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Abstract

A study on properties and fertility capability of highland soils in Khao Kho area, Phetchabun
Province was conducted on six representative soil locations in the elevation range of 724 to 942
meters above mean sea level. Method of study included soil field morphology analysis and
laboratory analyses of soil samples on their micromorphological characteristics, physical, chemical
and mineralogical properties according to standard methods and assessment of their fertility
capability.

Results of the study revealed that these soils are moderately deep to very deep. These soils
developed on residuum and colluvium derived from weathered rhyolitic tuff, andesitic tuff and
graywacke. All soils have clay coatings on pore walls and as large accumulation spots in their
subsoils. They are moderately to well developed. Physical properties of fine earths in these soil
do not pose any problem for agricultural uses. Most of them have medium fertility.
A major clay mineral in most of these soils is kaolinite and their silt fraction is clearly dominated
by quartz. These soils are Paleudults for four areas, Paleudalf and Hapludalf each for one area.

Their fertility capability units include Chk for two areas, and Lh, Ch, L’hk and LCak each for

one arca.

Their limitation comprised acidity, low phosphorus, low potassium and aluminum

toxicity. Selective agricultural uses can be made but measures for soil and water conservation, and
good natural forest upkeep are needed to sustain their biophysical system.
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Introduction

The Ministry of Agriculture and Cooperatives
reported in 1981 that highland areas in Thailand
start from 700 m above mean sea level (Srisuk,
1998; Anongrak, 2003; Samrit et al., 2007). Most
highland areas are hilly and mountainous consisting
of complex slopes having slope more than 35
percentage and subjected to shifting cultivation. In
general, highland areas have a low potential for
agricultural uses due to the moderately low soil

fertility and high soil erodibility on the areas having
steep slope, and shifting cultivation is practiced
(Pinthong et al., 1994; Srisuk, 1998; Anongrak,
2003; Samrit, 2008). Shifting cultivation has been
condemned as destructive practice that increases
the danger of runoff and erosion (Grandstaff, 1981).
The degradation of highland soils with the
restricted depth by the cultivation seriously
impaired soil properties and resulted in significant
decreases in the soil organic matter, aggregate
stability, mean weight diameter and the hydraulic
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conductivity (Celik, 2005). Moreover, the defores-
tation as the trespass that the forest of highland
areas may result in a disturbance of the
hydrological balance and degradation of the
physical and chemical attributes of the soils
(Siebert, 1987; Gibson et al., 1988; Saunders et al.,
1991; Ojima et al, 1994; Anongrak, 2003).
Stoorvogel et al. (1993) reported that in the sub-
humid highlands of southern Ethiopia, deforestation
of the remnant natural forests and their conversion
into low-input agriculture or establishment of
plantations has caused extensive soil degradation.
Khao Kho is an area in Phetchabun Province,
Central Highlands. This area covers approximately
833,125 rai (133,300 hectares). Most land surface
are mainly slope complex and previously covered
by forest. Some areas have been converted to
agricultural land. More than 70 percent of the total
population in the area is directly dependent on
farming having a total agricultural land of about
89,829 rai (~14,373 hectares). However, with
population increase in the area, it is quite difficult
to avoid some expansion of agricultural uses of the
lands at least partially. This report is a part of
findings of a study carried out to acquire details on
highland soils in Khao Kho area aiming at
elucidating their characteristics and fertility
capability as bases for future agricultural planning.

Materials and Methods

Soil Sampling

The altitude of the study area starts from 700 m
above mean sea level. Methods of study comprised
field investigation and laboratory analysis. Field
investigation emphasized selection of study sites
where six sites were selected. Pedon analysis of soil
in a soil pit of 1x2x2 m (widthxlengthxdepth) was
carried out at each site including detailed profile
description and collecting samples of soil from each
genetic horizon using standard field sampling
methods for laboratory analysis (Soil Survey
Division Staff, 1993; Kheoruenromne, 2004).

Laboratory Analysis

Bulk samples were air-dried, crushed and then
passed through a 2-mm sieve. The resultant <2 mm
samples were used for general laboratory analysis.
The core samples from all genetic horizons were
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used for bulk density and hydraulic conductivity
measurements. Kubiena samples were used for
optical microscopic analysis.

Kubiena samples were transferred to impregnation
mould containers, oven dried at 60-70 °C, and
impregnated with resin before slicing to prepare
uncovered thin sections on glass slides for optical
microscopy. The thin sections were analyzed under a
polarizing microscope using standard micromorpho-
logical techniques as described by Bullock et al.
(1985).

Particle size analysis of bulk soil samples was
done by pipette method with pretreatment for
removal of carbonate, organic matter and iron oxides
(Gee and Bauder, 1986). Bulk density was
determined by core method (Blak and Hartge, 1986).
For hydraulic conductivity (Ksat), a saturated
undisturbed soil (core sample) was installed in a
cylinder and supplied with water to the bottom of the
sample by variable head method (Klute, 1965).

Soil pH was measured in H,O and in 1 M KClI
(soil:solution, 1:1) by a standardized pH meter
(National Soil Survey Center, 1996). Organic
carbon was determined according to the Walkley
and Black wet oxidation procedure (Nelson and
Sommers, 1996) and organic matter content of the
soil was taken to be organic carbon content
multiplied by 1.724 (Nelson and Sommers, 1996).
Total nitrogen was determined by the Kjeldahl
method (Jackson, 1965). Available phosphorus
was determined by the Bray II method (Bray and
Kurtz, 1945) and available potassium was
determined by ammonium acetate extraction (1M
NH4OAc) at pH 7.0 (Thomas, 1987). Extractable
bases (Ca’", Mg®", K and Na") were determined by
ammonium acetate extraction (1M NH4OAc) at pH
7.0 (Peech, 1945). Extractable acidity was
determined by barium chloride-triethanolamine
solution buffered at pH 8.2 (Peech, 1965) and
extractable aluminum was determined by 1 M KCI
extraction (Thomas, 1987). Cation exchange
capacity (CEC) was determined by 1M NH,;OAc at
pH 7.0 (Chapman, 1965). Aluminum saturation
percentages and base saturation percentages were
calculated following the methods used by the
National Soil Survey Center (1996).

For mineralogical analysis, the clay fraction from
sedimentation was deposited as oriented films on
ceramic plates and 4 separate treatments were
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applied prior to X-ray diffraction (XRD) analysis:
Mg”" and K' saturation, glycerol for the Mg”'
saturated clay, and heated to 550 °C for the K"
saturated clay (Brown and Brindley, 1980). Minerals
were determined for all horizons using XRD analysis
with a Philips PW-3020 diffractometer with a
graphite diffracted beam monochomator (CoKa, 25
kV, 17 mA). Clay and silt fraction samples were
scanned respectively from 4 to 40° 26 and 4 to 70°
20, using a step size of 0.02° 20 and a scan speed of
0.04° 20 sec'. Relative proportions of various
minerals were calculated by comparing the XRD
peak intensities with the intensities of standard
minerals (Whittig and Allardice, 1986)

Soil fertility capability classification (Sanchez et
al., 1982) was carried out on data obtained from field
investigation and laboratory analyses.

Results and Discussion

Environmental Condition and General
Characteristics

These soils developed on residuum and
colluvium from rhyolitic tuff, andesitic tuff and
graywacke in the areas ranging from 724 m to 942
m above mean sea level. Their surrounding
landforms are hilly and undulating highlands
having 4-30 percent slopes. They are well drained
with moderate permeability. Land uses on them
include cropping with upland rice, para rubber,
coffee, litchie and vegetables (Table 1, Figures 1
and 2). These soils are under semi-humid
subtropical climate and having a udic soil moisture
regime.
rainfall of 1,787.6 mm and a mean temperature of
28°C (Meteorological Department, 2007).

The soils are well drained and with moderate
permeability. Though most of them have moderate
run off, rapid run off conditions can be found at
some sites.

Most of the study sites have an annual

These environmental conditions of
landscape and drainage can induce variation in their
properties and affect land use to some extent.

Field Morphology

Textures of these soils are mostly clay, but some
pedons have clay loam and fine sandy clay loam
textures (Table 2). They have moderate to strong
angular, semi-angular and subangular blocky
structures. Their hues are 2.5YR to 10YR. They are
moderately deep, deep and very deep soils.
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Figure 1 Location map of study sites in Khao Kho area,
Phetchabun Province, Thailand.

The profiles as shown in Figure 2 indicate
different profile types of these soils. They include
Ap-Bt (P1 and P3), Ap-AB-Bt (P2), Ap-AB-Btc-
Bt-2Bt-2Crt (P4), Ap-Bt-2Bt (P5) and Ap-Bt-BCrt-
Crt-Cr (P6). The difference in their profile types,
theoretically, is indicative of their development
(Buol et al., 2003). The Ap horizon (topsoil) is
relatively rich in organic matter and soil
management including tillage has given the topsoil
a moderate to strong subangular blocky structure,
well drained with brown, dark brown to dark
yellowish brown (Samrit, 2008). Most of their Bt
horizons have firm, slightly firm and very firm
consistence when moist with moderate to strong
structures. Almost all of their genetic horizons
shows clay coatings on ped faces and pore walls.
These features are indicators of the characteristic of
the highly developed structure (Srisuk, 1998; Buol
et al., 2003). Clay coats can be found sufficiently
in their Bt horizons of all pedons to be justified as
argillic horizons (Soil Survey staff, 2006). All
horizons show very few to common vesicular and
tubular pores. The field pH is extremely acid to
neutral (pH 4.0-7.0).
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Table 1 Environmental setting of sampling sites.

Pedon  Parent  Elevation Slope Surrounding Physiography Drainage Permeability = Run off Land use
Material (m MSL) (%)  landform

1 Residuum 794 28 Hilly Lower Well Moderate  Moderately Mixed
derived from backslope on rapid cropping of
rhyolitic tuff highland hilly pararubber and

areas upland rice

2 Residuum 783 4 Undulating Upper Well Moderate  Moderate Mixed
derived from footslope cropping of
rhyolitic tuff coffees and

evergreen tree
species

3 Residuum 942 7 Hilly Upper spure ~ Well Moderate  Moderate  Litchie terrace
derived from valley side
andesitic tuff slope on

highland hilly
areas

4 Colluvium 800 7 Hilly Lower Well Moderate  Moderate  Upland rice,
over midslope on left fallow at
residuum highland hilly time of
derived from areas sampling
rhyolitic tuff under tall

grasses

5 Colluvium 740 30 Hilly Lower Well Moderate  Rapid Chilli, left idle
over blackslope on at time of
residuum highland hilly sampling
derived from areas
andesitic tuff

6 Residuum 724 4 Undulating Lower Well Moderate  Moderate  Vegetable, left
derived from footslope on fallow at time
graywacke highland of sampling

undulating
plain

Figure 2 Physiography and soil profiles of Pedons 1, 2, 3, 4, 5 and 6.
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Table 2 Morphology of the soils.
Depth Horizo  Color Structure”  Consistence” ~ Coating ~ Pore
(cm) n
Pedon 1 Typic Paleudult, very fine, kaolinitic, isohyperthermic
0-32/40 Ap 75YR3/3 3, f-m, sbk H, F, VS/VP Few Comm
on
40-60 Btl 5YR4/6 3, f-m, sbk H, F, MS/VP Commo  Comm
n on
60-81 Bt2 5YRS5/6 3, f-m,sbk H, VF, MS/VP  Commo Comm
n on
81-103 Bt3 Mixed SYR 5/6, 10YR 6/6, 2.5YR 4/6 3, f-m, H, F, MS/MP Commo  Comm
sabk n on
103-131 Bt4 Mixed SYR 4/6, 10YR 6/6, 2.5YR 5/6 2, f-m, SH, SF, Commo  Comm
sabk MS/MP n on
131-154 Bt5 Mixed 2.5YR 4/6, 10YR 6/6 2, f-m, SH, SF, Commo  Comm
sabk MS/MP n on
154-179 Bt6 Mixed 2.5 YR 4/8, 10YR 7/4 2, f-m, SH, SF, Commo  Comm
sabk MS/MP n on
179-200+ Bt7 Mixed 2.5 YR 4/8, 10YR 7/4 2, f-m, SH, SF, Commo Comm
sabk MS/MP n on
Pedon 2 Typic Paleudult, fine, kaolinitic, isohyperthermic
0-20 Ap  Mixed 7.5YR 4/4, 5YR 6/6 3, f-m, sbk H, F, SS/MP - Comm
on
20-46/51 AB 5YR4/4 2, f-m, H,SF, MS/MP  Few Comm
sabk on
51-72 Btl 5YR5/8 2, f-m, abk SH, SF, Few Comm
MS/MP on
72-102 Bt2 Mixed 5YR 5/8, 10YR 7/8,2.5YR 4/6 2, f-m, sbk  SH, SF, Few Comm
MS/MP on
102-130 Bt3 5YRS5/8 2, f-m, SH, SF, Few Comm
sabk MS/MP on
130-160 Bt4 5YR5/8 2, f-m, SH, SF, Very Comm
sabk MS/MP few on
160-200+ Bt5 5YR5/8 2, f-m, SH, SF, Very Comm
sabk MS/MP few on
Pedon 3 Typic Paleudult, very fine, kaolinitic, isohyperthermic
0-10 Ap 7.5YR4/4 3, f-m, sbk VH, VF, Few Comm
MS/MP on
10-31 Btl  7.5YR 4/6 3, f-m, sbk  VH, F, MS/VP Commo Comm
n on
31-56 Bt2  Mixed SYR 4/6, 10YR 5/4 3,f-m,sbk VH,F, MS/VP Commo Comm
n on
56-81 Bt3 Mixed 5YR 5/6, I0YR 5/4 3, f-m, sbk H, F, MS/VP Commo  Comm
n on
81-112 Bt4 Mixed 5YR 5/6, I0YR 6/6 3, f-m, sbk H, F, MS/MP Commo  Comm
n on
112-142 Bt5 Mixed 5YR 5/6, 10YR 7/4, 10YR 6/6,2.5YR 4/6 2, f-m, SH, SF, Commo  Comm
sabk MS/MP n on
142-175 Bt6  Mixed 5YR 5/6, 10YR 7/4,2.5YR 4/6, 10YR 6/8 2, f-m, SH, SF, Commo  Comm
sabk MS/MP n on
175-200+ Bt7 Mixed 5YR 4/6, 10YR 7/4,2.5YR 4/6, 10YR 6/8 2, f-m, SH, SF, Commo  Comm
sabk MS/MP n on
Pedon 4 Typic Paleudalf, fine-loamy, mixed, active, isohyperthermic
0-25 Ap 10YR4/3 2, f-m, sbk  SH, SF, - Comm
1 MS/MP on
25-45 Ap 10YR4/3 2, f-m, sbk  SH, SF, - Comm
2 MS/MP on
45-60 AB  Mixed 10YR 4/3, 7.5YR 4/4 2, f-m, sbk  SH, SF, Few Comm
MS/MP on
60-82 Btc 7.5YR 5/4 2, f-m, sbk  SH, SF, Few Comm

MS/MP

on
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82-100 Btl Mixed 5YR 6/6, 7.5YR 7/4,2.5YR 4/6 2, f-m, sbk  SH, SF, Commo  Comm
MS/MP n on
100-122 2Bt Mixed 7.5YR 5/6, 10YR 7/4 3, f- H, F, MS/MP Commo  Few
2 m,sabk n
122-146/150 2Bt Mixed 7.5YR 6/6, 10YR 7/4 2, f-m,abk H, F, MS/MP Commo  Few
3 n
150-180 2Cr Mixed 10YR 7/2, 10YR 3/2, 10YR 5/8, 10YR 6/4, 2, m-c, H, F, MS/MP  Few Comm
tl 10YR 7/8 abk on
180-200+ 2Cr Mixed 10YR 3/2, 10YR 8/2, 10YR 5/8, I0YR 7/8 2, m-c, H, F, MS/MP  Few Comm
t2 abk on
Pedon 5 Vertic Hapludalf, very fine, kaolinitic, isohyperthermic
0-30 Ap 10YR4/3 3, ¢, sbk VH, VF, Few Few
VS/VP
30-50 Btl 7.5YR 4/3 3, m-c, VH, VF, Commo  Very
sabk VS/VP n few
50-70 Bt2 5YR 4/4 3, m-c, VH, VF, Commo  Few
sabk VS/VP n
70-90 Bt3 Mixed 7.5YR 5/4, 7.5YR 4/4 3, m-c, VH, F, VS/VP  Commo  Few
sabk n
90-115 2Bt Mixed 7.5YR 5/4,2.5YR 4/6,2.5YR 5/6, 5YR 5/6 2, m-c, H, F, VS/VP Many Few
4 sabk
115-142 2Bt Mixed 7.5YR 6/4, 2.5YR 5/6, 5YR 5/6, SYR 2.5/1 2, f-m, H, F, VS/VP Many Very
5 sabk few
142-165/170 2Bt Mixed 7.5YR 6/4,2.5YR 5/6, 5YR 5/6, 5YR 2.5/1 2, f-m, H, F, VS/VP Many Few
6 sabk
170-200+ 2Bt Mixed 7.5YR 6/4,2.5YR 5/6, 5YR 5/6, 5YR 2.5/1 2, f-m, H, F, VS/VP Commo  Comm
7 sabk n on
Pedon 6 Typic Paleudult, fine, mixed, semiactive, isohyperthermic
0-25 Ap 10YR 4/4 2, f-m, sbk  SH, SF, - Comm
MS/VP on
25-34/50 Bt  Mixed 7.5YR 5/4,2.5YR 3/6,2.5YR 5/6 2, f-m, sbk  SH, F, MS/VP Commo  Very
n few
50-65 BC Mixed 7.5YR 5/4,2.5YR 2.5/4, 10YR 5/4, 5YR 2, f-m,sbk SH,F,MS/VP Commo Few
rtl  5/8 n
65-85 BC Mixed 7.5YR 5/4,2.5YR 3/6, 10YR 5/4, 10YR 2, f-m, SH, SF, Commo  Few
2 6/4,5YR5/8 sabk MS/MP n
85-125 Crt  Mixed 10YR 4/3,2.5YR 3/6, 10YR 6/3 2, f-m, abk SH, SF, Few Few
MS/VP
125-200+ Cr  Mixed 10YR 4/3,2.5YR 3/6, 10YR 6/3 2, f-m, abk SH, SF, - Few
MS/VP

Y Structure; 2 = moderate, 3 = strong, m = medium, f = fine, ¢ = coase, abk = angular blocky, sbk = subangular blocky, sabk = semi-

angular blocky

Z Consistence; SH = slightly hard, H = hard, VH = very hard, SF = slightly firm, F = firm, VF = very firm, SS = slightly sticky, VS =
very sticky, VP = very plastic, MS = moderately sticky, MP = moderately plastic

Micromorphology

Results from petrographic analysis of soil fabric
(Bullock et al., 1985) showed that general
microstructure of the soils ranges from moderately
developed to well developed subangular blocky,
vughy and granular with some spongy structures
(Figure 3). Pores are generally planar voids and vugh
and some compound packing voids (Figures 3a, 3b,
3d). The distribution of coarse and fine materials are
open and closed porphyric to nearly clay monic, with
quartz as the main coarse constituent and with
rhyolitic tuff (P4), andesitic tuff (P5) and graywacke
rock fragments (P6). Pedological features in the soils
are mainly textural pedofeatures as clay coatings
(Figure 4a), clay mixed with iron oxide infillings

(Figure 4b), microlaminated clay mixed with iron
oxide infillings (Figure 4c) on pore walls and some
microlaminated clay coatings on cracks of graywacke
rock fragments (Figure 4d) for P6. Amorphous
pedofeatures in the soils are iron-oxide nodules in
limited amount (Samrit, 2008). Illuvial clay in these
soils can be identified as mainly kaolinite. Soils
formation is however likely to have involved by a
combination of processes including migration of clay
and sesquioxides from part of topsoil into the subsoil
forming argillic horizon (Scolten and Andriesse, 1986).
The micromorphological characteristics of these soils
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correlate well with field morphology and other soil
properties.

Physical Properties

Particle size distribution shows these soils to have
an increase of clay content in subsoil within a certain
depth in the pedon but sand tends to decrease with
depth whereas silt fluctuates slightly with depth
(Table 3). This condition indicates the presence of an
argillic horizon in the subsoil which in turn is the
characteristic of well developed soils under tropical
forest (Buol et al., 2003). These soils generally have
clayey to loamy textures (Soil Survey Staff, 2006).
The soils have low bulk density (1.07-1.16 Mg m™)
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in topsoil and low to moderately low (1.09-1.63 Mg
m”) in subsoil. Bulk density of most subsoils is
higher than that of topsoil and shows no systematic
change with increasing clay content with depth and
the higher organic matter content of topsoil as
compared to that of subsoil. Hydraulic conductivity
(Ksat) values of topsoil and subsoil vary from
moderately slow to rapid, in a range of 6.71 x 10~ to
16.12 ecm h'. Most of topsoil and immediate
subsurface soil have higher hydraulic conductivity
than that of subsoil. This is the effect of the higher
organic matter content of surface and subsurface soils
and the clay accumulation in the subsoils (Srisuk,
1998; Buol et al., 2003; Samrit et al., 2007).
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Figure 3 Optical micrographs of microstructure of highland soils showing (a) granular structure and
compound packing voids in the P1_Ap horizon, plane polarized light, (b) vughy structure and vugh in the
P2 Ap horizon, plane polarized light, (c) spongy structure in the P2 Btl horizon, plane polarized light, (d)
subangular blocky structure and planar voids in the P3_Btl horizon, cross polarized light.

Table 3 Some physical properties of the soils.

Depth Horizon  Particle size distribution Textural class Bulk density Hydraulic
(USDA grading) conductivity
Sand Silt Clay

(cm) ( gkg' ) (Mg m*) (cmh™)
Pedon 1 Typic Paleudult, very fine, kaolinitic, isohyperthermic
0-30/40 Ap 81 357 562 Clay 1.07 0.71
40-61 Btl1 66 305 629 Clay 1.09 6.33
61-81 Bt2 39 228 733 Clay 1.15 0.27
81-103 Bt3 29 215 757 Clay 1.34 3.74 x 107
103-131 Bt4 28 246 726 Clay 1.33 2.67 x 107
131-154 BtS 38 374 588 Clay 1.32 0.14
154-179 Bt6 41 343 617 Clay 1.17 7.88 x 107
179-200+ Bt7 63 424 513 Silty Clay 1.23 3.20 x 107
Pedon 2 Typic Paleudult, fine, kaolinitic, isohyperthermic
0-20 Ap 435 288 277 Sandy clay loam 1.08 1.26
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20-46/51 AB 377 293 330 Clay loam 1.14 16.12

51-72 Btl 338 244 417 Clay 1.34 1.60
72-102 Bt2 300 232 468 Clay 1.34 1.04
102-130 Bt3 305 236 460 Clay 1.28 1.85
130-160 Bt4 314 244 441 Clay 1.35 6.34
160-200+ Bt5 337 214 449 Clay 1.32 8.75
Pedon 3 Typic Paleudult, very fine, kaolinitic, isohyperthermic

0-10 Ap 108 298 594 Clay 1.11 11.25

10-31 Btl 79 256 665 Clay 1.19 0.89
31-56 Bt2 69 234 697 Clay 1.23 0.25

56-81 Bt3 41 230 729 Clay 1.35 0.16
81-112 Bt4 29 237 734 Clay 1.32 1.88 x 10
112-142 Bt5 35 252 714 Clay 1.33 2.40 x 107
142-175 Bt6 27 275 698 Clay 1.24 322x10°
175-200+ Bt7 26 307 667 Clay 1.29 428 x 107
Pedon 4 Typic Paleudalf, fine-loamy, mixed, active, isohyperthermic

0-25 Apl 307 397 297 Gravelly clay loam” 1.12 3.70

25-45 Ap2 330 351 319 Gravelly clay loam” 1.07 4.16

45-60 AB 340 383 277 Clay loam 1.47 8.60

60-82 Btc 284 377 339 Clay loam 1.21 2.18
82-100 Btl 229 382 389 Clay 1.45 4.82 x 107
100-122 2Bt2 215 341 444 Clay 1.39 1.20 x 107
122-146/150 2Bt3 230 367 403 Clay 1.37 3.49 x 107
150-180 2Crtl 348 378 274 Clay loam 1.43 591 x 107
180-200+ 2Crt2 412 362 225 Loam 1.60 1.15 x 107
Pedon 5 Vertic Hapludalf, very fine, kaolinitic, isohyperthermic

0-30 Ap 85 312 603 Clay 1.07 0.29

30-50 Btl 105 323 572 Clay 1.29 1.51

50-70 Bt2 79 242 679 Clay 1.35 3.72 x 107
70-90 Bt3 56 219 725 Clay 1.32 4.59 x 107
90-115 2Bt4 76 217 707 Clay 1.35 1.86 x 107
115-142 2Bt5 80 302 618 Clay 1.50 1.06 x 107
142-165/170 2Bt6 82 330 588 Clay 1.42 1.06 x 107
170-200+ 2Bt7 151 352 497 Clay 1.22 3.74 x 107
Pedon 6 Typic Paleudult, fine, mixed, semiactive, isohyperthermic

0-25 Ap 337 376 287 Clay loam 1.16 0.59
25-34/50 Bt 163 272 565 Clay 1.41 0.23

50-65 BCrtl 89 278 634 Clay 1.41 6.71 x 107
65-85 BCrt2 120 315 565 Clay 1.39 0.19
85-125 Crt 167 199 634 Clay 1.37 1.09 x 10
125-200+ Cr 280 408 311 Clay loam 1.63 1.12 x 107

Y Gravel 15-35%



Vol. 41, No. 3-4, 2008

Fertility capability of highland soils of Thailand 161

%" £ ;.}‘ :
) wémﬁwnateg 2

Figure 4 Optical micrographs under cross polarized light of pedofeature of highland soils showing (a) clay
coatings on pore walls in the P3_Btl horizon, (b) clay mixed with iron oxide infillings on pore walls in the
P5 _2Bt6 horizon, (c¢) microlaminated clay mixed with iron oxide infillings on pore walls and typic
ferruginous nodules in the P5_2B6 horizon, (d) microlaminated clay coatings on cracks of graywacke rock

fragments in the P6_Cr horizon.

Basic Fertility Parameters

The natural fertility status of these soils based
on the analytical values is low to medium
(Kheoruenromne, 2004). Collectively, these highland
soils have pH values in a range of very strongly
acid to moderately acid (pH 4.8-5.9) in topsoil and
a range of extremely acid to moderately acid (pH
4.2-6.0) in subsoil (Table 4). The low pH values of
these soils indicate acid weathering and leaching of
basic cations as the important pedogenic processes
(Kheoruenromne, 1990; Samrit, 2008). Their delta
pH (ApH = pHkc-pHu,o) values are negative
indicating a soil system favoring cation exchange
(Sanchez, 1976). Their organic matter contents
decrease with depth in a range of very low to high
(1.8-42.1 g kg'") and the trend of total nitrogen with
depth relates well with organic matter in these soils.
Their available phosphorus have a wide range from
very low to moderately low (0.02-9.3 mg kg™).
This low available phosphorus is mainly caused
either by the inherent characteristics of the parent
material and by the strong sorption of PO4” to Al-
and Fe-hydroxides, which turns large proportions of
total soil P into unavailable forms (Brady and Weil,
2002; Solomon et al., 2002; Havlin et al., 2005).
Their available potassium contents range from very
low to very high (11-250 mg kg") (FAO Project

Staff and Land Classification Division, 1973). The
soils have relatively high amount of available
potassium in the surface horizon (P2 and P3) as a
result of fertilizer application for crop production.
All soils have available potassium that rapidly
decreases with depth. This indicates the loss of
potassium by highly leaching condition in their
subsoils (West and Beinroth, 2000).

Exchange Properties

In general, most of these soils have low
extractable bases, and in most cases calcium is
present in higher amount than are the others (Table
4). These soils have relatively low sum of extractable
bases (0.48-19.6 cmol kg') and the values indicate
either a slightly decrease or increase trend with
depth in the pedon. These soils have low to high
base saturation percentage (4.0-75.2 %), but most
of them have low base saturation which decreases
with depth, except for Pedons 4 and 5. These soils
have moderately high to high extractable acidity
(5.2-10.7 cmol kg™) in topsoil and moderate to high
(4.3-14.3 cmol kg™ in subsoil and fluctuates slightly
with depth. The trends with depth in extractable
aluminum and acidity follow those of clay
percentages which provides the surface sites that
retain H" and AI’" indicating the high leaching
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Table 4 Nutrient status and exchange properties of the soils.

Depth Horizon pH (1:1) OM Total N Available Extractable Sum EA CEC Alsat. BS
bases
H,0 KCl P K Ca Mg K Na Al by sum NH4OAc
(cm) (g kg ) (g k') ( mol kg’ ) (orYprr)

Pedon 1 Typic Paleudult, very fine, kaolinitic, isohyperthermic

0-30/40 Ap 5.0 4.1 421 187 144 73 548 199 019 026 028 791 8.05 16.0 17.9 34 49.6
40-61 Btl 53 34 184 082 075 21 168 137 005 022 213 331 923 125 134 39.1 264
61-81 Bt2 56 36 11.7 070 143 12 072 081 003 029 2.02 1.84 9.07 109 144 522 169
81-103 Bt3 54 35 74 050 056 19 052 043 005 024 194 123 822 95 155 612 13.0
103-131 Bt4 58 35 54 047 046 17 062 039 004 027 182 132 941 10.7 147 580 123
131-154 Bt5 56 35 7.1 054 046 13 056 026 003 026 195 1.1l 954 10.6 145 638 104
154-179 Bt6 55 34 52 041 045 14 062 023 003 026 267 114 851 9.7 132 70.0 11.9
179-200+ Bt7 54 33 28 044 074 15 047 017 0.04 024 336 092 8.04 90 127 784 103
Pedon 2 Typic Paleudult, fine, kaolinitic, isohyperthermic

0-20 Ap 57 41 264 1.78 931 166 3.13 095 042 029 006 479 531 10.1 9.1 1.2 474
20-46/51 AB 59 41 115 0.86 0.72 123 262 0.70 031 024 005 386 506 89 7.4 1.4 433
51-72 Btl 57 37 6.1 058 139 100 238 088 025 024 027 374 430 8.0 9.4 6.6 46.6

72-102 Bt2 50 33 72 069 735 26 069 056 007 022 125 153 639 79 105 450 193
102-130 B3 47 34 42 047 010 10 021 036 003 020 134 080 656 74 8.1 625 109
130-160 Bt4 48 34 34 0.51 0.11 12 014 032 003 020 1.10 0.69 478 5.5 92 616 126
160-200+ Bt5 4.6 33 3.8 048 0.11 15 017 024 004 022 125 066 577 64 74 655 102
Pedon 3 Typic Paleudult, very fine, kaolinitic, isohyperthermic

0-10 Ap 53 37 379 238 085 249 384 155 062 029 029 630 1066 17.0 16.6 45 372
10-31 Btl 51 34 258 .73 0.02 110 135 059 028 028 148 249 1054 13.0 146 373 19.1
31-56 Bt2 52 33 177 0.81 002 38 045 026 0.10 024 227 1.04 1069 11.7 149 68.6 89
56-81 B3 54 33 133 0.84 0.02 23 028 042 006 025 206 1.00 929 103 133 674 9.7

81-112 B4 55 34 73 063 002 14 014 041 004 020 186 078 821 9.0 13.7 704 8.7
112-142 Bt5 55 35 57 053 002 19 020 048 005 020 206 093 875 97 127 688 9.6
142-175 Bt6 56 34 39 049 145 16 0.09 031 004 016 221 060 901 9.6 133 787 6.2
175200+ Bt7 56 34 28 052 020 27 0.07 026 007 025 208 0.66 883 95 143 759 69

Pedon 4 Typic Paleudalf, fine-loamy, mixed, active, isohyperthermic

0-25 Apl 59 41 273 196 177 78 9.19 3.03 020 027 0.06 12.7 515 178 18.5 0.45 71.1
25-45 Ap2 60 42 181 133 011 40 873 249 0.10 028 0.11 11.6 561 172 17.9 095 67.4
45-60 AB 59 41 177 141 351 22 880 235 006 024 0.14 114 6.72 182 16.9 1.22 63.0
60-82 Btc 60 38 97 0.70 0.11 16 871 271 0.04 025 0.17 11.7 540 17.1 16.0 1.46 68.5

82-100 Btl 60 31 73 055 073 21 946 404 005 035 072 139 725 212 20.8 493 65.7
100-122 2Bt2 58 31 58 0.57 011 35 1062 520 0.09 040 236 163 9.63 259 269 12.63 629
122-146/1502Bt3 6.0 3.0 43 046 011 33 978 579 0.08 073 331 164 10.70 27.1 28.7 16.81 60.5
150-180 2Crtl 59 3.0 34 042 011 32 898 563 0.08 1.09 191 158 8.50 243 243  10.78 65.0
180-200+ 2Crt2 59 3.0 1.8 025 0.02 22 1125 653 006 1.71 0.88 19.6 6.46  26.0 243 430 75.2
Pedon 5 Vertic Hapludalf, very fine, kaolinitic, isohyperthermic

0-30 Ap 54 40 245 144 1.10 32 969 270 0.08 026 0.18 127 7.51 20.2 19.7 1.36 62.9
30-50 Btl 56 4.0 163 0.87 011 22 1041 275 0.06 027 021 135 6.71 20.2 20.3 1.50 66.8
50-70 B2 55 39 133 065 075 12 986 272 003 020 025 128 7.29 20.1 21.6 1.90 63.7
70-90 B3 55 39 121 1.00 0.11 23 9.72 3.02 006 028 030 13.1 7.07 20.1 20.2 2.22 64.9

90-115 2Bt4 5.7 39 10.6 0.84 0.11 13997 310 0.03 023 036 133 7.56 209 20.6 2.66 63.8
115-142 2Bt5 57 41 73 054 0.02 27 931 310 007 027 038 128 6.50 19.2 252 2.88 66.2
142-165/1702Bt6 59 4.0 5.6 036 0.02 43 1248 436 0.11 026 051 172 6.52 237 235 2.88 72.5
170-200+ 2Bt7 59 39 43 048 0.02 31 1143 427 008 030 0.17 16.1 6.56 22.6 24.7 1.08 71.0

Pedon 6 Typic Paleudult, fine, mixed, semiactive, isohyperthermic

0-25 Ap 48 33 325 1.67 661 51 223 105 0.13 019 106 3.60 830 119 25.7 228 303
25-34/50 Bt 45 32 166 .10 039 34 201 098 0.09 028 421 335 1271 16.1 184 557 209
50-65 BCrtl 45 3.1 12.6 093 075 35 0.80 0.70 0.09 026 5091 1.85 1432 162 285 76.1 115
65-85 BCrt2 43 32 7.6 054 022 25 039 048 006 028 628 121 1406 153 23.8 838 8.0

85-125 Crt 42 31 172 0.57 0.04 15 0.8 035 004 026 650 0.83 1391 147 250 887 5.6
125-200+ Cr 42 32 18 039 038 16 0.01 0.15 004 028 584 048 1152 12.0 192 925 40
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condition (Sanchez, 1976). Pedon 6 is very strongly
acidic with high aluminum toxicity (aluminum
saturation percentage > 60%). This is possible for
calcium, magnesium and phosphorus imbalance
(Havlin et al., 2005). These soils have moderately
low to high cation exchang capacity (7.4-28.7 cmol
kg™). Variation in CEC with depth is related to the
soil organic matter content but there is not a
systematic relationship between organic carbon and
CEC in these soils. Based on their exchange
properties these soils are highly leached and highly
developed soils (Buol et al., 2003; Samrit et al.,
2007).

Table 5 Mineralogy characteristics of the soils.
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Mineralogical Characteristics

Results of the mineralogical analysis (Table 5,
Figures 5 and 6) reveal that minerals in their clay
fraction are Kkaolinite, vermiculite, chlorite,
smectite, illite, quartz, goethite and 1.4 nm clay
minerals. Kaolinite and quartz are present in every
pedons, but vermiculite, chlorite, smectite, illite,
goethite, feldspar and 1.4 nm clay minerals are
present only in some pedons.

Kaolinite is the dominant silicate clay mineral
conforming with typical situation of the soils in the
Tropics (Hart et al., 2003; Kanket et al., 2005;
Trakoonyingcharoen et al., 2006) and this reflects

Depth Horizon Clay fraction” Silt fraction”

(cm) Kao Ver Chl Smec 1 Qtz Others Qtz Kao Mica Feld
Pedon 1 Typic Paleudult, very fine, kaolinitic, isohyperthermic

0-30/40 Ap XXXX tr - - - tr - XXXX tr tr -
81-103 Bt3 XXXX tr - - - tr - XXXX tr tr -
131-154 Bt5 XXXX tr - - - tr - XXXX tr tr -
179-200+ Bt7 XXXX tr - - - tr - XXXX tr tr -
Pedon 2 Typic Paleudult, fine, kaolinitic, isohyperthermic

0-20 Ap XXX X - - tr tr - XXXX tr tr -
51-72 Btl XXX X - - tr tr - XXXX tr tr -
102-130 Bt3 XXX X - - tr tr - XXXX tr tr -
160-200+ Bt5 XXX X - - tr tr - XXXX tr tr -
Pedon 3 Typic Paleudult, very fine, kaolinitic, isohyperthermic

0-10 Ap XXXX - - - tr tr tr XXXX tr tr -
56-81 Bt3 XXXX - - - tr tr tr XXXX tr tr -
112-142 Bt5 XXXX - - - tr tr tr XXXX tr tr -
175-200+ Bt7 XXXX - - - tr tr tr XXXX tr tr -
Pedon 4 Typic Paleudalf, fine-loamy, mixed, active, isohyperthermic

0-25 Apl XX - - X - X tr XXXX tr tr tr
45-60 AB XX - - X - X tr XXXX tr tr tr
60-82 Btc XX - - X - X tr XXXX tr tr tr
82-100 Btl XX - - X - X tr XXXX tr tr tr
100-122 2Bt2 XX - - X - X tr XXXX - tr tr
150-180 2Crtl XX X - - - X tr XXXX - tr tr
Pedon 5 Vertic Hapludalf, very fine, kaolinitic, isohyperthermic

0-30 Ap XXXX - - - tr tr tr XXXX tr tr -
70-90 Bt3 XXXX - - - tr tr tr XXXX tr tr -
90-115 2Bt4 XXXX - - - tr tr tr XXXX tr tr -
142-165/170 2Bt6 XXXX - - - tr tr tr XXXX tr tr -
Pedon 6 Typic Paleudult, fine, mixed, semiactive, isohyperthermic

0-25 Ap XXX - XXX - tr tr - XXXX - - -
25-39/50 Bt XXX - XXX - tr tr - XXXX tr tr -
65-85 BCrt2 XX - XX - tr tr - XXXX tr tr -
125-200+ Cr XXX - XXX - tr tr - XXXX tr tr -

L Kao = kaolinite, Ver = vermiculite, Chl = chlorite, Smec = smectite, Ill = illite, Qtz = quartz, Feld = feldspar, others = mainly 1.4 nm clay
minerals; tr = trace (<5%), x = few (5-20%), xx = moderate (20-40%), xxx = large (40-60%), xxxx = dominant (>60%).
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the well drained condition in the soils (Goss and
Allew, 1968;) The presence of kaolinite is consistent
with the quite highly weathered condition of most of
these soils (Dixon, 1989; Trakoonying-charoen et al.,
2006; Samrit, 2008) in highland areas and similar
conditions have been reported for highly weathered
soils from other parts of the Tropics (Juo, 1980; Fox,
1982; Krishnaswamy and Richter, 2002; Srisuk,
1998). Quartz is present in clay fraction of all pedons
in trace to some amounts indicates the quite highly
weatherd condition of these soils (Dixon, 1989). This
condition does not promote their exchange properties.
Nevertheless, the presence of illite, smectite and
some other minerals in their clay fraction still
indicates a condition within these soils to favor cation
exchange (Uehara and Gillman, 1981).

The mineralogy of silt fractions is dominated by
quartz which can be ascribed to the selective
accumulation due to its relative resistance to
weathering (Kabata-Pendias and Pendias, 2001). All
soils have a trace amount kaolinite and mica
(muscovite). Nevertheless, a trace amount of feldspar
is present every genetic horizon of Pedon 4 correlate

P2_Btl

v
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well with field morphology and weathered rhyolitic
tuff parent material.

Classification

Based on their morphology, physical and chemical
properties and mineralogical characteristics of these
soils can be placed into taxonomic classes of two
orders including Alfisols and Ultisols (Soil Survey
Staff, 2006). All soils have clay accumulations in the
subsoil justifying an argillic horizon. They have
developed under udic condition, so their suborders are
Udalfs and Udults. Most of these soils are in “Typic”
subgroup, except for Pedon 5 that shows cracks within
125 cm that are 5 mm or wider and slickensides in a
layer thicker than 15 cm and mixed mineralogy, so it
belongs to the “Vertic” subgroup. Pedons 1 and 3 are
Typic Paleudults, very fine, kaolinitic, isohyper-
thermic. Pedon 2 is a Typic Paleudult, fine, kaolinitic,
isohyperthermic. Pedon 4 is a Typic Paleudalf, fine-
loamy, mixed, active, isohyperthermic. Pedon 5 is a
Vertic Hapludalf, very fine, kaolinitic, isohyper-
thermic. Pedon 6 is a Typic Paleudult, fine, mixed,
semiactive, isohyperthermic (Soil Survey Staff, 2006).

P4_Bic
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Mg-gly
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K = Kaolinite, Q) = Quartz,V = Vermiculite, S = Smectite, C = Chlorite

Figure 5 Some X-ray diffraction patterns of clay minerals of the studied highland soils.
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Q = Quartz, F = Feldspar, M = Mica

Figure 6 Some X-ray patterns diffraction of silt minerals of the studied highland soils.

Fertility Capability and Management

To evaluate soil fertility capability, a defined set
of physical, chemical and mineralogical properties
of soils within a depth of 50/60 centimeters from
surface soil is used (Sanchez et al., 1982;
Kheoruenromne, 2004). This set of soil parameters
includes broad-grouped texture of surface (Ap) and
subsurface soils, critical analytical values of soils,
and some distinct soil morphological characteristics
indicative of particular soil environment (Table 6).
Based on soil data in Tables 2 to 4, only some of
parameters indicated in Table 6 are relevant for
determining fertility capability of these highland
soils. The data analysis results on fertility capability
for each soil and relavant basic suggestions are
summarized in Table 7.

These six soils can be grouped into five fertility
capability classification (FCC) units. Pedons 1 and
5 are in Chk of which their clayey texture, low pH
and K reserve status are major constraints for
cropping. Pedons 2 and 3 can be classed into Lh
and Ch respectively. These two soils have loam
and clay textures with low pH. Pedon 4 is in L’hk
with loamy texture and with 18.4% of gravels by
volume in subsurface soil and low pH and K
reserve status. Pedon 6 is in LCak with loamy
textured topsoil and clayey textured of subsoil.
This has a more serious condition of acidity and Al-
toxicity with low K reserve.

Managements of these soils should depend on
the tolerance to the negative effects at the particular
acidity levels and nutrient requirement of the crops.
Most suitable economic crops are tree crops, fruit
crops and selected non-flooded annual crops
(Samrit et al., 2007). Selective agricultural uses

can be made but plant nutrients management
practice and the combining use of green manure,
barn manure, mineral fertilizer and liming to
improve soil fertility are needed. The most suitable
land use on these highland soils is forest cover,
being under natural vegetation cover or
agroforestry (Yamoah et al., 1999; Samrit, 2008).
The natural conservation of organic matter in these
soils indicates low degree of agricultural use. A
strict conservation measure and restrictive
agricultural uses are recommended for management
of these Khao Kho highland soils.

Conclusions

Result of this study revealed that highland soils in
Khao Kho Area, Phetchabun Province, Thailand
include Typic Paleudults (P1, 2, 3, 6), a Vertic
Hapludalf (P5) and a Typic Paleudalf (P4). Most of
these soils have kaolinitic mineralogy class. Their
fertility capability units include Chk for two areas,
and Lh, Ch, L’hk and LCak each for one area. These
results indicate that they are highly leached and
highly weathered to moderately weathered soils. The
soils have good general physical properties. Their
general limitation for crop practices comprises
acidity, low phosphorus, low potassium and
aluminum toxicity in some pedons. Recommen-
dations for their basic fertility management generally
include the combining use of green manure, barn
manure, mineral fertilizer and liming along with soil
surface organic matter management. The most
suitable land use on these highland soils is forest
cover, being under natural vegetation cover or
agroforestry.
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Table 6 Indicative soil parameters used in determination of soil fertility capability (from surface 50-60 cm
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depth).

Parameters Soil characteristics/Properties Symbols?
Type Broad group of surface soil texture S,L,C,0O
Substratra Type Broad group of subsurface soil texture S,L,C,R
Modifiers 1. Aluminum toxicity (pH in 1:1 H,O <5.0) a

2. Basic reaction (pH in 1:1 H,O >7.3) b

3. Cat clay (presence of jarosite with pH in 1:1 H,O <3.5) c

4. Dry (soil has ustic, aridic or xeric moisture regime) d

5. Low cation exchange capacity (sum of bases extracted by e
NH;OAc <7 cmol kg™)

6. Gleying (soil color with low chroma ( < 2)) g

7. Acid (pH in 1:1 H,O = 5.0-6.0) h

8. High-P fixation with iron (soil has more than 35% clay and i
has a color of 7.5 YR or redder, with granular structure)

9. Low K reserve (soil has weatherable minerals <10% in silt k
fraction)

10. Natric (exchangeable sodium percentage 15%) n

11. Salinity (EC >4 dSm™) s

12. Vertisols (soil has > 35 % clay and more than 50% of clay is \%
smectite)

13. X-ray amorphous (used only when soil has pH >10 in 1IN X
NaF or soil developed on volcanic ash)

14. Slope (slope limitation indicated by slope range) %

15. Prime (-”) (indicates amount of gravels by volume in subsurface
soil, (-”) gravel 15-35%, (-*”) gravel >35%)

Y'§ = sandy, L = loamy, C = clayey, O = organic, R = rock

Table 7 Fertility capability of the soils.

Site Horizon”  Texture  2:1 expending pH Kreserved Gravel — Alsat. Fcc?
(cm) clay 1:1H,0  cmol kg (%) (%)
Pedon1 Topsoil Clayey <50% 5.0 0.19 - 343 Chk
Subsoil Clayey <50% 5.1 0.14 - 15.33
Pedon2 Topsoil Loamy <50% 5.7 0.42 - 1.21 Lh
Subsoil Loamy <50% 59 0.31 - 1.38
Pedon3 Topsoil Clayey <50% 53 0.62 - 4.47 Ch
Subsoil Clayey <50% 5.1 0.20 - 52.15
Pedon4 Topsoil Loamy <50% 59 0.20 18.4 0.45 L’hk
Subsoil Loamy <50% 6.0 0.11 18.3 0.92
Pedon 5 Topsoil Clayey <50% 54 0.08 - 1.36 Chk
Subsoil Clayey <50% 5.5 0.06 - 1.46
Pedon 6  Topsoil Loamy <50% 4.8 0.13 - 22.80 LCak
Subsoil Clayey <50% 4.6 0.09 - 61.12

L Topsoil = Ap or 0-20 cm, Subsoil = horizon under Ap or 20-50/60 cm depth interval

Y= loamy, C = clayey, a = pH < 5.0 and Al saturation >60%, h = pH range 5.0-6.0, k = K reserve <0.2 cmol kg™,

> = gravel 15-35%
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