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Abstract: Soil cation exchange property (SCEP) is important in soil development and environmental
buffering. However, the variations in SCEP and its correlation with soil-forming factors in subsurface
soil are not fully understood. In this study, we quantified the surface and subsurface SCEP variations
as a function of parent material, vegetation, hillslope position, and soil type. Fifty upland soil
profiles from mid-subtropical China were selected. The cation exchange capacity (CEC) and effective
CEC (ECEC) of subsurface soil were significantly higher in soils derived from slate, Quaternary
red clay (QRC), and limestone than in soils derived from granite and sandstone. The subsurface
soils derived from limestone had the highest base saturation (BS) and the sum of base cations, and
the lowest aluminum (Al) saturation. The SCEP in surface soil significantly varied with vegetation
and hillslope position. The surface soil CEC was the highest in mixed-forest vegetation, whereas
the ECEC and exchangeable acidity (EA) were the highest in arable vegetation. Exchangeable
potassium (K*) was lowest and the EA was highest in soil orders at the strong development phase.
Exchangeable calcium (Ca?*), magnesium (Mg?*), CEC, and BS were the highest in soil orders at the
intermediate development phase. The prediction accuracy of soil CEC using the random forest model
was higher than that obtained using multiple stepwise regression, with the best results (R* = 0.92)
obtained in the surface soil. Our study indicated that the SCEP in surface and subsurface soils was
controlled by different soil-forming factors and could be effectively predicted by soil properties in
subtropical China.

Keywords: cation exchange capacity; hillslope position; multiple soil classes; parent material; random
forest; soil taxonomy; vegetation

1. Introduction

Soil cation exchange property (SCEP) is essential in maintaining soil fertility (such
as ionic adsorption, desorption, and buffering capacity), decontaminating pollutants, and
understanding soil taxonomy [1,2]. The main indicators to characterize SCEP are exchange-
able base, sum of base cations (SBC), exchangeable acidity (EA), cation exchange capacity

(CEC), effective cation ex-change capacity (ECEC), and base saturation (BS). Soil cation
exchange capacity (CEC) primarily results from the isomorphic substitution of coordinating
cations (such as Mg?* substitution for A1**) in clay minerals and functional group disso-
ciation (such as carboxyl and hydroxyl group protonation) from soil organic colloids [3].
Understanding variations in cation exchange property, and its correlations with parent ma-
terials, pedogenic environments, and soil development sequences, is useful for deciphering
the soil pedogenesis processes.
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The SCEP is primarily controlled by natural soil-forming factors (climate, hillslope
position, parent material, organisms, and soil development), soil components (clay minerals,
soil organic matter, and Fe fractions), and land management practices in temperate and
alpine regions [4-8]. However, only a few studies have been conducted in tropical and
subtropical hilly regions [9].

The leaching of base ions in tropical and subtropical soils is intense because of the
humid and hot climate environment [9]. The soil CEC is low and the EA is high due to
the highly weathered soil parent minerals [10]. The effect of single soil-forming factor on
the cation exchange property of surface soil has been investigated [11-13]. However, the
effect of multiple soil-forming factors on the cation exchange property in the subsurface
soil remains unclear, especially in subtropical China.

Developing an effective and precise prediction model of CEC is important for soil
health evaluation [14]. Many empirical and regression models have been developed. The k-
nearest neighbor and general linear model were used to predict the CEC content of different
soil types in the United States and Iran, respectively [15,16]. Adaptive network-based fuzzy
input systems and artificial neural networks are used to predict India’s surface soil CEC
content [17]. However, there are few studies on accurately predicting CEC in different soil
horizons in the subtropical region.

Hunan Province, located in subtropical China, has diverse parent rocks/materials and
soil types [18,19]. This provides an ideal series of soils within which the effect of different
soil-forming factors on cation exchange property can be studied. Therefore, we selected
50 upland soil profiles derived from five parent materials, analyzed the variations in cation
exchange property as well as its correlation with soil-forming factors, and predicted the
CEC. The objectives of this study were to (i) investigate the surface and subsurface SCEP
variation and its correlation with parent materials, vegetations, and hillslope positions; (ii)
establish a conceptual model characterizing exchangeable cation transfer and redistribution
during different soil types (pedogenic phases) in subtropical upland soils; and (iii) estimate
the CEC perdition capability of MSR and RF models in different soil horizons.

2. Materials and Methods
2.1. Site Description and Soil Sampling

Soil sampling sites were in the Hunan Province, in the middle reach of the Yangtze
River, central China. The Hunan Province covers a land area of 211,800 km?2, 40% of
which is occupied by plains and low hills with an altitude of <300 m a.s.l. It experiences a
humid middle subtropical monsoon climate with mean annual air temperature of 16-18 °C
and mean annual precipitation of 1200-1700 mm. Soil profiles are highly weathered, and
generally developed at >1 m depth. The parent rocks or materials are diverse, and include
five main categories: granite, slate, limestone, sandstone, and QRC deposits. The vegetation
cover primarily consists of shrubs, such as Loropetalum chinense and Quercus fabri; mixed
forests constituting Castanopsis eyrei, Fagus longipetiolata, Liquidambar acalycina, Quercus
glandulifera, and Symplocos paniculate; and arable land populated primarily with Camellia
oleifera and Citrus reticulate [20].

In total, 50 sampling sites on well-drained upland landforms (41-650 m) were selected
(Figure S1). Ten soil profiles were excavated randomly for each of the above-mentioned
parent materials. In total, 203 soil samples were collected. The master and transitional
horizons were defined, described, and sampled according to the field book for describing
and sampling soils [21]. Information on sampling sites, including geographical location,
hillslope position, and vegetation type, has been comprehensively described in Table S1.
According to the Field Book for Describing and Sampling Soils [22], the top of slope belongs to
the summit, the up-slope, meso-slope, and lower-slope are classified as backslope, and the
bottom-slope is classified as footslope.

Five types of diagnostic horizons—-Umbric (15) and Ochric (35) epipedons, Cambic (21),
Argic (15), and LAC-ferric (20)-were identified from 50 soil sampling sites [23]. The Umbric
epipedon is a dark colored, or humic, epipedon, with high or relatively high organic-carbon
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content. It is similar to the Umbric horizon in WRB. The Ochric epipedon is a light colored,
or thin, humic epipedon. It is similar to the Ochric qualifier in WRB. The LAC-ferric horizon
is a subsurface horizon resulting from medium degree of ferrallitization; it has lower activity
clays and is rich in free iron oxides. It is similar to the Ferralic horizon in WRB. The Cambic
horizon is a B horizon, formed by weathering and soil forming processes, that has no or
almost no materials illuviation and distinct argillification or clayification does not occur, but
the horizon does have the development of soil structure. It is similar to the Cambic horizon
in WRB. The Argic horizon is a subsurface horizon in which clay content is distinctly higher
than in the overlying horizons. It is similar to the Argic horizon in WRB [24].

The soils were classified as the Ferrosol, Argosol, Cambosol, and Primosol soil order
categories as per the Chinese Soil Taxonomy [23]. They can be primarily referred to as
Ultisols, Alfisols, Inceptisols, and Entisols in Soil Taxonomy, or Acrisols, Lixisols, Alisols,
Luvisols, Plinthosols, Umbrisols, Cambisols, and Leptosols in the World Reference Base for
Soil Resources (WRB) (Table S1) [24,25].

Based on the space-for-time substitution theory, the soil orders were classified into
four types with reference to the four phases of soil development according to theoretical soil
order development pathways [2,26]. The four phases of soil development are: (i) primeval
phase (Primosols/Entisols/Leptosols), (ii) slight phase (Cambosols/Inceptisols /Cambisols),
(iii) intermediate phase (Argosols/Alfisols/Luvisols/Umbrisols), and (iv) strong phase
(Ferrosols/Ultisols/Plinthosols/ Acrisols).

2.2. Laboratory Analysis

Soil exchangeable property and other physiochemical properties were analyzed ac-
cording to the Soil Survey Laboratory Methods [27]. Briefly, the CEC and exchangeable cations
(CaZ* ey, Mg2+ex, K*ex, and Na'ex) were determined using 1 M NH;OAc at pH 7. The
concentrations of Ca?*., and Mg2+ex in the soil extracts were measured using an atomic
absorption spectrometer (AA6880, Shimadzu Co., Kyoto, Japan), while K*¢x and Na*ex was
measured using a flame photometer (M410, Sherwood Co., Cambridge, UK). The EA was
determined by titrating the leachate to the phenolphthalein endpoint with 0.02 M NaOH.
ECEC was calculated as the sum of EA and SBC. The BS was calculated using the formula:
BS% = SBC/CEC x 100% and the aluminum saturation (Als,t) was calculated using the
formula: Alsat% = Al**ex /ECEC x 100%.

The soil particle composition was determined using the pipette method, and the soil
texture and particle size were determined according to the USDA standards [28]. The
soil bulk density (BD) was calculated by dividing the oven-dried weight by the cutting
ring volume. Soil pH (H;O and KCl) was measured by inserting a glass electrode (540,
Mettler Toledo, Columbus, USA) in a soil solution prepared in a 1:2.5 (soil/solution) ratio
by using distilled water or 1 M KCl. Soil organic carbon (SOC) was measured using the
K,Cr,O7 wet oxidation method. Total potassium was determined using an alkali fusion and
flame photometer (M410, Sherwood Co., Cambridge, UK). Moreover, selective extraction
techniques (citrate bicarbonate dithionite) were applied to determine the Feq [27].

The soil physicochemical properties differed between soils derived from diverse parent
materials and are listed in Table 1.

2.3. Statistical Analysis

The average content of elements throughout the entire soil profile was calculated

as follows:
n

Xa=)Y(1-6%)X xT;/H 1)
i=1
where Xg is the average content of elements throughout the entire soil profile, 0; is the
volume (%) of gravel fragments (>2 mm) in the ith soil horizon, X; is the content of elements
in the ith soil horizon, T; is the thickness (cm) of the ith soil horizon, H is the thickness (cm)
of the whole soil profile, and n is the total horizon number of the whole soil profile.
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Table 1. Physicochemical properties of upland soils derived from different parent materials in Hunan
Province, China.

Particle Size Distribution (mm) g kg1 pH
Parent Rock/Material Bulk Density Sand Silt a Soil Organic C Total Potassium
-3 an 1 ay k -1 k: -1
gem 2.00-0.05 0.05-0.002 <0.002 88 H,0 H,0 8%8

Granite (n = 42) 144 02ab 445+ 126 a 260 + 60 d 295 + 113 ¢ 6.9 & 6.7 ab 48+04b  38=+01b 28+7a
Q“atea*’:r}i;‘;d clay 14+02a 239 +134c 318+ 103¢ 443 + 68b 5.7 +53b 48+03b  38+01b 15+4c
Slate (n = 34) 1.3+ 02ab 241 +172¢  432+139a 327 + 114 ¢ 98+87a 48+05b  37+02b 19+5b
Limestone (n = 43) 1.3402ab 110 £90d 324 + 101 ¢ 566 + 145 a 7.7 + 5.1 ab 58+06a 48+1la 16 +£6¢
Sandstone (n = 39) 13+£02b 297 + 88 b 371+ 75b 332+ 60c 92+83a 48+05b  38=+02b 16+ 6¢

Mean + standard deviation. Means followed by different letters indicate the data were statistically different at
p < 0.05 among different parent materials.

All data were analyzed using SPSS (SPSS 22.0 version, SPSS Inc., Chicago, IL, USA).
One-way analysis of variance and Duncan’s test were applied to compare mean differences
in physical and chemical properties of soils derived from different parent materials. Both
the multiple stepwise regression (MSR) and random forest (RF) analyses were applied
to establish prediction models of CEC with soil properties. Statistical significance was
established at the 5% level, unless otherwise mentioned.

The CEC prediction dataset was divided into three database groups (all horizons:
203 samples; surface soil: 68 samples; and subsurface soil: 135 samples). Data subsets were
used to determine the performance of MSR and RF models. Software R was used to analyze
RF and SPSS was used for MSR. The SOC, sand content, clay content, pH, and Fey were
used to predict the soil CEC using MSR and RF models. All CEC predictive models were
evaluated based on four different error criteria: coefficient of determination (R2), adjacent
coefficient of determination (Adj. R?), root mean square error (RMSE), and normalized root
mean square error (NRMSE).

3. Results
3.1. Variations in SCEP

Considering all horizons, the average CEC in soil was 14 + 4 cmol kg ~! (3-27 cmol kg™ 1).
This was twice the average soil ECEC of 7 + 2 cmol kg ! (3-15 cmol kg ') (Table 2). The
average SBC and EA was 2.5 £ 2.6 cmol kg’1 (0.2-14 cmol kg’l) and 4.7 &+ 2.5 cmol kg’l
(0.01-14 cmol kg 1), accounting for 34% and 66% of the ECEC, respectively.

Specifically, the average Ca*e, and Mg2+ex were 1.7 + 2.4 cmol kg_1 and
0.5 & 0.4 cmol kg !, respectively. This decreased the average BS value (17 4 16%). The
sum of Ca2*., and Mg2+ex accounted for 86% of the SBC, while the average AP, was
4.4 + 2.4 cmol kg_l, accounting for 94% of the EA. Thus, the average Algs,t was relatively
high (64 £ 27%).

3.2. SCEP as a Function of Soil-Forming Factors

Parent materials significantly affect the SCEP, especially for the subsurface soil horizon
(Table 2). The average Ca?*¢y and the SBC was highest in soils derived from limestone,
while the mean Mg?* ey in subsurface soil was highest in soils derived from both limestone
and QRC; this was contrary to the average values of EA (H*ex and Al%*¢, respectively).
Noticeably, the mean K*¢x was highest and ECEC was lowest in subsurface soils derived
from granite. Similarly, the CEC, ECEC, and BS values were the highest, and the Alg,; was
the lowest in subsurface soil derived from limestone.

Vegetation and hillslope position significantly influenced the cation exchange property
in the surface soil (Figure 1). The average CEC was highest in surface soil covered by
mixed forest, while ECEC and EA were highest in surface soil covered by arable vegetation.
No significant differences in the SBC were found for different vegetation covers. Both
CEC and SBC in surface soil were higher in the summit and the footslope than in the
backslope. No significant differences in the ECEC and EA were found with changes in the
hillslope position.
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Table 2. Cation exchangeable properties of upland soil upland soils derived from different parent materials in Hunan Province, China t.

Soil Parent Exchangeable Base (cmol kg—1) Exchangeable Acidity (cmol kg—1) CEC ECEC BSE Algy

Horizons Rock/Material Ca?* o Mg?* ex K*ex Na‘tex Sum H*ex APt Sum cmol kg1 %

Granite 0.7 + 0.7 bE 027 +0.16 b 0.35+0.18a 024+022a 1.6+ 0.8b 0.38+02a 45+25a 50+25a 14+3a 66+22a 12+8b 66+ 22a

Quaternary red clay 14+14b 047 +036b 026 +0.14ab 0.22+0.26a 234+ 18b 029 +0.15a 61+13a 64+13a 15+2a 87+13a 15+12b 724+17a

Surface Slate 14+11b 0.37+0.32b 022+0.1b 0.10 + 0.09 ab 214+ 14b 036 +0.13a 48+24a 52+24a 17+5a 73+17a 13+8b 644242

horizons Limestone 53+32a 0.79 +£032a 0.21 £ 0.08b 0.04 + 0.04b 63+34a 0.1140.16b 15+26b 1.7+27b 164+ 3a 80+26a 40+22a 18 +29b

Sandstone 1.1+09b 0.42+036b 023 +0.08ab 0.10 = 0.09 ab 19+ 13b 032+0.19a 55+29a 58+30a 16 +3a 77+23a 12+9b 67 +27a

Granite 04+04b 0.23+0.16b 024 +0.14a 0.20 +0.14 a 1.14+06b 0.23+0.1ab 45+14a 47+15a 12 + 2 be 58+ 14c 9+6b 76+ 12a

Quaternary red clay 1.0+ 05b 0.65+04la  0.19+0.09 ab 0.19+0.13a 214+09b 0.18 + 0.07 ab 56+10a 58+ 10a 15+2ab 7.8+ 1.0ab 13+5b 72+11a

Subsurface Slate 12+07b 039 +046ab  0.13+0.04b 0.11 £ 0.11 ab 18+ 1.1b 0.24+0.11a 42+33a 45+13a 13 4+ 5abc 6.3+ 15bc 144+ 8b 68+ 13a

horizons Limestone 45+38a 0.64 +045a 0.13 £ 0.06b 0.05 + 0.06 b 53+42a 0.1340.13b 26+20b 27+21b 16+ 4a 80+28a 31+23a 40+32b

Sandstone 1.1+09b 042 +042ab  0.15+0.06b 0.08 & 0.08 b 1.7+ 13b 0.16 + 0.09 ab 42+17a 44+17a 11+2¢ 61+15¢c 154+ 10b 68 +28a

M+S 1.7+23 0.45 + 0.39 0.19 £ 0.1 0.13 £ 0.15 25426 0.21 +0.14 44+24 47 +25 14+4 71422 17+ 16 64 + 27

t CaZty,, Mgz*ex, K*ex, Na*ex: exchangeable Ca?t, exchangeable Mgz*, exchangeable K*, exchangeable Na*, respectively; H" e, Al exchangeable H*, exchangeable AP, respectively;
CEC: cation exchangebale capacity; ECEC: effective cation exchangeable capacity; BS: base saturation; Als,: aluminum saturation percentage; £ Mean =+ standard deviation. Means
followed by different letters indicate the data were statistically different at p < 0.05 among different parent materials.
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Figure 1. Cation exchange capacity (CEC, inserted figure (A,B)), effective cation exchangeable
capacity (ECEC, inserted figure (C,D)), exchangeable acidity (inserted figure (E,F)) and sum of base

cations (inserted figure (G,H)) in the soil profiles in relation to vegetation type and hillslope position.

Different letters mean statistical difference between respective horizons s in compared vegetation
types or hillslope positions (not between horizons s in the soil profile). The box plot edges represent
the 25th and 75th percentiles; whiskers represent the range of data values; Center line represents the

median value; The symbol () represents the mean value; The symbol (®) represents an outlier value.
Homogeneous groups were calculated using the Duncan post-hoc test.
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3.3. SCEP as a Function of Diagnostic Horizons and Soil Orders
The diagnostic horizons significantly influenced the soil cation exchange property
(Figure 2). The CEC, ECEC, and the SBC in the Argic horizon and Umbric epipedon were
higher than those in the LAC-ferric horizon. No significant differences in EA were found
among the different diagnostic horizons.
30
A a B
5l @ 15 - a
*
2201 b -
' o0
,&D ];C f 10 4 b b be
e c g
U % -
2 - BN
4 Q
7 | B
s .
0 T T T T T 0 T T T T T
Umbric Ochric Cambic Argic  LAC-ferric Umbric Ochric Cambic Argic  LAC-ferric
149 C 154 D
. —~ a
e "o
o 12 f
> ]
£ 10+ . * . g
2 =10
2 2 a a
S 8 . B a
] * * g a
o ! °
N i : =
© & 54
Ep a 2>
g ab b =
2 =
ZIP el
’
0 T T T T T 0 T T * T T
Umbric Ochric Cambic Argic  LAC-ferric Umbric Ochric Cambic Argic  LAC-ferric

Diagnostic horizons

Diagnostic horizons

Figure 2. Cation exchange capacity (CEC, inserted figure (A)), effective cation exchangeable capacity
(ECEC, inserted figure (B)), sum of base cations (inserted figure (C)) and exchangeable acidity
(inserted figure (D)) in different diagnostic horizons. Explanation of symbols in Figure 1.

The soil order, in reference to the four phases of soil development, affected the cation
exchange property of subsurface soils derived from the similar parent material (Figure 3).
K*ex was lowest and the EA (especially for Al**¢,) was highest in soil orders at the strong
phase of soil development. However, Na*ex was lower and similar among soil orders. The
Ca%ty,, Mg2+ex, CEC, and BS had the highest value in soil orders at the intermediate phase
of soil development.
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Figure 3. Dynamic changes of exchangeable cations (CaZ*ey, Mg2+ex, K*ex, Natey, Htex, AlP*ey),
cation exchangebale capacity (CEC), and base saturation (BS) in different soil orders, in refer-
ence to the 4 phases of soil development. (primeval: Primosols/Entisols/Leptosols; slight: Cam-
bosols/Inceptisols/Cambisols; intermediate: Argosols/Alfisols/Luvisols or Umbrisols; strong: Fer-
rosols/Ultisols/Plinthosols or Acrisols).

3.4. Correlation and Prediction Model of SCEP with Soil Properties

Indices of SCEP were found to be significantly correlated with soil physicochemical
properties (Table 3). Specifically, the CEC was positively correlated with silt, clay, and
SOC contents as well as pH, while it was negatively correlated with sand content and BD.
The EA and the Al3*. were negatively correlated with pH in soil. The BS was positively
correlated with pH and negatively correlated with sand content.
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Table 3. Correlation coefficients between the cation exchangeable properties and soil physicochemical

properties t.

2+
Ca**ox

Mg2+ ex

+
K*ex

Na‘*ex

SBC

+
H ex

AP+ ex

EA

CEC ECEC BS Algy

0.78 **
0.86 **

pH (H20)
pH (KCI)
SOC
Sand
Silt
Clay
BD

—0.27 **

0.22 **

0.64 **
0.52 **

—0.24 **
0.16 *
0.15*

0.32**

—0.19 **
—0.18 **

—0.30 **
—0.23 **

0.23 **
—0.14*
-0.16 *
0.18*

0.79 **
0.84 **

—0.26 **

0.21 **

—0.46 **
—0.44 **
0.37 **
0.16 *

—0.15*

—0.70 **
—0.67 **

—0.71 **
—0.64 **

—0.80 **
—0.74 **

0.76 **
0.79 **

0.26 **
0.26 **
0.39 **
—0.54 **

0.14*
0.51 **
—0.32**

0.25 **
0.16 *
—0.29 ** 0.24 *

—0.20 **

—0.15*

0.29 **

t Ca2* ex, Mg?* ex, K*ex, Na*ex, HYex, Al**ox; exchangeable Ca2*, Mg?*, K*, Na*, H*, A**, respectively; SBC: sum
of base cations; EA: exchangeable acidity CEC: cation exchangeable capacity; ECEC: effective cation exchangeable
capacity; BS: base saturation percentage; Alsae: aluminum saturation percentage; SOC: soil organic carbon; BD: soil
bulk density; * significant at the 0.05 level; ** significant at the 0.01 level.

Interestingly, clay and SOC had different roles in determining the CEC of surface and
subsurface soils (Figure 4). In surface soils, the correlation coefficient (0.63) between CEC
and SOC content was higher than that (0.31) between CEC and clay content. In subsurface
soils, however, the correlation coefficient (0.19) between CEC and SOC content was lower
than that (0.63) between CEC and clay content.
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Figure 4. Relationships of CEC with SOC (A) and Clay (B) in different soil horizons.

The CEC in surface and subsurface soils can be effectively predicted by multivariate
regression functions (MRFs) and RF algorithms (Table 4). The CEC in surface soils was
effectively predicted based on the contents of sand and SOC, pHgcj, and BD (R% = 0.68),
while the prediction variables of CEC were different in subsurface soils (clay content,
Fey, and pHypo); additionally, a modest prediction ability (R? = 0.46) was recorded. The
prediction ability of CEC was significantly improved using the RF model with the highest
R? of 0.92 for surface soils.

Table 4. Performance indices (R?, Adj. R?, and RMSE) and the equations developed by the models
tested t.

RMSE NRMSE Formula/Eigenvalues

R? Adj. R?

MSR model

All horizons

Surface horizon

Subsurface horizon
RF model
All horizons
Surface horizon
Subsurface horizon

203

68
135

203

135

CEC =3.961 — 0.004 x sand +0.219 x SOC + 0.013 x clay +
1.165 x pH (H,0) — 0.055 x Fey
CEC = 12.848 — 0.009 x sand + 0.279 x SOC + 1.055 x pH (KCl)
— 3361 x BD
CEC = 1445 + 0.019 x clay — 0.087 x Feq + 1.32 x pH (H,0)

0.49 0.48 2.80 0.22

2.11
2.95

0.16
0.25

0.68
0.46

0.66
0.44
0.16

0.07
0.31

2.05
1.19
4.69

SOC, Clay
pH(H:0), SOC, Clay
SOC, Clay

0.73
0.92
0.60

0.47
0.86
0.58

+ R2: coefficient of determination; Adj. RZ: adjacent coefficient of determination; RMSE: root mean square error;
NRMSE: normalized root mean square error.
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4. Discussion
4.1. SCEP as a Function of Soil-Forming Factors

Parent material type affects SCEP, with the main factors being mineral type and
texture size [29]. In our study, the Ca?*,, SBC, and BS in subsurface soils were highest
in soils derived from limestone (Table 2). Limestone is primarily composed of marine
sedimentary carbonate rock [18] and it can release base cations, especially Ca?*, during
weathering and pedogenesis [30-32]. As abundant base cations can compete with H* ¢y
and Al1%*. adsorbed on the colloid’s cation exchange sites [26], the EA and Alge; contents
of the subsurface soils from limestone were significantly lower than in the subsurface soils
derived from other parent materials. Moreover, potentially dissociated functional groups
were abundant on soil colloids derived from limestone and QRC due to their significantly
higher clay contents compared to the other soils (Table 1). Therefore, the CEC of the
subsurface soils from limestone and QRC was significantly higher than that from other
parent materials (rjay = 0.50). Similar results have also been reported by Funakawa et al.
and Nie et al. [33,34], who documented the high CEC of the soil derived from limestone
(18.8 + 1.03 cmol kg 1) and QRC (11.98 4 1.48 cmol kg~ !) in the subtropical region.

The CEC of the subsurface soils derived from granite and sandstone was significantly
lower than that of the soils derived from QRC and limestone, owing to the sand contents of
the former being higher (rs;ng = —0.54). Soil ECEC can reflect the actual negative charges,
that are almost permanent negative charges [35]. In our study, the ECEC of the subsurface
soils derived from granite was the lowest among the soils derived from all the other parent
materials studied (Table 2). This was possibly due to the higher relative content of kaolinite
in soil derived from granite (Figure S2). Our previous study showed that the relative
content of kaolinite (72%) in soil derived from granite was higher than in the soil derived
from other parent materials [19]. Kaolinite seldom shows isomorphous substitution in the
structural layers due to its stable structure, small effective surface area, and hexa-coordinate
number for AI** in the interlayer; thus, its permanent negative charges are less [36-38].
The K*ex content of the soil derived from granite was significantly higher than that of the
soil derived from the other parent materials; this can be attributed to the soil derived from
granite containing a large amount of K,O (Table 1).

Vegetation mediates the SCEP primarily through plant input [39,40]. The SOC stock in
the surface soil has been reported to be higher in mixed forest than in the soils dominated
by shrubs [41]. Humus colloids have many hydroxyl groups (carboxylic, phenolic, and
alcoholic) that carry a high amount of negative charge owing to the dissociated H* [42].
Brady and Weil [26] reported that approximately 75% of the CEC is sourced from the humus
in clayey Ultisol (containing 2.5% humus and 30% kaolinite). In the current study, the effect
of SOC (r = 0.63) on CEC was much greater than that of clay (r = 0.31) in the surface horizon
(Figure 4). Therefore, the average CEC in the surface soil covered by mixed forest was
highest (Figure 1). By contrast, the CEC in the surface soil covered by shrubs was lowest
due to the low input of humus. The surface soil BS content in arable land was lowest,
whereas the EA was highest compared to those in the soils covered by other vegetation
types. This was attributable to the application of organic and chemical fertilizers during
the cropping of Camellia oleifera and Citrus reticulate. Organic matter is a source of many
negative charges; organic acids can be produced in increased quantities during microbial
decomposition. These acids include both weak acids (e.g., citric and malic acids) with a
low degree of dissociation, and strong acids (e.g., carboxylic and phenolic acids) with a
high degree of dissociation [26]. Furthermore, extensive use of chemical fertilizers can
promote the accumulation of H* ¢y and AlI3*¢, on soil colloids and reduce the BS through
NH4 ™" oxidation in the soil by microbes [43].

Hillslope position can influence the SCEP via redistribution of precipitation, soil
erosion, and deposition of exogenous materials [32,44]. In our study, the surface soil CEC at
the backslope was significantly lower than that at the summit and footslope due to surface
runoff erosion. However, the CEC, SBC, and BS of surface soil at the footslope were higher
than at the backslope, and the variation in CEC was statistically significant (p < 0.05). The
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discrepancy may be due to the variance in the SOC contents of the soils at different hillslope
positions. After the surface soil at the backslope was eroded, the SOC became insufficient,
thereby decreasing the number of cation exchange sites, but the cation exchange sites of the
surface soil in the footslope increased with the accumulation of organic matter from the
backslope [12,45-47]. In our study, the CEC and SBC in the surface soil at the summit were
the highest. This discrepancy can be ascribed to the abundant humus input in the surface
soil, thus increasing the negative charges of soil colloids due to flat terrain, high vegetation
coverage, and increased biomass at the summit [32,34,48,49].

The effect of altitude on the SCEP of upland soil in Hunan Province was not significant
because the sampling sites were in hilly and lowland (<800 m a.s.1.) areas. This observation
was not consistent with those in previous studies that focused on the alpine and subalpine
belts (>1000 m a.s.l.) with a large altitude span [50]. These results indicated that the SCEP
in subsurface soils was primarily affected by the parent material, while in upland surface
soils at low elevations, the SCEP was primarily affected by vegetation type and hillslope
position (Table 2 and Figure 1).

4.2. SCEP as an Indicator of Soil Development

During soil development, the mineral type and texture size change dramatically,
which can substantially influence the surface area and charge density of soil colloids and
eventually lead to significant differences in SCEP at different pedogenic phases [51,52]. In
the current study, the CEC and SBC in Ochric epipedon were lower than those in Umbric
epipedon, possibly due to low SOC in the Ochric epipedon that limited the cation exchange
sites (Figure 2). In the diagnostic subsurface horizon with low SOC content, clay content
was the primary factor affecting the CEC (Figure 4). Due to their small size (<2 pm), soil
colloids are affected by gravity potential and readily migrate from the leached horizon to
the lower horizons along with percolating water [53,54]. Soil colloids carry larger negative
charges, allowing them to combine with exchangeable cations; moreover, neutralization by
cations can promote the flocculation and aggregation of colloids [55]. As water percolation
decreases with depth, the capillary attraction of the soil interface increases and the matric
potential decreases. When the gravity and matric potential are balanced, the colloids and
base cations adsorbed are deposited in the Agric horizon [56]. Therefore, the CEC, ECEC,
and SBC of the Agric horizon were significantly higher than those of the Cambic and LAC-
ferric horizons. The LAC-ferric horizon is often formed in tropical and subtropical humid
and warm pedogenic environments. The decomposition of minerals and the leaching of
the exchangeable base in the horizon is relatively strong, and the dominant clay mineral of
the layer is kaolinite (Figure S3) [19,57]. Thus, the CEC, ECEC, and SBC in the LAC-ferric
horizon were lowest (Figure 2).

Due to sialitization in the primeval phase of soil development (CST: Primosols, ST:
Entisols, WRB: Leptosols), primary minerals in the parent rock were altered, following
which, clay particles were gradually formed [2]. Sialitization promoted the weathered
B horizon formation and resulted in soil development reaching the slight phase (CST:
Cambosols, ST: Inceptisols, WRB: Cambisols). During these processes, the base ions
previously immobilized by the mineral lattice were continuously released, and some
monovalent base cations (Na* and K*) were leached due to loose binding with colloids
(Figures 3 and 5). Our study found that Na*ex was lower and similar among all soil orders,
but the K*¢x was lowest in soil orders at the strong phase of soil development (Figure 3).
This was possibly ascribed to the small hydrated ionic radius and weak hydration of K* [3];
further, the amount of K* in the diffusion layer is less than that of Na*, and most K* are
adsorbed in the Stern layer [58]. Therefore, Na* leaching occurs earlier than that of K*
(Figures 3 and 5). In our study, CaZ*e,, Mg2+ex, CEC, and BS had the highest value in
soil orders (CST: Argosols, ST: Alfisols, WRB: Luvisols or Umbrisols) at the intermediate
phase of soil development (Figure 3). This is due to the soil argillization that was highly
strengthened, and the clay particles were continuously eluviated and illuviated in solum at
the intermediate phase [57]. With the increase in the clay content, the specific surface area
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of soil colloids (R? = 0.91) and CEC (R? = 0.75) were higher [59]. Thus, the larger specific
surface area of soil colloid can adsorb more Ca?*ex and Mg?*ex (Figures 3 and 5). Paluszek
et al. reported that the SBC, CEC, and BS of the Bt horizon in Luvisols developed from loss
were higher than in other horizons [60].

Weathering of Formation of argillic Plentiful transformation
primary minerals horizon enriched in of 2:1-type clay
00 000 and formation of n‘lAinera_ls to ll:l-type
2:1- 1 i 1 clay minerals
%OOO OO OO OO 0 type clay minerals

0
Leaching of base
Q cations with weak
@ binding to colloids
OOOO oooggo (Na and K)

000 00
Siallitization

- strong binding to
% collodis (Ca and Mg)
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Enrichment of Al and
Fe and exhaustion of
base cations
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Exchangeable base

Leptosols (WRB)

Cambisols (WRB) Luvisols or Umbrisols (WRB) . e

Exchan'geable acidity

Primeval phase

Slight phase Intermediate phase Strong phase

Pedogenic sequence

Figure 5. Conceptual model of cation exchange reactions during upland soil development in Hunan
Province. (Ca%*ex, Mg?*ex, K*ex, Na*ex, H'ex, Al**ex: exchangeable Ca*, Mg?*, K*, Na*, H*, Al**,
respectively; h: illuvial organic matter accumulation; t: illuvial accumulation of silicate clay; w: weak
color or structure within B; s: illuvial accumulation of ferric oxide; CST: Chinese Soil Taxonomy; ST:
Soil Taxonomy; WRB: World Reference Base for Soil Resources).

However, CaZty, Mg2+ex, CEC, and BS were dramatically decreased and the EA
(especially for A13+ex) was increased in the soil orders (CST: Ferrosols, ST: Ultisols, WRB:
Plinthosols or Acrisols) at the strong phase of soil development (Figure 3). This may be
related to the transformation of clay mineral types (Figure S4). During the strong phase of
soil development, soil fersiallitisation increased and 2:1-type clay minerals were gradually
transformed into 1:1-type kaolinite [57]. Our previous study found the relative content of
kaolinite (51-63%) in soil orders (CST: Ferrosols, ST: Ultisols, WRB: Plinthosols or Acrisols)
at the strong phase of soil development [19]. Due to the degradational transformation of
secondary aluminosilicate minerals, several AP* ions were released. The 2:1-type clay
minerals gradually transformed into 1:1-type clay minerals and their surface area constantly
decreased; moreover, the base cations adsorbed on the colloid surfaces were gradually
replaced by AI>* due to the strong binding forces between the latter and the colloid surfaces
compared to those between the base cations and the colloid surfaces [57,61]. Therefore, in
the strong phase, CaZty,, Mg2+ex, CEC, and BS decreased dramatically while EA (especially
for Al**¢,) constantly increased (Figures 3 and 5).

4.3. CEC Prediction Model

The prediction model of CEC is affected by soil physicochemical factors (pH, SOC,
and clay and sand contents) [14,62]. Khaledian et al. and Ulusoy et al. observed that CEC
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is mainly controlled by SOC content [61,63]. However, Khaledian et al. reported that CEC
is primarily affected by the amounts of clay and sand as well as pH value [14]. In this
study, the influence of soil physicochemical factors on CEC varied in different soil horizons
(Figure 4). Further, the CEC of the surface soil was found to be primarily affected by SOC,
while the subsurface soil was influenced more by the amount of clay than by the content of
SOC (Figure 4). The content of SOC (>6.0 g kgfl, mostly) in surface soil was significantly
higher than that in the subsurface soil due to the surface soil receiving large amounts of
humus, and SOC contributing to abundant negative charges. Therefore, the contribution of
SOC in the surface soil was higher in terms of affecting the CEC. However, the effect of
clay on CEC was stronger than that of SOC in the subsurface soil, due to the low content of
the latter (<6.0 g kg™ 1).

This indicated that the accuracies of the CEC prediction model in different soil horizons
(especially for surface soil) were higher than that for all soil horizons (Table 4). The accuracy
indicator (R? = 0.92) of the RF model for the surface soil was superior to that reported
in other studies that predicted CEC using various models, such as general linear models
(R? = 0.43-0.78) [15] and multiple linear regression models (R? = 0.57) [64]. Notably, Table 4
presents the results of the CEC prediction model for the soil in the subtropical region.
In contrast, the prediction model of soil CEC in other climate areas and under different
land-use types need further investigation.

5. Conclusions

CEC, ECEC, SBC, and BS of upland soils in subtropical Hunan Province were low,
but EA and Alg,s were high due to intense eluviation and weathering under the warm and
humid subtropical climate. However, differences in parent materials, regional environment
(vegetation type and hillslope position), and pedogenic processes resulted in significant
variations in SCEP. Parent materials primarily controlled the cation exchange property of
the subsurface soil. In the low altitude areas (<800 m a.s.l.), vegetation type and hillslope
position were the main environmental factors that regulated the cation exchange property
of the surface soil. In the soil orders at the strong phase of soil development, average K*ex
was lowest and the EA (especially for AlP*,) was highest. Ca?*y,, Mg2+ex, CEC, and BS
were highest in soil orders at the intermediate phase of soil development. The accuracy
of the CEC prediction model varied in different soil horizons, and the result of RF model
for the surface soil was the best. These results are potentially useful for understanding
pedogenesis and managing upland soil in subtropical regions of China.
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from different parent materials; Figure S3: Relative content of clay minerals of different diagnostic
horizons; Figure S4: Relative contents of clay minerals of different soil types (i.e., soil orders)
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