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Abstract: To enhance the biomechanical database of plant root systems for soil reinforcement and erosion control in arid 
and semi-arid regions, and to provide a scientific basis for selecting superior native shrub and herb species in forestry and 
grassland measures for desertification control in central and western Inner Mongolia, this study investigated the root-soil 
interfacial friction characteristics of five typical native plant species – Caragana korshinskii and Hippophae rhamnoides, 
the semi-shrub Hedysarum mongolicum, and the perennial herbs Medicago sativa and Astragalus adsurgens – in two widely 
distributed non-zonal soils: loessial soil and aeolian sandy soil. Single-root pull-out tests were conducted on indoor-pre-
pared root-soil composite samples to examine their responses to varying soil moisture levels. The results showed that within 
a  soil moisture range of 4.6% to 20.6%, the single-root pull-out resistance and shear strength of all five species in both 
soil types followed a quadratic model Y = ax2 + bx + c (with all multiple correlation coefficients > 0.5), initially increasing 
and then decreasing with rising moisture content. Peak values occurred at 8.6% moisture, with consistently higher values 
observed in loessial soil than in aeolian sandy soil. This indicates an optimal soil moisture level for maximising root-soil 
interfacial friction resistance. Among the species, Hippophae rhamnoides and Medicago sativa exhibited superior pull-out 
performance in both soils, with Hippophae rhamnoides showing greater sensitivity to environmental variations in loessial 
soil. Redundancy analysis identified soil type and moisture content as key factors explaining variations in root pull-out shear 
strength. These findings demonstrate that mixed-species plantations, leveraging complementary root traits, can form more 
complex and stable root-soil structures, thereby enhancing surface soil mechanical stability. Further research is needed 
to elucidate the adaptive mechanisms linking plant traits, environmental conditions, and biomechanical characteristics.
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China is  one of  the countries facing severe soil 
and water erosion globally. Serious soil erosion 
leads to decreased soil fertility, increased droughts 
and floods, ecosystem imbalance, significant dam-
age to human settlements, and constraints on sus-
tainable regional economic development (Berry, 
Roderick 2005). In recent years, China has actively 
promoted ecological civilisation construction, 
identified soil and water conservation as  a  key 
strategic task, and achieved remarkable results 
in  soil  erosion control. Nevertheless, the situa-
tion of  soil and water erosion across the country 
remains challenging, with western regions being 
particularly affected. Restricted by  adverse natu-
ral conditions such as  drought, limited rainfall, 
and poor soil fertility, the restoration of forest and 
grassland vegetation is  challenging. At  the same 
time, irrational human economic activities, par-
ticularly land excavation and subsidence caused 
by mining, severely damage native vegetation and 
further exacerbate the deterioration of the region-
al ecological environment (Bardgett et  al.  2014). 
Among soil and water conservation measures, bi-
ological forestry and grass measures are the most 
proactive and effective approaches. They not only 
help reduce soil erosion but also entail low eco-
nomic costs and can contribute to  improving the 
local microclimate (Hales et  al.  2013). In  slope 
protection engineering, the soil-reinforcing effect 
of  plant roots is  achieved through the synergistic 
action of  taproots and fibrous roots. Fibrous and 
shallow fine roots, due to their extensive distribu-
tion, primarily function as  reinforcement, while 
taproots and thick roots, with their high bending 
strength and deeper penetration, mainly provide 
anchorage and support (Zhang et  al.  2020). Fur-
thermore, plant roots absorb soil moisture, there-
by reducing pore water pressure within the slope, 
enhancing the stability of  the surface soil, and 
significantly lowering the probability of  geologi-
cal hazards such as landslides. Within the soil, the 
intricate network of  plant roots intertwines with 
the soil to form a root-soil composite. In this com-
posite system, roots enhance soil cohesion through 
mechanical actions such as  oblique tension  and 
vertical anchorage, significantly strengthening the 
strength of  the root-permeated soil layer. Since 
the deformation modulus of  plant roots is  gener-
ally higher than that of the soil matrix, when rela-
tive displacement tends to occur or actually occurs 
at  the root-soil interface, the interfacial frictional 

resistance can convert the sliding force into tensile 
stress within the roots. This effectively restrains 
soil deformation and enhances its ductility. Under 
vertical pressure, root-free soil is prone to vertical 
compression and lateral deformation. In  contrast, 
rooted soil exhibits significantly reduced lateral de-
formation due to the frictional interaction between 
the roots and the soil. This frictional effect not only 
improves the shear strength of the soil but also sup-
presses its lateral expansion. By increasing confin-
ing pressure and reducing shear stress, it enhances 
the overall stability of  the soil mass (Tosi  2007). 
In other words, the frictional characteristics at the 
root-soil interface play a significant role in the in-
ternal stability of the root-soil composite.

The reinforcement theory and the anchorage 
theory are currently the two widely recognised 
mechanical mechanisms by which plant roots sta-
bilise soil. The  absorption of  water and nutrients 
by plant roots, combined with their anchoring ef-
fect in  the soil, meets the needs for stable plant 
growth. In  soil erosion-prone areas, the compos-
ite formed by roots and soil significantly improves 
the soil's mechanical properties, enhances its ero-
sion resistance, and increases slope stability (Flo-
res-Rentería et  al.  2018). Regarding the frictional 
characteristics at  the root–soil interface, scholars 
domestically and internationally have conducted 
relevant research and achieved corresponding re-
sults, primarily manifested in  aspects such as  the 
root–soil interface friction mechanism, differences 
in  frictional characteristics among different plant 
species, and influencing factors. Currently, many 
experts and scholars both domestically and interna-
tionally have conducted research on the mechani-
cal roles and characteristics of  plant roots in  soil 
stabilisation, erosion resistance, and the prevention 
of soil erosion. These studies encompass areas such 
as  the ultimate tensile force and tensile strength 
of plant roots (Campbell, Hawkins 2003), the shear 
resistance characteristics of  root-soil composites 
(Bordoni et  al.  2016), and the frictional proper-
ties at  the root-soil interface (Genet et  al.  2005). 
These aspects represent the primary mechanical 
factors influencing the soil-stabilising and erosion-
resistant functions of  root systems. Plant roots 
are in  close contact with the soil, and the inter-
play of  various factors results in  the root-soil in-
terface exhibiting complex and variable frictional 
characteristics. Schwarz et  al.  (2010) investigated 
the effects of  soil particle size and moisture con-
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tent on the friction between roots and soil. The re-
sults indicated that the magnitude of the maximum 
root pull-out resistance (1–5 kPa) has a significant 
influence on  slope stability. The  research results 
of Ji et al. (2018) showed that when the loading rate 
increased from 10 mm·min–1 to 300 mm·min–1, the 
maximum pull-out force increased by 10% to 15%. 
Gonzalez-Ollauri and Mickovski (2017) indicated 
that there exists a  specific soil moisture content 
at which the reinforcing effect of plant roots on the 
soil is optimised.

In summary, differences in  biological charac-
teristics among plant species and site conditions 
lead to  variations in  the biomechanical proper-
ties of  root systems, which in  turn affect the fric-
tional characteristics at the root-soil interface and 
ultimately influence soil reinforcement and water 
retention effectiveness. In  light of  this, this study 
focuses on  the root systems of  five typical native 
shrubs and grasses in  central and western Inner 
Mongolia – the shrubs Caragana korshinskii and 
Hippophae rhamnoides, the semi-shrub Hedysar-
um mongolicum, and the perennial herbs Medicago 
sativa and Astragalus adsurgens. Indoor single-root 
pull-out friction tests were conducted on root-soil 
composites to  investigate the frictional character-
istics and their variation patterns at  the root-soil 
interface under different soil moisture levels in two 
widely distributed typical azonal soils in the region: 
loessial soil and aeolian sandy soil. The study aims 
to reveal interspecific differences and common pat-
terns in  the biomechanical properties of  root-soil 
systems, thereby contributing to the improvement 
of the biomechanical database for soil fixation and 
erosion resistance by plants in arid and semi-arid 
regions. Furthermore, it provides theoretical guid-
ance for optimising the selection of native shrubs 
and grasses and their mixed-species configurations 
in biological and vegetative measures for combat-
ing land degradation in central and western Inner 
Mongolia.

Overview of  the study area. The  sampling site 
was located at  the Heidaigou open-pit coal mine 
dump site in  Jungar Banner, Ordos City, which 
lies in  the semi-arid loess hilly and gully region 
of  Inner Mongolia. Its geographical coordinates 
range from 111.22°E to  111.33°E and 39.72°N  to 
39.82°N, with an  elevation between 1  025 m a.s.l. 
and 1 302 m a.s.l. The mining area is situated in the 
western part of  the Loess Plateau, at  the junction 
of Shanxi, Shaanxi, and Inner Mongolia, covering 

a total area of 52.11 km2. The climate is character-
ised as a mid-temperate semi-arid continental type, 
with an  average annual temperature of  approxi-
mately 7.2°C and an  average annual precipitation 
of 404.1 mm. About 70% of the precipitation is con-
centrated in the rainy season from July to Septem-
ber, featuring short-duration, high-intensity rainfall 
events. The area is  rich in wind energy resources, 
with a multi-year average wind speed of 3.6 m·s–1, 
an  average of  42.2 days of  strong wind per year, 
and an annual sandstorm frequency ranging from 
17 to 26 days. The landform type is typical of loess 
hilly terrain, characterised by  thick loess depos-
its covering the surface, well-developed gullies, 
and a dendritic water system formed by main and 
branch gullies, indicating intense erosion. The geo-
logical structure consists of superimposed bedrock 
strata from the Paleozoic to  Mesozoic eras, ter-
tiary cohesive soil, and quaternary loess deposits. 
The soil types are primarily azonal soils, including 
loessial soil and aeolian sandy soil, with zonal soil 
distribution being less distinct. The soil in the arti-
ficial dump site at the sampling location is backfill 
material, which has been compacted by heavy ma-
chinery, resulting in high density, low porosity, and 
poor permeability.

MATERIAL AND METHODS

Root and soil investigation. In  mid-Au-
gust  2024, sample plots were established under 
identical site conditions on the internal dump plat-
form of  the Heidaigou open-pit mine (platform 
elevation: 1  251 m a.s.l.; central geographic coor-
dinates: 39.79°N, 111.27°E). The study targeted five 
species of 3-year-old shrubs and herbs: Caragana 
korshinskii, Hippophae rhamnoides, Hedysarum 
mongolicum, Medicago sativa, and Astragalus 
adsurgens. The  size of  each sample plot was de-
termined based on  the plant life form and plant-
ing density. For the two shrub species, Hippophae 
rhamnoides and Caragana korshinskii, which were 
established by seedling planting, the plot size was 
set at 50 × 50 m, with a spacing of 1.5 × 2 m. Three 
replicate plots were established for each species. 
For  the semi-shrub Hedysarum mongolicum and 
the two herbaceous species, which were estab-
lished by direct seeding with a coverage of 60%, the 
plot size was set at 10 × 10 m, also with three rep-
licates per species. Within each plant sample plot, 
30 individuals were randomly selected to measure 
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their plant height, crown width, and ground di-
ameter. The average values for these growth indi-
cators were calculated for each species across the 
three sample plots. The mean of these averages was 
then computed to represent the overall average for 
each plant species. From the three replicate plots 
of  each species, 3 to  5 individuals whose growth 
indicators were closest to the overall average were 
selected as standard plants and tagged for further 
study. Root excavation, collection, and related sam-
pling and measurements were conducted on these 
standard plants. The growth status of the five plant 
species and the selection of  standard plants are 
presented in Table 1.

Excavation and collection of root systems and 
undisturbed soil samples. The excavation and col-
lection of  root systems were conducted beneath 
the standard plants of the test species. Root system 
excavation began at  a  distance of  1.5–2.0 m from 
one side of the standard plant. Using the contrac-
tion method, the roots were carefully excavated 
sequentially from the outside inward, ensuring the 
integrity of  the root system as  much as  possible. 
Roots within the required diameter range were col-
lected, placed in black plastic bags, and misted with 
water to prevent dehydration. After collection, the 
samples were promptly transported to the labora-
tory and stored in a constant-temperature chamber 
at 4 °C to ensure the experiments were completed 
as quickly as possible. For the loessial soil, three soil 
profiles were excavated from a relatively flat, unre-
claimed area under the same site conditions as the 
platform of  the internal waste dump at  the sam-
pling site. Each profile had a depth of 100 cm, and 
samples were taken at 20 cm intervals. In each lay-
er, three undisturbed soil cores were collected us-
ing a cutting ring with a diameter of 50.46 mm and 
a height of 50 mm, arranged in a triangular pattern. 
A  total of  15 soil samples were taken from each 
profile, resulting in 45 samples, which were sealed 

in  aluminium boxes. Additionally, 5–7 kg of  soil 
was collected as  experimental soil and brought 
back to the laboratory. The aeolian sandy soil was 
collected from the nearby moving sand dunes 
of  the Kubuqi Desert. The  soil sampling  method 
was consistent with the aforementioned approach 
and is not repeated here.

Selection of  experimental roots. The  study 
on  the root-soil interface friction characteristics 
of five plant species under two soil types and five 
different soil moisture gradients focused on  their 
representative roots. Research on these represent-
ative roots has been published separately by  the 
research team (Fan, Chen 2010; Docker, Hub-
ble  2008; Noorasyikin et  al.  2022). The  findings 
on representative roots indicated that for Caragana 
korshinskii, Hedysarum mongolicum, Medicago sa-
tiva, and Astragalus adsurgens, the representative 
root diameter ranges were 0–0.5 mm, 0.5–1 mm, 
and 1–1.5 mm, while for Hippophae rhamnoides, 
the representative root diameter ranges were 0.5–
1 mm and 1–1.5 mm. This means that for these 
five plant species, the growth indicators (including 
root diameter, root length, root surface area, and 
the percentage of  root dry weight to  total roots) 
of roots with diameters less than 2 mm were supe-
rior to those in other root diameter ranges. In light 
of  this, when conducting single-root tensile pull-
out tests under different moisture levels in  this 
study, fine roots within the common representative 
root diameter range of 1–1.5 mm for the five plant 
species were selected for comparative research. Ad-
ditionally, no fewer than 30 valid single-root pull-
out tests were conducted for the 1–1.5 mm range, 
and the average of the data from these 30 valid tests 
was taken as  the value representing that specific 
soil moisture level.

Basic physical and geotechnical properties 
of undisturbed soil. The moisture content and bulk 
density of undisturbed soil were determined using 

Table 1. Growth performance of five plant species and selection of standard plants

Plant species Plant height  
(cm)

Crown width  
(cm) Root diameter (maximum) 

(mm)
East-West North-South

Medicago sativa 64.27 ± 9.68 52.37 ± 12.31 48.47 ± 12.34 3.03 ± 0.56
Caragana Korshinskii 118.23 ± 12.16 72.05 ± 9.18 74.12 ± 10.59 3.98 ± 1.29
Hedysarum mongolicum 105.02 ± 20.32 85.18 ± 27.61 82.90 ± 30.81 1.79 ± 0.12
Hedysarum mongolicum 97.73 ± 17.12 68.23 ± 17.36 66.56 ± 15.32 7.09 ± 2.16
Astragalus adsurgens 67.72 ± 10.28 60.12 ± 11.74 58.36 ± 10.38 2.92 ± 0.13
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the ring knife sampling and oven-drying method 
at 105  °C. For  the determination of  soil mechani-
cal composition, the collected undisturbed soil was 
passed through a  2 mm sieve, and an  appropriate 
amount of  the sieved soil was subjected to  parti-
cle size analysis using the Mastersizer 3000 laser 
particle size analyser (Malvern Panalytical, United 
Kingdom). The  results are shown in  Table  2. Ac-
cording to the Kachinsky classification system, the 
soil textures of the experimental soils are classified 
as light loam and sand.

The liquid limit and plastic limit tests of the un-
disturbed soil were conducted in the laboratory us-
ing a combined liquid-plastic limit tester. The data 
obtained was used for a  preliminary geotechnical 
classification of the two experimental soils accord-
ing to the 'Standard for Engineering Classification 
of Soil' (GB/T 50145-2007). As shown in Table 2, the 
fine fraction content of  the loessial soil is 54.83%, 
which is  greater than 50% of  the total soil  mass, 
thus classifying it  as  fine-grained soil. Within the 
fine-grained soil category, if  the coarse fraction 
content is greater than 25% but less than 50% of the 
total soil mass, it  is  termed coarse-grained fine-
grained soil. The fine fraction content of the aeolian 
sandy soil is 3.59%, which is less than 5% of the to-
tal soil mass, thus classifying it as sand. The liquid 
limit and plastic limit are two important physical 
indicators of cohesive soils and can be used to cal-

culate the soil's plasticity index and liquidity index 
(Ali  et  al.  2012). Between the two experimental 
soils, only the loessial soil is fine-grained; therefore, 
liquid limit and plastic limit tests were conducted 
only on the loessial soil. The results show a plastic-
ity index Ip = 8.62 (i.e.  Ip < 10) and a  liquid limit 
WL = 27.04% (i.e. WL < 50%). Based on the posi-
tion of  its plasticity index Ip and liquid limit WL 
in the plasticity chart, the loessial soil is classified 
as sandy low-liquid-limit silt (MLS), while the aeo-
lian sandy soil is classified as sand (S).

Methods. Under the conditions of  a  soil mois-
ture content of  8.6% (measured natural moisture 
content) and soil dry densities of  1.59 g·cm–3 for 
loessial soil and 1.48 g·cm–3 for aeolian sandy soil, 
straight root segments with diameters of 1–1.5 mm 
were selected and prepared into 8 cm long seg-
ments for testing. Among these, a 2 cm section was 
clamped by  the fixture, while a  6 cm segment 
was embedded within the test container (PVC pipe) 
(Figure 1). A TY8000 servo-controlled testing ma-
chine (Tian Yuan, China) was used for the pull-out 
tests. The preparation of root-soil composite speci-
mens under different moisture content levels fol-
lowed the methods described by Fan et al.  (2021), 
Xing et  al.  (2023), Fang et  al.  (2024) and Zhang 
et al. (2025). The five different soil moisture content 
gradients were designed to reflect the dynamic vari-
ation characteristics of soil moisture in the natural 

Table 2. Analysis results table of mechanical composition for the two experimental soils

Soil types

Soil mechanical composition (%)

> 2 mm 1–2 mm 0.5–1 mm 0.25–0.5 mm 0.25–0.075 mm 0.005–0.075 mm < 0.005 mm

Loessial  
soil 0.57 ± 0.04 1.51 ± 0.08 8.17 ± 0.93 3.38 ± 0.25 31.54 ± 2.22 53.31 ± 2.67 1.52 ± 0.027

Aeolian  
sandy soil 0 0 0.2 ± 0.03 4.66 ± 0.28 91.55 ± 5.95 2.5 ± 0.02 1.09 ± 0.01

Figure 1. Schematic diagram of test roots

clamping end A

2 cm 1.5 cm 1.5 cm 1.5 cm 1.5 cm

B C D E
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sampling environment. The experimental study was 
conducted at  these five different moisture content 
levels: 4.60%, 8.60% (the measured natural moisture 
content of  the undisturbed soil), 12.60%, 16.60%, 
and 20.60% (all below the saturated moisture con-
tent of both the loessial soil and aeolian sandy soil).

A PVC pipe with an inner diameter of 6 cm and 
a  length of  11 cm was used, with a  symmetrical 
1 cm diameter circular hole drilled at its midpoint. 
One end of the pipe was tightly sealed with a cir-
cular wooden disc (1 cm thick). Remoulded soil, 
prepared and left to  stand for 24 h, was added 
to the pipe. When the soil reached the level of the 
circular hole, a root was passed through the hole, 
leaving the clamping end exposed. Soil filling con-
tinued until the pipe was full, and another circu-
lar wooden disc was placed on top to compact the 
soil. The  wooden disc at  the other end was then 
removed, and additional soil was added. Soil was 
repeatedly added at  both ends of  the pipe to  en-
sure the test root remained centred in  the circu-
lar hole and to avoid friction with the hole edges. 
When the dry density of  the soil in  the PVC pipe 
met the experimental requirements, the prepared 
specimen was fixed into a custom-made clamp for 
later use. For the single-root pull-out test, the num-
ber of valid repetitions for each soil moisture level 
was no less than 15. The preparation process of the 
root-soil composite specimens, soil compaction, 
and the pull-out test setup are illustrated in  Fig-
ure 2. After preparation, the specimen clamp was 
fixed onto the testing machine, and the pull-out 
speed was set to 150 mm·min–1.

Based on  the physical properties of  the undis-
turbed soil and the habitat conditions at  the sam-
pling site, the moisture content of  the remoulded 
soil was set to  the measured natural moisture 

content of  8.5%. The  calculations for the required 
amounts of air-dried soil and water to prepare the 
remoulded soil are shown in Equations (1) and (2). 
The prepared soil was sealed, protected from light, 
and allowed to  stand for 24 h before use, allowing 
the properties of the remoulded soil to more closely 
approximate those of the undisturbed soil.

	 (1)

where:
m 	 – mass of air-dried soil required (g);
ω0 	 – moisture content of the air-dried soil (%);
ρd 	 – dry density of the experimental soil (g·cm–3);
V 	 – volume of the specimen (cm3).

	
(2)

where:
m0 	 – mass of water required for the specimen (g);
ω0 	 – moisture content of the air-dried soil (%);
ω 	 – target moisture content to be configured for the 
		   soil (%).

The single-root pull-out test for the root-soil 
composite is  based on  two assumptions: (i) Dur-
ing the root extraction process, the frictional stress 
at  the root-soil interface is  uniformly distributed; 
(ii) Along the root axis direction, the displacement 
of the root-soil composite is equivalent to the shear 
displacement at  the root-soil interface. The exter-
nal force causing this displacement is the pull-out 
shear force at the root-soil interface, and the maxi-
mum resistance force per unit root surface area 
is defined as the shear strength of the root-soil in-
terface, see Equation (3).

Figure 2. Preparation of root-soil composite specimens and processes of soil compaction and pull-out testing

0(1 0.01 ) dm V= + ω ρ

( )0 0
0

1 –
1 0.01

m = × ω ω
+ ω

root-soil composite  
specimen

preparation of root-soil  
composite specimens

soil compaction 
device

root-soil composite  
pull-out test apparatus
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	 (3)

where:
τ 	 – pull-out shear stress at  the root-soil inter- 
		   face (KPa);
F 	 – maximum pull-out force when the root 
		   is extracted (N);
d 	 – average diameter of the root (cm);
l 	 – length of the root embedded in the soil (cm).

RESULTS

This study measured the single-root tensile re-
sistance of  five plant species – alfalfa (Medicago 
sativa), peashrub (Caragana korshinskii), Mon-
golian sweetvetch (Corethrodendron lignosum), 
sea-buckthorn (Hippophae rhamnoides), and erect 
milkvetch (Astragalus adsurgens) – in  both loes-
sial soil and aeolian sandy soil, under soil moisture 
conditions ranging from 4.6% to 20.6%. The results 
demonstrated that single-root tensile resistance 
was significantly influenced by  both soil type and 
moisture content.

Tensile resistance of single roots of five plant 
species versus soil moisture under two soil 
types. Figure 3 illustrates the variation in single-
root tensile resistance with soil moisture content 
for five plant species in both loessial and aeolian 
sandy soil. As shown, the tensile resistance in both 
soil types initially increased and then decreased 
with rising moisture content. Curve regression 
analysis was performed on  this relationship for 
all five species in both soils. The corresponding 
fitting equations and coefficients of  determina-
tion (R2) are presented in Figure 3. The relation-
ship was best described by a polynomial function, 
conforming to the model Y = ax2 + bx + c, with all 
multiple correlation coefficients exceeding  0.5. 
For all five species, the single-root tensile resist-
ance peaked at  a  soil moisture content of  8.6% 
in  both soil types, after which it  gradually de-
creased with further increases in moisture. This 
indicates the existence of  an  optimal moisture 
content for the mobilisation of root-soil interface 
friction. As shown in Figure 3, statistical analysis 
revealed significant differences (α = 0.05) in sin-
gle-root tensile resistance across different mois-
ture levels for all five plants in both loessial and 
aeolian sandy soil, demonstrating a pronounced 
influence of  soil moisture content on  this me-
chanical property.

In loessial soil, the tensile resistance ranges for 
each species were as  follows: Medicago sativa 
(0.17–0.83 N), Caragana Korshinskii (0.13–0.76 N), 
Hedysarum mongolicum (0.13–0.59 N), Hippophae 
rhamnoides (0.14–0.95 N), and Astragalus ad-
surgens (0.18–0.81 N). The  corresponding ranges 
in aeolian sandy soil were: Medicago sativa (0.10–
0.24 N), Caragana Korshinskii (0.02–0.14 N), 
Hedysarum mongolicum (0.05–0.26 N), Hippophae 
rhamnoides (0.12–0.22 N), and Astragalus adsur-
gens (0.06–0.20 N). Overall, the mean tensile re-
sistance in  loessial soil was significantly higher 
than that in aeolian sandy soil (P < 0.05). The rank-
ing of  tensile resistance among species in  loessial 
soil varied with moisture content; however, sea-
buckthorn, alfalfa, and erect milkvetch generally 
exhibited higher values than peashrub and Mongo-
lian sweetvetch. In contrast, the ranking in aeolian 
sandy soil showed no consistent pattern across dif-
ferent moisture levels. These results indicate that, 
from the perspective of root-soil interfacial friction 
characteristics, the tested plants contribute more 
effectively to  enhancing the mechanical stability 
of  the surface soil in  loessial soil than in  aeolian 
sandy soil.

Based on  the findings above, the ranking of  the 
five plant species by  their single-root tensile re-
sistance changes with varying soil moisture levels 
under the same soil type. In natural environments, 
soil moisture is in a constant state of spatiotempo-
ral fluctuation due to meteorological factors such as 
air temperature, solar radiation, and wind, as well 
as processes like plant transpiration and soil evap-
oration. Therefore, from the perspective of  root-
soil interfacial friction characteristics alone, this 
study's results also indirectly confirm that in slope 
management engineering, the use of mixed forest-
grass measures with different tree species provides 
superior stability in root reinforcement mechanical 
performance under changing soil moisture condi-
tions – and thus enhances surface soil mechani-
cal stability more effectively – than monocultures 
composed of a single species.

Single-root pull-out shear strength of  five 
plant species versus soil moisture under two 
soil types. Figure 4 shows the variation in single-
root pull-out shear strength with soil moisture 
content for the five plant species in  both loes-
sial soil and aeolian sandy soil. As illustrated, the 
shear strength in  both soils initially increased 
and then decreased with rising moisture content, 

0dl Fτπ − =
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Figure 3. Variations in root-soil interfacial pull-out resistance of five plant species under five soil moisture gradients 
in two soil types

Capital letters indicate the results of  significance tests for differences in  single-root pull-out resistance under different 
moisture contents for the same plant species and soil type, while lowercase letters indicate the results of significance tests 
for differences in single-root pull-out resistance under different soil types at the same moisture content for the same plant 
species; the same letters denote no significant difference, whereas different letters indicate significant differences (α = 0.05)
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Figure 4. Variations in root-soil interfacial pull-out resistance of five plant species across five soil moisture gradients 
in two soil types

Capital letters indicate the results of significance tests for differences in single-root pull-out frictional strength under dif-
ferent moisture contents for the same plant species and soil type, while lowercase letters indicate the results of significance 
tests for differences in single-root pull-out frictional strength under different soil types at the same moisture content for 
the same plant species; identical letters denote no significant difference, whereas different letters indicate significant dif-
ferences (α = 0.05)
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peaking at 8.6% moisture before gradually declin-
ing thereafter. The relationship was best described 
by a polynomial function (Figure 4), conforming 
to  the model Y = ax2 + bx + c, with all multiple 
correlation coefficients exceeding 0.5. This trend 
is consistent with the pattern observed for single-
root tensile resistance in  response to  changing 
soil moisture.

In summary, a  comprehensive comparison re-
veals that the single-root pull-out shear strength 
of  the five plant species differed significantly 
(α  =  0.05) across different soil moisture lev-
els in  both loessial soil and aeolian sandy soil. 
The strength peaked at a moisture content of 8.6% 
in  both soils, indicating a  pronounced influence 
of  soil moisture on  this property. In  loessial soil, 
the mean single-root pull-out shear strength 
of  the five species ranked as  follows: Hippophae 
rhamnoides (67.40  ±  8.25  KPa)  >  Medicago sa-
tiva (63.77  ±  6.48  KPa) >  Astragalus adsur-
gens (61.87  ±  5.94  KPa) >  Caragana Korshinskii 
(40.60  ±  4.25  KPa) >  Hedysarum mongolicum 
(39.47  ±  4.37  KPa), with significant differences 
among them (P < 0.05). In aeolian sandy soil, the rank-
ing was: Medicago sativa (20.77 ± 3.05 KPa) > Hip-
pophae rhamnoides (19.11 ± 2.48 KPa) > Hedysarum 
mongolicum (17.31 ± 1.85 KPa) > Astragalus ad-
surgens (15.27 ± 1.88 KPa) > Caragana Korshinskii 
(8.49 ± 1.15 KPa), also with significant differences 
(P < 0.05). This disparity was substantial. For  in-
stance, at  the 4.6% moisture level, the strength 
values in  loessial soil were 49.80% (Hedysarum 
mongolicum) to  80.25% (Hippophae rhamnoides) 
higher than those in aeolian sandy soil.

Based on  the comprehensive findings presented 
above, and solely from the perspective of  root-
soil interfacial friction characteristics, the abil-
ity of plant roots to reinforce soil, conserve water, 
and enhance the mechanical stability of  surface 
soil is not only influenced by plant species but also 
varies with soil type. Furthermore, when compar-
ing the two soil types, the loessial soil environment 
is more conducive to the expression of root-soil in-
terfacial friction. This study also demonstrates that 
even for the same plant species in  the same soil 
type, the soil-reinforcing effect of  the roots is not 
constant; rather, it  changes with variations in  soil 
moisture content.

Comprehensive influence of  various factors 
on root-soil frictional performance. Figure 5 pre-
sents the results of the Redundancy Analysis (RDA) 
(Ma'ruf 2012; Guo et al. 2021) examining the root-
soil frictional characteristics of  the five plant spe-
cies and various influencing factors. The ordination 
diagram reveals the intrinsic relationships among 
the variables through two primary axes. Axis  1, 
which accounts for 84.64% of  the explained vari-
ance, serves as the primary dimension characteris-
ing these variable relationships. Axis 2 contributes 
an  additional 6.29% to  the explained variance. 
Cumulatively, the two axes explain 90.93% of  the 
total variance, indicating that the RDA ordina-
tion effectively captures the overall relationship 
between plant root-soil frictional characteristics 
and the environmental factors. The  distribution 
of  variable factors shows that mechanical indica-
tors, such as  single-root pull-out shear strength 
and single-root tensile resistance, exhibit a signifi-

Figure 5. Analysis of root-soil friction characteristics and influencing factors for five plant species
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cant positive correlation with Axis 1. This suggests 
that these mechanical properties are primarily 
driven by the first principal axis. Factors like root 
diameter and soil moisture content also show 
a  positive correlation with Axis  1, indicating that 
root morphological traits and soil moisture condi-
tions significantly influence the pull-out mechani-
cal performance of single roots. The aeolian sandy 
soil factor is  located in  the negative region of  the 
ordination plot, implying potential differences 
in how this soil type affects root reinforcement ca-
pacity compared to others. The spatial distribution 
of each plant species within the ordination diagram 
reflects their respective response strategies of root 
pull-out resistance characteristics to environmen-
tal factors. Sea-buckthorn and alfalfa are clustered 
in  the positive axis region, indicating their supe-
rior single-root pull-out mechanical performance. 
The distribution patterns of erect milkvetch, Mon-
golian sweetvetch, and peashrub suggest that the 
pull-out resistance characteristics of these species 
are associated with specific environmental factors 
in distinct ways.

From a mechanistic perspective, these RDA ordi-
nation results elucidate the intrinsic relationships 
between the single-root pull-out mechanical prop-
erties of plants and environmental factors, thereby 
providing a  theoretical basis for selecting suitable 
sand-stabilising plant species for different site 
conditions.

DISCUSSION

This study investigates five plant species in loes-
sial soil and aeolian sandy soil, with soil mois-
ture content ranging from 4.6% to  20.6%. As  soil 
moisture content increases, the single root tensile 
resistance and pull-out shear strength initially in-
crease and then decrease, following the model 
Y  =  ax2  +  bx  +  c (with multiple correlation coef-
ficients all >  0.5). Zhou et  al.  (2011) found that 
under four different soil moisture levels, the val-
ues were higher than those of  pure soil. The  co-
hesion strength of  the two plant species showed 
trends similar to  those of  pure soil, both related 
to  residual strength. When soil moisture content 
increases, the internal friction angle decreases, 
a conclusion also supported by the findings of this 
study. The analysis suggests (Genet et al. 2005) that 
when capillary water is present at the root-soil in-
terface, the wetting effect on  the root-soil surface 

causes the capillary water meniscus to  curve in-
ward. At  the water-air interface, surface tension 
is  generated along the tangential direction of  the 
curved surface, pointing inward. This tension cre-
ates capillary pressure at  the root-soil interface, 
enhancing the cohesion between roots and soil. 
This cohesion initially increases (Waldron, Dakes-
sian 1981) and then decreases (Schwarz et al. 2011) 
with rising soil moisture content, leading to a simi-
lar trend in  the interaction forces between roots 
and soil. As soil moisture content continues to in-
crease, soil saturation rises, and the increase in wa-
ter molecules enhances the pore water pressure 
between soil particles, increasing matric suction 
(Watson et al. 2000). The strong and weak bound 
water in  the soil gradually reach an  equilibrium 
state, and the root-soil interface becomes fully 
bonded. At  this point, soil cohesion reaches its 
maximum, and the friction at  the root-soil inter-
face peaks. With further increases in soil moisture 
content, soil saturation continues to rise, reducing 
cohesion and matric suction between soil particles. 
The thickening of the weak bound water film weak-
ens the molecular attraction between soil particles, 
and the interlocking between roots and soil dimin-
ishes, resulting in  a  decrease in  friction between 
them (Xiao 2016). Existing research indicates that 
single root tensile resistance and tensile strength 
are closely related to root diameter. Single root ten-
sile resistance increases as  a  power function with 
increasing root diameter (Norris 2005), while single 
root tensile strength decreases as a power function 
with increasing root diameter (Zhang et al. 2021). 
Moreover, significant differences in  single-root 
tensile resistance and tensile strength are observed 
among different plant species, which contrasts with 
the trends observed in this study.

In soil, particles are bonded together through 
various attractive forces. These forces are primar-
ily physical attractions such as van der Waals forces, 
Coulomb forces, and the surface tension of  water 
films, which characterise soil shear strength, ero-
sion resistance, and disintegration properties (Gao 
et  al.  2023). For  the five plant species, at  the same 
moisture content, the values of  single root tensile 
resistance and pull-out shear strength in loessial soil 
were consistently greater than those in aeolian sandy 
soil. Similar results have been obtained in  other 
related studies (Li et  al.  2020), where researchers 
consistently found that herbaceous plant roots can 
enhance soil shear strength.
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Analysis of the reasons reveals that the fine par-
ticle fraction (< 0.075 mm) in loessial soil accounts 
for 54.83%, significantly higher than the 0.1% 
in  aeolian sandy soil. Finer soil particles increase 
compactness, leading to  greater contact pressure 
between roots and the soil matrix, thereby en-
hancing static friction (Mao et al. 2012). The lower 
single root tensile resistance in aeolian sandy soil 
compared to  loessial soil may be attributed to the 
coarse texture, poor water retention capacity, and 
weak cohesion between soil particles in  aeolian 
sandy soil. In  contrast, the finer particles of  loes-
sial soil provide a  larger specific surface area, al-
lowing for tighter contact with root surfaces and 
enhanced interlocking between particles, which 
increases the frictional resistance at  the root-soil 
interface. Meanwhile, the coarse and loose struc-
ture of aeolian sandy soil makes it prone to particle 
slippage during pull-out tests, resulting in  lower 
pull-out shear strength. Additionally, the higher 
clay content in loessial soil may contribute to weak 
cohesion at the root-soil interface, further improv-
ing shear resistance (Norris et al. 2008).

Under the same soil type and moisture content, 
the frictional characteristics at the root-soil inter-
face vary among plant species. For  example, sea 
buckthorn exhibits the highest single root pull-out 
shear strength (112.11 kPa) in loessial soil, whereas 
the values for littleleaf peashrub (15.64 kPa) and 
Mongolian sweetvetch (15.64 kPa) are significantly 
lower. This discrepancy may be attributed to differ-
ences in  root epidermal roughness. For  instance, 
the high surface roughness of sea buckthorn roots 
enhances mechanical interlocking with soil par-
ticles, while the relatively smooth root surfaces 
of littleleaf peashrub result in weaker shear resist-
ance (Wu 2013). The variability in root epidermal 
roughness introduces uncertainties in the random 
distribution of soil particles around roots and the 
variable bonding conditions at  the root-soil in-
terface, leading to  differences in  frictional char-
acteristics. Further detailed research is  necessary 
to  determine the optimal root content and mois-
ture content for enhancing soil shear strength 
across the five plant species. Subsequent studies 
should incorporate microscopic structural analy-
ses, such as root epidermal roughness, to advance 
understanding in this area (Docker, Hubble 2008).

Based on  a  comprehensive analysis of  the sin-
gle root pull-out shear strength of five plant spe-
cies and various influencing factors, redundancy 

analysis (RDA) with stepwise screening indicates 
that 'soil type + soil moisture content' exhibits 
strong explanatory power for the vegetation-soil 
coupling system (Veylon et  al.  2015). The  five 
plant species, including sea buckthorn, demon-
strate similar correlation patterns with single root 
pull-out shear strength in  the loessial soil envi-
ronment, with sea buckthorn being more signifi-
cantly influenced by  environmental regulation. 
Subsequent research could further explore the 
adaptive mechanisms linking plant characteris-
tics, environmental conditions, and mechanical 
properties.

CONCLUSION

Based on single root pull-out tests of five native 
species in  central-western Inner Mongolia, this 
study demonstrates that both single root pull-out 
resistance and shear strength initially increase and 
then decrease with rising soil moisture, peaking 
at 8.6%. Soil reinforcement effectiveness ranks as: 
Hippophae rhamnoides > Medicago sativa > Astra-
galus adsurgens > Caragana microphylla > Hedysar-
um mongolicum. The shear strength is significantly 
higher in  loessial soil than in  sandy soil. Redun-
dancy analysis confirms that soil type and moisture 
content are key factors driving shear strength vari-
ation, with H. rhamnoides showing the strongest 
environmental response. These findings provide 
a  mechanical basis for selecting species for soil 
fixation, and future studies should focus on plant-
environment-mechanics adaptation mechanisms 
under varying soil conditions.
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