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Soil Characteristics and Genesis Processes of a Subtropical

Low-Elevation Mountain Forest in Central Taiwan
Shih-Hao Jien,”  Chih-Yu Chiu,”  Tsai-Huei Chen™

[ Summary ]

Two representative soil pedons under natural broadleaf stands in the Lienhuachih Experiment
Forest in central Taiwan were selected to investigate their soil characteristics and evaluate soil
genesis processes. The studied soils were acidic (pH 3.80~4.92) with low organic carbon contents
(< 4%) and extremely low base saturation (< 5%), which correspond to forest soils in tropical and
subtropical regions. Brunification and laterization were found in forest soils where well crystalline
iron and aluminum contents are relatively high (> 50%). There was an illuviation phenomenon
of clay and free Fe and Al oxides (Fe,and Al,) in the studied soils, whereas amorphous Fe and Al
oxides (Fe, and Al)) and organic Fe and Al complexes (Fe, and Al)) were predominant forms in
the surface soils of this forest due to effects of the soil organic matter. Well-developed soils were
found at the footslope site owing to higher contents of well crystalline Fe and Al oxides compared
to those at the backslope site. Soils at the footslope site with bisequences were classified as Typic
Hapludults, and those at the backslope site were classified as Typic Dystrudepts. We concluded that
the soils have undergone strong weathering under paleoclimatic conditions. These soils had been
disturbed in the past and had gone in new genesis directions due to erosion and colluvial conditions
resulting from the unstable topography and frequent tectonic episodes.
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INTRODUCTION

In tropical and subtropical montane
forests, climate and pedogenic processes are
critical factors determining soil properties.
Nutrient deficiencies and stronger weathering
are dominant features of soils in these regions
(Spain 1990, Zinn et al. 2002, Tsui et al.
2004).

To consider various major factors af-
fecting soil properties, certain variables are
kept constants, such as climatic conditions
and vegetation effects. Pedogenic processes
and site-specific effects are therefore major
factors affecting soil characteristics. Soil inor-
ganic components, such as the clay fraction,
and iron and aluminum oxides, formed from
weathering processes are the most important

elements for controlling soil properties, the
humification process, and nutrient supplies in
tropical and subtropical forests (Duchaufour
and Souchier 1978). Thus, it is important and
necessary to understand soil genesis and the
distributions of clay, and iron and aluminum
oxides in soils. On the other hand, in montane
forests, the topography and parent materials
are considered primary important factors in
soil development and genesis (Arteaga et al.
2008, Phillips et al. 2008). In some cases,
the variable topography in montane forests
influences soil properties and pedogenic pro-
cesses (Chen 1994, Hseu et al. 2001, Wilcke
et al. 2003). Scalenghe et al. (2002) also in-
dicated that natural perturbations caused by
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catastrophic events, such as avalanches and
landslides, were mainly disturbances of soils
in montane and valley geography. Thus, it is
very important to determine soil genesis pro-
cesses and soil properties for managing forest
land uses.

The Lienhuachih Experimental Forest is
dominated by natural broadleaf forests, and
about 1/2 of the area of this forest has been
afforested by coniferous stands since 1978,
and altered to grow medicinal plants. King
(1986) and Chiang et al. (1993) investigated
the soils in this experimental forest in terms
of soil classification and clay minerals under
the broadleaf forests. They indicated that
Typic Dystrochrepts and Typic Hapludults
were dominant soils in this experimental for-
est based on the original parent materials.
However, those researchers mainly studied
soil classification and the characteristics of
Fe nodules in the regolith horizons. No stud-
ies have been performed to evaluate the soil
properties and genesis processes in natural
broadleaf forests of this experimental for-
est so far. In addition, based on a slightly
higher slope in the forest, we hypothesized
that collapsed and buried phenomena may
have occurred. Therefore, we attempted to (1)
evaluate soil properties and soil genesis in the
Lienhuachih Experimental Forest with sub-
tropical climatic conditions, and (2) discuss
the influence of topography on soil genesis
processes in this forest.

MATERIALS AND METHODS

Study area

The study was conducted in the Lien-
huachih Experimental Forest (120°54'E
and 23°54'N), which belongs to low- to
moderate-elevation mountain zones and is
adjacent to the Central Range in central Tai-
wan (Fig. 1). The rocks of our study area are

29

dominated by Tertiary sedimentary sandstone
and shale formed in the Miocene to Pliocene
(1.8~5.3 Ma). The elevation of this study
area ranges from about 600 to 850 m. The
climate is warm and humid, and the mean
annual precipitation is about 2200 mm, rang-
ing 1100~3400 mm, with 80% occurring in
the wet season from May to September. The
mean annual temperature is 20.8°C, ranging
15.4~26.0°C (the lowest in January is 15.4°C
and the highest in July is 26.0°C) (Lu et al.
2008). The dominant vegetation species in
this area are natural broadleaf trees, includng
Cinnamomum randaiense Hay., Cryptocarya
chienesis (Hance) Hemsl., Diospyros mor-
risiana Hance, Schefflera octophylla (Lour.)
Harms, Castanopsis carlesii (Hemsl.) Hay
var. sessilis Nakai, Syzygium buxifolium
Hook. & Arm., Litsea acuminata (Blume) Ku-
rata, and Neolitsea variabillima (Hay.) Kane-
hira & Sasaki (Lu and Tang 1995). These
broadleaf trees are all mature, and some trees
are possibly even older than 200 yr (Horng et
al. 1986). Since 1978, some coniferous trees,
dominated by Cunninghamia konishii Hay.
and Calocedrus formosana (Florin) Florin,
were afforested in certain areas covering
about 200 ha in this experimental forest (Chen
et al. 2007).

Site selection

The representative soil pedons, HW-1
and HW-2, were selected at different land-
scape positions, which were a backslope at
an elevation of 680 m and a footslope at an
elevation of 625 m (Fig. 1, Table 1). At these
2 landscape positions, a 1 X 1 X 1.5-m pit was
excavated to describe the morphological fea-
tures as well as to collect soil samples accord-
ing to standard procedures (Soil Survey Staff
1993). Soil pedons were classified according
to USDA Soil Taxonomy (Soil Survey Staff
2000).
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Fig. 1. Location of the study area and sampling sites.
Table 1. Selected characteristics of the studied sites
Pedon Landscape Elevation (m) Slope (%) Parent materials
HW-1 Backslope 680 25 Sandstone and shale
HW-2 Footslope 625 15 Sandstone and shale; colluvium

Sample preparation and analysis

Soil samples were collected from each
horizon of the 2 soil pedons for physical and
chemical analyze. Soil samples were air-dried
and ground to pass through a 2-mm sieve
for analysis. Particle size distribution was
determined by the pipette method (Gee and
Bauder 1986). Soil pH was determined with a
soil/water ratio of 1:2.5 (McLean 1982). Total
organic carbon (TOC) and total nitrogen (TN)
contents were measured with a elemental
analyzer (NA1500, Fisons, Italy). The cation
exchange capacity (CEC) and exchangeable
bases were measured using the ammonium

acetate (pH 7) method (Thomas 1982). Fe and
Al were extracted by the dithionite-citrate-bi-
carbonate (DCB) method (Fe,; and Al;) (Mehra
and Jackson 1960), the ammonium oxalate
method (pH 3.0, Fe, and Al)) (McKeague and
Day 1966), and the sodium pyrophosphate
method (pH 10, Fe, and Al)) (Loveland and
Digby 1984).

DCB-extractable Fe and Al are consid-
ered to be the more-crystalline portions of the
Fe and Al in soils, and the acid ammonium
oxalate-extractable Fe and Al are dominantly
the amorphous form, such as ferrihydrite and
small proportion of organic forms in soils.
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Sodium pyrophosphate-extractable Fe and
Al are usually taken to represent the amount
of Fe and Al complexed to soil organic mat-
ter. The concentrations of total Fe were de-
termined after acid (HNO,-H,SO,-HCI-HF)
digestion of 100 mg of finely ground soils in
Teflon vessels heated in a microwave oven
(MARS 5, CEM, JAPAN). Concentrations of
all elements were measured by inductively
coupled plasma atomic emission spectroscopy
(ICP-AES) (Jobin-Yvon, JY 124, JAPAN).
Duplicates were made for all samples, and
results were accepted when the coefficient of
variation was < 5%. A blank and certified ma-
terial (SRM 2709, National Institute of Stan-
dard and Technology, USA) were included in
each batch of analyses for quality control of
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metal measurements. Results were considered
satisfactory when recoveries of elements were
within a range of £ 10% of certified values.

RESULTS AND DISCUSSION

Morphological characteristics of the stud-
ied soils

The morphological characteristics of the
studied soil pedons are shown in Table 2. At
the soil surface, there were a thin litterfall (<
2 cm) and a dark organic layer (< 15 cm), fol-
lowed by slight development and more-red-
dish soils than in the C horizon in both stud-
ied pedons. The HW-1 pedon was overlaid by
consolidated sandstone rocks and had a depth
of 70 cm. In contrast, the HW-2 pedon was

Table 2. Morphological characteristics of the studied soil pedons

Depth Munsell

Horizon (cm) Color Texture”  Structure” Consistency”  Roots” Boundary”
HW-1

Oi 0~2 - - - - - -
A 2~10 10YR 3/3 SCL 2fg, 2fsbk  ms&mp  mvf&f, fm cWw
AB 10~19 10YR 3/6 SCL 2f&m sbk  ms&mp cvi&f, fm gw
Bwl 19~35 10YR 4/8 SCL 2f&m sbk  ms&mp cvi&f, fm gs
Bw2 35~51 7.5YR5/8 SCL 2f&m sbk ms&vp cm gs
Bw3 51~70 7.5YR5/8 SCL 2f&m sbk ms&vp cm gs
BC 70~95 7.5YR 5/8 SCL 3m sbk ms&vp cm ci
C >90 10YR 6/8 SCL platy - - -
HW-2

O/A 0~14 10YR 3/4 C Ivi&fg vs&vp cvi&f, cm cW
Btl 14~31 10YR 6/8 C 2 f&m sbk vs&vp fvf&f, fm gs
Bt2 31~53 7.5YR5/8 C 3 fsbk vs&vp V&t gs
Bt3 53~67 7.5YR 5/8 C 2 f&m sbk vs&vp fvi&f gs
2Btl 67~96 SYR 5/8 C 2 fsbk vs&vp fvi&f gs
2Btl 96~113  2.5YR4/8 C 2 f'sbk vs&vp fvi&ft gs
2Bt2 113~140 10R 4/8 C 2 fabk vs&vp fvi&ft gs

Y SCL, sandy clay loam; C, clay.

% 2, moderate; 3, strong; vf, very fine; f, fine; m, medium; g, granular; abk, angular blocky; sbk, sub-

angular blocky.

?'s, sticky; p, plastic; ms, moderately sticky; mp, moderately plastic; vs, very sticky; vp, very plastic.
Y f few; m, many; ¢, common; vf, very fine; f, fine; m, medium.

5 .
) ¢, clear; g, gradual; s, smooth; w, wave; i, irregular.
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overlaid by relatively red soils which had a
soil color of 5YR or redder, and the soil depth
was > 150 cm. The distinct difference in the
soil color found between the upper and lower
parts of the HW-2 soil pedon reflected col-
luvial events at this site, and this was further
evidenced by physical and chemical analyses
of the soils. 10 YR and 7.5 YR were dominant
soil colors in the HW-1 pedon and upper parts
of the HW-2 pedon. The more-reddish color
in the Bw (7.5 YR) than C horizons (10 YR)
and good soil structure (subangular blocky)
in the Bw horizon suggested in situ soil
weathering from parent materials in the HW-
Ipedon. Soil textures varied from loamy sand
to clay, reflecting weathering sequences along
this transect. Pedon HW-1 with a sandy clay
loam texture was considered to have been
weathered to a lesser degree than the HW-2
pedon with its clayey texture, which might
have undergone stronger weathering.

Soil physical and chemical characteristics
In this area, warm and humid subtropical
climatic conditions characterized by a slightly

high mean annual temperature (20.8°C) and
annual precipitation (2200 mm) have resulted
in moderate to strong development of soils.
With the exception of the observed brunifica-
tion process of these soils, significantly high-
er clay fraction contents (> 60%) and lower
sand fraction contents (< 10%) were found in
the HW-2 pedon (Table 3). Additionally, clay
skins were also found in the HW-2 pedon.
These characteristics indicated that the HW-2
pedon had undergone greater development
than the HW-1 pedon. As shown in Table 4,
both soils were characterized by a pronounced
acidic reaction (pH < 5.0), and this resulted
from the original siliceous parent materi-
als. This agrees with results of Arteaga et al.
(2008) who proposed that extreme acidity in
montane cloud forest soils in Mexico could
be attributed to parent materials with poor
bases. Imaya et al. (2007) also indicated the
same situation in brown forest soils in Japan,
and they indicated that lower pH values (<5.5)
were found in soils derived from sandstone
and mudstone. Additionally, due to heavy
rainfall in this area and the moderate to strong

Table 3. Particle size distribution of the studied soil pedons

Pedon Horizon Depth (cm) Sand (%) Silt (%) Clay (%)
HW-1 Oi 0~2 D - -
A 2~12 62.8 16.0 21.2
AB 12~19 61.3 15.8 22.9
Bwl 19~35 63.2 16.8 20.0
Bw2 35~51 64.0 14.0 22.0
Bw3 51~70 60.2 17.7 22.1
BC 70~95 58.1 17.9 24.0
HW-2 O/A 0~14 6.8 345 58.7
Btl 14~31 4.4 324 63.2
Bt2 31~53 4.0 27.1 63.9
Bt3 53~67 1.3 28.3 70.4
2Bt 67~96 3.9 30.7 65.4
2Bt2 96~113 3.1 24.5 72.4
2Bt3 113~140 3.5 30.1 66.4

" Data not available.
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Table 4. Chemical properties of the studied soil pedons
Horizon Depth pH oc” CN CEC’ Ca Mg K 1 Na Sum BSP?
(cm)  (H,0) (CaCly) (%) (cmol (+) kg™) (%)
HW-1
Oi 0~2 - - - - - - - - - - -
A 2~10  4.10 3.65 230 11.03 11.54 0.07 0.09 0.15 0.02 031 2.86
AB 10~19 413 380 136 1027 650 0.02 003 009 003 0.17 245
Bwl 19~35 380 392 088 1241 462 002 002 007 002 0.13 275
Bw2 35~51 441 395 046 935 449 002 0.01 008 002 0.13 3.08
Bw3 51~70 437 396 035 854 483 0.01 0.01 008 003 0.13 2280
BC 70~95 423 396 034 802 500 0.01 0.01 008 002 0.12 250
HW-2
O/A 0~14 424 369 366 299 19.6 0.03 0.02 0.14 0.07 026 1.32
Btl 14~31 461 381 1.68 242 155 0.01 001 006 0.02 0.10 0.64
Bt2 31~53 470 3.84 1.14 261 142 0.01 0.01 006 0.02 0.10 0.72
Bt3 53~67 456 3.83 0.66 296 141 001 0.01 004 0.02 0.07 052
2Btl1 67~96 457 383 059 235 165 0.01 0.01 0.05 001 0.08 0.50
2Bt2 96~113 490 3.80 0.50 258 18.0 0.02 0.01 0.06 0.05 0.13 0.72
2Bt3 113~140 492 377 037 208 157 0.02 001 0.06 0.03 0.12 0.76

" Organic carbon.

? Cation exchangeable capacity.
¥ Base saturation percentage.

* Not detectable.

weathering degree of the soils, most of base
cations had been leached out and lost, and
that would have led to the relatively low pH
values in these studied soils. In Table 4, con-
centrations of carbon and nitrogen in surface
soils were slightly high (C, 2.30~3.66%; N,
0.12~0.21%) but all decreased with increas-
ing depth in both studied soils. The concen-
trations of carbon and nitrogen in the studied
soils are consistent with those of other natural
broadleaf forest soils of the world with simi-
lar climates and elevations (Brown and Lugo
1982, Spain 1990, Hirai et al. 1991, Ohta
et al. 1992, Wilcke et al. 2003). In addition,
similar C and N concentrations were found
compared to other soils under natural broad-
leaf forests with similar environmental set-
tings and climatic conditions in Taiwan (Tsui
et al. 2004, Liao 2006, Tsai et al. 2007a). The

C/N ratio was higher at the footslope site
than at the backslope one. This was attributed
to the accumulation of organic matter at the
footslope site where the slope was flatter than
at the backslope site. Tsui et al. (2004) indi-
cated that more C contents would accumulate
at flatter-slope sites. The CEC values ranged
6.32~18.0 cmol(+) kg'. Higher CEC values
are usually found in surface soils which have
higher contents of organic matter. In addition,
a high clay contents contribute to high CEC
values. The values of both clay contents and
organic matter were higher in the HW-2 soil,
resulting in the higher CEC values. This trend
was consistent with results of Skyllberg et al.
(2001), Arteaga et al. (2008), and Bonifacio
et al. (2008) who suggested that organic mat-
ter and clay contents contribute to the CEC
in soils. Extremely low exchangeable base
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cations, ranging 0.26~0.53 cmol(+) kg, were
found in the studied soils, and base saturation
percentages were also found. Soils being
derived from the poor-base origin was the
major reason for the low levels of exchange-
able base cations in this area, and this concept
agrees with findings of Arteaga et al. (2008)
and Schawe et al. (2007).

Furthermore, topographic effects could
not be excluded in this study, and these effects
seem to have contributed to the variances of
some soil characteristics, such as OC con-
centrations, the C/N ratio, and CEC values.
Slightly lower OC concentrations were found
in surface soils in the HW-1 pedon, and this
can probably be ascribed to erosion due to the
slightly steeper slope (>25%).

Distribution of iron and aluminum oxides
in the soil profiles

The concentrations of different forms
of selective extractable Fe and Al are shown
in Table 5. Fe; was the dominant extractable
form of Fe and comprised > 50% of Fe,, sug-
gesting moderate to strong weathering of
these soils. In general, the Fe,; concentration
is considered a major index for evaluating
soil age and development degree (Blume and
Schwertmann 1969). Amundson et al. (1989)
studied alluvial soils in Nevada, USA and
indicated that Fe, and clay contents increased
with increasing soil age. Richardson and Hole
(1979) also suggested that Fe,/Fe, ratio is a
good index to determine the degree of soil
weathering. In addition, Fe, contents tended
to increase with increasing depth, and these

Table 5. Contents of selective extractable Fe and Al, activity, and crystallinity ratios of the

studied soil pedons

Free iron oxides

Depth

Horizon Fe, Aly Fe, Al, Fe, Al Fe, Fe/Fe, FeyFe,

(cm) N

(gkg’)

HW-1
Oi 0~2 D - - - - - - - -
A 2~10 690 215 3.19 1.58 518  1.12 1.7 046  0.59
AB 10~19 685 1.87 3.17 1.34 5.03  0.89 10.7 046  0.64
Bwl 19~35 632 175 276 1.16 478 0.85 120 044 053
Bw2 35~51 7.13 201 234  1.09 453 0.76 126 033  0.57
Bw3 51~70 791 235 2.08 1.21 432 071 13.1 026  0.60
BC 70~95 8.18 2.47 1.72 1.07 398 0.66 136 021  0.60
HW-2
O/A 0~14 3652 802 665 297 1522 489 357 0.18 1.00
Btl 14~31 3582 7.68 570 270 1641 493 418 0.16 0.86
Bt2 31~53 3843 782 464 231 1464 436 409 0.12 094
Bt3 53~67 4136 796 320 215 11.57 3.65 437 0.08 0.95
2Btl1 67~96 47.61 8.06 2.65 224 10.12 338 487 0.06 098
2Bt2 96~113 6423 781 275 237 6.00 270 650 0.04 0.99
2Bt3 113~140 36,55 8.02 6.65 297 1525 489 357 0.18 1.00

The subscripted d, o, p, and t are dithionite-citrate-bicarbonate-, oxalate- pyrophosphate-extractable

and total amounts, respectively.
" Not available.
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were associated with clay contents in the soil
profile (» = 0.95, p <0.01) (Fig. 2), indicating
a colluviation of Fe oxides and clay miner-
als (Maejima et al. 2002). Similar to Fe,, Al
contents had a similar vertical trend to the
clay contents and also tended to be correlated
with clay contents (» = 0.99, p < 0.01). This
also indicates that Al oxides were translo-
cated downward concomitantly with the clay.
Additionally, obvious differences were found
between the studied soil pedons. The Fe, and
Al, contents in the HW-2 pedon were signifi-
cant higher than those in the HW-1 pedon,
revealing the higher soil development degree
of the HW-2pedon. However, the Fe, and Al
contents seemed to have irregular distribu-
tions in the lower parts of the HW-2 soil at
depths below 70 cm. This further supports
our hypothesis that the upper parts of soils
in the HW-2 pedon were colluvial materials
collapsed form upper slope sites based on ob-
servations of morphological features.

Acid oxalate-extractable forms of Fe
and Al are considered the dominant amor-
phous forms (Kodama and Hayashi 1985),

o
(=4

v HW-1-Fe
o HW-2-Fe
v HW-1-Al o
® HW-2-Al

D
=]

r=095%%,p <001 _

Free Fe and Al content (g kg")
B
S

20 r=099% p <001
___-__J_in--"—
0 L~ YW - " . ,
0 20 40 60 80

Clay content (%)
Fig. 2. Relationships between free Fe and
Al and clay contents in the studied soils.
The open symbols are Fe and solid ones
are Al. The solid line is the regression
line for Fe, and the dashed line is the
regression line for Al.
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such as ferrihydrite and small proportion of
the organic forms in soils (Mckeague et al.
1971). In contrast to Fe,and Al,, Fe, and Al,
contents were relatively low (0.10~0.70%)
and decreased with increasing soil depth
in both studied soils. This was consistent
with a report by Hirai et al. (1991) who
studied weakly to moderately developed for-
est soils derived from sandstone which had
0.18~0.56% Fe, concentrations. In our study,
the higher Fe, and Al concentrations in sur-
face soils than in the deeper subsoils could
be attributed to higher SOM contents in the
surface soils. Schwertmann (1985) indicated
that higher SOM contents in surface soils will
retard the crystallization degree of Fe. Brahy
et al. (2000) studied soils along a transect
in a forest in Belgium; they indicated that
the Fe /Fe, ratio was higher in the A and AB
horizons, and this resulted from the higher
amounts of SOM in surface soils. Fe, and
Al concentrations in the studied soils were
also similar to those reported by Hirai et al.
(1991) in warm forest soils situated at middle
elevations (400~700 m), and these concentra-
tions decreased with increasing soil depths.
Similar to the contents of Fe,and Al,, higher
contents of Fe, and Al, in surface soils were
attributed to higher SOM contents there,
which corresponds with results of Zanelli et
al. (2007). Additionally, we found that the
Fe, and Al contents were higher than the Fe,
and Al, contents in both studied soils; this
probably represents a fraction of sesquioxides
protected by SOM from extractable Fe and
Al by oxalate (Jongkind et al. 2007). Kleber
et al. (2004) also indicated that the alkaline
pyrophosphate extractant attacks hydroxyl-
like Al (e.g., Al interlayers or poorly ordered
gibbsite) that may be resistant to the acid
oxalate procedure. Furthermore, no trend of
downward translocation of Fe, and Al, was
found in these 2 soils, despite the Fe, and Al,
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contents being higher than the Fe, and Al
contents, suggesting that no any podzolization
process was found in our study.

Soil genesis and classification

Several studies have successfully evalu-
ated the soil development index using extract-
able Fe and Al (Blume and Schwertmann
1969, Nagatsuka 1972, Richardson and Hole
1979, Hirai et al. 1991, Ohta et al. 1992,
Devaux et al. 2004). The active ratio (Fe /Fe,)
and crystallinity ratio (Fe,/Fe,) are considered
common and effective indices to evaluate
soil development. McFadden and Hendricks
(1985) showed that Fe,/Fe, in the chronose-
quence of southern California ranged from
0.22 to 0.58 in Middle Holocene to Late Pleis-
tocene soils and progressively decreased to <
0.10 in older soils. In this study, we also used
these 2 indices to evaluate soil development.
As shown in Table 5, the Fe /Fe, ratio ranged
0.04~0.46, indicating a low to moderate de-
gree of pedogenic Fe activity; however, the
Fey/Fe, ratio ranged 0.53~1.00, indicating
moderate to strong development of the stud-
ied soils. These results suggest that the stud-
ied soils have undergone moderate to strong
weathering. Hirai et al. (1991) indicated that
an Fe /Fe, ratio of < 0.40 usually occurs in
warm temperate or humid subtropical for-
est regions in their study in Japan. Tsai et al.
(2007b) used these soil development indices
to discuss soil ages and weathering degree
of Pakua tablelands in central Taiwan, which
have similar climatic conditions with our
studied areas. They indicated that the Fe,/Fe,
ratio was > 0.60 and < 0.20 for the Fe /Fe, ra-
tio for Ultisols with a high weathering degree.
In addition, higher Fe,/Fe, ratios were found
in the HW-2 pedon than in the HW-1 pedon,
indicating that the HW-2 pedon has reached
a more-advanced weathered stage than the
HW-1 pedon. Additionally, we suggest that

the studied soils could have undergone mod-
erate to strong weathering in this area after
erosion events occurred. The soils in our
study were classified as Typic Dystrudepts at
the backslope site and Typic Hapludults at the
footslope site according to US Soil Taxonomy
(Soil Survey Staff 2006). One reasonable
explanation is that soil erosion and collapse
occurred in the past in this study area. As a
whole, the following geogenetic and pedo-
genetic processes are likely to have occurred
in the study forest. First of all, soils exhibit
strong weathering and soil development due
to paleoclimatic conditions in this area. At
the same time, brunification and lateriza-
tion processes occurred in these soils under
paleoclimatic conditions. Second, the higher
slope percentage (15~30%) of the different
landscape positions and unstable topographic
situation controlled clay illuviation and soil
genesis in this study area. Both studied soils
under broadleaf forests in this area have mod-
erate to strong soil development and with an
extremely low base saturation after the topog-
raphy stabilized in the late Pleistocene. Fur-
thermore, our findings suggested that unstable
topographic situations such as a high slope
and microrelief were critical factors determin-
ing the direction of soil genesis.

Implications of pedogenesis in study area

In tropical and subtropical forest regions,
the warm and humid climate causes high
weathering of most soils. The strongly de-
veloped soils with gradual formation of more
Fe and Al oxides will influence SOC storage
in forests in these regions. In general, Fe and
Al oxides are important factors stabilizing
the SOC of tropical and subtropical forest
regions, especially for highly weathered and
low-fertility soils (Zinn et al. 2002). Mikutta
et al. (2006) indicated that poorly crystal-
line Fe and Al phases explained 86% of the



Taiwan J For Sci 24(1): 27-40, 2009

mineral-protected SOC in tropical rain forests
and temperate mixed broadleaf and conifer-
ous forests where climatic conditions, SOC
contents (1.0~4.0%), and Fe and Al oxide
contents (Fey, 2.0~10%; Fe,, 0.1~2.0%; Al,,
0~0.2%) were similar to those in our study
area.

Furthermore, the highly weathered soils
resulting from high temperatures and heavy
precipitation in tropical and subtropical forest
soils exhibit decreased amounts and bioavail-
ability of soil nutrients for plant growth. The
basic cations are leached during pedogenesis,
and there are relative accumulations of free
Fe and Al oxides, which can combine with
SOC, humic substances, and phosphorous to
form metallic-organic complexes or Fe-P and
Al-P compounds (Smeck 1985, Agbenin and
Tiessen 1994). Therefore, the poor fertility of
forest soils due to pedogenic processes must
be considered when land uses change or these
areas are afforested in the future.

CONCLUSIONS

Low levels of SOC (2~4%), the C/N
ratio (10~30), CEC (< 20 cmol(+) kg'), and
base saturation (< 3%) were found in soils in
this forest, and these are typical of warm, sub-
tropical humid climate regions characterized
by high precipitation (> 2200 mm) and tem-
peratures (> 20°C). In addition, rapid mineral-
ization of SOM resulting from these climatic
conditions led to a thin depth of accumulation
of soil humic substances (< 5 cm).

Furthermore, Fe and Al oxides and clay
contents also dominate the soil characteristics
in these moderately to strongly weathered
soils. Free Fe and Al (Fe; and Al,) contents
and clay fractions were higher in the B ho-
rizons than in surface soils, especially for
pedon HW-2 at the footslope site, whereas
amorphous and organic Fe and Al (Fe,, Al,,
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Fe, and Al)) were predominant forms in sur-
face soils in this experimental forest. Soils
with unapparent illuviation of Fe, and the
clay fraction were found on steeper slopes (>
20%) at the upper slope site; however, strong-
ly developed soils were generally found on
the lower slope site with a gentler slope (10%).
The soils in our study were classified as Typic
Dystrudepts at the backslope site and Typic
Hapludults at the footslope site. We deduced
that the unstable topography caused new soil
genesis directions of the studied forest soils
in this area, which originally had strongly
weathered red soils, such as Ultisols.
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