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Abstract: Soil labile organic carbon (LOC) is a valuable and sensitive parameter of the changes in soil
carbon (C) pools and further affects soil structural stability. However, the influences of soil-aggregate
stability on LOC fractions under erosion conditions are still unclear, especially under the collapsing
gully area of south China. Soils of five positions of collapsing gully erosion, including the upper
catchment (UC), collapsing wall (CW), colluvial deposit (CD), scour channel (SC) and alluvial fan (AF)
from Acric Ferralsols were investigated and sampled. Soil aggregate stability and LOC fractions were
measured and analyzed. Soil water-stable aggregate and passive C (passive-C) contents significantly
increased by 67–76% and 8.7–13.0% at the UC, CW, CD and SC positions, respectively, while soil labile
C (labile-C) content was lower at these positions as compared to the AF position (p < 0.05). Moreover,
the UC position’s soil C pool management index (CPMI) significantly increased by 37–40% compared
to CW, CD, SC and AF soils, indicating that the soil of the UC position had a more stable C pool due
to its stronger structural stability. SOC, silt, and amorphous iron oxide (Fea) contents significantly
contributed to aggregate stability. We demonstrated that the depletion of soil aggregate stability
could result in the decreases in soil LOC fractions, while soil properties of the OC but not the LOC
pool regulated aggregate stability and thus affected soil structure across different collapsing gully
erosion positions in the subtropical Acric Ferralsols region of south China. This study contributes
to developing strategies to prevent soil erosion and improve global C cycle and soil quality, which
could be beneficial to strengthen soil and water conservation, and improve soil fertility (e.g., SOC)
and vegetation recovery, such as tea and tobacco.

Keywords: soil LOC; C pool management index; collapsing gully erosion; aggregate stability;
Acric Ferralsols

1. Introduction

Soil organic carbon (SOC) is a key index for assessing soil fertility and function,
which is crucial to the long-term sustainable development of agricultural ecosystems [1,2].
However, soil labile organic carbon (LOC) is considered a main indicator for SOC-content
measurement and has a great impact on soil quality due to its high susceptibility to
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oxidation and decomposition, which has vital effects on the global carbon cycle [3–5]. Soil
LOC has been shown to correlate positively with soil aggregate stability, particularly macro-
aggregate stability [5,6]. Moreover, stable LOC fractions have turnover durations in soils of
thousands of years; however, it is not influenced by short-term tillage [7], except for soil
erosion and aggregate stability. Thus, assessing soil erosion’s impacts on soil LOC fractions
and the relationship between soil LOC and aggregates is very helpful in understanding the
SOC cycle and dynamics in natural systems.

Soil aggregate, as a fundamental component of soil structure, has an essential influ-
ence on soil ecological processes and organic C stability, which is critical for enhancing
soil fertility by preventing soil erosion, regulating the rate of infiltration and recycling
nutrients [8,9]. Furthermore, soil aggregate can physically protect SOC from mineraliza-
tion because aggregates restrict the availability of organic materials, including microbes,
enzymes and proteins [10]. However, soil aggregate structure is destroyed in a collapsing
gully environment, resulting in a declining aggregate stability and nutrient loss, includ-
ing LOC fractions [11–13]. Additionally, the disintegration of soil aggregates caused by
raindrop impact and surface discharge can accelerate the release of protected organic C
in aggregates. The liberated organic C can then be transported and deposited with soil
aggregate particles [14,15]. These processes can hasten the decomposition of organic C
due to the loss of protection from macroaggregates [16]. The priority-transported and
-deposited organic C is regarded as LOC fractions, thus further decreasing the stability of
the LOC pool in the original sites [17]. Therefore, the effects and relationships of aggregate
stability on the changes in soil LOC pool under the collapsing-gully erosion condition need
to be further investigated in south China, which would be helpful for providing applicable
management patterns to balance the C pool and control erosion for improved soil quality
and the provision of soil functions.

Due to its chronic and severe impacts on the ecosystem and environment, particularly
subtropical the Acric Ferralsols zone of south China, collapsing gully erosion has emerged
as the greatest challenge to the development of global soil sustainability [18,19]. During the
collapsing gully process, a mass of sediments generate and flow out through the SC, further
cover the cultivation layer of AF cropland, and, thus, have negative feedback on the soil-
aggregate stability and nutrients [20–23]. Moreover, collapsing gully erosion profoundly
influences nutrient dynamics and aggregate stability, resulting in the losses of soil materials
and soil degradation, further affecting soil LOC pool and biogeochemical cycles [24,25].
Thus, among all the soil properties, soil LOC is important in affecting C pool and aggregate
stability, maintaining soil quality, and regulating global climate change [26–28]. However,
the link between soil LOC fractions and aggregate stability during collapsing gully erosion
remains unclear. Thus, the effect of soil LOC fractions on soil-aggregate size distributions
related to soil erosion need to be further assesses.

Previous studies have proved that soil erodibility factor (K) and structural stability
index (St), which are calculated by empirical equations based on soil-particle composition
and organic C content, are frequently used as essential parameters to assess soil structure
stability and credibility, and thus, better understand soil anti-erosion capability [29,30].
That being said, such indices are impacted by fundamental soil properties (e.g., SOC),
indicating that soil structure stability can be interlinked with many soil properties; however,
these properties could significantly change if the soil were to suffer from collapsing gully
erosion [31,32]. Furthermore, collapsing gully erosion affects soil-aggregate stability directly
by increasing the losses of runoff, binding materials and nutrient contents, and indirectly
by affecting other soil properties, including soil porosity, water-holding capacity and bulk
density [33]. Moreover, preventing and controlling soil erosion are beneficial to boosting
soil fertility and crop yield (e.g., wheat, tea and tobacco) [34]. Therefore, it is vital to
demonstrate the effect of collapsing gully erosion on soil-aggregate stability, LOC and
their interaction.

Understanding the role of and change in soil LOC in aggregate formation related to
collapsing gully erosion is extremely important. Thus, the goal of this research was to
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look into the distributions and differences in soil LOC fractions and aggregate size and
elucidate the correlations between soil LOC pool indexes and aggregate stability parameters
at various collapsing gully erosion positions. We hypothesized that soil LOC fractions and
organic C pool were significantly different among collapsing-gully erosion positions and
strongly influenced aggregate stability in the south subtropical Acric Ferralsols region.

2. Materials and Methods
2.1. Study Area and Soil Sampling

This research site was in Deqing country, Zhaoqing city (111◦51′ E, 23◦14′ N), Guang-
dong Province, China, which is a low-latitude location with a subtropical monsoon climate,
abundant heat, abundant rainfall and very short frost period. According to the average data
from the years 2000~2021, the average annual temperature, precipitation and sunlight du-
ration in this location are approximately 22.2 ◦C, 1505.4 mm and 1697.1 h, respectively [35].
The sampling location is in the Southeast Sham Chung Soil and Water Conservation Mon-
itoring Station at Maxu town of Deqing county (111◦50′ E, 23◦10′ N). With a vegetation
coverage of 41%, the plant community was dominated by Schima superba Gardn. Et Champ.,
Baeckea frutescens L., and Dicranopteris dichotoma (Thunb.) Berhn. This site was a typical
collapsing gully. The gully belonged to the arc gully with two erosion grooves. The chan-
nel’s average depth, width and length was 3, 1.8 m and 16 m, respectively. The channel’s
greatest width was 5.2 m. The height of the wall behind the collapsing wall was 5 m, and
the side wall was 3.6 m. The entire collapsing gully area was 136 m2 [36]. The collapsing
gully was mainly developed from the granite weathering residual hills with the bedrock
of Yanshanian biotite granite, and the weathering crust ranged from 30–60 m. Currently,
it is in the prime of life with large-scale and vigorous erosion [35]. The soil of this area is
classified as Acric Ferralsols derived from granite [37].

Five positions of collapsing gully erosion were examined in November 2019 (Figure 1)
and named the upper catchment (UC), collapsing wall (CW), colluvial deposit (CD), scour
channel (SC), and alluvial fan (AF) by Wei et al. (2021) [13]. Soil sampling was described
by Tang et al. (2022) [38]. Finally, five mixed soil samples and fifteen undisturbed soil
cores were obtained and transported to the laboratory. All samples were manually bro-
ken into ≤ 5 mm soil blocks and then air-dried indoors before divided into two sections:
one for the analysis of the soil’s basic properties, which was ground to pass through a
2 mm and 0.15 mm sieve, respectively, and the remaining for soil aggregate contents and
stability analysis.
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of south China.

2.2. Soil Basic-Property Analysis

Soil bulk density (BD), capillary porosity (CP) and non-capillary porosity (NP) were
evaluated using the cutting ring method [38]. Soil sand, silt and clay contents were
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measured using the pipette method [38]. The soil organic carbon (SOC) content was
obtained using a wet digestion technique with potassium dichromate [39]. The Kjeldahl
technique was used to determine the total nitrogen (TN) content of the soil [39]. The
dithionite-citrate-bicarbonate-phenanthroline colorimetric approach was used to estimate
soil free iron (Fef), and soil amorphous iron oxide (Fea) was determined by ammonium
oxalate extraction and the phenanthroline colorimetric method [38].

2.3. Analysis of Soil-Aggregate Stability

The size content of soil aggregate was measured using a wet-sieving technique [40],
which separated aggregates using the modified approach described by Elliott et al. (1986) [41].
The detailed procedures of soil-aggregate analysis were described by Tang et al. (2022) [38].
Finally, four aggregate sizes (2–5, 0.25–2, 0.053–0.25 mm and < 0.053 mm) were collected
and dried at 50 ◦C before being weighed to calculate aggregate stability parameters [42,43].
In addition, we further determined SOC, TN, Fef and Fea contents in the four aggregate
sizes (Table S1).

The percentage of soil-aggregate size fractions (PSAi) and the percentage content of
>0.25 mm water-stable aggregate (WSA) were calculated as follows [44], respectively:

PSAi(%) = wi (1)

WSA (%)= 100−∑4
i=3wi (2)

where i denotes the number of aggregate sizes, and wi denotes the proportion of the total
aggregates in the i size. The percentages of 2–5, 0.25–2, 0.053–0.25 mm and <0.053 mm
aggregates were represented as PSA1, PSA2, PSA3 and PSA4, respectively.

The mean weight diameter (MWD) and geometric mean diameter (GMD) were com-
puted as follows [45,46], respectively:

MWD (mm) =
∑n

i=1(xiwi)

∑n
i=1 wi

(3)

GMD (mm)= exp
∑n

i=1 (w iInxi)

∑n
i=1 wi

(4)

where i denotes the total number of fractions, wi denotes the percentage of the total
aggregates in the i size, and xi denotes the mean diameter of the i size.

The soil structural stability index (St) and soil erodibility factor (K) were estimated as
follows [47,48]:

St (%)= 100× 1.724SOC
clay + silt

(5)

K (t hm2 h MJ−1mm−1hm−2 ) =


[
0.2 + 0.3 exp−0.0256sand(1− silt

100 )
]
×
(

silt
clay+silt

)0.3

×
(

1− 0.25SOC
SOC+ exp3.72−2.95SOC

)
×
(

1− 0.7SN1
SN1+ exp22.9SN1−5.51

)
×0.51575− 0.01383 (6)

SN1 = 1− sand
100

(7)

2.4. Soil-LOC-Fraction Analysis

Soil LOC fractions were measured by the KMnO4 oxidation approach [49]. First, a
0.15 mm sample with the mass of approximately 15 mg C and a 25 mL KMnO4 solution
(33, 167 mM L−1 and 333 mM L−1, respectively) were added to a 100 mL centrifuge tube,
followed by three blank controls without soils; second, the soil suspension was shaken
for 60 min with 250 r min−1 before being centrifuged for 5 min at 2000 r min−1; third, the
supernatant was collected and diluted to 1:250 with deionized water before the absorbance
of the diluted solution was determined at 565 nm to acquire sample absorbance; finally,
using absorbance as the Y-axis and concentration as the X-axis, the regression equation
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calculated sample concentration (Csample, mM L−1) and blank control concentration (Cck,
mM L−1). The findings were represented as mg C g soil−1, assuming that 1 mM MnO4-

oxidizes 0.75 mM or 9 mg C. In addition, the quantities of the remaining oxidized and
unoxidized organic C were classified as SOC’s labile and non-labile components, respec-
tively [50]. Thus, all four distinct LOC fractions were obtained [51,52]: (i) high-labile
organic C (HLOC), organic C oxidized with 33 mM L−1 KMnO4; (ii) moderately labile
organic C (MLOC), organic C oxidized with 167 mM L−1 KMnO4; (iii) less-labile organic C
(LLOC), organic C oxidized with 333 mM L−1 KMnO4; (iv) non-labile organic C (NLOC),
the difference of SOC and organic C oxidized with 333 mM L−1 KMnO4. Thus, soil LOC
fractions were calculated as follows [53]:

Soil LOC (LLOC, HLOC, MLOC or NLOC, g kg−1 ) =
(Csample −Cck )× 25× 250× 9

M× 1000
(8)

where Csample was the sample concentration (mM L−1); Cck was the blank control concen-
tration (mM L−1); and M was the soil mass (g).

Additionally, soil labile-C pool was calculated by the sum of the high-labile fraction
(HLOC), moderately labile fraction (MLOC) and less-labile fraction (LLOC), while the
non-labile fraction (NLOC) was defined as soil passive-C pool [2,53].

2.5. Statistical Analysis

To assess the variance of the soil C pool, woodland soil without erosion in the adjacent
position of the collapsing hill was used as the reference (the SOC content of the referenced
soil was 12.65 g kg−1, and the soil C pool liability (L) was 0.45).

Soil C pool management index (CPMI) was computed as follows [53]:

CPMI (%) = CPI× LI× 100 (9)

where CPI represented the C pool index and LI represented the C pool liability index.
In addition, soil CPI, LI and L values were determined using the following formu-

lae [53], respectively:

CPI =
SOCT

SOCR
(10)

LI =
LT

LR
(11)

LT or LR =
LLOCT or LLOCR

NLOCR or NLOCR
(12)

where SOCT and SOCR represent the SOC contents (g kg−1) in soils of erosion positions
(UC, CW, CD, SC, and AF) and the reference, respectively; LT and LR represent the C pool
liability in the soil of erosion positions and the reference, respectively; LLOCT and LLOCR
represent the less-labile oxidizable organic C content (g kg−1) in soils of erosion positions
and the reference, respectively; and NLOCT and NLOCR represent the non-labile oxidizable
organic C content (g kg−1) in soils of erosion positions and the reference, respectively.

All data were subjected to variance analysis using SPSS 24.0 (IBM SPSS Corporation,
New York, USA). All illustrations were created in Origin 2023 (OriginLab Crop, Northamp-
ton, MA, USA). Significant differences in mean values were compared using the least
significant difference (LSD) tests and the Duncan test (p ≤ 0.05). Principal component
analysis (PCA) and path analysis were performed to explore the key factors regulating ag-
gregate stability under different erosion positions using Origin 2023. Redundancy analysis
(RDA) was used to ascertain the correlations among soil-aggregate stability, LOC fractions
and soil characteristics by Canoco 5.0 (Canoco, New York, NY, USA).
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3. Results
3.1. Physicochemical Properties in Bulk Soils along Erosion Positions

Table 1 shows the SOC content ranging from 1.3–26.2 g kg−1 among erosion positions.
Compared with UC, SOC content strongly decreased by 91.0–95.2% among the lower
erosion positions, and SC had the lowest SOC value. Soil TN content was 0.02–0.36 g kg−1

with a significant decrease of 84.1–95.0% at the CW, CD, SC and AF positions compared
to UC (Table 1). Furthermore, compared with UC, BD was significantly higher at the CD
and SC and lower at the CW and AF positions. At the same time, CP was significantly
higher among the rest of the erosion positions. Compared to UC, soil Fef was signifi-
cantly decreased by 43.0–57.6% among the lower erosion positions, and AF had the lowest
Fef content.

Table 1. Basic physical and chemical parameters of the soils at the research locations (mean ± SE).

Erosion
Position

BD
(g cm−3) CP (%) Clay (%) Silt (%) Sand (%) SOC

(g kg−1)
TN

(g kg−1)
Fef

(g kg−1)
Fea

(g kg−1)

UC 1.07 ± 0.10b 36.0 ± 1.5c 49.9 ± 0.50a 9.38 ± 0.36c 40.8 ± 0.39d 26.2 ± 0.3a 0.36 ± 0.01a 56.4 ± 0.2a 2.50 ± 0.08b
CW 0.99 ± 0.03c 45.4 ± 5.0b 11.5 ± 0.19c 17.2 ± 0.6b 71.3 ± 0.6c 2.36 ± 0.06b 0.06 ± 0.00b 32.1 ± 1.03b 6.14 ± 0.13a
CD 1.40 ± 0.05a 38.5 ± 1.0b 7.63 ± 0.15e 6.67 ± 0.09d 85.7 ± 0.2a 1.69 ± 0.09c 0.03 ± 0.01c 29.2 ± 0.1c 2.23 ± 0.03c
SC 1.36 ± 0.02a 38.8 ± 0.1b 9.15 ± 0.22d 9.09 ± 0.51c 81.8 ± 0.3b 1.26 ± 0.03d 0.02 ± 0.00c 28.7 ± 0.1d 2.74 ± 0.07b
AF 1.03 ± 0.00c 62.9 ± 0.7a 21.3 ± 0.2b 54.5 ± 0.5a 24.3 ± 0.6e 1.67 ± 0.04c 0.03 ± 0.00c 23.9 ± 0.1e 1.08 ± 0.04d

UC, upper catchment; CW, collapsing wall; CD, colluvial deposit; SC, scour channel; AF, alluvial fan; SE is the
standard error. BD, bulk density; CP, capillary porosity; SOC, soil organic carbon; TN, total nitrogen; Fef, free
iron; Fea, amorphous iron oxide. Different lowercase letters indicate different erosion positions are significant at
p < 0.05.

In contrast, the Fea content was higher at the CW and lower at the CD and AF positions,
respectively. Moreover, soil clay content significantly decreased by 57.4-84.7% among the
lower erosion positions compared to the UC position, and CD had the lowest clay value.
On the contrary, silt content was higher at the CW and AF and lower at the CD positions
than at UC. In comparison, sand content was significantly higher at the CW, CD, and SC
and lower at the AF positions than at UC (Table 1).

3.2. Distributions of Soil-Aggregate Size and Stability along Erosion Positions

There were significant differences in aggregate soil stability, size distribution, and
erodibility across the different erosion positions (Figures 2 and 3, p < 0.05). The content of
PSA1 was dominant in all aggregate fractions, with the contents of 70.4–84.9% at the UC,
CW, CD, and SC positions, but the percentage of microaggregates (<0.25 mm aggregates,
including PSA3 and PSA4) were dominant in all aggregate fractions, with the contents
of 36.6–40.8% at the AF position (Figure 2). Furthermore, the PSA1 and PSA2 contents
were significantly higher at the UC, CW, CD, and SC positions than the AF position, while
the PSA3 and PSA4 contents were significantly higher at AF than the UC, CW, CD, and
SC positions (Figure 2). Additionally, the WSA content was significantly decreased by
1.82–77.1% among the lower erosion positions except for CD, compared to UC position
(Figure 2).

Compared with UC, the MWD and GMD values were significantly higher with
0.44–2.42 mm and 0.83–2.53 mm at the CW and AF positions, respectively (p < 0.05), but
there was no significant change at the UC, CD and SC positions (Figure 3a,b, p > 0.05).
Furthermore, the value of St was significantly decreased by 73.2–95.0% among the lower
erosion positions compared to the UC position, and AF had the lowest St value (Figure 3c,
p < 0.05). On the contrary, the value of soil K was significantly increased by 55.6–181.5%
at the CW and AF positions, while it significantly decreased by 16.9% at the CD position
compared to the UC position (Figure 3d, p < 0.05). Among all erosion positions, the MWD,
GMD, WSA, and St changes had a similar trend, except for K (Figure 3).
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Figure 3. Soil aggregate stability indexes: (a) represents the values of mean weight diameter (MWD)
under the five erosion positions; (b) represents the values of the geometric mean diameter (GMD)
under the five erosion positions; (c) represents the values of the soil structural stability index (St)
under the five erosion positions; and (d) represents the values of the erodibility factor (K) under the
five erosion positions. The error bars represent the standard errors of three means (n = 3). UC: upper
catchment; CW: collapsing wall; CD: colluvial deposit; SC: scour channel; AF: alluvial fan. Different
lowercase letters indicate the significant differences among different erosion positions (p < 0.05).
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3.3. Changes in Labile OC Fraction and C Pool Management Index along Erosion Positions

Soil erosion significantly influenced soil labile-C fractions, pools, and management in-
dices at different positions (Figures 4 and 5, p < 0.05). The NLOC ranged from 1.1–23.9 g kg−1

and dominated the C fractions by 74.2–75.9% (Figure 4a). Compared with UC, LLOC, MLOC,
HLOC, and NLOC contents significantly decreased by 2.00–2.07 g kg−1, 3.93–4.16 g kg−1,
1.62–1.75 g kg−1 and 21.80–22.82 g kg−1 at the CW, CD, SC, and AF positions, respectively
(Figure 4a, p < 0.05). Moreover, the lower content of each labile C-fraction was detected
at the CD and SC positions as compared to the rest of the positions (Figure 4b). Simi-
larly, passive-C dominated the soil C pool rather than labile-C across different positions
(Figure 4b). Soil passive-C was significantly lower at AF than at the UC, CW, CD and SC
positions, which was opposite to labile-C (Figure 4b, p < 0.05).
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Figure 4. Soil organic carbon (SOC) fractions: (a) represents the contents of soil labile organic carbon
(LOC) under the five erosion positions; and (b) represents the proportion of soil C in the C pool
under the five erosion positions. The error bars represent the standard errors of three means (n = 3).
LLOC: less-labile organic C; MLOC: moderately labile organic C; HLOC: high-labile organic C;
NLOC: non-labile organic C; UC: upper catchment; CW: collapsing wall; CD: colluvial deposit;
SC: scour channel; AF: alluvial fan. Different capital and lower-case letters indicate a significant
difference among erosion positions and soil LOC fractions or C pools, respectively (p < 0.05).

Compared with UC, the CPI values were significantly lower in the range of 1.88–1.97
at the CW, CD, SC, and AF positions (Figure 5a). In addition, we found that there were
coincident changes between the L and LI values in the order of AF > SC > CD, CW, and
UC, with the values of 0.09–0.21 and 0.21–0.46, respectively (Figure 5b,c). The CPMI was
significantly higher at UC than at CW, CD, SC, and AF, with an increment of 36.9–39.9%
(Figure 5d, p < 0.05).

3.4. Relationship among Soil Properties, Labile-OC Pool Indexes and Soil-Aggregate Stability

Our study showed that soil properties had a significant correlation with soil C pool
management indexes and aggregate stability (Table 2, p < 0.05). Soil labile-C correlated
considerably positively with silt and CP and significantly negatively with sand, while soil
passive-C had an opposite trend with labile-C (Table 2, p < 0.01). Moreover, L and LI had a
positive correlation with silt (Table 2, p < 0.01). Similarly, the MWD, GMD and WSA had a
positive correlation with sand, but a negative correlation with silt and CP (Table 2, p < 0.01),
while K had a significantly positive association with silt and CP but a substantially negative
association with the Fea and sand contents (Table 2, p < 0.01). Moreover, LLOC, MLOC,
HLOC, NLOC, CPI, CPMI and St values correlated substantially positively with TN, Fef
and clay contents (Table 2, p < 0.01).
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Figure 5. Characteristics of soil C pool management: (a) represents the values of the C pool index
(CPI) under the five erosion positions; (b) represents the values of the C pool liability (L) under
the five erosion positions; (c) represents the values of the C pool lability index (LI) under the five
erosion positions; and (d) represents the values of soil C pool management index (CPMI) under the
five erosion positions. The error bars represent the standard errors of three means (n = 3). UC: upper
catchment; CW: collapsing wall; CD: colluvial deposit; SC: scour channel; AF: alluvial fan. Different
lower-case letters indicate a significant difference among erosion positions (p < 0.05).

Table 2. Correlation coefficients among soil properties, aggregate stability, LOC fractions and C pool
indexes under different erosion positions (n = 15). Correlation coefficients among soil-aggregate
stability, erodibility, LOC fractions and C pool indexes under different erosion positions (n = 15).

Variables BD CP Sand Silt Clay TN Fef Fea

MWD 0.441 −0.948 ** 0.730 ** −0.989 ** 0.008 0.308 0.470 0.396
GMD 0.465 −0.969 ** 0.682 ** −0.984 ** 0.075 0.362 0.509 0.265
WSA 0.440 −0.944 ** 0.739 ** −0.993 ** −0.001 0.307 0.473 0.444

K −0.386 0.921 ** −0.756 ** 0.980 ** 0.044 −0.270 −0.443 −0.546 *
St −0.169 −0.543 −0.245 −0.441 0.878 ** 0.977 ** 0.985 ** −0.058

SOC −0.297 −0.406 −0.416 −0.276 0.953 ** 0.996 ** 0.975 ** −0.101
LLOC −0.376 −0.369 −0.447 −0.217 0.933 ** 0.951 ** 0.921 ** −0.134
MLOC −0.286 −0.362 −0.441 −0.239 0.948 ** 0.986 ** 0.957 ** −0.115
HLOC −0.361 −0.402 −0.424 −0.261 0.946 ** 0.987 ** 0.964 ** −0.075
NLOC −0.287 −0.407 −0.411 −0.280 0.950 ** 0.996 ** 0.976 ** −0.098

Labile-C −0.498 0.697 * −0.726 ** 0.832 ** 0.166 −0.105 −0.243 −0.268
Passive-C 0.498 −0.697 * 0.726 ** −0.832 ** −0.166 0.105 0.243 0.268

CPI −0.297 −0.405 −0.417 −0.276 0.953 ** 0.996 ** 0.975 ** −0.102
L −0.082 0.562 −0.430 0.711 ** −0.151 −0.392 −0.507 −0.393
LI −0.058 0.542 −0.434 0.701 ** −0.132 −0.370 −0.484 −0.401

CPMI −0.381 −0.359 −0.453 −0.205 0.929 ** 0.943 ** 0.910 ** −0.141

MWD, mean weight diameter; GMD, geometric mean diameter; WSA, the percentage content of > 0.25 mm
water-stable aggregate; K, soil erodibility factor; St, soil structural stability index; SOC, soil organic C;
LLOC, less-labile organic C; MLOC, moderately labile organic C; HLOC, high-labile organic C; NLOC, non-labile
organic C; CPI, C pool index; L, C pool liability; LI, C pool liability index; CPMI, C pool management index.
BD, bulk density; CP, capillary porosity; TN, total N; Fef, free iron; Fea, amorphous iron oxide. The * and **
represent the significant difference at p < 0.05 and p < 0.01, respectively.
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Correlation analysis revealed that soil OC, LLOC, MLOC, HLOC and NLOC values
were all positively correlated with CPMI, with the determination coefficient of 0.95, 1.00,
0.90, 0.98, and 0.94, respectively (Figure 2, p < 0.01). Furthermore, we found that soil LLOC,
MLOC, HLOC, NLOC, CPI and CPMI values were all positively correlated with St (Table 2,
p < 0.05), while those indexes had no correlation with MWD, GMD, WSA and K (Table 2,
p > 0.05). Inversely, soil labile-C, L and LI had a negative correlation with MWD, GMD
and WSA, and positive correlation with K. However, passive-C had a significantly positive
correlation with MWD, GMD and WSA, and had a significantly negatively correlation with
K (Table 2, p < 0.05).

Principal component analysis (PCA) displayed that soil physicochemical properties
were greatly correlated with C pool indexes (Figure 6a) and aggregate stability (Figure 6b).
The erosion sites from the CW, SC and CD were positioned on the PCA plane’s bottom
side. In contrast, the AF and UC positions were on the left and right sides of the PCA,
respectively (Figure 6a,b). Furthermore, we explored the influence of soil characteristics
and LOC fractions on aggregate stability using RDA (Figure 7). According to Table 3, the
first two axes of RDA explained 98.9% (Figure 7), with silt (82.3%), SOC (16.1%) and Fea
(0.80%) contributing. Moreover, soil-aggregate stability indices, including MWD, GMD,
and WSA, were favorably connected to SOC and Fea but were negatively related to silt by
RDA (Figure 7).
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Figure 6. Principal component analysis (PCA) and scores plotted in the plane of PC1 and PC2:
(a) represents PCA between soil basic properties and C pool indexes; and (b) represents PCA between
soil basic properties and aggregate stability indexes. SOC, soil organic carbon; TN, total nitrogen;
Fef, free iron; Fea, amorphous iron oxide; BD, bulk density; CP, capillary porosity; LLOC, less-labile
organic C; MLOC, moderately labile organic C; HLOC, high-labile organic C; NLOC, non-labile
organic C; CPI, C pool index; L, C pool liability; LI, C pool lability index; CPMI, C pool management
index; PSA1–4, the percentage contents of 2−5, 0.25−2, 0.053−0.25 mm and <0.053 mm aggregates,
respectively; MWD, mean weight diameter; GMD, geometric mean diameter; WSA, the percentage
content of >0.25 mm water-stable aggregate; St, structural stability index; K, soil erodibility factor;
UC, upper catchment; CW, collapsing wall; CD, colluvial deposit; SC, scour channel; AF, alluvial fan.
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Figure 7. Two-dimensional sequence diagram of redundancy analysis (RDA) among soil properties,
labile organic C fractions and aggregate stability at different erosion positions. SOC, soil organic
carbon; TN, total nitrogen; Fef, free iron; Fea, amorphous iron oxide; BD, bulk density; CP, capillary
porosity. MLOC, moderately labile organic C; HLOC, high-labile organic C; NLOC, non-labile
organic C; CPI, the C pool index; L, the C pool liability; LI, the C pool lability index; CPMI, the
C pool management index. PSA1–4, the percentage contents of 2−5, 0.25−2, 0.053−0.25 mm and
<0.053 mm aggregates, respectively; MWD, mean weight diameters; GMD, geometric mean diameter;
WSA, the percentage content of >0.25 mm water-stable aggregate; St, structural stability index; K, soil
erodibility factor. UC, upper catchment; CW, collapsing wall; CD, colluvial deposit; SC, scour channel;
AF, alluvial fan.

Table 3. Two-dimensional explanation of redundancy analysis (RDA) among soil properties, labile
organic C fractions and aggregate stability at different erosion positions.

Variables Explains (%) Pseudo-F p

Silt 82.3 60.4 0.002
SOC 16.1 122.0 0.002
Fea 0.80 10.0 0.002

Clay 0.20 2.70 0.080
Fef <0.1 1.30 0.242
BD <0.1 0.80 0.432

MLOC <0.1 0.40 0.650
HLOC <0.1 0.50 0.584

CP <0.1 0.60 0.502
Labile-C <0.1 0.20 0.808

L 0.10 1.10 0.348
TN 0.20 6.80 0.126

CPMI <0.1 0.40 0.560
Statistic Axis 1 Axis 2

Eigenvalues 0.8474 0.1425
Explained variation (cumulative) 84.74 98.98

Pseudo-canonical correlation 0.9999 0.9999
Explained fitted variation (cumulative) 84.78 99.03

SOC, soil organic C; Fea, amorphous iron oxide; Fef, free iron; BD, bulk density; MLOC, moderately labile organic
C; HLOC, high-labile organic C; CP, capillary porosity; L, the C pool liability; TN, total N; CPMI, the C pool
management index.
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4. Discussion
4.1. Relationship among Soil Properties, Labile OC Pool Indexes and Aggregate Stability

Soil organic C pools are primarily dependent on the balance between the input from
crop and root decomposition, and the outflow from mineralization and the leaching/runoff
process, which change soil LOC fractions [1]. In our study, the soil of UC position had higher
LLOC contents compared with the rest of the positions (Figure 4), which was attributed
to the losses of SOC and nutrients by flow during the erosion process [54]. Moreover, AF
soil had a significantly higher labile-C content and lower passive-C content compared
with higher positions. This is because passive organic C dominated the SOC, which can
accelerate during the aggregation of microaggregate to macroaggregate [27]. Since AF soil
was strongly affected by the deposition of sediments transported from higher positions by
gravity, it has more microaggregates and lower aggregate stability [13], further causing the
low passive OC.

Integrating soil organic C pool and lability into soil CPMI may give a readily available
index to assess agricultural management methods’ ability to enhance soil quality [55,56].
We found that the soil CPI had a trend of decline along erosion positions. Still, soil L and
LI were opposite (Figure 5a–c), which were correlated with the SOC changes (Table 1).
In addition, the CPMI was highest at the UC position among all the erosion positions
(Figure 5d), indicating that soil quality had a declining trend along with the height of the
collapsing-gully erosion positions. Moreover, soil buildup and vertical migration below
the erosion position increased the SOC content at the AF position.

Additionally, the lateral SOC migration downslope dominated vertical translocation
at the CW, CD, and SC positions, increasing SOC at the UC position (Table 1). This is
probably because erosion-induced soil reallocation generated a large redistribution of SOC
and further resulted in the degradation of soil quality along the slope [57]. According to
Van Oost et al. (2007), topsoil erosion might cause variations in the vertical distribution
and the storage-soil labile and recalcitrant organic C pools [58]. Therefore, collapsing-gully
erosion can change soil C pool quality and heterogeneity by affecting the distributions of
SOC and LOC fractions in our study.

4.2. Soil-Aggregate Size and Stability at Different Erosion Positions

Our research found that soil-aggregate content and aggregate stability significantly
differed among erosion positions (Figures 2 and 3). The AF soil has lower PSA1 and PSA2
contents but higher PSA3 and PSA4 contents (Figure 2), which indicates collapsing-gully
erosion can reduce soil macroaggregates [46]. Moreover, the values of WSA, MWD and
GMD at the UC, CW, CD and SC positions were higher than those in AF (Figures 2 and 3),
indicating that the soil has lower aggregate stability at the AF position. This is because
natural rainfall breaks soil macroaggregates into microaggregates, which move into the
AF position with rainfall runoff [54], further increasing the <0.25 mm aggregate contents
(Figure 2), thus causing the lower aggregate stability of AF soil. Similarly, AF soil had a
lower St but higher K value than the rest of erosion positions (Figure 3c,d), indicating AF
soil had poor structural stability and easily suffered from erosion under collapsing-gully
erosion conditions. These results are probably because of the fast development of the
collapsing gully being governed by the retreat of the UC and the collapse of the CW, the
base-level of erosion controlling the re-erosion of the colluvial deposit, and the development
speed [59]. Those processes could generate the redistribution of soil materials at various
positions, which cause the loss of the small soil particle and nutrients, as well as the
descending of soil-structure stability along the direction of overland runoff [44]. However,
the change in the natural environment directly triggered collapsing-gully formation due to
human activities [60].

Additionally, rainfall infiltration could increase soil weights, which drove soil collapse,
and further caused soil leaching and thus reduced the soil stability and anti-erosion abil-
ity [19]. Furthermore, soil particles and associated organic C could be transported from the
initial eroding site (UC) to the depositional site (AF) along the slope [61], which resulted in
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the elution of base ions and the loss of cementing materials (e.g., iron oxides), and further
affected the structural instability of AF soil. Therefore, frequent rainfall erosion could
weaken soil aggregate stability and lead to a loss in soil quality and function, threatening
the ecosystem’s stability.

4.3. Effects of Soil Basic Parameters and LOC Pool Indexes on Aggregate Stability

Soil properties and LOC pool indexes had a positive correlation with soil-aggregate
stability (Tables S2 and S3, Figure 6), which indicates that collapsing-gully erosion could
change the stability of LOC pool and soil properties by maintaining better soil structure,
further improving soil quality [53,56]. In our study, clay content was positively correlated
with St (Table 2). Moreover, sand had a positively correlation with MWD, GMD and WSA
(Table 2 and Figure 6a), which is possibly because clay is mainly used as a bonding agent
and interacted with cations and organic compounds in soil [62], and further promoted soil-
aggregate formation. Moreover, silt could strongly affect aggregate stability by changing
the soil size composition and thus affecting soil structure [63]. Meanwhile, soil Fea and
SOC significantly contributed to aggregate stability (Figure 7 and Table 2), because Fea
and SOC could accelerate aggregate formation [64], especially under collapsing-gully
erosion conditions. In contrast, L and LI had a negative effect on MWD, GMD, and
WSA (Table 2 and Figure 6b), indicating that soil has a great capacity for improving soil-
aggregate stability by the stability of LOC pool [50,65]. These results were perhaps because
the CPMI response to collapsing-gully erosion was consistent with the changes of SOC and
LOC fractions [66].

Our study also found that SOC and all soil LOC fractions were positively correlated
with CPMI (Figure S1), indicating that SOC content was an incredibly significant driver
of the amount of LOC pool existing [67]. Furthermore, a linear relationship was found
between soil properties, including SOC, TN, Fef, and clay, and labile C fractions (Table 2).
Furthermore, soil LOC pools could improve the soil quality, possibly affecting soil proper-
ties in our study. Therefore, soil LOC fractions might be vital parameters of the direction
and amount of soil organic C cycling and the stability of the soil structure, and even the
soil quality, after collapsing-gully erosion.

5. Conclusions

This research provided insight into the impacts of soil LOC pools on aggregate stability
across the different positions of collapsing-gully erosion in the Acric Ferralsols region
of south China. Collapsing-gully erosion significantly affected aggregate stability and
labile C pool quality. Although the range of responses of different soil LOC fractions
and aggregate stability to different erosion positions were different, UC soil had higher
MWD, GMD, WSA, St, LOC fractions, CPI, and CPMI, which indicates that the stable C
pool (passive-C) contributed to the increases in soil-aggregate stability. Furthermore, SOC,
silt, and Fea contents significantly affected aggregate stability. At the same time, those
indexes significantly correlated with soil LOC pool indexes, which further indicated that
the combined actions among soil LOC fractions, C pool and soil characteristics affected
aggregate stability. The soil labile C pool was a valuable indication of soil structure and
quality following soil erosion. Therefore, the decreases in the contents of soil LOC fractions
were mostly attributable to soil-structure depletion, which resulted in changes in soil
properties during erosion. Moreover, our research suggests that the improving aggregate
stability induced by rainfall erosion is required to preserve soil LOC pool stability and
increase SOC input in China’s south subtropical Acric Ferralsols region.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy13071869/s1, Figure S1: Pearson’s correlation coefficients
among soil organic C, labile C fractions and C pool management index under different soil erosion
positions; Table S1: Basic chemical properties in soil aggregate of the study sites (mean ± SE); Table
S2: Loading factors of parameters on the first Principal Components (PC1 and PC2) of principal
component analysis (PCA) applied to physicochemical parameters and labile C fractions of soils
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subject to erosion positions; Table S3: Comprehensive scores of labile C stability with different erosion
positions; Table S4: Loading factors of parameters on the first Principal Components (PC1 and PC2) of
principal component analysis (PCA) applied to physicochemical parameters, aggregate stability and
erodibility of soils subject to erosion positions; Table S5: Comprehensive scores of labile C stability
with different erosion positions.
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