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Abstract: Dodonaea viscosa is widely cultivated in the karst graben basin and is crucial for recovering
land after rocky desertification. However, the effect of long–time D. viscosa afforestation on changes
in the quality of soil remains unclear. Soil nutrients and aggregate composition can be used to
evaluate the beneficial effects of afforestation of D. viscosa in improving soil functional stability. In
this study, soil nutrients and aggregate stability were investigated using cropland, 10–year, 20–year,
and 40–year D. viscosa afforestation and secondary succession shrub. Compared to the cropland, D.
viscosa afforestation significantly increased the soil water content (WC), soil organic carbon (SOC),
and total nitrogen (TN) contents, with an enhanced effect observed with prolonged afforestation.
Soil nutrient contents under D. viscosa afforestation rapidly reached the level of the shrub. Dodon-
aea viscosa afforestation promoted the formation of >2 mm aggregates and decreased the ratio of
0.053–0.25 mm aggregates, which varied with afforestation years. Compared to the cropland, the
content of >0.25 mm water–stable aggregates (R>0.25), mean weight diameter (MWD), and geometric
mean weight diameter (GMD) of soil increased exponentially. However, soil erodibility factor (K)
and unstable aggregates index (EIt) decreased exponentially with prolonged D. viscosa afforestation,
and the latter two indicators did not reach the level of the shrub. These results indicated that soil
nutrients, aggregate stability, and erosion resistance increased with prolonged D. viscosa afforestation.
However, the aggregate stability and erosion resistance exhibited by D. viscosa could not reach the
level of secondary shrub for a long time.

Keywords: karst graben basin; Dodonaea viscosa; soil nutrients; aggregate composition; aggregate
stability

1. Introduction

Karst graben basin is a typical landform in southern China and is characterized by
complex hydrology, climate, soil, geographical characteristics, and violently changing
“basin to mountain” terrain [1–3]. It is associated with several ecological problems, such
as poor vegetation, soil erosion, and rocky desertification, which seriously restrict the
sustainable development of regional economies and society [4–6]. Considering the existing
problems in the graben basin, the restoration of artificial vegetation in this region is pro-
moted largely by selecting tree species [7,8]. However, the survival rate of plants is low
due to the poor ecological adaptability and self–renewal ability of certain plants [9,10]. In
addition, closed forests formed by artificial planting in certain regions in a short time turn
into sparse forests or scattered trees over time [11], thereby continuously consuming soil
nutrients, exerting a small effect on soil restoration, aggravating soil erosion and degra-
dation, and slowing down the process of ecosystem restoration [12,13]. Depending on
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the particularity of regional climate and geological conditions, cultivating suitable plants
can significantly accelerate the ecological restoration of the karst graben basin [8,11,14].
Dodonaea viscosa is widely planted in the Yunnan graben basin for ecological restoration of
rocky desertification due to its strong adaptability, tolerance to drought and barrenness,
and ability to grow in conditions of topsoil erosion, rock exposed gravel soil, and rock
crevices [14–16]. In addition, D. viscosa is involved in soil and water conservation, wind
prevention, and sand fixation [13,17]. Numerous studies have been conducted recently to in-
vestigate the physiological characteristics [14,15], sediment interception capacity [13,17,18],
and optimal afforestation density [14,19]. However, only a few studies exist on soil quality
assessment. In addition, it is unknown whether the soil environment can be restored to the
near–natural level after D. viscosa afforestation. Soil quality, as a comprehensive reflection of
soil properties, can indicate dynamic changes in soil conditions and explain soil restoration
or degradation [20,21].

Soil aggregates and nutrients are two important indicators for evaluating soil quality
restoration [22,23]. Soil aggregates serve as the foundation of soil structure composi-
tion [23,24]. Their quantity distribution and spatial arrangement determine the distribution
and continuity of soil pores, which can affect soil nutrient supply, soil structure stability,
water holding capacity, permeability, and erosion resistance [13,17,25]. Soil aggregates with
poor stability tend to disintegrate into fine particles, leading to soil leakage [13,23]. A good
soil aggregate structure can enhance soil stability and reduce soil erosion [25,26]. Moreover,
a high number of soil aggregates can improve soil porosity [17,24]. Loose and porous soil is
conducive to the extension of plant roots, thereby increasing the aggregation of soil animals
and microorganisms and continuously improving soil environmental conditions [23,26].
Soil nutrients contribute to ecosystem maintenance and stability because of their significant
role in the element cycle, which not only affects the development and succession rate of
the vegetation community but also notably impacts the ecosystem structure and produc-
tivity [20–22]. High soil nutrients are conducive to plant growth, thereby facilitating the
restoration of soil functions [27,28]. Therefore, the study of soil aggregates and nutrients
is essential for understanding and evaluating the restoration of ecosystem functions and
contributes to advancing vegetation succession and accelerating artificial regulation of
ecological restoration [23,29].

We selected D. viscosa with afforestation years of 0–year (cropland), 10–year, 20–year,
and 40–year as the research objects, and the secondary succession shrub forest as the control
to determine soil physicochemical properties and soil aggregate size distribution and
stability to (1) explore the influence mechanism of D. viscosa afforestation on soil nutrients,
aggregate distribution and stability, and (2) evaluate whether D. viscosa afforestation is
conducive to improving soil functional stability and reaching the level of the secondary
shrub. Finally, research findings can provide a theoretical basis for the restoration of rocky
desertification in the graben basin.

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

The studied sample sites were located in the typical karst graben basin of Jianshui City,
Yunnan Province, southwestern China (102◦54′–102◦56′ E, 23◦36′–23◦43′ N). As a typical
karst landform, the topography is dominated by mountains and basins. The climate of the
region is a typical subtropical monsoon. The average annual temperature is 18.5 ◦C, and the
average annual precipitation is 805 mm, with 52% of the rainfall occurring between June
and August. Annual evaporation is almost thrice the annual precipitation. The cropland
was reclaimed from shrubs, and navel orange was planted continuously for 11 years with
an annual fertilizer rate of 280 kg N·ha−1, 200 kg P2O5·ha−1, and 160 kg K2O·ha−1. The
aboveground biomass in the cropland was removed through harvesting. A total of 3 D. vis-
cosa afforestation ages of 10, 20, and 40 years were selected, all of which were converted
from croplands. The main tree species of the shrub are Pinus massoniana, Inula cappa, Osyris
lanceolata, Ficus capensis, Bauhinia brachycarpa, Osteomeles schwerinae, Carex alopecuroides, and
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Carex parva Nees. The slope (approximately 7◦) and altitude (approximately 1400–1500 m)
were relatively consistent between the sites of cropland, D. viscosa afforestation, and shrub
(Figure 1). The type of soil is calcareous Alfisoil (WRB Soil Taxonomy).
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Figure 1. Location of the study area.

In August 2021, four representative sites were selected from cropland, D. viscosa with
different afforestation years, and shrub as the spatial replicate. These shared the same
soil type, aspect, slope, slope position, and elevation. A total of 3 plots (1 m × 1 m) were
randomly selected at 20 m intervals for each site with a distance exceeding 300 m between
different sites. Three soil cores (5 cm in diameter, 0–10 cm in depth) were collected from each
sample plot, and subsequently, all subsamples were mixed into a composite sample. Soil
samples were air–dried after removing stones and plant roots. Next, these were separated
into two equal parts; one part was passed through a 2 mm sieve to determine the physical
and chemical properties of soil, and the other part was used to measure the particle size
distribution of soil aggregates.

2.2. Investigation of Soil Aggregate Stability

The wet sieving method was used to determine soil aggregate size distribution [26].
For this, 50 g of air–dried bulk soil (diameter less than 8 mm) was evenly placed in the
uppermost layer of stacked sieves of 4, 2, 0.25, and 0.053 mm. The stacked sieves were
placed into a cylindrical bucket containing deionized water. The water level in the bucket
was adjusted so that the water surface completely covered the sample. After soaking for
10 min, the sieves were mechanically sieved for 30 min (amplitude of 3 cm, frequency
of 25 times/min). The aggregates with different particle sizes remaining on every sieve
were collected and transferred to aluminum boxes. Particles smaller than 0.053 mm were
deposited in the bucket for 24 h. Next, the supernatant was discarded, and the soil samples
were transferred to aluminum boxes. After drying at 60 ◦C to constant weight, the mass
fractions of aggregates with diverse sizes were calculated. Finally, five particle components
of 4–8 mm, 2–4 mm, 0.25–2 mm, 0.053–0.25 mm, and <0.053 mm were obtained.

Water–stable aggregate content (>0.25 mm) (R>0.25), mean weight diameter (MWD),
geometric mean weight diameter (GMD), fractal dimension (D), unstable aggregate index
(EIt), and soil erodibility factor (K) were used to evaluate the stability of soil aggregates.
The following formulae were used:
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R>0.25 indicates the quality of soil structure, and its quantity showed a positive correla-
tion with soil fertility [30].

R>0.25 =
Mr>0.25

MT
× 100% (1)

Soil MWD and GMD are important evaluation indexes that reflect the aggregate
distribution and stability. A large MWD value indicates a high content of aggregates with a
large grain size and better water stability of aggregates. A higher geometric mean weight
diameter indicates that the soil aggregates with large sizes are more distributed and have
better porosity [31].

MWD =
n

∑
i=1

xiwi (2)

GMD = exp(wilnxi) (3)

Fractal dimension can better reveal the effect of water–stable aggregate content on soil
structure and stability. A higher fractal dimension indicates higher soil clay content, finer
soil texture, lower soil dispersion, and poor aggregate stability [17].

D = 3−
lg
(w(δ < di)

w0

)
lg
(

di
dmax

) (4)

Soil unstable aggregate index (EIt) increased with the degree of soil degradation, which
can better reflect the stability of soil structure [32].

EIt =
MT − Mr > 0.25

WT
× 100% (5)

The soil erodibility factor was found to be a vital indicator for assessing soil erosion
and damage resistance and soil sensitivity to external erodibility. Its value was inversely
proportional to soil erosion resistance [33].

K = 7.954 ×
{

0.0017 + 0.0494 × exp

[
−0.5 ×

(
lgGMD + 1.67

0.6986

)2
]}

(6)

where Mr>0.25 is the soil aggregate weight of wet sieve >0.25 mm (g), MT represents the
total weight of soil aggregates (g), Xi indicates the average diameter of soil aggregates with
different sizes (mm), Wi indicates the mass percentage of soil aggregates with different par-
ticle sizes (%), dmax represents the mean diameter of the maximum particle size aggregate
(mm), w(δ < di) is the accumulated weight of soil diameter smaller than di (g), and w0 is
the sum of the weight of whole particle size aggregates (g).

2.3. Soil Physiochemical Analyses

Samples were dried in an oven at 105 ◦C for 24 h to measure the soil moisture content
(WC). Soil pH was measured at a 1:2.5 (w:v) soil:water mixture using a DMP–2 mV/pH
detector. After inorganic C was removed with 1 M HCl solution and washed to neutral
with deionized water, soil organic carbon (SOC) and total nitrogen (TN) were measured
by the Sercon Integra 2 element analyzer (Sercon Ltd., Crewe, UK). Soil total phosphorus
(TP) and calcium (Ca) were measured by X-ray fluorescence spectrometry (XRF). NH4

+

and NO3
− in the soil were extracted with 2 M KCl at the soil–to–solution ratio of 1:5

and determined by a continuous flow analyzer (Skalar; Breda, The Netherlands). The
ammonium acetate method was used to determine the cation–exchange capacity (CEC)
of soils [34]. Soil samples (<2 mm) were pre–treated with hydrogen peroxide (H2O2) and
hydrogen peroxide (HCl) to remove organic material and carbonates, respectively, and
followed by adding the dispersed agent of sodium hydroxide (NaOH) for texture analyses.
Subsequently, the samples were dispersed in an ultrasonic bath and the distribution of
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particle size was measured by using a laser particle characterization analyzer (Beckman
Coulter LS–230, Brea, CA, USA).

2.4. Data and Statistical Analyses

Statistical analyses were performed using Microsoft Excel 2010 and SPSS 19.0 software.
The discrepancy in soil properties, aggregate particle size distribution, and stability at p < 0.05
were assessed by one–way analysis of variance (ANOVA) and least square difference (LSD)
multiple comparison test. A bivariate test was used to evaluate the relationship between soil
physicochemical properties, aggregate size distribution, and stability characteristics. Pearson
correlation analysis was used to evaluate the relationship between afforestation years, soil
physicochemical properties, and aggregate stability. The Origin 2021 Pro was used for plotting,
and the data in the chart represent mean ± standard deviation.

3. Results
3.1. Soil Physicochemical Properties

Compared with the cropland, D. viscosa afforestation significantly increased SOC, TN,
TP, Ca, NH4

+, and NO3
− contents, and pH and CEC (Table 1). Soil nutrient content under

D. viscosa afforestation reached the level of the shrub in different periods. WC, SOC, and
TN contents increased with the extension in afforestation years. NO3

− content and pH
declined with the duration of afforestation years. WC and NO3

− content significantly
differed with D. viscosa afforestation years (p < 0.05). There were no distinct differences
in NH4

+ content and CEC with prolonged afforestation years. The ratio of silt remained
unchanged in D. viscosa afforestation, and the proportion of clay and sand declined and
increased with the extension in afforestation years, respectively.

Table 1. Changes in physicochemical properties in soils with different afforestation years of D. viscosa.

Parameter i Cropland 10 y ii 20 y 40 y Shrub

WC (%) 0.19 ± 0.02c 0.24 ± 0.04c 0.30 ± 0.04b 0.40 ± 0.04a 0.39 ± 0.01a
SOC (g C kg−1) 9.33 ± 0.24c 40.8 ± 4.84b 59.4 ± 7.64a 66.2 ± 6.05a 64.1 ± 2.73a
TN (g N kg−1) 0.69 ± 0.02c 3.31 ± 0.33b 4.67 ± 0.63a 5.15 ± 0.45a 5.22 ± 0.23a

pH 5.52 ± 0.02d 7.53 ± 0.12a 7.44 ± 0.17a 6.90 ± 0.13b 6.61 ± 0.12c
Clay (<2 µm) (%) 22.7 ± 1.53a 20.9 ± 1.94a 19.5 ± 1.92ab 15.9 ± 2.97bc 13.5 ± 1.96c
Silt (2–50 µm) (%) 56.8 ± 5.54a 57.4 ± 7.08a 56.5 ± 6.32a 57.3 ± 4.48a 53.8 ± 6.10a

Sand (50–2000 µm) (%) 20.6 ± 1.90c 21.8 ± 2.53c 24.0 ± 0.88bc 26.9 ± 2.17b 32.7 ± 4.26a
TP (g·kg−1) 0.61 ± 0.04c 0.74 ± 0.04b 0.93 ± 0.10a 0.84 ± 0.06ab 0.79 ± 0.05b
Ca (g·kg−1) 3.55 ± 0.12c 10.9 ± 1.32b 13.7 ± 2.71a 10.7 ± 0.98b 9.65 ± 0.79b

NH4
+ (mg N·kg−1) 4.31 ± 0.54b 16.8 ± 0.26a 18.3 ± 0.54a 18.5 ± 3.57a 16.0 ± 4.56a

NO3
− (mg N·kg−1) 7.73 ± 1.05d 21.6 ± 1.38a 19.4 ± 1.76b 16.4 ± 0.47c 8.77 ± 1.20d

CEC (cmol·kg−1) 15.9 ± 1.53b 26.3 ± 1.57a 27.1 ± 0.61a 28.5 ± 1.03a 28.7 ± 1.59a
i WC, water content; SOC, soil organic carbon; TN, total N; TP, total P; CEC, cation exchange capacity. ii 10, 20,
and 40 years represent the afforestation ages of D. viscosa after cropland returning. The same lowercase letters
suggest no significant difference between different afforestation years of D. viscosa and shrub at 0.05 level.

3.2. Soil Aggregate Size Distribution

The variation ranges of <0.053 mm, 0.053–0.25 mm, 0.25–2 mm, 2–4 mm, and 4–8 mm
particles were 10–21%, 6–28%, 40–50%, 5–18%, and 0–26%, respectively (Figure 2). The
particles in the cropland were dominated by the size of <2 mm, and the percentage of
aggregates in >2 mm was less than 6%. The size of soil aggregates in different afforestation
years of D. viscosa ranged mainly from 0.25 to 2 mm. After D. viscosa afforestation, the
percentage of soil aggregates in >2 mm increased by 279% to 467% compared with cropland;
however, these were significantly lower than that of shrub (p < 0.05). Dodonaea viscosa
afforestation did not significantly change the ratio of soil particles in 0.25–2 mm and
<0.053 mm. The proportion of >2 mm aggregates and 0.053–0.25 mm aggregates in soils
increased and decreased with the duration of afforestation years, respectively.



Land 2022, 11, 1140 6 of 12

Land 2022, 11, x FOR PEER REVIEW 6 of 12 
 

years of D. viscosa ranged mainly from 0.25 to 2 mm. After D. viscosa afforestation, the 
percentage of soil aggregates in >2 mm increased by 279% to 467% compared with 
cropland; however, these were significantly lower than that of shrub (p < 0.05). Dodonaea 
viscosa afforestation did not significantly change the ratio of soil particles in 0.25–2 mm 
and <0.053 mm. The proportion of >2 mm aggregates and 0.053–0.25 mm aggregates in 
soils increased and decreased with the duration of afforestation years, respectively. 

 
Figure 2. The size distribution of soil aggregates. Different lowercase letters indicate that soil aggre-
gates with the same size reached the significance level of 0.05 between different afforestation years 
of D. viscosa and shrub. 

3.3. Soil Aggregate Stability 
Soil structure quality and aggregate stability of D. viscosa afforestation were signifi-

cantly higher than those of the cropland and lower than those of shrub (indexes including 
R>0.25, GMD, MWD, D and EIt, Table 2). Dodonaea viscosa afforestation substantially en-
hanced the soil erosion resistance ability compared with the cropland (Index K). There 
were no significant changes in soil structure quality, aggregate stability, and soil erosion 
resistance ability with different afforestation years (p > 0.05). 

Table 2. Stability characteristics of soil aggregate. 

Parameter i Cropland 10 y 20 y 40 y Shrub 
R>0.25 (%) 51.3 ± 10.1c 69.5 ± 3.24b 71.5 ± 3.24b 75.1 ± 6.86ab 84.7 ± 3.95a 

MWD (mm) 73.6 ± 13.9c 153 ± 15.4b 185 ± 26.8b 179 ± 12.6b 258 ± 38.9a 
GMD (mm) 0.33 ± 0.13c 0.60 ± 0.08bc 0.71 ± 0.12b 0.75 ± 0.17b 1.34 ± 0.32a 

D 2.98 ± 0.01a 2.56 ± 0.09b 2.39 ± 0.18b 2.46 ± 0.07b 1.93 ± 0.36c 
K 0.12 ± 0.04a 0.06 ± 0.01b 0.05 ± 0.01b 0.05 ± 0.01b 0.03 ± 0.01b 

EIt (%) 48.7 ± 10.1a 30.5 ± 3.24b 28.5 ± 3.24b 24.9 ± 6.86bc 15.3 ± 3.95c 
i R>0.25, >0.25 mm water–stable aggregate content; MWD, mean weight diameter; GMD, geometric 
mean weight diameter; D, fractal dimension; K, soil erodibility factor; EIt, unstable aggregate index. 
The same lowercase letters suggest no significant difference between different afforestation years of 
D. viscosa and shrub at 0.05 level. 

3.4. Relationship between Soil Physicochemical Properties and Soil Aggregate Stability 
Strong interactions existed between soil properties, aggregate distribution, and sta-

bility and erosion resistance ability (Table 3). High SOC, TN, and Ca contents were con-
ducive to the formation of soil aggregates in 2–4 mm and 4–8 mm. Soil aggregates stability 
(indexes including R>0.25, GMD, MWD, D, and EIt) and erosion resistance ability (index K) 

0–y 10–y 20–y 40–y Shrub
0

20

40

60

80

100

Pe
rc

en
ta

ge
 o

f s
oi

l a
gg

re
ga

te
 m

as
s (

%
)

 <0.053 mm  0.053-0.25 mm  0.25-2 mm  2-4 mm  4-8 mm

a

bb
c

c

a

aa
a

a

d

cdbcb

a

bababab

c
b b b

a

a

Figure 2. The size distribution of soil aggregates. Different lowercase letters indicate that soil
aggregates with the same size reached the significance level of 0.05 between different afforestation
years of D. viscosa and shrub.

3.3. Soil Aggregate Stability

Soil structure quality and aggregate stability of D. viscosa afforestation were signifi-
cantly higher than those of the cropland and lower than those of shrub (indexes including
R>0.25, GMD, MWD, D and EIt, Table 2). Dodonaea viscosa afforestation substantially en-
hanced the soil erosion resistance ability compared with the cropland (Index K). There
were no significant changes in soil structure quality, aggregate stability, and soil erosion
resistance ability with different afforestation years (p > 0.05).

Table 2. Stability characteristics of soil aggregate.

Parameter i Cropland 10 y 20 y 40 y Shrub

R>0.25 (%) 51.3 ± 10.1c 69.5 ± 3.24b 71.5 ± 3.24b 75.1 ± 6.86ab 84.7 ± 3.95a
MWD (mm) 73.6 ± 13.9c 153 ± 15.4b 185 ± 26.8b 179 ± 12.6b 258 ± 38.9a
GMD (mm) 0.33 ± 0.13c 0.60 ± 0.08bc 0.71 ± 0.12b 0.75 ± 0.17b 1.34 ± 0.32a

D 2.98 ± 0.01a 2.56 ± 0.09b 2.39 ± 0.18b 2.46 ± 0.07b 1.93 ± 0.36c
K 0.12 ± 0.04a 0.06 ± 0.01b 0.05 ± 0.01b 0.05 ± 0.01b 0.03 ± 0.01b

EIt (%) 48.7 ± 10.1a 30.5 ± 3.24b 28.5 ± 3.24b 24.9 ± 6.86bc 15.3 ± 3.95c
i R>0.25, >0.25 mm water–stable aggregate content; MWD, mean weight diameter; GMD, geometric mean weight
diameter; D, fractal dimension; K, soil erodibility factor; EIt, unstable aggregate index. The same lowercase letters
suggest no significant difference between different afforestation years of D. viscosa and shrub at 0.05 level.

3.4. Relationship between Soil Physicochemical Properties and Soil Aggregate Stability

Strong interactions existed between soil properties, aggregate distribution, and stabil-
ity and erosion resistance ability (Table 3). High SOC, TN, and Ca contents were conducive
to the formation of soil aggregates in 2–4 mm and 4–8 mm. Soil aggregates stability (in-
dexes including R>0.25, GMD, MWD, D, and EIt) and erosion resistance ability (index K)
increased with soil SOC, TN, and Ca contents. The ratios of sand and clay were closely
related to soil aggregate composition (2–8 mm and 0.053–0.25 mm) and stability. A high
proportion of sand and a low proportion of clay can enhance soil aggregate stability and
erosion resistance.
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Table 3. Correlation between soil physicochemical properties and soil aggregate size distribution and
stability.

WC SOC TN pH Clay Silt Sand TP Ca NH4
+ NO3− CEC

MWD 0.691 ** 0.798 ** 0.816 ** 0.493 * −0.593 ** −0.245 0.711 ** 0.486 * 0.566 ** 0.744 ** 0.151 0.807 **
R>0.25 0.695 ** 0.825 ** 0.848 ** 0.470 * −0.751 ** −0.093 0.748 ** 0.565 ** 0.605 ** 0.696 ** 0.094 0.813 **
GMD 0.615 ** 0.659 ** 0.687 ** 0.234 −0.703 ** −0.193 0.817 ** 0.341 0.355 0.545 * −0.145 0.658 **

D −0.614 ** −0.751 ** −0.777 ** −0.413 0.759 ** 0.047 −0.705 ** −0.526 * −0.559 * −0.571 ** −0.052 −0.748 **
K −0.661 ** −0.794 ** −0.809 ** −0.592 ** 0.544 * 0.245 −0.595 ** −0.505 * −0.636 ** −0.758 ** −0.268 −0.830 **
EIt −0.691 ** −0.798 ** −0.816 ** −0.493 * 0.593 ** 0.245 −0.711 ** −0.486 * −0.566 ** −0.744 ** −0.151 −0.807 **

4–8 mm 0.642 ** 0.791 ** 0.816 ** 0.466 * −0.759 ** −0.046 0.705 ** 0.565 ** 0.608 ** 0.628 ** 0.105 0.787 **
2–4 mm 0.743 ** 0.774 ** 0.790 ** 0.322 −0.700 ** −0.062 0.763 ** 0.515 * 0.475 * 0.741 ** −0.040 0.701 **

0.25–2 mm −0.157 −0.186 −0.200 0.035 0.471 * −0.350 −0.223 −0.264 −0.140 −0.036 0.170 −0.107
0.053–0.25 mm −0.740 ** −0.911 ** −0.923 ** −0.634 ** 0.656 ** 0.051 −0.671 ** −0.670 ** −0.719 ** −0.823 ** −0.325 −0.895 **

<0.053 mm −0.400 −0.394 −0.412 −0.157 0.319 0.399 −0.522 * −0.098 −0.191 −0.400 0.112 −0.430

* p < 0.05; ** p < 0.01.

3.5. Relationship between Afforestation Years and Soil Aggregate Stability

Soil aggregate stability and erosion resistance ability significantly varied with D. viscosa
afforestation (Figure 3). Dodonaea viscosa afforestation increased exponentially with R>0.25,
MWD, and GMD and decreased exponentially with D, K, and EIt. This result indicates
that soil aggregate stability and erosion resistance ability enhanced exponentially with
increased afforestation years and still did not reach the level of the shrub.
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Figure 3. Relationship between soil aggregate stability characteristics and afforestation years.

3.6. Correlation between Afforestation Years and Soil Properties and Aggregate Stability

Soil properties and soil aggregate stability and erosion resistance ability were found
to be closely associated with the afforestation years of D. viscosa (Table 4). The positive
correlation between afforestation years and WC, SOC, TN, sand, TP, NH4

+, CEC, MWD,
R>0.25, and GMD was highly significant (p < 0.01). The NO3

−, pH, and silt were unaffected
by afforestation years. A significant and negative correlation existed between afforestation
years and D, clay, K, and EIt (p < 0.05).
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Table 4. Correlation between afforestation years and soil nutrients and soil aggregate stability.

Soil Nutrients Stability Characteristics of Soil Aggregates
Parament Correlation Coefficient Parameter Correlation Coefficient

WC 0.906 ** MWD 0.724 **
SOC 0.870 ** R>0.25 0.674 **
TN 0.859 ** GMD 0.678 **
pH 0.430 D −0.662 **

Clay −0.757 ** K −0.612 *
Silt 0.016 EIt −0.674 *

Sand 0.770 **
TP 0.634 **
Ca 0.541 *

NH4
+ 0.713 **

NO3
− 0.372

CEC 0.766 **

* p < 0.05; ** p < 0.01.

4. Discussion
4.1. Effects of Dodonaea viscosa Afforestation on Soil Physiochemical Properties

Vegetation recovery can significantly increase litter quantity, root biomass, and exu-
dates, which is conducive to the accumulation of soil nutrients [14,35,36]. Previous studies
have reported that soil organic C, N, and phosphorus are the primary nutrients that can
affect the success of afforestation [22,29]. In this study, D. viscosa afforestation notably
increased soil nutrient content and reached the level of the shrub (Table 1), indicating that
nutrients can reach near–natural levels after afforestation in karst areas. The contents of
SOC, TN, and TP significantly increased under D. viscosa afforestation, which ensured the
nutrient supply for aboveground plants [7–10]. In addition, physical entanglement of plant
roots with soil particles can increase soil permeability with the duration of afforestation,
which is conducive to enhancing soil microbial growth and activities and facilitating soil
nutrient cycling [20,27,37]. Soil moisture, as an important source of water absorption by
plants, plays a crucial role in vegetation growth and restoration [7,16,20]. Our results
showed that soil water content increased with prolonged afforestation years (Table 1). Fa-
vorable water conditions can promote the transport of soil nutrients in plants and enhance
microbial activity, thus significantly affecting the stability and sustainable development of
regional ecosystems [8,29].

4.2. Effects of Dodonaea viscosa Afforestation on the Soil Aggregates Size Distribution and Stability

Aggregate, the basic unit of soil structure, and its stability are a comprehensive
reflection of the physical properties of soil [24–26]. Increasing evidence has verified that
the main aggregates in the cropland had a small particle size, and the overall stability
of soil aggregates was at a low level [24,31,38]. This phenomenon could be attributed
to the high frequency and intensity of tillage and few inputs of plant residues due to
the regular removal of aboveground biomass in the cropland [30,31,33,39]. Our results
indicated that soil aggregates in the cropland were less stable. This may be due to tillage
destructed plant roots and reduced stability of plant root fibers, which were not conducive
to soil agglomeration [33,39]. In addition, the proportion of >2 mm aggregates in the
cropland was extremely low. The large–size aggregates are relatively more susceptible to
the disruptive forces of tillage because of the presence of fewer stable binding agents than
small–size aggregates [40]. Our results also suggested that D. viscosa afforestation affected
the transformation and redistribution of soil aggregates in 0.053–0.25 mm and >2 mm
and facilitated the recovery of soil aggregate stability and erosion resistance ability. Soil
aggregate stability and erosion resistance ability were closely related to soil properties and
vegetation restoration [23,24,26]. Studies confirmed that the soil developed from carbonate
rock in the karst region has the characteristics of low content of acid–insoluble matter,
high pH, and high calcium (Ca) content [41,42]. Soil organic matter (SOM) can interact
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with Ca to facilitate the formation of large–size aggregates, which is an important reason
for the formation of >2 mm aggregates in D. viscosa afforestation [43]. Meanwhile, soil
agglomeration increased with microbial activities in high substrates, as the secretion of
microorganisms can act as organic binding agents [37]. Vegetation restoration can improve
soil coverage and weaken water erosion, reducing the loss of soil particles [22,31]. The high
molecular viscosity produced by plant root exudates exerted a strong adhesive force on
soil particles [30,44]. The decrease in anthropogenic disturbance favored the interaction
between soil and plant roots during vegetation recovery, thus increasing the stability of
soil aggregates [30,31,45].

Previous studies have reported that natural vegetation restoration was more beneficial
to soil agglomeration than monoculture plantation, which was in line with our study [42].
Our result manifested in the transformation of soil particles in <0.053 mm into >2 mm in
the soil of shrub. The litter layer (2–3 cm) and the humus layer (2–3 cm) in the shrub were
thicker, and the litter layer in the single D. viscosa afforestation was thinner (about 1 cm).
Higher plant species diversity and coverage, litter quantity, root exudates, more developed
root system, and longer recovery age of most tree species in the shrub can enhance soil
heterogeneity and increase microbial diversity [30,44,46]. These differences may be caused
by strong soil agglomeration in the shrub. In this study, D. viscosa afforestation induced
the formation of >2 mm aggregates to improve soil structure; however, the stability of soil
aggregates and erosion resistance ability did not reach the level of the shrub.

4.3. Relationship between Soil Physical and Chemical Properties and Soil Aggregate Stability

Changes in the environment and vegetation types can influence the distribution
and stability of soil aggregates, affecting the soil nutrient content and its supply capac-
ity [21,33,44,47]. Previous studies have found that the soil cohesiveness of fine particles can
maintain the content of C and N [36,48]. In our study, soil aggregates of 0.053–0.25 mm
and 2–8 mm were more sensitive than other particles along with vegetation restoration.
The contents of SOC and TN were significantly positively correlated with 2–8 mm aggre-
gates and negatively correlated with 0.053–0.25mm aggregates, respectively, indicating
that vegetation recovery can facilitate the formation of large–size aggregates and, thus,
physically protect SOM from microbial attack and mineralization [49,50]. Meanwhile, Ca
can act as a polyvalent cation bridge between SOM and mineral surfaces [22,51]. Strong
positive correlations of SOC, TN, and Ca with soil aggregate stability and erosion resistance
ability (index R>0.25, MWD, GMD, D, K, and EIt) were observed in our study. Their effective
combination proved their important role in the increase in soil aggregates stability under
afforestation. In addition, the other soil nutrients (e.g., TP and NH4

+) increased with the
ratio of aggregates in >2 mm, further suggesting that the formation of large–size aggregates
provided a protective mechanism and reservoir for different nutrients [47,52]. Except for
large–size aggregates, soil texture also has a close relationship with soil nutrients (e.g.,
SOC, TN, and NH4

+) [53]. In our study, the portion of sand in soils showed a consistent
trend with nutrient content, which indicated that a better soil structure and stronger soil
erosion resistance could promote the maintenance of soil nutrients. The soil nutrient and
aggregate results showed that the soil environment could be improved effectively by D.
viscosa afforestation in the rocky desertification area of the graben basin. Soil nutrient
content can reach the level of shrub and reduce the possibility of soil loss and erosion.

5. Conclusions

Compared with the cropland, WC, SOC, TN, and other nutrients were increased by
different degrees following D. viscosa afforestation. Soil nutrient content under D. viscosa
afforestation reached the level of the shrub at different periods. In addition, D. viscosa
afforestation promoted the formation of >2 mm aggregates and decreased the ratio of
0.053–0.25 aggregates. Compared with the cropland, R>0.25, MWD, and GMD increased,
whereas D, K, and EIt reduced; however, the degree of change was less than that of
secondary shrubs. With the extension of afforestation years, soil nutrient content increased,
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and soil aggregate stability increased exponentially. Dodonaea viscosa afforestation restored
soil nutrients and stabilized soil aggregates; however, the stability of soil aggregates was
difficult to reach the level of the shrub. Taken together, D. viscosa afforestation can effectively
improve the soil environment in the rocky desertification area of the graben basin and can
be used as an effective species to reconstruct the degraded ecosystem in the karst area.
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