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Abstract

Purpose Rock desertification is the most serious ecological problem in karst areas and can easily cause soil structure instabil-
ity. The aim of this work was to analyze the influences of organic carbon, carbon components and pore structural differences
on the stability of aggregates in rocky desertification areas.

Materials and methods Soil samples were collected from the karst peak-cluster depression area in Southwest China. Soil
aggregate stability was determined by the Le Bissonnais (LB) method. The relationship between variables was analyzed via
the structural equation model (SEM).

Results and discussion There were significant differences in the stability of aggregates among different land uses in the study
area: secondary forest (SF) > coppice forest (CF) > plantation forest (PF) > citrus plantation (CP) > cultivated land (CL). The
main crushing mechanisms of aggregates were slaking and mechanical failure. Aggregate pores were mainly < 30 pm storage
pores, with pore throat diameters concentrated in the 0-20 pm range, which was associated with the cohesive soil texture of
the study area. The pore connectivity of aggregates was better in SF and CF, followed by PF, while CP and CL had lower
colloidal material contents, isolated pore structure and poor connectivity due to the heavy application of inorganic fertilizers
and influences from human disturbances.

Conclusions SEM analysis showed that SOC and POC determined aggregate stability, mainly by directly or indirectly
influencing aggregate porosity and the number of storage pores. The POC was the main variable in organic carbon com-
position to determine the pore characteristics and stability of aggregates. To meet the bidirectional demand of production
and improvement of soil structure, it is necessary to rationally distribute fertilizer and reduce disturbance frequency in
agricultural production land.

Keywords The peak-cluster depression area - Aggregate pore - Soil organic carbon - Computed tomography (CT) scan -
Aggregate stability

1 Introduction

The karst region of Southwest China is the core distribution
area with the strongest karstification and the largest area
Responsible editor: Yan He in the world (Sweeting 1973; Liu et al. 2016). The peak-
cluster depression area is one of the comprehensive con-
trol areas of karst rocky desertification. Due to the unique
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desertification and breaking the shackles that restrict the
local realization of sustainable development.

The aggregate is a basic unit of the soil structure (Mikha
and Rice 2004); a product of the interaction of mineral par-
ticles with cementitious materials (Edwards and Bremner
1967, Tisdall and Oades 1982) and its characteristics is an
important reference for soil quality (Bronick and Lal 2005).
Organic carbon, as an important cementing substance in
soils, impacts the structural characteristics and stability of
aggregates in multiple ways (Sarker et al. 2018). However,
current studies on soil structure are mostly limited to the
number, distribution and stability of aggregates while ignor-
ing essential characteristics of soil structure, particularly
pore structure (Six and Paustian 2014; Ma et al. 2020; Wu
et al. 2021). The pore structure as an important soil prop-
erty (Jozefaciuk et al. 2015; Ma et al. 2020) that determines
soil solute transport, gas exchange rate and microbial activ-
ity (Kravchenko and Guber 2016; Yu et al. 2017; Céssaro
et al. 2017). Studies have also shown that the distribution of
organic carbon in aggregates is related to their internal pore
structure (Larsbo et al. 2016). Pore structure heterogeneity
may influence the physical carbon sequestration capacity of
soils and even modify microbial activity and distribution
to facilitate or inhibit decomposition of soil organic carbon
(Nunan et al. 2006; Kravchenko et al. 2015). The pore struc-
ture as well as an important variable controlling the stability
of aggregates (Yu et al. 2017, 2018) which together with the
soil particle composition and its cementing material deter-
mines the aggregation capacity and slaking potential of the
aggregates (Barral et al. 1998; Papadopoulos et al. 2009).
Dal Ferro et al. (2012a, b) also proposed that soil porosity
is significantly related to aggregate stability. In addition, a
well-structured pore can provide abundant attachment sites
for mycelial growth (Kravchenko et al. 2015; Ananyeva
et al. 2013) and solidifying the aggregate structure. There-
fore, there must be a significant link between organic carbon
in the aggregates and the soil pore structure and aggregate
stability.

In recent years, pore characteristics have been used to
characterize the structural quality of soils. However, direct
access to the internal structure of soils, especially the micro-
structure at the aggregate scale, has remained challenging
because of the complexity of soil constituents and the struc-
tural fragility of aggregates (Garbout et al. 2013a). The visu-
alization and quantitative analysis of aggregate pore struc-
ture is a major challenge in soil science research (Pagliai
et al. 2004; Deurer et al. 2009; Yang et al. 2014; Guo et al.
2020). As a nondestructive and efficient measurement tech-
nique that provides high-definition images rapidly and at
extremely high separation rates, CT scanning is considered
an effective means of studying aggregate pores (Ferro et al.
2013; Garbout et al. 2013b; Zhang et al. 2016; Pires et al.
2020; Zhao et al. 2020). It can be combined with various

image processing technologies to obtain the pore space form,
and it can be used to perform quantitative calculations to
obtain pore parameters such as the porosity, pore number,
equivalent diameters of aggregate pores and rates of reac-
tions occurring within complex pores (Cercioglu et al. 2018;
Wang et al. 2019; Feng et al. 2019, 2020). The feasibility of
this approach has been verified.

Previous studies have found that soil pore characteristics
are influenced by multiple factors, including land use, land
management practices and soil type (Zhou et al. 2012; Costa
et al. 2014; Feng et al. 2019; Yu et al. 2019). Researchers
have also studied the effect of cementing substances on the
microstructure of aggregates (Gargiulo et al. 2013; Regelink
et al. 2015; Yu et al. 2017). However, minimal research has
explored the extent to which cementing substances affect the
pore structure of aggregates and quantified the main relation-
ship between cementing substances and aggregate stability.

Considering that soil is at the link and core part of the
material cycle and shows an extremely sensitive environ-
mental response. At the same time, due to the fragile eco-
logical environment of the study area, the increase in severe
rocky desertification and the decline or even loss of land
productivity, economic and land conflicts are particularly
prominent, while land use has to balance the needs of multi-
ple aspects, making the types very complex. Combined with
the nature of karst soils themselves nutrients are highly sus-
ceptible to leaching resulting in uneven distribution or defi-
ciency (Fenton et al. 2017; Xiao et al. 2019). It also exhib-
its sensitivity to anthropogenic disturbances (Barral et al.
1998), while tillage and fertilization can cause fragmenta-
tion of the original soil pore structure and rapid decompo-
sition and loss of nutrients including cementing materials
(Menon et al. 2015; Zhuo et al. 2016). Therefore, Changes
in land-use practices have different degrees of impacts on
the microporous structure and cementitious material content
of soils, which can ultimately result in differences in the
structural stability of lime soils.

In this study, we hypothesized that the organic carbon
content of karst soils affects their internal pore structure and
causes differences in the stability of aggregates. To test this
hypothesis, we evaluated the internal pore structure of the
five most commonly encountered land-use aggregates in the
study area by CT scanning and quantitatively analyzed the
relationships between the variables in conjunction with the
structural equation model (SEM). Soil samples were also
collected at the longitudinal level to compare the variability
between their soil microstructures. The goals of this study
were (i) to assess the structural characteristics and main influ-
encing factors of aggregates in the southwestern karst region,
(ii) to explore the coupling between organic carbon and the
soil microporous structure and (iii) to clarify the mechanisms
by which the characteristics of soil organic carbon and pore
characteristics contribute to the stability of aggregates.
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2 Materials and methods
2.1 Overview of the study area

The study area is located in Guling Town, Mashan County,
Nanning City, Guangxi, China (107°41'-108°29' E, 23°24'-
24°02' N), a typical karst peak-cluster depression area, the
location of which is shown schematically in Fig. 1. The
region is in the southern subtropical monsoon climatic zone,
with rain and high temperatures during the same period,
a mean annual temperature of 21.2 °C, an average annual
frost-free period of 362 days, average annual sunshine hours
of 1479.1 h and an average annual rainfall of 1692.5 mm.
The spatial and temporal distribution of rainfall is uneven
and mostly concentrated during the summer season, with
seasonal droughts occurring from time to time. As a result
of long-term unreasonable anthropogenic interference,
the native forest has been almost eliminated, resulting in a
landscape characterized by rocky desertification. The area
is dominated by secondary vegetation, predominating in the
area, followed by planted forests and crop cultivation com-
munities. The forest coverage of the district is over 90%.
The soils are dominantly limestone soils, which are weakly
alkaline, have a clayey texture and present in shallow layers.
The karst landscape is fully developed and it is one of the
areas with the most severe rocky desertification in Southwest
China.

Fig. 1 Location diagram of the

2.2 Soil sample collection and determination

In May 2021, five types of representative land-use sample
sites, secondary forest (SF), coppice forest (CF), planta-
tion forest (PF), citrus plantation (CP) and cultivated land
(CL), all of which had soils developed from carbonate, were
selected after field surveys. The use history of each sample
site is as follows. The CL is still used for maize cultivation,
which is grown twice a year and receives artificial fertiliza-
tion, soil tillage and weeding two to three times each. The
CP sample plots were converted from agricultural land to
citrus plantations in 2014 and were treated with fertilizer
three times a year to meet production needs, with a mid-
tillage loosening in winter. The PF sample plots were planted
with economic tree species after being fallowed in 2010,
and fertilizer treatments were applied once a year during
their young age (within 3 years). The CF was fallowed in
2005 and naturally restored to shrubland, and the SF was
fallowed in 1999 and naturally restored to secondary forests.
The basic details of the sample site are shown in Table 1.
To control the influence of slope position and gradient
on the results of the study, three standard 20 m X 20 m sam-
ple plots were set up in each field (including upper, middle
and lower slopes), with multiple sampling points follow-
ing an “S” route, with 10-15 soil samples from each site.
As rock desertification affects soil degradation primarily
within the 10-40 cm soil layer, we collected undisturbed soil

study area =~ <

Sample type
CL:
FO:
PF:
CF:
SF:

ep oo ¢

CL cultivated land, CP citrus plantation, PF plantation forest, CF coppice forest, SF’ secondary forest
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Table 1 Basic information of different land-use sample sites

Land type Longitude Latitude  Altitude/m  Vegetation coverage Major vegetation types

CL 108°31'56" 23°62'69" 196~200m 70%-75% Maize(Zea mays)

CP 108°29'22"  23°64'45" 213~217m 50%-60% Citrus(Citrus reticulata Blanco)

PF 108°27'85" 23°64'45" 220~233m 45%-50% Chinese toon(Toona sinensis)~ Winged Podocarpus(Zenia insignis
Chun)~ cogon grass(Imperata cylindrica)

CF 108°30'38"” 23°64'78" 233~256 m 60%-65% Yellowthorn(Vitex negundo). Kidney Fern(Nephrolepis auriculata)

SF 108°29"22" 23°64'45" 396~402m 70%-80% Yellow basket-willow(Engelhardtia roxburghiana)

-+ Aoyamaoka(Cyclobalanopsis glauca)

CL cultivated land, CP citrus plantation, PF plantation forest, CF coppice forestmm, SF secondary forest

samples and cutting ring soil samples from the 0-20 cm and
20-40 cm soil layers below the soil surface. The undisturbed
soils were transported in plastic boxes to prevent damage to
the soil structure during transport.

After the soil samples were brought back to the laboratory,
debris were removed, and the samples were mixed with the
quartering method in the same way. The dried soil was broken
into soil blocks of approximately 10 mm along natural cracks.
After screening, the stability of aggregates was determined by
the Le Bissonnais (LB) method (Le Bissonnais 1996). A por-
tion of the 3—5 mm aggregates was placed in an oven at 40 °C
for 24 h and then stored in a refrigerator at 4 °C prior to CT
scanning. Another portion of the undisturbed soils was used
for the determination of basic physical and chemical proper-
ties of the soil by the following methods (Lu 2000): organic
carbon by the H,SO,—K,Cr,0, external heating method; soil
bulk density by the cutting ring method; soil water content by
the cutting ring dip method; pH by a potentiometric method
(H,O, 1:2.5); and soil mechanical composition by a pipette
method.

Determination of soil particulate organic carbon (POC)
(Garten et al. 1999) was measured as follows. First, 10 g
of dry soil was taken through a 2 mm sieve, immersed in
50 ml of (NaPO;)4 in water, shaken by hand for 15 min
and then shaken for 18 h with a shaker (90 r-min~"). The
soil suspension was sieved through a 53 pm sieve, rinsed
several times with distilled water and dried at 60 °C. The
residue was weighed, and its proportion of the mass of the
soil sample was calculated. The separated POC was deter-
mined by external heating with potassium dichromate and
then converted to the POC content per unit mass of soil sam-
ple. Where mineral organic carbon (MOC) content is equal
to total organic carbon content (SOC) minus the particulate
organic carbon (POC) content.

The three treatments of LB method are effective in sepa-
rating the different fragmentation mechanisms of aggre-
gates (Le Bissonnais 1996). Among them, the fast wetting
(FW) treatment simulates the slaking process of soil under
heavy rainfall or irrigation, the slow wetting (SW) treatment

simulates the slaking of soil aggregates caused by the expan-
sion of soil clay particles under light rain and the prewetted
shaking (WS) treatment corresponds to simulating processes
such as mechanical tillage fragmentation (Ojeda et al. 2008;
Rohoskova and Valla 2011).

The following operations were carried out. The screened
3-5 mm aggregate was dried to a constant weight in an oven
at 40 °C, and 5 g of the soil sample was weighed and sub-
jected to the following steps. For FW, 5 g of aggregate was
quickly immersed in pure water, left for 10 min and excess
water was aspirated. For SW, 5 g of aggregate was placed on
filter paper, and anhydrous ethanol was slowly added drop-
wise along the edges until the aggregate was completely
immersed and left for 30 min. For WS, 5 g of aggregate was
submerged in anhydrous ethanol for 10 min, excess alcohol
was drawn off, and the aggregate was transferred to a 250 ml
conical flask containing pure water and filled with water to
200 ml, sealed and shaken up and down 20 times at a con-
stant speed and left to stand for 30 min. Then, excess water
was removed. Soil samples from each of the three treatments
were transferred to different aluminum boxes by using anhy-
drous ethanol, dried in an oven at 40 °C to a constant weight,
sieved and weighed on a 10,000 ppm balance and stability
parameters were calculated.

2.3 (T scan and image processing

Image scanning and reconstruction The aggregate samples
were scanned using a Nano Industrial CT (ZEISS Xradia
520). The scanning parameters were set to a voltage of 50 kV
and a 60 pA current, with a resolution of 1.2 pm, exposure
time of 1 s and a sample stage to detector distance of 1.5 cm.
One thousand projection images were taken with the sam-
ple stage rotating horizontally from O to 360° at a constant
speed. CT program software was then used to reconstruct
the images, obtaining approximately 800 grayscale images
in 32-bit tiff format at 1049 x 1049 pixels in size using a
back-projection algorithm. Then, the images were saved as
8-bit tiff images with a range of gray values from 0 to 255.
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Visualization and analysis of the 3D structure of aggregate
pores (1) The brilliance difference between images was
adjusted with the “normalize” command in the Image J soft-
ware for normalization. (2) To obtain accurate soil structure
pore data, the images were noise reduced using median fil-
tering to remove annular artifacts. (3) The region of interest
(ROI) of 500 x 500 x 500 voxels in the middle of the aggre-
gate sample was extracted using Image J software to avoid
edge effects, which was 1.85 mmXx 1.85 mm X 1.85 mm in
size. (4) The Otus value method (Otus 1979) was used to
debug the state of the scanned gray-scale image in combi-
nation with the pre-calibrated soil pores to determine the
image binary segmentation threshold. Thresholds were set
for different soils to maximize the distinction between the
soil matrix and pore structure. (5) Image visualization of
the 3D structure of aggregate pores was completed by the
Image J “3D viewer” plug-in. The quantitative description of
the aggregate pore characteristic parameters such as poros-
ity, specific surface area, and number of pore throats was
obtained using a “3D suit”; the procedure is shown in Fig. 2.

2.4 Calculation formula for parameters
(1) Assessment of the stability parameters of aggregate by

the LB method: the mean weight diameter (MWD), relative
slaking index (RSI) and relative mechanical index (RMI)

Acquisition
of images

(Le Bissonnais 1996; Zhang and Horn 2001) were calculated
as follows.

ri_1+r;
—1
;Xm

MWD = ;
S xm, (1)

n
i=1

In the equation, MWD is the average weight diameter
under the 3 different wetting methods of the LB method
(FW: fast wetting; SW: slow wetting; WS: pre-wetting
shock, respectively), (mm). “m;” indicates the mass percent-
age of aggregate of the i-th grain size, (%). “r” indicates the
average grain size of the two adjacent aggregates (mm). “n”
indicates the number of sieves.

MWDy, — MWD oy
MWDy,

RSI =

x 100% 2)

MWDygy, — MWD
MWDy,

RMI =

x 100% 3)

In the equation, MWDygy, MWDgy and MWDy,q are
the MWD values under the 3 treatments of the LB method,
respectively (mm). RST and RMI are the relative slaking
index and relative mechanical index, respectively (%).

(2) Calculation of organic carbon and carbon fraction
contribution of aggregate.
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Fig.2 Process of visualization and quantitative analysis of aggregate pore images
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ASOC;_s 1 X P3_s
Ziﬁ:lASOCi X P3—5mm

3—=5mm =

x 100% (4)

In the equation, F; s mm is the contribution rate of
3-5 mm particle size aggregate, ASOC;_ s mm is the total
organic carbon or carbon component content of 3—5 mm
particle size aggregate, and P; s mm is the ratio of 3-5 mm
particle size aggregate to the total aggregate (%).

2.5 Statistics and analysis

The study statistics of this trial were initially collated in
Excel, and SPSS 21.0 was used to test the homogeneity of
variance of the data. One-way ANOVA was used to analyze
the impact of land-use change on soil properties, and LSD
method was used for significance multiple comparison (the
significance level was set as P <0.05). Origin 21 was used
software for plotting.

Structural equation modeling (SEM) was used to evaluate
the hypothetical effects of differences in cementitious mate-
rial between land uses on soil pore structure and aggregate
stability, with other variables that directly or indirectly influ-
ence these factors. With SEM models built in AMOS 17.0,
inspection of model fit was performed using tests including
the X2 test (P> 0.05, CMIN/D.F. <2), comparative fit index
(CFI) (CFI>0.9), goodness of fit (GFI) (0.8 < GFI< 1), root
mean square error of approximation (RMSEM) (< 0.05)
and unstandardized residuals RMR (You et al. 2014). The
blue and red arrows indicate negative and positive impacts,
respectively.

Table 2 Basic physical and chemical properties of the test soil

3 Results
3.1 Basic soil characteristics

Some of the basic properties of the test soils are shown in
Table 2. The pH of the soils in the study area was neutral or
slightly alkaline, while land-use practices and depth of soil
layer had a strong influence on their properties. The soil
organic matter (SOM) content varied significantly between
land uses, from SF> CF>PF > CP > CL in descending order,
with consistent trends between soil layers and a decrease in
content with increasing soil profile (P <0.05). The soil bulk
density (BD) of the CL site was significantly higher than
that of the other sample plots, and those SF and CF were
lower and increased with increasing soil depth(P <0.05).
The oil moisture content in the upper surface layer var-
ied significantly, SF> CF > PF > CP > CL, while in the lower
surface layer, the soil moisture content was still the lowest at
CL and the highest at SF and decreased with increasing soil
depth. However, the soil in the study area was sticky and
heavy, and the soil mechanical composition of various places
was mainly clay silt, with a low content of sand.

3.2 Stability characteristics of aggregates under LB
treatment

The mean weight diameter (MWD) values of the aggre-
gate stability parameters under different treatments of the
LB method are shown in Table 3: MWDgy > MWDy,q >
MWDgy-

Soil layer Land type pH SOM/(g/kg) BD/(g/cm3) SC/(%) Soil mechanical composition
Sand/(%) Silt/(%) Clay/(%)

0-20cm CL 6.64+0.09d  25.04+0.47e 1.44+0.04a 15.84+1.71a  29.53+0.22a  37.85+3.83b  32.61+4.03b
CP 7.34+0.11c  29.60+0.32d 1.31+0.05b  23.24+4.36a  27.18+524ab 41.39+4.77b  31.43+0.87bc
PF 791+0.04ab 34.71+0.57c 1.25+0.02bc 23.73+5.79a  29.41+6.86a  42.27+6.40b  28.33+0.52bc
CF 7.76+0.04b  49.64+0.78b 1.19+0.03c  26.04+3.14a  21.77+3.33ab 43.61+£3.25b  34.62+6.50a
SF 8.00+0.03a  63.57+1.11a 1.21+0.06bc 26.62+6.28a 17.29+2.16b  4599+3.64a  36.73+1.80a

20-40cm CL 6.56+0.01d  14.94+047e 1.45+0.07a 15.73+4.74b  2333+136a  40.23+3.98bc 36.44+2.96ab
CP 7.65+0.03c  21.74+0.23d 1.29+0.01b  17.18+3.43ab 21.67+0.53a  38.60+3.00c  39.73+2.47a
PF 7.94+0.02b  2591+0.22c 1.27+0.02b  22.07+1.94ab 21.22+1.75a  41.30+1.12bc  37.48+1.36ab
CF 7.95+0.04b  31.65+0.13b 1.24+0.01b  21.99+5.22ab 21.58+2.10a  46.64+3.33ab 31.78+3.28b
SF 8.13+0.02a  48.76+0.75a 1.24+0.06b  25.71+2.15a 12.85+£3.55b  5231+2.32a  34.85+1.80ab

SOM soil organic matter, BD soil bulk density, SC soil moisture content. Significant differences between land-use types are indicated by differ-
ent lowercase letters in the same column (P <0.05)
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Table 3 Stability parameters of

ageregate treated by LB method Soil layer Land type MWDygy/(mm) MWDgy/(mm) MWDy,¢/(mm) RSI/(%) RMI/(%)

0-20cm CL 1.12+0.01d 292+0.06d  2.21+0.03d  61.62+1.10a 24.22+2.46a
Cp 1.92+0.05¢ 3.51+0.05d 3.07+0.10c 4523+2.03b 12.51+1.77b
PF 1.97+0.07c 3.09+0.03¢c 2775+0.15b  36.26+2.76c  10.93 +5.66bc
CF 2.47+0.05b 3.60+0.05ab  3.37+0.07a 3146+1.69d  6.38+0.67bc
SF 3.15+0.10a 3.67+0.02a 3.52+0.05a 1438+2.62¢  4.28+1.83¢

20-40cm CL 0.80+0.03d 2.79+0.05¢ 2.03+£0.04c 71.48+1.31ab 27.18+1.90b
Cp 0.90+0.03d 3.45+0.06b 2.89+0.04b  74.03+1.08a 16.07+2.34c
PF 1.13+0.02c 3.58+0.02a 2.11£0.13¢c 68.35+0.43b 41.18+3.37a
CF 2.17+0.11b 3.54+0.04ab  3.20+0.08a 38.57+3.65c  9.37+3.11d
SF 2.68 +0.04a 3.61+0.03a 3.25+0.04a 2578+1.75d  9.93+0.82d

MWDy, mean weight diameter for fast wetting treatments, MWDy, mean weight diameter for slow wetting
treatments, MWD, mean weight diameter for pre-wetting shaking treatments, RS/ relative slaking index,
RMI relative mechanical crushing index

After FW treatment, the MWD value of each land-use
aggregate varied from 0.8 mm to 3.15 mm with a coefficient
of variation of 42.09%, and the trends of MWD among dif-
ferent soil layers were all SF> CF>PF> CP > CL, with the
stability of the aggregates gradually decreasing. Within the
0-20 cm soil layer, there was no significant difference in
MWD values between CP and PF, while CL, CF and SF all
differed significantly (P <0.05). No significant differences
in MWD values were found between CL and CP within the
20-40 cm soil layer, while significant differences were found
between PF, CF and SF (P <0.05). The MWD values were
relatively high in the SW treatment ranging from 2.79 mm
to 3.67 mm. The MWD values for the two soil layers were
highest for SF and lowest for CL. There was also variability
in MWD values for the same soil layer at different sample
sites with a coefficient of variation of 8.93%. The MWD
values varied between 2.03 and 3.52 mm with a coefficient
of variation of 18.25% under the WS treatment, with the
MWD between soil layers yielding the following order:
SF> CF>CP>PF > CL. There were no significant differ-
ences between the MWD values of CF and SF in the topsoil
layer, but both were significantly higher than those of CL,
CP and PF (P <0.05). The MWD values were not signifi-
cantly different between CL and PF or between CF and SF in
the lower soil layers, but they were all significantly different
from that of CP (P <0.05). All three treatments showed a
decrease in MWD values with increasing soil depth. The
main fragmentation mechanisms for aggregate slaking in
the study area were FW simulating dissipative effects from
heavy rainfall or irrigation and WS simulating mechanical
damage.

The relative slaking index (RSI) and Relative mechani-
cal index (RMI) measure the sensitivity of aggregates to
different damage mechanisms. As shown in Table 3, the
RSI values between the two soil layers yielded the order
CL > CP>PF > CF> SF, and the difference was significant
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(P<0.05). The RMI and RSI values showed similar patterns
of variation, but the ability of each aggregate to resist dis-
sipation and mechanical damage gradually increased from
CL to SF, and the sensitivity to dissipation was stronger
than mechanical damage, as shown by the fact that the RMI
values were considerably lower than the RSI values.

3.3 Characteristics of organic carbon and carbon
fraction content and their contribution
to aggregates

As shown in Table 4, in the 0-20 cm soil layer, the content
of SOC in aggregates of various plots ranged from 14.40 g/
kg to 38.47 g/kg, with the order of SF>CF> CP>PF> (I,
with significant differences, and the content contribution rate
was 53.67% ~78.10% (P <0.05). The distribution of SOC
content in the 20-40 cm soil layer ranged from 8.69 g/kg
to 32.34 g/kg, with a similar pattern of variation to that of
the topsoil layer, with a contribution between 40.45% and
72.85%.

Particulate organic carbon (POC) and mineral organic
carbon (MOC) are essential components of organic car-
bon. As shown in Table 4, the distribution of the MOC
content in the aggregate ranged from 7.43 g/kg to 19.00 g/
kg. In the 0-20 cm soil layer, the MOC content of CF
aggregate was significantly higher than that of other aggre-
gates, with no significant difference between CP and PF,
both of which had significantly higher values than CL and
SF (P <0.05). The 20-40 cm soil layer featured the order
of CP>PF > CF > SF> CL. The content of POC in aggre-
gates varied from 0.79 g/kg to 26.18 g/kg, with signifi-
cantly higher POC content in the intersoil SF aggregates
than in the other aggregates. The content was next highest
in the CF aggregates and lower in the CL and CP aggre-
gates. The content of both POC and MOC decreased with
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Table 4 SOC and carbon component content and contribution rate in aggregate

Soil layer Land type SOC Contribution rate/(%) MOC Contribution rate/(%) POC Contribution rate/(%)
(glkg) (glkg) K(glkg)

0-20cm CL 1440+0.31e  53.67+0.82¢ 11.18+0.83d  51.99+2.07c 322+0.62d 45.63+5.43b
CP 20.23+0.20c  68.51+0.17d 14.38+1.54b  72.84+2.62b 5.85+1.51c  51.64+7.91b
PF 19.28+0.10d  73.37+0.26¢ 14.02+0.29bc  71.99+0.92b 525+031c  66.54+1.18a
CF 33.47+0.23b  76.56+0.12b 19.00+0.55a  80.80+0.44a 14.47+0.40b 67.03+0.55a
SF 38.47+0.19a  78.10+£0.07a 12.29+0.60cd 79.02+0.11a 26.18+0.54a 74.81+0.15a

20-40cm CL 8.69+0.27d 40.45+0.47d 7.43+0.12¢ 38.54+1.86¢ 1.26+0.15d  35.20+6.76¢
CP 15.05+0.03c  64.44+0.18c 1426+0.12a  68.64+0.54a 0.79+0.10d  22.22+2.95d
PF 14.84+0.18c  64.78+£0.62c 12.88+0.39b  65.45+0.80b 1.96+0.27¢c  48.00+2.00b
CF 20.96+0.04b  70.13+0.05b 12.15+£0.37c  69.43+0.36a 8.81+0.39b 63.97+0.32a
SF 32.34+0.082  72.85+0.03a 9.95+0.25d 70.66 +0.85a 22.40+0.25a 70.71 £0.36a

SOC soil organic carbon, POC particulate organic carbon, MOC mineral organic carbon

increasing soil depth, and the contributions in aggregate
varied between 38.54% to 80.80% and 22.22% to 74.81%,
respectively. The organic carbon and carbon fraction con-
tent and their contributions in the 3—5 mm aggregates
decrease with increasing soil profile, but still account for
the majority of the karst soils.

3.4 Visualization and analysis of the spatial
morphological distribution of soil pores in CT
scanned aggregates.

In the multidimensional visualization of representative
karst aggregates, pore space and soil are shown in white
and black, respectively, in the binary image, and the spa-
tial distribution of pore space is shown in yellow in the
3D image. As shown in Fig. 3, the soil pores were mainly
distributed in the central areas of the aggregates. With
increasing soil depth, the number of large pores in the
multidimensional space of the aggregates all decreased
significantly and the content of small pores increased.
There are also large differences between the pore struc-
tures of the aggregates due to different land management
practices. In the topsoil layer, the PF, CF and SF aggre-
gates had relatively continuous tubular biological pores
or root pores, with a network structure. Among them, the
SF and CF aggregates were dominated by large complex
porous pores with good uniform connectivity, while the
PF pores were more sparsely distributed and less well
connected. The CL and CP pores were mostly flat and
elongated with a mixed distribution of fine, uneven pores
and simple, isolated structures. With increasing soil depth,
the soil pore structure became simpler and more isolated.
Within the 20-40 cm soil layer of SF and CF, pore connec-
tivity was also higher, with the distributions showing com-
plex continuous network structures, with more cross pores.

The pore connectivity was next highest in PF. In contrast,
the CL and CP pore shapes were mainly distributed in fine
aggregates with less connectivity, and the number of small
pores in CL was significantly higher than that in CP.

3.5 Quantification of the pore structure
characteristics of aggregates

3.5.1 Basic characteristics of pores

The pore structure of aggregates was quantified by digital
image processing technology, as shown in Table 5. The
porosity of all aggregates was within 20%, with the SF and
CF aggregates having significantly higher porosity than
the PF, CP and CL aggregates (P <0.05). Furthermore,
the porosity decreased with increasing soil depth. The
increase in specific surface area indicated an improvement
in the aggregate structure, and its distribution range was
0.631~0.960 um. The specific surface areas of SF, CF and
PF were significantly higher than those of CP and CL in the
topsoil layer, while those of SF and CF were significantly
higher than the other aggregates in the subsurface layer
(P <0.05). The soil structure showed a gradual improvement
trend from the CL to SF. The pore throat is the narrowest
part of the pore structure and determines the rate of material
transport. In the topsoil layer, the pore throat numbers of the
CL, CP and PF aggregates were significantly higher than
those of the SF and CF aggregates (P <0.05). The number
of pore throats increased in the lower soil layer and was
significantly higher in the CL aggregates than in the other
aggregates, with no significant difference between CP and
PF, but both had significantly higher values than SF and
CF (P <0.05). The number of aggregate pores in the upper
soil layer followed the order SF> CF > PF > CL > CP, with
significant differences among each aggregate (P <0.05). The
subsoil layer showed the order SF>CF>PF>CP > CL.
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Fig.3 Multidimensional image
visualization structure of differ-
ent land-use aggregate

Grayscale image Binary image 3D image
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Fig.3 (continued)

| SF 0-20 cm

SF 20-40 cm

CL cultivated land, CP citrus plantation, PF plantation forest, CF coppice forest, SF' secondary forest

The number of paths refers to the number of independ-
ent paths connecting two points within a pore structure. The
numbers of paths in SF in the two soil layers were 54,561
and 50,185 pcs, respectively, which were significantly higher
than those of the other aggregates, with a gradual decrease in
the number of paths from SF to CL and a gradual deteriora-
tion in pore structure (P < 0.05). The pore tortuosity quantifies
the degree of pore complexity. In this study, tortuosity varied
from 1.47 to 12.31 and decreased with increasing soil depth.
The CF and SF pore tortuosities were significantly higher than
those of PF, CP and CL in the upper soil layers (P <0.05).
The pore tortuosity was highest in the subsoil of SF, followed
by CF, CP and PF, with no significant difference, while the
tortuosity in CL was the lowest (P <0.05). More irregular
pores were present in the topsoil aggregates, while there was
a gradual increase in pore connectivity from CL to SF.

3.5.2 Diameter of the pore throat

To analyze the connectivity of the pore structure, the pore
throat diameter of each aggregate was observed. In the
0-20 cm soil layer, the pore throat diameter distribution
ranged from 1.32 pm to 401.76 pm (Fig. 4), with the maxi-
mum pore throat diameters being found in CF (401.76 pm),
SF (308.31 pm), PF (243.92 pm), CP (203.00 pm) and CL
(143.13 pm) in that order. The relative frequency of the pore
throats increased and then decreased with increasing diame-
ter, which was mainly concentrated within 0—20 pm, with the
relative frequency following the order of CP (96.01%), CL
(94.81%), PF (94.24%), SF (89.73%) and CF (87.55%). The
CF and SF pore throats were larger in diameter and had better
pore connectivity, while the PF, CP and CL pore throats were
smaller in diameter and had poorer pore structure.

Table 5 Basic pore

~ Soil layer Land type PY/(%) SSA/(um) NPT/(pcs) NPO/(pcs) NPA/(pcs) APL/(um) PT
characteristics parameters of
aggregate 0-20cm CL 6.43cA  0.743bA  29227aA  6999cA 6089dA 21.18bB  4.82cA
Cp 10.44bA  0.710bA  18947bA  5185cA 10512cA  19.07bA  6.39bcA
PF 12.31bA  0.916aA  11819cA  9744cA 11820cA  28.07aA  8.86bA
CF 14.32aA  0.926aA  8125dA 16930bA  21615bA  30.23aA  10.33aA
SF 16.53aA 0.960aA  5396dA 42597aA  54561aA  31.67aA  12.31aA
20-40cm CL 339¢cB  0.600cB  15279aB 3030 dB 3233¢cB 1592cB  1.47cB
Cp 425cB  0.631cB  8942bB 4167dB  5401cB 25.53bB  3.94bB
PF 5.18cB  0.720bA  7191bB 6455¢cB 8157bB 26.498bA  4.46bB
CF 7.85bB  0.864aA  3096cB 8251bA 9273bA 29.53aA  5.09bA
SF 11.19aB  0.880aB  4272cB 36409aB  50185aA  32.24aA  7.48aB

Capital letters in the same column refer to aggregates with significant difference in pore parameters between
soil layers, and small letters refer to aggregates with significant difference between soil layers (P <0.05)

PY porosity, SSA specific surface area, NPT number of pore throats, NPO number of pores, NPA number of
paths, APL average path length, PT pore tortuosity
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Fig.4 Distribution of pore throat diameters and relative frequencies of aggregate
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In the 20-40 cm soil layer (Fig. 4), the pore throat diame-
ters were also dominantly 0-20 pm, and the relative frequen-
cies were all greater than those in the upper surface layer,
in the order of CL (99.91%), CP (95.41%), PF (93.34%),
CF (89.81%) and SF (87.99%). The pore throat diameter
decreased with increasing soil depth, while the pore throat
diameter increased gradually from CL to SF.

3.5.3 Equivalent diameter

Pores are classified into 3 classes according to their equiv-
alent diameter, macropores (> 100 pm), capillary pores
(30-100 pm) and storage pores (<30 um) (Warner et al.
1989; Luxmoore et al. 1990). In this study, the equivalent
diameters range from 1.355 pm to 806.690 pm, including the
three types of pores mentioned above.

As shown in Fig. 5, the pores of karst aggregate were mainly
storage pores <30 pm, accounting for 50.21% ~79.02%. The
average values of storage pore space for each aggregate in the
0-20 cm soil layer yielded the order of SF (28.69 pm), CF
(26.16 pm), PF (20.99 pm), CP (16.24 pm) and CL (15.71 pm).
Among them, the storage pore contents of CL, CP and PF
were much greater than those of SF and CF. The percentage of
capillary pores ranged from 15.06% to 37.25%, making them
less common than storage pores, and the pattern of variation
in the mean value was SF (66.35 pm) > PF (56.58 pm) > CF

Fig.5 Characteristics of the
pore equivalent distribution of
aggregate

100%

80%

60%

40%

Proportion of equivalent diameter (%)

20%

0%

EmProportion < 30pm (%)
Average <30um

0-20 cm

(54.16 pm)>CL (45.95 pm)> CP (43.39 pm). Macropores
exhibited the lowest content, ranging from 3.42% to 13.95%,
and the mean values yielded the order of CF (227.20 um) > SF
(196.77 pm)>PF (195.79 pm)>CP (158.18 pm)>CL
(146.55 pm).

The pore equivalent diameter of the subsoil layer followed
a similar trend to that of the topsoil layer, with both the
mean and percentage decreasing with increasing soil depth.
Among the aggregates, the SF, CF and PF storage pore con-
tents increased significantly, while the CL and CP storage
pore contents increased to a lesser extent. From CL to SF,
the storage pore content gradually decreased, but it still pre-
dominated, while the macropore and capillary pore contents
gradually increased, and the soil structure improved. The
depth of the soil layer is an important factor affecting the
pore characteristics of the soil.

3.6 ldentification of the pore structure and stability
of aggregates and influencing factors

To dissect the relationship between aggregate cementing
material, pore structure and stability, a correlation analysis
was carried out, as shown in Fig. 6. There was a highly sig-
nificant positive correlation between SOC and POC in the
carbon fraction and MWDy, and MWDws values (P <0.01).
The MOC of the carbon components had no significant cor-
relation with the stability parameters. In addition, SOC was
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Fig.6 Correlation analysis
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significantly and negatively correlated with soil bulk den-
sity, while SOC and POC were significantly positively cor-
related with many parameters characterizing pore structure
connectivity (such as porosity, pore number and pore throat
diameter) and soil water content (P <0.05). Therefore, an
increase in soil SOC and POC content will increase soil pore
connectivity, enhance soil solute transport and improve soil
structure. We further hypothesized that SOC may indirectly
affect the stability of aggregates by affecting the morpholog-
ical characteristics of soil pores. We found that clay content
was significantly and negatively correlated with porosity,
tortuosity, specific surface area and MWDy, while silt was
significantly or highly significantly and positively correlated
with MWDpy, MWDws and several pore parameters (num-
ber of pores, number of paths, average path length, etc.)
and negatively correlated with storage pores (P <0.05). Soil
texture also has some influence on the pore structure and
stability of aggregates.

We fully fitted the data to build an SEM based on correla-
tion analysis. The causes and main pathways to the differences
in aggregate structure caused by cementing substances were
explained: cementing substances work on the soil pore struc-
ture and indirectly cause differences in aggregate stability.

The structural pathways are shown in Fig. 7A. SOC has
a positive relationship with porosity, pore throat diameter

@ Springer

and silt (path coefficients of 0.897, 0.770 and 0.717), indi-
rectly affecting the stability parameter MWD and negatively
affecting storage pore space (-0.872). It is worth noting that
the pore throat diameter positively affected the specific sur-
face area (0.911), soil water content (0.913) and ultimately,
the MWD by influencing the aggregate porosity (0.594).
SEM analysis verifies our hypothesis that SOC was able to
improve aggregate stability by directly or indirectly increas-
ing porosity and inhibiting storage pore generation.

The POC then directly determined the number of capil-
lary pores (0.832) and indirectly influenced the pore throat
diameter (0.665) to increase the porosity (0.592) and ulti-
mately the aggregate stability MWD (Fig. 7A, B). Alterna-
tively, it directly determined the number of paths (0.969)
and indirectly caused an increase in porosity (0.690) and
ultimately the MWD. In addition, the positive effect of the
silt contents on the MWD was observed, but its effect was
not significant (0.370 and 0.408) (Fig. 7A, B). Therefore,
the SOC and POC contents of limestone soils were impor-
tant factors influencing the stability of aggregates, while
increasing soil porosity and suppressing the number of stor-
age pores were the main mechanisms. While the mechani-
cal composition of the soil was correlated with the content
of cementitious materials and aggregate stability, it did not
constitute the dominant factor affecting aggregate stability.
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Fig. 7 Structural equation model

4 Discussion

4.1 Stability characteristics and main
fragmentation mechanisms of karst aggregates

As the basic unit of soil structure (Mikha and Rice 2004),
the observation of stability characteristics, the investigation
of fragmentation mechanisms and the analysis of the main
influencing factors are important references in the evaluation
of soil quality (Bronick and Lal 2005). The main fragmenta-
tion mechanisms of the karst aggregates were slaking and
mechanical destruction. The stability of aggregates showed
the following trend: SF> CF>PF> CP> CL (Table 3). Due
to the rapid saturation of aggregates with water under the FW
treatment, cementation between soil particles gradually weak-
ens, while the air inside the aggregate rapidly compresses and
bursts, causing the aggregate to break. Mechanical damage
from external forces simulated by the WS treatment was also
an important factor in the stability of aggregates. As agri-
cultural land, the CL and CP experience repeated human
tilling of the soil during production, which causes extrusion
and deformation of the soil skeleton structure under external
forces, affecting the cementation between soil particles and

causing structural damage and loss of stability of the soil. In
contrast, the soils in PF were relatively less frequently dis-
turbed, and the aggregates were more stable. There were few
little external influences on the SF and CF soils, and the soil
particles formed stable aggregates via the cohesive action of
transient polysaccharides and fungal hyphae associated with
microorganisms and plant roots (Tisdall and Oades 1982).
Previous studies showed a correlation between soil fragmen-
tation and pore structure (Hallett et al. 1995), but in the case
of aggregate pore structure, numerous factors influenced the
variations in the pore distribution characteristics.

4.2 Variation in the pore structure characteristics
of karst aggregate and the main causes

The depth of the soil layer was an important factor influ-
encing the pore structure of aggregates (Yu et al. 2019). In
this study, the parameters characterizing pore connectivity
(number of pores, porosity, tortuosity, etc.) all decreased
with increasing soil depth (Table 5). In the CT scan images,
the pore network structure of the karst aggregates tended to
change from large, cross-complexed pores to smaller, sim-
pler pores as the depth of the soil layer increased (Fig. 3),
which was consistent with the findings of Qiao et al. (2021).
This may be related to the distribution of plant roots. The
mechanical penetration and extrusion of vegetation roots
increase the number of surface soil pores, while roots con-
tribute to the carbon sequestration of the soil, and the mutu-
ally beneficial relationship between the two promoted the
further development of surface soil pores (Ferro et al. 2013).
The variability in the pore structure of aggregates between
representative sample sites in karst areas was likely related
to differences in the SOC content of the main soil cement-
ing material.

Cementitious material is an important parameter affect-
ing the pore characteristics of soils (Zhou et al 2012; Guo
et al 2020; Mustafa et al 2020). Related studies have
shown a correlation between SOC and soil porosity (Lu
et al. 2014; Zhao et al. 2020), which is consistent with the
results of this study (Fig. 6). SOC can act on soil mineral
particles to aggregate them into microaggregates, which
then form larger aggregates, promoting the development
of aggregate pore structures and the transformation of
existing pores to larger pore structures (Fang et al. 2018).
Meanwhile, porous structures can enhance soil microbial
functions and activities, further contributing to increased
pore development and pore abundance (Kravchenko and
Guber 2016). Our study also showed a significant posi-
tive correlation between the SOC content and the porosity,
number of pores and number of pathways (Fig. 6). Thus,
the SF and CF aggregates, which had higher SOC con-
tents, had greater porosities and greater numbers of pores,
whereas the PF, CL and CP aggregates had lower SOC
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contents, lower porosities and lower numbers of pores
(Table 5). This is also related to the characteristics of soils
in karst areas. Although the nutrient content of limestone
soils is relatively high compared to red soils at the same
latitude, they are sensitive to anthropogenic disturbances,
and reclamation can lead to a drastic reduction in nutrient
content, including colloidal material (Barral et al. 1998),
causing damage to the soil structure. Thus, the 3D struc-
ture of the pores similarly showed that the less disturbed
SF and CF aggregates had a large number of internal pores
with tubular connected macropores, while the CL and CP
aggregates had fine pores and simple isolated structures
(Fig. 3).

To quantify the extent and mechanism of the influence of
the SOC in aggregates in karst areas on soil microstructure,
SOC was further differentiated into POC and MOC (John
et al. 2005; Gregorich et al. 2006). The results of the cor-
relation analysis showed that the POC rather than the MOC
in the carbon fraction was the dominant factor influencing
the differences in the structural properties of the soil (Fig. 6).
This is related to the structure and nature of the carbon com-
ponent. As the transitional form of organic carbon between
fresh plant and animal residues and humified organic matter,
POC has a very rapid turnover rate (Besnard et al. 1996).
Its chemical structure contains a large number of hydroxyl
and alkyl groups, which bind soil particles and encourage
aggregation around the POC to form stable aggregate struc-
tures (Tisdal and Oades 1982; Golchin et al. 1994), a process
that is accompanied by the creation of a large number of
pore structures. When the number of soil pores and con-
nectivity increases, the rate of decomposition of SOC into
POC accelerates due to frequent air exchange within the soil
(Kravchenko et al. 2015), resulting in an increased soil POC
content, a process that triggers significant CO, emissions
and again promotes soil pore production (Gryze, et al. 2006;
Feeney, et al. 2006; Crawford et al. 2012; Helliwell, et al.
2014). Therefore, POC in the carbon fraction is an important
variable influencing the formation of the soil microstructure.
MOC, also known as inert organic carbon, varies over cycles
of tens to thousands of years (Dalal and Chan 2001), with
a high resistance to both physical and chemical decomposi-
tion (Wairiu and Lal 2003). Therefore, the effect of MOC
changes on variations in soil pore structure is not significant.

Clay is also considered to be one of the consolidating
substances that affects the pore structure of soils, with
an increase in the clay content significantly affecting the
cementing capacity of soils and improving the structural
stability of aggregates (Ma et al. 2015). In this study, karst
aggregate pores were dominated by <30 pm storage pores
(Fig. 5), which may be related to the texture of the soils in
the study area. Previous studies have shown that a higher
clay and silt sized particle content reduces soil porosity,
while sandy soils tend to have higher porosity (Park and
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Smucker 2005; Zhao et al. 2020). The mechanical composi-
tion of the karst soils in this study was dominated by clay
and silt grains with a clay-heavy texture (Table 2), which
may be the main cause of the predominance of storage pores
in all of the soil pores. However, the soil structure may be
influenced to various extents by the type and content of
cementing material in the aggregates, as well as other fac-
tors (Jozefaciuk et al. 2015). Thus, according to the SEM
constructed in this study, the soil mechanical composition
played a less important role in influencing the microstructure
of aggregates compared with other cementing substances
(Fig. 7).

4.3 Relationship among the SOC, carbon fractions
and pore characteristics of karst aggregates
and aggregate stability

In this study, an SEM was used to further analyze the
relationship among the main cementing substances, soil
micropore characteristics and aggregate stability (Fig. 7A,
B). The results showed that the SOC and POC, the main
cementing substances of karst aggregates, were indirect
determinants of the structural stability parameter MWD,
while increasing soil porosity and decreasing storage pore
space, either directly or indirectly, were the main pathways.
This may be related to the conditions of the study area and
the intensity of anthropogenic disturbances. Limited by natu-
ral conditions, karst soils are extremely susceptible to nutri-
ent deficiencies caused by the leaching of N and P (Fenton
et al. 2017; Xiao et al. 2019), which restricts crop growth. In
severely degraded ecosystems agricultural land requires high
levels of inorganic fertilizer inputs to meet production needs.
Previous studies have found that the effects of fertilization
can affect the content and distribution of aggregated colloi-
dal materials (Bronick and Lal 2005) and even promote the
decomposition of soil colloids, thereby deteriorating the soil
structure and reducing the soil porosity (Haynes and Naidu
1998; Zhou et al. 2016). In addition, tillage can also lead to
the accelerated decomposition and loss of cementing sub-
stances, especially POC (Franzluebbers and Arsha 1997),
causing an imbalance in the carbon fraction and destroying
the original skeletal structure of the soil pore space. The
change in the cementing material's ability to consolidate soil
particles in turn affects the morphological characteristics and
arrangement of soil pores (Schweizer et al. 2019). Therefore,
the difference in pore structure among aggregates in the study
area results from differences in the soil SOC content and
composition. As an abiotic factor affecting the rate of soil
carbon mineralization, the soil pore structure can also control
the fate and transformation of organic carbon in colloidal
material, and its compartment effect is the physical basis for
the sequestration of cementitious material (Smucker et al.
2010). This stems primarily from the fact that pore structure
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can influence microbial activity by determining the accessi-
bility of organic substrates by microorganisms or hydrolytic
enzymes through physical barriers (Killham et al. 1993), or
by regulating the availability of water and oxygen within the
aggregate (Sexstone et al. 1985), thereby altering the rate of
organic carbon decomposition. In addition, the process of
soil carbon sequestration also generates a positive feedback
effect on soil structure and increases soil connectivity. There-
fore, there was also a significant positive correlation among
soil SOC, POC and aggregate porosity and other parameters
characterizing pore connectivity (Fig. 6).

In addition, the mechanical damage (tilling) simulated
by the WS treatment is one of the main mechanisms of
structural slaking of karst aggregates (Table 3). External
forces applied during frequent tillage could reduce the
number of pores and decrease the porosity of larger pores
and inversely increase the number of smaller pores (Wang
et al. 2019), which isolates the pore structure and hin-
ders soil water and solute transport. Therefore, CL and CP
aggregates with frequent disturbances have poor pore con-
nectivity, a large number of small pores and poor stability.
Most of the karst CF and SF sample sites were the prod-
ucts of natural restoration after arable land was returned
to forest and grass or the native vegetation was completely
destroyed. A large amount of litter was returned to the
soil during the long-term self-healing process, which
increased the soil SOC content and contributed to the soil
aggregation process in multiple ways as an important soil
cementing substance, effectively improving the stability of
aggregates effectively. At the same time, with the increase
in the rooting of underground vegetation, plant roots pen-
etrated and extended into the soil, causing an increase
in soil pore permeability and a decrease in bulk density,
which improved the soil structure (Gill et al. 2010; Zhou
et al. 2012). These changes to the soil microenvironment
allowed for access to sufficient gas and water for microor-
ganisms to thrive, laterally increasing microbial activity
and the rate of decomposition of plant residues (Strong
et al. 2004). Thus, the greater pore connectivity of the
SF and CF aggregates directly enhanced their aggregate
stability to some extent.

A combination of organic and inorganic fertilizer
application has been demonstrated to produce a loose and
porous soil structure (Zhou et al. 2013). The application
of organic fertilizers is effective for increasing the num-
ber of macropores and for increasing pore connectivity
(Ferro et al. 2012a, b), while the use of low tillage and no-
tillage methods and the application of organic fertilizers
are also considered effective for increasing the soil POC
content (Fortuna et al. 2003; Alvaro-Fuentes et al. 2008).
Therefore, the rational planning of CL and CP fertilization
and tillage practices in karst areas could be an effective
way to meet the dual needs for achieving high agricultural

production and improved soil pore structure. Increasing
the content of soil cementitious materials and reducing
disturbance frequencies could be decisive factors affecting
the stability of aggregates. Furthermore, CT scanning is an
effective means to reveal the degree of development and
influencing factors for aggregate formation.

5 Conclusion

CT scanning was used to analyze the structural characteristics
of the pore spaces of karst aggregates in this study. The LB
method was used to explore the stability and main fragmen-
tation mechanisms of the aggregates. The stability and pore
structure characteristics of aggregates in five land-use types
in karst areas and their coupled relationships with organic
carbon and its components were analyzed with an SEM.
The significant differences were found in the stability of the
aggregates between land-use types in the study area, as fol-
lows: SF>CF>PF> CP> CL. These were related to the dif-
ferences in frequency of anthropogenic disturbances and the
content of cementitious materials. Slaking and mechanical
damage from tillage were the main mechanisms of karst soil
aggregate destruction. The pore distribution of the aggregates
was dominated by storage pores <30 um in size, with pore
throat diameters concentrated in the range of 0—20 pm, which
was related to the clayey texture of the soils in the study area.
SF and CF, followed by PF, had the best pore connectivity
among the land-use types. In contrast, the CP and CL aggre-
gates, which were heavily fertilized with inorganic fertilizers
and were frequently disturbed, had predominantly uneven
pore distributions and poor connectivity. Correlation analysis
showed that the POC component of the carbon fraction was
the dominant factor influencing the pore characteristics and
structural stability of the soils. SEM analysis revealed that the
cementing substances SOC and POC could alter aggregate
stability by directly or indirectly influencing the soil porosity
and storage pore space. In order to meet the two-way needs of
production and improving soil structure, it is an effective way
to mix fertilizer reasonably and reduce disturbance frequency
for agricultural production land.
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