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Abstract. In regions characterized by seasonal freeze-thaw cycles and intense hydrodynamic conditions,
shrub root-soil complexes play a pivotal role in mitigating soil erosion. However, the interspecific
differences in soil separation capacity and their relationship with freeze-thaw frequency and water flow
velocity remain poorly understood. This study aimed to elucidate these complex interactions and identify
thresholds governing soil stabilization. Soil samples were collected from a 25° hillside in the Wuying
National Nature Reserve, northeastern China, which experiences a temperate continental monsoon climate.
Controlled laboratory experiments were then conducted to simulate the effects of freeze-thaw cycles and
hydrodynamic forces on soil separation capacity. We selected three shrub species, Amorpha fruticosa,
Swida alba, and Lespedeza bicolor, and subjected their root-soil complexes to 0-20 freeze-thaw cycles and
varied flow rates (2, 6, and 10 L/min) in controlled laboratory simulations. Amorpha fruticosa consistently
exhibited the highest soil separation capacity, surpassing Lespedeza bicolor and Swida alba. Soil separation
capacity increased with both water flow velocity and freeze-thaw cycles, stabilizing at lower cycle counts
under higher flow conditions. Critical thresholds emerged after 10 cycles at 2 L/min and 5 cycles at 6 and
10 L/min. These findings underscore the importance of species-specific root traits and the synergistic
influence of freeze-thaw processes and hydrodynamic forces in shaping soil stability. The identified
thresholds offer insights for managing erosion-prone landscapes under shifting environmental regimes.
Keywords: root reinforcement, soil detachment dynamics, hydrodynamic stress, freeze-thaw-induced
erosion, plant-soil interaction

Introduction

Soil erosion poses a critical challenge to global environmental sustainability,
particularly in regions prone to extreme climatic events and anthropogenic disturbances
(Borrelli et al., 2020). Among the natural mechanisms mitigating soil erosion, vegetation
plays a vital role in stabilizing soil through root-soil interactions, reducing surface runoff,
and promoting soil aggregation (Gong et al., 2024). Shrub species play a crucial role in
soil stabilization, particularly in erosion-prone environments where their root systems act
as primary soil-binding structures. Unlike dominant tree species, which typically develop
deeper root systems that anchor the soil over longer timescales, shrubs possess dense,
fibrous, and horizontally spreading roots that directly interact with the topsoil layer.
Given that freeze-thaw cycles and hydrodynamic forces predominantly affect the upper
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soil profile, examining shrub root systems provides a more direct assessment of soil
separation dynamics under these conditions (Reubens et al., 2007). Thus, this study
focuses exclusively on shrub species rather than dominant trees to isolate the most
influential belowground mechanisms driving soil stability in the studied system.
However, the specific contributions of shrub species to soil separation capacity remain
underexplored, particularly in ecosystems characterized by seasonal freeze-thaw cycles.

Freeze-thaw processes, common in temperate and cold regions, significantly alter soil
physical properties by creating microcracks, reducing aggregate stability, and weakening
soil cohesion (Liu et al., 2022). These structural changes, combined with hydrodynamic
forces such as water flow, amplify the detachment of soil particles from root-soil
complexes (Ma et al., 2023). Previous studies have identified key factors influencing soil
separation capacity, including root biomass, root architecture, and root biochemical
properties (Pierret et al., 2007). However, there is a limiting understanding of how these
factors interact with freeze-thaw cycles and water flow velocity to shape soil separation
capacity, particularly at the interspecific level.

The three shrub species selected for this study, Amorpha fruticose (A. fruticose), Swida
alba (S. alba), and Lespedeza bicolor (L. bicolor), represent distinct morphological and
functional root traits, making them ideal candidates for examining interspecific
differences in soil separation capacity. A. fruticosa is characterized by its fibrous and
extensive root system, which has been associated with improved soil stabilization (Yang
et al., 2022). L. bicolor, with its moderate root density and flexibility, provides a
contrasting intermediate case (Krishnamurthy et al., 2011). S. alba, known for its coarse
roots and lower root biomass, represents a species with relatively weaker soil-binding
capacity (Bodner et al., 2021). The inclusion of these three species allows for a
comprehensive assessment of how root traits influence soil separation across varying
environmental conditions.

Despite advancements in understanding root-soil dynamics, critical knowledge gaps
persist. First, the relative performance of different shrub species in enhancing soil
separation capacity under varying environmental conditions is poorly understood.
Second, while freeze-thaw cycles are known to disrupt soil structure, their combined
effects with hydrodynamic forces remain underexplored, particularly concerning
stabilization thresholds under different flow rates. Third, little is known about how root
traits mediate soil separation capacity in ecosystems experiencing dynamic
environmental stresses, such as fluctuating flow velocities and repeated freeze-thaw
cycles.

To address these gaps, this study hypothesizes the following: (1) A. fruticosa exhibits
the highest soil separation capacity among the three studied shrub species (Bi et al., 2025);
(2) soil separation capacity is positively correlated with water flow velocity, with freeze-
thaw treatment consistently resulting in higher separation capacity than non-freeze-thaw
treatment (Liu et al., 2024); and (3) soil separation capacity increases with freeze-thaw
cycles, stabilizing at a lower threshold under higher flow rates (Ghazavi et al., 2013).
These hypotheses provide a foundation for investigating the complex interplay between
root traits, freeze-thaw processes, and hydrodynamic forces in shaping soil separation
capacity.

The primary objectives of this study are to evaluate the soil separation capacity of three
shrub root-soil complexes under varying freeze-thaw and hydrodynamic conditions and
to identify the mechanisms driving differences in their performance. By integrating root
trait analysis with environmental dynamics, this research offers novel insights into the
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factors influencing soil stabilization in erosion-prone ecosystems. This study’s findings
have significant implications for soil management strategies, particularly in regions
where freeze-thaw processes and high water flow velocities exacerbate soil erosion risks.

Materials and methods
Sampling area introduction

A total of 90 soil samples were collected from a 25° hillside in the Wuying National
Nature Reserve (48°02'—48°12'N, 128°58'-129°15'E), northeastern China. The samples
consisted of undisturbed soil blocks (20 cm x 20 cm % 15 cm) extracted at a depth of
0-15cm to preserve the natural structure of the root-soil complex. Sampling was
conducted for three shrub species (Amorpha fruticosa, Swida alba, and Lespedeza
bicolor), with each species represented by 30 replicates. To ensure consistency, three
separate sites were selected within the reserve, and 10 samples per species were collected
from each site. The collected samples were then air-dried and prepared for controlled
laboratory experiments on freeze-thaw cycling and soil separation capacity. A map
illustrating the sampling points is provided in Figure 1. It is situated in the upper reaches
of the Tangwang River, in the heart of the southern foothills of the Lesser Khingan
Mountains. Most of the area consists of mountainous terrain, with only a small amount
of alluvial plains along the Tangwang River. The study site is located in a temperate
continental monsoon climate zone. The soil is classified as sandy loam, with an average
sand, silt, and clay composition of 62%, 25%, and 13%, respectively. The mean soil
organic matter content is 4.2%, with a bulk density of 1.35 g/cm® and a pH of 5.8. These
properties were determined using standard soil analysis methods (USDA texture
classification, Walkley-Black method for organic matter, and pH measurementina 1:2.5
soil-to-water suspension). The forest community in the area is a natural mixed coniferous
and broad-leaved forest. The dominant tree species include Pinus koraiensis and Picea
asperata, while the primary shrub species are Amorpha fruticosa (A. fruticosa), Swida
alba (S. alba), and Lespedeza bicolor (L. bicolor).

Experimental equipment and scheme design
Experimental equipment

The freeze-thaw cycles were simulated using a hydraulic low-temperature circulating
box (DWS410-S, Chongging Haoyuan Environmental Testing Equipment Co., Ltd.),
with a temperature range of -40 to 60°C. The required flow rate for the scouring tests was
controlled and adjusted using a peristaltic pump (Shencheng Y Z35, Baoding Shencheng
Pump Co., Ltd.), capable of delivering a maximum flow rate of 10 L/min. The scouring
apparatus consisted of a water tank, a steady flow device, a scouring tank, and a collection
system. A perforated acrylic barrier separated the water tank from the steady flow device,
ensuring smooth water flow into the scouring tank. The rectangular scouring tank
measured 4.8 m (L) x 0.15 m (W) x 0.10 m (H), with a sediment chamber positioned
30 cm from the outlet for soil sample placement. The slope of the tank could be adjusted
between 0% and 42%, using varying mesh types at the bottom to mimic natural surface
roughness. Sediments and runoff were collected during the scouring tests.
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Figure 1. Sample plot and diagram of the experimental design in Wuying national nature
reserve, Yichun city, Heilongjiang province, northeastern China

Experimental design

The selection of shrub species in this study was based on their dominant role in
stabilizing the upper soil layer, which is most susceptible to freeze-thaw disturbance and
hydrodynamic forces. Each experimental treatment (combination of freeze-thaw cycles
and flow rates) was conducted with three replicates to ensure statistical validity. Unlike
deep-rooted tree species that primarily contribute to long-term slope stabilization, shrubs
exhibit fine and fibrous roots that interact directly with the soil surface, making them
more relevant for studying short-term soil separation capacity. Therefore, the study
specifically targeted shrub species (Amorpha fruticosa, Swida alba, and Lespedeza
bicolor), whose root architectures provide meaningful insights into the mechanisms of
soil detachment under dynamic environmental conditions.

The selection of shrub species for this study was based on their diverse rooting
characteristics and ecological significance in soil stabilization. Amorpha fruticosa was
chosen for its fine, fibrous root system that enhances soil aggregation. Lespedeza bicolor
represents an intermediate rooting strategy with moderate depth and branching. Swida
alba, characterized by its coarser root structure and lower root density, was selected to
examine the role of reduced root complexity in soil separation capacity. Through field
investigations and by referencing relevant literature, the chosen species for investigation
include A. fruticosa, S. alba, and L. bicolor. Form the root-soil complex of these three
species. Based on field observations and meteorological data, the freeze-thaw cycles were
setto 0, 1, 5, 10, and 20, with a controlled temperature difference of approximately 25 °C
(freezing and thawing temperatures at -15 °C to 0 °C and 0 °C to 10 °C, respectively).
The 0-cycle condition served as the control group. The flow rates for the indoor scouring
tests were set to 2, 6, and 10 L/min based on comprehensive regional rainfall data,
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corresponding to precipitation intensities of 10, 25, and 50 mm/h, respectively. These
values represent typical small, moderate, and heavy rainfall events in the study region.
The experiments were conducted at a slope of 10°. While the natural slope at the sampling
site was approximately 25°, a 10° slope was used in the laboratory to maintain hydraulic
stability, prevent excessive runoff, and facilitate controlled soil separation measurements
under freeze-thaw conditions.

Freeze-thaw cycling

Soil samples were oven-dried at 105 °C to ensure a moisture content of 0%. After
cooling, a predetermined mass of soil was placed in a polystyrene foam box (50 cm X
30 cm % 20 cm) and moistened to the designed water content using a mist sprayer. The
samples were sealed to minimize evaporation and allowed to equilibrate at room
temperature for 24 hours. Following this, the soil was packed into cylindrical containers
(10 cm diameter, 5 cm height) at the desired bulk density and compacted using a
multifunctional electric tamper. Each treatment condition (freeze-thaw cycle count and
flow rate) was replicated three times, ensuring statistical rigor. Excess soil was removed
to ensure a flush surface, after which the samples were weighed and sealed with plastic
wrap before undergoing freeze-thaw cycles in a freeze-thaw machine, with drainage holes
provided for aeration.

Indoor scouring simulation
Flow rates measurement

Flow rates were controlled by the peristaltic pump, with three measurements taken to
ensure stability within a 5% margin. For each combination of freeze-thaw cycles and flow
rates, three experimental replicates were performed to ensure statistical consistency in
soil separation capacity measurements. Surface flow velocities were determined using
potassium permanganate tracing at three points (left, center, right) along the tank, 2 m
upstream from the outlet. The average flow velocity was calculated from the time taken
for the tracer to travel this distance.

Soil separation capacity measurement

Soil samples were placed in the sediment chamber, aligning their surfaces with the
tank bed. Prior to testing, the slope and flow rate were adjusted to meet the experimental
conditions. The duration of scouring was controlled to limit the depth to a maximum of
2 cm, thereby minimizing edge effects. Eroded sediments were collected in a runoff
bucket, which was allowed to settle for 12 hours before the supernatant was removed.
The remaining sediment was dried at 105 °C, with the soil separation capacity calculated
as the weight of the dried sediment divided by the cross-sectional area of the soil sample
and the duration of scouring. The calculation formula (Eg. 1) is as follows:

w

Sc=—
At

(Eq.1)

where: Sc is the soil separation capacity, kg m2s™; A is the projection area of the bottom
of the soil box, m?; t is the time when the soil sample is washed by water flow, s; W is
the drying mass of sediment stripping during the scouring process, kg.
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Statistical analysis

Data normality and variance homogeneity were assessed using the Kolmogorov-
Smirnov and Levene's tests, respectively. To investigate the effects of freeze-thaw cycles
and flow velocity on separation capacity across different shrub species (S. alba,
L. bicolor, and A. fruticosa), a two-way ANOVA was performed, examining the
interaction between freeze-thaw cycles and flow velocity on separation capacity. Post-
hoc comparisons were conducted using the Tukey-Kramer HSD test to identify
significant differences between species under various conditions. Additionally,
regression analysis was employed to explore the relationship between flow velocity (u)
and separation capacity (Dc) under both freeze-thaw and non-freeze-thaw conditions,
utilizing the ggplot2 package in R (version 4.2.1, R Core Team, 2018). All statistical
analyses were performed using SPSS version 22.0 (IBM, Armonk, NY, USA), while
SigmaPlot 12.5 (Systat Software Inc., San Jose, CA, USA) was utilized for bar chart and
regression line generation.

Results
The soil separation capacity between different shrub root-soil complex

The soil separation capacity showed significant differences among the three shrub
root-soil complexes (Figure 2). Specifically, A. fruticosa exhibited the highest soil
separation capacity, which was significantly higher than that of L. bicolor and S. alba.
L. bicolor showed an intermediate soil separation capacity, which was significantly
higher than that of S. alba. S. alba displayed the lowest soil separation capacity
(Figure 2).
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Figure 2. the separation capacity between different shrub root-soil complex. Notes: The lower
case letters represent differences between plant species; Error bars represent standard errors.
The lowercase letters (a, b, c) above the boxplots indicate significant differences between plant
species based on statistical analysis. ‘a’ represents the group with the largest soil separation
capacity. ‘b’ indicates an intermediate value. ‘¢’ corresponds to the group with the smallest soil
separation capacity. The data are presented as boxplots, where the black dots inside each box
represent the mean + standard error (SE)
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Relationship between water flow velocity and soil separation capacity

There was a significant positive correlation between soil separation capacity and water
flow velocity, with significant differences observed between freeze-thaw and non-freeze-
thaw treatments (Figure 3). The soil separation capacity showed a significant positive
correlation with water flow velocity, increasing as flow velocity increased. Across all
plant species, the freeze-thaw treatment consistently resulted in significantly higher soil
separation capacity compared to the non-freeze-thaw treatment. The magnitude of the
differences between the freeze-thaw and non-freeze-thaw treatments became more
pronounced with increasing water flow velocity, indicating that the effects of freeze-thaw
cycles were amplified under higher flow conditions. Among the three plant species,
A. fruticosa exhibited the highest soil separation capacity, followed by L. bicolor, with
S. alba displaying the lowest values (Figure 3).
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Figure 3. Relationship between water flow velocity and soil separation capacity

Relationship between the number of freeze-thaw cycles and soil separation capacity of
root-soil complex

Under different freeze-thaw cycle times (0, 1, 5, 10, and 20) and flow rate conditions
(2 L/min, 6 L/min, and 10 L/min), the soil separation capacity exhibited significant
differences among plant species (Figure 4). Soil separation capacity increased
significantly with an increasing number of freeze-thaw cycles and higher flow rates.
However, statistical analysis (ANOVA, Tukey’s HSD test) revealed that beyond 10
freeze-thaw cycles at 2 L/min and 5 cycles at 6 and 10 L/min, soil separation capacity did
not exhibit significant increases (P > 0.05). This stabilization indicates that a threshold
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value has been reached, beyond which additional freeze-thaw cycles have minimal impact
on soil separation capacity (Figure 4). The differences among plant species became more
pronounced under higher flow rates and freeze-thaw cycles.
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Figure 4. The relationship between the freeze-thaw cycles times and the soil separation
capacity when the flow rate is 2 L/min (A), the relationship between the freeze-thaw cycles times
and the soil separation capacity when the flow rate is 6 L/min (B), the relationship between the
freeze-thaw cycles times and the soil separation capacity when the flow rate is 10 L/min (C).
Notes: Different lowercase letters indicate significant differences among different plant species,
while different uppercase letters indicate statistically significant differences in the same plant
species under different numbers of freeze - thaw cycles

The following patterns can be observed across different flow rate conditions as the
number of freeze-thaw cycles increases: the soil separation capacity gradually increased
with an increasing number of freeze-thaw cycles. However, after 10 freeze-thaw cycles,
the rate of increase slowed, and the values began to stabilize, reaching their critical point.
This phenomenon was observed under all three flow rate conditions (2 L/min, 6 L/min,
and 10 L/min), but the critical value and stabilization trend varied with flow rate
(Figure 4).

At a flow rate of 2 L/min, the soil separation capacity stabilized after 10 freeze-thaw
cycles. At flow rates of 6 L/min and 10 L/min, the soil separation capacity stabilized after
5 freeze-thaw cycles, with the rate of increase diminishing. Under higher flow rate
conditions, the soil separation capacity was greater, and the critical value number of
freeze-thaw cycles required to reach stabilization was lower (Figure 4).

ANOVA results indicated that species, freeze-thaw cycles, and flow rate significantly
affected soil separation capacity (p < 0.001), with significant interactions between species
and freeze-thaw cycles (p < 0.01), species and flow rates (p < 0.01), and freeze-thaw
cycles and flow rates (p < 0.05) (Table 1).
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Table 1. Analysis of variance (ANOVA) results for effects of species, freeze-thaw cycles times,
flow rates and interactions on soil separation capacity

Source of variation df soil separation capacity
species 2
freeze-thaw cycles times 4
flow rates 2
speciesxfreeze-thaw cycles times 8 **
4
8

*kk
*k*k

*k*k

speciesxflow rates w*
freeze-thaw cycles timesxflow rates
speciesxfreeze-thaw cycles timesxflow rates 16 *

*

*p <0.05; ** p <0.01, ***p < 0.001, NS represents no significant. Shown are degrees of freedom (df)
and the P value of the respective variables and the model itself

Discussion
Comparing the differences in soil separation capacity of root-soil complex

The results demonstrated that the soil separation capacity varied significantly among
the three shrub root-soil complexes (Figure 2). Specifically, A. fruticosa exhibited the
highest soil separation capacity, which was significantly higher than that of L. bicolor and
S. alba. The intermediate soil separation capacity was observed in L. bicolor, while
S. alba displayed the lowest value.

The results clearly indicate that A. fruticosa possesses a superior soil separation
capacity compared to L. bicolor and S. alba, supporting the hypothesis that A. fruticosa
performs better in enhancing soil separation. This suggests that the root structure and
traits of A. fruticosa play a dominant role in its ability to improve soil separation.

The observed differences in soil separation capacity among the shrub species are
consistent with findings from previous studies (Parhizkar et al., 2024). For example,
larger root biomass and more extensive root-soil interactions have been reported to
improve soil stability and separation capacity (Hallett et al., 2022). The higher soil
separation capacity of A. fruticosa may be attributed to its well-developed root
architecture, which enhances root-soil cohesion and effectively reduces soil particle
detachment (Zhu et al., 2018). In addition, previous research demonstrated that species
with finer roots and larger specific root length contribute significantly to soil aggregation
and stability (Le et al., 2018). Conversely, S. alba, which exhibited the lowest soil
separation capacity, might possess coarser roots and a lower root density, limiting its
ability to enhance soil cohesion (Yang et al., 2024). Differences in root exudates,
microbial activity, and glomalin-related soil proteins (GRSPSs) associated with the root-
soil interface may further explain the variation in soil separation capacity (Delian et al.,
2011).

The findings align well with the initial hypothesis that A. fruticosa has the highest soil
separation capacity (Zhou et al., 2025). The superior performance of A. fruticosa can be
attributed to several factors. First, A. fruticosa likely possesses a deeper and more
extensive root system, enabling it to bind soil particles more effectively (Bi et al., 2025).
Previous studies have emphasized that plants with denser and more fibrous root systems
exhibit enhanced soil separation and stabilization properties (Hao et al., 2020). Second,
root traits such as root length density and surface area may facilitate stronger root-soil
interactions, as observed in high-performing species like A. fruticosa (Dunbabin et al.,
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2013). Third, the biochemical properties of roots, including root exudates and GRSP
production, are critical in improving soil cohesion and separation (Addesso et al., 2023).
In contrast, the lower soil separation capacity of S. alba could be due to a less developed
root structure and reduced production of root-associated biochemicals (McCormack et
al., 2015).

Furthermore, the discrepancy between A. fruticosa and L. bicolor may be explained by
differences in root mechanical properties and physiological adaptation (Li et al., 2021).
Plants with more elastic and flexible roots can withstand greater external forces,
promoting soil particle cohesion and separation under varying conditions (Schwarz et al.,
2010). This mechanistic explanation suggests that the performance of A. fruticosa in soil
separation is driven not only by its root morphology but also by its physiological
resilience and adaptability to soil environments.

Overall, the results provide strong evidence supporting the hypothesis and highlight
the role of root traits in determining soil separation capacity. The superior soil separation
capacity of A. fruticosa underscores its potential in soil stabilization applications,
particularly in erosion-prone ecosystems. Future research should focus on exploring the
interactions between root architecture, biochemical processes, and microbial
communities to further elucidate the mechanisms underlying soil separation capacity.

Comparing the number of freeze-thaw cycles and the soil separation capacity of root-
soil complex

The results revealed a significant positive correlation between soil separation capacity
and water flow velocity, with freeze-thaw treatment consistently resulting in significantly
higher soil separation capacity than non-freeze-thaw treatment (Figure 3). Moreover, the
differences between freeze-thaw and non-freeze-thaw treatments became more
pronounced as water flow velocity increased, indicating that the effects of freeze-thaw
cycles were amplified under higher flow conditions.

These findings suggest that soil separation capacity is strongly influenced by
hydrodynamic forces and freeze-thaw processes. The significant positive correlation with
water flow velocity demonstrates that higher flow velocities enhance soil separation by
generating greater shear stress, which detaches soil particles from aggregates.
Additionally, the freeze-thaw treatment disrupted soil cohesion, making soil more
vulnerable to separation, especially at higher flow velocities.

The observed relationship between soil separation capacity and water flow velocity
aligns with previous studies. Higher flow velocities are known to impose stronger
hydrodynamic forces on soil particles, promoting their detachment from the soil matrix
(Zi et al., 2023). Freeze-thaw cycles exacerbate this effect by increasing soil porosity,
creating micro-cracks, and weakening the mechanical integrity of soil aggregates (Zhou
et al., 2024). As reported by Mikha et al. (2024), repeated freeze-thaw processes reduce
soil cohesion and disrupt aggregate stability, particularly under dynamic water flow
conditions. In contrast, under non-freeze-thaw conditions, the soil structure remains
relatively intact, resulting in lower separation capacity even at higher flow velocities (Jia
et al., 2024).

The amplification of freeze-thaw effects under higher flow velocities can be attributed
to the combined impact of mechanical and hydrodynamic processes (Wu et al., 2024).
Freeze-thaw cycles loosen the soil structure, while increasing flow velocity generates
greater shear forces that exploit these structural weaknesses (Liu et al., 2021). This
synergistic effect explains the larger differences observed between freeze-thaw and non-
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freeze-thaw treatments as flow velocity increases (Gao et al., 2020). The diminished soil
cohesion under freeze-thaw treatment highlights its role in reducing the soil's resistance
to hydrodynamic forces (Sun et al., 2018).

The findings are consistent with the initial hypothesis that soil separation capacity is
positively correlated with water flow velocity and that freeze-thaw treatment enhances
soil separation (Zuo et al., 2022). The mechanisms driving these results can be attributed
to two primary factors. First, the hydrodynamic forces associated with higher flow
velocities increase the rate of soil particle detachment, as shown in studies on erosion
dynamics (An et al., 2012). Second, freeze-thaw cycles induce structural changes in soil,
including the formation of micro-cracks and increased porosity, which weaken soil
cohesion and facilitate separation (Zhou et al., 2024). The synergy between these two
processes amplifies soil separation capacity under combined freeze-thaw and high-flow
conditions (Couper et al., 2003).

In conclusion, this study highlights the critical role of hydrodynamic forces and freeze-
thaw processes in determining soil separation capacity. The results underscore the
importance of understanding the interaction between environmental factors and soil
mechanical properties, particularly in regions subject to seasonal freeze-thaw cycles and
high water flow velocities. Future research should focus on quantifying the micro-scale
effects of freeze-thaw cycles on soil structure and exploring the thresholds of
hydrodynamic forces required to overcome soil cohesion under different environmental
conditions.

Correlation between water flow velocity and soil separation capacity

The results demonstrated that soil separation capacity significantly increased with the
number of freeze-thaw cycles and flow rates (Figure 4). Across all flow rate conditions
(2 L/min, 6 L/min, and 10 L/min), the soil separation capacity exhibited an initial increase
with freeze-thaw cycles. However, after 10 freeze-thaw cycles at a flow rate of 2 L/min
and 5 freeze-thaw cycles at flow rates of 6 L/min and 10 L/min, the capacity stabilized,
indicating a diminishing rate of increase and an approach to a critical value (Figure 4).
Notably, higher flow rates resulted in greater soil separation capacity and required fewer
freeze-thaw cycles to reach stabilization. The results of the ANOVA analysis further
confirm the significant effects of species, freeze-thaw cycles, and flow rate on soil
separation capacity, with notable interactions between species and freeze-thaw cycles,
species and flow rates, and freeze-thaw cycles and flow rates (Table 1). These interactions
highlight the complex interplay between biotic and abiotic factors in determining soil
separation capacity.

The findings suggest that both freeze-thaw cycles and flow rate significantly influence
soil separation capacity. Higher flow rates enhance the hydrodynamic forces acting on
soil particles, while freeze-thaw cycles disrupt soil structure, facilitating particle
detachment. The stabilization of soil separation capacity after a certain number of freeze-
thaw cycles reflects the soil's structural reorganization, reaching a state where further
freeze-thaw cycles have a negligible impact (Lu et al., 2019).

The observed increase in soil separation capacity with freeze-thaw cycles is consistent
with prior studies that highlight the role of freeze-thaw processes in weakening soil
aggregates and increasing porosity (Rooney et al., 2022). This structural disruption,
characterized by micro-cracks and reduced cohesion, renders soil more susceptible to
hydrodynamic forces (Peth et al., 2010). Additionally, higher flow rates amplify the shear
stress exerted on soil particles, further enhancing soil separation (Ghezzehei et al., 2000).
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The results also align with findings by Voigtldnder et al. (2024), who demonstrated that
the interplay between hydrodynamic and mechanical forces during freeze-thaw processes
significantly impacts soil stability.

However, the stabilization of soil separation capacity at different freeze-thaw cycle
thresholds under varying flow rates has been less extensively documented (Yuan et al.,
2021). The observed phenomenon may stem from the saturation of structural changes in
the soil matrix (Alaoui et al., 2021). Once soil aggregates are fully disrupted and internal
cohesion is significantly reduced, additional freeze-thaw cycles contribute minimally to
further separation (Tang et al., 2021). This critical point varies with flow rate due to the
differential shear stress imposed at higher velocities, which accelerates structural changes
(Katritsis et al., 2007).

The results strongly support the hypothesis that soil separation capacity increases with
freeze-thaw cycles and that higher flow rates result in greater separation capacity with
fewer cycles required for stabilization (Ma et al., 2022). The underlying mechanisms can
be explained by the synergy between freeze-thaw-induced structural changes and
hydrodynamic forces (Cai et al., 2017). Freeze-thaw cycles weaken soil aggregates by
creating fractures and increasing porosity, reducing the resistance to shear forces (Zhang
et al., 2025). Simultaneously, higher flow rates impose greater hydrodynamic forces,
accelerating particle detachment and reducing the critical number of freeze-thaw cycles
required for stabilization (Anderson et al., 2010).

The diminishing impact of additional freeze-thaw cycles beyond the stabilization
threshold highlights the interplay between physical and mechanical soil properties. Once
the structural integrity of the soil is sufficiently weakened, additional cycles do not
significantly enhance separation capacity. The higher critical value of soil separation
capacity observed under increased flow rates underscores the importance of
hydrodynamic conditions in shaping soil behavior during freeze-thaw cycles. This finding
provides new insights into the combined effects of environmental processes and flow
dynamics on soil stability.

In conclusion, the results emphasize the critical roles of freeze-thaw cycles and flow
rate in determining soil separation capacity. The identified stabilization thresholds and
their dependence on flow rate provide a framework for understanding soil behavior under
dynamic environmental conditions. Future research should focus on quantifying the
micro-scale effects of these processes and exploring their implications for soil
management in freeze-thaw-affected regions.

Conclusion

This study provides clear evidence that A. fruticosa consistently exhibited the highest
soil separation capacity among the three shrub root-soil complexes, significantly
outperforming L. bicolor and S. alba. This finding underscores the critical role of root
structure and traits in enhancing soil separation, particularly in erosion-prone ecosystems
where soil stabilization is vital.

The results further demonstrated a significant positive correlation between soil
separation capacity and water flow velocity. Soil separation capacity was consistently
higher under freeze-thaw treatment compared to non-freeze-thaw treatment, with the
differences becoming more pronounced as water flow velocity increased. These findings
highlight the synergistic effects of freeze-thaw processes and hydrodynamic forces in
weakening soil cohesion and facilitating particle detachment.
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Additionally, soil separation capacity increased progressively with the number of
freeze-thaw cycles, eventually stabilizing as it approached a critical value. Notably, the
stabilization thresholds varied with flow rate: under a flow rate of 2 L/min, stabilization
occurred after 10 freeze-thaw cycles, while at 6 L/min and 10 L/min, stabilization was
achieved after just 5 cycles. Higher flow rates not only amplified soil separation capacity
but also reduced the number of freeze-thaw cycles required to reach stabilization,
indicating that hydrodynamic forces accelerate structural changes in soil aggregates.

These findings emphasize the intricate interplay between root traits, freeze-thaw
processes, and hydrodynamic forces in shaping soil separation capacity. The
identification of critical thresholds and their dependence on environmental conditions
provides valuable insights for soil management strategies in regions affected by seasonal
freeze-thaw cycles and high water flow velocities. Future research should integrate micro-
scale analysis of soil structural changes and investigate the implications of these findings
for improving soil stability and reducing erosion risk in diverse ecosystems.

Acknowledgment and funding. The authors gratefully appreciate Chinese Academy of Sciences for the
great cooperation in the experiment. The authors would like to extend their sincere appreciation to the
Researchers Supporting Project New era longjiang excellent master or doctor dissertation grant program
for funding this work, the project number is LJYXL2023-060. The authors would like to extend their sincere
appreciation to the Researchers Supporting Project University-level innovation team of Heilongjiang
Institute of Construction Technology for funding this work.

Conflict of interests. The authors declared no potential conflicts of interest with respect to the research,
authorship, and/or publication of this article.

Data availability. Data will be available upon request from the corresponding author.

REFERENCES

[1] Addesso, R., Sofo, A., Amato, M. (2023): Rhizosheath: roles, formation processes and
investigation methods. — Soil Systems 7: 106.

[2] Alaoui, A, Lipiec, J., Gerke, H. H. (2011): A review of the changes in the soil pore system
due to soil deformation: A hydrodynamic perspective. — Soil and Tillage Research 115: 1-
15.

[31 An,J, Zheng, F., Lu, J, Li, G. F. (2012): Investigating the role of raindrop impact on
hydrodynamic mechanism of soil erosion under simulated rainfall conditions. — Soil
Science 177(8): 517-526.

[4] Anderson, R., Zhang, L., Ding, Y., Blanco, M., Bi, X. T., Wilkinson, D. P. (2010): A
critical review of two-phase flow in gas flow channels of proton exchange membrane fuel
cells. — Journal of Power Sources 195(15): 4531-4553.

[5]1 Bi, Y.L, Du, X. P, Tian, L. X, Li, M. C., Yin, K. J. (2025): Effects of an arbuscular
mycorrhizal fungus on Amorpha fruticosa roots and soil preferential flow in an arid area of
opencast coal mine waste. — Soil and Tillage Research 245: 106321.

[6] Bodner, G., Mentler, A., Keiblinger, K. (2021): Plant roots for sustainable soil structure
management in cropping systems. — In: The root systems in sustainable agricultural
intensification, Chapter 3, pp. 45-90.

[71 Borrelli, P., Robinson, D. A., Panagos, P., Lugato, E., Yang, J. E., Alewell, C., Wuepper,
D., Montanarella, L., Ballabio, C. (2020): Land use and climate change impacts on global
soil erosion by water (2015-2070). — Proceedings of the National Academy of Sciences
117(36): 21994-22001.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(4):6177-6192.
http://www.aloki.hu @ ISSN 1589 1623 (Print) ® ISSN1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2304_61776192
© 2025, ALOKI Kft., Budapest, Hungary



Zhou et al.: Interspecific variation and threshold dynamics of soil separation capacity in shrub root-soil complexes under sequential

(8]

9]
[10]

[11]

[12]

[13]
[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

freeze—thaw cycles and controlled hydrodynamic conditions
- 6190 -

Cai, Z. X., Zhang, F., Wei, Y., Zhang, H. B. (2017): Freeze—thaw-induced gelation of
hyaluronan: physical cryostructuration correlated with intermolecular associations and
molecular conformation. — Macromolecules 50(17): 6647-6658.

Couper, P. (2003): Effects of silt-clay content on the susceptibility of river banks to
subaerial erosion. — Geomorphology 56: 95-108.

Delian, E., Chira, A., Chira, L., Savulescu, E. (2011): Arbuscular mycorrhizae: an
overview. — South Western J Hort Biol Env 2(2): 167-192.

Dunbabin, V. M., Postma, J. A., Schnepf, A., Pagés, L., Javaux, M., Wu, L. H., Leitner,
D., Chen, Y. L., Rengel, Z., Diggle, A. J. (2013): Modelling root—soil interactions using
three—dimensional models of root growth, architecture and function. — Plant and soil 372:
93-124.

Gao, Y., Li, T. X, Fu, Q., Li, H., Liu, D., Ji, Y., Li, Q. L., Cai, Y. P. (2020): Biochar
application for the improvement of water-soil environments and carbon emissions under
freeze-thaw conditions: an in-situ field trial. — Science of the Total Environment 723:
138007.

Ghazavi, M., Roustaei, M. (2013): Freeze—thaw performance of clayey soil reinforced with
geotextile layer. — Cold Regions Science and Technology 89: 22-29.

Ghezzehei, T. A., Or, D. (2000): Dynamics of soil aggregate coalescence governed by
capillary and rheological processes. — Water Resources Research 36: 367-379.

Gong, C. G, Ni, D. Z, Liu, Y., Li, Y. L., Huang, Q. M., Tian, Y., Zhang, H. (2024):
Herbaceous Vegetation in Slope Stabilization: A Comparative Review of Mechanisms,
Advantages, and Practical Applications. — Sustainability 16(17): 7620.

Hallett, P. D., Marin, M., Bending, G. D., George, T. S., Collins, C. D., Otten, W. (2022):
Building soil sustainability from root—soil interface traits. — Trends in Plant Science 27(7):
688-698.

Hao, H. X., Di, H. Y., Jiao, X., Wang, J. G., Guo, Z. L., Shi, Z. H. (2020): Fine roots benefit
soil physical properties key to mitigate soil detachment capacity following the restoration
of eroded land. — Plant and Soil 446: 487-501.

Jia, C. J., Pang, R. F., Zhang, Q., Lei, M. F., Shi, C. H., Li, W. X. (2024): Experimental
Investigation on Freeze—Thaw Damage Mechanism of Xiyu Conglomerate Under Uniaxial
Cyclic Loading. — Rock Mechanics and Rock Engineering 57: 8969-8991.

Katritsis, D., Kaiktsis, L., Chaniotis, A., Pantos, J., Efstathopoulos, E. P., Marmarelis, V.,
(2007): Wall shear stress: theoretical considerations and methods of measurement. —
Progress in Cardiovascular Diseases 49: 307-329.

Krishnamurthy, P., Ranathunge, K., Nayak, S., Schreiber, L., Mathew, M. K. (2011): Root
apoplastic barriers block Na* transport to shoots in rice (Oryza sativa L.). — Journal of
Experimental Botany 62(12): 4215-4228.

Le Bissonnais, Y., Prieto, I., Roumet, C., Nespoulous, J., Metayer, J., Huon, S., Villatoro,
M., Stokes, A. (2018): Soil aggregate stability in Mediterranean and tropical agro-
ecosystems: effect of plant roots and soil characteristics. — Plant and Soil 424: 303-317.
Li, Y., Zhou, M., Zuo, H., Wang, Q., Xing, Y., Yan, G. (2021): Root traits and mechanical
properties of three shrubland species: Implications for bioengineered slope stability. —
Environmental Engineering Science 38(12): 1176-1187.

Liu, K., Ye, W,, Jing, H. (2021): Shear Strength and Microstructure of Intact Loess
Subjected to Freeze-Thaw Cycling. — Advances in Materials Science and Engineering
2021: 1173603.

Liu, C., Berard, C., Deng, L. (2022): Review of the Effects of Freezing/Thawing Cycles on
the Engineering Properties of Soilcrete. — Geotechnics 2: 1003-1026.

Liu, J. J., Zhang, K. D., Lu, C., Shi, W. B. (2024): Response of dimensionless soil
detachment capacity to flow intensity parameters in seasonal freeze—thaw region. — Journal
of Hydrology 635: 131172.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(4):6177-6192.
http://www.aloki.hu @ ISSN 1589 1623 (Print) ® ISSN1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2304_61776192
© 2025, ALOKI Kft., Budapest, Hungary



Zhou et al.: Interspecific variation and threshold dynamics of soil separation capacity in shrub root-soil complexes under sequential

[26]

[27]

[28]

[29]

[30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

freeze—thaw cycles and controlled hydrodynamic conditions
- 6191 -

Lu, Y., Liu, S. H., Alonso, E., Wang, L. J., Xu, L., Li, Z. (2019): Volume changes and
mechanical degradation of a compacted expansive soil under freeze-thaw cycles. — Cold
Regions Science and Technology 157: 206-214.

Ma, J. Y., Li, Z. B., Sun, B. Y., Ma, B., Zhang, L. T. (2022): Modeling soil detachment
capacity by rill flow under the effect of freeze—thaw and the root system. — Natural Hazards
112: 207-230.

Ma, J. Y., Ma, B., Li, Z. B., Wang, C. G, Shang, Y. Z., Zhang, Z. Y. (2023): Determining
the mechanism of the root effect on soil detachment under mixed modes of different plant
species using flume simulation. — Science of the Total Environment 858(2): 159888.
McCormack, M. L., Dickie, I. A., Eissenstat, D. M. et al. (2015): Redefining fine roots
improves understanding of below-ground contributions to terrestrial biosphere processes.
— New Phytologist 207(3): 505-518.

Mikha, M. M., Green, T. R., Untiedt, T. J., Hergret, G. W. (2024): Land management
affects soil structural stability: Multi-index principal component analyses of treatment
interactions. — Soil and Tillage Research 235: 105890.

Parhizkar, M. (2024): Effects of tree and shrub species on soil quality, sediment detachment
capacity caused by rills and surface slope stability in forest lands of Northern Iran. —
International Journal of Sediment Research 39: 795-803.

Peth, S., Nellesen, J., Fischer, G., Horn, R. (2010): Non-invasive 3D analysis of local soil
deformation under mechanical and hydraulic stresses by uCT and digital image correlation.
— Soil and Tillage Research 111(1): 3-18.

Pierret, A., Doussan, C., Capowiez, Y., Bastardie, F., Pagés, L. (2007): Root functional
architecture: a framework for modeling the interplay between roots and soil. — VVadose Zone
Journal 6(2): 269-281.

Reubens, B., Poesen, J., Danjon, F., Geudens, G., Muys, B. (2007): The role of fine and
coarse roots in shallow slope stability and soil erosion control with a focus on root system
architecture: a review. — Trees 21: 385-402.

Rooney, E. C., Bailey, V. L., Patel, K. F., Dragila, M., Battu, A. K., Buchko, A. C., Gallo,
A. C., Hatten, J., Possinger, A. R., Qafoku, O., Reno, L. R., SanClements, M., Varga, T.,
Lybrand, R. A. (2022): Soil pore network response to freeze-thaw cycles in permafrost
aggregates. — Geoderma 411: 115674.

Schwarz, M., Cohen, D., Or, D. (2010): Root-soil mechanical interactions during pullout
and failure of root bundles. — Journal of Geophysical Research: Earth Surface 115(F4).
Sun, B. Y., Xiao, J. B, Li, Z. B., Ma, B., Zhang, L. T., Huang, Y. L., Bai, L. F. (2018): An
analysis of soil detachment capacity under freeze-thaw conditions using the Taguchi
method. — Catena 162: 100-107.

Tang, L. Y., Li, G., Li, Z., Jin, L., Yang, G. S. (2021): Shear properties and pore structure
characteristics of soil-rock mixture under freeze—thaw cycles. — Bulletin of Engineering
Geology and the Environment 80: 3233-3249.

Voigtldnder, A., Houssais, M., Bacik, K. A. et al. (2024): Soft matter physics of the ground
beneath our feet. — Soft Matter 20: 5859-5888.

Wu, H., Ji, X., Song, W., Wei, J.,, Sun, Y., Zhan, Y., Zou, X. (2024): Mechanical behaviors
and meso analysis of asphalt mixtures under moisture damage induced by hydrodynamic
impacts. — Construction and Building Materials 438: 137048.

Yang, Q. C., Cheng, W. J., Hao, Z., Zhang, Q., Yang, D. X., Teng, D., Zhang, Y., Wang,
X. M., Shen, H. X., Lei, S. Y. (2022): Study on the fractal characteristics of the plant root
system and its relationship with soil strength in tailing ponds. — Wireless Communications
and Mobile Computing 2022: 9499465.

Yang, L., Cao, L., Cao, T., Xiang, H. Y., He, C. G,, Li, J., Zhang, X. Y., Dumusa, S. A.,
Leng, Y. (2024): Riparian restoration in sandy zones with alfalfa as pioneer plant in initial
stage of soil and water bioengineering. — Ecological Engineering 209: 107410.

Yuan, G., Che, A., Tang, H. (2021): Evaluation of soil damage degree under freeze—thaw
cycles through electrical measurements. — Engineering Geology 293: 106297.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(4):6177-6192.
http://www.aloki.hu @ ISSN 1589 1623 (Print) ® ISSN1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2304_61776192
© 2025, ALOKI Kft., Budapest, Hungary



Zhou et al.: Interspecific variation and threshold dynamics of soil separation capacity in shrub root-soil complexes under sequential

[44]

[45]

[46]

[47]

[48]

[49]

[50]

freeze—thaw cycles and controlled hydrodynamic conditions
- 6192 -

Zhang, B. X., Zhu, L. X,, Fan, H. M., Guo, C. J., Jin, D., Ma, R. M. (2025): Characteristics
of Soil Shear Strength, Disintegration, and Pore Size Distribution at Different Freeze-Thaw
Conditions in Brown Soil (Hapludalfs) Region of Northeast China. — Eurasian Soil Science
58(2): 19.

Zhou, R., Wang, B. T., Han, S. Y., Wang, D. Y., Zhang, F. H. (2024): Mechanisms of crack
development and strength deterioration in compacted expansive soils under controlled
wetting-drying conditions. — Engineering Failure Analysis 159: 108133.

Zhou, Y., Sun, S. F., Xu, Y., Ding, D., Li, Z. X., Ding, Z., Xu, C. (2024): Assessing the
compression properties of Gravel-bearing forest soil in northeast China’s seasonally frozen
regions under Freeze-thaw cycles and varying gravel content. — Geoderma 450: 117050.
Zhou, M. X, Li, Y. B., Zhang, K., Jia, C., Sun, Y., Wang, N., Liu, C. (2025): Species-
Specific Contributions of Root Length and Weight Density to Soil Cohesion and Stability
in Forest Ecosystems. — Applied Ecology and Environmental Research 23(1): 1687-1702.
Zhu, H., Hu, X,, Li, Z., Song, L., Li, K., Li, X., Li, G. (2018): The influences of riparian
vegetation on bank failures of a small meadow-type meandering river. — Water 10: 692,
Zi,R. Y., Zhao, L. S., Fang, Q., Qian, X. H., Fang, F. Y., Fan, C. H. (2023): Path analysis
of the effects of hydraulic conditions, soil properties and plant roots on the soil detachment
capacity of karst hillslopes. — Catena 228: 107177.

Zuo, Y. T., Meng, F. X,, Li, T. X, Fu, Q., Liu, D., Hou, R. J,, Lin, Q. L., Li, M. (2022):
Effect of biochar application on freezing-thawing deformation of farmland soil during
freeze—thaw cycling. — Geoderma 405: 115510.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(4):6177-6192.
http://www.aloki.hu @ ISSN 1589 1623 (Print) ® ISSN1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2304_61776192
© 2025, ALOKI Kft., Budapest, Hungary



