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Abstract: Land use changes modify soil properties, including aggregate structure, and thus, pro-
foundly affect soil quality and health. However, the effects of land use changes originating from
alpine grassland on soil aggregates and aggregate-associated organic carbon have received little at-
tention. Soil aggregate fraction, aggregate-associated organic carbon and relevant influencing factors
were determined at 0–20, 20–40 cm soil layers for alpine grassland, cropland and abandoned land in
the eastern Qinghai–Tibet Plateau (QTP), and their relationships were analyzed by partial least square
regression (PLSR). Results showed the following: (1) conversion from alpine grassland to cropland
resulted in a significant decline macroaggregate fraction (R0.25), mean weight diameter (MWD), mean
weight diameter (GMD), soil organic carbon (SOC), and microaggregate-associated SOC; (2) almost
all aggregate stability indexes, SOC, and aggregate-associated SOCs were significantly positively
correlated with silt and glomalin, suggesting that the binding of fine particles (silt) with the organic
cementing agent (glomalin) was probably a key mechanism of SOC formation and aggregate stability
in the studied region; (3) compared with biotic factors such as SOC, glomalin and root biomass,
abiotic factors including silt and sand can better predict aggregate stability and SOC fraction using
the PLSR model. The above results indicated that the conversion of alpine grassland to other land
use types in high altitude areas would destroy soil structure and decrease soil organic carbon content,
and then reduce soil quality.

Keywords: soil aggregate stability; soil quality; LUCC; alpine grassland

1. Introduction

Soil fertility and land degradation are affectable due to SOC relations with soil struc-
ture, nutrient retention, water storage and pollutant attenuation [1]. Soil aggregate is the
most fundamental soil structural unit [2]. Good aggregate structure can help the soil retain
better water, fertilizer, gas and heat conditions, and thus, obtain better soil quality [3]. SOC
tends to be regarded as one of the key indicators of soil quality [4]. As the concentrated em-
bodiment of soil organic-cementing material, SOC is conducive to promoting the formation
of soil macroaggregates and improving soil structure [5]. Contrary to this, soil aggregates
can not only physically protect SOC from microbial decomposition, but also adsorb SOC on
the surface of clay particles through chemisorption, thus reducing SOC loss [6,7]. Therefore,
exploring the properties of soil aggregates and SOC and their relationships is of great
significance for evaluating soil quality [8].

Land use/land cover change (LUCC) is the primary human activity driving soil
structure and organic carbon storage change [9–12]. Due to low temperatures, drought and
weak microbial activity from high altitude, the decomposition, stability and accumulation
of SOC in alpine grassland are different from those in the grasslands of other climate
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types [13,14]. Regional differences of SOC further trigger the particularity of the soil
aggregate structure in alpine grassland [15]. Therefore, it is necessary to explore the effects
of LUCC originating from alpine grassland on SOC and aggregate structure.

Previous studies regarding the effects of land use/land cover change originating from
alpine grassland on SOC and aggregate structure mainly focused on grassland degradation
triggered by overgrazing [13,16,17] (that is, the role of land cover change), less concerned
with land use change [18] (such as the conversion of grassland to cropland). Ma et al. (2020)
found that, with the degradation of an alpine meadow, the soil macroaggregate percentage
decreased, MWD and GMD became smaller, and SOC within microaggregate was higher
than that of other aggregate fractions [16]. Dong et al. (2020) compared and analyzed
the non-degraded and degraded grasslands of an alpine meadow and alpine steppe, and
reported that the microaggregate-associated SOC of a non-degraded alpine meadow was
highest among all grassland types; the macroaggregate-associated SOC of degraded grass-
land was higher than that of a non-degraded grassland [13]. Pu et al. (2022) suggested that
with the degradation of alpine marsh meadows, soil macroaggregates and SOC decreased
significantly; aliphatic C decreased, and alcohol phenolic C and polysaccharide C increased
in SOC fractions as the alpine marsh meadow degraded [17]. Land use significantly af-
fected soil properties and quality [9]. The land use conversion of grassland, cropland and
abandoned land, as one of the main forms of land use conversion, had profound impacts
on soil aggregates and SOC and had been widely concerned worldwide [9,19–21]. Studies
on soil aggregates, SOC and their relationships during land use conversion from alpine
grassland to cropland and abandoned land are rather rare, and the varying mechanism is
still unclear.

Due to low temperatures, weak microbial activity and long-time accumulation, the
composition and storage of SOC and soil aggregate structure in alpine grassland differ
remarkedly from those in a low-altitude area [11–13]. Despite substantial studies on
the effects of land use change on soil aggregates and SOC with aggregate factions, few
studies are focused on the contribution of land use change starting from alpine grassland
to soil aggregates and aggregate-associated SOC, and the influencing mechanism is still
unclear. In the study, soil aggregate fraction, stability, SOC, aggregate-associated SOC and
corresponding influencing factors (pH, soil particle, root biomass, etc.) were measured
and calculated at 60 sampling sites in the eastern QTP. Based on the above measurements,
we aimed to test the hypothesis that soil aggregate and aggregate-associated SOC varied
significantly with the conversion of alpine grassland into crop and abandoned land, and
abiotic factors had more influence on such changes than biotic factors. Therefore, the
objectives of this study were as follows: (1) to evaluate the response of soil aggregate
fractions, stability and aggregate-associated SOC to land use change originating from
alpine grassland; and (2) to identify key controls driving soil aggregate stability and
aggregate-associated SOC during land use conversion in alpine grassland.

2. Materials and Methods
2.1. Sites

The study area is located in Minhe, Pingan, Huzhu, Huangzhong, and Ledu County,
Qinghai Province (101◦41′–103◦42′ E, 36◦06′–37◦08′ N) in the eastern part of the Qinghai–
Tibet Plateau (Figure 1). The conversions of grassland, cropland and abandoned land in
this region are most drastic in the Qinghai–Tibet Plateau [22]. With the social and economic
development in the region, large numbers of grasslands had been reclaimed for cropland.
Due to the policy of “Grain for Green Project”, part of the cropland in the region was
abandoned [23,24]. The terrain is mainly hilly, with elevations between 1767 and 2275 m.
It is a plateau continental climate, with an annual mean temperature between 3.1–7.9 ◦C
(1960–2017) and annual mean precipitation at 381.1 mm (1960–2017) [25]. The soil type
in this area is mainly chestnut soil. The area has been cultivated for nearly 300 years [24],
mainly implementing a rotation system of one crop a year. The final crops on the collected
soil are spring wheat (Triticum aestivum L.), spring corn (Zea mays L.), potato (Solanum
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tuberosum L.), and spring rape (Brassica campestris L.), which are also the dominant crop in
the region.
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2.2. Samplings and Measurements
2.2.1. Experimental Design and Sampling

In September 2020 and April 2021, three land use types (grassland, cropland and
abandoned land) were selected in Minhe, Ledu, Huzhu, Pingan, and Huangzhong County
in eastern Qinghai Province to set up sampling sites. Eventually, a total of 60 sampling sites
were selected, which were 11 samples in grassland, 38 samples in cropland and 11 samples
in abandoned land. A root drill (inner diameter 9 cm) was used to collect a total of 120 soil
samples from 0–20 and 20–40 cm soil layers at each sampling site. Each sampling site was
set up with 5 replicates, and the soil sample with 5 replicates was removed from large
impurities and fully mixed into one sample for the determination of soil aggregate fractions
and SOC. Land use types were investigated before soil samples were collected and field
management surveys were conducted through interviews with local farmers. After natural
air drying in the room, the soil samples were put into the numbered plastic bags, sealed
and stored for use.

2.2.2. Aggregate Separation and Soil Properties

Soil aggregate fraction, particle composition, organic carbon, pH, root dry weight,
easily extractable glomalin-related soil protein (EE-GRSP) and total glomalin-related soil
protein (T-GRSP) were determined and presented in Table 1. In this study, soil aggre-
gates were determined by the wet sieve method, and the aggregates were sieved into
fractions of >0.25 mm (macroaggregate), 0.25–0.053 mm (microaggregate) and <0.053 mm
(silt + clay) [26]. The soil particle composition was determined by Mastersizer 3000 laser
particle size analyzer (Malvern Instruments, Malvern, UK). The soil particle composition
consisted of clay (<2 µm), silt (50–2 µm) and sand (2000–50 µm). The SOC content was
analyzed using the dichromate oxidation method; about 0.60 g of air-dried soil was di-
gested with 5 mL of 0.8 M K2Cr2O7 and 5 mL of H2SO4 at 170–180 ◦C for 5 min, and the
digestate was then titrated with 0.2 M FeSO4 [27]. Soil pH was measured in a 1:2.5 (air-dried
soil–water) suspension using a pH meter with a glass electrode; the dry weight of soil roots
was determined by the weighing method, that is, the roots (>1 mm) were washed out by a
sieve with a diameter of 1 mm, dried in an oven at 65 ◦C and weighed. Glomalin-related
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soil protein (GRSP) was determined based on the Bradford protein assay [28], which could
be classified into two GRSP fractions including easily extractable glomalin-related soil
protein (EE-GRSP) and total glomalin-related soil protein (T-GRSP).

Table 1. Basic information of different land use types.

Properties
Grassland Cropland Abandoned Land

0–20 cm 20–40 cm 0–20 cm 20–40 cm 0–20 cm 20–40 cm

pH 8.16 ± 0.07 a 8.2 ± 0.43 A 8.15 ± 0.18 a 8.34 ± 0.22 A 8.22 ± 0.11 a 7.72 ± 2.1 A
RDWD (g m−3) 1.47 ± 0.80 a 0.98 ± 0.68 A 0.53 ± 0.36 b 0.23 ± 0.26 B 0.54 ± 0.34 b 0.13 ± 0.07 B
SOC (g kg−1) 20.21 ± 4.22 a 15.03 ± 3.17 A 14.51 ± 5.28 b 11.00 ± 5.15 B 10.12 ± 6.62 c 10.13 ± 5.58 B

D50 (µm) 1.84 ± 7.61 a 17.45 ± 3.24 A 21.83 ± 7.61 a 19.29 ± 6.97 A 20.86 ± 6.70 a 21.71 ± 7.74 A
Clay (%) 8.57 ± 1.63 a 8.52 ± 1.55 A 8.22 ± 1.54 a 9.59 ± 2.84 A 8.65 ± 3.32 a 8.88 ± 5.13 A
Silt (%) 73.85 ± 6.26 a 72.53 ± 3.58 A 70.55 ± 6.54 a 71.99 ± 5.77 A 72.61 ± 6.02 a 70.50 ± 4.29 A

Sand (%) 16.51 ± 4.66 a 18.03 ± 3.56 A 21.23 ± 7.89 a 18.41 ± 7.23 A 18.73 ± 7.77 a 20.24 ± 7.66 A
DV (mm) 2.72 ± 0.02 a 2.71 ± 0.02 A 2.71 ± 0.02 a 2.71 ± 0.03 A 2.72 ± 0.02 a 2.72 ± 0.02 A

T-GRSP (mg g−1) 2.89 ± 0.27 a 2.11 ± 0.36 A 2.43 ± 0.45 b 2.06 ± 0.52 A 2.38 ± 0.53 b 1.77 ± 0.64 A
EE-GRSP (mg g−1) 0.64 ± 0.13 a 0.47 ± 0.15 A 0.54 ± 0.13 a 0.46 ± 0.11 AB 0.54 ± 0.16 a 00.37 ± 0.12 C

Note: The values are the mean and standard deviation. Different capital and minuscule letters mean a remarkable
difference in the same soil layer at different locations (p < 0.05). RDWD indicates root dry weight density; SOC
indicates soil organic carbon content; EE-GRSP indicates easily extractable glomalin-related soil protein; T-GRSP
indicates total glomalin-related soil protein; and DV indicates volume-based fractal dimension.

2.3. Statistical Analysis

Aggregate stability is represented by mean weight diameter (MWD), mean geometric
diameter (GMD), fractal dimension (D) and macroaggregate fraction with diameter > 0.25 mm
(R0.25), and the corresponding formula is as follows:

MWD =
n

∑
i=1

xi×wi (1)

GMD = exp
[

∑n
i=1 wi × lnxi

∑n
i=1 wi

]
(2)

where xi is the mean diameter of the aggregate class (mm), and wi is the proportion of each
aggregate class in relation to the aggregate weights as follows:[

di
dmax

]3−D

=
W(r < xi)

W0
(3)

where D is the fractal dimension, di is the mean aggregate diameter (mm) of the i size class,
dmax is the mean diameter of the largest aggregate, W(r < xi) is the cumulative mass of the
aggregates of i size less than dmax, and W0 is the total mass of the aggregates.

Partial least squares regression model (PLSR) is a method suitable for analyzing
multiple regressions with high autocorrelation, which is a combination of linear regres-
sion, canonical correlation and principal component analysis [29]. For this method, check
whether the data conform to the normal distribution, and make the data conform to the
normal distribution by logarithmic transformation. Then, data were imported into SIMCA
14.1 (Umetrics AB, Umea, Sweden) to determine the number of the components of indepen-
dent variables using cross-validation, and the final number of components was determined
according to the variance ratio of dependent variables. Eventually, the explanatory ability
of independent variables in relation to dependent variables was evaluated by the variable
projection importance (VIP) value. In general, a predictor variable with a VIP value higher
than 1 has significant explanatory significance for the response variable, a medium level
of interpretability when the VIP value is between 0.8 to 1, and no interpretation if the
VIP value is lower than 0.8 [29,30]. The independent variables in this study have serious
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correlation, and partial least squares regression can be used for regression modeling under
this condition.

A one-way ANOVA with an LSD test was used to analyze the significance of soil
properties, aggregate fractions, and aggregate-associated SOC across different land use
types. Additionally, a two-way ANOVA was conducted to examine the effects of land
use, soil depth, and their interaction on soil properties, aggregate stability, and aggregate-
associated SOC. Excel, SPSS 25.2, and Origin 2021 were used for all statistical analyses.

3. Results
3.1. Soil Aggregate Fraction and Stability

The distribution of aggregate size fractions under different land uses was summarized
in Table 2. In 0–20 and 20–40 cm soil layers, with the conversion of grassland into cropland,
the proportion of macroaggregate (>0.25 mm), MWD and GMD decreased significantly;
the proportion of microaggregate (0.053–0.25 mm), the proportion of silt + clay fraction
(<0.053 mm) and D significantly increased (Table 2, Figure 2). This indicated that land use
change could affect soil aggregate structure remarkedly, which was also supported by the
results in Table 3.

Table 2. Distribution of aggregate size fractions (%) under different land uses.

Land Use
Soil Aggregate Fraction

>0.25 mm 0.053–0.25 mm <0.053 mm

0–20 cm
Grassland 63.06 ± 11.24 a 1 27.32 ± 8.26 b 9.63 ± 3.60 b
Cropland 35.88 ± 18.86 b 46.43 ± 15.19 a 17.69 ± 5.17 a

Abandoned land 39.09 ± 16.60 b 44.07 ± 14.75 a 16.85 ± 4.77 a

20–40 cm
Grassland 60.82 ± 5.93 a 28.91 ± 3.33 b 10.27 ± 4.26 b
Cropland 28.27 ± 19.11 b 50.53 ± 15.89 a 21.20 ± 6.91 a

Abandoned land 40.37 ± 18.71 b 42.26 ± 12.75 a 17.10 ± 8.15 a

Note: 1 different lower-case letters in a row mean significant differences (p < 0.05).
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Table 3. Analysis of variance results for the composition and stability of soil aggregates.

Soil Aggregate Land Use Soil Depth Land Use × Soil Depth
F p F p F p

Soil aggregate stability
R0.25 16.230 <0.001 0.370 0.257 0.278 0.758

D 16.341 <0.001 1.298 0.054 0.015 0.985
MWD 35.649 <0.001 3.807 0.679 0.590 0.556
GMD 31.004 <0.001 0.173 0.545 0.784 0.460

Soil aggregate fraction
Macroaggregate 16.230 <0.001 0.370 0.545 0.278 0.758
Microaggregate 11.643 <0.001 0.188 0.665 0.247 0.782

Silt + clay 17.305 <0.001 0.553 0.459 1.305 0.276
Note: MWD indicates mean weight diameter; GMD indicates mean geometric diameter; R0.25 indicates macroag-
gregate fraction with diameter > 0.25 mm; D indicates fractal dimension.

After the cropland was converted to abandoned land, the proportion of macroaggre-
gate (>0.25 mm), MWD, GMD and R0.25 increased, but not significantly (Table 2, Figure 2,
p > 0.05), suggesting that abandonment in the studied area could improve soil structure
to a limited extent. According to Tables 2 and 3, and Figure 2, no significant difference
in aggregate fraction and stability between 0–20 and 20–40 cm soil layers was detected in
grassland, cropland and abandoned land.

3.2. Soil Aggregate-Associated SOC

Bulk SOC was significantly reduced as grassland was successively transformed into
cropland and abandoned land (p < 0.05, Table 4). Considering the SOC fraction, the SOC
in each aggregate fraction decreased gradually following the conversion of grassland into
cropland and abandoned land (p < 0.05, Table 4), suggesting that the reduction in aggregate-
associated SOC during grassland succession contributed significantly to bulk SOC.

Table 4. Soil organic carbon content (g kg−1) in bulk soil and different aggregate fractions under
various land use types.

Land Use SOC 1
Soil Aggregate Fraction

>0.25 mm 0.053–0.25 mm <0.053 mm

0–20 cm
Grassland 20.22 ± 4.23 a 2 21.87 ± 4.45 a 16.66 ± 3.74 a 16.30 ± 5.46 a
Cropland 14.51 ± 5.29 b 19.26 ± 8.07 ab 11.96 ± 6.62 b 14.82 ± 7.58 ab

Abandoned land 10.00 ± 5.13 c 15.74 ± 6.14 b 10.30 ± 4.84 b 10.13 ± 6.62 b

20–40 cm
Grassland 15.03 ± 3.17 a 15.96 ± 4.76 a 13.97 ± 5.35 a 12.89 ± 4.12 a
Cropland 11.00 ± 5.14 b 15.45 ± 7.75 a 9.04 ± 4.44 b 10.40 ± 5.96 a

Abandoned land 10.13 ± 5.58 b 10.64 ± 4.89 a 7.94 ± 3.82 b 9.56 ± 4.22 a

Note: 1 soil organic carbon; 2 different lower-case letters in a row mean significant differences (p < 0.05).

According to Tables 4 and 5, bulk SOC decreased to a certain extent with the soil
depth (p = 0.091). From the perspective of the SOC fraction, the significant reduction
in macroaggregate-associated SOC with soil depth (p < 0.05, Tables 4 and 5) resulted in
decreasing bulk SOC. In contrast, SOC within the silt + clay fraction did not significantly
decrease with soil depth (p = 0.205, Table 5).
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Table 5. Effects of land use, soil depth and their interaction on soil aggregate-associated organic carbon.

SOC 1 Land Use Soil Depth Land Use × Soil Depth

F p F p F p

Bulk soil 8.624 <0.001 2.911 0.091 0.925 0.400
Macroaggregate 4.078 <0.05 8.080 <0.05 0.162 0.850
Microaggregate 8.829 <0.001 2.849 0.095 0.096 0.909

Silt + clay 2.948 <0.05 1.630 0.205 0.547 0.580

Note: 1 soil organic carbon.

3.3. Factors Controlling Soil Aggregates and Aggregate-Associated SOC

In the 0–20 soil layer, SOC within the silt + clay fraction was positively correlated
with clay, silt and easily extractable and total glomalin-related soil protein (EE-GRSP, T-
GRSP), and negatively correlated with the sand, but the correlation was not significant
(Figure 2a, p > 0.05). There was a significant positive correlation between microaggregate-
associated SOC and silt, EE-GRSP, T-GRSP, and a significant negative correlation between
microaggregate-associated SOC and sand (Figure 3a, p < 0.05). In addition, significant
positive correlation between microaggregate-associated SOC and silt + clay-associated
SOC (Figure 3a, p < 0.05) was observed. Macroaggregate-associated SOC was positively
associated with the SOC within microaggregate (Figure 3a, p < 0.05), but no significant
interaction was detected between macroaggregate-associated SOC and soil particles, EE-
GRSP, and T-GRSP (Figure 3a, p > 0.05). SOC had significant positive correlation with
microaggregate-associated SOC, silt + clay-associated SOC, silt content, EE-GRSP and
T-GRSP (Figure 3a, p > 0.05). In the 20–40 cm soil layer, relationships between SOC, SOC
within aggregate fractions, and the influencing factors were typically the same as those in
the 0–20 cm surface layer (Figure 3), except that the correlation between pH and multiple
indexes was significantly enhanced (Figure 3b, p < 0.05).

Through partial least squares regression (PLR) and variable projection importance
(VIP) analysis, VIP scores of both silt and clay contents were higher than 1, exhibiting
good prediction ability for SOC within aggregate fractions in 0–20 and 20–40 cm soil layers
(Figure 4). Apart from silt and sand contents, SOC and root biomass in the 0–20 cm soil
layer can be good predictors of SOC within the silt + clay fraction; clay content in the
20–40 cm soil layer can well estimate SOC in each aggregate fraction (Figure 4).

3.4. Factors Controlling Soil Aggregate Stability

In the 0–20 cm soil layer, R0.25, MWD, and GMD, which represent aggregate stability,
were significantly positively correlated with SOC, and the correlation coefficients were 0.66,
0.65, and 0.66, successively (Figure 3a, p < 0.01). Further analysis from the perspective of
SOC fractions showed that no remarkable associations between R0.25, MWD, GMD and
macroaggregate-associated SOC were identified (Figure 3a, p > 0.05); significant positive
correlations between soil aggregate stability indexes and SOC within microaggregate and
silt + clay fraction were observed (Figure 3a, p < 0.05). Considering soil particle composition,
aggregate stability indexes (R0.25, MWD, GMD) were significantly positively correlated
with silt and clay content, and significantly negatively regulated by sand content (Figure 3a,
p < 0.05). Furthermore, significant positive correlations were detected between aggregate
stability indexes (R0.25, MWD, GMD) and EE-GRSP and T-GRSP (Figure 3a, p < 0.05). In
the 20–40 cm soil layer, relationships between soil aggregate stability indexes and the
influencing factors were typically the same as those in the 0–20 cm surface layer (Figure 3).

In the 0–20 cm soil layer, the VIP scores of silt and sand were much higher than
1, which had a good prediction for all aggregate stability indexes (R0.25, GMD, MWD)
(Figure 5). In the 20–40 cm soil layer, except for silt and sand, clay content, SOC, and
root biomass can predict soil aggregate indexes well, with VIP scores almost higher than 1
(Figure 5).
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Figure 3. Heat map of the correlation matrix of the independent variables used in the PLSR analysis.
Note: 0.25–2 indicates aggregate fraction (%) within 0.25–2 mm; 0.053–0.25 indicates microaggregate
fraction (%) within 0.053–0.25 mm; <0.053 indicates silt + clay fraction; MWD indicates mean weight
diameter; GMD indicates mean geometric diameter; R0.25 indicates macroaggregate fraction with di-
ameter >0.25 mm; SOC indicates soil organic carbon; Macro-SOC indicates macroaggregate-associated
SOC; Micro-SOC indicates microaggregate-associated SOC; Silt + clay-SOC indicates SOC within
silt + clay fraction; EE-GRSP and T-GRSP indicate easily extractable and total glomalin-related soil
protein; * indicates a significant correlation between the two variables (p < 0.05) and RDMD indicates
root dry weight density.
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Figure 4. Variable importance values for the projection affecting soil aggregate-associated SOC. Note:
SOC indicates soil organic carbon; Macro-SOC indicates macroaggregate-associated SOC; Micro-SOC
indicates microaggregate-associated SOC; Silt + clay-SOC indicates SOC within silt + clay fraction; clay,
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and total glomalin-related soil protein; and RDMD indicates root dry weight density. According to the
legend, (a,c,e) and e represent 0–20 cm soil lay; (b,d,f) represent 20–40 cm soil layer, respectively.
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Figure 5. Variable importance values for the projection affecting soil aggregate stability indexes. Note:
MWD indicates mean weight diameter; GMD indicates mean geometric diameter; R0.25 indicates macroag-
gregate fraction with diameter > 0.25 mm; D indicates fractal dimension; SOC indicates soil organic carbon;
clay, silt and sand indicates clay, silt and sand content; EE-GRSP and T-GRSP indicate easily extractable
and total glomalin-related soil protein; and RDMD indicates root dry weight density. According to the
legend, (a,c,e,g) represent 0-20 cm soil lay; (b,d,f,h) represent 20-40 cm soil layer, respectively.
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4. Discussion
4.1. Response of Soil Aggregate Stability and Aggregate-Associated SOC to Land Use Conversion

With the conversion of grassland to cropland, MWD, GMD and R0.25 decreased signif-
icantly (Figure 2, p < 0.05). This result was consistent with Baranian Kabir et al. (2017) [31].
A possible explanation for this might be that grassland had more input of plant residues,
thus improving microbial activity, promoting the formation of cementing materials, and
enhancing the stability of soil aggregates [32,33]. Another possible explanation for this was
that large numbers of plant roots in grassland can promote the formation and stability of
aggregates through root entanglement or the cementation of root exudates [34]. On the
contrary, tillage measures in cropland would break up macroaggregates in soil, resulting in
a decline in the stability of soil aggregates [35].

SOC reduced significantly after grassland was converted into cropland (Table 4,
p < 0.01). This also accorded with earlier observations by Qiu et al. (2012), which showed
that the conversion of grassland to cropland would result in SOC loss of more than 50% [36].
The observed decline in SOC could be attributed to the destruction of soil structure by
the reclamation of grassland for cropland, which modified soil temperature, moisture and
permeability, accelerated the decomposition of SOC, and ultimately led to a large loss
of SOC [37]. From the perspective of the aggregate fraction, with the transformation of
grassland into cropland, the increase in microaggregate percentage and the significant
reduction of microaggregate-associated SOC accounted for the loss of SOC (Table 2, Table 4,
p < 0.05). As cropland was abandoned, the decrease in SOC within macroaggregate and
silt + clay fractions could, in part, explain the distinct SOC loss (Table 4, p < 0.05).

4.2. Factors Controlling Aggregate-Associated SOC

As depicted in Figure 3, there was a significant positive correlation between SOC
within the silt + clay fraction and silt content (p < 0.05). The observed correlation was due to
the fact that, as relatively fine particles in soil, silt particles easily formed macroaggregates
with root secretions and mycelia, which was conducive to the accumulation of SOC in the
silt + clay fraction [38]. Moreover, silt was the soil particle type with the highest proportion
in the studied region (Table 1). Significant positive correlation between glomalin-related
soil protein (EE-GRSP, T-GRSP) and SOC within silt + clay fractions (Figure 3, p < 0.05) was
observed. This happened because glomalin-related soil protein was known as the “super
glue” [39], which could bind silt particles to form SOC within the silt + clay fraction in this
study. Together, these results provided important insights into the formation mechanism of
SOC within the silt + clay fraction in this study, which was the combination of silt particles
and glomalin-related soil protein.

With regard to microaggregate-associated SOC, the most interesting result to emerge
was that, like SOC within the silt + clay fraction, microaggregate-associated SOC was
significantly positively correlated with silt content and glomalin-related soil protein (EE-
GRSP, T-GRSP), and had a good positive correlation with SOC within the silt + clay
fraction (Figure 3, p < 0.05). Therefore, it can be inferred that the binding of silt particles
with glomalin-related soil protein was the main mechanism of the formation of both
SOCs within silt + clay and microaggregate fractions. However, there was no significant
relationship between macroaggregate-associated SOC and silt content, or glomalin-related
soil protein (EE-GRSP, T-GRSP) (p > 0.05). This could be ascribed to the fact that the
formation mechanism of macroaggregate-associated SOC was more complex [40], resulting
in the insignificant effects of silt content and glomalin-related soil protein on SOC in the
macroaggregate.

Through the analysis of PLR and VIP, the SOC in each soil layer and aggregate fraction
could be predicted well by silt and sand particles (Figure 4, VIP values > 1). The reason
might be that the weak microbial activity in the high-altitude area [12] led to the universally
and significantly higher contribution rate of abiotic factors (represented by silt particles)
to SOC within aggregate fractions than that of biological factors (represented by RDWD
EE-GRSP, T-GRSP).
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4.3. Factors Controlling Soil Aggregate Stability

MWD, GMD and R0.25, which represented the stability of aggregates, were significantly
positively correlated with SOC (Figure 3, p < 0.05). This finding was in agreement with
a previous study by Zhu et al. (2018) [41]. This could be due to the fact that SOC was
the concentrated embodiment of organic cementing material in aggregates, which could
effectively increase the proportion of the macroaggregate and improve the stability of
aggregates [2]. Significant positive associations (Figure 3, p < 0.05) were detected between
soil aggregate stability indexes (R0.25, MWD, GMD) and glomalin-related soil proteins
(EE-GRSP, T-GRSP). The study of Zhang et al. and Spohn et al. also reached a consistent
result [42,43]. As the secretions of rhizocorrhiza arbuscular fungi, glomalin-related soil
proteins acted as the main soil organic cementing agents [39], the content of which was
closely related to the stability of aggregates [44].

As can be seen from Figure 3, SOC was significantly positively correlated with
aggregate stability indexes (p < 0.05). However, no significant relationship between
macroaggregate-associated SOC and aggregate stability indexes existed (p > 0.05); only
SOCs in microaggregate and silty + clay fractions were significantly positively correlated
with the stability indexes of aggregates (p < 0.05). This finding indicated that the primary
SOC contributor to the stability of aggregates were the SOCs within microaggregates and
silt + clay fractions. Regarding soil particles, aggregate stability indexes were significantly
positively correlated with silt, and negatively regulated by sand (Figure 3). The same results
were also found in the study by Caravaca et al. (2001), who suggested that small particles
such as silt could easily bind to soil organic cementing substances (i.e., glomalin-related
soil protein) to promote the formation of aggregates [38].

According to Figure 5, it could be seen that silt and sand particles, representing abiotic
factors, had the best predictive ability for aggregate stability, followed by SOC and root
biomass, representing biological factors. This indicated that in the high-altitude area where
plant growth and microbial activity were weak, the influence of abiotic factors on the
stability of soil aggregates was obviously greater than that of biological factors.

5. Conclusions

To clarify the changes and driving mechanisms of soil aggregate structure, organic
carbon, and their relationships during land use change in the eastern Qinghai–Tibet Plateau,
soil samples of 0–20, 20–40 cm soil layers in cropland, grassland and abandoned land were
collected and determined. Conclusions are as follows:

(1) Soil aggregate stability decreased significantly with the conversion from grassland
to cropland (p < 0.05); the aggregate stability of abandoned land was slightly higher
than that of cropland (p > 0.05); the aggregate stability of grassland was significantly
higher than that of abandoned land (p < 0.05);

(2) As grassland was converted to cropland, soil organic carbon (SOC) reduced re-
markedly (p < 0.05), which was because microaggregates and microaggregate-associated
SOC increased significantly synchronously during this process (p < 0.05);

(3) Soil aggregate stability was significantly positively correlated with SOC, microaggregate-
associated SOC and SOC within silt + clay fraction (p < 0.05); significant positive as-
sociations were also detected between soil aggregate stability and silt content, and
glomalin-related soil protein (p < 0.05);

(4) There was a significant positive correlation between SOCs in bulk soil, and silt + clay
and microaggregate fractions, which were all positively correlated with silt parti-
cles and glomalin-related soil protein (p < 0.05), suggesting that the combination of
fine physical particles (represented by silt particles) and organic cementing material
(represented by glomalin-related soil protein) may be the main mechanism of SOC
formation in the studied region;
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(5) Based on partial least squares regression, silt and sand could well predict aggregate
stability and aggregate-associated SOC, followed by bulk organic caron and glomalin-
related soil protein, indicating that, compared with biotic factors, abiotic factors
represented by silt and sand were more effective in predicting aggregate stability and
aggregate-associated SOC.
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