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Abstract: The impoundment of the Three Gorges Reservoir (TGR) has greatly altered the hydrological
regime and thus formed a distinctive riparian zone with anti-seasonal inundation and exposure,
which may affect the soil aggregate properties in this riparian zone. Yet, the soil aggregate size
distribution and stability influenced by the hydrological regime along the step-impounded elevation
have rarely been documented. This study aimed to elucidate how the hydrological regime of the
TGR affected the aggregate size distribution and stability in the riparian zone. Based on the step-
impounded elevation, topsoil samples were collected from four elevation-dependent transects in
a middle section of the TGR. Dry-sieving and wet-sieving methods were employed. The results
showed that, with a decrease in the elevation gradient, the mass percentage of the >5 mm aggregates
significantly decreased, while the proportions of the other size classes presented an increasing
trend. Additionally, the mean weight diameter (MWD), geometric mean diameter (GMD), aggregate
stability rate (ASR), and percentage of aggregate destruction (PAD) of the fractal dimension showed a
successive decrease with a decrease in the elevation gradient, whereas PADMWD, PADGMD, PADASR,
and the fractal dimension demonstrated a reverse trend. It can thus be deduced that the hydrological
regime of the TGR significantly modified the aggregate size distribution and dramatically reduced
the aggregate stability, which may provide a crucial basis for assessing the soil erosion in similar
riparian zones.

Keywords: aggregate size distribution; aggregate stability; wetting and drying cycles; hydrological
regime; Three Gorges Reservoir

1. Introduction

Soil structure is a fundamental property that controls various soil processes (e.g., aggre-
gation, sorption, solution, redox, and mineralization) and influences several soil functions
(e.g., regulation function, habitat function, and production function) [1]. Soil aggregate, as
the basic unit of soil structure, is one of the important soil components that regulates its
related processes and functions such as water infiltration, carbon sequestration [2], root
penetration, crust formation [3], and surface erosion [4,5]. Aggregate stability refers to the
resistance of the soil aggregate against disintegration by external disruptive forces such as
water, wind, or managements [6,7]. A higher aggregate stability is beneficial for improv-
ing soil fertility, infiltration, anti-erosion, sustainability, and productivity. Consequently,
soil aggregate stability is widely considered as a key indicator of soil quality [8] and soil
susceptibility to erodibility [9]. Therefore, measuring soil aggregate size distribution and
stability under numerous factors is essential to assessing soil erosion risks and providing
implications for soil sustainable managements.
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Soil aggregate size distribution and stability depend on both internal factors and
external factors, with the external factors affecting the aggregate stability by mediating the
internal factors [10]. Generally, the wetting and drying (WD) cycle is a key external factor
causing strong alterations in the aggregate stability through its direct effects on soil moisture
and indirect impacts on soil microorganisms [11]. It is well accepted that the WD cycle
is a common phenomenon frequently induced by seasonal climate alternation, irrigation
and drainage, or water level fluctuation. Laboratory experiments and field studies have
revealed that WD cycles can promote the generation of aggregates in unaggregated soil, but
that they produce inconsistent effects on the aggregate stability in aggregated soil [12,13].
Peng et al. [14] found a decrease in aggregate stability with increasing numbers of WD cycles
in the non-rigid Gleysols. On the contrary, Rahman et al. [15] reported an improvement
in soil aggregation under WD cycles in the Vertisols. Additionally, Cosentino et al. [11]
reported that WD cycles showed no, negative, and positive effects on aggregate stability
under fast rewetting, slow rewetting, and stirring after a prewetting test in a silt loam
soil, respectively. These contradictions in the effects of WD cycles on aggregate stability
are closely related to the different intrinsic soil properties (e.g., initial soil moisture, clay
mineral, organic matter, exchangeable cations, and aggregate size), as well as the intensity
and duration of the WD cycles. Thus, the study of soil aggregate stability under WD cycles
has attracted the extensive attention of researchers. However, these studies have mainly
focused on agricultural or terrestrial soils affected by rainfall-derived or irrigation-derived
WD cycles, and not much attention has been paid to soil aggregate in a reservoir riparian
zone, where soil undergoes intensely special WD cycles due to the coexistence of rainfall
impacts and water level fluctuation.

Reservoirs represent an artificial disturbance to natural river channels and are designed
for hydropower generation, flood control, and navigation improvement, etc. [16]. The
impoundment of reservoirs may alter the original hydrological regimes, thus arousing
environmental issues such as soil structure degradation [17], biodiversity reduction, soil
erosion [18,19], sediment deposition [20], and bank instability. Particularly, the Three
Gorges Reservoir (TGR) in the People’s Republic of China is a well-known reservoir that is
formed by the operation of the Three Gorges Dam, the largest hydropower project in the
world. The TGR carried out step-by-step impoundment with an elevation of 135 m in 2003,
subsequently increasing to 156 m, 172 m, and 175 m in 2006, 2008, and 2010, respectively [21].
Since 2010, the water level has annually fluctuated between 145 m and 175 m, leading to
the formation of a riparian zone in the TGR. A riparian zone is a transitional zone between
the base level and peak level, suffering from seasonal submergence and exposure via water
level fluctuation and rainfall. Compared to other reservoir riparian zones, the riparian
zone of the TGR is a unique geomorphological unit with a larger extent, greater height, and
anti-seasonal hydrological regime [21]. Longitudinally, it extends 663 km from Jiangjin,
Chongqing City to Yichang, Hubei Province, with a total area of 349 km2. Laterally, it
covers a vertical height of 30 m from 145 m to 175 m. Temporally, its water level fluctuates
anti-seasonally between the base level of 145 m during the wet season (May to September)
and the peak level of 175 m during the dry season (October to April), suggesting that the
winter flooding regime of the TGR is opposite to the seasonal summer flooding regime of
the natural river. Besides its anthropogenic-regulated water level fluctuation, its altered
hydrological regime is also influenced by rainfall and waves, reflecting a variable flooding
regime (e.g., flooding timing, magnitude, frequency, intensity, and duration) along its
elevation gradient. These changes have resulted in highly spatial–temporal heterogeneities
in the geomorphological, geochemical, and ecological processes that interact with the
diverse bedrocks, soil types, topography, vegetation species, and human activities in the
riparian zone of the TGR [21].

Specifically, riparian soils experience annual WD cycles with seasonal submergence
and exposure caused by water level fluctuation and rainfall, which finally alter the soil
aggregate composition and stability. During the submerged or rainfall process, the water
level rapidly increases, resulting in the swelling of soil particles and the disintegration of
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soil aggregates [22]. During the exposed phase, the capillary forces, surface tension forces,
and soil cohesive forces change with continued drying, resulting in the shrinkage of soil
particles and the formation of cracks [23]. However, soils exhibit non-uniformity swelling
and shrinking with irreversible volumetric deformation [24,25], which is responsible for
the altered aggregate size distribution. Nsabimana et al. [5] reported a tremendous decline
in the mass proportion of >5 mm aggregates and a dramatic rise in the mass proportion
of <0.25 mm aggregates with an increasing wet shaking frequency for the riparian soil,
whilst Ran et al. [26] revealed that the highest and lowest proportions of >2 mm large
macro-aggregates were present in the intermediate and weak hydrological stress, and those
of 0.25–2 mm small macro-aggregates were shown in the weak and strong hydrological
stresses, respectively. As for the soil aggregate stability, Ran et al. [26,27] demonstrated that
this aggregate stability was the highest and the lowest under the intermediate and strong
hydrological stresses, respectively, whilst Cui et al. [17] observed that the aggregate stability
was highest and lowest under the none and intermediate hydrological stresses. Moreover,
Nsabimana et al. [28] concluded that the stability of the aggregates less than 2 mm decreased
as the elevation increased, using laser diffraction method, while he pointed out that the
aggregate stability increased as the elevation increased, using wetting and wet-shaking
methods [29]. The above mentioned studies have presented discrepancies in the effects of
the hydrological regime on soil aggregates in the riparian zone. Since soil aggregate size
distribution and stability may be heterogeneous at different spatial and temporal scales in
the riparian zone, this can contribute to the advancement of knowledge on soil aggregates
in the riparian zone, in order to elaborate upon the impacts of hydrological regimes on soil
aggregates. Furthermore, considering the 30 m vertical height of the water level fluctuation
in the riparian zone, previous studies have investigated the soil aggregate properties at
equal intervals of 5 m or 10 m along the elevation gradient. However, few studies have been
conducted to evaluate the soil aggregate based on the step-impounded elevation of the
TGR. We thus hypothesized that the hydrological regime could modify the aggregate size
distribution and stability. To test our hypothesis, we employed dry-sieving and wet-sieving
methods to investigate the characteristics of the aggregate size distribution and stability
along the step-impounded elevation in a typical section of the TGR riparian zone. The
specific objective of the present study was to evaluate the changes in the aggregate size
distribution and stability along the elevation gradient as a means of assessing the effects of
variations in the hydrological regime on soil aggregate stability.

2. Materials and Methods
2.1. Study Area

The riparian zone of the TGR is a transitional zone formed by its hydrological regime
and it contains 26 administrative units from Chongqing to Yichang along the Upper Yangtze
River (Figure 1). The present study was conducted on the left bank of a central section
of the riparian zone along the Yangtze mainstream, located in Zhong County, Chongqing
City (107◦32′–108◦14′ E, 30◦03′–30◦35′ N) (Figure 1). The area is characterized by a hilly
landscape and low mountains with gentle slope gradients of less than 15◦. The climate
belongs to a humid, subtropical monsoon climate with a mean annual temperature of
18.2 °C and an average annual precipitation of 1172.1 mm, which predominantly falls in
the rainy season from May to September. The bedrocks are defined as purple and red
rocks composed of sandstones and mudstones from the Jurassic Shaximiao Group (J2s) [17].
The widely distributed soil in the area is locally known as “purple soil” (Genetic Soil
Classification of China), which is classified as Entisol in the USDA Taxonomic System [30].
As the “purple soil” has a loamy soil texture with strong physical weathering and a poor
water stability, it is susceptible to soil erosion. The previous landform before the reservoir
impoundment consisted of arable lands and grassland, which have been transformed
into grassland and bare land after the impoundment of the TGR. The vegetation in the
study area is dominated by annual plants (e.g., Xanthium sibiricum and Digitaria sanguinalis)
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and perennial herbs (Cynodon dactylon, Hemarthria altissima, Paspalum paspaloides, and
Alternanthera philoxeroides) [31].
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2.2. Field Sampling

The field sampling was carried out in September 2016 when the water level stayed at
around 146 m and the riparian zone was extensively exposed. Since the hydrological regime
of the riparian zone is characterized by an annual artificial flow regulation between 145 m
and 175 m, combined with additional changes caused by frequent rainfall events during the
wet season (Figure 2a), the hydrological regime (e.g., inundation year, frequency, duration,
and magnitude) was diverse along the elevation gradient. Considering that the hydrolog-
ical regime was operated by step-by-step impoundment, with increasing magnitudes of
156, 172, and 175 m above sea level in 2006, 2008, and 2010, respectively (Figure 2a), four
sampling transects along the elevation gradient were set up in each slope belt, which were
labeled as LI (long-term inundation, 145–156 m), MI (moderate inundation, 156–172 m),
SI (short-term inundation, 172–175 m), and CK (none inundation, 175–180m), respectively
(Figure 2b). The soil samples collected from 175–180 m were considered as controls and
the samples from 145–175 m represented riparian soils. Three slope belts, at approximately
equal distances at the horizontal interval of 5 m on the mainstream left bank, perpendic-
ular to the water flow direction, were selected as the sampling belts (Figure 2b). All the
landscapes of the sampling belts were grassland. The dominant vegetations in CK and SI
included Cynodon dactylon, Hemarthria altissima, Digitaria sanguinails, Paspalum paspaloides,
and Xanthium sibiricum. The prevailing vegetations in MI consisted of Cynodon dactylon, Pas-
palum paspaloides, Xanthium sibiricum, and Digitaria sanguinails. The vegetations in LI were
dominated by Cynodon dactylon and Alternanthera philoxeroides. The other basic information
on these sampling transects is presented in Table 1.
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Figure 2. The water level hydrograph and water level duration curve in the Three Gorges Reservoir
(a); the flow hydrograph and flow duration curve in the Three Gorges Reservoir (b); and schematic
diagram of sampling design (c). Data on reservoir water level and flow were obtained from the China
Three Gorges Corporation (http://www.ctg.com.cn/, accessed on 31 December 2016).

Table 1. Basic information on the sampling transects along the elevation gradient in the riparian zone
of the Three Gorges Reservoir.

Sampling
Transects

Inundation
Year (Year)

Inundation
Month

Inundation
Day (Day)

Inundation
Height (m)

Soil
Type

Vegetation
Cover (%)

Slop
Gradient (◦)

CK 0 0 0 0 Entisol 72 3–5
SI 6 October–January 3–97 0–3 Entisol 70 3–5
MI 8 September–April 97–249 3–19 Entisol 67 4–7
LI 10 September–May 249–365 19–30 Entisol 63 5–9

Note: CK (none inundation, 175–180m); SI (short-term inundation, 172–175 m); MI (moderate inundation,
156–172 m); and LI (long-term inundation, 145–156 m).

For determining the aggregate size distribution and stability, three undisturbed topsoil
clods of 10 × 10 × 10 cm were collected with a shovel after removing the residues, weeds,
and deposited sediments in each transect. Following this, the samples were put into a
plastic box. In each transect, three undisturbed topsoil cores (5 cm in length and 5 cm
in diameter) were also, respectively, collected from both the 0–5 cm and 5–10 cm layers
using the cutting ring for testing the bulk density. The bulk density in each transect was
determined as the mean value of the two-layer bulk density. The bulk topsoil samples
(0–10 cm) were collected using a shovel from four corners and the center in each transect
and then evenly mixed into a composite sample (2 kg in weight) that was sealed in a single
zip-lock bag for measuring the particle size distribution, pH, and organic carbon content.
A total of 36 undisturbed topsoil blocks, 72 undisturbed topsoil cores, and 36 composite
samples were carefully taken back to the laboratory for the next analysis.

2.3. Soil Properties Analysis

The composite samples were air dried at room temperature in the laboratory. Then,
each composite sample was ground to pass through 2 mm and 0.25 mm sieves for deter-

http://www.ctg.com.cn/
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mining the basic soil properties (e.g., soil texture, soil pH, organic carbon, and particle
density). The soil particle size distribution was measured using a laser particle size analyzer
(Mastersizer 2000, Malvern Instruments Ltd., Worcestershire, UK). Before the measurement
was taken, 0.5 g of soil that had passed through the 2 mm sieve was taken from each sample
and placed into a 25 mL beaker. Next, a 5 mL sodium hexametaphosphate dispersion
solution was added to the beaker, followed by the addition of 15 mL of distilled water.
Then, the beaker was shaken for 1–2 h. Subsequently, the Mastersizer 2000 with one sample
dispersion unit was initiated to take a measurement. The sample concentration was con-
trolled by monitoring the obscuration of the laser beam caused by the sample being added
to the dispersant. In the present study, deionized water was used as the dispersant and the
prepared soil sample was gradually added to a beaker with 1000 mL of deionized water
until the obscuration was in the range of 10–20%. Finally, the raw data on the soil particle
size distribution were supplied by the Malvern software in the Mastersizer 2000. Based on
the United States Department of Agriculture’s classification system, soil particle sizes of
less than 2 µm, 2–50 µm, and 50–2000 µm were classified as clay, silt, and sand, respectively.
A pH meter (model cyberscan 510, Singapore) was applied to test the soil pH at a soil:
water ratio of 1:2.5. The soil organic carbon was determined with an element analyzer
(vario EL, Elementar Analyser System GmbH, Hanau, Germany). The liquid pycnometer
method was used to measure the particle density (Soil Survey Laboratory Methods Manual,
2004). Additionally, the bulk density of the undisturbed soil core was obtained using the
cutting ring method and calculated using the mass of the oven-dried soil divided by the
volume of the cutting ring. The total porosity was calculated using the equation based
on the relationship between the bulk density and particle density (Soil Survey Laboratory
Methods Manual, 2004).

2.4. Soil Aggregate Analysis

The undisturbed soil colds were used for detecting the aggregate distribution and
stability. The soil colds were first broken into small parts around 10 mm along their natural
fissures by hand. Then, the broken samples were air dried at room temperature after
manually removing any residues and debris in the laboratory. The air-dried samples
were tested by both dry-sieving and wet-sieving methods, as proposed by Yoder [32]
and Kemper and Rosenau [33]. Briefly, to measure the mechanical-stable aggregate size
distribution, five hundred grams of each soil sample was placed in the top of a nest of
five sieves with descending aperture of 5, 2, 1, 0.5, and 0.25 mm. Then, the sample was
shaken for 10 min with a reciprocating shaker (Retsch VS. 1000) at the speed of 250 r/min.
After this process, the soil aggregates remaining on each sieve were weighted and the
mass percentages of six fractions (>5 mm, 5–2 mm, 2–1 mm, 1–0.5 mm, 0.5–0.25 mm,
and <0.25 mm) were calculated. Subsequently, to determine the water-stable aggregate
distribution, four composite subsamples (50 g for each subsample) were gained from each
sample by proportionally mixing the six fractions according to the corresponding mass
percentages described above. Then, each composite subsample was put in the top of the
stacking sieves (5, 2, 1, 0.5, and 0.25 mm) in an aggregate analyzer, which comprised four
independent and identical cylindrical water containers [34]. Following this, the nest of
five sieves was stabilized in the analyzer and surrounded by water containers. Following
this, the distilled water was poured into the water containers until the topmost sieve did
not exceed the water surface when it was at its highest. After the soil subsample was
immersed in water for 10 min, the analyzer worked for 30 min with a frequency of 30 r/min
and a vertical amplitude of 4 cm. Then, the nest was slowly raised to leave the water
surface and the aggregates retained on each sieve were, respectively, washed into boxes
with distilled water. Once the solution in the boxes was clarified, the clear water on the
upper part was poured out. Finally, the aggregates remaining in the boxes were oven
dried and subsequently weighted. Each aggregate sample was measured through 4 parallel
subsamples and the results were taken as the arithmetic mean values.
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The aggregate stability was evaluated by the indicators of mean weight diameter
(MWD) [35], geometric mean diameter (GMD) [36], aggregate stability rate (ASR), fractal
dimension (D) [37], and the percentage of aggregate destruction (PAD) [38]. The higher
the MWD, GMD, and ASR values, the stronger aggregate stability, whilst the higher the
resulting PADMWD, PADGMD, and PADASR values, the weaker aggregate stability. In
contrast, the larger the D value, the weaker aggregate stability, while this is the opposite for
the PADD. Detailed equations for the related indicators are presented below:

MWD =
n

∑
1

Xi ×
mi
m

, (1)

PADMWD =
MWDd −MWDw

MWDd
× 100% (2)

GMD = exp

[
n

∑
i=1

mi log Xi/m

]
, (3)

PADGMD =
GMDd −GMDw

GMDd
× 100% (4)

ASR = mj/m× 100%, (5)

PADASR =
ASRd −ASRw

ASRd
× 100%, (6)

D = 3− lg (wi/ m)

lg (Xi/Xmax)
, (7)

PADD =
Dw −Dd

Dd
× 100% (8)

where Xi is the mean aperture of the adjacent i and i + 1 sieves; n is the number of sieves; mi
is the mass of the aggregates on the ith sieve; m is the total mass of the aggregates; MWDd
and MWDw are the mean weight diameters of the dry-sieved and wet-sieved aggregates,
respectively; GMDd and GMDw are the geometric mean diameters of the dry-sieved and
wet-sieved aggregates, respectively; mj is the mass of the aggregates larger than 0.25 mm;
ASRd is the mass proportion of the dry-sieved aggregates larger than 0.25 mm; ASRw is
the mass proportion of the wet-sieved aggregates larger than 0.25 mm; wi is the mass of
the aggregates with a size less than Xi; Xmax is the mean diameter of the aggregates at the
top sieve; and Dd and Dw are the fractal dimensions of the dry-sieved and wet-sieved
aggregates, respectively.

2.5. Statistical Analysis

The data were processed using Microsoft Excel software (Version 2016) and the figures
were drawn using Origin software (Version 2022, OriginLab Corporation). The significant
differences in the soil properties and aggregate stability along the elevation gradient were
determined using one-way analyses of variance (ANOVA). The statistical analysis was
performed with the least significant difference method (LSD) at a significance level of p <
0.05. A Pearson correlation analysis was used to evaluate the relationships between the soil
basic properties and aggregate stability. All the statistical analyses were performed with
SPSS software (Version 26, IBM SPSS Inc., Chicago, IL, USA).

3. Results
3.1. Soil Physical and Chemical Properties

The soil basic physicochemical properties of the sampling transects are shown in
Table 2. Although the soils at the four sampling transects were all classified as loamy
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soils, the soils were more and more coarse textured with a decrease in the elevation
gradient. Compared to the referenced soils in upland hillslopes (CK), the sand fraction of
the riparian soils (i.e., SI, MI, and LI), influenced by the hydrological regime of the TGR,
significantly increased by 186.46%, 103.89%, and 26.39%, while the silt fraction decreased
by 1.89%, 9.11%, and 15.85%, and the clay fraction declined by 13.36%, 12.42%, and 34.22%,
respectively. With a decrease in the elevation gradient, the bulk densities increased from
1.26 g·cm−3 in CK to 1.56 g·cm−3 in LI, while the total porosity revealed a reduction from
52.31% in CK to 41.00% in LI. The soils were alkaline with pH values ranging from 8.19
to 8.59. The bulk density, total porosity, and pH were significantly different between
the soils in the upland hillslopes and the soils in the riparian zone (p < 0.05), whilst the
differences were not statistically significant among the three sampling transects within
the riparian zone (p > 0.05). The soil organic carbon (SOC) was significantly different
among the four sampling transects and it reflected a dramatic dwindling of 2.03 g·kg−1,
4.23 g·kg−1, and 8.43 g·kg−1 in the riparian soils of SI, MI, and LI in comparison to CK,
respectively. These results suggested that the hydrological regime of the TGR varied in
the soil basic properties of the riparian zone, and that the modification of the SOC was
particularly prominent.

Table 2. Soil physicochemical properties of the sampling transects along the elevation gradient in the
riparian zone of the TGR.

Sampling
Transects

Sand
(%)

Silt
(%)

Clay
(%)

BD
(g·cm−3)

Total Porosity
(%) pH SOC

(g·kg−1)

CK 8.17 ± 0.81 c 88.18 ± 0.44 a 3.65 ± 0.43 a 1.26 ± 0.21 b 52.31 ± 8.08 a 8.19 ± 0.05 b 12.59 ± 1.51 a
SI 10.32 ± 0.63 c 86.52 ± 0.45 a 3.16 ± 0.19 a 1.42 ± 0.12 a 46.23 ± 4.65 b 8.59 ± 0.06 a 10.56 ± 1.22 b
MI 16.65 ± 2.90 b 80.15 ± 2.86 b 3.20 ± 0.25 a 1.49 ± 0.15 a 43.65 ± 5.49 b 8.55 ± 0.24 a 8.36 ± 1.06 c
LI 23.39 ± 5.56 a 74.21 ± 4.93 c 2.40 ± 0.72 b 1.56 ± 0.13 a 41.00 ± 4.95 b 8.59 ± 0.05 a 4.16 ± 0.99 d

Note: CK (none inundation, 175–180 m); SI (short-term inundation, 172–175 m); MI (moderate inundation,
156–172 m); and LI (long-term inundation, 145–156 m). Sand (0.05–2 mm); silt (0.002–0.05 mm); and clay
(<0.005 mm). BD, bulk density. SOC, soil organic carbon. Values are means ± standard deviations (n = 9).
Different letters (a, b, c, and d) in each column indicate significant differences among the four sampling
transects at the p < 0.05 level (LSD).

3.2. Size Distribution of Mechanically Stable Aggregates

Using the dry-sieving method, we found that the hydrological regime changed the
size distribution of the mechanically stable aggregates (Table 3). The mechanically stable
aggregates at the four sampling transects were all dominated by macro-aggregates (i.e.,
aggregates greater than 0.25 mm), particularly by aggregates larger than 5 mm with a
percentage varying between 63.55% and 79.15%. Compared to the soil aggregates in CK, the
mass percentages of the >5 mm fractions in HI, MI, and LI were significantly decreased by
10.64%, 11.71%, and 18.82%, while those of the other five fractions in HI, MI, and LI showed
an apparent increasing trend. As for the 5–2 mm aggregates, significant differences only
appeared between LI and CK, which had the highest mass percentage (17.90%) and lowest
mass percentage (13.28%), respectively. In terms of the 2–1 mm and 1–0.5 mm aggregates,
the mass percentages in the riparian zone significantly changed, with average increases
of 69.83% and 112.43% in comparison to those in the upland hillslopes (CK) (p < 0.05),
whilst the percentages were insignificantly different among the three sampling transects
within the riparian zone (p > 0.05). Additionally, the mass percentage of the 0.5–0.25 mm
aggregates revealed an increasing trend in the order of CK < LI < SI < MI. With a decrease
in the elevation gradient, the mass fraction of the <0.25 mm micro-aggregates increased by
63.64%, 149.22%, and 288.18%, and a significant difference appeared between LI and CK.
These changes indicated that the hydrological regime disrupted a great proportion of the
larger aggregates into smaller aggregates, and that the transformation was stronger and
stronger as the elevation decreased.
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Table 3. Differential size distribution of mechanically stable aggregates at four sampling transects in
the riparian zone of the TGR.

Sampling
Transects

Mass Percentage of Aggregates at Different Sizes (%)

>5 mm 5–2 mm 2–1 mm 1–0.5 mm 0.5–0.25 mm <0.25 mm

CK 79.15 ± 3.47 a 13.28 ± 2.24 b 4.31 ± 0.82 b 1.30 ± 0.27 b 0.74 ± 0.13 b 1.22 ± 0.01 b
SI 70.73 ± 1.30 b 15.23 ± 1.76 ab 6.81 ± 0.15 a 2.74 ± 0.13 a 2.49 ± 0.35 ab 2.00 ± 0.14 b
MI 69.87 ± 2.03 b 14.61 ± 0.68 ab 6.89 ± 0.51 a 2.73 ± 0.27 a 2.85 ± 0.45 a 3.05 ± 0.57 ab
LI 64.25 ± 1.24 b 17.90 ± 0.54 a 8.26 ± 0.44 a 2.82 ± 0.21 a 2.02 ± 0.29 ab 4.75 ± 0.09 a

Note: CK (none inundation, 175–180m); SI (short-term inundation, 172–175 m); MI (moderate inundation,
156–172 m); and LI (long-term inundation, 145–156 m). Values are means ± standard deviations (n = 9).
Different letters (a and b) in each column indicate significant differences among the four sampling transects
at the p < 0.05 level (LSD).

3.3. Size Distribution of Water-Stable Aggregates

The effects of the hydrological regime on the water-stable aggregate size distribution
were assessed using wet-sieving methods and the results are illustrated in Table 4. The mass
percentages of the water-stable macro-aggregates (i.e., aggregates greater than 0.25 mm) at
the four sampling transects were more than 73.18%. Among the six size classes, the highest
mass percentage of LI (26.83%) was observed in the <0.25 mm fraction, while those of MI
(64.29%), SI (68.35%), and CK (77.35%) were found in the > 5 mm fraction. Meanwhile, the
differences in the mass percentage of the >5 mm fraction among the sampling transects
were significant. As for the proportions of the 5–2 mm and 2–1 mm aggregates, there was a
clear increasing trend as the elevation gradient decreased from CK to LI, with increasing
proportions of 6% and 9%, respectively. Nevertheless, no significant differences were found
among MI, SI, and CK (p > 0.05), while the differences between LI and the other three
groups were significant (p < 0.05). Additionally, compared to CK, the proportion of the
1–0.5 mm aggregates for SI, MI, and LI significantly increased by 12.62%, 92.88%, and
434.95%, respectively. Similarly, both the percentages of the 0.5–0.25 mm aggregates and
<0.25 mm micro-aggregates revealed successive increases in the order of CK < SI < MI
< LI, and the percentages between LI and the other three groups (MI, SI, and CK) were
statistically significant (p < 0.05). These results showed that the hydrological regime altered
the water-stable aggregate distribution, with a dramatic decline in the larger aggregates
and a marked increase in the smaller aggregates.

Table 4. Differential size distribution of water-stable aggregates at four sampling transects in the
riparian zone of the TGR.

Sampling
Transects

Mass Percentage of Aggregates at Different Sizes (%)

>5 mm 5–2 mm 2–1 mm 1–0.5 mm 0.5–0.25 mm <0.25 mm

CK 77.35 ± 1.51 a 8.00 ± 0.68 b 3.03 ± 0.30 b 2.58 ± 0.33 c 1.80 ± 0.08 b 7.25 ± 0.33 b
SI 68.35 ± 2.11 a 11.73 ± 0.53 b 4.28 ± 0.35 b 4.40 ± 0.48 c 3.30 ± 0.36 ab 7.95 ± 0.70 b
MI 64.29 ± 1.29 b 10.79 ± 0.51 b 5.10 ± 0.28 b 4.97 ± 0.32 b 3.40 ± 0.20 b 11.45 ± 0.62 b
LI 21.91 ± 2.95 c 13.98 ± 1.10 a 11.58 ± 1.05 a 13.78 ± 0.84 a 11.94 ± 1.43 a 26.83 ± 2.92 a

Note: CK (none inundation, 175–180m); SI (short-term inundation, 172–175 m); MI (moderate inundation,
156–172 m); and LI (long-term inundation, 145–156 m). Values are means ± standard deviations (n = 9).
Different letters (a, b, and c) in each column indicate significant differences among the four sampling
transects at the p < 0.05 level (LSD).

3.4. Aggregate Stability along the Elevation Gradient

The soil aggregate stability, indicated by aggregate stability indicators (i.e., MWD,
GMD, ASR, and D) and aggregate destruction indexes (i.e., PADMWD, PADGMD, PADASR,
and PADD), is presented in Figure 3. On the one hand, the MWD, GMD, and ASR of both
the mechanically stable aggregates and water-stable aggregates showed similar successive
decreases to the decrease in the elevation gradient, whilst the Dd and Dw changed in the
order of CK < SI < MI < LI. Compared to CK, the MWDd of SI, MI, and LI decreased by
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6.60%, 6.67%, and 8.28%, and the MWDw of SI, MI, and LI dropped by 3.27%, 11.73%, and
54.12%, respectively. Similarly, the GMDd of SI, MI, and LI declined by 13.07%, 14.89%,
and 19.03% in comparison to that of CK, and the GMDw of SI, MI, and LI went down
by 5.61%, 23.73%, and 70.52% in comparison that of CK. Meanwhile, the highest ASRd
(98.78%) and ASRw (92.75%) appeared in CK, while the ASRd and ASRw of LI were the
lowest, accounting for 95.25% and 73.18%, respectively. Additionally, the Dd demonstrated
successive increments and grew from 1.82 in CK to 2.23 in LI and the Dw increased from
2.41 in CK to 2.63 in LI. On the other hand, the PAD indexes showed a reverse trend to the
corresponding aggregate stability indicators. The PADMWD increased dramatically from
3.12% in CK to 53.20% in LI and the PADGMD increased from 15.59% in CK to 71.63% in LI.
Likewise, the PADASR presented a dramatic rise, in that the PAD of LI was approximately
four times higher than that of CK. In contrast, the PADD gradually declined from 32.08%
in CK to 18.17% in LI. Regarding the four indicators of aggregate mechanical stability
(i.e., MWDd, GMDd, ASRd, and Dd), there were no significant differences between SI
and MI, while significant differences appeared between CK and LI (p < 0.05). As for the
four indicators of aggregate water stability (i.e., MWDw, GMDw, ASRw, and Dw), there
were no significant differences between CK and SI, while the differences were statistically
significant between LI and the other three groups (p < 0.05). In terms of the aggregate
destruction indexes, the PADMWD, PADASR, and PADD in LI were significantly different
from those in MI, SI, and CK (p < 0.05), while an insignificant difference for PADGMD only
appeared between MI and SI. These results indicated that the hydrological regime reduced
the aggregate mechanical stability and water stability, and that the longer the inundation
lasted, the more unstable the soil aggregates were.
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Figure 3. Aggregate stability indicators and aggregate destruction indexes at four sampling transects
in the riparian zone of the TGR: (a) mean weight diameter of mechanically stable aggregates and water-
stable aggregates and percentage of aggregate destruction of mean weight diameter; (b) geometric
mean diameter of mechanically stable aggregates and water-stable aggregates and percentage of
aggregate destruction of geometric mean diameter; (c) aggregate stability rate of mechanically stable
aggregates and water-stable aggregates and percentage of aggregate destruction of aggregate stability
rate; and (d) fractal dimension of mechanically stable aggregates and water-stable aggregates and
percentage of aggregate destruction of fractal dimension. CK (none inundation, 175–180 m); SI (short-
term inundation, 172–175 m); MI (moderate inundation, 156–172 m); and LI (long-term inundation,
145–156 m). Bars indicate standard deviation. Different letters (a, b, and c) indicate significant
differences among four sampling transects at the p < 0.05 level (LSD).
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3.5. Determinants of Soil Aggregate Stability

A correlation analysis was used to identify the key basic properties influencing the
aggregate stability. As shown in Figure 4, a significant or extremely significant correlation
existed between the aggregate stability indicators and soil basic properties (sand, silt, clay,
BD, and SOC) (p < 0.05 or p < 0.01). The MWD, GMD, and ASR of both the mechanically
stable aggregates and water-stable aggregates were negatively and significantly correlated
with sand and BD, whereas there were remarkably positive correlations between these
indicators and silt, clay, and SOC. Compared to the correlations above, both Dd and Dw
showed a reverse significant correlation with the soil properties. On the other hand,
there were statistically significant correlations between the aggregate destruction indexes
(i.e., PADMWD, PADGMD, PADASR, and PADD) and the soil properties. The PADMWD,
PADGMD, and PADASR were positively correlated with sand and BD, whist these indexes
were negatively correlated with silt, clay, and SOC. Additionally, the correlations between
the PADD and soil composition (i.e., sand, silt, and clay) were statistically insignificant
(p > 0.05), while the significant correlation coefficients between the PADD and BD, as
well as the SOC, were −0.63 and 0.55, respectively. Except for a significant correlation
between the SOC and PADD, an extremely significant correlation appeared between the
SOC and the other aggregate stability indicators and aggregate destruction indexes. These
results demonstrated that the soil composition, bulk density, and soil organic carbon had
significant effects on the aggregate stability, and that the SOC was the most important factor
controlling this aggregate stability.
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Figure 4. Correlation analysis between soil basic properties and aggregate stability. MWDd and
MWDw are mean weight diameters of mechanically stable and water-stable aggregates, respectively;
GMDd and GMDw are geometric mean diameters of mechanically stable and water-stable aggregates,
respectively; ASRd and ASRw are the mass proportions of the mechanically stable and water-stable
aggregates larger than 0.25 mm; Dd and Dw are fractal dimensions of mechanically stable and water-
stable aggregates; PADMWD, PADGMD, PADASR, and PADD are percentages of aggregate destruction
of MWD, GMD, ASR, and D; BD, bulk density; and SOC, soil organic carbon. The orange color means
positive correlation, while the blue color means negative correlation; the lighter color and smaller
circle means a lower correlation coefficient, while the darker color and bigger circle means a higher
correlation coefficient.
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4. Discussion

The hydrological regime is the main factor that drives the various hydrogeomorphic
processes affecting the riparian habitat, vegetation diversity, and aggregate stability in
a riparian zone [39,40]. Due to the altered hydrological regime of the TGR, the soils
in the riparian zone suffer from special anti-seasonal inundation and exposure with a
diverse duration, frequency, and amplitude of inundation along the elevation gradient
(Table 1), resulting in modifications in the soil aggregate size distribution and stability.
The data in the present study demonstrated that a higher proportion of coarse aggregates
transformed into fine aggregates along the decreased elevation gradient. With a decrease in
the elevation gradient, the MWD, GMD, and ASR of both the mechanically stable aggregates
and water-stable aggregates, as well as the PADD, significantly decreased, whilst the
PADMWD, PADGMD, PADASR, Dd, and Dw dramatically increased. These results indicated
that the hydrological regime of the TGR disintegrated the soil aggregates and reduced the
aggregate stability. The longer the inundation was, the higher the disaggregation, and a
lower aggregate stability was presented.

More precisely, as illustrated in Tables 3 and 4, with a decrease in the elevation gradient,
both the mass percentages of the mechanically stable and water-stable aggregates greater than
5 mm gradually reduced, whereas those of the other five classes significantly increased. In
particular, a considerable increase in the mass percentages was present in LI for the water-stable
micro-aggregates (i.e., aggregates less than 0.25 mm). Our findings agreed with the previous
study conducted by Nsabimana et al. [5]. The results confirmed that large aggregates were
more sensitive to the hydrological regime. This is supported by Zhang and Horn [38], who
pointed out that the larger an aggregate was, the lower its stability was. Similarly, Hu et al. [41]
also demonstrated that aggregates were more prone to disaggregate with an increased initial
aggregate size. The alternations in the aggregate size distribution led to a variation in the
aggregate stability indicators and aggregate destruction indexes (Figure 3), indicating that the
aggregate stability decreased with a decreasing elevation gradient. Similarly, Nsabimana et al. [5]
also emphasized the successive aggregate breakdown induced by continuous hydrological
stress. However, Ran et al. [26,27] reported that the lowest aggregate stability was presented
at the level of strong hydrological stress, while the highest aggregate stability existed at the
level of intermediate hydrological stress. Additionally, Cui et al. [17] demonstrated that the
highest and lowest aggregate stabilities were under none and intermediate hydrological stresses,
respectively. This discrepancy may be attributed to the differences in intrinsic soil properties (e.g.,
soil composition and soil organic carbon) and external factors such as vegetation distribution
and sampling strategy. As mentioned in the introduction, the riparian zone of the TGR has
a larger area and a wider extent, contributing to high spatial–temporal heterogeneities in the
bedrocks, soil types, topography, and vegetation species in the riparian zone. Unlike the 5 m
interval for the sampling transects in the study of Ran et al. [26], our sampling transects were
set based on the step-impounded elevation. While Ran et al. [26] sampled Regosols, Anthrosols,
and Luvisols from the mainstream and a tributary, our study focused on Regosols in a middled
section of the mainstream, causing the contents of silt, clay, and organic carbon in our study
to be relatively lower than those of Ran et al. [26], which, in turn, accounted for the distinct
aggregate size distribution and stability.

The altered aggregate size distribution and stability in the present study provided
evidence of the detrimental effects of the hydrological regime on soil aggregates, which
might be ascribed to the changes in the environmental conditions, biotic factors, and soil
properties induced by the hydrological regime. Firstly, the hydrological regime has a direct
effect on the soil moisture, which can affect the aggregate size distribution and stability [11].
As shown in Figure 2 and Table 1, both the water level and water flow fluctuated with the
TGR regulation and rainfall, so the duration, depth, stress, frequency, and amplitude of the
inundation increased with a decrease in the elevation gradient. Coupled with the impact of
waves and surges by wind and boats, the riparian soils at the lower elevation suffer from
severer soaking, elutriation, mellowing, dispersion, and disaggregation. Consequently,
the hydrological regime facilitates aggregate hydration and slacking along the decreased



Water 2023, 15, 1791 13 of 16

elevation gradient. Secondly, the hydrological regime has direct or indirect impacts on veg-
etation by altering the temperature, humidity, and oxygen in the soil environment [42–44].
It is commonly accepted that plant roots play an extraordinarily important role in aggregate
stability through their penetration, entanglement, decomposition, and root exudates [45,46].
As described in Section 2.2 and Table 1, because of the increasing inundation duration
and shorter growing periods with the decreasing elevation, the plant diversity and vege-
tation cover were progressively reduced. The vegetation in LI was dominated by natural
restoration species (e.g., Cynodon dactylon), while the vegetation in CK and SI included not
only natural restoration species, but also artificial recovery species. Compared to artificial
recovery species such as Hemarthria altissima and Paspalum paspaloides, Cynodon dactylon
presents the least efficiency for soil reinforcement [47]. Thus, soil aggregates are prone
to disintegrate with decreasing elevation. Finally, the above mentioned various external
factors may directly or indirectly change the internal soil properties, which are likely to be
crucial factors for determining the soil aggregate responses to the hydrological regime [46].
Among soil physicochemical properties, clay and SOC are generally considered as ma-
jor factors that influence aggregate stability [10,48]. As shown in Figure 4, both the soil
texture and SOC had a significant correlation with the aggregate indicators. Compared
to the very low and relatively uniform clay content across the hydrological regime, the
positive correlation between the SOC and aggregate stability was higher (Figure 4). As
a crucial bonding material, the SOC can not only enhance the cohesion between aggre-
gates, but also slow down the wetting rate by forming a hydrophobic layer around soil
aggregates [10]. Furthermore, macro-aggregates are stabilized by transient and temporary
organic matter, whereas micro-aggregates are cemented by persistent organic matter and
organo-mineral complexes, which shows that macro-aggregates are prone to being easily
collapsed into stable micro-aggregates under the hydrological regime [46,49]. As reported
by Zhong et al. [50], the SOC is closely related to the vegetation species and root distribu-
tion in the riparian zone of the TGR. Therefore, the present study showed that the SOC
tremendously declined as the elevation decreased (Table 2), which was partly responsible
for the enhanced aggregate slacking and reduced aggregate stability with the decreasing
elevation gradient. In summary, the present study revealed the combined effects of the
hydrological regime on the aggregate size distribution and stability, but the involved mech-
anisms accounting for these modifications were not discriminated. To better understand
and predict soil aggregate changes, the breakdown mechanisms of soil aggregates need to
be further investigated.

5. Conclusions

The impacts of the hydrological regime on the soil aggregate size distribution and
stability in the riparian zone of the TGR were clarified using dry-sieving and wet-sieving
methods. Our results clearly demonstrated that a higher proportion of large aggregates
were transformed into small aggregates with an increase in inundation duration, indicating
that the hydrological regime disintegrated these soil aggregates and that large aggregates
were more sensitive to the hydrological regime. In addition, we also disclosed that, with an
increase in inundation duration, the MWD, GMD, ASR, and PADD significantly decreased,
whilst the PADMWD, PADGMD, PADASR, and D remarkably increased, suggesting that the
hydrological regime reduced the aggregate stability and that the aggregate stability grad-
ually decreased with an increase in the inundation duration. Furthermore, the statistical
analysis showed that the differences in the MWDw, GMDw, PADGMD, and Dw were more
significant within the elevation gradient than the other indicators, meaning that the MWDw,
GMDw, PADGMD, and Dw were more sensitive to the hydrological regime and more suit-
able for indicating the aggregate stability in this study area. These findings may provide
implications for the study of soil erosion in similar riparian zones, but further studies are
still needed to focus on the mechanisms of aggregate breakdown and the relationships
between aggregate stability and soil erosion.
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