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Abstract: As the fundamental unit of soil structure, soil aggregates play a crucial role in
enhancing soil carbon and nitrogen storage, thereby supporting soil fertility and overall
health, particularly in fragile karst regions. This study aims to quantify the effects of
various ecological construction measures on soil aggregate stability, including focusing
on geometric mean diameter (GMD), mean weight diameter (MWD), and K values, as
well as aggregate-related organic carbon (SOC) and total nitrogen (TN), soil mechanical
composition, and aggregate content. The ecological construction measures examined
include plantation forests (Y7th-rgl), restored forests (Y6th—zr), fruit forests (Y6th—jgl), and
contour reverse slope terraces (Y1th-crt). Compared to sloping farmland, contour reverse
slope terraces, with their distinctive priority induction function, significantly increased
the content of medium-fine particle aggregates, greater than 87%. Among the ecological
construction measures, plantation forests exhibited the highest aggregate stability, with
an average increase ranging from 8% to 157%. Notably, microaggregates, regardless of
size, possessed the highest carbon and nitrogen contents, contributing significantly to soil
carbon and nitrogen pools. Furthermore, both plantation and contour reverse slope terrace
treatments demonstrated an equal contribution of carbon and nitrogen across all aggregate
sizes. The partial least squares path modeling (PLS-PM) analysis indicates that land use
type and the content of carbon and nitrogen pools are the primary factors influencing soil
aggregate stability. These findings suggest that plantations are particularly effective in
enhancing soil and water conservation in fragile karst areas, while the contour reverse
slope terrace method shows potential for stabilizing soil structure over extended time scales
due to its unique “preferential entrainment” function.

Keywords: organic carbon stratification ratio; total nitrogen stratification ratio; organic
carbon pool contribution; total nitrogen pool contribution; aggregate

1. Introduction

Soil aggregates are fundamental units of soil structure, formed through the binding of
organic matter, clay and sand particles, polysaccharides, plant root filaments, soil mycelium,
and carbonates [1]. Aggregates regulate various physical and biological processes within
the soil [2,3]. During their formation and stabilization, soil aggregates play a vital role in
conserving essential elements such as carbon and nitrogen, thereby improving soil fertility
and enhancing structural stability [4]. Soil structural stability is critical for maintaining soil
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health and productivity, especially under the influence of different ecological construction
measures [5,6].

The impact of various ecological measures—such as the implementation of contour
reverse-slope terraces on sloping cropland, restored forestation, fallow forest measures
(plantation forestry), and the planting of fruit and economic forests—on soil aggregate
stability and the associated carbon and nitrogen contents in karst landscapes has become a
significant area of research. This is especially relevant for soil conservation and nutrient
management [7-10]. Ecological construction measures modify ecohydrological processes by
influencing vegetation cover, root structures, soil organic matter content, soil structure, and
aggregate distribution, as well as surface runoff and erosion control [11-13]. However, most
recent studies on different land-use types have primarily focused on soil aggregate stability
and related soil properties in the Loess Plateau of China [14-18]. Although some reports
exist on karst landscapes in southwest China, these studies mainly concentrate on single
ecological measures and primarily examine changes in soil aggregates and organic carbon,
without addressing related nitrogen content [19-21]. In particular, the effect of contour
reverse-slope terraces, a key soil and water conservation measure, on soil aggregates, or-
ganic carbon, and total nitrogen (TN) content remains underreported. The varied responses
of ecohydrological and soil erosion processes to different ecological construction measures
can significantly alter soil depth, particle composition, vegetation cover, and other ecologi-
cal dynamics, consequently influencing the content and stability of soil aggregates across
different size fractions [11,15,22]. Therefore, further investigation is required to assess the
effects of different ecological construction measures on soil aggregate distribution.

Soil organic matter is a complex organic compound composed of plant and animal
residues, as well as products resulting from microbial transformation [23]. Organic carbon
and TN are key components of organic matter, becoming immobilized in the soil through
microbial activity, plant root exudates, and various physical and chemical interactions
during the formation of soil aggregates. These elements are essential for maintaining
soil structure and promoting fertility [23]. The composition of soil aggregates of different
sizes is closely related to soil stability, carbon and nitrogen pools, and environmental
quality [24-26]. Macroaggregates, in particular, are typically rich in organic carbon and
nitrogen, as they tend to adsorb and stabilize organic matter more effectively, and their
larger pore structures help protect these components from microbial decomposition [27].
Conversely, microaggregates, while more stable, store organic carbon and nitrogen over
longer periods, but the organic matter within them is less accessible to microbes due to
their smaller size and higher surface area [28,29]. Soil aggregates of varying sizes also
have untapped potential for sequestering organic carbon and nitrogen, with their content
generally increasing as aggregate size increases [30,31]. However, research from different
regions often yields conflicting results, likely due to variations in topography, land use, soil
depth, and climatic conditions [32-34]. Therefore, understanding the role of soil aggregates
in carbon and nitrogen sequestration under different ecological construction measures
is crucial.

Karst landscapes, characterized by their unique geological structures and complex
hydrological processes, are widely distributed across various regions of the world, par-
ticularly in southern China [27,35]. The soil structure and stability in these regions are
especially fragile, which leads to significant heterogeneity in soil formation processes,
impacting the physical, chemical, and biological properties of the soil [36-38]. Due to
the anisotropic environment, dynamic environmental factors, and the direct connectivity
between surface and subsurface layers in karst regions, these areas are highly vulnerable to
land degradation and pollution. This instability in the soil structure is a key contributor
to the process of karst desertification [39]. Despite the widespread implementation of
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soil and water conservation measures, such as contour reverse-slope terraces, alongside
other ecological construction methods, their effects on SOC and nitrogen sequestration,
as well as soil structural stability in karst areas, remain unclear [40,41]. In this study, we
focused on five different land-use modes within the Chishui River Basin, a karst region in
Yunnan, China. These modes included optimizing sloping cultivated terraces into contour
reverse-slope terraces, plantation forestry measures, restored forests measures, fruit forests,
and retaining sloping cultivated land as a control treatment. The primary aim was to assess
the stability of soil structures under contour reverse-slope terrace measures and other
ecological construction methods. We predicted that the SOC and nitrogen contents within
these measures would be higher than those in the control treatment. The specific objectives
of this study were (1) to evaluate the effects of different ecological construction measures
on soil aggregate content and stability using the wet-sieving method, (2) to compare the
changes in carbon and nitrogen contents in bulk soil and aggregates of varying sizes un-
der different ecological construction measures in the southwest karst region, and (3) to
determine the major influences affecting soil aggregate stability, erodibility, and carbon and
nitrogen pools.

2. Materials and Methods
2.1. Study Area

This study was conducted in the Chishui River Basin (26°49'-28°54’ N, 104°09'-107°10’ E),
which originates from Zhenxiong County, Yunnan Province, and is situated at the borders
of the Yunnan, Guizhou, and Sichuan provinces. The main stream of the river spans
436.5 km, with a watershed area of 18,932.2 km?. The basin exhibits varied topography,
with higher elevations in the southwest and lower elevations in the northeast. The upper
and middle reaches of the Chishui River are part of the Yunnan-Guizhou Plateau, a typical
karst landscape that accounts for approximately 74% of the basin’s area and is characterized
by plateau mountains. The lower reaches lie in the Sichuan Basin, a Danxia landform,
accounting for about 26% of the area, dominated by hilly plains. Soil types in the region
include zonal yellow and yellow-brown soils, rocky limestone soils, purple soils, and
cultivated paddy and dryland soils. The basin is located in the transitional zone between
the plateau and the basin and experiences a continental climate, primarily in the mid-
subtropical zone. Winters are dry and cold, while summers are hot and humid, with
maximum temperatures reaching 39 °C, minimum temperatures dropping to —5 °C, and
an average annual temperature ranging between 15 °C and 20 °C (National Meteorological
Information Center, http://data.cma.cn, accessed on 15 October 2024). Annual precipitation
ranges from 749 to 1286 mm, with an annual runoff of approximately 9.7 billion mS. Rainfall
is concentrated between June and September. The main crops in the region are maize
and rice. Vegetation in the watershed primarily consists of plantation forests, including
cedar (Cunninghamia lanceolata), sea buckthorn (Hippophae rhamnoides), firethorn (Pyracantha
fortuneana), and osier fern (Stenoloma fee). Other plantation species include ash (Fraxinus
chinensis Roxb.), Chinese crabapple (Malus sanguinea), and horseberry hydrangea (Hydrangea
aspera D. Don), as well as mugwort (Artemisia argyi) and Artemisia dubia. The location of the
study area is shown in Figure 1.
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Figure 1. Location of the study area.

2.2. Sample Plot Layout and Sampling

A survey of the Chishui River Basin was conducted in 2023, with major land use
types including conventional sloping cropland, plantation forests, restored forests, and
fruit forests. The main rural cash crops in the basin are mainly corn, kiwifruit, etc.; however,
with the economic development and the significant increase of labor price, more and more
rural young and middle-aged laborers go out to work or go into business, giving up agricul-
tural production as their main economic income and using crops such as corn for poultry
rearing. Due to local production and living needs, intercropping, such as vegetables, have
been added to cornfields; in addition to this, the local sloping cultivated land began to im-
plement the terrace planting pattern in 1986 due to serious soil erosion and severe seepage
from the karst landscape. However, slope farming terrace planting still leads to serious
karst erosion, so the contour reverse-slope terrace measure was deployed in December
2023 to achieve the effect of runoff reduction and soil and water conservation. Natural
restoration vegetation is formed with natural succession in areas with dangerous terrain
and serious karst landscapes; plantation forests are formed through artificial planting and
airplane dispersal. In the selection of sample plots, the years of planting were determined
by visiting farmers, consulting experts, and combining with the annual cycle of vegetation
succession in accordance with field research and the area covered in the field. Five construc-
tion measures were selected based on the local dominant species and planting practices:
(1) Y38th—ck: Sloping cultivated terraces with 38 years of continuous cultivation, where
corn was planted, served as the control treatment. (2) Y1th—crt: Considering the typical
local karst geomorphology and severe soil erosion, contour reverse-slope terrace measures
were implemented in sloping cropland continuously cultivated for 38 years (Figure 2).
Specifically, contour terraces were constructed along the slope at intervals of 5 to 10 m,
depending on the gradient, to divide the original slope into smaller segments. This reduced
the length of slopes that facilitate surface runoff [37,38]. A “preferential entrainment” func-



Agriculture 2025, 15, 207

50f23

tion formed in contour reverse-slope terrace ditches, which allowed for soil particles and
organic matters to be deposited in the ditches, thereby reducing soil and nutrient erosion.
(3) Y7th-rgl: Retiring measures were implemented in 2017. (4) Y6th—zr: Due to the high
rock content of the karst landscape, agricultural activities were challenging. Thus, in 2018,
restored forestation was initiated to prevent erosion and mitigate the decline in agricultural
productivity. (5) Y6th—jgl: In 2018, the original crops (corn, peppers, etc.) were replaced
with a fruit forest, and kiwifruit trees were planted in the orchard year-round.
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Figure 2. Schematic diagram of contour reverse-slope terrace step.

Sampling for the five ecological construction measures took place in late March 2024.
Within each of the five treatments, three 1 m x 1 m plots were randomly selected as
replicates. Soil samples were collected from three soil depths (0-10 cm, 10-20 cm, and
20-30 cm) in each replicated plot. Samples from the “preferential entrainment” areas of the
contour reverse-slope terraces were also collected. In total, 45 soil samples were obtained
for this study.

2.3. Experimental Analysis

Prior to air-drying, the collected soil samples were manually broken down into par-
ticles smaller than 5 mm. After air-drying, a portion of the samples was subjected to dry
sieving to classify the soil aggregates into large aggregates (>2 mm), medium aggregates
(2-0.25 mm), and microaggregates (<0.25 mm). These classified aggregates were then
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used to determine the content of different soil aggregates as well as SOC and TN levels in
each aggregate size. The remaining soil samples were sieved through a 0.25 mm mesh to
determine the SOC and TN content in the bulk soil. SOC content was measured using the
external heating method with potassium dichromate, while TN content was determined
using the Kjeldahl method. The mechanical composition of the soil, including its sand,
silt, and clay content, was measured using a Malvern laser particle size analyzer. The
classification of soil particles was conducted according to United States standards.

To evaluate the effects of different ecological construction measures on soil aggregate
stability, two key indicators—mean weight diameter (MWD) and geometric mean diameter
(GMD)—were calculated based on the weights of the macro- and microaggregates and their
respective mean diameters, using the following equations:

n
MWD = ) X;M; (1)
i=1

GMD = exp li Mlln(Xl) (2)

where 1 represents the number of aggregate size classes (in this case, three), M; is the
weight percentage of agglomerate i relative to the total weight of the soil sample, and X; is
the average diameter of agglomerate i.

The stratification ratios (SRs) of SOC and TN, which are critical indicators for assessing
the distribution of organic carbon and nitrogen at different soil depths, were also calculated.
These ratios provide valuable insights into soil management, land use practices, and
ecological health, aiding the development of sustainable agricultural and soil management
strategies. The SRs for SOC and TN were calculated using the following equations:

SRsoc1 = SOCy-19/SOC19-20 3)
SRsocz2 = SOCq-19/SOCz0-30 (4)
SRrN1 = TNp_10/TN19-20 )
SRtn2 = TNp_10/TN2g_30 (6)

where SOCq_19, SOC1g_29, and SOCyq_3¢ represent the SOC content at soil depths of 0-10 cm,
10-20 cm, and 20-30 cm, respectively, and TNg_19, TN19-20, and TNyg_39 represent the
corresponding TN content.

Differences in the mass percentages of soil aggregates of varying sizes, as well as the
organic carbon and TN contents within these aggregates, result in variations in SOC and
TN sequestration in the entire soil profile under different ecological construction measures.
To assess the contribution of aggregates of different sizes to the total SOC and TN pools
under varying ecological measures, the following equations were used:

. Wai X SOCai o

Cai = <, x50, < 100% @)
. Wi x TNy .

Cai = 2 X 100% )

where Wai represents the mass weight of agglomerate i; SOC,; and TN,; are the organic
carbon and nitrogen contents of agglomerate i; Wy, is the mass weight of the whole soil;
SOC,, and TN, are the total organic carbon and TN contents of the whole soil. C,; denotes
the contribution of agglomerate i to the SOC pools and TN pools.



Agriculture 2025, 15, 207

7 of 23

The soil erodibility K value is determined using the EPIC model proposed. This model
estimates the K value based on soil particle composition and the content of soil organic
carbon. The calculation formula is as follows:

| {0.2 i O.3exp(—0.0256 % SAN x (1 - %))} X (CL%LSIL)%

0.25xC
X (1.0 - C+eXp(3,72X72.95xC)> ¥

(10 0.7x (1-3%)
. (1_%)+exp(—5.52+22-9>< (1_%))

Among them, SAN, SIL, and CLA correspond to sand content (%), powder content
(%), and clay content (%), respectively; C is organic carbon content (%).

The K value calculated from the aforementioned equation is expressed in US units
and must be converted to SI units (t-hm?-h/(MJ-mm-hm?)) by multiplying by 0.1317. The
K value proposed by Zhang et al. (2008) [39] has been modified to effectively adapt to the
estimation of soil erodibility in my country, as follows:

K = —0.01383 + 0.515751 Kgpic (10)

2.4. Statistical Analysis

In this study, we comprehensively assessed the effects of ecological construction
measures, soil aggregates, soil depth, and their interactions on soil organic carbon and
nitrogen content. Three-factor analysis of variance (ANOVA) was chosen because it was
able to consider these three key factors and their interactions simultaneously, adapt to the
data structure of the subgroup design in the study, and reveal the relative importance and
interaction mechanisms of different factors. One-way ANOVA was used to test the effects
of a single factor (ecological construction measures) on multiple dependent variables, to
meet the need for multiple comparisons, and to accurately assess the effects of different
measures, while Pearson’s correlation analysis was used to explore the linear correlations
between soil variables under different ecological construction measures at a significance
level of p < 0.05, to control errors in statistical inference, and to provide a useful tool for
understanding the interactions between soil carbon and nitrogen cycling and the nature
of aggregates’ interactions with agglomerate properties. Linear regression analysis was
used to assess the relationship between different aggregates and soil carbon and nitrogen
content, to establish a model to quantify the degree of influence of aggregates, and to clarify
the mechanism of their role in soil carbon and nitrogen cycling. The partial least squares
method comprehensively analyzes the multifaceted effects of land use type, mechanical
composition, agglomerate composition, and carbon and nitrogen pools on the stability of
agglomerates and extracts the main influencing factors through dimensionality reduction
to simplify the process of data analysis and improve the explanatory power and predictive
ability of the model. All graphs were plotted by Origin 2022 and R v 4.4.1 language, and
SPSS16.0 software was used for statistical analysis.

3. Results
3.1. Change in Aggregate and Soil Texture Content

Under different ecological construction measures, macroaggregates had the highest
content among the three aggregate size classes (Figure 3). Across the 0-30 cm soil depth,
the average content of macroaggregates, medium aggregates, and microaggregates was
58%, 38%, and 4%, respectively. The highest macroaggregate content was observed in the
Y38th—ck treatment (61%), followed by Y7th-rgl (60%), while the lowest was Y1th—crt (53%).
Specifically, the macroaggregate content in Y38th—ck was 1.16 and 1.11 times higher than
that of Y1th—crt and Y7th-rgl, respectively. In contrast, Y1th—crt showed the highest content
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of medium aggregates (43%) and microaggregates (7%), representing increases of 1% and
1%, respectively, compared to Y6th—zr. Additionally, Y1th—crt exhibited an 86% increase
in microaggregate content compared to Y38th—ck, while Y7th-rgl showed a 2% increase.
However, Y6th—jgl had a 59% decrease in microaggregate content compared to Y38th—ck.
In Y1th—crt, the ratio of macroaggregates to medium aggregates was approximately 1.21,
and the ratio of macroaggregates to microaggregates was around 8.00. This treatment
displayed a more balanced distribution of aggregate proportions, with the smallest differ-
ence between medium and microaggregate contents compared to the other four ecological
construction measures.

1004 (a) 0~10 cm (b) 10~20 cm

80 FEE *F *
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40

Soil aggregate content(%)

204

o o [ | : : :
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Figure 3. Changes in soil aggregate content of different treatments. * represents p < 0.05, ** represents

p < 0.01, *** represents p < 0.001. (a—c) Respectively, soil layers 0-10 cm, 10-20 cm, and 20-30 cm. The
same below.

Overall, the Y1th—crt treatment showed an increased proportion of medium and
microaggregates compared to the other ecological construction measures, highlighting its
potential advantages in stabilizing soil structure.

(Figure 4) Under various treatments, all except for Y1th—crt exhibited a mechanical
composition characterized by the highest proportions of clay and silt (p < 0.05), with silt
constituting 60% of the overall soil composition. The proportions of silt, clay, and sand did
not show significant variation with soil depth. Among the three soil layers, the clay content
in the Y6th—zr treatment was typically the highest, averaging a 7% increase compared to
Y38th—ck. The silt content in the Y7th-rgl treatment was also the highest, ranging from 1.13
to 1.24 times that of Y38th—ck, while the sand content was predominantly highest in the
Y1th—crt treatment.
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Figure 4. Soil texture content of different treatments. * indicates p < 0.05, ** indicates p < 0.01, and
*** indicates p < 0.001.

3.2. Aggregate Stability and Erodibility

Among the three soil layers, the highest GMD values were observed in the Y7th-rgl
treatment. On average, the GMD values for Y7th-rgl were 8% to 157% higher than those of
the other ecological construction measures (Figure 5). In contrast, the structural stability of
Y38th—ck was the lowest, with GMD values 15% to 35% lower than the other measures. In
the 0-20 cm soil layer, the highest MWD value was found in the Y6th—jgl treatment, with
an average value of 2.60, which was 1.06 to 1.15 times higher than the other ecological
construction measures. In the 20-30 cm soil layer, the highest MWD value was recorded in
Y7th-rgl (3.10), following the same trend as the GMD values. This was 10% higher than the
MWD value in Y6th—jgl. Soil erodibility (Figure 5) across different soil layers was lowest
in the Ylth—crt treatment, which exhibited a 36% reduction compared to the Y38th-ck
treatment. The geometric mean diameter (GMD, or mean weight diameter, MWD) and K
values under various treatments demonstrated the following trends: Y7th-rgl > Y6th-zr >
Yé6th-jgl > Y1th-crt > Y38th-ck and Y38th-ck > Y7th-rgl > Y6th-zr > Y6th-jgl > Y1th-crt.
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3.3. Changes in Organic Carbon and TN Content in Whole Soil and Aggregates

The results of the three-factor ANOVA indicated that ecological construction measures,
soil aggregates, and soil depth had significant effects (p < 0.001) on both total organic
carbon and nitrogen content, as well as on the carbon and nitrogen content within soil
aggregates (Tables 1 and 2). Overall, the average organic carbon and TN content across
the five ecological construction measures decreased with increasing soil depth, with the
highest values consistently found in microaggregates (Figure 6). The Y38th—ck treatment
exhibited the lowest values of organic carbon and TN across all aggregate sizes and in
the whole soil. Among the macroaggregates, the Y6th—zr treatment had the highest TN
content (1.33 g/kg), which was 123% greater than the lowest value in Y38th—ck (0.60 g/kg).
Additionally, Y6th—zr also had the highest organic carbon content (51.07 g/kg), which
was 2.66 times higher than that of Y38th—ck and 28% higher than Y1th—crt. For medium
aggregates, Y6th—zr also recorded the highest TN content (1.39 g/kg), 2.44 times greater
than Y38th—ck (0.57 g/kg). The organic carbon content of Y7th-rgl was 53.33 g/kg, which
was 2.61 times higher than Y38th—ck. Among the microaggregates, the TN content of
Y6th—zr (1.32 g/kg) was significantly higher than Y38th—ck (0.60 g/kg), while Y7th-rgl had
a TN content of 1.21 g/kg, representing a 102% increase over Y38th—ck. The organic carbon
content in the Y6th—zr treatment was 56.51 g/kg, also 2.61 times greater than Y38th—ck.
Overall, the Y6th—zr treatment performed best in terms of whole SOC and TN contents,
with values of 53.08 g/kg and 1.25 g/kg, respectively. Across all three soil layers, the
trends in organic carbon and TN content in both aggregates and whole soil under the five
ecological construction measures followed the same pattern: Y7th-rgl > Y6th-zr (Y6th-zr >
Y7th-rgl) > Y1th-crt > Y6th-jgl > Y38th-ck.

Table 1. Effects of ecological construction measures, soil layers, and aggregates on organic carbon

content.
Ecological .
Construction Soil Depth  Aggregates  poyi o ECM x AG SD x AG ECM x SD x AG
(SD) (AG)
Measures (ECM)
df 4 2 2 8 8 4 16
F 2149.042 297.609 75.838 12.53 6.59 13.441 5.299
p <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Table 2. Effects of ecological construction measures, soil layers, and aggregates on total nitrogen
content.
Ecological .
Construction Soil Depth  Aggregates  poyi o o ECM x AG SD x AG ECM x SD x AG
(SD) (AG)
Measures (ECM)
df 4 2 2 8 8 4 16
F 375.023 135.046 5.794 10.001 2.908 0.326 0.686
p <0.001 <0.001 <0.05 <0.001 <0.05 0.86 0.801
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Figure 6. Organic carbon and total nitrogen content of different treatments.

3.4. Relationship Between Organic Carbon and TN Content in Different Aggregates and Bulk Soil

Simple linear regression analysis revealed that the relationship between whole-SOC
and nitrogen content and the organic carbon and nitrogen content within different aggre-
gates was close but not statistically significant (p > 0.05) (Figure 7). In the 0-30 cm soil
layer, the regression coefficient for organic carbon content in large aggregates (b = 0.77) was
higher than that for medium aggregates (b = 0.71) and microaggregates (b = 0.66). Con-
versely, the regression coefficients for TN content in large aggregates (0-10 cm: b = 0.031;
1020 cm: b =0.029; 20-30 cm: b = 0.0339) were lower than those for medium aggre-
gates (0-10 cm: b = 0.029; 10-20 cm: b = 0.0295; 20-30 cm: b = 0.039) and microaggregates
(0-10 cm: b = 0.0339; 10-20 cm: b = 0.0332; 20-30 cm: b = 0.03442).

The Y7th-rgl treatment exhibited the highest SRs for both organic carbon and TN
(SR_SOC = 1.35, 1.74; SR_TN = 1.35, 1.66), which were significantly higher than those
of the other ecological construction measures (Figure 8), showing increases of 18.4% to
57% compared to the other four treatments. This increase was statistically significant. In
contrast, Y38th—ck had the lowest SRs (SRgoc = 1.08, 1.11; SRty = 1.14, 1.27), with no
significant increase observed. The SRs for Y1th—crt were 1.02 to 1.12 times higher than
those of Y38th—ck.



Agriculture 2025, 15, 207 13 of 23

(a) 0~10 cm (b) 10~20 cm (¢) 20~30 cm

o = =
=3 S S
! ! |
B [

S S
1 1

Organic Carbon Content Of Aggregates (g/kg)
Organic Carbon Content Of Aggregates (g/kg)
&=
T
Organic Carbon Content Of Aggregates (g/kg)

0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 |'2 1'4 16 0 2 4 6 8 10 12 14 16
Soil Organic Carbon Content (g/kg) Soil Organic Carbon Content (g/kg) Soil Organic Carbon Content (g/kg)
® Macroaggregate © Medium aggregate ~ ® Microaggregate —— Linear fitting of macroaggregates ~ —— Linear fitting of mediumaggregates =~ —— Linear fitting of microaggregates
(d) 0~10 cm (e) 10~20 cm (f) 20~30 cm

{3
=3
1

=N
1
L]
ES
1

%
L

o
L
ES
L
IS}
1

'S
I
[N}
1
o
1

[
1

Total Nitrogen Content of Aggregates (g/kg)
=
h

Total Nitrogen Content of Aggregates (g/kg)
Total Nitrogen Content of Aggregates (g/kg)

0.8+
1.0 054
0.6
0.8+
0.6
0.6 0.4 4
T 0.4 +— T T T T T T T T T T
16 0 16 0 2 4 6 8 10 12 14 16
Total Nitrogen Content (g/kg) Total Nitrogen Content (g/kg) Total Nitrogen Content (g/kg)

Figure 7. Linear relationship between organic carbon and total nitrogen content in different aggregates
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Figure 8. Stratified ratios of total organic carbon and nitrogen to organic carbon and total nitrogen
content within aggregates under different ecological construction measures. ns denotes no significant
difference, * denotes p < 0.05, ** denotes p < 0.01.

3.5. Contribution of Different Soil Aggregates to Organic Carbon and TN Pools

Different ecological construction measures significantly influenced the contribution
of various soil aggregates to the organic carbon and TN pools (Figure 9). Across all five
ecological measures, the largest contribution to both the organic carbon and TN pools
came from large aggregates. As particle size decreased, the contribution of aggregates to
these pools significantly declined. In the 0-30 cm soil layer, Y6th—jgl showed the highest
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contribution from large aggregates to both organic carbon and TN pools. This was 1.35 to
1.49 times greater than the contributions from Y1th—crt, Y38th—ck, Y7th-rgl, and Y6th-zr
(p < 0.05). Among medium aggregates, Y7th-rgl had the highest contribution to organic
carbon and TN pools, representing a 1% to 30% increase compared to the other four eco-
logical construction measures (p < 0.05). Both Y7th—-rgl and Y1th—crt displayed relatively
even contributions to TN pools, indicating a more balanced distribution of nitrogen within
medium aggregates, which suggests potential for stabilizing nitrogen content in the soil.
For microaggregates, Y6th—zr showed the highest contribution to the organic carbon pool,
which was 1.02 to 2.38 times higher than that of the other treatments. Overall, the contribu-
tions of organic carbon and TN from the three types of aggregates were most consistently
balanced in the Y7th-rgl and Y1th—crt treatments. These findings suggest that these two
treatments may promote a more integrated and stabilized nutrient cycling process within

the soil matrix.
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Figure 9. Contribution of different aggregates to carbon and nitrogen pools under different ecological

construction measures.

3.6. Correlation of Stability with Soil Properties

A positive correlation (p < 0.001) was found between GMD, MWD, and K values in
the 0-30 cm soil layer (Figure 10). Additionally, silt content, GMD, MWD, and K values
exhibited a positive correlation (p > 0.05) with the content of MA, MA-SOC, MI-SOC,
ME-S0C, BS-SOC, BS-TN, MA-TN, ME-TN, and MI-TN. Macroaggregate content in the
soil was positively correlated with both SOC and TN contents (p > 0.05). In contrast, ME,
M], clay, and silt content showed a negative correlation with MWD, GMD, SOC, and TN
content (p > 0.05), whereas MA content demonstrated a positive correlation with MWD,
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GMD, K values, SOC, and TN contents (p > 0.05). Moreover, the organic carbon content
in both the whole soil and aggregates was positively correlated with the associated TN
content (p < 0.001).
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Figure 10. Correlation of relevant soil properties in different soil aggregates and whole soil. * is
p <0.05, *is p < 0.01, ** is p < 0.001, and *** is p < 0.0001. BS-SOC, SOC content in whole soil;
MA-S50C, macroaggregate-associated carbon content; ME-SOC, medium aggregate-associated carbon
content; MI-SOC, microaggregate-associated carbon content; BS-TN, TN content in whole soil; MA-
TN, macroaggregate TN content; ME-TN, mesoaggregate TN content; MI-TN, microaggregate TN
content; MA, microaggregate content; ME, mesoaggregate content; MI, microaggregate content.

Land use type had a considerable impact on soil aggregate stability, according to the
results of the partial least squares path model (PLS-PM). This effect was also indirectly
influenced by environmental factors such as carbon and nitrogen pools, soil mechanical
composition, and aggregate dispersion (Figure 11). Among these, the soil aggregate stabil-
ity index had a significant negative correlation (p < 0.05) with soil mechanical composition
(direct effect coefficient —0.931) and a significant positive correlation (p < 0.05) with land
use type (direct effect coefficient 2.536) and carbon and nitrogen pools (direct effect coef-
ficient 0.675). Furthermore, through impacting aggregate composition, soil mechanical
composition indirectly impacted the amount of carbon and nitrogen in the pool (throughput
coefficient 0.821).
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Figure 11. Causes of soil aggregate stability using the partial least squares path model (PL-SPM).
The PL-SPM illustrates the connection between aggregate stability, carbon and nitrogen pools, soil
characteristics, and land use practices. Gray lines show relationships between latent and display
variables in the measurement model, whereas black lines show relationships between latent variables
in the structural model. Path coefficients for positive or negative impacts are shown by values on
solid lines and dashed arrows. *is p < 0.05, **is p < 0.01, and *** is p < 0.001.

4. Discussion

4.1. Changes in Soil Aggregate Content and Stability Under Different Ecological
Construction Measures

In this study, macroaggregates constituted the largest portion of soil aggregates, which
is consistent with the findings of Yang et al. [30] in the southwest karst region. The number
and distribution of macroaggregates reflect soil structural stability and resistance to erosion,
contributing to plant growth and soil fertility improvement [10,40]. The Y1th-crt treatment
significantly promoted the formation of medium and microaggregates, resulting in the
highest proportion of these aggregate sizes among all treatments (Figure 3) and a more
balanced distribution of aggregate proportions. This suggests that Y1th—crt has a higher
potential to enhance macroaggregate formation. The likely reason for this is that the contour
reverse-slope terrace measure reduces slope runoff by altering the microtopography, trap-
ping runoff in “preferential entrainment” zones during rainfall. This runoff then infiltrates
the soil, increasing soil porosity and improving permeability in the sloping cropland [41,42].
This, in turn, enhances the physical structure of the soil and facilitates the formation of
medium and microaggregates. Medium soil particles contribute to water infiltration and
aeration within the root zone due to their larger pore size, maintaining pore connectiv-
ity. These particles primarily bind with microaggregates through biological interactions,
involving transient binders (such as microbial secretions, including polysaccharides and
proteins) and short-term binders (such as roots and mycelium), which combine to form
macroaggregates [1,43]. One previous study examining the effects of contour reverse-slope
terrace measures on soil structure in the Songhua Dam sub-watershed in Yunnan Province
demonstrated that these measures significantly improved soil aggregate composition. The
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promotion of macroaggregate formation by these measures was further confirmed through
the development of a Minimum Data Set (MDS) [35] and improved soil resistance to
erosion, as confirmed by the contour reverse-slope terrace with its minimum erodibility.
Consistently, our data suggest that contour reverse-slope terraces are particularly effective
at promoting the formation and stabilization of large aggregates in karst landscapes. The
well-developed and complex root system of natural vegetation fixes the soil, decreases
erosion, and increases the accumulation of mucilage and flour while also creating favorable
conditions for their formation (root decomposition and apoplastic matter). This may be the
reason for the high content of mucilage and flour in restored forest and plantation forest
treatments, according to the research [10].

Y7th-rgl exhibited the highest GMD in the 0-30 cm soil layer, indicating a higher
degree of soil structural stability and effectiveness in promoting the formation of large
soil aggregates. These large aggregates are crucial for enhancing soil structure and reduc-
ing susceptibility to erosion [19,33,44]. This finding is consistent with previous studies
comparing aggregate stability at different stages of vegetation succession in the southwest
karst region [30]. In this study, the plantation forest treatment (Y6th—jgl) resulted in the
highest proportion of >0.25 mm aggregates. These aggregates facilitated the incorporation
of organic matter and enhanced root-soil interactions, further promoting the process of soil
agglomeration and stabilizing larger soil particles [45], contributing to a more stable soil
structure. Y6th—jgl was particularly effective in improving aggregate stability in the topsoil
layer, likely due to specific management practices, such as the optimized selection of plant
species (kiwi) and field management techniques, including tilling and the incorporation
of organic fertilizers. These practices encourage aggregate formation and improve soil
structural integrity [46,47], as confirmed by the lower erodibility of meridional forests
(Figure 5). In contrast, Y38th—ck exhibited the poorest structural stability and erodibility,
indicating a decline in the quality of the tilled soil and increased erosion in the sloped
cropland due to continuous year-round tillage. Rainfall breaks down soil aggregates into
smaller particles, clogging soil pores and forming surface crusts, which increases surface
runoff [47,48]. Moreover, frequent tillage, temperature change, or fire disrupts aggregate
formation and reduces the stability of larger aggregates [49,50]. To address this, reducing
tillage activities during the rainy season—when increased soil moisture can loosen soil
structure and exacerbate erosion—may help promote soil stability. Future research should
focus on the long-term effects of plantation forests on soil health over different time scales,
as well as their potential application in broader ecological restoration projects.

4.2. Changes in Organic Carbon and TN in Soil Aggregates Under Different Ecological
Construction Measures

Our results showed that microaggregates had the highest organic carbon and TN
content across the five ecological construction measures. This may be attributed to the in-
ternal structural hierarchy of microaggregates, which have a compact structure and smaller
pore spaces that effectively encapsulate and protect organic matter. This reduces the likeli-
hood of microbial degradation, helps retain water and nutrients, and provides a favorable
environment for microbial activity. Microorganisms within these aggregates break down or-
ganic matter and immobilize key nutrient elements (such as carbon, nitrogen, phosphorus,
and micronutrients), thereby increasing organic carbon and TN content [23,50-52]. This is
confirmed by the highest percentage of powder particles in this study. Powder particles
can form microaggregates by combining them with cementing substances. In the 0-30 cm
soil layer, the Y7th-rgl treatment showed the highest average organic carbon content across
macroaggregates, microaggregates, and bulk soils. This suggests that Y7th-rgl was the
most effective in increasing organic carbon storage in aggregate fractions and bulk soils,
likely due to its superior soil structural stability (MWD = 4.35, GMD = 3.10) and higher



Agriculture 2025, 15, 207

18 of 23

large aggregate content (60.11%) (Figures 2 and 3). Greater aggregate stability implies
that large aggregates are more resilient to erosion caused by rainfall [20,53]. Additionally,
plantation forests, which possess functional traits such as large leaf area, leaf thickness, root
length, and root surface area, play a crucial role in carbon and nitrogen sequestration at
multiple levels, including both the atmosphere and the lithosphere. These traits are key
drivers of SOC and nitrogen dynamics [54,55]. Y7th-rgl also demonstrated high SRs for
organic carbon and TN (SRgoc = 1.35, 1.74; SRty = 1.35, 1.66), which significantly improved
long-term soil nutrient stabilization, consistent with the findings of Deng et al. [25]. As a
result, the organic carbon-rich macroaggregates were more resistant to displacement by
rainwater erosion, thereby increasing the organic carbon content. This relationship between
macroaggregate-associated content and organic carbon pools supports these findings.

In contrast, the lowest organic carbon and TN contents observed under the Y38th—ck
treatment indicate its relative inefficiency in promoting soil carbon and nitrogen accumu-
lation. This may be attributed to the continuous year-round tillage, which significantly
reduces inputs from vegetation and soil, enhances microbial decomposition of carbon and
nitrogen elements [4,56], and fails to prevent the loss of organic matter caused by rainfall
runoff [41]. It is unsurprising that the lowest organic carbon and SRs (SRgoc = 1.08, 1.11,
SRtn = 1.14, 1.27) were found in Y38th—ck in this study. These findings suggest that contin-
uous tillage on sloping cropland leads to soil degradation, negatively affecting ecosystem
function, soil health, and productivity [57,58]. The TN content in Y6th-zr exhibited higher
values across all three soil aggregate sizes and in bulk soils, suggesting that Y6th—zr may be
more effective in enhancing nitrogen retention than the other treatments. This could be due
to the restored forestation measures, which may have favored nitrogen fixation or reduced
nitrogen loss through leaching or volatilization [59,60].

The regression coefficients between soil aggregate carbon content and bulk SOC
content increased with aggregate size in the 0-30 cm soil layer, indicating that organic
carbon accumulation was significantly higher in large aggregates compared to medium
and microaggregates. Conversely, the associated nitrogen content showed the opposite
trend, suggesting that microaggregates play a more critical role in ecosystem nitrogen
fixation [32,61]. Furthermore, the SRs of both organic carbon and TN were highest in
the Y7th-rgl treatment, with significant increases in both ratios. This suggests a higher
potential for nutrient accumulation near the soil surface, which is essential for maintaining
plant productivity and soil fertility [22,25,62,63]. The TN partitioning rates in Y7th-rgl
exceeded those of the other ecological construction measures, indicating that this treatment
may be the most effective in enhancing nitrogen partitioning and nutrient availability in
the topsoil. In contrast, the larger increase in organic carbon SRs for Y38th—ck and the
smaller increase for Y1th—crt suggest that Y38th—ck exhibited greater disparities in organic
carbon distribution across soil horizons, failing to enhance root nutrient availability. On the
other hand, the SRs of organic carbon and TN of Y1th—crt were 1.02 to 1.12 times higher
than those of the control treatment (Figure 4). This indicates that the contour reverse-slope
terrace measure, with its unique “preferential entrainment” function, has a significant
effect on improving soil and water conservation as well as soil nutrient retention in sloping
cultivated land. Terrace tillage can significantly reduce the amount of sediment generated
by surface area, as well as intercepting sediment upstream [64—66]. The contour reverse-
slope terrace step increases the potential for chemical and particulate fractionation by
controlling the “preferential entrainment” of soil nutrients, which enhances the spatial
heterogeneity of SOC and TN distributions [67].

These findings emphasize the effectiveness of Ylth—crt, Y7th-rgl, and Y6th—zr in
enhancing SOC and nitrogen content, particularly through their positive effects on soil
aggregation and nutrient stratification. Therefore, contour anticlinal steps, plantations, and
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natural revegetation measures hold significant potential for improving soil fertility and
sustainability in karst landscapes. The long-term effects of these measures on soil health
and ecosystem services merit further investigation.

4.3. Contribution of Same-Size Aggregates to Organic Carbon Pools and TN Pools

Soil aggregates of different grain sizes constitute bulk soil, and the organic carbon con-
tent in bulk soil is derived from the carbon pools formed by the associated carbon content of
these aggregates [29]. In this study, macroaggregates contributed the most to both organic
carbon and TN pools across the different ecological construction measures, consistent with
previous findings [3,20]. This is likely due to the fact that microaggregates combine to form
macroaggregates, and the high organic carbon content in macroaggregates can be attributed
to the incorporation of organic matter during this process [29]. Organic matter within mi-
croaggregates gels together, while roots and fungal hyphae help decompose organic matter
within macroaggregates, further promoting their formation [3]. Additionally, Pearson
correlation analyses showed that macroaggregate content was strongly proportional to its
associated stability, and macroaggregates were significantly and positively correlated with
their organic carbon and TN contents (Figure 8). This suggests that macroaggregates play
a critical role as carbon and nitrogen sinks within ecosystems. Notably, in the Y6th—jgl
treatment, the contribution of macroaggregates to the organic carbon and TN pools reached
207% and 205%, respectively, significantly higher than the other treatments. This outcome
can be attributed to the long-term accumulation of organic fertilizers, root secretions, and
exudates during orchard management, which facilitated the formation of macroaggregates
and their ability to adsorb and protect carbon and nitrogen nutrients [20]. Among medium
aggregates, planted forests and naturally restored vegetation contributed the most to or-
ganic carbon and TN pools, aligning with the findings of Liu et al. [68] on afforestation in
subtropical karst regions. This can be attributed to the input of root exudates and other
organic materials in planted forests and naturally restored vegetation, which regulate the
distribution of carbon and nitrogen across different aggregate sizes [69,70]. The effect of
this process becomes more pronounced with the extension of afforestation [68].

In addition, the contribution of microaggregates to the organic carbon pool was highest
in the Y6th—zr treatment (67%). This may be attributed to the strengthened interactions
between the plant-soil system during restored forestation, which increased organic matter
inputs, enhanced microbial activity, improved soil structure, and promoted the stabilization
of carbon storage. The formation and stabilization of soil microaggregates were significantly
enhanced, thereby increasing their contribution to organic carbon [10,30,56].

Overall, the contribution of soil aggregates to both organic carbon and TN pools was
highest in the restored forestation treatment, indicating that restored forestation exerts a
stronger regulatory effect on ecosystem function in karst areas.

4.4. Examining the Variables Influencing Collective Stability

According to PLS-PM, land use patterns, aggregate composition, and carbon and
nitrogen pools are the primary determinants of soil aggregate stability. This finding is in
line with the findings of Luo et al.’s study [71]. The size distribution and pore structure of
soil aggregates can be greatly impacted by frequent patterns of soil disturbance. This makes
it easier for microbes to metabolize and transform protected organic matter, which in turn
affects the chemical transformation process of soil microbial loads and the breakdown of
colloidal substances like organic matter and polysaccharides. Ultimately, these changes
can impact the formation and stability of soil aggregates [72-74]. However, this study’s
aggregate composition effect throughput coefficient was not significant, suggesting that
aggregate composition has a limited impact on soil aggregate stability. Consequently,
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increasing the fraction of soil macroaggregates and stabilizing them necessitates raising the
soil’s carbon and nitrogen content. This enhances the soil aggregates’ capacity to sequester
carbon and hold onto nitrogen. Thus, anthropogenic disturbance and soil nutrient self-
cycling combine to produce the structural stability of soil aggregates.

5. Conclusions

This study demonstrated the significant effects of different ecological construction mea-
sures on soil aggregate content and stability, as well as the changes in carbon and nitrogen
contents within aggregates in karst landscapes. Among the various aggregate sizes, large
aggregates had the highest content, highlighting their key role in promoting soil structure
stability and supporting ecosystem function. In contrast, microaggregates were the main
contributors to the soil carbon and nitrogen pools in the study area. Compared to other
measures, the contour reverse-slope terrace measure significantly enhanced the formation
of medium and microaggregates. This indicates that contour reverse-slope terraces provide
the necessary substances for the formation and stabilization of macroaggregates, thereby
increasing their formation potential. In comparison with traditional sloping cultivated land,
the contour reverse-slope terrace measure promotes the spatial heterogeneity of organic
carbon and TN through its unique “preferential entrainment” mechanism, maximizing the
effectiveness of soil and water conservation over time. Planted forests exhibited high soil
structure stability, playing a crucial role in improving the structure of karst soils. Notably,
restored forestation measures contributed the most to carbon and nitrogen pools among
all the ecological measures in this study, highlighting their superior ability to improve
ecosystem functioning in fragile karst areas, which are characterized by weak soils, high
erosion risk, and the need for advanced agricultural technology. The findings of this study
enhance our understanding of the carbon and nitrogen sink functions, as well as the soil
and water conservation aspects of different ecological construction measures in the karst
region of southwest China.
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