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Abstract

A few body of knowledge is available on pedogenesis affecting carbon and nitrogen in
Vertisols particularly in Thailand. Forty two samples from the upper three genetic horizons of 14
Thai Vertisol profiles on lowland and upland areas were subjected to investigate the influences of
pedogenic processes and geomorphological characteristics on their organic carbon (OC) and total
nitrogen (total N) contents in particle size fractions. Chemical composition of organic matter
(OM) was also characterized using Diffuse Reflectance Infrared Fourier Transformed (DRIFT)
spectroscopy. Different physiographic positions, parent materials and water dynamics existing in
lowlands and uplands strongly influenced the content and composition of OM in these soils.
Though they contained comparable OC and total N contents across particle size fractions, the clay
fraction of lowland soils showed a finite capacity to retain OC and total N as compared with that
of the upland ones, whereas such limited capacity was not observed in the silt and sand fractions.
The higher adsorptive capacity of pedogenic Fe oxides contributed by Al substituted in Fe
structure under alkaline reaction and frequent wet-dry cycles in lowland condition may contribute
adsorption of OM-Fe complexes onto their clay mineral surfaces at a faster rate than that of upland
condition. The relative absorbance percentage (% rA) from DRIFT spectra showed that both
lowland soils and upland soils were similarly dominated by aliphatic-C. However, the particularly
higher aliphatic-C and polysaccharide ratio of the clay fraction in upland soils suggested the higher
decomposition rate of OM associated with this fraction than that of the lowland soils. The higher
sand content mainly derived from basic igneous parent rocks in upland condition which
experienced longer oxidation state significantly enhanced decomposition rate of OM as compared
with that in the lowland soils which experienced the prolonged reduction state and endosaturation.
The findings of this study suggest that the consideration on OM management practices necessarily
regard the influences of pedogenesis on the content and composition of OM in these Thai
Vertisols.
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Introduction

In spite of their few occurrences for only 2.4% of
global land area, Vertisols are well known so far as
high agricultural productivity soils. Thai Vertisols
occupy approximately 0.65% of the country area and
they have been particularly used for paddy rice
production and agronomic crops (Vijarnsorn, 1982).
Regarding Vertisols, many studies have established a

large body of knowledge on their pedogenesis,
mineralogy and chemistry (Mermut et al., 1996;
Coulombe, 1996). Similar to the other Vertisols, the
pedo-geochemical composition of Thai Vertisols is
mostly homogeneous throughout the profiles with
clay minerals dominated by iron-rich smectite
(beidellite) (Chittamart et al., 2010). However, little
is known about the fate of soil organic matter (SOM)
in these Thai soils.
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The nature of SOM has received little attention
in relation to the extensive literature concerning
these soils (Ristori et al., 1992). Although they are
clayey with high activity clays, the often low
organic matter (OM) content is the most interesting
feature of Vertisols. The OM content in surface
horizons of Vertisols commonly ranged form 5-50
g kg'! and gradually decreased with depth whereas
the soils have been overturned (Coulombe, 1996).
The particular low soil organic carbon (SOC) (0.89-
3.5 %) and total nitrogen (total N) (0.06-0.33 %) in
surface horizons also normally observed in
Vertisols developed on a wide range of parent
materials (Ahmad, 1983). The strong association of
clay-organic complexes in these soils is
fundamental to the formation and stability of soil
aggregates and soil structures. However, like many
other soils, the turnover of fresh and weakly bound
OM in surface horizons of Vertisols is rapid while
it takes longer time with increasing depth
depending on environmental conditions, and the
particular intensive and continuous management
practices lead to the degradation of clay-organic
complexes and soil structures (Coulobme et al.,
1996). There is an evidence suggesting that grain
size distribution greatly varies among Vertisols
depending on their origins and this represents a
major source of heterogeneity in these soils
(Ahmad, 1983, McGarry, 1996). Such variation
among Vertisols with different pedogenesis may
affect SOM in multiple ways. There is few
available information on pedogenesis affecting
SOM in Vertisols particularly in Thailand. The
objectives of the present study were to (1)
quantitatively determine the contents of OC and
total N in whole soils and in particle size fractions
of the upper three genetic horizons of Thai major
Vertisols profiles, both in lowlands and uplands, (2)
characterize the composition of OM associated of
the investigated samples, and (3) explore possible
influences of their pedo-morphological
characteristics under which the soils have formed
on the content and composition of OM.

Materials and Methods
Soil Sampling and Site Description

Whole soil samples from fourteen arable
profiles of Thai major Vertisols under Tropical
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savanna climate were collected from Central Plain
and Central Highlands using standard field study
method (Soil Survey Division Staff, 1993) (Table
1). The soils consist of 6 lowland soils and 8
upland soils. They have developed on Quaternary
alluvium, Permian and Triassic rocks which
include limestone and volcanic rocks (andesite,
basalt and rhyolite) (Chittamart et al., 2010). The
geomorphological setting of lowland soils is
located on local alluvium plain up to lower
footslope with flat to undulating relief. These soils
have formed on local, wash and mixed alluvium
Upland soils
are observed on higher elevation of the lower to
upper footslope with undulating relief. These soils
have formed on local alluvium derived from
alkaline rocks and some also found such sediments
over residuum derived from basalt and andesite.
Paddy rice is typical cultivation in most lowland
soils whereas upland soils have been under a wide
range of agronomic crops (Table 1).

The field morphological description of
investigated profiles followed standard method of
Soil Taxonomy (Soil Survey Staff, 2010). Soil
color (moist) was determined by reference to
Munsell soil color charts (Munsell color, 2000)
(Table 2).

derived from weathered limestone.

Soil Analyses

Whole soil samples were air-dried and passed
through a 2 mm sieve before various laboratory
analyses using standard methods (National Soil
Survey Center, 1996). The particle size distribution
was determined using the pipette method. Bulk
density (BD) was measured by clod method. The
coefficient of linear extensibility (COLE) was
measured according to the method of Schafer and
Singer (1976). Soil pH was measured in water
using 1:1 soil:water suspension. Exchangeable
cations (Ca>’, Mg*, K" and Na") and cation
exchange capacity (CEC) were measured using 1
M NH4OAc pH 7.0 method. The exchangeable
cations were analyzed using a Varian AA240
atomic adsorption spectrophotometer.  Calcium
carbonate equivalent (CCE) was determined by
dissolving CaCO; with 0.5 M HCI and back
titration with 0.5 M NaOH. Different forms of Fe
and Al were extracted using dithionite- citrate-
bicarbonate (DCB) solution buffered at pH 7.0,
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Table 1 Soil series, classification and environmental setting of Thai major Vertisols investigated in this study.
Soil series Elevation  Physiography Relief Rainfall/ Classification Parent material Land use
(m MSL) Temperature”
Lowlands
Lop Buril 26 Local alluvial Gently 1100 mm/26°C  Aeric Calciaquert Local alluvium derived ~ Paddy field,
(Lbl) plain undulating from limestone follow
Lop Buri2 7 Toeslope Nearly flat 1100 mm/28°C  Ustic Endoaquert Local alluvium derived  Left idle at time
(Lb2) from limestone of sampling
Ban Mil 26 Lower footslope Undulating 1100 mm/26°  Ustic Endoaquert Wash and local alluvium Vegetable bed
(Bml) derived from weathered
limestone
Ban Mi2 5 Depression in Flat 950 mm/27°C  Ustic Endoaquert Local alluvium partially Paddy rice
(Bm2) local alluvial plain derived from limestone
(basin)
Wattana 9 Local alluvial Flat 1100 mm/26°C Ustic Endoaquert Local alluvium Paddy rice
(Wa) plain
Chong 9 Semi-recent Slightly 1100 mm/27°C Ustic Endoaquert Mixed alluvium and Paddy rice
Khae (Ck) terrace undulating local alluvium derived
from limestone
Uplands
Lop Buri3 35 Lower footslope Undulating 1207 mm/28°C Typic Haplustert Local alluvium derived ~ Sesame and
(Lb3) from limestone sorghum
Buri Ram 40 Dissected lower Gently 1207 mm/28°C Typic Haplustert Local alluvium derived ~ Sugarcane field
(Br) footslope undulating from limestone
Chai 52 Dissected upper Undulating 1207 mm/28°C Calcic Haplustert Local alluvium derived ~ Mung bean field
Badanl footslope from lime containing
(Cdl) rocks
Chai 99 Lower middle Undulating 1207 mm/28°C Typic Haplustert Residuum derived from  Mung bean and
Badan2 slope on basalt weathered basalt corn
(Cd2) corrosion plain
Samo 83 Dissected upper Undulating 1207 mm/28°C Chromic Haplustert Local alluvium on Mung bean field
Thod1 footslope residuum derived from
(Satl) both weathered andesite
and limestone
Samo 93 Upper footslope Undulating 1207 mm/28°C Chromic Haplustert Local alluvium derived  Corn and mung
Thod2 from limestone on bean
(Sat2) residuum derived from
weathered andesite
Wang 96 Lower footslope Undulating 1207 mm/28°C Chromic Haplustert Local alluvium mixed Mango
Chomphul with wash over intercropped with
(Wcl) residuum derived from  mung bean, teak,
calcareous rocks eucalyptus and
banana
Wang 102 Lower dissected Undulating 1207 mm/28°C Typic Haplustert Local alluvium derived ~ Pasture for
Chomphu2 footslope from calcareous rocks grazing
(Wc2)

¥"Mean annual value.

0.2 M ammonium oxalate (pH 3.0) and 0.1 M
sodium pyrophosphate (pH 10.0) as detailed by
Singh and Gilkes (1991). The extractants were
then analyzed using atomic  adsorption
spectrophotometer. The DCB method removes
both crystalline, poorly crystalline and amorphous
forms of Fe (Feq), and DCB-AI (Aly) consists of Al
substituted in the structure of Fe oxides and
partially dissoluted forms of poorly ordered Al
(oxy)hydroxides (Kleber et al., 2005). The oxalate
procedure extracts Fe (Fe,) and Al (Al,) from

amorphous and poorly crystalline Fe oxides,
lepidocrocite and ferrihydrite, Al- and Fe-humus
complexes and poorly crystalline phyllosilicates
(Wang et al., 1993). Sodium pyrophosphate
extracts all organically-bound to Al and
intermediate fraction of organically-bound to Fe
(Hartwig and Loeppert, 1993). Therefore, Feg-Fe,
represents crystalline Fe oxides and Fe,-Fe,
represents lepidocrocite and ferrihydrite.  The
Fep/Feo and Alp/Alo represent the ratios of
organically-bound to amorphous Fe/Al, or the
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Table 2 Some field morphological characteristics of Thai major VertisolsY.

Horizon Depth Color of matrix Texture Structure Other features Plant roots
(cm) Color of mottles

Lowlands

Lop Buril (Lbl)

Apk 0-12 10YR 2/1 C 3-ABK, M 1-Rock fragments, dead roots 2-vf+f
7.5YR 4/4

Bkgl 12-33 Mixed 7.5YR 4/2, 10YR 6/2 C 2-SBK 3-Cracks, lime fragments, pressure faces 2-vf+f
7.5YR 4/4

BCkg 118-145+ Mixed 2.5Y 5/2, 10YR 8/2, 10YR 7/2 GC 1-SBK 1-Rock fragments, 3-Pressure faces -
10YR 4/2, 10YR 7/8

Lop Buri2 (Lb2)

Apg 0-20 10YR 2/1 C 3-Semi ABK 3-Dead roots, 1-Rock fragments, cracks 3-vftHf

Bssgl 20-40 10YR 3/1 C 3-ABK 3-Dead roots, cracks, pressure faces, 2-vi+f
10YR 3/4 slickensides, 1-Rock fragments

Bssg7 175-200+ 10YR 4/1 C 3-ABK 3-Cracks, pressure faces, slickensides, 1-Lime —
10YR 5/6, 10YR 5/8 fragments

Ban Mil (Bml)

Apkg 0-20 10YR 3/2 C 3-Semi ABK 1-Rock fragments, cracks, dead roots, 3- 2-vf+f
7.5YR 3/6 Pressure faces

Bkgl 20-40 10YR 3/2 C 3-Semi ABK 3-Cracks, pressure faces, 1-Rock fragments,  2-vf+f
7.5YR 4/6 dead roots, slickensides

Bssgl 63-84 10YR 2/2 C 2-ABK 1-Rock fragments, 3-Pressure faces, 1-vf+f
SYR 4/6 slickensides

BCkg2 123-145+ Mixed 10YR 4/2, 10YR 7/2, 10YR 5/3 GC 2-Semi ABK 1-Cracks, 3-Pressure faces, Fe-Mn nodules,
10YR 5/8, 10YR 2/1

Ban Mi2 (Bm2)

Apg 0-18 Mixed 10YR 4/1, 10YR 3/2 C 3-SBK 3-Cracks, dead roots, pressure faces 3-vftHf
10YR 4/6

Bssgl 18-35 2.5Y 4/1 C 3-SBK 3-Cracks, pressure faces, slickensides, 1-Rock 1-vf+f
2.5Y 4/4 fragments

Bssg6 130-160+ Mixed 10YR 6/2, 10YR 5/1 C 3-Semi ABK  3-Cracks, pressure faces, slickensides, 1-Clay —
2.5Y 6/8 balls

Wattana (Wa)

Apg 0-12/20  10YR 3/1 C 3-ABK 3-Cracks, dead roots, pressure faces 2-vf+Hf
7.5YR 5/6

Bg 20-40 Mixed 2.5Y 4/3, 10YR 3/1 C 3-ABK 3-Cracks, pressure faces, slickensides, 1-Dead 1-vf+f
7.5YR 5/6 roots

Bssg3 80-105+ Mixed 2.5Y 3/2, 10YR 3/1 C 3-ABK 3-Cracks,pressure faces, slickensides -
7.5YR 5/6, 10YR 6/6

Bsskg 170-190+ Mixed 2.5Y 5/4,2.5Y 5/6,2.5Y 6/3, C 2-SBK 3- Mn oxides, pressure faces, s -
10YR 3/1 lickensides
10YR 5/8, 10YR 6/6

Lowlands

Chong Khae (Ck)

Apg 0-27 10YR 5/3 C 3-ABK 3-Cracks, dead roots, pressure faces 3-vftHf
2.5YR 4/6, S5YR 4/4, 5YR 5/6

Bg 27-50 10YR 5/3 C 3-Semi ABK 3-Cracks, pressure faces, 1-Dead roots 1-vf+f
SYR 5/4,5YR 5/6

Bssg6 180-200+ Mixed 7.5YR 4/1, 10YR 4/2 C 3-Semi ABK 1-Rock fragments, cracks, 3-Pressure faces, —
7.5YR 4/4 slickensides

Uplands

Lop Buri3 (Lb3)

Apk 0-25 10YR 2/1 C 3-SBK 1-Lime fragments, 3-Cracks, dead roots 2-vf+f

Bkl 25-45 10YR 2/1 C 3-ABK 3-Lime fragments, dead roots, cracks, 1- 1-vf+f

Pressure faces, slickensides

Bssk3 93-115 10YR 3/1 C 3-ABK 1-Lime fragments, dead roots, 3-Cracks, 1-vf+f
10YR 8/2 pressure faces, slickensides

Bk3 170-200+ 10YR 4/1 SGC  2-Semi ABK 3-lime fragments, 1-Pressure faces, cracks -
10YR 8/2

Buri Ram (Br)

Ap 0-20 10YR 2/1 C 3-ABK 3-Cracks, pressure faces, 1-Dead roots 2-vi+H

BA 20-40 Mixed 10YR 3/1, 10YR 2/1 C 3-ABK 3-Krotovinas, cracks, dead roots, pressure 1-vf+f
10YR 5/8 faces

Bss2 60-90 10YR 2/1 C 3-ABK 3-Cracks, pressure faces, slickensides, 1-Dead 1-vf+f

roots
Bk3 140-170+ 10YR 4/1 SGCL 2-SBK 2-Hard lime nodules, 1-Rock, lime fragments —
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Table 2 Cont.

Horizon Depth Color of matrix Texture Structure Other features Plant roots

(cm) Color of mottles

Chai Badan] (Cdl)

Apk 0-20 7.5YR 3/1 C 3-Semi ABK 1-Dead roots, rock, lime fragments 1-vf+f

ABk 20-47 10YR 3/1 C 3-Semi ABK 1-Dead roots, cracks 1-vf+f

Bss2 80-110 10YR 2/1 C 2-ABK 3-Pressure faces, slickensides, cracks, 2-lime  1-vf+f
nodules

Bk2 140-160+ 10YR 4/1 GCL 2-SBK 3-Hard lime nodules, 1-Clay coatings -

Chai Badan2 (Cd2)

Ap 0-15 7.5YR3/2 C 3-SBK 3-Cracks, 1-Pressure faces, rock fragments 2-vi+f

Btl 15-30/40 7.5YR 3/2 C 2-ABK 3-Pressure faces, cracks, 1-Clay coatings, rock 1-vf+f
fragments, clay balls

Btc 40-70 7.5YR3/2 SGC 2-ABK 3-Clay coatings, cracks, rock fragments, 1-vf+ft+e
pressure faces, Mn nodules, 1-Clay balls

Crt2 100-130+ 10YR 4/2 GC 2-Semi ABK 1-Clay coatings, cracks, pressure faces, 3- 1-vf+f

Manganiferous rock fragments

Samo Thodl (Satl)

Apk 0-20 10YR 4/3 C 2-ABK 1-lime fragments, cracks, dead roots, pressure 1-vf+f
faces, Mn nodules

Btl 20-45 10YR 4/3 C 2-Semi ABK 1-Clay coatings, 1-vf+f
Cracks, dead roots, rock fragments, 3-Pressure
faces

Crt 115-140+ 10YR 5/1 SGC  2-Semi ABK 1-Clay coatings, cracks, weathered rock -
fragments, 3-Pressure faces

Uplands

Samo Thod2 (Sat2)

Apk 0-18/20 7.5YR 4/3 C 3Semi ABK  3-Pressure faces, 1-Dead roots, rock 2-vi+Hf
fragments

Btk1 20-40 Mixed 10YR 5/3, 10YR 4/3,7.5YR 4/3 C 2-Semi ABK 1-Clay coatings, dead roots, charcoal 1-vf+f

7.5YR 5/6, 10YR 2/1
Crtk2 135-168+ 10YR 5/2 GC

fragments, 3-Pressure faces, rock fragments
1-ABK/rock  3-Rock fragments, lime materials, 1-Clay 1-vf+f

10YR 4/6, 10YR 2/1 coatings
Wang Chomphul (Wcl)
Ap 0-20 7.5YR 2.5/2 C 3-SBK 1-Dead roots, cracks, pressure faces, rock 2-vf+f
fragments
Bt 20-45 7.5YR 4/3 C 3-ABK 1-Clay coatings, dead roots, Fe-Mn nodules,  1-vf+f
2.5YR 4/8 pressure faces
Btc2 75-105 10YR 5/2 VGC 2-Semi ABK 1-Dead roots, Fe-Mn nodules, pressure faces  1-vf+f
2.5YR 4/8,7.5YR 5/8, 10YR 6/8
2Btk2 135-160+ Mixed 2.5Y 5/3,2.5Y 4/1 C 2-Semi ABK  3-Lime materials, Mn oxides, 1-Clay coatings, 1-vf+{
2.5Y 5/6 dead roots, cracks, pressure faces
Wang Chomphu2 (Wc2)
Ap 0-25 2.5YR 2.5/1 C 3-Semi ABK 3-Cracks,pressure faces, rock fragments, 1- 2-vf+, 1-m
Dead roots
Btl 25-48 2.5YR 2.5/1 C 2-ABK 1-Clay coatings, cracks, dead roots, 3- 1-vf+f, 2-m
2.5YR 4/6 Pressure faces, rock fragments
2Btk1 70-100  Mixed 2.5Y 5/3,2.5Y 6/6,2.5Y 6/1 C 3-ABK 1-Rock fragments, Fe-Mn nodules, lime 1-vf+f
nodules, slickensides, 3-Clay coatings,
pressure faces
2Crtk 150-182+ Mixed 10YR 6/6, 10YR 7/1,2.5Y 8/1, C 3-ABK/Rock 3-Cracks, pressure faces, 1-Clay coatings -
2.5Y 6/4

Y'C = clay, GC = gravelly clay, SGC = slightly gravelly clay, SGCL = slightly gravelly clay loam, GCL = gravelly clay loam, VGC = very
gravelly clay
1 = weak, 2 = moderate, 3 = strong; ABK = angular blocky, SBK = subangular blocky, M = massive
1 = few (< 2%), 2 = moderate (2-20%), 3 = common (> 20%).
1 = few (< 1 root cm™), 2 = common (1-5 root(s) dm?), 3 = many (> 5 roots m?); the content(s) of very fine (vf) and fine (f) root counted per
cm?, medium (m) and coarse (c) root counted per dm?, — = not found.

relative amount of Fe/Al that is in form of organic
complexes. Total Fe (Fe;) and Al (Al) of soil were
measured by X-ray fluorescence spectrometry
(XRF) using a Phillips PW1400 X-ray fluorescence
spectrometer.

Particle Size Fractionation and SOC and
Total N Analyses

After removal of visible plant residues, 50 g of
whole soil (< 2 mm) was placed into 500 mL bottle
with 50 mL of 5% sodium hexametaphosphate.
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The suspension was adjusted to 250 mL using 200
mL deionized water, and the suspension was
shaken overnight. The suspension was then treated
ultrasonically using a probe attached with Misonix
ultrasonic cell disruptor operated at 20 W for
approximately 3 minutes. Subsequently, sand
fraction (> 53 pm) was separated by wet sieving
through a 53 pm sieve. The remaining suspensions
of silt plus clay fractions were separated using
repeated sedimentation and siphoning method (Gee
and Bauder, 1986). All fractions were oven-dried
at 40 °C (Christensen, 1992). Carbonates of all
obtained samples were removed by repeated
dissolving with 1 M HCI for 16 h, and then the
samples were washed with deionized water and
oven-dried at 40 °C. The samples were finely
ground and SOC and total N contents were
determined by the dry combustion method using a
Vario Max CNS  analyzer (Elementar
Analysensysteme GmbH, Hanau, Germany).

Diffuse Reflectance Infrared Fourier-
Transformed (DRIFT) Spectroscopy

DRIFT spectra of investigated samples were
collected using a Bruker TENSOR 37 FT-IR
spectrometer (Ettlingen, Germany) with the
Praying MantisTM diffuse reflectance attachment
(Harrick Scientific Products, Pleasantville, NY,
USA). To obtain these spectra, whole soil samples
and particle size fractions were finely ground using
agate mortar and pestle. The samples were then
placed in an Al holder cup and leveled by a blade.
Scans were collected in the wavenumber range of
400 to 4000 cm™ at 4 cm™ resolution using pure
spectral grade of KBr powder as background. In
order to compare the differences in composition of
OM, the relative absorbances percentage (% rA) of
major organic functional groups were calculated.
The absorbent intensities of bands at 2920, 1720,
1630, 1600, 1510, 1450, 1350, 1280, 1160 and
1080 cm” were divided by the sum of total
absorbent intensities of all corresponding bands
and multiplied by 100 (modified from Haberhauer
et al, 1998). Band assignment for OM
composition was based on the studies of Baes and
Bloom (1989), Stevenson (1994) and Niemmeyer
et al. (1992).

Thai Journal of Agricultural Science

Statistical Analyses

Regression analyses were used to examine the
relationships of (1) whole SOC and total N
contents with OC and total N associated with
particle size fractions of lowland and upland
Vertisols; (2) Alg content of soil with OC and total
N contents in the clay fractions of the soils; and (3)
percent distributions of total OC and total N in
particle size fractions with the elevation of studied
sites. Correlation matrix was also used to examine
the relationships between degree of OM
decomposition associated with particle size
fractions and some soil properties. Independent-
sample T test was used to examine significant
differences (P < 0.05) of the relative absorbance
percentage (% rA) of organic functional groups in
the corresponding samples between lowland and
upland Vertisols. All statistical data analyses were
carried out using StatSoft Statistica version 6.0.

Results and Discussion

Soil Characteristics

Environmental setting, classification and field
morphology of Thai lowland and upland Vertisols
are summarized in Table 1 and Table 2. All soils
are deep with some visible variations of profile
development. Most lowland soils exhibit A-B
profile  development  with  redoximorphic,
slickensides, pressure faces, cracks features and
accumulation of CaCO; nodules. The weathered
rock horizons are also observed in some lowland
soils developed on local alluvial plain and lower
footslope. The profile development of upland
Vertisols exhibit more widely variation as
compared with that of the lowland ones. In
addition to A-B profile development, the
transitional diagnostic subsurface horizons and
weathered rocks horizons are commonly observed
for the upland soils that formed on footslopes.
Typical pedofeatures such as slickenside, pressure
faces and cracks are also well expressed for the
upland soils. Additionally, the coating of illuviated
clay on pore walls and ped faces are common in
diagnostic subsurface horizons as well as iron,
manganese, and lime nodules. The pedogenic
significance such as cracks, slickensides and
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pressure faces in all soils featured distinct
pedoturbation from shrinking-swelling smectite
during wetting and drying. These pedogenic
processes markedly disturbed soil development in
both lowlands and uplands (Coulombe et al., 1996).
All soils exhibit low leaching processes indicated
by accumulation of CaCO; nodules across the
profiles. Further, the intersection of weathered
rocks horizons in the profiles indicated that all soils
are poorly developed (Coulombe et al., 1996).
Lowland soil colors expressed dark shade and
become brighten in upper physiographic position
with more distinct for the upland soils. These
results reflected the influence of physiography
associated with water table level. Most lowland
soils are Endoaquerts showing prolonged endoaquic
condition with redoximorphic features. All upland
soils are Haplusterts with the lack of specific
accumulative horizons in these soils (Soil Survey
Staff, 2010). All soils are clayey except in
weathered rock horizons where the coarser textures
exist. A common to many very fine and fine roots
was observed in surface horizons of the lowland
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Vertisols whereas few to common very fine, fine
and medium roots was observed in the upland ones.
There are few very fine, fine, medium and coarse
roots distributed in subsurface horizons for all soils
(Table 2).

Physicochemical Properties of Selected Horizons
in Lowland and Upland Soils

Some variations of physicochemical properties
were observed among lowland and upland soils
(Table 3). The upland soils have much higher
coarse fractions (silt and sand) as compared with
that of the lowland ones. The difference of grain
size distribution in these soils is similar to that
reported by Ahmad (1983) that soils developed on
alluvium whether on coastal and deltatic locations
or inland depressions have low sand content, and
most of the non-clay minerals are of silt size.
While the soils formed on basic rocks have variable
sand content depending on quartz content of parent
rocks which reflecting the amount of insoluble
impurity in the parent rocks or sedimentary deposits
and secondary carbonates (Ahmad, 1983).

Table 3 Some soil properties of selected horizons of lowland and upland Vertisols.

Lowlands (n=18)

Uplands (n=24)

Propertyl/

Min Max Mean+SD Min Max Mean+SD
Sand (g k%") 28 234 75+58 31 490 200+141
Silt (g kg™) 145 434 286+97 59 461 202+88
Clay (g kg™ 449 818 639+127 316 910 599+181
Bulk density (Mg m™) 1.6 2.0 1.8+0.086 1.4 1.9 1.6+0.11
COLE 0.17 0.34  0.24+0.044 0.094 0.30  0.22+0.053
SOC (g kg™ 3.1 19 9.6+4.3 4.0 17 9.3+3.2
Total N (g kg™) 0.37 1.7 0.81+0.36 0.42 1.4 0.87+0.35
C/N ratio 5.5 18 12+3.7 7.5 16 11£2.7
pH (H,0) 5.0 8.3 7.4+0.90 5.6 8.4 7.3£0.98
Exchangeable Ca (mmol kg ™) 212 657 458+149 182 1322 450+283
Exchangeable Mg (mmol kg™) 2.8 54 25+15 16 166 71+£38
Exchangeable Na (mmol kg™) 2.4 15 9.0+£3.8 1.1 13 5.7£3.7
Exchangeable K (mmol kg’l) 0.49 33 1.3+0.92 041 3.0 1.5+0.74
CEC (mmol kg™) 291 698 475157 271 968 5124220
Calcium carbonate equivalent (%) 0.31 44 7.1+14 0.56 14 3.443.4
Fe, (gkg") 8.4 25 20+4.8 17 60 30+12
FesFe, (gkg™) 1.1 14 5.9+4.2 0.24 24 6.5+6.6
Fe,—Fe, (g kg™) 0.30 4.9 1.7+1.1 0.018 34 1.3+0.89
Fe,/Fe, 0.015 0.51  0.22+0.17 0.014 2.1 0.73+0.60
Al (gkg") 14 54 39+13 20 50 36+7.7
Alg (g kg™ 0.54 1.34  0.88+0.27 0.11 1.0 0.37+0.18
Aly/Al, 0.015 2.0 0.36+0.51 0.015 7.7 1.9+2.1

V" Fe, = total Fe oxides, Fes-Fe, = crystalline Fe oxides, Fe,-Fe, = lepidocrocite/ferrihydrite, Fe,/Fe, and Al/Al, =
organically-bound to total amorphous Fe/Al, relative amounts of Fe/Al in organic complexes, Al, = total Al
oxides, Aly = Al substituted in Fe oxides and partially dissoluted forms of poorly ordered Al (oxy)hydroxides.
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The higher exchangeable Mg in upland soils is due
to the nature of their basic igneous parent rocks
which constitute a large amount of this element in
comparison to lowland soils that originating from
calcareous rocks (Ahmad, 1983). The upland soils
also contain higher total Fe oxides (Fe;) than that of
the lowland soils. This also mainly derived from a
numbers of ferromagnesian minerals in basic
igneous parent rocks (basalt, andesite) (Coulombe
et al.,, 1996). The upland Vertisols feature higher
crystalline Fe oxides (Feq-Fe,) whereas amorphous
Fe oxides (lepidocrocite/ferrihydrite) (Fe,-Fe,)
dominate in the lowland soils. This result suggests
the distinct different duration of wetting and drying
among these soils. The lowland soils exhibit higher
Al substituted in Fe oxides and partial dissolution
forms of Al (oxy)hydroxides (Als) than do the
upland ones. This may be contributed from the
higher frequency of wet-dry cycles in lowland than
that in the upland condition. The organically-
bound to total amorphous Fe (Fe,/Fe,) and Al
(Al/Al,) oxides were higher for the upland soils in
comparison with that for the lowland soils (Table
3). This result indicates some differences for the
fate of OM among the lowland and upland soils.

Organic Carbon (OC), Total N and C/N Ratio
of the Particle Size Fractions

The relatively similar contents of OC and total
N associated with particle size fractions for lowland
and upland soils were observed (Figure 1). The
decreases of OC and total N with increasing depths
for all soils were also observed. This depth
distribution pattern is generally related to greater
biomass input from aboveground crop residues in
the surface soil and also a greater root density,
which generally decreases down the soil profile.
This result is consistent with the visible plant root
content along the profiles whereas all soils
represent vertic property (Table 2). This finding
suggests that the additional rate of SOM into
surface horizons of these soils is usually faster than
the process of pedoturbation, thus the contribution
of this process on the content and distribution of
OM into the deeper part of profile should play a
minor role in these soils (Yaalon and Kalmar, 1978;
Wilding and Tessier, 1988).
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Figure 1 The distributions of organic carbon (OC g
kg") (left pane) and total nitrogen (total N g kg™)
(right pane) at the three depths in (a) and (b) clay
fraction; (c¢) and (d) silt fraction; (e¢) and (f) sand
fraction of lowland and upland Vertisols.
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The content of total N associated with the sand
fraction showed the variation, perhaps due to the
susceptibility of OM associated with this fraction to
the change by management practices (Christensen,
1992; Feller and Beare, 1997) (Figure 1f). The
strong gradient decreases of OC and total N in the
silt fractions from surface soils to the deeper
horizons were found in all soils as compared with
the clay fraction (Figures 1c and 1d). This result
suggests the preferential interaction of depleted OM
with clay minerals with increasing depth. The
contents of OC and total N in particle size fractions
were ranked in the order of clay > silt > sand. The
high contents of OC and total N in the clay fraction
indicate the preservation of OM through organic-
mineral interactions, which contributed further
physical protection through microaggregations
(Sollins et al., 1996; Six et al., 2000).

The C/N ratios of particle size fractions were
ranked in the order of sand > silt > clay for lowland
soils and silt > sand > clay for upland soils (Figure
2). Similar to many other soils, the sand fraction is
usually associated with freshly deposited plant
materials, and hence show high C/N ratio, with
similar to that of added plant residues. The silt
fraction often associated with moderately
decomposed forms of OM, while clay fraction
usually associated with highly decomposed OM,
and hence generally possessed relatively lower C/N
ratio which similar to that of the microbial
metabolites (Christensen, 1992). The comparable
values for C/N ratios of sand and silt fractions of
lowland soils as compared with that of the upland
soils suggest the slow decomposition rate of OM in
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these soils.  This mainly contributed to the
prolonged water-logging during paddy rice
cultivation and the endoaquic conditions of the
lowlands. The relatively high C/N ratio of silt
fraction in the upland soils as compared with that in
the lowland soils indicates the accumulation of
poorly-decomposed particulate organic matter in
this fraction. This result indicates the influence of
soil management, such as by conventional tillage
and also the wvertic property which induced
pedoturbation in these soils (Schulten and

Leinweber, 2000; Diekow et al., 2005).

Capacity of Particle Size Fractions in Retentions
of OC and Total N

Organic carbon and total N associated with the
three particle size fraction were plotted against the
corresponding contents of whole soils (Figure 3).
Different OC and total N accumulation patterns
were observed in the clay fraction between the
lowland and upland soils. With increasing whole
SOC and total N contents, the logarithmic
increasing patterns of OC and total N in the clay
fraction of the lowland soils were observed.
Contrastingly, the OC and total N in the clay
fraction of the upland soils showed the exponential
increments (Figure3a, 3b). For the silt fraction, the
exponential increasing patterns of OC and total N
with increasing whole SOC and total N contents
were observed for both lowland and upland soils
(Figure3c, 3d). Only OC and total N associated
with sand fraction of the upland soils were showed
the exponential increasing patterns with increasing
whole SOC and total N contents (Figure3e, 3f1).

C/N ratio C/N ratio C/N ratio
0 5 10 15 0 10 20 30 40 0 10 20 30
(@) (b) (©
0-20
E | | J
K
S
g‘ 20-40 —3— Lowland soils
i i i —— Upland soils
40-70
Clay Silt Sand

Figure 2 C/N ratios associated with (a) clay fraction; (b) silt fraction and (c) sand fraction of lowland and upland Vertisols.
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Figure 3 Relationships of whole soil organic carbon (SOC g kg™') (left pane) and total nitrogen (total N g kg™ (right pane)
with organic carbon (OC g kg™) and total nitrogen (total N g kg™) associated with (a) and (b) clay; (c) and (d) silt and () and
(f) sand fractions of lowland and upland soils. **P < 0.01 and ***P < 0.001, ns = not significant.

The logarithmic increasing patterns of such
relationships in the clay fraction of the lowland
soils indicate that further increase in whole SOC
and total N will not increase the OC and total N
contents in the clay fraction above approximately
16 g kg! and 1.3 g kg™, respectively (Figure 3a,
3b). These findings imply that the absorptive sites
on clay mineral surfaces of surface horizons in
these soils may have already been saturated
(Hassink, 1997; Six et al., 2002). Contrastingly, the

retentions of OC and total N in the clay fraction of
the upland soils do not express a tendency for
saturation as reflected by exponential relationships
with the corresponding contents in whole soils.
Thus, the further retention of OC and total N in the
clay fraction in these soils may still be possible.
Similarly, these is potential for further retention of
OC and total N in silt fractions for both lowland
soils and upland soils (Figure3c, 3d), and for the
sand fraction of the upland soils (Figure3e, 3f).
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The lack of relationships of OC and total N in sand
fraction of the lowland soils with the corresponding
contents in whole soils may be from few sand
content of these soils that have developed on
alluvial deposits in inland depressions (Table 3).
According to these relationships, there is a
possibility that when clay fraction becomes
saturated, the retentions of OC and total N will only
take place in silt and sand fractions for the upland
soils, and in silt fraction for the lowland soils
(Diekow et al., 2005).

Significant negative relationships of OC and
total N associated with clay fraction with Aly
content of the soils in the lowland soils were
observed, whereas such relationships were not
found in the upland soils (Figure 4). Thus, the
different retention capacities of OC and total N in
clay fractions among the lowland soils and upland
soils may be due to the different extent of
pedogenic Al substituted in Fe oxides in these soils.
Wang et al. (1993) found that the Fe oxides of
paddy vertic soils are mainly lepidocrocite and
ferrihydrite as compared with that of non-paddy
soils. This is agreed well with the higher content of
lepidocrocite/ferrihydrite (Fe,-Fe,) in the lowland
soils than that of the upland soils (Table 3).
Aluminum may also be incorporated into
lepidocrocite structure at high pH (pH = 8),
particularly when the rate of oxidation increases
(Schwertmann and Wolska, 1990), due to the rate
of oxidation of Fe*" increases with increasing pH
(Stumm and Lee, 1961). The Al substituted in Fe
oxides induced the decrease of crystal size, which
subsequently enhance adsorptive capacity of
substituted Fe oxides (Schwertmann and Wolska,
1990). This finding suggests that under lowland
condition with high pH and frequent oxidation-
reduction cycles by paddy cultivation could
contribute higher Al substituted in Fe oxides as
compared with that of the upland condition. This
assumption was supported by the higher Aly content
of the soils in the lowland soils than that of the
upland soils (Table 3). The higher adsorptive
capacity of substituted Fe oxides in the lowland
soils may enhance its adsorption with OM. This
may lead to the faster saturations of OC and total N
in clay fraction of the lowland condition in
comparison to the upland condition.
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Distributions of Total OC and Total N in
Particle Size Fractions

The major proportions of OC and total N in
particle size fractions were ranked in the order of
clay > silt > sand across soil depths in both lowland
and upland soils (Figure 5). These distribution
patterns are similar to that reported by earlier
studies indicating the key roles of clay minerals in
stabilizing OM (Schulten and Leinweber, 2000;
Christensen, 2001). However, there were large
differences for proportions of OC and total N in the
clay fraction of surface horizons (0-20 cm depth)
for lowland soils (Figure 5a, 5b) and upland soils
(Figure 5c, 5d). The clay fraction of the upland
soils retained total OC and total N approximately
15% greater than that of the lowland soils.
Contrastingly, the silt fraction of the lowland soils
retained total OC and total N approximately 10%
greater than that of the upland soils.  The
differences were much smaller in the deeper
horizons for the two soils. The relatively higher
proportions of total OC and total N were observed
in the sand fraction for the upland soils as
compared with that of the lowland soils with
relatively similar proportions at the three depths.

Strong relationships were observed between the
distributions of total OC and total N in the clay and
silt fractions of surface horizons and elevation of
studied sites. The proportions of OC and total N in
the clay fraction significantly increase with
increasing elevation of studied sites whereas the
corresponding proportions in silt fraction markedly
decrease (Figure 6a, 6b). These results suggest a
strong influence of physiographic position of the
soils on the distribution patterns of OC and total N.
The observations also suggest that the capacity of
the clay fraction to retain OM varies with soil
environmental conditions. The lower proportions
of OC and total N in the clay fraction of the
lowland soils as compared with that of the upland
soils indicate that as clay fraction in surface
horizons of the lowland soils was saturated with
OC and total N, the subsequent retention of
occurred in the silt fraction. This is reflected by the
greater proportions of total OC (Figure 5a, 5c¢) and
total N (Figure 5b, 5d) in the silt fraction of these
soils as compared with that of the upland soils. The
result is consistent with that reported by Diekow et
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Figure S Percent distributions of total organic carbon (OC) and
total nitrogen (total N) in particle size fractions of (a, b)
lowland soils and (c, d) upland soils.

(1160 cm™) were observed in these two soils (Table
4). The proportion of polysaccharides decreases
with decreasing particle size fractions for the
lowland soils, whereas there is a higher content of
this organic material in the silt fraction as compared
with the sand and clay fractions for the upland
soils,  respectively. The  proportion  of
polysaccharides of whole soil is higher in the
lowland soils than that in the upland soils (Table 4).

The decomposition of OM is related with the
decrease of plant derived-polysaccharides and
proteins that represent major energy sources for
microorganisms (Zech and Kogel-Knabner, 1994).
This process results in enrichment of higher
recalcitrant materials such as lignin represented by
aromatic-C (1600 cm™), carboxylic-C (1720 cm™)
and N-containing compounds such as amides (1630
and 1510 cm™) (Quideau et al., 2001) including the
most recalcitrant alkyl-C structures (i.e aliphatic-C,
2920 cm’) (Baldock et al., 1992). These are
consistent with the relatively higher proportion of
aliphatic-C, carboxylic-C, aromatic-C and amides
for both lowland and upland soils (Table 4).
Therefore, the result of this study indicates that
there was higher degree of decomposition of OM in
upland soils than in the lowland soils. Furthermore,
the significantly lower ratio of aliphatic-C (2920
cm)/polysaccharides (1160 cm™) for the clay
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Table 4 Summary of relative absorbance percentage (% rA) for selected major organic functional groups of

investigated horizons.

Percentage of relative absorbance (% rA)Y 2920/1160
Parameter 3 r g ; ; r .
2920 cm 1720 cm 1630 cm 1600 cm 1510 cm 1160 cm™ ratio
Lowlands
Clay 13.740.36°  11.740.17° 7.6+0.09* 10.8+0.12° 13.6+0.13° 6.1+0.19* 2.3+0.45°
Silt 26.4+0.62° 12.8+0.21* 9.1+0.10*  7.2+0.13°  7.440.17° 7.340.16* 3.6+0.63"
Sand 242+13%  12.9+030° 8.6+0.24°  7.040.23°  7.7+0.25° 8.0£0.39* 3.1+0.82°
Whole soil ~ 15.9+0.51° 12.1+0.25" 8.1+0.14*  9.2+021° 10.6+0.28" 9.2+0.37" 1.4+0.34"
Uplands
Clay 14.4+0.28" 12.3+0.14* 7.620.08*  11.3%0.08* 14.240.09"° 4.7+0.18° 3.2+0.78"
Silt 20.9+0.66° 12.7+0.25° 9.2+0.12°  8.1+0.19°  8.9+0.22° 7.5+0.24" 2.9+0.68"
Sand 20.1+1.8°  13.740.11* 9.1£0.13*  8.5+0.37*  9.9+0.64* 5.740.39° 3.5+0.87°
Whole soil ~ 14.5+0.50° 12.240.20° 7.9+0.12°  9.7+0.17° 11.9+0.29° 7.7+0.26° 1.5+0.35

¥ "Mean+SE; the bands of DRIFT spectra at 2920, 1720, 1630, 1600, 1510, 1160 cm’! indicate aliphatic-C, carboxylic-
C, amide-I, aromatic-C, amide-II and polysaccharides, respectively. Different letters in the same column indicate
significant differences of organic functional group in the corresponding samples of the two soils at P < 0.05.

fraction of the upland soils reaffirmed the higher
decomposition rate of OM associated with this
fraction as compared with that in the lowland soils
(Baldock et al., 1992) (Table 4). On the other hand,
OM associated with the silt fraction of the upland
soils showed lower decomposition rate than that of
the lowland soils. The higher degree of
decomposition of OM associated with sand fraction
was found in the upland soils as compared with that
in the lowland soils (Table 4). The result is agreed
well with the ranked of C/N ratios of particle size
fractions in these soils (Figure 2).

The degree of decomposition of OM associated
with particle of different sizes across soil depths
was observed to relate with their geomorphological
characteristics and pedogenic Fe and Al oxides
among these soils (Table 5). With increasing C/N
ratio of whole soil, the degree of decomposition of
OM associated with the clay fraction strongly
decreased. It is possible that lowland soils had
experienced the prolonged water logged condition,
which induced reductive condition markedly slow
down decomposition of added OM. This
subsequently resulted in less decomposed OM in
the clay fraction of these soils in relation to upland
soils which experienced oxidized state for longer
time. Differences of physiographic positions show
a strong influence on the nature soil particle size
fractions in these lowland and upland soils.
Relatively higher sand content for the upland soils
contributed to the greater decomposition of OM
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Figure 6 Relationships of percent distributions of (a) organic
carbon (OC) and (b) total nitrogen (total N) associated with
the clay and silt fractions of surface soil horizons (0-20 cm)
with the elevation (m MSL) of studied sites. **P < 0.01.



148 W. Jindaluang et al.

Thai Journal of Agricultural Science

Table 5 Correlation coefficients (r) for relationships between degree of decomposition (aliphatic-
C/polysaccharides ratio) of OM in particle size fractions and some soil properties (n = 41).

Parameter” Aliphatic-C/polysaccharides ratio
Clay Silt Sand

C/Nyhole soil — 0.49%**
Sand (g kg™) 0.56%** 0.61%%*
Silt (g kg™) 0.49%%
Clay (gkg™) —0.38%* —0.34* —0.44%*
Elevation (m) 0.76%** 0.39**
Feg-Fe, (kg™ 0.32%
Fe,Fe, (zkg") 0.31%
Aly (g kg™ —0.43%* 0.32%

v Aliphatic-C/polysaccharides ratio = (% rA) of the band at 2920 cm’/1160 cm'l, C/Nyhole soil =
C/N ratio of whole soil samples, Fes-Fe, = crystalline Fe oxides, Fe,-Fe, =
lepidocrocite/ferrihydrite, Al; = Al substituted in Fe oxides and partially dissoluted forms of
poorly ordered Al (oxy)hydroxides. *P < 0.05, **P <0.01 and ***P < 0.001.

associated with clay and sand fractions in these
soils as compared with that in the lowland soils.
Similar results were observed with increasing the
elevation of studied sites. On the other hand, the
lowland soils with higher clay content inhibited
decomposition rate of OM in all particle size
fractions as compared to that of the upland soils.
However, the lowland soils with higher silt content
feature the higher degree of decomposition of OM
in this fraction than that of the upland soils (Table
5). These results are consistent with the fact that
finer-textured soils have slower turnover of SOM
than do coarse-textured soils (Christensen, 1992).

The upland soils with higher crystalline Fe
oxides (Feqs-Fe,) were found to accelerate the
decomposition of OM in the clay fraction as
compared with the lowland soils, while the lowland
soils with higher amorphous and poorly crystalline
Fe oxides (Fe,-Fe,) was found to enhance greater
decomposition of OM in the silt fraction as
compared with that of the upland soils (Table 5).
The higher Al substituted in Fe oxides and partial
dissolution forms of Al (oxy)hydroxides (Aly)
inhibited decomposition rate of OM in the clay
fraction of the lowland soils than that of the upland
soils whereas it enhanced decomposition of OM in
the silt fraction. The results of the present study
highlight the strong influence of different soil
environmental conditions in these lowland and
upland Vertisols on the nature of pedogenic Fe and
Al oxides which strongly affected the
decomposition rate of OM in particle size fractions
of these soils.

Conclusions

The present study has revealed the influences of
pedogenic geomorphological
characteristics of lowland and upland Vertisols on
their content and composition of OM.
Physiographic position, parent materials and water
dynamics under which the soils have formed
strongly influenced their OC and total N contents
and composition of OM in particle size fractions.
In spite of the comparable contents of OC and total
N associated with particle size fractions at all
depths between lowland and upland Vertisols, the
clay fraction of the lowland soils showed a finite
capacity to retain OC and total N as compared with
that of the upland soils, whereas such limited
capacity was not observed in the silt and sand
fractions. The lowland soils with alkaline reaction
and frequent redox cycles contributed higher Al
substituted in Fe structure in comparison with that
of the upland soils with prolonged oxidation state.
This pedogenic process induced the higher
adsorptive capacity of substituted Fe oxides of the
lowland soils which may adsorb OM onto clay
mineral surfaces of these soils at faster rate than
that of the upland ones.

The composition of OM between lowland and
upland soils from the relative absorbance
percentage (% rA) of DRIFT spectra exhibited their
similar dominances with aliphatic-C material.
However, the particularly higher proportion of
aliphatic-C and polysaccharide ratio of the clay
fraction in the upland soils suggest the higher

processes  and
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decomposition rate of OM associated with this
fraction than that in the lowland soils. The higher
sand content in the upland soils originated from
basic igneous parent rocks with experienced longer
oxidation state significantly enhanced
decomposition rate of OM in relation to that in the
lowland soils with prolonged reduction state and
endosaturation. The findings of this study suggest
that consideration on OM management practices
necessarily regard the influences of pedogenesis on
the content and composition of OM in these Thai
Vertisols.
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