solar isolation, evapotranspiration, flora and
fauna distribution and abundance

Slope Gradient Overland and subsurface flow velocity and
runoff rate, precipitation, vegetation,
geomorphology, soil water content, land
capability class

Upslope slope Mean slope of upslope area Runoff velocity

Dispersal slope

Catchment slope

Upslope area

Dispersal area

Catchment area

Specific catchment

area

Flow path length

Upslope length

Dispersal length

Catchment length

Profile curvature

Plan curvature

Tangential

curvature

Elevation percentile

Mean slope of dispersal area

Average slope over the catchment
Catchment area above a short length of
contour

Area downslope from a short length of
contour

Area draining to catchment outlet

Upslope area per unit width of contour

Maximum distance of water flow to a
point in the catchment

Mean length of flow paths to a point in
the catchment

Distance from a point in the catchment
to the outlet

Distance from highest point to outlet

Slope profile curvature

Contour curvature

Plan curvature multiplied by slope

Proportion of cells in a user-defined

circle lower than the center cell

Rate of soil drainage
Time of concentration

Runoff volume, steady-state runoff rate

Soil drainage rate

Runoff volume

Runoff volume, steady-state runoff rate, soil
characteristics, soil-water content,
geomorphology

Erosion rates, sediment yield, time of
concentration

Flow acceleration, erosion rates

Impedance of soil drainage

Overland flow attenuation

Flow acceleration, erosion/ deposition rate,
geomorphology

Converging/diverging flow, soil water
content, soil characteristics

Provides alternative measure of local flow
convergence and divergence

Relative landscape position, flora and fauna

distribution and abundance
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Table 3.5 Examples of secondary terrain attributes that can be computed by terrain
analysis from DEM data (Wilson and Gallant, 2000).
Attribute Topographic Wetness Index, TWI
Equation TWI = ln( A )
tanf

Significance  This particular equation assumes steady-state conditions and uniform soil properties
(i.e. transmissivity is constant throughout the catchment and equal to unity). This
equation predicts zones of saturation where A is large (typically in converging
segments of landscapes) and £ is small (at base of concave slopes where slope
gradient is reduced). These conditions are usually encountered along drainage paths
and in zones of water concentration in landscapes.

Attribute Stream Power Index, SPI

Equation SPI = Agtan 8

Significance =~ Measure of erosive power of flowing water based on assumption that discharge (q) is
proportional to specific catchment area (4s). Predicts net erosion in areas of profile
convexity and tangential concavity (flow acceleration and convergence zones) and
net deposition in areas of profile concavity (zones of decreasing flow velocity).

Attribute Radiation indices

Equation R, = Ry — Rgp)F + Rypv + Ryy(1 — v)a

Significance  This equation estimates the total short-wave irradiance incident at the earth’s surface
for some user-defined period ranging in length from 1 day to 1 year. The three main
terms account for direct-beam, diffuse, and reflected irradiance. A variety of methods
are used by different authors to calculate these individual components. The methods
vary tremendously in terms of sophistication, input data, and accuracy.

Attribute Temperature indices

Equation Tt - Tiapse (Z — Z,) N (1 LAl )

1000 LAL, .y
Significance  This equation is used to extrapolate minimum air, maximum air, and surface

temperatures for a nearby climate station to other parts of the landscape. This
equation corrects for elevation via a lapse rate, slope—aspect effects via the short-

wave radiation ratio, and vegetation effects via a leaf area index.

After that these factors are generated under GIS environment

with specific methods or equations as shown in Table 3.6. These soil forming factors

are further used for soil-landscape model development in next component.
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Table 3.6 Methods or equations used for soil forming factor generation.

Soil forming factor Selected factor Method or Equation
Organism NDVI — (TM Band4 — TM BandS)
TM Band4 + TM Band3

Relief Elevation (m) Extract from DEM

Slope (Degree) Extract from DEM

Aspect (Degree) Extract from DEM

Plan curvature Extract from DEM

Profile curvature Extract from DEM

Curvature Extract from DEM

TWI Upslope contribute areas

Wi = ln( tanslope )

Parent material Geology (Al/Si ratio) Ratio between Aluminum and Silica
Climate Mean annual rainfall (mm) Interpolation (IDW)

3.2.2.2  Soil sampling unit identification and soil sampling scheme

Under this sub-component, landform categories which are
derived from previous component are firstly overlaid with geological formation of
geology data and then reclassified for soil sampling unit. In fact, this soil sampling
units are represented as strata in sampling scheme. In this study stratified random
sampling scheme is chosen for soil sample site location based on number of soil
samples and area of soil sampling units.

Number of soil samples is calculated based on detailed
reconnaissance soil survey at the scale of 1:40,000-1:100,000 as suggested by
Kheoruenromne (2005). Because these scale and order of soil survey are fitted with
scale of DEM and geology data. He recommended that intensity of soil samples
should be one sample per 1-2 sq. km. Thus, one sample per 2 sq. km is here used to

calculate number of samples in slope complex with area of 99 sq. km. As a result,
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sample sites used in this study are 48 samples. In practice, 48 sample points are
divided into two sets: one set for modeling and another set for validating.
3.2.2.3 Soil survey and soil data analysis

For soil survey, soil is collected in each soil sampling site
using auger and soil core at two levels: topsoil (0-25 cm) and subsoil (25-50 cm) for
soil property extraction. In addition, soil pit in each site is set up for soil profile
description as shown in Figure 3.4.

All soil samples are carried to soil laboratory for soil data
analysis. In practice, soil samples are firstly air-dried and passed through 2 mm mesh
screen. Then, these samples are analyzed for physical and chemical soil properties

with various methods as summarized in Table 3.7.

Table 3.7 Physical and chemical soil properties analysis.

Soil properties Used method

Physical properties
Particle size (%) Hydrometer method
- Sand
- Silt
- Clay
Chemical properties
pH (pH scale) pH Meter 1:1 H,O
Organic matter (%) Walkley and Black method
Total nitrogen (%) Kjeldahl digestion
Available phosphorus (ppm) Bray II method

Total exchangeable bases (ppm)
- Magnesium
- Calcium
- Potassium
- Sodium
Cation exchange capacity (meq/100g soil)

Base saturation (%)

Ammonium acetate (NH;OAc, pH 7)

Atomic absorption spectrophotometer

Flame photometer

Flame photometer

Flame photometer

Ammonium acetate (NH;OAc, pH 7)
total exchangeable bases

% BS = CEC x 100
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Figure 3.4 Soil description form used in in situ soil survey.
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Three main tasks of soil landscape model development are here

conducted under this component (Figure 3.5), namely (1) soil-landscape model

development, (2) accuracy assessment and (3) optimum model identification.

Component 3 Soil-landscape model development
INPUT PROCESS OUTPUT
Predictive soil properties Predictive soil map
) ) Statistical methods
In situ spll (Partial least squares
properties regression)
Variable significance
identification
Soil forming ¢
factors N .
Geostatistical methods
(Cokriging)
A 4
Validation Accuracy assessment Optimum model
observations identification

Figure 3.5 The procedure of soil-landscape model development.

3.2.3.1

Soil-landscape model development

Soil-landscape model which are used to quantify the

relationship between in situ soil properties and soil forming factors are consisted of

statistical method and geostatistical method, namely partial least squares (PLS)

regression and cokriging interpolation, respectively.

(1) Partial least squares (PLS) regression

Basically, PLS regression is a technique that generalizes and

combines features from principal component analysis and multiple linear regressions.
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Its goal is to predict or analyze a set of dependent variables from a set of independent
variables or predictors. This prediction is achieved by extracting from the predictors a
set of orthogonal factors called latent variables which have the best predictive power
(Abdi, 2007).

In this study, PLS regression which is used to identify
relationship between in situ soil properties (dependent variables) and soil form factors
(independent variables) in form of multiple linear regression equation is firstly
calculated using statistical software of XLSTAT. Then derived multiple linear
regression equation are used to predict 13 soil properties (see Table 3.7) using Map
Algebra module of ArcGIS.

(2) Cokriging interpolation

Simple cokriging interpolation is used to predict the
distribution of soil properties based on sampling soil attributes and theirs influence
factors. In practice, three significant soil forming factors from PLS regression analysis
by XLSTAT are firstly identified using variable important in the projection (VIP)
values. Then simple cokriging interpolation include Spherical (Sph), Exponential
(Exp), Gaussian (Gau) and Rational Quadratic (RQ) semivariogram models are used
for soil property prediction based on in situ soil property and its location from 28 soil
sample site for modeling and three important soil forming factor layers. In practice,
RMSE of specific semivariogram will be used justified an optimum model and it then
used for soil properties prediction. This operation is implemented for each soil

property using cokriging under Geostatistical module of ArcGIS.
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3.2.3.2 Accuracy assessment
The predictive physical and chemical soil properties from
PLS regression and cokriging models are used to compare with actual soil properties
from validate set for accuracy assessment. Three measure of accuracy assessment are
here used in this study include Mean Error (ME), Root Mean Square Error (RMSE)

and Normalized Root Mean Square Error (NRMSE) as follows:

ME = % iL,[Predicted value — Observed value] (3.2)

RMSE = \[%Z{‘zl[Predicted value — Observed value]? (3.3)

RMSE
NRMSE = Maximum observed value—Minimum observed value (3'4)
where n : number of observation;
ME : Mean Error;
RMSE Root Mean Square Error;
NRMSE :  Normalized Root Mean Square Error.

3.2.3.3 Optimum model identification
An optimum model for each soil property prediction is
identified based on NRMSE values of statistical method (PLS) and geostatistical
method (cokriging) as suggested by Ballabio (2009). Therefore model which provides
smaller prediction error will be selected as optimum model for soil property

prediction in slope complex.



CHAPTER 1V

RESULT AND DISCUSSION

Main results according to major components of the research methodology are
here explained to fulfill the main objectives include landform classification and soil
forming factor generation and soil-landscape model. Additionally, application of soil

properties prediction for soil science is here presented as a synthesis of the result.

4.1 Landform classification

For landform classification, slope and topographic position index (TPI) with
two scales were firstly extracted from DEM with spatial resolution of 25x25 meter. In
this study, two scales of windows of 15x15 pixels and 45x45 pixels were used to
generate TPI. After that, slope, TPI with small scale and large scale were then
reclassified for landform classification with specific criteria (see detailed in Table 3.2)
as suggested by Weiss (2001). Extracted landform categories and theirs description
are summarized in Table 4.1.

Distribution of landform classification in the study area was displayed in
Figure 4.1. Area and percentage of each landform in the slope complex area was
presented in Table 4.2. The most dominant landform in the slope complex area was
open slopes covering an area of 51.17 sq. km or 43.88%. The second dominant

landform was mountain tops covered area of 14.82 sq. km or 12.71%. At the same
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time upland drainages or headwaters and local ridges or hills in valleys covered area

less than 1%. The result of landform classification was further used for soil survey

with stratified random sampling.

Table 4.1

Landform category and description.

No Landform category

Description

1 Canyons, Deeply incised streams

2 Mid slope drainages, Shallow
valleys
3 Upland drainages, Headwaters

4 U-shaped valleys

5 Plains
6 Open slopes

7 Upper slopes, Mesas

8 Local ridges/Hills in valleys

9 Mid slope ridges, Small hills in
plains

10 Mountain tops, High ridges

Areas are lowest in the landscape, having negative
plan and/or profile curvature
Areas are low in mid slope, channel in mid slope

Areas are low in upper slope channel in upper
slope

Areas in lower slope, footslope adjacent below a
open slope and adjacent above a flat or streams
Areas are flat having a slope < 5°

Areas are rectilinear transition in mid slope,
having a slope > 5°

Areas are having high slope, shoulder adjacent
below a top

Areas are high in lower slope, ridge in lower slope
Areas are high in mid slope, ridge in mid slope

Areas are highest in the landscape, having positive
plan and/or profile curvature

Table 4.2  Area and percentage of landform type in the slope complex area.
No Landform Area in sq.km Percentage
1 Canyons, Deeply incised streams 11.57 9.92
2 Mid-slope drainages, Shallow valleys 10.60 9.09
3 Upland drainages, Headwaters 0.12 0.11
4 U-Shaped valleys 8.18 7.01
5 Plains 4.65 3.99
6 Open slopes 51.17 43.88
7 Upper slopes 7.49 6.42
8 Local ridges, Hills in valleys 0.01 0.01
9 Midslope ridges, Small hills in plains 8.00 6.86
10 Mountain tops 14.82 12.71
Total 116.61 100.00
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Figure 4.1 Distribution of landform in the study area.

4.2 Accuracy assessment of landform classification

Accuracy of landform classification was here assessed based on 50 stratified
random points representing for landform categories using overall accuracy and Kappa
hat coefficient of agreement. All landform category sampling sites were visited using
GPS and visually justified for the accuracy during soil survey. Figure 4.2 displayed an
example of sampling site for accuracy assessment of landform classification. It was
found that overall accuracy and Kappa hat coefficient of agreement was 92.00% and
0.91, respectively (Table 4.3). According to Landis and Koch (1977) Kappa hat
coefficient of agreement value more than 0.80 represents strong agreement or

accuracy between the classification map and the ground reference information.



4 = U-shaped valleys, 5 = plains, 6 = open slope and 10 = mountain tops

(d) (e)

1 = canyons or deeply incised streams, 6 = open slope, 7 = upper slopes,
9 = mid-slope ridge and 10 = mountain tops

Note:  (b), (c) and (e), (f) are position and direction of (a) and (d), respectively

Figure 4.2 Comparison of landform classification and landform in study area.
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Table 4.3  Error matrix and accuracy assessment of landform classification.

Field survey

Landform classification

1 2 3 4 5 6 7 8 9 10 Total
1 Canyons, Deeply incised streams 6 6
2 Midslope drainages, Shallow valleys 3 1 4
3 Upland drainages, Headwaters 1 1
4 U-Shaped valleys 3 3
5 Plains 2 2
6 Open slopes 13 13
7 Upper slopes 5 5
8 Local ridges, Hills in valleys 1 1
9 Midslope ridges, Small hills in plains 6 6
10 Mountain tops 2 1 6 9
Total 6 3 1 3 5 14 5 1 6 6 50

Overall accuracy: 92.00%

Kappa hat coefficient of agreement: 0.91

4.3 Soil survey and soil data analysis

4.3.1 Soil survey

In this study, 48 soil samples site was collected for in situ soil
properties analysis in April to May 2010. In practice, landform and geology data in
the slope complex area was firstly used to identify soil sample unit (Figure 4.3) for
stratified random sampling scheme as summarized in Table 4.4. Soil sampling data
was here divided into 2 sets: one for soil-landscape modeling (28 samples) and
another set for model validation (20 samples). Distribution of soil sampling sites was
displayed in Figure 4.4.

During field survey, soil sample was collected for soil data analysis in
laboratory and soil profile was set up for soil profile description in each sampling site.
Figure 4.5 displayed an example of soil profile description of sampling site No. 1.

Details 0f 48 soil profile description were presented in Appendix A.



55

2087500 2090000 2092500
1 1 1

2085000
1

2082500
1

T T T T
2085000 2087500 2090000 2092500

2082500

T T T T T T T T
480000 482500 485000 487500 400000 402500 495000 497500

Chiang Mai

Legend

[ INon-slope complex
D Mae Sa watershed

Geology: Gr [ 1 Canyons/Deeply incised streams Geology: PE [ 1 Canvons/Deeply incised streams
Triassic granite [ | 2 Midslope drainages/Shallow valleys Precambrian gneiss [l 2 Midslope drainages/Shallow valleys

[ 13 Upland drainages'Headwaters N 3 Upland drainages/Headwaters

[ ]4U-shapedvalleys I 4 U-shaped valleys N

[ 5 Plains B 5 Plains

[ 6 Open slopes B 6 Open slopes

[ 7 Upper slopes B 7 Upper slopes A

[ 8 Local ridges/Hills in valleys I s Local ridges/Hills invalleys 0 1 2 4

[ 9 Midslope ridges/Small hills in plains B 5 Midslope ridges/Small hills in plains . —

I 10 Mountain tops I 10 Mountain tops Scale 1:100,000
Figure 4.3 Distribution of soil sampling units in the study area.
Table 4.4 Number of soil sampling points by soil sampling unit.
Geology Landform Area in % Numbe.r of

sq.km sample points

Gr: Granite 1 Canyons, Deeply incised streams 7.78 6.68 4
Gr: Granite 2 Midslope drainages, Shallow valleys 7.53 6.46 3
Gr: Granite 3 Upland drainages, Headwaters 0.11 0.09 1
Gr: Granite 4 U-Shaped valleys 5.65 4.85 3
Gr: Granite 5 Plains 1.18 1.01 1
Gr: Granite 6 Open slopes 32.82 28.14 9
Gr: Granite 7 Upper slopes 6.40 5.49 3
Gr: Granite 8 Local ridges, Hills in valleys 0.01 0.01 1
Gr: Granite 9 Midslope ridges, Small hills in plains 5.13 4.40 2
Gr: Granite 10 Mountain tops 11.71 10.04 5
PE: Gneiss 1 Canyons, Deeply incised streams 3.79 3.25 2
PE: Gneiss 2 Midslope drainages, Shallow valleys 3.07 2.64 2
PE: Gneiss 3 Upland drainages, Headwaters 0.02 0.01 -
PE: Gneiss 4 U-Shaped valleys 2.53 2.17 1
PE: Gneiss 5 Plains 3.47 2.98 1
PE: Gneiss 6 Open slopes 18.35 15.74 5
PE: Gneiss 7 Upper slopes 1.09 0.93 1
PE: Gneiss 8 Local ridges, Hills in valleys 0.00 0.00 -
PE: Gneiss 9 Midslope ridges, Small hills in plains 2.87 2.46 2
PE: Gneiss 10 Mountain tops 3.11 2.67 2

Total 116.61 100.00 48
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Figure 4.4 Distribution of soil sampling points in the study area.

Information on the site
Sample no:
Date of examination:
Location:
Position:
Slope:
Geology:
Landform:

Profile description
Picture

e
1

10

Figure 4.5 Soil profile

1
April 16, 2010
Ban Dong Nai, Mae Sa Mai, Mae Rim District, Chiang Mai province

482578; 2084320 Elevation: 926 m (MSL)
15 Aspect: SW (250°)
Gr, Triassic granite LU/LC: Orchard

1 Canyons or Deeply incised streams

Horizon Depth (cm) Description
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Ap 0-12 Dull reddish brown (5YR 4/4); clay loam;

moderate medium granular structure;
friable moist, slightly sticky and slightly

to Bt2.
B2t 26-41 Dark reddish brown (5YR 3/4); clay;

friable moist, sticky and plastic; gradual
and smooth boundary to Bt3.

fine and medium sub-angular blocky

description of sampling site No. 1.

B3t 41-50 Dark brown (5YR 2.5/2); clay; moderate

plastic; clear and smooth boundary to Btl.
Blt 12-26 Reddish brown (5YR 4/6); clay; moderate

fine granular structure; friable moist, sticky

and plastic; gradual and smooth boundary

moderate fine sub-angular blocky structure;

structure; friable moist, sticky and plastic.



4.3.2 Soil data analysis

57

Soil samples that are collected in field were analyzed for physical and

chemical soil properties at Soil Laboratory of Mae Jo University between October and

December 2010. Example of quantitative characteristic of soil properties from soil

samples No 1 is summarized in Table 4.5. Detail of quantitative characteristic of soil

properties from 48 samples (topsoil and subsoil) are presented in Appendix B.

Table 4.5  Quantitative characteristics of soil sample No 1.

. . Topsoil Subsoil
Soil properties (0-25 cm) (25-50 cm)
Physical properties

Particle size: Sand/Silt/Clay

Sand (%) 32.88 20.88

Silt (%) 30.36 27.36

Clay (%) 36.76 51.76
Chemical properties

pH (pH scale) 5.98 6.16

Organic matter (%) 10.05 3.09

Total nitrogen (%) 0.5025 0.1382

Available phosphorus (ppm) 12.76 7.24

Exchangeable bases

Calcium (ppm) 1,126.95 524.43
Magnesium (ppm) 491.23 273.46
Potassium (ppm) 223.95 120.73
Sodium (ppm) 94.92 55.52
Cation exchange capacity (meq/100g soil) 35.44 25.41
Base saturation (%) 34.10 31.06

Furthermore, major soil properties can be qualitative described based

on 48 soil sample according to LDD soil description as following.

For physical soil property, soil texture of topsoil was dominated by

sandy clay loam (30 samples) and the remaining was represented by clay loam (17

samples) and loam (1 sample), while subsoil was dominated by clay (32 samples) and
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the remaining was represented by clay loam (8 samples), sandy clay (4 samples) and
sandy clay loam (4 samples). At the same time, for chemical soil property, pH of
topsoil and subsoil varied from extremely acid to neutral (pH 4.33-6.74), organic
matter content of topsoil was moderate to high (1.79-10.05%) and subsoil was low to
high (0.53-3.98%), total nitrogen of topsoil was very low to moderate (0.09-0.5%)
and subsoil was very low to low (0.03-0.18%), available phosphorus concentration of
topsoil was low to moderate (0.81-11.15 ppm) while subsoil was low (0.41-2.57
ppm), exchangeable potassium concentration of topsoil was moderate to very high
(81.95-262.27 ppm) while subsoil was low to high (27.72-148.34 ppm), exchangeable
calcium concentration of topsoil was low to moderate (338.60-1,355.02 ppm) while
subsoil was very low to moderate (171.44-648.45 ppm), exchangeable magnesium
concentration of topsoil was moderate to high (192.51-491.23 ppm) while subsoil was
low to high (63.41-273.46 ppm), exchangeable sodium concentration varied from
26.19-107.66 ppm for topsoil and decreased to 12.12-64.83 ppm for subsoil, cation
exchange capacity of top and sub soil were moderate to high (11.15-35.44 meq/100g)
and base saturation of topsoil was low to moderate (15.15-43.59%) while subsoil was

low (11.56-31.27%).

4.4 Soil forming factor

In principle, soil forming factors are used to describe soil as a function of
climate, biological influences, topography, parent material and time. In this study,
selected soil forming factor without time are prepared including 10 year mean annual
rainfall, NDVI, elevation, slope, aspect, plan curvature, profile curvature, curvature,

topographic wetness index (TWI), and geology (Al/Si ratio). In practice, these factors
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were created under GIS environment with specific methods or equations (see detail in

Table 3.6).

Distribution of selected soil forming factor is displayed in Figure 4.6 while

quantitative information of soil forming factor in the slope complex area is

summarized in Table 4.6. In addition distribution of each soil forming factor values as

histogram plot is displayed in Figure 4.7. The result of soil forming factor was further

used for soil-landscape model development.

Table 4.6  Quantitative characteristic of soil forming factor.

Factor Minimum Maximum Mean  Standard deviation
Mean annual rainfall (mm) 1,147.63 1,530.70 1,319.31 50.19
NDVI -0.48 0.71 0.47 0.10
Elevation (m) 339.26 1680.51 923.74 251.20
Slope (Degree) 0.01 47.29 17.35 8.34
Aspect (Degree) 0.0008 360.00 159.07 106.77
Curvature -2.88 5.18 0.0008 0.50
Plan curvature -2.10 2.58 0.01 0.31
Profile curvature -3.22 2.94 0.01 0.30
TWI 3.18 20.37 6.02 1.91
Geology (Al/Si ratio) 0.19 0.22 0.20 0.02
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4.5 Soil-landscape model development

Two methods for soil-landscape model development which were used to
explain the relationship between in situ soil properties from field survey and soil
forming factors are partial least squares (PLS) regression of statistical method and
cokriging interpolation of geostatistical method.

4.5.1 Soil-landscape model by partial least squares regression

In practice, soil property from topsoil and subsoil includes sand, silt,
clay, OM, N, P, K, Na, Ca, Mg, CEC, BS, and pH as dependent variable is separately
regressed with independent variables include rainfall, NDVI, elevation, slope, aspect,
plan curvature, profile curvature, curvature, TWI and Al/Si ratio using partial least
squares (PLS) regression of XLSTAT software. Then, extracted multiple linear
equation of each soil property from topsoil and subsoil was used for soil properties
prediction using Map Algebra module of ArcGIS software.

Results of multiple linear regression analysis for each soil properties of
top and sub soil were summarized as equation forms as shown in Table 4.7 while
Table 4.8 and 4.9 showed statistic summary of PLS regression of top and sub soil,
respectively. In addition, Table 4.10 summarized the significant of soil form factor in
each soil properties, namely variable importance in the projection (VIP). Distribution
of predictive soil properties of top and sub soil in the slope complex area were
presented in Figure 4.8 to Figure 4.20.

As results, it was found that VIP values of soil forming factors dictate
the distribution of each soil properties. For example, TWI, which has negative
relationship with percent of sand (see Table 4.7) and represents the highest VIP value

for sand prediction model (see Table 4.10), control the distribution of low percent of
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sand (See Figures 4.6 and 4.8). In contrary, Al/Si ratio, which has positive

relationship with percent of sand (see Table 4.7) and demonstrates the lowest VIP

value for sand prediction model (see Table 4.10), does not control the distribution of

low percent of sand (See Figures 4.6 and 4.8).

Table 4.7  Multiple linear regression equation by PLS regression.

Soil . .
. Topsoil Subsoil

properties

Sand Sand = 16.785 + (1.935*10™)*RAIN — Sand = 30.123 +(9.757*10°)*RAIN +
8.573*NDVI + (2.465%10-")*ELEVATION+ 7.762*NDVI — (8.410*10"*) *ELEVATION+
0.463*SLOPE + (2.451%10™)*ASPECT + 0.508*SLOPE — (3.643*10%*)*ASPECT +
1.770*PLAN — 0.644*PROFILE + 3.495*PLAN — 4.714*PROFILE +
0.725*CURVATURE — 1.429*TWI + 2.424*CURVATURE — 1.593*TWI —
29.892*ALSI RATIO 40.356*ALSI_RATIO

Silt Silt =40.861 — (1.442*10"?)*RAIN + Silt = 19.739 — (7.830%10"*)*RAIN +
1.084*NDVI — (2.015%10-")*ELEVATION— 3.719*NDVI + (8.010%10™) *ELEVATION —
(9.207*10"%)*SLOPE + (8.319*10) * (1.105*10"%2)*SLOPE + (1.841%10**
ASPECT - 1.317*PLAN + 1.273*PROFILE— ASPECT - 2.133*PLAN + 2.512*PROFILE —
0.768*CURVATURE + 0.587*TWI + 1.374*CURVATURE + 0.417*TWI —
13.718*ALSI_RATIO 10.281*ALSI_RATIO

Clay Clay =30.432 — (1.002*10"*)*RAIN — Clay =43.987 — (3.218*10")*RAIN —
3.785*NDVI + (8.238*10)*ELEVATION — 13.557*NDVI + (2.226*10")*ELEVATION—
0.122*SLOPE + (4.016%10"°)*ASPECT — 0.511*SLOPE + (8.026*10")*ASPECT —
2.465*PLAN + 1.523*PROFILE — 1.584*PLAN + 1.842*PROFILE —
1.190*CURVATURE + 0.407*TWI + 1.014*CURVATURE + 1.029*TWI +
1.869*ALSI_RATIO 42.825*ALSI_RATIO

pH pH =6.562 — (8.973*%10)*RAIN — pH =4.847 + (1.342%10"*)*RAIN +
0.881*NDVI — (1.629%10*)*ELEVATION — 0.255*NDVI + (5.667%10"%°) *ELEVATION —
(2.889*%10"2)*SLOPE + (5.054*10°%) * (5.215*10)*SLOPE + (3.327*10"%)*
ASPECT — (6.154%10%)*PLAN + ASPECT - 0.265*PLAN + 0.281*PROFILE —
0.101*PROFILE — (4.778*10™%) * 0.162*CURVATURE + (5.263* 10" %) *TWI —
CURVATURE +0.108*TWI + 1.679*ALSI_RATIO
1.759*ALSI_RATIO

OM OM =-5.13169562426153 + (7.840%10°%)* OM = -2.740 + (3.048*10)*RAIN +
RAIN + 6.151*NDVI + (1.379%10°%)* 2.585*NDVI +(5.161*10"*) *ELEVATION +
ELEVATION + (2.179%10)*SLOPE — (8.779*%10")*SLOPE — (1.739*10 **
(8.615*10"*)*ASPECT — 0.674*PLAN + ASPECT - 0.313*PLAN + 0.540*PROFILE —
1.122*PROFILE - 0.529*CURVATURE + 0.251*CURVATURE + (6.619%10")*TWI —
0.136*TWI — 17.095*ALSI RATIO 6.578*ALSI_RATIO

N N=-0217+(3.157%10")*RAIN + N = (-4.006*10°%) + (9.692*10%°) *RAIN +

0.240*NDVI + (5.302*10")*ELEVATION +
(4.668*%10™) *SLOPE + (3.239*10°%)*
ASPECT — (5.425%10%)*PLAN +
(6.745*%10"%) *PROFILE — (3.597%10°%)*
CURVATURE + (1.045*10)*TWI —
0.895*ALSI_RATIO

(3.955*10"2)*NDVI + (1.738*10"%)*
ELEVATION — (1.388%10")*SLOPE +
(8.495%10™)*ASPECT — (1.173*10™%)*
PLAN + (1.641*10°%)*PROFILE —
(8.302*10*)* CURVATURE +
(2.385%10°) *TWI — 0.184*ALSI RATIO
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Table 4.7 (Continued).

Soil Topsoil Subsoil

properties

P P=1.301 + (7.533*10™)*RAIN + P =0.848 + (3.719*10™)*RAIN +
5.937*NDVI + (1.838*10"*)*ELEVATION — 0.527*NDVI + (1.445%10")*ELEVATION —
(3.534*10™%) *SLOPE — (5.791*10"%)* (1.970%10"%%) *SLOPE + (3.123*10**
ASPECT — 1.392*PLAN + 1.464*PROFILE}- ASPECT - 0.256*PLAN + 0.280*PROFILE —
0.846*CURVATURE + 0.321*TWI — 0.159*CURVATURE + (6.197%10°y*TWI —
8.395*ALSI RATIO 2.118*ALSI_RATIO

K K =113.923 — (1.158*10")*RAIN - K =42.291 +(9.875*10)*RAIN +
46.592*NDVI + (4.772*%10"*)*ELEVATION- 12.198*NDVI + (6.639*10"*)*ELEVATION-
1.726*SLOPE + (8.702%10°%)* ASPECT - 0.402*SLOPE + 0.022* ASPECT -
21.245*PLAN + 18.706*PROFILE - 16.111*PLAN + 17.517*PROFILE -
11.866*CURVATURE + 7.678*TWI + 9.958*CURVATURE + 3.625*TWI -
113.498*ALSI RATIO 70.156*ALSI_RATIO

Ca Ca=49.854 +(4.526%10"2)*RAIN + Ca =471.849 — (4.100%10%*RAIN -
92.669*NDVI + (4.530%10""?)*ELEVATION- 71.454*NDVI + (2.924*10)*ELEVATION -
8.051*SLOPE + 0.569*ASPECT - 5.311*SLOPE + 0.054*ASPECT -
54.316*PLAN + 37.863*PROFILE - 43.048*PLAN + 52.293*PROFILE -
27.469*CURVATURE + 61.766*TWI + 28.189* CURVATURE +21.419*TWI -
591.571*ALSI_RATIO 483.020*ALSI_RATIO

Mg Mg =327.005 — (5.044%10"2)*RAIN - Mg = 145.077 — (3.271*10°)*RAIN +
49.313*NDVI + (4.838*10"*)*ELEVATION- 19.741*NDVI + (7.734*10*)*ELEVATION -
0.933*SLOPE + (7.423*10")*ASPECT - 0.788*SLOPE + (5.192%10°%)*ASPECT -
51.773*PLAN + 34.148*PROFILE - 32.232*PLAN + 32.169*PROFILE -
25.623*CURVATURE + 9.502*TWI + 19.094*CURVATURE + 6.261*TWI -
0.578*ALSI_RATIO 234.749* ALSI_RATIO

Na Na = 54.759 - (8.265*10™*)*RAIN — Na = 12.423 + 0.0138*RAIN + 4.617*NDVI +
33.061*NDVI + (1.311*10 )*ELEVATION - (5.377*10")*ELEVATION -
0.762*SLOPE + (3.576%10"%2)* ASPECT - 0.171*SLOPE+ (8.991*10*)*ASPECT -
8.787*PLAN + 11.485*PROFILE - 7.754*PLAN + 7.831*PROFILE -
5.988*CURVATURE + 2.788*TWI + 4.620*CURVATURE + 1.326*TWI -
124.821*ALSI_RATIO 63.541*ALSI RATIO

CEC CEC =3.470 + (1.364*10°%)*RAIN + CEC = 3.505 + (1.075*10%)*RAIN +
8.769*NDVI + (2.398*10)*ELEVATION + 5.027*NDVI + (2.577%10™) *ELEVATION —
(1.451%10)*SLOPE + (2.032*%10"%)* (3.482*10"%)*SLOPE + (3.768*10%)*
ASPECT — 2.248*PLAN +2390*PROFILE—  ASPECT — 2.264*PLAN + 2.670*PROFILE —
1.374*CURVATURE + 0.325*TWI — 1.459*CURVATURE + 0.3 18*TWI —
34.380*ALSI_RATIO 36.186*ALSI_RATIO

BS BS =61.169 — (2.683*10*)*RAIN — BS =41.768 — (1.637%10)*RAIN —

20.562*NDVI — (3.665*10**)*ELEVATION —
0.231*SLOPE + (9.427*10"*)*ASPECT —
2.640*PLAN + 1.119*PROFILE —
1.127*CURVATURE + 0.808*TWI -+
60.269*ALSI RATIO

8.571*NDVI - (2.502* 10 *)*ELEVATION —
0.165*SLOPE + (1.772*10")*ASPECT —
1.545*PLAN + 1.088*PROFILE —
0.785*CURVATURE + 0.558*TWI +
21.893*ALSI RATIO




Table 4.8  Statistic summary of PLS regression of topsoil.
Model

Soil properties
parameters
Variable Sand Silt Clay pH oM N P K Ca Mg Na CEC BS
Intercept 16.785 40.861 30.432 6.562 5.132 0217 1301 113.923 49.854  327.005 54.759 3.470 61.169
RAIN 1.93x107  -1.44x10°  -1.00x10°  -8.97x10*  7.84x10°  3.16x10*  7.53x10° 0.012 0.045 -0.050 0.008  136x107  -2.68x107
NDVI 8.573 1.084 3785 -0.881 6.151 0.240 5.937 46.592 92.669 49313 33.061 8.769 20.562
ELEVATION 246x10°  2.01x10°  824x10°  -1.63x10*  138x10°  530x10°  1.84x10* 0.005 0.045 0.005 0.001  240x10°  -3.66x10°
SLOPE 0.463 -0.092 20.122 -0.029 0.022 0.000 -0.004 -1.726 8.051 -0.933 0.762 0.015 0231
ASPECT 245x10°  8.32x10*  4.02x10° 50x10*  8.61x10*  3.24x10°  -5.79x10™* 0.087 0.569 0.074 0.036  2.03x10°  9.43x107
PLAN 1.770 1317 2.465 -0.062 -0.674 -0.054 -1.392 21245 54316 51773 8.787 -2.248 -2.640
PROFILE -0.644 1273 1.523 0.101 1.122 0.067 1.464 18.705 37.863 34.148 11.485 2390 1.119
CURVATURE 0.725 -0.768 -1.190 -0.048 -0.529 -0.036 -0.846 -11.866 27.469 25.623 5.988 -1.374 -1.127
TWI -1.429 0.586 0.407 0.108 0.136  1.05x10> 0321 7.678 61.766 9.502 2788 0325 0.808
ALSI RATIO 29.892 13.718 1.869 1.759 -17.094 -0.895 8395 113.498 591.571 0578 124.821 -34.380 60.269
Model
summary
R’ 0.916 0.523 0.668 0.824 0.683 0.798 0.741 0.860 0.893 0.658 0.859 0.767 0.791
Std. deviation 2.235 3.098 2.523 0.164 1.347 0.055 1373 20064 89.470 50.923 8.880 2.299 3.607
MSE 3.998 8.638 5.729 0.022 1.634 0.003 1.696 342175 6403904  2333.850 67.030 4758 11711
RMSE 1.999 2.939 2393 0.147 1.278 0.052 1.302 18.498 80.024 48310 8.187 2.181 3422
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Table 4.9  Statistic summary of PLS regression of subsoil.
Model

Soil properties
parameters
Variable Sand Silt Clay pH OM N P K Ca Mg Na CEC BS
Intercept 30.123 19.739 43.987 4.847 2740 -0.0401 0.848 42291 471.849 145.077 12.423 3.505 41768
RAIN 9.76x10°  -7.83x10°  -3.22x10°  1.34X10*  3.05X10°  9.69X10°  3.72X107 0.010 -0.041  3.27X10-5 0.014  1.07X107  -1.64X107
NDVI 7762 3719 -13.557 0.255 2.585 0.0396 0.527 12.198 71454 19.741 4617 5.027 8.571
ELEVATION 841X10%  8.01X10°  223X10°  5.67X10°  5.06X10*  1.74X10°  1.44X10° 0.007 0.029 0.008 0.005  2.58X10°  -2.50X10°
SLOPE 0.508  -1.10X107 0511 -5.22X10°  8.78X10°  -1.39X10°  -1.97X107 -0.402 5311 0788 0171 -3.48X10° 0.165
ASPECT 3.64X10°  1.84X10°  8.03X10°  3.33X10*  -1.74X10*  8.49X10°  3.12X10™ 0.022 0.054 0.052 0.009  3.77X10°  1.77X10°
PLAN 3.495 2.133 -1.584 -0.265 0313 20.0117 -0.256 -16.111 43.048 32231 7754 2.264 -1.545
PROFILE 4714 2512 1.842 0.281 0.540 0.0164 0.280 17517 52293 32.169 7.831 2.670 1.088
CURVATURE 2.424 -1.374 -1.014 -0.162 -0.251 -0.0083 -0.158 9.958 -28.189 -19.094 -4.620 -1.459 -0.784
Twl -1.593 0.417 1.029 0.053 0.066 0.0024 0.062 3.625 21.419 6.261 1.326 0318 0.558
ALSI_RATIO -40.356 -10.281 42.825 -1.679 6.577 -0.1835 2.118 70156 -483.020  -234.749 -63.541 36.186 21.893
Model
summary
R’ 0.819 0.776 0.769 0.659 0.660 0.589 0.594 0.777 0.900 0.867 0.824 0.848 0.603
Std. deviation 4843 1.839 4330 0.310 0.615 0.022 0.363 14.769 40.899 20339 5.765 1.777 3.335
MSE 19.935 3.044 15.935 0.087 0.340 0.000 0.118 196312 1421.814 372.291 29.912 2.843 10.008
RMSE 4.465 1.745 3.992 0.294 0.583 0.021 0344 14.011 37.707 19.295 5.469 1.686 3.164
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Table 4.10 Variable importance in the projection (VIP) of each soil property.

Variable Importance in the Projection (VIP)

Soil properties Rainfall  NDVI  Elevation Slope  Aspect Plan Profile . | ature TWI AlSI
curvature curvature ratio

Sand Topsoil 0.66 0.22 0.40 1.57* 0.52 1.21% 0.85 113 1.77* 0.20
Subsoil 0.17 0.18 0.14 1.35% 0.59 1.27 1.23 1.36* 1.66* 0.03

Silt Topsoil 1.27% 0.15 0.87 1.27+ 0.16 0.78 0.73 0.82 2.01* 0.36
Subsoil 0.08 0.55 0.04 0.17 0.04 1.39 1.59* 1.62* 1.58* 0.29

Clay Topsoil 0.09 0.50 0.04 1.67* 0.76 1.45% 0.87 1.27 1.39% 0.05
Subsoil 0.20 0.55 0.18 1.84% 0.82 1.08 0.91 1.09% 1.54% 0.20

pH Topsoil 0.75 0.78 0.55 1.54% 0.81 1.06* 0.69 0.96 1.64* 0.54
Subsoil 0.10 0.30 0.22 0.64 0.57 1.39 1.44% 1.54* 1.61* 0.39

OM Topsoil 1.27% 1.52% 1.10 0.55 0.30 0.74 1.19* 1.04 0.86 0.82
Subsoil 1.15* 1.49* 0.96 0.52 0.14 0.80 1.33* 1.16 0.98 0.74

N Topsoil 0.97 .12 0.80 0.22 0.22 .12 1.35% 1.34% 1.25% 0.81
Subsoil 1.25% 0.78 1.10 0.00 0.24 1.02 1.38% 1.30* 1.20 0.70

P Topsoil 0.01 1.24 0.12 0.08 0.17 1.28 1.31% 1.41% 1.72% 0.34
Subsoil 0.03 0.61 0.05 0.23 0.51 1.30 1.38* 1.46* 1.83* 0.47

K Topsoil 0.05 0.21 0.20 1.09 0.98 1.34% 1.17 1.37* 1.65% 0.06
Subsoil 0.12 0.23 0.40 0.77 0.57 1.32 1.39* 1.47% 1.72% 0.25

Ca Topsoil 0.20 0.16 0.06 0.99 1.00 1.36* 1.09 1.34% 1.76* 0.02
Subsoil 0.07 0.01 0.40 .12 0.59 1.28* 1.27 1.39% 1.70% 0.40

Mg Topsoil 0.23 0.35 0.11 0.68 0.75 1.62* 1.04 1.45% 1.72* 0.00
Subsoil 0.00 0.19 0.25 0.80 0.73 1.40% 1.36 1.50% 1.58* 0.45

Na Topsoil 0.13 0.37 0.11 1.13 0.97 1.31% 1.26 1.40% 1.53* 0.13
Subsoil 0.37 0.19 0.72 0.72 0.53 1.42* 1.39 1.53* 1.40% 0.51

CEC Topsoil 1.10 1.08 0.95 0.18 0.36 1.22* 1.26* 1.35% 1.02 0.82
Subsoil 0.87 0.62 1.03 0.04 0.66 1.23* 1.41% 1.44% 1.01 0.87

BS Topsoil 1.13 1.32% 0.76 1.52% 0.87 0.75 0.31 0.58 1.33* 0.75
Subsoil 1.15% 0.91 0.86 1.81* 0.27 0.73 0.50 0.67 1.53* 0.45

Note: * Three significant factors of each soil property

L9



480000 484000 488000 492000 496000
g N g
g 1=
2 2
b5 b5
o o
g g
= =
=g 5]
o =
2 2
& &
o o
g g
= 2
= =
5 s
2 2
& &
o o
g g
= E
- LS
z 2
& &
o o
g g
= 2
- L2
2 2
2 2
& &
= Topseil sand (%) =
g g
= soh - =
z P High : 72.4523 z
- b Low 1162743 -
2 2
= g
£ [ |Non-slope complex %
“ 051 2 “
I

480000 184000 483000 492000 496000

480000 484000 488000 492000 496000
g N 2
-l &
I 3
5 &
o o
g g
=1 1=
2 2
& ]
= -
g 2
= =
g 2
5 &
= =
g g
. =
& ]
& &
= -
g 2
2 2
& =
& &
g Subsoil sand (%) S
g S
Z P High : 64.0611 B
g &

b Low : -4.37622
g g
5 [ |Non-slope complex [3
o 0051 2 o
ki
480000 484000 483000 493000 496000

Figure 4.8 Distribution of predictive sand using PLS: (a) topsoil and (b) subsoil.
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Figure 4.16 Distribution of predictive calcium using PLS: (a) topsoil and (b) subsoil.
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Figure 4.18 Distribution of predictive sodium using PLS: (a) topsoil and (b) subsoil.
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Furthermore, summary of predictive minimum, mean and maximum

value of each soil properties of top and sub soil in the slope complex area are

presented in Table 4.11. Also, Figures 4.21 and 4.22 present the dispersion of

minimum, mean and maximum value of predictive physical and chemical soil

properties of topsoil and subsoil in the slope complex area using PLS, respectively.

Table 4.11 Summary of predictive value of each soil properties using PLS.

Soil properties Topsoil Subsoil
Minimum Mean Maximum  Minimum Mean Maximum
Sand (%) 16.27 46.33 72.45 -4.38 36.51 64.06
Silt (%) 13.28 25.26 38.65 2.14 20.84 35.59
Clay (%) 14.43 28.74 42.30 23.24 42.52 71.38
pH 3.97 5.39 7.83 3.06 5.14 6.91
OM (%) 1.24 7.05 12.75 -0.65 2.19 4.96
N (%) -0.16 0.26 0.64 0.01 0.10 0.19
P (ppm) -6.53 4.47 13.97 -1.91 1.33 3.14
K (ppm) -6.43  133.69 314.48 -54.33 71.56 185.61
Ca (ppm) 119.97  633.69 1710.12 4996 361.25 824.76
Mg (ppm) -39.70  294.47 567.87 -97.33  147.28 353.80
Na (ppm) -14.06 63.51 148.57 -23.89 31.69 79.95
CEC (meq/100g) 7.41 23.52 36.85 0.30 17.72 32.04
BS (%) 7.56 27.00 55.99 6.96 18.94 35.68
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Figure 4.21 Dispersion of minimum, mean and maximum value of predictive

physical and chemical topsoil properties using PLS regression.
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Figure 4.22 Dispersion of minimum, mean and maximum value of predictive

physical and chemical subsoil properties using PLS regression.

According to statistic summary about coefficient of determination of
PLS regression (Tables 4.8 and 4.9), the best predictive model for physical soil
property of topsoil was sand (R = 0.916) while the worst predictive model for
physical soil property of topsoil was silt (R* = 0.523). In the meantime the best
predictive model for chemical soil property of topsoil was calcium (R* = 0.893) while
the worst predictive model for chemical soil property of topsoil was magnesium (R* =
0.658). At the same time, the best predictive model for physical soil property of
subsoil was sand (R* = 0.819) while the worst predictive model for physical soil
property of subsoil was clay (R* = 0.769). In the meantime the best predictive model
for chemical soil property of subsoil was calcium (R*> = 0.900) while the worst

predictive model for physical soil property of subsoil was nitrogen (R* = 0.589).
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Furthermore, according to Figure 4.21 which displays the minimum,
mean and maximum values of physical and chemical properties of topsoil, there were
some unexpected soil properties occurring including nitrogen (N), phosphorus (P),
potassium (K) magnesium (Mg), and sodium (Na). Similarity, according to Figure
4.22 which displays the minimum, mean and maximum values of physical and
chemical properties of subsoil, there were some unexpected soil properties occurring
including sand, organic matter (OM), phosphorus (P), potassium (K) magnesium

(Mg), and sodium (Na). These values show the error of interpolation.

4.5.2 Soil-landscape model by cokriging

In this study, three significant soil forming factors based on VIP values
(Table 4.10) were used for soil properties interpolation with sample location using
simple cokriging with 4 semivariogram models (Spherical, Exponential, Gaussian and
Rational Quadratic). Statistic summary of cokriging interpolation was presented in
Table 4.12. Distributions of soil properties prediction of top and sub soil in the slope
complex area were presented in Figure 4.23 to Figure 4.35. In addition, summary of
minimum, mean and maximum value of each soil properties of top and sub soil in the
slope complex area was presented in Table 4.13. Also, Figures 4.36 and 4.37
presented the dispersion of minimum, mean and maximum value of predictive
physical and chemical soil properties of top and sub soil in the slope complex area

using cokriging, respectively.



Table 4.12 Semivariogram models of cokriging interpolation of each soil property based on the least RMSE.

Soil Topsoil semivariogram models Subsoil semivariogram models

properties Type Partial sill Range Nugget RMSE Type Partial sill Range Nugget RMSE
Sand Spherical 3.4026 10274 49.635 7.15 Exponential 6.7061 8243.46 96.877 8.683
Silt Spherical 2.2722 9644.75 15.511 4.084 Exponential 19.816 307.005 0.974 4.18
Clay Exponential 0.47502 8242.37 17.959 3.876 Exponential 28.88 8248.06 41.609 7.151
pH Spherical 0.099921 10270 0.267 0.5581 Spherical 0.27 230.871 0.763 0.5645
oM Spherical 0.75217 8729.9 4.1958 2.321 Spherical 0.079795 349.02 0.445 0.9191
N Spherical 0.0032037 403.905 0.041 0.09419 Exponential 0.000089413 361.276 0.479 0.03053
P Spherical 1.6305 424.738 0.833 2.215 Spherical 0.12049 366.349 0.907 0.5844
K Gaussian 2785.3 208.185 2.785 59.05 Gaussian 528.39 347.059 0.528 26.22
Ca Gaussian 69111 212.017 0.797 308.7 Gaussian 65359 133.620 65.359 272.4
Mg Gaussian 10004 175.918 10.004 123.8 Gaussian 7381.4 272.4 7.381 90.38
Na Gaussian 657.56 174.844 0.658 27.89 Gaussian 312.17 168.554 0.312 18.2
CEC Exponential 1.5986 332.899 0.085 3.306 Exponential 13.316 305.823 0.832 3.219
BS Spherical 21.06 10388.7 44.769 6.799 Spherical 2.748 9631.83 19.897 4.366

¥8
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Table 4.13 Summary of predictive value of each
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soil property using cokriging

methods.
Soil properties Topsoil Subsoil
Minimum  Mean Maximum Minimum  Mean Maximum
Sand (%) 41.21 45.55 53.80 29.18  35.22 44.28
Silt (%) 19.47 25.74 29.53 -14.53  21.40 53.73
Clay (%) 2524  28.83 30.85 28.07  43.59 53.21
pH 4.62 5.42 6.00 1.15 5.24 8.60
OM (%) 5.48 7.31 12.03 1.34 2.44 3.52
N (%) -0.11 0.28 0.64 0.05 0.10 0.15
P (ppm) -3.60 5.00 13.09 -1.10 1.32 3.51
K (ppm) -191.78 141.46 395.81 -90.21 72.20 206.34
Ca (ppm) -995.49 695.32 198297  -1574.39 393.91 2517.32
Mg (ppm) -343.17 301.90 797.56 -412.83 149.92 645.05
Na (ppm) -96.97  65.66 189.87 -85.16  32.73 122.58
CEC (meqg/100g soil) 13.28 23.31 30.53 -9.53 17.69 49.13
BS (%) 10.33  27.43 36.17 13.10 19.41 23.39
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Figure 4.36 Dispersion of minimum, mean and maximum value of predictive

physical and chemical topsoil properties using cokriging.
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Figure 4.37 Dispersion of minimum, mean and maximum value of predictive

physical and chemical subsoil properties using cokriging.

Basically, the type of semivariogram plays important role in cokriging
interpolation. According to Table 4.12 an optimum semivariogram type for physical
soil properties of topsoil based on RMSE was the Spherical model while an optimum
semivariogram type for chemical soil properties of topsoil based on RMSE was the
Spherical model. At the same time an optimum semivariogram type for physical soil
properties of subsoil based on RMSE was the Exponential model while an optimum
semivariogram type for chemical soil properties of subsoil based on RMSE were the
Spherical or Gaussian models.

In addition, according to the least RMSE from semivariogram model of
each top and sub soil properties, the best predictive model for physical soil property

of topsoil was clay (3.88) while the worst predictive model for physical soil property
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of topsoil was sand (7.15). At the same time, the best predictive model for physical
soil property of subsoil was silt (4.18) while the worst predictive model for physical
soil property of subsoil was sand (8.68). In the mean time the best predictive model
for chemical property of top and sub soil were nitrogen (0.0942 and 0.0305,
respectively), while the worst predictive model for chemical property of top and sub
soil were calcium (308.7 and 272.4, respectively).

Furthermore, according to Figure 4.36 which displays the minimum,
mean and maximum values of physical and chemical properties of topsoil, there were
some unexpected soil properties occurred including nitrogen (N), phosphorus (P),
potassium (K), calcium (Ca), magnesium (Mg), and sodium (Na). Similarity,
according to Figure 4.37 which was displayed about minimum, mean and maximum
values of physical and chemical properties of subsoil, there were some unexpected
soil properties occurred including silt, phosphorus (P), potassium (K) calcium (Ca),
magnesium (Mg), sodium (Na) and cation exchange capacity (CEC). These values

show the error of interpolation.

4.6 Accuracy assessment

The predictive physical and chemical soil properties from PLS and cokriging
interpolation are here used to compare with in situ soil properties of validating
datasets with 20 sampling points using Mean Error (ME), Root Mean Square Error
(RMSE) and Normalized Root Mean Square Error (NRMSE). The results of three
accuracy assessment were summarized as shown in Table 4.14 to Table 4.16. Details
of all accuracy assessment were presented in Appendix C (Tables C.1, C.2, C.3 and

C.4).
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Table 4.14 Summary of Mean Error (ME) for soil properties prediction using PLS

and cokriging interpolation.

. . PLS Cokriging
Soil Properties Topsoil Subsoil Topsoil Subsoil
Sand (%) -0.0250 2.0186 -1.1138 -0.5664
Silt (%) 0.0196 0.7776 1.1763 1.2045
Clay (%) -0.3933 -3.1789 0.4358 -0.2781
pH -0.1199 -0.1323 0.0317 -0.0018
OM (%) 0.8838 0.5269 1.1663 0.8852
N (%) 0.0128 0.0085 0.0451 0.0111
P (ppm) 0.3302 0.3361 0.8108 0.2740
K (ppm) 0.2694 0.8770 13.3315 2.3825
Ca (ppm) -41.4536 -10.1779 80.6075 9.4340
Mg (ppm) 4.5566 2.0290 27.3555 8.6155
Na (ppm) 2.4326 -2.0673 9.7065 1.7340
CEC (meq/100g) 1.3378 -0.4318 1.7451 -0.3678
BS (%) -1.4343 0.4961 0.7309 1.6863

Table 4.15 Summary of Root Mean Square Error (RMSE) for soil properties

prediction using PLS and cokriging interpolation.

. . PLS Cokriging
Soil Properties Topsoil Subsoil Topsoil Subsoil
Sand (%) 3.5314 5.4341 4.6949 6.3468
Silt (%) 1.7942 2.6090 2.8340 4.7638
Clay (%) 1.9467 5.0848 2.6172 5.8039
pH 0.2647 0.3739 0.3396 0.5046
OM (%) 1.8023 0.8355 2.5575 1.1763
N (%) 0.0814 0.0383 0.1053 0.0458
P (ppm) 2.0079 0.6029 2.4447 0.4688
K (ppm) 19.5839 22.2664 42.7464 21.1701
Ca (ppm) 144.8099 70.0650 241.8665 235.1639
Mg (ppm) 46.0794 32.9234 93.6241 68.7919
Na (ppm) 10.8676 8.7299 24.9383 13.4322
CEC (meq/100g) 3.1331 2.5651 3.8178 3.2060
BS (%) 4.8177 2.7850 6.2614 4.0221
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Table 4.16 Summary of Normalized Root Mean Square Error (NRMSE) for soil

properties prediction using PLS and cokriging interpolation.

. . PLS Cokriging
Soil Properties Topsoil Subsoil Topsoil Subsoil
Sand 0.2172 0.2174 0.2887 0.2539
Silt 0.2336 0.2305 0.3690 0.4208
Clay 0.1783 0.2471 0.2397 0.2820
pH 0.1961 0.2597 0.2516 0.3505
oM 0.2387 0.2648 0.3387 0.3728
N 0.2315 0.2430 0.2993 0.2902
P 0.2477 0.3610 0.3015 0.2807
K 0.1886 0.1846 0.4117 0.1755
Ca 0.1748 0.1793 0.2920 0.6018
Mg 0.1873 0.1883 0.3806 0.3935
Na 0.1535 0.1821 0.3522 0.2802
CEC 0.2230 0.1794 0.2717 0.2242
BS 0.2085 0.1979 0.2710 0.2857

As shown in Table 4.14 according to accuracy assessment using ME, it was
found that the best predictive soil properties of topsoil and subsoil using PLS were
nitrogen (N) and nitrogen (N), respectively. In contrast, the worst predictive soil
properties of topsoil and subsoil using PLS were calcium (Ca) and calcium (Ca),
respectively. At the same time the best predictive soil properties of topsoil and subsoil
using cokriging were pH and pH, respectively. In contrast, the worst predictive soil
properties of topsoil and subsoil using cokriging were calcium (Ca) and calcium (Ca),
respectively.

In addition, according to accuracy assessment using RMSE (Table 4.15), it
was found that the best predictive soil properties of topsoil and subsoil using PLS
were nitrogen (N) and nitrogen (N), respectively. In contrast, the worst predictive soil
properties of topsoil and subsoil using PLS were calcium (Ca) and calcium (Ca),
respectively. At the same time the best predictive soil properties of topsoil and subsoil

using cokriging were nitrogen (N) and nitrogen (N), respectively. In contrast, the
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worst predictive soil properties of topsoil and subsoil using cokriging were calcium
(Ca) and calcium (Ca), respectively.

Furthermore, according to accuracy assessment using NRMSE (Table 4.16), it
was found that the best predictive soil properties of topsoil and subsoil using PLS
were sodium (Na) and calcium (Ca), respectively. In contrast, the worst predictive soil
properties of topsoil and subsoil using PLS were phosphorus (P) and phosphorus (P),
respectively. At the same time the best predictive soil properties of topsoil and subsoil
using cokriging were clay and potassium (K), respectively. In contrast, the worst
predictive soil properties of topsoil and subsoil using cokriging were potassium (K)
and calcium (Ca), respectively.

In summary, ME wvalue provides positive (overestimation) or negative
(underestimation) average error between an estimated value and an observed value
while RMSE provides absolute average error between an estimated value and an
observed value. Both error measurements have a measured unit. These values are not
appropriate for accuracy assessment comparison when a measured unit is different. In
contrast, NRMSE is a normalized RMSE value of each soil property without a

measured unit. This value is appropriate for accuracy assessment comparison.

4.7 Optimum model for soil property prediction

An optimum model for physical and chemical soil property was identified
based on NRMSE value from of each model (PLS and cokriging) in each soil
property. An optimum model for soil properties prediction in slope complex area was

identified as shown in Table 4.17.
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Table 4.17 Optimum model for soil properties prediction based on NRMSE.

Soil properties Topsoil Subsoil

Method NRMSE Method NRMSE
Sand PLS 0.2172 PLS 0.2174
Silt PLS 0.2336 PLS 0.2305
Clay PLS 0.1783 PLS 0.2471
pH PLS 0.1961 PLS 0.2597
OM PLS 0.2387 PLS 0.2648
N PLS 0.2315 PLS 0.2430
P PLS 0.2477 Cokriging 0.2807
K PLS 0.1886 Cokriging 0.1755
Ca PLS 0.1748 PLS 0.1793
Mg PLS 0.1873 PLS 0.1883
Na PLS 0.1535 PLS 0.1821
CEC PLS 0.2230 PLS 0.1794
BS PLS 0.2085 PLS 0.1979

As shown in Table 4.17, an optimum model for almost all soil properties of
topsoil and subsoil should be PLS regression model. This result might come from a
number of factors used for modeling. In fact, cokriging model used only 3 significant
factors from the 10 factors of PLS model and the number of sample points for
cokriging interpolation was rather low. However, cokriging model provided a better

result of phosphorus (P) and potassium (K) prediction of subsoil than PLS model.

4.8 The use of soil property prediction

This section focuses on the use of soil properties prediction in various aspects
including (1) visualization of soil texture, (2) classification of soil texture using
Expert System, (3) soil property of landform extraction by zonal statistics and (4) soil

fertility assessment.

4.8.1 Visualization of soil texture
Color composite image was here used to visualize three predictive soil

texture fractions (%Sand, %Silt and %Clay) of topsoil and subsoil. In practice, firstly
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predictive value of percent of sand, silt and clay were separately normalized into 0-
100% scale and then they are converted to 0-255 image and assigned red, green and
blue color for sand, silt and clay, respectively. The result of soil texture visualization
of topsoil and subsoil was displayed in Figure 4.38. This data can be further used for
soil texture class extraction using digital image processing software. Herewith image
classification algorithms include unsupervised classification (for example maximum
likelihood), unsupervised classification (such as clustering) or hybrid classification
such as (e.g. Expert System). In this study Expert System of ERDAS Imagine was

used to extract soil texture class as describe in the next section.

4.8.2 Classification of soil texture using Expert System

Soil texture classification using Expert System of ERDAS Imagine
software was here conducted based on criteria of USDA soil texture classification by
Soil Survey Division Staft (1993). Basically, three steps are required for Expert
System classifications which include hypothesis definition, rule assignment and
condition setting. Herein, standard soil texture classes of USDA including (1) Sand,
(2) Loamy sand, (3) Sandy loam, (4) Loam, (5) Silt loam, (6) Silt, (7) Sandy clay
loam, (8) Clay loam, (9) Silty clay loam, (10) Sandy clay, (11) Silty clay and (12)
Clay were firstly defined as hypothesis for Expert System classification. Then,
specific rules and conditions for soil texture classification were assigned for each soil
texture class based on criteria which were suggested by USDA Soil Survey Division
Staft (1993) as shown in Table 4.18. Schematic diagram of decision tree for soil
texture classification under Knowledge Engineer of Expert System was presented in

Figure 4.39.



106

480000 484000 488000 492000 496000 (a)
- N -
s s
g E
= =3
2 A 2
E ]
= N ong #HOy/ROyallProject <
= =
B =
E z
g g
g Mae Sa Waterfall g
§— Queen'Sirikit:Botanic|Garden] ROED WALLI -§
E Z
g g
}Mae]SalElephant/Camp)
g g
E ]
= 1=
2 E
= IMac]SalM ail Royall Project; =
g g
g i
S Legend =
E =
4 Tandmark
= | |Non-slope complex |=
= 2
S RGB E
S =
B Red:  Sand
o [ Green: Silt o
= 2
&1 I Blue: Clay B
- 051 2 -
- —
480000 434000 483000 493000 498000
450000 484000 488000 452000 496000 (b)
- N -
s 5
E B
3 =
2 ‘5 E
E H
- =
E 5
E B
Sy oo
S S
2 2
E E
= -
= Mae Sa Waterfall =
£ i . =
E z
}MaeSa'ElephantCamples
o 5 A s A > o
2 : 2
E : i 5
= ‘ =
z W z
= IMaciSaMailRoyal|Project] o =
Z] L=
S Legend E
= s
4 Landmark
= [ |Non-slope complex |<
g S
ES RGE E
S i
I Red:  Sand
= [ Green: Silt =
g S
&1 I Blue: Clay B
o 051 2 -
- —
480000 484000 489000 492000 498000

Figure 4.38 Texture fractions visualized using a color composite: (a) topsoil and

(b) subsoil.
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In this study, predictive physical soil properties (%Sand, %Silt and
%Clay) of topsoil and subsoil were firstly normalized into 0-100% scale and then
used for soil texture classification under Knowledge Classification of Expert System
of Erdas Imagine. Distribution of soil texture classes of topsoil and subsoil are
displayed in Figure 4.40. Also, area and percentage of soil texture classes of topsoil
and subsoil in the slope complex area were summarized as shown in Table 4.19.

As a result there were four soil texture classes of topsoil including (1)
Sandy clay loam, (2) Clay loam, (3) Silty clay and (4) Clay which covered an area of
67.98, 48.56, 0.02 and 0.04 sq. km or 58.30, 41.65, 0.02 and 0.04%, respectively. In
the meantime, there were four soil texture classes of subsoil included (1) Sandy clay
loam, (2) Clay loam, (3) Sandy clay, and (4) Clay that covered an area of 7.72, 22.21,

3.76 and 66.31 sq. km or 7.72, 22.21, 3.76 and 66.31%, respectively.
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Table 4.18 Structure of hypothesis, rule and conditions for soil texture classification.

No Hypotheses Rules Conditions
1 SAND Sand %Sand >= 85

%Silt + (1.5x%Clay) < 15
2 LOAMY SAND Loamy sand %Sand >=70

3 SANDY LOAM

4 LOAM

5 SILT LOAM

6 SILT

7 SANDY CLAY LOAM

8 CLAY LOAM

9 SILTY CLAY LOAM

10 SANDY CLAY

11 SILTY CLAY

12 CLAY

Sandy loam Rule 1

Sandy loam Rule 2

Loam

Silt loam Rule 1

Silt loam Rule 2

Silt

Sandy clay loam

Clay loam

Silty clay loam

Sandy clay
Silty clay

Clay

%Sand <91
%Silt + (1.5x%Clay) >=15
%Silt + (2x%Clay) <30
%Sand > 52
%Silt + (2x%Clay) >= 30
%Clay >=17
%Clay <20
%Sand > 43
%Silt <50
%Silt + (2x%Clay) > 30
%Clay <7
%Sand <= 52
%Silt >= 28
%Silt <50
%Clay >=17
%Clay < 27
%Silt >= 50
%Clay >= 12
%Clay < 27
%Silt >= 50
%Silt < 80
%Clay < 12
%Silt >= 80
%Clay < 12
%Sand > 45
%Silt <28
%Clay >=20
%Clay < 35
%Sand > 20
%Sand <= 45
%Clay > =27
%Clay < 40
%Sand <= 20
%Clay >=27
%Clay < 40
%Sand > 45
%Clay >= 35
%Silt >=40
%Clay >= 40
%Sand <= 45
%Silt < 40
%Clay >= 40
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Table 4.19 Area and percentage of USDA soil texture classes.

No USDA soil texture Topsoil Subsoil

classes sq. km % sq. km %
1 SAND 0.00 0.00 0.00 0.00
2 LOAMY SAND 0.00 0.00 0.00 0.00
3 SANDY LOAM 0.00 0.00 0.00 0.00
4 LOAM 0.00 0.00 0.00 0.00
5 SILT LOAM 0.00 0.00 0.00 0.00
6 SILT 0.00 0.00 0.00 0.00
7 SANDY CLAY LOAM 67.98 58.30 9.00 7.72
8 CLAY LOAM 48.56 41.65 25.90 22.21
9 SILTY CLAY LOAM 0.00 0.00 0.00 0.00
10 SANDY CLAY 0.00 0.00 4.38 3.76
11 SILTY CLAY 0.02 0.02 0.00 0.00
12 CLAY 0.04 0.04 77.32 66.31

Total 116.61 100.00 116.61 100.00

Furthermore, accuracy for top and sub soil texture classification by
Expert System was here assessed with overall accuracy and Kappa hat coefficient of
agreement based on 48 soil samples. It was found that overall accuracy and Kappa hat
coefficient of agreement of texture classification for topsoil were 81.25% and 0.61,
while overall accuracy and Kappa hat coefficient of agreement for subsoil were
73.92% and 0.47, respectively (Tables 4.20 and 4.21). According to Landis and Koch
(1977), Kappa hat coefficient of agreement for top and sub soil value between 0.40

and 0.80 represents moderate agreement or accuracy.

Table 4.20 Error matrix and accuracy assessment of topsoil texture classification by

using Expert System for topsoil.

Expert classification Observation

4 Loam 7 Sandy clay loam 8 Clay loam Total
4 Loam 0 0
7 Sandy clay loam 1 25 3 29
8 Clay loam 5 14 19
Total 1 30 17 48

Overall accuracy: 81.25%

Kappa hat coefficient of agreement: 0.61
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Table 4.21 Error matrix and accuracy assessment of subsoil texture classification by

using Expert System for subsoil.

Expert classification Observation

7 Sandy clay loam 8 Clay loam 10 Sandy clay 12 Clay Total

7 Sandy clay loam 1

1
8 Clay loam 1 5 2 4 12
10 Sandy clay 1 1 1 3
12 Clay 1 2 1 28 32
Total 4 8 4 32 48

Overall accuracy: 73.92%

Kappa hat coefficient of agreement: 0.47

4.8.3 Soil property of landform extraction by zonal statistics

Zonal statistic under Spatial Analysis of ArcGIS was here used to
extract soil properties of landform. Basically, statistic types include mean, majority,
maximum, median, minimum, minority, rank, standard deviation, sum, and variety
can be extracted from zonal statistics. In this study, minimum, mean and maximum
values of soil properties in the slope complex area were selected to quantify landform
in term of attributes as shown in Figure 4.41 to Figure 4.44. This information can be
used to describe landform according soil property as explained in following examples.

Example 1. Mean value of percent of sand, silt and clay in top and sub
soils of mountain top landform was 49.75, 22.81, 26.24% and 42.97, 18.35, 39.07%,
respectively (Figure 4.41).

Example 2. Variation of organic matter in top and sub soil of open
slope landform was 1.26-11.75% and -0.18-4.26%, respectively (Figure 4.42).

Example 3. Maximum of magnesium in top and sub soil of canyons
landform was 56.78 and 35.37 ppm, respectively (Figure 4.43).

Example 4. Mean of base saturation in top and sub soil of plain landform

was 33.26 and 25.28%, respectively. This is also higher than other landforms (Figure 4.44).
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Figure 4.41 Minimum, mean and maximum values of sand, slit, clay and pH in
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(left) and subsoil (right) in each landform category.




115

DMax-Min 4 Mean

DMax-Min 4 Mean

Landform

1800 1800
1600 1T M 1600
~ 1400 + [ ~ 1400
: :
g 1200 +H Z 1200
« 1000 + [ « 1000
2 800 < 800
E iR ) z
o 600 + [ 2 600
) =
& 400 H [ « 400
200 = L ] 200
0 T T T T T T T T T " 0 T T T T T T T T T !
1 2 3 4 5 6 7 8 9 10 2 3 4 5 6 7 8 9 10
Landform Landform
600 DMax-Min #Mean 600 DMax-Min #Mean
500 M 500
£ 400 - E 400
& &
en 300 sn 300 M
= =
= 200 = 200
: J :
S 100 S 100
= ©n
0 —————————————f o9
-100 -100
1 2 3 4 5 6 7 8 9 10 2 3 4 5 6 7 8 9 10
Landform Landform
160 DOMax-Min @ Mean 160 DOMax-Min #Mean
140 140
. 120 M 120
g 100 g 100
~ 80 o ~ 80
< <
r4 60 ‘— r4 60
S 40 - S 40
w »n
2 20 - 2120
= ©n
0 T T T T T T T T T \ 0 T T T T T T T N !
-20 — -20 J—
-40 -40
1 2 3 4 5 6 7 8 9 10 2 3 4 5 6 7 8 9 10
Landform Landform
40 DMax-Min ®Mean 40 DMax-Min € Mean
e 35 o8
g g
g 30 S
F F
> E
o 20 Q
= =
O 15 U O
% 10 E
g £
= 5 7]
0 T T T T T T T T T " 0 T T T T T T T T T !

Landform

Note: Landform 1= Canyons, 2 = Midslope drainages, 3= Upland drainages, 4 = U-Shaped valleys, 5 =
Plains, 6 = Open slopes, 7 = Upper slopes, 8 = Local ridges, 9 = Midslope ridges, 10 = Mountain tops

Figure 4.43 Minimum, mean and maximum values of Ca, Mg, Na and CEC in topsoil

(left) and subsoil (right) in each landform category.




116

60 DOMax-Min #Mean 60 DOMax-Min #Mean
50 A 50
S a0 S 40
wn wn
Z 301 2 30 -
2 g
2 20 - 2 20 -
= @n
10 10
0 0
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Landform Landform

Note: Landform 1= Canyons, 2 = Midslope drainages, 3= Upland drainages, 4 = U-Shaped valleys, 5 =
Plains, 6 = Open slopes, 7 = Upper slopes, 8 = Local ridges, 9 = Midslope ridges, 10 = Mountain tops
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4.8.4 Soil fertility assessment

In general, LDD (1980) divided soil fertility into 3 levels (low,
moderate and high) based on chemical soil properties include organic matter (OM),
cation exchange capacity (CEC), base saturation (BS), available phosphorus (P), and
available potassium (K) according to Soil Survey Laboratory Method Manual (United
States Department of Agriculture [USDA], 2004). In practice, each chemical soil
property will be firstly assigned score with standard value into 3 levels: 1 for low
fertility, 2 for moderate fertility and 3 for high fertility as shown in Table 4.22. Then

total score of each soil property is added and reclassified into 3 levels of soil fertility

as follows:
Level of soil fertility Total score
Low 5-7
Moderate 8-12

High 13-15
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Result of soil fertility assessment based on predictive chemical properties for
top and subsoil was summarized as shown in Table 4.23 while distribution of soil
fertility in the slope complex area are presented in Figure 4.45. Fertility of topsoil was
mostly moderate and covered an area of 116.48 sq. km or about 99.89% of the study
area. Because base saturation and available phosphorus of topsoil varied from low to
moderate. At the same time, fertility of subsoil was low and moderate and covered an
area of 41.73 and 74.88 sq. km or about 35.78 and 64.22%, respectively. Because
base saturation of subsoil varied from low to moderate, while available phosphorus
was low. Detail of assigned score for each chemical soil property of top and sub soil
before soil fertility reclassification are shown in Tables 4.24 and 4.25, respectively. It
was found that available phosphorus and potassium dictated soil fertility level of top

and sub soil. Thus, top and sub soil fertility can be improved by adding P fertilizers.

Table 4.22 Chemical soil property and standard score for soil fertility assessment

(LDD, 1980).
Fertility OM CEC BS Available P Available K
Level (%) (cmol/kg) (%) (mg/kg) (mg/kg)
Low <15 <10 <35 <10 <60
(Score =1) (Score =1) (Score =1) (Score =1) (Score =1)
Moderate 1.5-3.5 10-20 35-75 10-25 60-90
(Score =2) (Score =2) (Score =2) (Score =2) (Score =2)
High >3.5 > 20 > 175 > 25 >90
(Score =3) (Score =3) (Score =3) (Score =3) (Score =3)

Table 4.23 Area and percentage of soil fertility in the study area.

. - Topsoil Subsoil
Soil Fertility level Area (sq. km) Percent Area (sq. km) Percent
Low 0.01 0.01 41.73 35.78
Moderate 116.48 99.89 74.88 64.22
High 0.12 0.10 0.00 0.00

Total 116.61 100.00 116.61 100.00
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Table 4.24 Assigned score for each chemical soil property of topsoil before soil

fertility reclassification.

Fertility oM CEC BS Available P Available K
Level (%) (cmol/kg) (%) (mg/kg) (mg/kg)
Low 1 1 1 1 1
Moderate 2 2 2 2 2
High 3 3 n. a. n. a. 3

Table 4.25 Assigned score for each chemical soil property of subsoil before soil

fertility reclassification.

Fertility OM CEC BS Available P Available K
Level (%) (cmol/kg) (%) (mg/kg) (mg/kg)
Low 1 1 1 1 1
Moderate 2 2 2 n. a. 2
High 3 3 n. a. n. a. 3
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Figure 4.45 Distribution of soil fertility in the study area: (a) topsoil and (b) subsoil.



CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

In this chapter; the main results according to the specific objectives including
landform classification and soil forming factor generation, in situ soil survey and soil
properties analysis and soil-landscape model development for soil properties
prediction are summarized. Furthermore, the use of soil properties prediction in
various aspects is also concluded with significant findings. In addition
recommendations are also suggested for future development, especially soil

classification in slope complex areas.

5.1 Conclusions

5.1.1 Landform classification and soil forming factor generation

The combination of TPI values from different scales and criteria set
which was suggested by Weiss (2001) was used to classify landform of the study area.
The results found that the most dominant landform in the study area was open slopes
covering an area 43.88% of the study area, while the remaining was represented by
mountain tops of about 12.71%. At the same time, upland drainages or headwaters
and local ridges or hills in valley covered an area less than 1% of the study area. In
addition, the result of accuracy assessment for landform classification was represented
strong agreement or accuracy between the classification map and the ground reference

information.
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In this study, selected soil forming factors include: climate (10 year
mean annual rainfall), organism (NDVI), relief (elevation, slope, aspect, plan
curvature, profile curvature, curvature, TWI) and parent material (Al/Si ratio) were

generated under GIS environment for soil-landscape model development.

5.1.2 In situ soil survey and soil properties analysis

Stratified random sampling scheme was chosen to identify soil sample
site location based on the result of landform classification and geology map. As a
result, 48 soil sample sites were selected and soil samples in each site were collected
from topsoil (0-25 cm) and subsoil (25-50 cm) to extract in situ physical and chemical
soil properties including sand, silt, clay, pH, OM, N, P, K, Ca, Mg, Na, CEC, and BS
at soil laboratory.

For physical soil property, soil texture of topsoil was dominated by
sandy clay loam and the remaining was represented by clay loam and loam, while
subsoil was dominated by clay and the remaining was represented by clay loam,
sandy clay and sandy clay loam. At the same time, for chemical soil property, pH of
topsoil and subsoil varied from extremely acidic to neutral, organic matter content of
topsoil was moderate to high and subsoil was low to high, total nitrogen of topsoil
was very low to moderate and subsoil was very low to low, available phosphorus
concentration of topsoil was low to moderate while subsoil was low, exchangeable
potassium concentration of topsoil was moderate to very high while subsoil was low
to high, exchangeable calcium concentration of topsoil was low to moderate while
subsoil was very low to moderate, exchangeable magnesium concentration of topsoil

was moderate to high while subsoil was low to high, exchangeable sodium
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concentration varied from 26.19-107.66 ppm for topsoil and decreased to 12.12-64.83
ppm for subsoil, cation exchange capacity of top and sub soil were moderate to high

and base saturation of topsoil was low to moderate while subsoil was low.

5.1.3 Soil-landscape model development for soil properties prediction
Two methods for soil-landscape model development which were used
to explain the relationship between extracted in situ physical and chemical soil
properties and generated soil forming factors were partial least squares (PLS)

regression of statistical method and cokriging interpolation of geostatistical method.

5.1.3.1 Soil-landscape model using PLS regression
Under this model, PLS regression was used to quantify
relationship between bio-physical soils forming factors including rainfall, NDVI,
elevation, slope, aspect, plan curvature, profile curvature, curvature, TWI and Al/Si
ratio as independent variables and physical and chemical soil properties including sand,
silt, clay, pH, OM, N, P, K, Ca, Mg, Na, CEC, and BS of top and sub soil as dependent
variable. Results of PLS regression analysis for each soil properties of top and sub soil

were summarized in form of multiple linear regression equation as follows:

Topsoil Subsoil

Sand = 16.785 + (1.935*10"%)*RAIN — 8.573*NDVI + Sand = 30.123 + (9.757*10)*RAIN + 7.762*NDVI —
(2.465%10-)* ELEVATION + 0.463*SLOPE + (8.410%10™) * ELEVATION + 0.508*SLOPE —
(2.451*10®)y*ASPECT + 1.770*PLAN — 0.644*PROFILE (3.643*10®)*ASPECT + 3.495*PLAN — 4.714*PROFILE
+0.725*CURVATURE — 1.429*TWI + +2.424*CURVATURE — 1.593*TWI —
29.892*ALSI_RATIO 40.356*ALSI_RATIO

Silt=40.861 — (1.442*10"2)*RAIN + 1.084*NDVI — Silt=19.739 — (7.830*10™)*RAIN + 3.719*NDVI +
(2.015%10-®)*ELEVATION — (9.207*10"%)* SLOPE + (8.010%10"°) *ELEVATION — (1.105%10"%)* SLOPE +
(8.319%10"™) * ASPECT — 1.317*PLAN+ (1.841*10™* ASPECT —2.133*PLAN +
1.273*PROFILE — 0.768*CURVATURE + 0.587*TWI + 2.512*PROFILE — 1.374*CURVATURE + 0.417*TWI —

13.718*ALSI_RATIO 10.281*ALSI_RATIO
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Topsoil

Subsoil

Clay = 30.432 — (1.002*10™)*RAIN — 3.785*NDVI +
(8.238*10"°)*ELEVATION — 0.122*SLOPE +
(4.016*¥10®)*ASPECT — 2.465*PLAN + 1.523*
PROFILE — 1.190*CURVATURE + 0.407*TWI +
1.869*ALSI_RATIO

pH =6.562 — (8.973*10)*RAIN — 0.881*NDVI —
(1.629*10™)*ELEVATION — (2.889%10™)* SLOPE +
(5.054*10™) * ASPECT — (6.154*10%)* PLAN +
0.101 *PROFILE — (4.778*10""%) * CURVATURE +
0.108*TWI + 1.759*ALSI_RATIO

OM = -5.13169562426153 + (7.840*10™)* RAIN +
6.151*NDVI + (1.379*10")* ELEVATION +
(2.179*10%)*SLOPE — (8.615*10™)*ASPECT —
0.674*PLAN + 1.122*PROFILE — 0.529*
CURVATURE +0.136*TWI — 17.095* ALSI_RATIO

N=-0217+ (3.157*10")*RAIN + 0.240*NDVI +
(5.302*10)*ELEVATION + (4.668*10™)* SLOPE +
(3.239*10°)*ASPECT — (5.425%10%)* PLAN +
(6.745%10"%) *PROFILE — (3.597*10™%)* CURVATURE
+(1.045*10°%)*TWI — 0.895* ALSI_RATIO

P=1.301+ (7.533*10)*RAIN + 5.937*NDVI +
(1.838*10™)*ELEVATION — (3.534*10™)* SLOPE —
(5.791*¥10™)*ASPECT — 1.392*PLAN +

1.464*PROFILE]- 0.846*CURVATURE + 0.321* TWI—

8.395*ALSI_RATIO

K =113.923 — (1.158*10)*RAIN - 46.592*NDVI +
(4.772*10®)*ELEVATION -1.726*SLOPE +
(8.702*10°%)*ASPECT -21.245*PLAN +
18.706*PROFILE - 11.866*CURVATURE +
7.678*TWI + 113 498*ALSI_RATIO

Ca=49.854 + (4.526*10")*RAIN + 92.669*NDVI +
(4.530*10**ELEVATION - 8.051 *SLOPE +
0.569*ASPECT - 54.316*PLAN + 37.863* PROFILE -
27.469*CURVATURE + 61.766* TWI+
591.571*ALSI_RATIO

Mg =327.005—(5.044*10"2)*RAIN -49.313*NDVI +
(4.838*10)*ELEVATION - 0.933*SLOPE +
(7.423*10°%)*ASPECT - 51.773*PLAN + 34.148*
PROFILE - 25.623*CURVATURE +9.502*TWI +
0.578*ALSI_RATIO

Na = 54.759 - (8.265*10°)*RAIN — 33.061*NDVI +
(1.311*10®)*ELEVATION - 0.762*SLOPE +
(3.576*10"%)*ASPECT - 8.787*PLAN + 11.485*
PROFILE - 5.988*CURVATURE + 2.788*TWI +
124.821*ALSI_RATIO

CEC =3.470 + (1.364*10")*RAIN + 8.769*NDVI +
(2.398*10®)*ELEVATION + (1.451*10*%)* SLOPE +
(2.032%10") *ASPECT —2.248*PLAN +
2.390*PROFILE — 1.374*CURVATURE +
0.325* TWI—34.380*ALSI_RATIO

BS =61.169 — (2.683*10)*RAIN — 20.562*NDVI —
(3.665*10®)*ELEVATION — 0.231*SLOPE +
(9.427*10)*ASPECT — 2.640*PLAN + 1.119*
PROFILE — 1.127*CURVATURE + 0.808 *TWI +
60.269*ALSI_RATIO

Clay = 43.987 — (3.218*10")*RAIN — 13.557*NDVI +
(2.226*10®)*ELEVATION — 0.511*SLOPE +
(8.026*10*)*ASPECT — 1.584*PLAN + 1.842*
PROFILE — 1.014*CURVATURE + 1.029*TWI +
42.825%ALSI_RATIO

pH =4.847 + (1.342*10™)*RAIN + 0.255*NDVI +
(5.667*10)*ELEVATION — (5.215%10™)* SLOPE +
(3.327*10™)* ASPECT — 0.265*PLAN +
0.281*PROFILE — 0.162*CURVATURE +
(5.263*10°%) *TWI— 1.679*ALSI_RATIO

OM = 2.740 + (3.048*10"*)*RAIN +2.585*NDVI +
(5.161*10™) *ELEVATION + (8.779*10%)* SLOPE —
(1.739*10™)y* ASPECT — 0.313* PLAN+
0.540*PROFILE — 0.251 *CURVATURE +
(6.619*10%)*TWI — 6.578*ALSI_RATIO

N=(4.006%¥107)+ (9.692*¥10®)*RAIN + (3.955*10%)*

NDVI+ (1.738*10®*ELEVATION — (1.388*10%)*
SLOPE+ (8.495*10%)*ASPECT — (1.173*10%)* PLAN +
(1.641*¥10™)*PROFILE— (8.302*10%)* CURVATURE +
(2385*10%)* TWI—0.184* ALSI RATIO

P=0.848 + (3.719*10)*RAIN + 0.527*NDVI +
(1.445*¥10)*ELEVATION — (1.970*10™)* SLOPE +
(3.123*10™) *ASPECT — 0.256*PLAN +
0.280*PROFILE — 0.159*CURVATURE +
(6.197*10°%)*TWI —2.118*ALSI_RATIO

K =42291+ (9.875*10®)*RAIN + 12.198*NDVI +
(6.639*10**ELEVATION - 0.402*SLOPE +
0.022*ASPECT - 16.111*PLAN + 17.517* PROFILE -
9.958*CURVATURE + 3.625*TWI -
70.156*ALSI_RATIO

Ca=471.849 — (4.100¥10°)*RAIN - 71.454*NDVI +
(2.924*10°)*ELEVATION - 5.311*SLOPE +
0.054*ASPECT - 43.048*PLAN + 52.293* PROFILE -
28.189 * CURVATURE + 21.419* TWI-
483.020*ALSI_RATIO

Mg = 145.077 - (3.271*10°)*RAIN + 19.741 *NDVI +
(7.734*10®*ELEVATION - 0.788*SLOPE +
(5.192%10°%)*ASPECT - 32.232*PLAN + 32.169*
PROFILE - 19.094*CURVATURE + 6.261 *TWI -
234.749*ALSI_RATIO

Na= 12423+ 0.0138*RAIN +4.61 7*NDVI +
(5377%10™) *ELEVATION - 0.171*SLOPE +
(8991*10™)* ASPECT -7.754*PLAN +7.831*PROFILE -
4620% CURVATURE + 1.326*TWI - 63,541 *ALSI RATIO

CEC =3.505 + (1.075*10")*RAIN + 5.027*NDVI +
(2.577*10*%) *ELEVATION — (3.482*10™)* SLOPE +
(3.768*10")* ASPECT —2.264*PLAN +
2.670*PROFILE — 1.459*CURVATURE +
0.318* TWI—36.186*ALSI_RATIO

BS =41.768 — (1.637*10)*RAIN — 8.571*NDVI —
(2.502*10®*)*ELEVATION — 0.165*SLOPE +
(1.772*10®)*ASPECT — 1.545*PLAN + 1.088*
PROFILE - 0.785*CURVATURE + 0.558*TWI +
21.893*ALSI_RATIO

These equations were used to predict physical and chemical

soil properties of top and sub soil.
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Soil-landscape model using cokriging interpolation
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For cokriging interpolation, three significant soil forming

factors were extracted from PLS regression analysis based on best variable important

for the projection (VIP) values were used as 3 auxiliary variable for interpolation each

soil property. Results of cokriging for each soil properties of top and sub soil were

summarized in term of semivariogram models as follows:

Soil properties

Topsoil semivariogram model

Type Partial sill Range Nugget
Sand Spherical 3.4026 10274 49.635
Silt Spherical 2.2722 9644.75 15.511
Clay Exponential 0.47502 8242.37 17.959
pH Spherical 0.099921 10270 0.267
oM Spherical 0.75217 8729.9 4.1958
N Spherical 0.0032037 403.905 0.041
P Spherical 1.6305 424.738 0.833
K Gaussian 2785.3 208.185 2.785
Ca Gaussian 69111 212.017 0.797
Mg Gaussian 10004 175918 10.004
Na Gaussian 657.56 174.844 0.658
CEC Exponential 1.5986 332.899 0.085
BS Spherical 21.06 10388.7 44.769
Soil properties Subsoil semivariogram model

Type Partial sill Range Nugget
Sand Exponential 6.7061 8243.46 96.877
Silt Exponential 19.816 307.005 0.974
Clay Exponential 28.88 8248.06 41.609
pH Spherical 0.27 230.871 0.763
OM Spherical 0.079795 349.02 0.445
N Exponential 0.000089413 361.276 0.479
P Spherical 0.12049 366.349 0.907
K Gaussian 528.39 347.059 0.528
Ca Gaussian 65359 133.620 65.359
Mg Gaussian 7381.4 272.4 7.381
Na Gaussian 312.17 168.554 0.312
CEC Exponential 13.316 305.823 0.832
BS Spherical 2.748 9631.83 19.897

5.1.4 Accuracy assessment

The result of predictive physical and chemical soil properties from PLS

regression and cokriging interpolation were here used to compare with in situ soil



125

properties of validating datasets using Mean Error (ME), Root Mean Square Error
(RMSE) and Normalized Root Mean Square Error (NRMSE).

Based on accuracy assessment by ME, it may be concluded that the
best predictive soil property of top and sub soil using PLS was nitrogen (N). In
contrast, the worst predictive soil property of top and sub soil using PLS was calcium
(Ca). At the same time the best predictive soil property of top and sub soil using
cokriging was pH. In contrast, the worst predictive soil property of top and sub soil
using cokriging was calcium (Ca).

Similarly, based on RMSE accuracy assessment, it may be concluded
that the best predictive soil property of top and sub soil using PLS was nitrogen (N).
In contrast, the worst predictive soil property of top and sub soil using PLS was
calcium (Ca). At the same time the best predictive soil property of top and sub soil
using cokriging was nitrogen (N). In contrast, the worst predictive soil property of top
and sub soil using cokriging was calcium (Ca).

Furthermore, according to accuracy assessment using NRMSE, it may
be concluded that the best predictive soil property of top and sub soil using PLS was
sodium (Na) and calcium (Ca), respectively. In contrast, the worst predictive soil
property of top and sub soil using PLS was phosphorus (P). At the same time the best
predictive soil property of top and sub soil using cokriging was clay and potassium
(K), respectively. In contrast, the worst predictive soil property of top and sub soil

using cokriging was potassium (K) and calcium (Ca), respectively.
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5.1.5 Optimum model for soil properties prediction
Based on Normalized Root Mean Squared Error (NRMSE), it can be
concluded that an optimum model for all soil properties of top and sub soil was PLS
regression model. However, cokriging model can provide a better result of available

phosphorus (P) and potassium (K) prediction of subsoil than PLS model.

5.1.6 The use of soil properties prediction
This section focuses on the possible use of soil properties prediction to
fulfill the information requirement in slope complex areas in various aspects. They
included (1) visualization of soil texture, (2) classification of soil texture using Expert
System, (3) soil property of landform extraction by zonal statistics and (4) soil fertility
assessment. The major findings can be concluded as follows:
(1) Visualization of soil texture
Color composite image was here applied to visualize three
predictive soil texture fractions (%Sand, %Silt and %Clay) of top and sub soil
Basically, additive primary colors (red, green and blue) were assigned to each fraction
for visualization of soil texture in color space. The result of color composite image
can be used to qualitative describe soil texture fraction. Furthermore, this data can be
used to quantify soil texture classes using digital image processing software.
(2) Classification of soil texture using Expert System
Soil texture classes were here extracted using Expert System based
on criteria of USDA soil texture classification by Soil Survey Division Staff (1993). In
principle, percent of sand, silt and clay with some conditions were applied to extract 12

standard soil texture classes which include (1) Sand, (2) Loamy sand, (3) Sandy loam,
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(4) Loam, (5) Silt loam, (6) Silt, (7) Sandy clay loam, (8) Clay loam, (9) Silty clay
loam, (10) Sandy clay, (11) Silty clay and (12) Clay. As a result, it can be concluded
that Expert System can be used to classify soil texture classes from predictive soil
texture fraction. It was found that overall accuracy and Kappa hat coefficient of
agreement for topsoil was 81.25% and 0.61 and for subsoil was 73.92% and 0.47,
respectively. These soil texture classes can be further used for soil drainage assessment,
hydrologic soil group (HSG) determination or soil erosion assessment, etc.
(3) Soil property of landform extraction by zonal statistics

In this study, minimum, mean and maximum values of soil
properties were extracted based on landform category by using zonal statistics. These
results can be useful to explain and compare the variation of top and sub soil
properties within each landform category. Also, the physical and chemical properties
of top and sub soil that are extracted by zonal statistics can be further used as an
attribute data for spatial analysis under GIS environment.

(4) Soil fertility assessment

According to LDD (1980), soil fertility can be divided into 3
levels (low, moderate and high) based on chemical soil properties including OM,
CEC, BS, available P and K. Herewith, concerned predictive chemical soil properties
of top and sub soil were assigned a score with standard values and total score of each
soil property were added and reclassified for soil fertility. As a result it was found that
most of topsoil was of moderate fertility and covered an area about 99.89% of the
study area, while soil fertility assessment for subsoil of low and moderate fertility
covered an area about 35.78 and 64.22%, respectively. Soil fertility assessment can

provide a baseline information for soil improvement or increasing soil fertility.
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5.2 Recommendations and future improvements

Recommendations for further studies and applications can be made as follows:

(1) Relief factors should be extracted from DEM at higher resolution for
soil-landscape modeling in slope complex area.

(2) Understanding of soil and landform relationships in slope complex area
is a crucial knowledge base and essential for soil survey and soil mapping. Therefore,
the number of soil samples in field survey should be increased for soil-landscape
modeling.

(3) In this study, partial least squares regression was used instead of
stepwise linear regression due to multicollinearity problem among relief factor (TWI,
slope, plan curvature, profile curvature and curvature). Therefore, another approach
for solving multicollinearity problem such as factor analysis should be examined in
the future work.

(4) Due to the limitation of cokriging under ArcGIS environment, only three
variables can be applied for surface interpolation. As a result regression kriging can
be another choice for soil properties prediction as geostatistics approach.

(5) The application of soil properties prediction should be further
investigated by soil scientists. For example, predictive soil properties can be used to
evaluate land qualities based on soil productivity index (PI) and erosion risk index
(ERI) for soil and water conservation planning and sustainable agriculture

management in slope complex area.
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A.1 Soil profile description.

Information on the site
Sample no:
Date of examination:
Location:
Position:
Slope:
Geology:
Landform:

Profile description
Picture

Information on the site
Sample no:

Date of examination:

Location:
Position:
Slope:
Geology:
Landform:

Profile description
Picture

1
April 16, 2010
Ban Dong Nai, Mae Sa Mai, Mae Rim District, Chiang Mai province

482578; 2084320 Elevation: 926 m (MSL)
15 Aspect: SW (250°)
Gr, Triassic granite LU/LC: Orchard

1 Canyons or Deeply incised streams

Horizon Depth (cm) Description

Ap 0-12 Dull reddish brown (5YR 4/4); clay loam;
moderate medium granular structure;
friable moist, slightly sticky and slightly
plastic; clear and smooth boundary to Btl.

Blt 12-26 Reddish brown (5YR 4/6); clay; moderate
fine granular structure; friable moist, sticky
and plastic; gradual and smooth boundary
to Bt2.

B2t 26-41 Dark reddish brown (5YR 3/4); clay;
moderate fine sub-angular blocky structure;
friable moist, sticky and plastic; gradual
and smooth boundary to Bt3.

B3t 41-50 Dark brown (5YR 2.5/2); clay; moderate
fine and medium sub-angular blocky
structure; friable moist, sticky and plastic.

2
April 08,2010
Ban Mae Sa Noi, Mae Rim District, Chiang Mai province

484855; 2085660 Elevation: 1,030 m (MSL)
5-10 Aspect: NW (296°)
Gr, Triassic granite LU/LC: Evergreen forest

1 Canyons or Deeply incised streams

Horizon Depth (cm) Description
A 0-15 Very dusky red (2.5YR 2.5/2); clay loam;
moderate medium granular structure;
friable moist, sticky and plastic; clear and
smooth boundary to Btl.

Blt 15-27 Dark reddish brown (5YR 3/3); clay;
moderate fine granular structure; friable
moist, very sticky and very plastic; gradual
and smooth boundary to Bt2.

B2t 27-50 Dark reddish brown (5YR 3/2); clay;
moderate fine sub-angular blocky r
structure; firm moist, very sticky and very
plastic.
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A.1 (Continued).

Information on the site

Sample no: 3

Date of examination: ~ April 13, 2010

Location: Ban Mae Nai, Mae Rim District, Chiang Mai province

Position: 489653; 2089190 Elevation: 487 m (MSL)

Slope: 8 Aspect: SE (150°)

Geology: PE, Precambrian gneiss LU/LC: Dry dipterocarp forest
Landform: 2 Midslope drainages, Shallow valleys

Profile description
Picture

Information on the site

Horizon
A 0-14

Depth (cm) Description

Black (10YR 2/1); clay loam; moderate
medium granular structure; friable moist,
slightly sticky and slightly plastic; clear
and smooth boundary to Bt1.

Very dark grayish brown (10YR 3/2); clay;
moderate fine sub-angular blocky structure;
friable moist, very sticky and very plastic;
gradual and smooth boundary to Bt2.
Brown (10YR 4/3); clay; moderate very
fine sub-angular blocky structure; friable
moist, very sticky and very plastic.

Bit 14-30

B2t 30-50

Sample no: 4

Date of examination: ~ April 27, 2010

Location: Ban Buak Thoei, Mae Rim District, Chiang Mai province

Position: 477503; 2088740 Elevation: 1,276 m (MSL)

Slope: 68 Aspect: E (105°)

Geology: Gr, Triassic granite LU/LC: Mixed deciduous forest
Landform: 3 Upland drainages, Headwaters

Profile description

Picture

=y

Horizon
A 0-10

Depth (cm) Description

Dark reddish brown (5YR 2.5/2); clay
loam; moderate medium granular structure;
friable moist, sticky and plastic; clear and
smooth boundary to Btl.

Reddish brown (5YR 4/3); clay; moderate
fine granular structure; friable moist, sticky
and plastic; gradual and smooth boundary
to Bt2.

Red (2.5YR 4/6); clay,; moderate fine sub-
angular blocky structure; friable moist,
very sticky and very plastic.

BIt 10-27

B2t 27-50



A.1 (Continued).

Information on the site
Sample no:

Date of examination:

Location:
Position:
Slope:
Geology:
Landform:

Profile description
Picture

Information on the site
Sample no:

Date of examination:

Location:
Position:
Slope:
Geology:
Landform:

Profile description
Picture
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5
April 08, 2010
Ban Mae Sa Mai, Mae Sa Mai, Mae Rim District, Chiang Mai province

484283; 2086430 Elevation: 999 m (MSL)
17 Aspect: N (21°)
Gr, Triassic granite LU/LC: Orchard

4 U-Shaped valleys

Horizon Depth (cm) Description
A 0-13 Dark reddish brown (5YR 3/2); clay loam;

moderate medium granular structure;
friable moist, slightly sticky and slightly
plastic; clear and smooth boundary to Btl.

Blt 13-26 Reddish brown (5YR 4/3); clay; moderate
very fine granular structure; friable moist,
sticky and plastic; clear and smooth
boundary to Bt2.

B2t 26-50 Yellowish red (5YR 4/6); clay; moderate
fine sub-angular blocky structure; friable
moist, very sticky and very plastic.

6

April 07,2010

Botanic Resort, Mae Rim District, Chiang Mai province

486137; 2089870 Elevation: 722 m (MSL)

7 Aspect: W (265°)

Gr, Triassic granite LU/LC: Dry dipterocarp forest

4 U-Shaped valleys

Horizon Depth (cm) Description
A 0-11 Dark reddish brown (5YR 2.5/2); sandy
clay loam; moderate medium granular
structure; friable moist, slightly sticky and
slightly plastic; clear and smooth boundary
to Btl.

Blt 11-23 Brown (7.5YR 5/4);); sandy clay loam;
moderate fine granular structure; friable
moist, slightly sticky and slightly plastic;
gradual and smooth boundary to Bt2.

B2t 23-50 Strong brown (7.5YR 5/6); clay loam;
moderate fine sub-angular blocky structure;
friable moist, sticky and plastic.
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7
April 10, 2010
Huai Mae Mae, Mae Rim District, Chiang Mai province

488183; 2088650 Elevation: 642 m (MSL)
3-5 Aspect: NE (55°)
PE, Precambrian gneiss LU/LC: Dry dipterocarp forest

10 Mountain tops

Horizon Depth (cm) Description

A 0-11 Very dark gray (10YR 3/1); sandy clay
loam; moderate medium granular structure;
friable moist, slightly sticky and slightly
plastic; clear and smooth boundary to B.
Light brownish gray (10YR 6/2); sandy
clay loam; moderate fine and medium
granular structure; friable moist, sticky and
plastic; clear and smooth boundary to Bt.
Reddish yellow (7.5YR 6/6); clay;
moderate fine sub-angular blocky structure;
friable moist, very sticky and very plastic.

E 11-23

Bt 23-50

8
April 10,2010
Ban Tong Luang, Mae Rim District, Chiang Mai province

487493; 2089070 Elevation: 575 m (MSL)
25 Aspect: NE (70°)
PE, Precambrian gneiss LU/LC: Orchard

6 Open slopes

Horizon Depth (cm) Description

Ap 0-19 Very dark grayish brown (10YR 3/2);
sandy clay loam; moderate medium
granular structure; friable moist, slightly
sticky and slightly plastic; clear and smooth
boundary to Bt1.
Yellowish brown (10YR 5/4); clay;
moderate fine sub-angular blocky structure;
friable moist, sticky and plastic; clear and
smooth boundary to Bt2.
Dark yellowish brown (10YR 4/4); clay;
moderate fine sub-angular blocky structure;
friable moist, very sticky and very plastic.

BIt 19-31

B2t 31-50
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9
April 18, 2010
Ban Namtok Mae Sa, Mae Rim District, Chiang Mai province

489653; 2090900 Elevation: 399 m (MSL)
14 Aspect: NE (65°)
PE, Precambrian gneiss LU/LC: Dry dipterocarp forest

6 Open slopes

Horizon Depth (cm) Description
A 0-9 Dark reddish brown (5YR 2.5/2); clay
loam; moderate medium granular structure;
friable moist, slightly sticky and slightly
plastic; gradual and smooth boundary to
BA.

BA 9-22 Reddish brown (5YR 4/4); clay loam;
moderate medium granular structure;
friable moist, sticky and plastic; clear and
smooth boundary to Bt.

Bt 22-50 Yellowish red (SYR 5/6); clay; moderate
fine sub-angular blocky structure; friable
moist, sticky and plastic.

10

May 07, 2010

Doi Pa Kha, Mae Rim District, Chiang Mai province

486563; 2083250 Elevation: 1,094 m (MSL)
37 Aspect: N (24°)

Gr, Triassic granite LU/LC: Evergreen forest

9 Midslope ridges, Small hills in plains

Horizon Depth (cm) Description

A 0-12 Very dark brown (7.5YR 2.5/2); sandy clay
loam; moderate medium granular structure;
friable moist, slightly sticky and slightly
plastic; clear and smooth boundary to B.

B 12-24 Dark brown (7.5YR 3/2); sandy clay loam;
moderate fine and medium granular
structure; friable moist, slightly sticky and
slightly plastic; gradual and smooth
boundary to Btl.

Blt 24-47 Brown (7.5YR 4/4); clay; moderate fine
sub-angular blocky structure; friable moist,
sticky and plastic; gradual and smooth
boundary to Bt2.

B2t 47-70 Strong brown (7.5YR 5/6); clay; moderate
fine sub-angular blocky structure; friable
moist, sticky and plastic.
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11
April 16, 2010
Ban Namtok Mae Sa, Mae Rim District, Chiang Mai province

489173; 2090690 Elevation: 557 m (MSL)
19 Aspect: NE (32°)
Gr, Triassic granite LU/LC: Dry dipterocarp forest

6 Open slopes

Horizon Depth (cm) Description

A 0-8 Dark reddish brown (5YR 3/2); sandy clay
loam; moderate medium granular structure;
friable moist, slightly sticky and slightly
plastic; clear and smooth boundary to B.

B 8-26 Reddish brown (5YR 5/4); sandy clay
loam; moderate fine and medium granular
structure; friable moist, sticky and plastic;
gradual and smooth boundary to Bt.

Bt 26-50 Reddish brown (2.5YR 4/4); clay;
moderate fine sub-angular blocky structure;
friable moist, sticky and plastic.

12
April 16, 2010
Ban Tin That, Mae Rim District, Chiang Mai province

488993; 2091500 Elevation: 432 m (MSL)
32 Aspect: NE (39°)
Gr, Triassic granite LU/LC: Mixed deciduous forest

6 Open slopes

Horizon Depth (cm) Description
A 0-12 Dark grayish brown (10YR 4/2); clay loam;
moderate medium granular structure;
friable moist, slightly sticky and slightly
plastic; clear and smooth boundary to Btl.

Blt 12-30 Yellowish brown (10YR 5/4); clay;
moderate fine and medium granular
structure; friable moist, sticky and plastic;
gradual and smooth boundary to Bt2.

B2t 30-42 Dark yellowish brown (10YR 4/6); clay;
moderate fine sub-angular blocky structure;
friable moist, sticky and plastic; clear and
smooth boundary to Bt3.

B3t 42-50 Light gray (10YR 7/2); clay; moderate fine
sub-angular blocky structure; friable moist,
very sticky and very plastic.
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13
April 28, 2010
Ban Dong Klang, Mae Rim District, Chiang Mai province

481231; 2086110 Elevation: 870 m (MSL)
5 Aspect: NE (33°)
Gr, Triassic granite LU/LC: Field crop

10 Mountain tops

Depth (cm) Description

Dark reddish brown (5YR 3/2);; clay loam;
moderate medium granular structure;
friable moist, slightly sticky and slightly
plastic; clear and smooth boundary to Btl.
Reddish brown (5YR 4/4); clay; moderate
fine sub-angular blocky structure; friable
moist, sticky and plastic; gradual and
smooth boundary to Bt2.

Reddish brown (5YR 5/4); clay; moderate
fine sub-angular blocky structure; friable
moist, sticky and plastic.

Horizon
Ap 0-14

Bit 14-32

B2t 32-50

14
April 07,2010
Queen Sirikit Botanic Garden, Mae Rim District, Chiang Mai province

485480; 2088820 Elevation: 823 m (MSL)
50 Aspect: W (277°)
PE, Precambrian gneiss LU/LC: Mixed deciduous forest

6 Open slopes

Depth (cm) Description

Dark brown (5YR 2.5/2); clay loam;
moderate fine granular structure; friable
moist, slightly sticky and slightly plastic;
gradual and smooth boundary to AB.
Dark reddish brown (5YR3/4); clay loam;
moderate fine granular structure; friable
moist, sticky and plastic; clear and smooth
boundary to Bt1.

Yellowish red (5YR4/6); clay; moderate
fine sub-angular blocky structure; friable
moist, sticky and plastic; abrupt and
smooth boundary to Bt2.

Red (2.5YR 4/6); clay; moderate fine sub-
angular blocky structure; friable moist,
very sticky and very plastic.

Horizon
A 0-11

AB 11-20

BIt 20-33

B2t 33-50
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15

May 11, 2010

Huai Mae Nai, Mae Rim District, Chiang Mai province

489383; 2086340 Elevation: 908 m (MSL)
36 Aspect: NE (69°)

Gr, Triassic granite LU/LC: Evergreen forest
7 Upper slopes

Horizon Depth (cm) Description
A 0-10 Black (5YR 2.5/1); sandy clay loam;
moderate medium granular structure;
friable moist, slightly sticky and slightly
plastic; clear and smooth boundary to BA.

BA 10-17 Dark brown (7.5YR 3/4); sandy clay loam;
moderate fine and medium granular
structure; friable moist, s sticky and
slightly plastic; clear and smooth boundary
to Btl.

Blt 17-31 Brown (7.5YR 5/4); clay; moderate fine
and medium sub-angular blocky structure;
friable moist, sticky and plastic; gradual
and smooth boundary to Bt2.

B2t 31-50 Yellowish red (5YR 5/6); clay; moderate
fine sub-angular blocky structure; friable
moist, sticky and plastic.

16
April 27, 2010
Ban Pang Lung, Mae Rim District, Chiang Mai province

477694; 2089600 Elevation: 1,302 m (MSL)

70 Aspect: N (351°)

Gr, Triassic granite LU/LC: Mixed deciduous forest
7 Upper slopes

Horizon Depth (cm) Description

B A 0-17 Dark reddish brown (5YR 3/2); sandy clay

16

loam; moderate medium granular structure;
friable moist, slightly sticky and slightly
plastic; clear and smooth boundary to Btl.

Blt 17-29 Reddish brown (2.5YR 5/3); clay;
moderate fine granular structure; friable
moist, sticky and plastic; gradual and
smooth boundary to Bt2.

B2t 29-50 Red (2.5YR 4/6); clay; moderate fine sub-
angular blocky structure; friable moist,
very sticky and very plastic.
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17
April 17,2010
Ban Tin That, Mae Rim District, Chiang Mai province

488003; 2091830 Elevation: 644 m (MSL)
45 Aspect: N (19°)
Gr, Triassic granite LU/LC: Mixed deciduous forest

9 Midslope ridges, Small hills in plains

Horizon Depth (cm) Description

A 0-6 Dull reddish brown (5YR 4/4); sandy clay
loam; moderate medium granular structure;
friable moist, slightly sticky and slightly
plastic; clear and smooth boundary to B.

E 6-17 Reddish brown (5YR 4/6); sandy clay loam
; moderate medium granular structure;
friable moist, slightly sticky and slightly
plastic; clear and smooth boundary to Bt1.

Blt 17-26 Dark reddish brown (5YR 3/4); clay;
moderate fine sub-angular blocky structure;
friable moist, sticky and plastic; gradual
and smooth boundary to Bt2.

B2t 26-50 Dark brown (5YR 2.5/2); clay; moderate
fine sub-angular blocky structure; friable
moist, sticky and plastic.

18
April 18,2010
Mae Sa Waterfall, Mae Rim District, Chiang Mai province

488511; 2090230 Elevation: 553 m (MSL)
30 Aspect: N (21°)
PE, Precambrian gneiss LU/LC: Dry dipterocarp forest

9 Midslope ridges, Small hills in plains

Horizon Depth (cm) Description

g A 0-7 Very dark gray (5YR 3/1); sandy clay

18

loam; moderate medium granular structure;
friable moist, slightly sticky and slightly
plastic; clear and smooth boundary to BA.

BA 7-16 Grayish brown (10YR 5/2); sandy clay
loam; moderate medium granular structure;
friable moist, slightly sticky and slightly
plastic; clear and smooth boundary to Bt1.

BI1t 16-28 Red (2.5YR 5/6); sandy clay; moderate fine
and medium sub-angular blocky structure;
friable moist, sticky and plastic; gradual
and smooth boundary to Bt2.

B2t 28-50 Red (2.5YR 4/8); clay; moderate fine sub-
angular blocky structure; friable moist,
sticky and plastic.
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Ban Mae Mae, Mae Rim District, Chiang Mai province

Elevation: 653 m (MSL)
Aspect: NE (30°)
LU/LC: Dry dipterocarp forest

Depth (cm) Description

Dark yellowish brown (10YR 3/4); sandy
clay loam; moderate medium granular
structure; friable moist, slightly sticky and
slightly plastic; clear and smooth boundary
to B1.

Pale brown (10YR 6/3); sandy clay loam;
moderate fine and medium granular
structure; friable moist, slightly sticky and
slightly plastic; gradual and smooth
boundary to B2.

Light brown (7.5YR 6/4); clay loam;
moderate fine sub-angular blocky structure;
friable moist, sticky and plastic.

Ban Mae Nai, Mae Rim District, Chiang Mai province

Elevation: 494 m (MSL)
Aspect: E (85°)
LU/LC: Dry dipterocarp forest

Depth (cm) Description

Dark reddish brown (5YR 2.5/2); loam;
moderate medium granular structure;
friable moist, slightly sticky and slightly
plastic; clear and smooth boundary to BA.
Dusky red (2.5YR 3/2); clay loam;
moderate medium granular structure;
friable moist, slightly sticky and slightly
plastic; gradual and smooth boundary to
Btl.

Dark reddish brown (2.5YR 3/4); clay;
moderate fine sub-angular blocky structure;
friable moist, sticky and plastic; gradual
and smooth boundary to Bt2.

Dark red (2.5YR 3/6); clay; moderate fine
sub-angular blocky structure; friable moist,
very sticky and very plastic.
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21
April 28, 2010
Ban Buak Chan, Mae Rim District, Chiang Mai province

478101; 2087290 Elevation: 1,046 m (MSL)
43 Aspect: E (92°)
Gr, Triassic granite LU/LC: Mixed deciduous forest

1 Canyons or Deeply incised streams

Horizon Depth (cm) Description
A 0-13 Black (7.5YR 2.5/1); clay loam; moderate
fine and medium granular structure; friable
moist, slightly sticky and slightly plastic;
clear and smooth boundary to AB.

AB 13-18/26  Dark reddish brown (5YR 3/3); clay loam;
moderate fine granular structure; friable
moist, sticky and plastic; clear and smooth
boundary to Btl.

Blt 18/26-37  Reddish brown (5YR 4/3); clay; moderate
fine sub-angular blocky structure; friable
moist, sticky and plastic; gradual and
smooth boundary to Bt2.

B2t 37-50 Reddish brown (5YR 5/4); clay; moderate
fine sub-angular blocky structure; friable
moist, sticky and plastic.

22
April 19,2010
Ban Pong Yaeng Nai, Mae Rim District, Chiang Mai province

479123; 2086940 Elevation: 980 m (MSL)
27 Aspect: NW (284°)
Gr, Triassic granite LU/LC: Mixed deciduous forest

2 Midslope drainages, Shallow valleys

Horizon Depth (cm) Description

A 0-6 Dark brown (7.5YR 3/2); sandy clay loam;
moderate fine and medium granular
structure; friable moist, slightly sticky and
slightly plastic; clear and smooth boundary
to B.

B 6-13 Dark grayish brown (10YR 4/2); sandy clay
loam; moderate fine sub-angular blocky
structure; friable moist, sticky and plastic;
gradual and smooth boundary to Btl1.

Blt 13-23 Dark yellowish brown (10YR 4/6); clay;
moderate fine sub-angular blocky structure;
friable moist, sticky and plastic; gradual
and smooth boundary to Bt2.

B2t 23-50 Dark yellowish brown (10YR 3/4); clay;
moderate fine sub-angular blocky structure;
friable moist, very sticky and very plastic.
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23
April 20, 2010
Huai Mae Cha, Mae Rim District, Chiang Mai province

478283; 2087270 Elevation: 981 m (MSL)
10 Aspect: SE (159°)
Gr, Triassic granite LU/LC: Orchard

4 U-Shaped valleys

Horizon Depth (cm) Description

A 0-12 Dark brown (7.5YR 3/2); sandy clay loam;
moderate fine and medium granular
structure; friable moist, slightly sticky and
slightly plastic; clear and smooth boundary
to BA.
Brown (7.5YR 4/4); sandy clay loam;
moderate fine sub-angular blocky structure;
friable moist, sticky and plastic; gradual
and smooth boundary to Bt1.
Yellowish red (5YR 4/6); clay; moderate
fine and medium sub-angular blocky
structure; friable moist, sticky and plastic;
gradual and smooth boundary to Bt2.
Reddish brown (5YR 5/4); clay; moderate
fine and medium sub-angular blocky
structure; friable moist, sticky and plastic.

BA 12-19

Bit 19-31

B2t 31-50

24

April 16, 2010

Ban Buak Chan, Mae Rim District, Chiang Mai province

478377; 2086940 Elevation: 1,031 m (MSL)
5 Aspect: E (77°)

Gr, Triassic granite LU/LC: Orchard

10 Mountain tops

Horizon Depth (cm) Description

Ap 0-14 Yellowish red (5YR4/6); clay loam;
moderate fine and medium granular
structure; friable moist, slightly sticky and
slightly plastic; clear and smooth boundary
to Btl.
Reddish brown (5YR 4/4); clay; moderate
fine sub-angular blocky structure; friable
moist, sticky and plastic; gradual and
smooth boundary to Bt2.
Red (2.5YR 5/6); clay; moderate fine sub-
angular blocky structure; friable moist,
sticky and plastic.

BIt 14-29

B2t 29-50
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25
April 19, 2010
Ban Pong Yaeng Nai, Mae Rim District, Chiang Mai province

479033; 2087570 Elevation: 989 m (MSL)
61 Aspect: SE (161°)
Gr, Triassic granite LU/LC: Mixed deciduous forest

6 Open slopes

Horizon Depth (cm) Description
A 0-11 Dark brown (7.5YR 3/2); sandy clay loam;
moderate medium granular structure;
friable moist, slightly sticky and slightly
plastic; clear and smooth boundary to BA.

BA 11-28 Dark reddish brown (5YR 3/4); clay loam;
moderate fine and medium granular
structure; friable moist, sticky and plastic;
gradual and smooth boundary to Bt1.

Blt 28-50 Yellowish red (SYR 4/6); clay; moderate
fine sub-angular blocky structure; friable
moist, sticky and plastic; gradual and
smooth boundary to Bt2.

B2t 50+ Red (2.5YR 4/6); clay,; moderate fine sub-
angular blocky structure; friable moist,
sticky and plastic.

26
April 24, 2010
Huai Na Lio, Mae Rim District, Chiang Mai province

477868; 2085530 Elevation: 1,219 m (MSL)
62 Aspect: NE (43°)
Gr, Triassic granite LU/LC: Mixed deciduous forest

7 Upper slopes

Horizon Depth (cm) Description
A 0-8 Dark reddish brown (5YR 2.5/2); sandy
clay loam; moderate medium granular
structure; friable moist, slightly sticky and
slightly plastic; clear and smooth boundary
to BA.

BA 8-33 Reddish brown (5YR 4/4); clay loam;
moderate fine granular structure; friable
moist, sticky and plastic; clear and smooth
boundary to Bt.

Bt 33-50 Red (2.5YR 5/6); clay; moderate fine sub-
angular blocky structure; friable moist,
sticky and plastic.
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27
April 28, 2010
Ban Buak Thoei, Mae Rim District, Chiang Mai province

477413; 2087600 Elevation: 1,138 m (MSL)
17 Aspect: SE (152°)
Gr, Triassic granite LU/LC: Dry dipterocarp forest

6 Open slopes

Horizon Depth (cm) Description

A 0-8 Black (5YR 2.5/1); sandy clay loam;
moderate medium granular structure;
friable moist, slightly sticky and slightly
plastic; clear and smooth boundary to BA.
Yellowish red (5YR 4/6); sandy clay loam;
moderate fine and medium granular
structure; friable moist, slightly sticky and
slightly plastic; gradual and smooth
boundary to Btl.
Reddish brown (5YR 4/4); clay; moderate
fine sub-angular blocky structure; friable
moist, sticky and plastic; gradual and
smooth boundary to Bt2.
Red (2.5YR 4/6); clay; moderate fine sub-
angular blocky structure; friable moist,
very sticky and very plastic.

BA 8-15

Bit 15-24

B2t 24-50

28

April 24, 2010

Doi Pa Kia, Mae Rim District, Chiang Mai province

477683; 2086040 Elevation: 1,238 m (MSL)

6 Aspect: SE (165°)

Gr, Triassic granite LU/LC: Mixed deciduous forest
10 Mountain tops

Horizon Depth (cm) Description

A 0-11 Dark reddish brown (5YR 3/4); sandy clay
loam; moderate medium granular structure;
friable moist, slightly sticky and slightly
plastic; clear and smooth boundary to BA.
Reddish brown (2.5YR 4/3); sandy clay
loam; moderate medium granular structure;
friable moist, slightly sticky and slightly
plastic; clear and smooth boundary to B.
Red (2.5YR 4/8); clay loam; moderate fine
and medium sub-angular blocky structure;
friable moist, sticky and plastic.

BA 11-21

B 21-50
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29

April 30, 2010

Ban Nong Hoi, Mae Rim District, Chiang Mai province

482022; 2093000 Elevation: 1,224 m (MSL)
25 Aspect: SE (158°)

Gr, Triassic granite LU/LC: Field crop

1 Canyons or Deeply incised streams

Horizon  Depth (cm)
Ap 0-11

Description

Black (5YR 2.5/1); clay loam; moderate
medium granular structure; friable moist,
slightly sticky and slightly plastic; clear
and smooth boundary to B1.

Dark reddish brown (5YR 3/2); clay loam;
moderate fine and medium granular
structure; friable moist, sticky and plastic;
gradual and smooth boundary to B2.

Dark reddish brown (5YR 3/4); clay;
moderate fine sub-angular blocky structure;
friable moist, sticky and plastic.

Bl 11-27

B2t 27-50

30
April 30,2010
Ban Nong Hoi, Mae Rim District, Chiang Mai province

481634; 2092860 Elevation: 1,170 m (MSL)
3 Aspect: S (186°)
Gr, Triassic granite LU/LC: Field crop

1 Canyons or Deeply incised streams

Horizon Depth (cm) Description

Ap 0-10 Dark reddish brown (5YR 2.5/2); clay
loam; moderate fine and medium granular
structure; friable moist, slightly sticky and
slightly plastic; clear and smooth boundary
to Btl.
Reddish brown (5YR 4/4); clay; moderate
fine sub-angular blocky structure; friable
moist, sticky and plastic; gradual and
smooth boundary to Bt2.
Dark reddish brown (5YR 3/4); clay;
moderate fine sub-angular blocky structure;
friable moist, sticky and plastic..

Bit 10-26

B2t 26-50



A.1 (Continued).

Information on the site
Sample no:
Date of examination:
Location:
Position:
Slope:
Geology:
Landform:

Profile description
Picture

Information on the site
Sample no:
Date of examination:
Location:
Position:
Slope:
Geology:
Landform:

Profile description
Picture

3)

154

31

May 04, 2010

Doi Pa Sang Luang, Mae Rim District, Chiang Mai province

486427; 2090930 Elevation: 850 m (MSL)

32 Aspect: NW (292°)

Gr, Triassic granite LU/LC: Mixed deciduous forest

2 Midslope drainages, Shallow valleys

Horizon Depth (cm) Description
A 0-5 Very dark gray (5YR 3/1); clay loam;
moderate medium granular structure;
friable moist, slightly sticky and slightly
plastic; clear and smooth boundary to BA.

AB 5-12 Yellowish red (SYR 5/6); clay loam;
moderate fine granular structure; friable
moist, slightly sticky and slightly plastic;
clear and smooth boundary to Bt1.

Blt 12-27 Red (2.5YR 5/8); clay; moderate fine sub-
angular blocky structure; friable moist,
sticky and plastic; gradual and smooth
boundary to Bt2.

B2t 27-50 Reddish brown (2.5YR 5/4); clay;
moderate fine sub-angular blocky structure;
friable moist, sticky and plastic.

32
April 19,2010
Doi San Phi Mon, Mae Rim District, Chiang Mai province

480923; 2089270 Elevation: 883 m (MSL)
55 Aspect: N (356°)
PE, Precambrian gneiss LU/LC: Mixed deciduous forest

6 Open slopes

Horizon Depth (cm) Description
A 0-5 Dark reddish brown (5YR 3/2); sandy clay
loam; moderate medium granular structure;
friable moist, slightly sticky and slightly
plastic; clear and smooth boundary to BA.

AB 5-13 Dark reddish brown (5YR 3/4); sandy clay
loam; moderate fine and medium granular
structure; friable moist, sticky and plastic;
gradual and smooth boundary to Bt1.

Blt 13-32 Red (2.5YR 4/6); clay,; moderate fine sub-
angular blocky structure; friable moist,
very sticky and very plastic; gradual and
smooth boundary to Bt2.

B2t 32-50 Dark red (2.5YR 3/6); clay; moderate fine
sub-angular blocky structure; friable moist,
very sticky and very plastic.
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33
April 20, 2010
Doi Chang Tai, Mae Rim District, Chiang Mai province

480540; 2088880 Elevation: 1,006 m (MSL)
35 Aspect: SE (145°)
PE, Precambrian gneiss LU/LC: Mixed deciduous forest

2 Midslope drainages, Shallow valleys

Horizon Depth (cm) Description
A 0-12 Black (5YR 2.5/1); sandy clay loam;

moderate medium granular structure;
friable moist, slightly sticky and slightly
plastic; clear and smooth boundary to Btl.

Blt 12-23 Dark reddish brown (5YR 3/4); clay;
moderate fine sub-angular blocky structure;
friable moist, sticky and plastic; gradual
and smooth boundary to Bt2.

B2t 23-50 Reddish brown (5YR 4/3); clay; moderate
fine sub-angular blocky structure; friable
moist, very sticky and very plastic.

34

May 14, 2010

Huai Nam Un, Mae Rim District, Chiang Mai province

487378; 2086860 Elevation: 912 m (MSL)

9 Aspect: SE (147°)

Gr, Triassic granite LU/LC: Evergreen forest

1 Canyons or Deeply incised streams

Horizon Depth (cm) Description
A 0-7 Very dark grayish brown (10YR 3/2); clay
loam; moderate medium granular structure;
friable moist, slightly sticky and slightly
plastic; clear and smooth boundary to BA.

BA 7-23 Brown (7.5YR 4/2); clay loam; moderate
fine and medium granular structure; friable
moist, sticky and plastic; clear and smooth
boundary to Btl.

Blt 23-41 Brown (7.5YR 5/4); clay; moderate fine
sub-angular blocky structure; friable moist,
sticky and plastic; gradual and smooth
boundary to Bt2.

B2t 41-50 Strong brown (7.5YR 5/6); clay; moderate
fine sub-angular blocky structure; friable
moist, sticky and plastic.
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35
April 17, 2010
Ban Ton Tong, Mae Rim District, Chiang Mai province

488361; 2091240 Elevation: 631 m (MSL)
15 Aspect: NE (41°)
Gr, Triassic granite LU/LC: Mixed deciduous forest

7 Upper slopes

Horizon Depth (cm) Description

A 0-11 Dark reddish brown (5YR 2.5/2); sandy
clay loam; moderate medium granular
structure; friable moist, slightly sticky and
slightly plastic; clear and smooth boundary
to B.

B 11-33 Reddish brown (5YR 5/4); clay; moderate
fine and medium granular structure; friable
moist, sticky and plastic; gradual and
smooth boundary to Bt.

Bt 33-50 Red (2.5YR 4/6); clay; moderate fine sub-
angular blocky structure; friable moist,
very sticky and very plastic.

36

May 12, 2010

Ban Mae Sa Mai, Mae Rim District, Chiang Mai province

485600; 2087180 Elevation: 851 m (MSL)
55 Aspect: NW (314°)

Gr, Triassic granite LU/LC: Evergreen forest

6 Open slopes

Horizon Depth (cm) Description

A 0-14 Black (7.5YR 2.5/1); sandy clay loam;
moderate medium granular structure;
friable moist, slightly sticky and slightly
plastic; clear and smooth boundary to B.

B 14-37 Dark brown (7.5YR 3/2); clay loam;
moderate fine and medium sub-angular
blocky structure; friable moist, sticky and
plastic; gradual and smooth boundary to Bt.

Bt 37-50 Strong brown (7.5YR 4/6); clay; moderate
fine and medium sub-angular blocky
structure; friable moist, sticky and plastic.
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37

May 14, 2010

Huai Nam Un, Mae Rim District, Chiang Mai province

488057; 2087130 Elevation: 824 m (MSL)

32 Aspect: NE (40°)

Gr, Triassic granite LU/LC: Mixed deciduous forest
6 Open slopes

Horizon
A 0-8

Depth (cm) Description

Dark Reddish Brown (5YR 2.5/2); sandy clay
loam; moderate medium granular structure;
friable moist, slightly sticky and slightly
plastic; clear and smooth boundary to BA.
Dark reddish brown (5YR 3/4); sandy clay
loam; moderate fine and medium granular
structure; friable moist, slightly sticky and
slightly plastic; gradual and smooth
boundary to B.

Red (2.5YR 4/6); clay loam; moderate fine
sub-angular blocky structure; friable moist,
sticky and plastic; gradual and smooth
boundary to Bt.

Red (2.5YR 4/8); clay; moderate fine sub-
angular blocky structure; friable moist,
sticky and plastic.

BA 8-20

B 20-42

Bt 42-50

38

April 08, 2010
Ban Mae Sa Mai, Mae Rim District, Chiang Mai province

483842; 2087450 Elevation: 922 m (MSL)
23 Aspect: N (14°)
Gr, Triassic granite LU/LC: Orchard

6 Open slopes

Horizon Depth (cm) Description

Ap 0-22 Dark reddish brown (5YR 3/2); sandy clay
loam; moderate medium granular structure;
friable moist, slightly sticky and slightly
plastic; clear and smooth boundary to Btl.
Reddish brown (5YR 4/4); clay; moderate
fine sub-angular blocky structure; friable
moist, very sticky and very plastic; gradual
and smooth boundary to Bt2.
Reddish brown (5YR 4/4); clay; moderate
fine sub-angular blocky structure; firm
moist, very sticky and very plastic.

BIt 22-33

B2t 33-50
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39

April 30, 2010

Huai Nong Hoi, Mae Rim District, Chiang Mai province

481015; 2091670 Elevation: 1,037 m (MSL)

12 Aspect: SE (120°)

PE, Precambrian gneiss LU/LC: Mixed deciduous forest
9 Midslope ridges, Small hills in plains

Horizon Depth (cm) Description

A 0-27 Black (5YR 2.5/1); sandy clay loam;
moderate medium granular structure;
friable moist, slightly sticky and slightly
plastic; clear and smooth boundary to BA.
Dark reddish brown (5YR 2.5/2); sandy
clay loam; moderate fine and medium
granular structure; friable moist, slightly
sticky and slightly; clear and smooth
boundary to Bt.
Reddish brown (5YR 4/4); clay; moderate
fine sub-angular blocky structure; friable
moist, sticky and plastic.

BA 27-38

Bt 38-50

40

May 06, 2010

Doi Mae Luat, Mae Rim District, Chiang Mai province

484429; 2091230 Elevation: 864 m (MSL)

50 Aspect: SW (195°)

Gr, Triassic granite LU/LC: Mixed deciduous forest
6 Open slopes

Horizon Depth (cm) Description

A 0-8 Dark Brown (7.5YR 3/2); clay loam,;
moderate medium granular structure;
friable moist, slightly sticky and slightly
plastic; gradual and smooth boundary to
BA.
Brown (7.5YR 4/4); clay loam; moderate
fine and medium granular structure; friable
moist, slightly sticky and slightly plastic;
gradual and smooth boundary to Bt1.
Red (2.5YR 4/8); clay; moderate fine sub-
angular blocky structure; friable moist,
sticky and plastic; gradual and smooth
boundary to Bt2.
Dark red (2.5YR 3/6); clay; moderate fine
sub-angular blocky structure; friable moist,
sticky and plastic.

BA 8-18

Bit 18-36

B2t 36-50
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41

May 04, 2010

Doi Mae Luat, Mae Rim District, Chiang Mai province

486102; 2091450 Elevation: 880 m (MSL)

46 Aspect: NE (46°)

Gr, Triassic granite LU/LC: Mixed deciduous forest
6 Open slopes

Horizon Depth (cm) Description

A 0-6 Dark brown (7.5YR 3/2); clay loam;
moderate medium granular structure;
friable moist, slightly sticky and slightly
plastic; clear and smooth boundary to BA.
Dark reddish brown (5YR 3/3); clay loam;
moderate fine and medium granular
structure; friable moist, slightly sticky and
slightly plastic; clear and smooth boundary
to Btl.
Reddish brown (5YR 4/4); clay; moderate
fine sub-angular blocky structure; friable
moist, sticky and plastic; gradual and
smooth boundary to Bt2.
Reddish brown (5YR 5/4); clay; moderate
fine sub-angular blocky structure; friable
moist, sticky and plastic.

BA 6-18

Bit 18-32

B2t 32-50

42

April 08, 2010

Ban Mae Sa Mai, Mae Rim District, Chiang Mai province

483503; 2085530 Elevation: 1,122 m (MSL)
63 Aspect: N (17°)

Gr, Triassic granite LU/LC: Field crop

10 Mountain tops

Horizon Depth (cm) Description

Ap 0-19 Reddish brown (2.5YR 4/3); clay loam;
moderate fine and medium granular
structure; friable moist, slightly sticky and
slightly plastic; gradual and smooth
boundary to Btl.
Reddish brown (5YR 4/3); clay; moderate
fine and medium sub-angular blocky
structure; friable moist, sticky and plastic;
gradual and smooth boundary to Bt2.
Dark reddish brown (5YR 3/4); clay; fine
sub-angular blocky structure; friable moist,
sticky and plastic.

Bit 19-38

B2t 38-50
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43

May 05, 2010

Ban Pong Yaeng Nok, Mae Rim District, Chiang Mai province

483233; 2090920 Elevation: 943 m (MSL)

65 Aspect: SW (202°)

Gr, Triassic granite LU/LC: Mixed deciduous forest
7 Upper slopes

Horizon Depth (cm) Description
A 0-17 Black (7.5YR 2.5/1); sandy clay loam;
moderate medium granular structure;
friable moist, slightly sticky and slightly
plastic; clear and smooth boundary to Btl.

BA 17-28 Dark reddish brown (5YR 3/3); sandy clay
loam; moderate fine and medium granular
structure; friable moist, slightly sticky and
slightly plastic; gradual and smooth
boundary to Bt2.

Blt 28-44 Reddish brown (2.5YR 4/3); clay;
moderate fine sub-angular blocky structure;
friable moist, sticky and plastic; gradual
and smooth boundary to Bt3.

B2t 44-50 Red (2.5YR 4/6); clay; moderate fine sub-
angular blocky structure; friable moist,
sticky and plastic.

44

May 12, 2010

Ban Pa Kha, Mae Rim District, Chiang Mai province

487343; 2085620 Elevation: 1,209 m (MSL)

34 Aspect: NE (38°)

Gr, Triassic granite LU/LC: Mixed deciduous forest

8 Local ridges, Hills in valleys

Horizon Depth (cm) Description

A 0-8 Black (5YR 2.5/1); sandy clay loam;
moderate medium granular structure;
friable moist, slightly sticky and slightly
plastic; clear and smooth boundary to BA.

BA 8-16 Dark reddish brown (5YR 3/4); sandy clay
loam; moderate fine and medium granular
structure; friable moist, sticky and plastic;
gradual and smooth boundary to B.

B 16-29 Reddish brown (5YR 4/6); sandy clay
loam; moderate fine and medium sub-
angular blocky structure; friable moist,
sticky and plastic; gradual and smooth
boundary to Bt.

Bt 29-50 Red (2.5YR 5/8); clay; moderate fine sub-
angular blocky structure; friable moist,
sticky and plastic.
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45

May 05, 2010

Huai Suea, Mae Rim District, Chiang Mai province

480863; 2091080 Elevation: 985 m (MSL)

15 Aspect: SW (200°)

PE, Precambrian gneiss LU/LC: Mixed deciduous forest

9 Midslope ridges, Small hills in plains

Horizon Depth (cm) Description
A 0-6 Dark reddish brown (5YR 2.5/2); sandy clay

loam; moderate medium granular structure;
friable moist, slightly sticky and slightly
plastic; clear and smooth boundary to BA.

BA 6-14 Reddish brown (5YR 4/3); sandy clay loam;
moderate fine and medium granular structure;
friable moist, slightly sticky and slightly
plastic; clear and smooth boundary to Bt1.

Blt 14-37 Reddish brown (2.5YR 4/4); clay;
moderate fine sub-angular blocky structure;
friable moist, sticky and plastic; gradual
and smooth boundary to Bt2.

B2t 37-50 Dark red (2.5YR 3/6); clay; moderate fine
sub-angular blocky structure; friable moist,
sticky and plastic.

46

April 07, 2010

Mae Sa Mai Water Management Unit, Mae Rim District, Chiang Mai province
484052; 2090100 Elevation: 739 m (MSL)

16 Aspect: SW (228°)

PE, Precambrian gneiss LU/LC: Mixed deciduous forest

9 Midslope ridges, Small hills in plains

Horizon Depth (cm) Description
A 0-11 Dark reddish brown (5YR 2.5/2); sandy clay
loam; moderate medium granular structure;
friable moist, slightly sticky and slightly
plastic; clear and smooth boundary to BA.

BA 11-18 Reddish brown (5YR 4/4); sandy clay
loam; moderate fine and medium granular
structure; friable moist, slightly sticky and
slightly plastic; clear and smooth boundary
to Btl.

Blt 18-25 Yellowish red (5YR 4/6); clay; moderate
fine sub-angular blocky structure; friable
moist, sticky and plastic; gradual and
smooth boundary to Bt2.

B2t 25-50 Reddish brown (2.5YR 4/4); clay;
moderate fine sub-angular blocky structure;
friable moist, very sticky and very plastic.
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47
May 03, 2010
Huai Pong Tai, Mae Rim District, Chiang Mai province

479581, 2092430 Elevation: 1,334 m (MSL)
10 Aspect: SW (208°)
Gr, Triassic granite LU/LC: Mixed deciduous forest
10 Mountain tops
Horizon Depth (cm) Description

A 0-8 Dark reddish brown (5YR 2.5/4); sandy
clay loam; moderate medium granular
structure; friable moist, slightly sticky and
slightly plastic; clear and smooth boundary
to Btl.

Reddish brown (5YR 4/3); clay; moderate
fine sub-angular blocky structure; friable
moist, sticky and plastic; gradual and
smooth boundary to Bt2.

Dark red (5YR 3/6); very gravelly clay;
moderate fine sub-angular blocky structure;
friable moist, very sticky and very plastic.

Bit 8-33

33-50

48

May 07, 2010

Ban Pa Kha, Mae Rim District, Chiang Mai province
486503; 2086070 Elevation:
23 Aspect:

Gr, Triassic granite LU/LC:

10 Mountain tops

1,273 m (MSL)
E (107°)
Evergreen forest

Horizon Depth (cm) Description

A 0-7 Black (2.5YR 2.5/1); sandy clay loam;
moderate medium granular structure;
friable moist, slightly sticky and slightly
plastic; clear and smooth boundary to BA.
Dark reddish brown (2.5YR 3/4); sandy clay
loam; moderate fine and medium granular
structure; friable moist, sticky and plastic;
gradual and smooth boundary to Bt1.
Reddish brown (5YR 4/6); clay; moderate
fine sub-angular blocky structure; friable
moist, sticky and plastic; gradual and
smooth boundary to Bt2.
Reddish brown (5YR 5/4); clay; moderate
fine sub-angular blocky structure; friable
moist, very sticky and very plastic.

BA 7-14

Bit

14-27

B2t 27-50



APPENDIX B

SOIL SAMPLE PROPERTIES



B.1 Soil sample properties.

Sample Depth Sand Silt Clay Texture pH oM N P K Ca Mg Na CEC BS

No (cm) (%) (%) (%) (%) (%) (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (megq/100g) (%)
1 0-25 32.88 30.36 36.76  clay loam 5.98 10.05  0.4925 9.76 22395 112695 491.23 94.92 35.44  30.06
25-50 20.88 27.36 51.76 clay 6.16 3.09 0.1382 2.23 120.73 52443  273.46 55.52 2541 21.32
2 0-25 34.46 33.36 32.18 clay loam 6.52 9.90 0.5048 10.09 26227 1355.02 487.86  107.66 30.77 38.72
25-50 20.38 27.36 52.26 clay 6.34 3.78 0.1574 2.57 14591 648.45 24425 59.13 2596 22.64
3 0-25 35.96 28.36 35.68 clay loam 6.46 4.00  0.2000 474 16691 82593  335.65 81.61 18.71  40.96
25-50 24.88 22.52 52.60 clay 5.50 1.05 0.0640 1.14 78.51 488.72 177.94 37.11 14.98 28.47
4 0-25 37.30 30.36 32.34 clay loam 6.03 8.40 0.3198 7.07 20937 91350 341.29 99.02 24.34 3423
25-50 24.46 22.36 53.18 clay 5.17 3.05 0.1257 1.24 106.74  527.83 214.54 50.42 22.04 22.19
5 0-25 39.88 30.36 29.76  clay loam 5.22 7.48  0.1541 5.83 103.45 511.84  238.02 48.92 22.73  21.96
25-50 30.80 24.36 44.84 clay 5.46 2.07  0.0734 1.03 66.43 42751 173.73 40.81 15.84 24.69
6 0-25 49.96 25.20 24.84 sandy clay loam 5.32 538  0.1689 4.25 123.63  562.16  228.45 41.73 20.69 25.05
25-50 44.38 21.36 34.26 clay loam 5.68 1.59  0.0750 1.08 75.50 37339 111.72 35.73 17.37 18.03
7 0-25 47.30 25.53 27.18 sandy clay loam 5.95 3.84 0.1922 4.03 162.18 752.88 35597 88.97 17.94 41.73
25-50 27.46 19.36 53.18 clay 591 0.74  0.0371 0.96 98.02  340.48  146.63 22.71 11.63 28.00
8 0-25 48.46 22.20 29.34  sandy clay loam 5.07 433  0.2165 2.42 9473  468.72  250.49 4481 18.76  25.78
25-50 43.38 14.20 42.42  clay 4.74 1.07  0.0534 0.85 60.60 25056 111.83 16.90 16.33  14.69

9 0-25 36.22 34.36 29.43  clay loam 6.23 471  0.1733 6.09 164.13  845.07 34343 77.64 19.25 40.53
25-50 23.38 25.36 51.26 clay 5.06 1.12  0.0960 1.41 85.51  474.63 191.64 26.21 13.68 31.27

10 0-25 52.80 22.52 24.68 sandy clay loam 4.94 9.90 0.3948 5.06 9575  473.63 192.51 42.62 28.89 15.15
25-50 39.88 20.36 39.76 clay loam 4.89 347  0.1291 1.08 64.51 319.18  129.73 30.51 19.67 15.04

11 0-25 45.88 25.36 28.76  sandy clay loam 5.45 3.60 0.1802 372 112.84 55831  304.29 53.36 17.39 33.41
25-50 33.30 22.52 44.18 clay 4.82 0.64  0.0319 1.24 51.02 35830 15253 24.12 17.23  19.03
12 0-25 32.38 33.36 34.26 clay loam 6.74 6.55 0.3476 6.56 201.63 99745  439.52 65.34 21.55 43.59
25-50 22.96 26.20 50.84 clay 6.01 341  0.0845 2.24 76.71 47731 184.63 45.22 16.49 26.03

13 0-25 40.04 24.20 35.76 clay loam 6.20 2.12  0.1460 1.19 15287 72637  325.19 72.30 16.72 4191
25-50 28.88 18.52 52.60 clay 5.35 0.59  0.0493 1.24 68.70 43992  158.13 32.51 13.66 27.91
14 0-25 44.88 25.36 29.76  clay loam 5.42 7.02  0.2508 448 15678 67296  273.49 74.14 21.94 28.86
25-50 30.88 19.52 49.60 clay 4.98 1.84  0.0722 1.13 63.30 313.08 127.22 29.91 17.35 16.72
15 0-25 50.96 21.20 27.84 sandy clay loam 4.74 9.09  0.3543 6.42 81.95 42553  204.81 38.76 23.16 18.08
25-50 50.88 22.20 26.92 sandy clay loam 5.01 3.50  0.0922 1.08 4172 30747 103.62 15.31 16.35 15.66
16 0-25 47.89 22.36 29.76  sandy clay loam 5.23 9.34  0.3413 5.33 118.08  504.15 287.41 55.84 25.47 21.30
25-50 29.80 24.36 45.84 clay 5.46 1.48 0.1776 1.53 108.34  495.03 151.13 47.31 2552 16.44

124!



B.1 (Continued).

Sample Depth Sand Silt Clay Texture pH oM N P K Ca Mg Na CEC BS
No (cm) (%) (%) (%) (%) (%) (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (meq/100g) (%)
17 0-25 51.30 22.52 26.18 sandy clay loam 5.38 322 0.1112 4.54 83.28  338.60 213.87 26.19 16.93 2231
25-50 46.30 19.36 34.34 sandy clay loam 4.50 0.59  0.0293 0.61 37.93 27858 12623 27.91 15.18 17.44
18 0-25 49.04 23.20 27.76  sandy clay loam 5.27 4.00 0.1100 2.36 9524 49134  251.56 45.06 18.44 26.90
25-50 48.54 15.20 36.26 sandy clay 4.39 1.14  0.0583 0.65 35.50 226.25 108.33 12.12 1221 17.72
19 0-25 48.80 24.52 26.68 sandy clay loam 5.38 3.84  0.2353 2.07 11143 56134  234.06 32.69 21.18 24.34
25-50 40.30 20.52 39.18 clay loam 5.21 0.72  0.0860 0.47 40.82  261.76 82.02 20.30 14.13  15.39
20 0-25 46.36 28.46 25.18 loam 5.33 476  0.1379 3.84 109.16 54022  219.55 51.64 19.28 25.97
25-50 47.38 16.36 36.26 sandy clay 4.89 1.22 0.0612 0.83 54.62 171.44 79.61 16.41 11.15 15.44
21 0-25 42.72 26.53 30.76 clay loam 5.75 476  0.1379 1.06 164.09 811.88 319.93 87.61 19.67 38.05
25-50 26.88 20.36 52.76 clay 5.58 1.22  0.0612 0.57 97.51  432.00 216.24 30.81 21.49 20.10
22 0-25 46.30 26.52 27.18 sandy clay loam 5.56 8.43  0.3215 4.11 152.64  833.60 338.76 79.68 2452 31.34
25-50 28.38 23.36 48.26 clay 591 3.19  0.1095 2.04 11381 413.10 188.84 25.82 19.18 20.95
23 0-25 51.80 21.52 26.68 sandy clay loam 5.31 7.48  0.2741 2.54 91.61 45328  208.35 32.23 16.72 26.03
25-50 48.80 15.52 35.68 sandy clay 5.02 2.07 0.1034 0.80 4230 25327 65.02 23.31 11.22  17.90
24 0-25 42.72 26.52 30.77 clay loam 5.24 476  0.1379 1.82 14576  786.25  293.08 68.92 19.67 35.63
25-50 30.46 16.20 53.34 clay 5.01 1.74  0.0612 1.14 59.51 338.78  159.73 28.21 16.04 20.45
25 0-25 47.71 24.70 27.59 sandy clay loam 5.09 8.67 0.3336 6.08 99.74  543.04  240.69 41.91 25.07 20.45
25-50 39.80 22.36 37.84 clay loam 5.05 331  0.0755 1.51 41.09 371.80 132.92 33.61 17.82  17.96
26 0-25 54.96 22.20 22.84 sandy clay loam 4.33 9.09 0.3543 7.53 85.70  473.59 21246 45.27 27.08 16.72
25-50 41.80 22.52 35.68 clay loam 5.05 240  0.0864 1.64 79.53  446.11 149.33 13.91 18.63 19.97
27 0-25 53.88 22.36 23.76  sandy clay loam 5.00 7.40  0.2698 5.19 93.72  483.81 268.50 44.32 2229 22.68
25-50 32.80 20.52 46.68 clay 4.83 1.97  0.0983 1.03 51.41 305.07 93.32 29.61 16.37 15.58
28 0-25 50.38 23.52 26.10  sandy clay loam 4.69 7.57  0.2842 4.73 86.95 430.26  293.08 36.00 2581 19.13
25-50 43.96 16.20 39.84 clay loam 5.06 1.67  0.0744 0.71 27.72  230.16 87.62 18.21 14.25 14.18
29 0-25 35.54 29.20 35.26 clay loam 6.00 8.83  0.4413 6.15 185.87 1167.03  454.35 96.99 30.77 33.99
25-50 23.80 21.36 54.84 clay 5.94 3.69 0.1845 2.14 14834  613.14  238.25 64.83 2536 22.40
30 0-25 41.63 24.87 33.51 clay loam 5.58 8.15 03077 356  203.62 81441 21944 96.30 28.89 23.57
25-50 27.38 19.36 53.26 clay 5.22 248  0.1600 0.71 84.73  467.81 180.73 4421 24.16 17.51
31 0-25 40.29 26.70 33.01 clay loam 6.04 722  0.2612 456 17039 823.12 31262 65.57 2222 33.31
25-50 37.30 17.52 45.18 clay 5.69 1.97  0.0883 0.84 72.02  503.73 23535 50.72 2230 21.77
32 0-25 48.04 25.20 26.76 sandy clay loam 5.35 1.79  0.0896 0.81 12629 45473 28391 69.73 21.67 24.14
25-50 41.80 16.52 41.68 clay 4.74 0.53  0.0267 0.72 41.52  290.78 97.52 18.21 14.34 17.01
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B.1 (Continued).

Sample Depth Sand Silt Clay Texture pH oM N P K Ca Mg Na CEC BS
No (cm) (%) (%) (%) (%) (%) (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (meq/100g) (%)
33 0-25 49.14 18.69 32.18 sandy clay loam 5.60 8.43  0.3215 444 15819 731.18 388.44 89.02 24.93  30.63
25-50 27.30 24.36 48.34 clay 5.26 3.09 0.1392 1.03 96.53 42731 154.03 45.61 21.05 18.26
34 0-25 34.46 31.20 34.34 clay loam 5.42 9.55 04775 11.15 159.40 687.71  290.76 70.85 28.12  23.26
25-50 23.80 25.36 50.84 clay 5.46 398 0.1724 2.26 81.21 510.82  203.54 45.82 23.07 20.08
35 0-25 46.38 25.36 28.26 sandy clay loam 5.41 6.69  0.2345 3.06 10556 52240 21230 49.93 17.92  27.02
25-50 33.30 19.36 47.34  clay 4.74 1.41  0.0779 0.81 49.69 22236 107.93 33.52 13.05 17.40
36 0-25 53.71 22.20 24.09 sandy clay loam 4.82 3.74  0.1371 1.34 124772 412.14  260.77 58.97 22.47 21.26
25-50 51.04 17.20 31.76  sandy clay loam 4.36 0.67  0.0836 0.41 38.12  236.95 136.92 32.21 22.04 11.56
37 0-25 50.96 24.36 24.68 sandy clay loam 5.26 8.67 0.3336 6.57 97.35 55172  215.76 46.05 19.44 25.60
25-50 44.30 22.36 33.34 clay loam 5.76 3.12  0.0776 1.46 4790  412.40 96.42 22.71 13.86 22.17
38 0-25 50.46 25.20 24.34  sandy clay loam 5.63 791  0.2698 892 11632 42657  233.69 45.54 24.41 18.63
25-50 30.80 22.52 46.68 clay 5.24 2.05  0.1126 1.01 36.52  251.36 63.41 26.51 14.26 13.92
39 0-25 49.88 25.52 24.60 sandy clay loam 5.01 8.17 02787 3.07 92.51 52825 24591 47.38 19.25 26.51
25-50 45.54 13.20 41.26 sandy clay 4.78 3.00 0.1400 1.61 4512  263.67 83.06 12.90 14.28 15.20
40 0-25 41.30 27.36 31.34 clay loam 5.23 7.05  0.2804 6.84 11405 56431 229.33 53.93 26.46 19.77
25-50 33.96 22.36 43.68 clay 5.53 1.48  0.1388 1.43 65.02 42080 171.03 40.21 17.05 22.57
41 0-25 40.88 28.36 30.76 clay loam 5.82 9.17 0.3413 4.43 169.14  836.85  340.09 64.99 24.13 31.87
25-50 27.88 25.52 46.60 clay 5.64 3.15 0.1523 1.81 99.31 45032  139.92 46.42 2251 17.12
42 0-25 49.88 21.36 28.76  sandy clay loam 5.30 5.57 0.1784 1.04 113.11  659.78  247.56 53.50 20.85 28.06
25-50 41.80 18.36 39.84 clay loam 4.89 1.50  0.0850 0.54 5431 36890 129.23 25.70 16.03 19.68
43 0-25 49.38 25.36 25.26 sandy clay loam 5.10 10.05  0.3403 5.13 103.10  580.08 227.29 48.76 23.46 2234
25-50 36.88 21.36 41.76 clay 5.14 391 0.0814 1.98 63.81 31587 12843 30.21 17.57 16.67
44 0-25 54.46 23.20 22.34  sandy clay loam 5.05 7.02  0.2508 2.35 93.64 46330  268.29 44.28 21.74 22.78
25-50 50.80 20.36 28.84 sandy clay loam 4.74 1.84  0.1192 1.08 41.09 26327 112.73 19.40 14.78 16.45
45 0-25 45.88 25.36 28.76  sandy clay loam 5.46 795 03174 5.15 82.03  761.02  285.4l 67.73 2332 28.52
25-50 29.88 20.36 49.76  clay 5.16 240  0.1298 0.84 77.30 33329 13543 31.82 20.18 15.43
46 0-25 47.38 26.36 26.26 sandy clay loam 5.51 7.10  0.1351 1.27 14920 73829  281.03 70.58 22.02 30.36
25-50 36.80 16.36 46.84 clay 5.05 1.90  0.0948 0.78 5470  270.66 78.02 23.91 14.34  15.59
47 0-25 47.38 22.52 30.10 sandy clay loam 5.13 6.05 0.1826 276 104.82  469.22  360.71 44.85 21.13 27.32
25-50 42.22 15.52 42.26 clay 4.87 1.31  0.0828 0.81 65.02  309.18 98.22 23.82 14.99 17.48
48 0-25 48.38 24.36 27.26 sandy clay loam 5.39 391  0.0957 2.11 11855 586.57 238.38 56.07 19.32 28.14
25-50 37.72 18.52 43.76 clay 4.61 0.88  0.0740 0.74 3749 38539 15533 27.70 19.50 17.53
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C.1 Accuracy assessment of topsoil properties prediction by using PLS regression.

Predictive topsoil properties using PLS regression Error (Predicted — Observed value)

Ne Sand Silt Clay pH OM N P K Ca Mg Na CEC BS Sand Silt Clay pH OM N P K Ca Mg Na CEC BS
6 4941 2473 27.14 511 6.60 023 4.08 10831 501.07 27352 5143 2243 2521 -0.55 -047 230 -021 122 0.06 -0.17 -15.32 -61.09 4507 9.70 1.74 0.17
7 4031 2781 30.17 578 6.07 022 4.62 15048 669.13 305.80 74.05 21.80 3226 -6.99 228 3.00 -0.17 222 0.03 0.60 -11.70 83.75 -50.17 -14.92 3.86 948
8 4748 2571 2756 526 6.09 020 4.05 11458 52294 27273 56.77 2127 2747 -0.98 357 -1.78 0.19 1.75 -0.01 1.63 19.85 5422 2224 11.96 251 1.69
11 475 2738 2997 5.60 553 021 4.19 143.18 565.78 31495 71.01 2153 3321 -L13 2.02 1.21 0.15 1.93 0.03 047 3034 747 10.66 17.65 4.14 -0.20
16 49.15 2415 2852 491 897 034 5.96 116.06 501.84 304.53 5439 26.86 2148 126 1.79 -1.23 -0.32 -0.38 0.00 0.64 202 231 17.12 -145 1.39 0.17
17 49.79 2349 2447 504 493 0.13 1.9 75.77 35328 21232 37.04 1823 2378 -1.51 097 -1.71 -0.34 1.71 0.02 -2.55 751 14.68 -1.55 10.85 1.30 148
19 4831 2526 27.08 532 501 0.15 285 10837 46849 258.87 5497 19.14 2890 -0.49 0.74 040 -0.06 116 -0.09 0.77 -3.06 92.85 2481 228 204 4.57
21 40.99 2636 30.69 572 7.06 027 477 149.61 708.65 31328 7025 23.84 2993 -1.73 -0.17 -0.07 -0.03 230 0.13 372 -14.48 -103.23 6.65 -17.36 4.18 -8.13
23 49.82 2226 2537 5.04 5.88 0.17 217 93.08 489.06 22238 4233 20.50 2205 -1.98 0.74 -131 -027 -1.60 -0.10 -0.37 147 3578 14.03 10.10 378 -3.98
24 45.26 2444 2727 549 6.74 023 345 12273 576.79 253.68 60.74 22.00 25.10 254 -2.08 -3.50 025 1.98 0.09 1.63 -23.03 -209.46 -39.40 -8.18 234 -10.53
28 5043 22.06 2487 4.88 6.68 020 2.82 83.59 449.40 22152 37.70 21.51 19.61 0.05 -146 -1.23 0.19 -0.89 -0.08 -1.90 -3.36 19.14 -71.56 1.70 430 048

29 47.36 2453 3137 552 8.17 033 501 16128 646.17 33582 79.29 2648 2820 11.82 -4.67 -3.89 -048 -0.66 -0.11 -L15 -24.59 -520.80 -118.53 -17.70 429 -5.79

31 3852 2787 31.36 5.68 783 032 630 159.47 73851 339.84 73.05 25.65 29.78 -1.77 1.17 -1.65 -0.36 0.61 0.06 1.74 -10.92 -84.61 2722 748 343 -3.53

32 49.62 2476 2883 551 5.62 0.19 298 137.90 608.66 290.99 69.24 21.04 30.65 158 -044 207 0.16 383 0.10 217 1161 153.93 708 -0.49 -0.63 650

35 4327 26.04 2797 534 6.11 021 412 11729 540.28 27371 5453 21.61 2722 3.1 0.68 -0.29 -0.07 -0.58 -0.02 1.06 11.73 17.88 6147 4.60 3.69 020

38 47.08 2447 2591 5.09 744 025 449 99.86 55991 25320 44.95 23.02 21.50 -3.38 -0.73 1.57 -0.54 -048 -0.02 443 -1646 133.34 1951 -0.59 -1.39 2.87

40 435 2529 2874 531 8.03 030 532 131.16 633.82 293.68 60.77 2515 2436 3.05 207 -2.60 0.08 098 0.02 -1.52 17.11 69.51 64.35 6.84 -1.30 4.59

41 4249 2741 30.17 542 875 036 7.00 146.96 72199 337.17 67.05 2694 26.64 1.61 -0.95 -0.59 -0.40 042 0.01 257 -22.18 -114.80 292 2.06 2.82 -5.23

45 4733 2452 28.07 543 6.87 024 383 136.02 715.04 27487 6474 292 26.19 145 -0.84 -0.69 -0.03 -1.07 -0.08 -1.32 5399 4598 -10.54 299 -0.40 233

48 4815 2467 2938 526 797 030 5.13 13248 570.54 31728 63.17 2528 2593 -023 031 212 -0.13 4.05 021 3.02 1393 -16.03 7890 7.10 596 221

Mean Error (ME) -0.02 0.02 -0.39 -0.12 0.88 0.01 033 027 4145 4.56 243 1.34 -143

Root Mean Square Error (RMSE) 353 1.79 1.95 026 1.80 0.08 201 19.58 144.81 46.08 10.87 313 4.82

Normalized Root Mean Square Error (NRMSE) 022 023 0.18 020 024 023 025 0.19 0.18 0.19 0.15 022 021

Note:  Sand, Silt, Clay, OM, N and BS in percent; P, K, Ca, Mg and Na in ppm; CEC in meq/100g
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C.2

Accuracy assessment of subsoil properties prediction by using PLS regression.

Predictive subsoil properties using PLS regression

Error (Predicted — Observed value)

Ne Sand Silt Clay pH OM N P K Ca Mg Na CEC BS Sand Silt Clay pH OM N P K Ca Mg Na CEC BS
6 43.05 20.19 36.16 5.02 2.00 0.09 1.46 61.49 291.99 131.63 26.84 1644 17.85 -1.33 -1.17 190 -0.66 0.42 0.02 038 -14.01 -81.40 19.91 -8.89 -0.93 -0.18
7 29.36 2125 4824 5.17 1.82 0.09 1.29 73.98 404.09 151.18 31.04 16.12 22.56 1.90 1.89 494 074 1.08 0.05 033 -24.04 63.61 4.55 833 4.49 -543
8 3943 20.03 3941 4.98 1.80 0.09 1.48 60.28 295.18 125.76 25.12 15.10 19.21 395 5.83 -3.01 0.24 0.73 0.03 0.63 -0.32 44.62 13.93 8.22 -123 451
11 3429 2142 43.56 5.20 1.63 0.09 0.91 73.40 374.31 157.57 31.40 16.60 2255 0.99 -1.10 -0.62 0.38 0.99 006 033 22.38 16.01 5.04 7.28 -0.62 352
16 40.14 2248 3734 528 2.96 0.12 2.03 79.36 338.56 161.73 37.15 20.52 1625 10.34 -1.88 -850 018 1.48 -0.06 0.51 -2898  -156.47 10.60 -10.16 -5.00 -0.20
17 4722 17.03 34.60 4.61 1.22 0.07 1.09 36.56 234.93 83.72 15.22 12.18 17.16 0.92 233 0.26 0.11 0.64 0.04 0.48 -1.37 -43.65 -42.51 -12.69 -3.00 -0.28
19 39.95 18.68 40.23 4.83 1.32 0.07 1.04 51.31 286.01 108.47 21.10 1328 19.79 -0.35 -1.84 1.0s 038 0.59 -0.01 0.57 10.49 24.25 26.45 0.80 -0.85 4.40
21 29.13 21.77 48.88 528 2.19 0.11 1.12 78.48 384.81 163.24 3525 18.53 2144 225 1.41 -3.88 030 0.97 0.05 055 -19.03 -47.19 -53.00 4.44 -2.96 1.34
23 4598 16.98 37.65 4.70 1.60 0.08 1.03 43.44 261.02 96.37 19.77 1443 15.59 282 1.46 197 032 047 -0.02 0.24 1.14 7.75 31.35 -3.54 321 231
24 35.59 19.55 4445 4.9 2.04 0.10 0.91 62.78 374.12 128.88 27.85 16.53 18.46 5.13 335 -889  -0.02 0.29 004 023 327 3534 -30.85 -0.36 0.50 -1.99
28 46.90 17.61 35.68 4.73 1.92 0.09 1.39 45.56 256.86 97.91 21.10 15.14 14.57 2.94 1.41 416 033 0.25 0.01 0.67 17.84 26.70 10.29 2.89 0.90 0.39
29 30.53 2261 4799 542 2.67 0.12 0.86 90.05 441.89 181.72 42.32 2141 19.58 6.73 1.25 -685 052 -1.02 006  -128  -5829  -171.25 -56.53 22251 -395 282
31 29.61 2326 46.55 5.44 255 0.11 1.88 89.26 446.67 183.35 39.55 19.76 21.56 -7.69 5.74 137 025 0.59 0.02 1.04 17.24 -57.06 -52.00 -11.17 255 -0.21
32 35.66 19.49 45.03 5.00 1.59 0.09 0.57 64.40 346.45 131.45 28.05 15.79 20.10 -6.14 297 335 0.26 1.06 006 015 22.88 55.67 33.93 9.84 1.46 3.09
35 38.81 20.00 4043 5.01 1.79 0.09 1.53 61.53 330.37 133.23 26.52 15.63 19.59 5.51 0.64 -6.91 0.27 0.38 0.01 0.71 11.84 108.01 25.30 -7.00 2.58 2.19
38 43.04 19.93 36.05 4.96 230 0.10 1.87 59.57 303.46 123.63 25.99 16.54 16.30 1224 259 1063 028 0.25 -0.02 0.86 23.05 52.10 60.22 -0.52 228 238

40 36.39 21.60 41.82 522 2.60 0.11 1.74 76.03 373.74 156.40 34.23 19.03 18.06 243 -0.76 -1.86 031 111 -0.03 0.31 11.01 -47.06 -14.63 -5.98 1.98 451

41 33.82 24.00 41.19 547 2.96 0.12 224 90.90 409.12 184.72 40.06 20.72 19.66 5.94 -1.52 -541 -0.17 020 003 0.43 -8.41 -41.20 44.80 -6.36 -1.79 2.53

45 36.74 19.63 44.00 5.03 212 0.10 1.17 65.90 341.29 133.41 28.59 16.91 17.93 6.86 -0.73 =576 013 -0.28 -0.03 033 -11.40 8.00 -2.02 -3.23 327 251

48 36.20 22.05 41.70 527 254 0.11 1.43 79.75 385.04 161.07 36.94 19.60 18.51 -1.52 353 -2.06 0.66 1.66 0.04 0.69 42.26 -0.35 5.74 9.24 0.10 0.98

Mean Error (ME) -0.02 0.02 -0.39 -0.12 0.88 0.01 2.02 0.88 -10.18 2.03 -2.07 -0.43 0.50

Root Mean Square Error (RMSE) 353 1.79 1.95 026 1.80 0.08 543 2227 70.07 32.92 8.73 2.57 2.78

Normalized Root Mean Square Error (NRMSE) 0.22 0.23 0.18 020 024 023 0.22 0.19 0.18 0.19 0.18 0.18 0.20

Note:

Sand, Silt, Clay, OM, N and BS in percent; P, K, Ca, Mg and Na in ppm; CEC in meq/100g
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C.3 Accuracy assessment of topsoil properties prediction by using cokriging interpolation.

Predictive topsoil properties using cokriging interpolation

Error (Predicted — Observed value)

Ne Sand Silt Clay pH OM N P K Ca Mg Na CEC BS Sand Silt Clay pH OM N P K Ca Mg Na CEC BS
6 46.63 25.62 2815 537 7.16 026 446 13531 662.28 284.62 60.77 2291 2643 -3.33 0.42 3.31 0.05 1.78 0.09 0.21 11.68 100.12 56.17 19.04 222 1.39
7 43.05 27.66 30.12 5.66 695 029 522 154.42 731.09 321.01 70.65 2348 31.02 424 213 294 029 3.11 0.10 1.19 -1.76 -21.79 -34.96 -18.32 553 -1072
8 4433 2725 2927 557 6.88 029 5.06 153.74 679.81 305.55 66.72 2330 2928 4.13 5.05 -0.07 0.50 2.55 0.08 2.64 59.01 211.09 55.06 21.91 4.54 3.50
11 4439 27.55 29.19 574 6.65 032 567 171.66 750.29 338.38 75.42 2428 3212 -1.49 2.19 0.43 0.29 3.04 0.14 1.95 58.82 191.98 34.09 22.06 6.89 -129
16 4745 2533 29.09 531 7.13 033 6.05 201.68 1207.64 498.47 114.06 25.04 26.77 -0.43 2.97 -0.66 008 222 -0.01 0.72 83.60  703.49 211.06 58.22 -0.43 5.47
17 4453 2732 28.50 5.69 6.78 0.16 226 22.44 173.76 116.17 18.97 21.29 30.84 -6.77 4.80 232 0.31 3.55 005 228 -60.84  -164.84 -97.70 -7.22 436 853
19 4423 27.39 2931 5.61 718 022 3.56 81.24 565.81 261.42 54.99 279 2993 -4.57 2.87 2.63 0.23 334 -0.02 1.49 -30.19 4.47 27.36 22.30 1.61 5.59
21 4556 2505 2892 537 7.76 033 472 186.37 930.61 372.76 83.39 2430 2725 2.84 -1.48 -1.83 -0.38 3.00 0.19 3.67 22.28 118.73 52.83 -4.22 463 -10.80
23 4393 2695 29.79 548 759 0.17 2.56 126.14 474.40 211.85 41.82 2096 28.84 -1.87 543 3.11 0.17 0.11 -0.10 0.01 34.53 21.12 3.50 9.59 4.24 2.81
24 4433 2622 29.38 544 735 029 5.08 109.64 560.60 235.16 49.06 2296 2837 1.61 -0.30 -1.38 0.20 2.59 0.15 3.26 -36.12 -225.65 -57.92 -19.86 329 <126
28 45.69 26.02 2841 529 721 0.14 1.84 32.04 270.29 145.80 25.54 21.16 26.00 -4.69 2.50 231 060 036 015 288 -5491 -159.97 -147.28 -10.46 -4.66 6.87
29 4599 2444 29.14 536 825 041 7.79 221.64 1165.63 491.68 114.32 2552 2640 1045 -4.76 612 064  -058 -0.03 1.64 35.77 -1.40 37.33 17.33 -5.25 -7.59
31 45.62 26.16 29.40 553 6.62 039 7.19 242.44 1215.85 487.27 111.70 2475 29.70 533 -0.54 -3.61 -0.51 -0.60 0.13 2.63 72.05 392.73 174.65 46.13 253 -3.61
32 45.15 2595 29.17 544 7.78 025 4.18 125.76 536.94 245.24 51.47 2263 27.86 -2.89 0.75 241 0.09 5.99 0.16 3.37 -0.53 82.21 -38.67 -1826 0.96 3.71
35 42.76 2873 3025 587 629 025 423 142.54 702.04 306.35 65.90 23.06 34.60 -3.62 3.37 1.9 046 040 0.02 1.17 36.98 179.64 94.05 15.97 5.14 7.57
38 46.56 2542 27.81 534 644 023 371 83.33 405.04 193.90 38.59 215 2630 -3.90 0.22 347 029  -147 004 521 -32.99 -21.53 -39.79 -6.95 226 7.67
40 4547 25.70 2898 543 6.85 030 531 144.32 789.72 333.48 73.56 23.65 28.58 4.17 -1.66 236 020 020 002  -153 30.27 22541 104.15 19.63 -2.81 8.81
41 4633 2575 2877 545 634 038 7.08 210.03 1104.51 471.16 108.66 25.10 28.88 545 -2.61 -199 037 283 0.04 2.65 40.89 267.66 131.07 43.67 0.97 -2.99
45 4443 25.88 29.07 544 7.63 024 4.04 72.40 384.80 198.87 40.43 245 2821 -1.45 0.52 0.31 002 032 008  -L.11 -9.63 -376.22 -86.54 -27.30 -0.87 -0.31
48 45.63 26.02 28.76 535 7.16 027 475 132.27 671.47 307.03 66.94 23.57 2540 275 1.66 150 -0.04 325 0.18 2.64 13.72 84.90 68.65 10.87 425 274

Mean Error (ME) -1.11 1.18 0.44 0.03 1.17 0.05 0.81 13.33 80.61 27.36 9.71 1.75 0.73

Root Mean Square Error (RMSE) 4.69 2.83 2.62 0.34 256 0.11 244 42.75 241.87 93.62 24.94 3.82 6.26

Normalized Root Mean Square Error (NRMSE) 0.29 0.37 0.24 0.25 0.34 0.30 0.30 0.41 0.22 0.38 0.35 0.27 0.27

Note:

Sand, Silt, Clay, OM, N and BS in percent; P, K, Ca, Mg and Na in ppm; CEC in meq/100g
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C.4 Accuracy assessment of subsoil properties prediction by using cokriging interpolation.

Predictive subsoil properties using cokriging interpolation

Error (Predicted — Observed value)

Ne Sand Silt Clay pH OM N P K Ca Mg Na CEC BS Sand Silt Clay pH OM N P K Ca Mg Na CEC BS
6 36.19 1953 43.99 5.05 239 0.10 1.17 64.92 245.15 113.18 28.95 1578 19.31 -8.19 -1.83 9.73 -0.63 0.80 0.02 0.09 -10.58 -12824 1.46 -6.78 -1.59 1.28
7 3437 247 42.59 536 242 0.10 1.38 74.90 470.34 171.62 36.45 1846 21.08 691 3.11 -10.59 -0.55 1.68 0.06 043 -23.12 129.86 24.99 13.74 6.83 -6.92
8 3524 2201 4220 531 246 0.10 1.34 74.19 461.55 163.63 33.45 1841 20.84 -8.14 7.81 -0.22 057 1.39 0.05 049 13.59 210.99 51.80 16.55 2.08 6.15
11 3439 2576 4527 571 246 0.11 1.51 78.73 645.49 198.58 39.92 2128 2141 1.09 324 1.09 0.89 1.82 0.07 028 27.71 287.19 46.05 15.80 4.05 237
16 33.14 2593 5048 5.86 2.60 0.11 1.65 85.50 45223 239.81 67.90 18.63 1927 334 1.57 4.64 040 112 -0.07 0.13 -22.84 -42.80 88.68 20.59 -6.89 282
17 3826 13.02 41.58 428 220 0.09 058 17.96 -47.01 -9.46 -0.61 1153 2127 -8.04 -6.34 724 -0.22 1.61 0.06 -0.03 -19.97 232559 -135.69 -28.52 -3.65 383
19 36.55 1747 4228 484 226 0.10 095 40.60 112.63 81.76 25.55 13.80 21.06 -3.75 -3.05 3.10 -0.37 1.54 0.01 048 -0.22 -149.13 -0.26 525 -0.32 5.68
21 3293 2399 45.87 578 285 0.11 1.92 108.42 643.64 218.24 44.61 19.98 18.82 6.05 3.63 -6.89 020 1.63 0.05 1.35 10.91 211.64 2.00 13.80 -1.51 -127
23 3526 11.69 45.08 421 218 0.09 0.66 30.48 -193.51 10.76 15.64 845 20.90 -13.54 -3.83 940 -0.81 0.11 -0.02 -0.14 -11.82 -446.78 -54.26 -7.67 277 3.00
24 3425 2259 4391 526 244 0.10 1.33 73.03 384.04 111.46 20.06 19.06 20.15 379 639 943 025 0.70 0.04 0.18 13.52 45.26 -48.27 -8.15 3.02 -0.30
28 38.09 10.70 41.01 4.09 2.19 0.09 047 13.10 -247.51 -25.37 424 8.69 2025 -5.87 -5.50 1.17 -0.97 052 0.01 -024 -14.62 47767  -112.99 -13.97 -5.55 6.07
29 3242 30.79 4841 630 2.63 0.11 2.09 120.07 989.55 345.35 68.29 2522 17.57 8.62 943 -6.43 036 -1.06 -0.07 -0.05 -28.27 376.41 107.10 3.46 -0.14 -4.83
31 3175 26.10 4808 587 2.62 0.10 1.91 124.90 704.72 298.59 65.66 21.03 19.60 -5.55 8.58 290 0.18 0.66 0.02 1.07 52.88 200.99 63.24 14.94 -127 216
32 3547 19.44 44.95 5.00 224 0.10 1.10 54.17 260.53 95.36 2242 1595 19.85 -6.33 292 327 026 1.71 0.07 038 12.65 -30.25 -2.16 421 1.61 2.84
35 3395 19.01 46.29 5.03 241 0.10 112 59.39 192.01 112.61 32.83 14.87 2240 0.65 -0.35 -1.05 029 0.99 0.02 031 9.70 -30.35 4.68 -0.69 1.82 4.99
38 3735 17.02 4191 473 240 0.10 0.96 49.00 191.66 68.86 13.27 14.83 19.37 655 -5.50 4.77 -0.51 035 -0.02 -0.05 12.48 -59.70 545 -13.24 058 545
40 3467 2239 45.66 536 256 0.10 141 77.15 414.37 169.62 38.50 1820 19.03 0.71 0.03 198 -0.17 1.08 -0.04 -0.01 12.13 -6.43 -1.41 -1.71 1.14 -3.53
41 3325 2848 46.94 6.07 2.68 0.11 1.90 108.46 841.40 307.14 64.14 23.03 1931 537 296 034 043 -048 -0.04 0.09 9.15 391.08 167.22 17.72 052 2.19
45 36.53 18.79 244 4.90 240 0.10 1.05 5171 34435 98.01 14.83 16.76 1937 6.65 -1.57 <732 -0.26 0.00 -0.03 021 -25.59 11.06 -37.42 -16.99 343 395
48 36.07 2092 40.05 522 242 0.10 126 67.45 406.53 157.43 34.04 17.61 19.65 -1.65 240 371 0.61 1.54 0.03 052 29.96 21.14 2.10 6.34 -1.89 213

Mean Error (ME) -0.57 1.20 -0.28 0.00 0.89 0.01 0.27 238 9.43 8.62 1.73 -0.37 1.69

Root Mean Square Error (RMSE) 635 4.76 5.80 0.50 1.18 0.05 047 21.17 235.16 68.79 13.43 321 4.02

Normalized Root Mean Square Error (NRMSE) 0.25 0.42 0.28 0.35 0.37 0.29 0.28 0.18 0.60 0.39 0.28 0.22 0.29

Note:

Sand, Silt, Clay, OM, N and BS in percent; P, K, Ca, Mg and Na in ppm; CEC in meq/100g

ILT
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