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Abstract: Vegetation recovery on the Chinese Loess Plateau has markedly changed the hydrological and mechanical 6 

controls on hillslope erosion, shifting sediment production from runoff-driven erosion to gravity-driven processes 7 

such as rainfall-induced loessal landslides. Presently, few studies have clearly documented the differences in 8 

landslide erosion and initiation between shrubland and woodland. We conducted field investigations, rainfall soil-9 

moisture observations, dye-tracer experiments, and soil-root tests, to examine landslide characteristics in terms of 10 

geometry and volume, excess soil-water ratio, preferential-flow pathways, and failure potential in the two stands. 11 

Rainfall-induced loessal landslides in the shrubland stand have shallower failure depths and smaller volumes but are 12 

wider than those in the woodland stand, and they are triggered under lower contributing area-slope conditions. 13 

Moreover, vertical infiltration in the woodland stand tends to be more stable and efficient, characterized by greater 14 

water penetration depth and enhanced pore connectivity. The relationship between the excess soil-water ratio and 15 

soil-water storage demonstrates that subsurface flow in woodland stand is triggered at relatively lower degrees of 16 

saturation. This behavior is attributed to well-developed preferential-flow pathways and reduced matric suction. The 17 

landscape dissection-rainfall index indicates lower landslide susceptibility on steep woodland slopes than on steep 18 

shrubland slopes, consistent with the lower landslide density in woodland relative to shrubland. Overall, these 19 

hydrological and mechanical contrasts indicate that woodland slopes, by combining deep root systems, stable 20 

preferential-flow pathways, and strong mechanical reinforcement, support an effective subsurface flow system that 21 

enhances infiltration and delays shallow saturation, thus improving slope stability. These results highlight the need 22 

to reassess sediment production on the Loess Plateau by explicitly accounting for landslides rather than attributing 23 

it solely to runoff-driven erosion. 24 
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1 Introduction 26 

The Chinese Loess Plateau is one of the most erosive landscapes in the world (Fu et al., 2016; Borrelli et al., 27 

2020; Bai et al., 2024). Since 1980, ecological rehabilitation has significantly improved regional vegetation cover 28 

and structure, with vegetation cover now reaching approximately 60% (Feng et al., 2016; Deng et al., 2022; Liao et 29 

al., 2025). Restored vegetation, optimized plant community structure, and surface litter accumulation have enhanced 30 

water storage capacity and slope stability (Yan et al., 2024; Liu et al., 2025). Since 2010, the region has experienced 31 

several rainstorms that are unprecedented in the historical record, as exemplified by storms in 2013, 2017, and 2025 32 

(Tang et al., 2020; Deng et al., 2022; Yang et al., 2023; Hao et al., 2024). Subsequent studies have reported a shift 33 

in the dominant erosion process from dispersed runoff erosion to gravitational mass movements (Yang et al., 2024; 34 

Du et al., 2025). These findings sufficiently indicate that vegetation recovery on Chinese Loess Plateau alters the 35 

dominant sediment-producing processes and soil-erosion patterns. 36 

Vegetation recovery can enhance ecosystem functioning and alter the rainwater infiltration pathways (Gu et al., 37 

2019; Wang et al., 2022; Guan et al., 2024). Increases in surface cover and root penetration significantly enhance 38 

rainfall infiltration and promote greater spatial heterogeneity, non-uniform infiltration patterns, and preferential-flow 39 

pathways (Li et al., 2007; Zhao et al., 2022). Preferential flow often serves as a primary pathway for rainfall 40 

infiltration and can bypass soil-matrix pores to reach deeper soil layers (Bachmair et al., 2012; Franklin et al., 2021). 41 
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Preferential flow intensity and morphology vary markedly among vegetation types. Woodland slopes are 42 

characterized by deep, continuous macropore channels, predominantly vertical preferential flow, rapid infiltration, 43 

and greater deep-soil water storage (Niu et al., 2023; Cai et al., 2024; Zhang et al., 2025). Shrubland slopes exhibit 44 

predominantly lateral and diffuse subsurface flow with weak vertical components, thereby retaining much of the 45 

infiltrating water in shallow soil layers (Wang et al., 2020; An et al., 2022; Liang et al., 2023; Zhang et al., 2024). 46 

Herbaceous slopes rely mainly on surface cracks and earthworm burrows to route water, and therefore preferential 47 

flow channels are sparse and discontinuous (Wen et al., 2020; Niu et al., 2023; Li et al., 2025). Vegetation recovery 48 

has significantly restructured the soil bio-pore system through root penetration, thereby facilitating the development 49 

of preferential-flow pathways and making infiltration regimes more heterogeneous (Zhao et al., 2022; Guan et al., 50 

2024). However, preferential-flow infiltration on steep slopes, particularly at landslide sites with different vegetation 51 

types, has not been adequately investigated. During heavy storms, preferential flow can regulate spatiotemporal 52 

subsurface water dynamics and act as a biologically mediated control on slope stability. 53 

Root morphology and spatial configuration influence rainwater infiltration pathways and soil-moisture 54 

redistribution (Fan et al., 2020; Li et al., 2023). On the Chinese Loess Plateau, two predominant vegetation types are 55 

recognized: woodlands dominated by Robinia pseudoacacia and Pinus tabulaeformis, and shrublands dominated by 56 

Rosa xanthina and Hippophae rhamnoides. Woodland trees typically develop deeply penetrating root systems, 57 

forming continuous macropore networks and vertical preferential-flow pathways (Zhao et al., 2022; Cai et al., 2024; 58 

Wang and Zhang, 2024). These structures facilitate rapid rainfall infiltration into deep soil layers, enhance subsurface 59 

moisture retention, delay surface saturation, and reduce surface runoff (Souza et al., 2023; Cai et al., 2024; Hu et al., 60 

2025). In contrast, shrubs develop a dense, fibrous root matrix that promotes mesopores and capillaries formation, 61 

thereby accelerating the formation of subsurface saturation zones and limiting vertical percolation (Laycock et al., 62 

1967; Souza et al., 2023; Xiao et al., 2024; Yamase et al., 2024). Therefore, plant roots can control preferential-flow 63 

patterns and alter hillslope hydrology. However, few studies have examined how the hydrological effects of mature 64 

vegetation influence landslides on the Chinese Loess Plateau. 65 

To examine the hydrological and mechanical heterogeneity in mature woodland and shrubland stands on steep 66 

slopes and its implications for slope stability, we first analyze landslide geometry and landscape dissection for slides 67 

triggered by a low-intensity storm from 3 to 6 October 2021. Then, we assess hydrological heterogeneity in mature 68 

woodland and shrubland using soil-moisture observations, excess soil-water ratios across different soil-water storage 69 

levels, and preferential-flow pathway identification. Mechanical heterogeneity is characterized by soil and root 70 

strength parameters, the soil water characteristic curve (SWCC), and the hydraulic conductivity function (HCF). 71 

Finally, we evaluate slope failure potential in relation to landslide density in the two stands. This study mainly 72 

addresses the role of vegetation in modulating slope stability by analyzing real landslide cases. Our findings highlight 73 

the dual role of vegetation in mitigating landslide erosion and provide new insights into its nuanced effects on 74 

hillslope stability. 75 

2. Research background 76 

2.1 Study area 77 

The study area lies in a forested catchment on the southeastern Loess Plateau in China (Fig. 1a). It is located in 78 

the downstream reach of the Caijiachuan watershed in Jixian County, Shanxi Province (Fig. 1b). The soil has an 79 

unconsolidated, porous structure. On steep slopes, woodland is dominated by Robinia pseudoacacia and shrubland 80 

by Rosa xanthina. Since the farmland reforestation policy was implemented in 1980, forest cover has recovered to 81 

about 70%. During 1990–1995 and 1999–2002, the Mountain Improvement Technology Training Project enhanced 82 

forest regeneration. Currently, the local soil and water conservation measures serve as a benchmark within the Loess 83 
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Plateau region. The area has four distincitive seasons and a cold semi-arid climate . The annual precipitation is 84 

approximately 579.1 mm, and the mean annual temperature is 9.9℃. Most rain events occurs from June to September, 85 

accounting for more than 70% of the annual precipitation. Prior to the 2021 event, a short-duration storm on 25–26 86 

August 2003 triggered 18 landslides, with antecedent precipitation of 71.7 mm over 18 hours and an intense 3 h 87 

rainfall of 24.4 mm (Wang et al., 2024). In contrast, the 2021 rainfall event was a low-intensity storm with prolonged 88 

antecedent precipitation of 121.8 mm over 72 hours and a 6 h peak rainfall of 32.2 mm (Fig. 2). After the storm, 89 

post-storm documentation mainly focused on differences in landslide numbers, densities, slope aspects, and 90 

morphological metrics (Tang et al., 2023), while giving little attention to the hydrological and mechanical conditions 91 

of landslides in the two forested land types. 92 

 93 

Figure 1. Geographical setting of the study area, with the (a) location of Caijiachuan watershed in the Loess Plateau, 94 

China, (b) the forested catchment and meteorological stations in downstream reach of Caijiachuan watershed, (c) 95 

0.15 m resolution orthoimage on 12 October 2019, and (d) 0.10 m resolution orthoimage on 14 October 2021 96 

showing the sites for soil-moisture observations and dye-tracer experiments. 97 

 98 
Figure 2. Hourly and cumulative rainfall from 3 to 6 October 2021. 99 
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3 Materials and methods 100 

3.1 Landslide information interpretation 101 

To obtain landslide inventories for the woodland and shrubland, we acquired high-resolution orthoimages and 102 

digital elevation models (DEMs) using an unmanned aerial vehicle (UAV; DJI Inspire 2). Two systematic UAV 103 

flights with consistent flight and image overlap settings were conducted on 12 October 2019 (Fig. 1c) and 14 October 104 

2021 (Fig. 1d). Pix4Dmapper (version 4.6, Pix4D SA, Switzerland) was used to generate ortho-mosaics and DEMs. 105 

These DEMs have spatial resolutions of 0.15 m and 0.10 m, respectively, thereby supporting accurate landslide 106 

mapping. The landslide depths in the woodland and shrubland were measured during field investigations. Landslide 107 

point and areal densities are calculated by dividing the total number of landslides and the total scar area by the 108 

woodland and shrubland areas, respectively. The lateral extent of each landslide is the sum of the sidewall and head 109 

scarp areas. The unit upslope contributing area is the ratio of the total contributing area to the scar width. Slope 110 

gradients and associated unit contributing areas are computed from the DEM generated on 14 October 2021. 111 

3.2 Rainfall, soil-moisture monitoring and sample collection 112 

In the study area, the woodland has an open structure due to sparse-to-moderate tree density and high canopy 113 

height (Fig. 3a), whereas the shrubland has a closed structure because of high density and low canopy height (Fig. 114 

3b). Each study site is dominated by single woody species, with Robinia pseudoacacia in the woodland and Rosa 115 

xanthina in the shrubland. Both land types have a well-developed herbaceous layer. To investigate the hillslope 116 

hydrology, we used frequency-domain reflectometry (FDR) soil-moisture sensors installed at depths of 30, 60, and 117 

90 cm to record volumetric water content from May to August 2023 (Fig. 3c). A meteorological station at 118 

Caijiachuan Forest Station is approximately 2 kilometers to the northwest of the study area. During soil-moisture 119 

sensor installation, we collected undisturbed soil samples near the FDR sensor locations. Bulk density, porosity, 120 

effective cohesion, internal friction angle, and unsaturated hydraulic properties were determined using an electronic 121 

balance, an oven, a GDS triaxial apparatus, and transient release and imbibition tests (Lu and Godt, 2013). Plant 122 

roots were collected to determine depth-dependent root distribution (Fig. 3d), root diameter, root area ratio, and 123 

tensile strength (Nimmo et al., 2009). 124 

 125 
Figure 3. Soil moisture monitoring and soil and root sampling. (a) Open woodland dominated by Robinia 126 

pseudoacacia. (b) Close-structure shrubland dominated by Rosa xanthina. (c) Trench wall showing soil sampling 127 

and FDR sensor installation. (d) In situ root counting and sampling at 0.1 m depth intervals.  128 

3.3 Excessive soil water due to preferential flow 129 

Previous studies of preferential flow on the Loess Plateau have shown that continuous channels in woodland 130 

enhance deep soil water storage, whereas lateral and dispersed channels in shrubland keep water in shallow soil 131 

layers (Wang et al., 2019; An et al., 2022). Therefore, differences in preferential-flow pathways can result in distinct 132 

soil-moisture responses during the same rainfall event. In this study, we first characterized preferential-flow 133 
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pathways using dye tracer experiments and then examined soil-moisture responses using observed soil-moisture data. 134 

Dye tracer experiments were conducted on vegetated slopes near the soil-moisture monitoring sites to examine 135 

the preferential flow pathways (Fig. 1d). The slope angles were 35.8° at the woodland site and 38.2° at the 136 

shrubland site. An electric sprayer was used to spray a 4 g·L⁻¹ brilliant blue solution onto a 100 cm × 100 cm plot 137 

(Figs. 4a and 4b). After spraying the solution, the plot was immediately covered with a rainproof cloth to minimize 138 

evaporation. After 24 h, a 5 cm-wide margin of soil was removed from the plot edges, and the core area was 139 

excavated to obtain 10 vertical and 5 horizontal profiles. Excavation grids were established at 0.1 m intervals in both 140 

the longitudinal and transverse directions (Figs. 4c and 4d). Profile images were captured with a digital camera at a 141 

fixed distance and in a parallel orientation, and subsequently processed using Adobe Photoshop (version 2021; 142 

Adobe Inc., USA) and Image-Pro Plus (version 6.0; Media Cybernetics, USA). The proportion of flow marked by 143 

the dye is: 144 

𝑆𝐴𝑅 =
௔ೕ

஺ೕ
                                       (1) 145 

where 𝑆𝐴𝑅 is the stained-area ratio for the soil profile, 𝑗 is soil depth (cm), 𝑎 is the number of stained pixels at 146 

depth j, and 𝐴 is the total number of pixels along the image width at depth 𝑗. 147 

The soil-moisture response index describes excess soil water in response to a given rainfall input: 148 

                                     𝑅஼ =
ோ೘ೌೣି(ோାோబ)

ோାோబ
                                  (2) 149 

where 𝑅஼ is the excess soil-water ratio in response to a given rainfall event, 𝑅௠௔௫ is the maximum total soil-water 150 

storage during the rainfall episode (mm), 𝑅 is the cumulative rainfall during the episode (mm), and 𝑅଴ is the initial 151 

total soil-water storage before the rainfall episode (mm). Positive or negative values of 𝑅஼ indicate whether the 152 

increase in soil-water storage exceeds or falls below the rainfall input. In addition, 𝑅஼ reflects the preferential-flow 153 

component aligned with slope orientation or gravity. As soil moisture typically lags rainfall, we follow the method 154 

proposed by Lu et al. (Lu et al., 2024), which defines rainfall episodes using soil depth and in situ saturated hydraulic 155 

conductivity measurements. Therefore, the 𝑅஼  values under different 𝑅 + 𝑅଴  conditions, together with the 156 

preferential-flow pathways, can reflect heterogeneity in soil-water movement in the woodland and shrubland. 157 

 158 

Figure 4. Dye tracer experiments and preferential flow pathways examination. (a) Experimental plot after vegetation 159 

removal. (b) Experimental plot after 24 h of brilliant blue solution spraying. (c) Dye-stained profile parallel to the 160 

slope surface. (d) Dye-stained profile along the gravity direction. Capital letters denote corresponding points shared 161 

across Fig. 4a-d. 162 

3.4 Slope resistance to failure probability at given rainfall input 163 

Hillslope resistance to failure at a given rainfall input depends on the topography and the physical, strength, 164 

and hydraulic properties of soil mass. A widely used combination of the infinite-slope stability model and a 165 

hydrological model yield an expression for the critical drainage area per unit contour length (Montgomery and 166 

Dietrich, 1994): 167 
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𝑎௖௥ =
௭௄௦௜௡ఏ௖௢௦ఏ

ோ೟
[

஼ᇲା஼ೝ

ఘೢ௚௭௖௢௦
మఏ௧௔௡ఝ

+
ఘೞ

ఘೢ
(1 −

௧௔௡ఏ

௧௔௡ఝ
)]                         (3) 168 

where 𝑎௖௥ is the critical drainage area per unit contour length (m2·m-1), 𝑅௧ is the triggering rainfall rate (m·d-1), 169 

𝐾  is the saturated hydraulic conductivity (m·d-1), 𝜃  is the slope angle (°), 𝐶ᇱ  and 𝐶௥  are the effective soil 170 

cohesion and the root-induced cohesion (kPa), 𝜌௦  and 𝜌௪ are the unit weights of soil and water (KN·m-3), 𝑧 is 171 

the landslide depth (m), and 𝜑 is the effective internal friction angle (°). 172 

The left-hand side of Eq. (3) represents the topographic condition of a given landslide or a site susceptible to 173 

slope failure (Montgomery et al., 2000). Moving 𝑅 to the left-hand side yields the right-hand side of Eq. (4) in an 174 

integrated form involving only soil mass parameters: 175 

𝑎௖௥ × 𝑅௧ =
௄௧௔௡ఏ(஼ᇱା஼ೝ)

ఘೢ௚௧௔௡ఝ
+ 𝑧𝐾𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃

ఘೞ

ఘೢ
(1 −

௧௔௡ఏ

௧௔௡ఝ
)                       (4) 176 

The physical meaning of arc × Rt is that hillslope resistance to failure under site-specific topographic conditions and 177 

a given rainfall input strongly depends on soil physical properties. For the rain-induced loessal landslides in the 178 

study area, the strength and hydraulic properties of the landslide mass in woodland and shrubland may lead to 179 

different arc × Rt levels, so that landslide density (or number) differs between woodland and shrubland. Therefore, 180 

we focus on arc × Rt from the right-hand side of Eq. (4) to elucidate the initiation of loessal landslides in two forested 181 

land types. 182 

4 Results 183 

4.1 Landslides in the two lands 184 

To compare the landslide point and areal densities between the two stands, we calculated landslide counts and 185 

areas and divided them by the total steep-terrain area in each stand. This approach excluded non-susceptible terrain 186 

from the analysis. The spatial distribution and morphology of landslides in woodland and shrubland exhibited clear 187 

patterns. Specifically, the statistical results showed that landslide point density in shrubland was 1.56 times that in 188 

woodland, whereas landslide areal density was only 0.48 times that in woodland (Figs. 5a and 5b). Furthermore, the 189 

average landslide width in shrubland was 1.49 times that in woodland. Generally, trees in woodlands have deep root 190 

systems that provide stronger anchoring and can mobilize deeper soil layers, thereby modifying the failure depth 191 

and geometry of shallow landslides (Schwarz et al., 2010; Masi et al., 2023; Dibiagio et al., 2024). The average 192 

landslide depth in woodland was 1.82 times that in shrubland, while the average lateral extent was 1.61 times that in 193 

shrubland. However, the average width of landslides in woodland was only 0.67 times that in shrubland. Overall, 194 

the total landslide volume in woodland was 1.16 times that in shrubland, indicating that landslides in woodland tend 195 

to be larger (Figs. 5c and 5d). 196 

When landslides are considered alongside other landscape-dissection agents such as rills and gullies, their 197 

spatial locations depend on two controls. One is spatial competition between the slope-dependent term S = tanθ 198 

(m·m-1) and the area-dependent term A (m2·m-1); the other is exceedance of the A–S topographic threshold 199 

(Montgomery and Dietrich, 1994). As highlighted in Sect. 3.4, variations in arc × Rt arise from the interplay of 200 

topography, failure depth, soil strength, plant root reinforcement, and hydraulic conductivity. To evaluate these 201 

controls on landslides, we compared the upslope contributing area (A) and slope gradient (S) between the two land 202 

types. 203 

Field investigations reveal that most landslides in the study area occur in concave topographic positions. 204 

Statistical analysis indicates that, on average, woodland sites have a significantly larger upslope contributing area 205 

(124 m² m⁻¹) and steeper slopes (48°) than shrubland sites. These values are consistent with expectations from the 206 

A–S threshold framework (Fig. 6a). Fitting regression lines to the bin-averaged dataset further demonstrates that 207 
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landslides in woodland generally require either a larger upslope contributing area or a steeper slope gradient for 208 

initiation (Fig. 6b). The A–S relationship shows that, at similar slope gradients, landslides in woodland require larger 209 

upslope contributing areas than those in shrubland. This suggests that, compared with landslides in shrubland, those 210 

in woodland may require higher rainfall-intensity thresholds, steeper slopes, or both, for initiation. Consistent with 211 

this, shrubland shows a higher landslide point density than woodland (1.56 times; Fig. 5a). 212 

 213 

Figure 5. Landslide characteristics in woodland and shrubland. (a) point density by slope-gradient class; (b) areal 214 

density by slope-gradient class; (c) landslide width and volume; and (d) landslide depth and lateral area. The three 215 

horizontal-lines of box show decreasing order of 75th quantile (Q3), median (Q2), and 25th quantile (Q1). The box 216 

length is the interquartile range (IQR=Q3-Q1). The small square is the average value. The cross symbols denote the 217 

1st and 99 th percentiles. The upper and lower limit of whiskers are Q3+1.5IQR andQ1-1.5IQR, respectively. The 218 

whiskers extend to the most extreme values within these limits; mild outliers are shown as black dots. 219 

 220 
Figure 6. Upslope contributing area and slope gradient condition. (a) upslope contributing area and mean slope as 221 

a function of slope aspect; (b) upslope contributing area vs. mean slope gradient above the landslide area. The 222 
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definition of the boxplots is given in the caption of Fig. 5. Circles indicate mean slopes, with radius proportional to 223 

the number of landslides. A power-law regression is fitted to the bin-averaged data. 224 

4.2 Soil Hydrological properties 225 

4.2.1 SWCC and HCF curves 226 

Mean landslide depths in woodland and shrubland are 0.84 m and 0.55 m, respectively (Fig. 5d). Soil-moisture 227 

monitoring and soil sampling were conducted at three depth intervals (0–30, 30–60, and 60–90 cm), as described in 228 

Sect. 3.2. Because observed landslide depths in woodland were mostly within 60–90 cm, this layer was taken as the 229 

representative sliding layer for woodland. Likewise, because observed landslide depths in shrubland were mostly 230 

within 30–60 cm, this layer was taken as the representative sliding layer for shrubland. Loess slopes generally remain 231 

unsaturated during natural rainfall infiltration and drainage (Lan et al., 2021; Wei et al., 2022). Therefore, we used 232 

the SWCC and HCF to analyze unsaturated hydro-mechanical differences between sliding-layer soils in woodland 233 

and shrubland. 234 

Table 1 lists the sliding-layer soils parameters obtained through Hydrus-1D inversion. Based on these 235 

parameters, the SWCC and HCF were plotted for the woodland and shrubland sliding-layer soils (Fig. 7). The results 236 

indicate that the pore-size distribution parameter and saturated hydraulic conductivity are significantly higher for 237 

woodland soils than for shrubland soils. This contrast is evident in both drying and wetting processes. This suggests 238 

that the pore system in woodland soils is dominated by larger pores, which enhance water movement. This pore 239 

structure facilitates rainfall infiltration into the soil. In contrast, shrubland soils contain more micropores that retain 240 

more water. This is reflected in a 3.1% higher residual water content in shrubland soils than in woodland soils. 241 

During the drying test, the air-entry pressures of woodland and shrubland soils are nearly identical. However, during 242 

the wetting process, the air-entry pressure in woodland soils is 0.05 kPa lower than in shrubland soils. This indicates 243 

that larger pores in woodland soils begin to drain and fill with air at lower matric suction. This promotes air-water 244 

exchange and moisture release, making it less likely for the soil to reach or maintain a high degree of saturation for 245 

extended periods. Therefore, under the same rainfall conditions, shrubland soils have weaker moisture-buffering 246 

capacity than woodland soils, making the soil more prone to becoming highly saturated. This reduces the effective 247 

stress and shear strength of shrubland soils, ultimately reducing slope stability. 248 

During the drying and wetting processes, the difference in saturated water content in shrubland sliding-layer 249 

soil (0.101) is approximately 14.43 times that in woodland sliding-layer soil (0.007). This indicates that the pore 250 

structure in shrubland sliding-layer soil is less stable than in woodland sliding-layer soil. Under extreme drying-251 

wetting conditions, some pores tend to collapse or rearrange, making it difficult for the soil to maintain its original 252 

pore configuration. The resulting changes in pore structure disrupt water flow paths in shrubland sliding-layer soil, 253 

reducing permeability, weakening water flow, and slowing drainage. These findings are consistent with the stronger 254 

hysteresis observed in the SWCC of shrubland sliding-layer soil compared with that of woodland sliding-layer soil 255 

(Figs. 7a and 7b). They further confirm that woodland sliding-layer soil has a greater capacity for moisture 256 

redistribution. 257 

Table 1. Parameters describing the soil water characteristic curve (SWCC) and the hydraulic conductivity function 258 

(HCF) for the sliding-layer soils used in Hydrus 1D 259 

Parameters Definition Woodland Shrubland 

θs
d 

Saturated water content 
0.500 0.480 

θs
w 0.493 0.379 

θr Residual water content 0.055 0.086 

nd 
The pore size distribution parameter 

1.58 2.19 

nw 1.69 1.88 
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ɑd (KPa-1) 
The inverse of the air entry pressure head 

5.461×10-3 6.294×10-3 

ɑw (KPa-1) 0.646 0.596 

Ks
d (cm·s-1) 

Saturated hydraulic conductivity 
2.3×10-5 5.4×10-6 

Ks
w (cm·s-1) 7.1×10-2 5.0×10-3 

Notes: Superscripts "d" and "w" denote the drying and wetting processes, respectively. 260 

 261 

Figure 7. Differences in the hydromechanical properties of the sliding-layer soils. (a) SWCC for layer 3 of the 262 

woodland soil profile; (b) SWCC for layer 2 of the shrubland soil profile. 263 

4.2.2 Dye tracer experiments 264 

Dye-tracer experiments directly visualize the flow pathways of water infiltration in woodland and shrubland 265 

soils. Under the same applied water volume and infiltration area, the stained soil volume in woodland soils is 266 

markedly larger than that in shrubland soils. Three-dimensional visualizations reveal that stained pathways in 267 

woodland soils form thick bands with numerous vertically continuous columnar channels. Hydraulic connectivity is 268 

high, and water infiltrates to greater depths. Stained bands in shrubland soils are shallow, and vertical, filament-like 269 

channels are nearly absent. In addition, the depth-dependent pattern of dye-stained area ratios in the shrubland profile 270 

further confirms that vertical infiltration is restricted to relatively shallow depths. Differences in the volume, depth, 271 

and morphology of the stained pathways indicate that infiltration in woodland soils no longer follows uniform 272 

matrix-flow conditions. This is also evident in the dye-stained areas of vertical profiles. Woodland profiles show 273 

large, continuous color patches, whereas shrubland profiles mainly show fragmented spots concentrated in shallow 274 

soil. This pattern suggests that deeper shrubland soils are denser and have lower pore connectivity. 275 

Overall, woodland soils more readily develop a stable, efficient vertical percolation system with greater 276 

infiltration depth and stronger connectivity. This promotes deep water storage and redistribution. In contrast, 277 

insufficient pore connectivity in shrubland soils causes water to remain in shallow layers, prolonging surface wetness 278 

and slowing pore-water pressure recovery. Under intense rainfall, this condition favors saturation buildup and thus 279 

increases the likelihood of landslide initiation. This flow pattern is consistent with the SWCC- and HCF-inferred 280 

differences in soil hydraulic behavior and provides direct, pathway-scale evidence of flow pathways, which cannot 281 

be resolved from the curve-derived hydraulic parameters alone. 282 
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 283 

Figure 8. Morphological characteristics of dye-stained flow paths in woodland and shrubland soils. (a) Three-284 

dimensional visualization of stained zones in woodland; (b) Three-dimensional visualization of stained zones in 285 

shrubland; (c) Dye-stained area ratio vs. soil depth in woodland; (d) Dye-stained area ratio vs. soil depth in shrubland. 286 

 287 

Figure 9. Schematic dye-stained vertical soil profiles at different hillslope positions. (a) Woodland profile; (b) 288 

Shrubland profile. Numbers from 0 to 100 denote relative slope positions, with lower values indicating locations 289 

near the slope base. 290 

4.3 Slope hydrological characteristics 291 

To characterize how woodland and shrubland soils respond to rainfall, we group rainfall events into distinct 292 

episodes based on soil depth and in rain saturated hydraulic conductivity (Fig. 10a). Using these episodes as the 293 

basic analytical units, we then assess the intensity of slope-surface responses and the associated water distribution. 294 

This approach overcomes the limitations of using rainfall statistics alone. It explicitly addresses the slope's dynamic 295 

absorption-response behavior and shifts the focus from single-storm triggering to a more comprehensive assessment 296 

of cumulative rainfall-response lags. 297 
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 298 
Figure 10. Analysis of rainfall, soil moisture, and their coupling from 22 May to 7 July 2023. (a) Classification of 299 

rainfall episodes by vegetation type; (b) Temporal variation in volumetric soil water content for woodland and 300 

shrubland; (c) C Coupling between rainfall input and soil-moisture response for woodland and shrubland.  301 

From 22 May to 7 July 2023, volumetric water content indicates that shrubland soils beneath the sliding layer 302 

(layer 3) are insensitive to rainfall and show only small variations in water content (Fig. 10b). This is consistent with 303 

the findings in Sect. 4.2. In shrubland, most water remains near the surface, and infiltration capacity is low. To 304 

characterize the rainfall-soil-water coupling process, we introduce the index RC, which quantifies how efficiently 305 

rainfall is converted into soil-water storage (Fig. 10c). A steeper slope in the regression of RC versus soil water 306 

storage indicates a stronger soil-moisture response to rainfall. 307 

In woodland, RC values are generally positive, indicating that increases in soil-water content often exceed local 308 

rainfall input. Woodland soils have better-developed preferential flow paths than shrubland soils. This suggests that 309 

the observed excess arises because water infiltrating into upslope soils moves downslope as subsurface flow. This 310 

interpretation is consistent with the dye-tracer experiments. In woodland, foot-slope profiles show greater staining 311 

depths than upslope profiles (Fig. 8a). By contrast, early shallow saturation in shrubland diverts part of the rainfall 312 

input into overland flow, reducing conversion efficiency and yielding mostly negative RC values. Overall, high RC 313 

values in woodland reflect a strong hydrological response to rainfall and a greater capacity to buffer soil moisture. 314 

In shrubland, a pronounced response lag and low conversion efficiency lead to negative RC values. These patterns 315 

are consistent with the earlier mechanism-based interpretation. 316 

4.4 Effects of vegetation roots on hillslope stability 317 

Root spatial distribution and mechanical properties differ markedly between woodland and shrubland soils 318 

(Figs. 11a, 11b, and 11c). Field measurements indicate that maximum rooting depths in Robinia pseudoacacia and 319 

Rosa xanthina are close to their respective mean landslide depths, at 0.84 m in Robinia pseudoacacia and 0.54 m in 320 

Rosa xanthina. This consistency indicates a close relationship between root distribution and landslide depth. 321 

Compared with Rosa xanthina, roots in Robinia pseudoacacia mobilize greater root-induced cohesion at a given 322 
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root diameter and exhibit a larger specific root area ratio (RAR). These roots therefore create a more extensive root-323 

soil contact interface and form a mechanically stronger root-soil composite. 324 

 325 
Figure 11. Mechanical indices of slope stability in woodland and shrubland. (a) Root area ratio and root-induced 326 

cohesion in woodland (Robinia pseudoacacia); (b) Root area ratio and root-induced cohesion in shrubland (Rosa 327 

xanthina); (c) Relationship between root tensile strength and diameter; (d) Slope-stability models for woodland and 328 

shrubland. The definitions of the boxplots is given in the caption of Fig. 5. 329 

Using the parameters in Table 2, we constructed a slope stability model to evaluate slope resistance to failure 330 

under specified topographic conditions and rainfall inputs. When root-induced cohesion is ignored, mean arc×Rt 331 

values in woodland and shrubland are similar, indicating that slope stability differs little between them. When root 332 

effects are included, slope stability increases markedly. In woodland, the arc × Rt value rises to 15.02, approximately 333 

338% higher than in shrubland (Fig. 11d). These results indicate that woodland roots contribute much more to slope 334 

stability than roots in shrubland. Woodland roots substantially increase the critical rainfall and topographic 335 

thresholds for landslide initiation and confirm the key role of roots in strengthening slopes and resisting landslide-336 

triggering factors. 337 

Table 2 Parameters describing the slope stability model 338 

Parameters Definition Woodland Shrubland 

ρs (kg·m-3) Dry soil density 1.37 1.41 

θ (°) Slope gradient 31.71–65.27 22.78–67.96 

C' (kPa) Effective soil cohesion 5.97 7.35 

Cr (kPa) Root-induced cohesion 18.59 10.36 

φ (°) Effective friction angle 18.67 14.50 

z (m) Landslide depth 0.84 0.54 

K (mm·h-1) Hydraulic conductivity 2.10 0.94 
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5 Discussion 339 

Long-term vegetation restoration policies may result in the dominant soil erosion process shift from traditional 340 

wind and water erosion to landslides (Deng et al., 2022; Yang et al., 2024; Du et al., 2025; Liao et al., 2025). 341 

Ecological restoration forests not only increase surface cover, but the recovered vegetation extends their root systems 342 

into potential sliding layers, thereby substantially altering slope hydrological processes and mechanical properties, 343 

and playing an important role in landslide initiation (Zhao et al., 2022; Cai et al., 2024; Chen et al., 2024; Lann et 344 

al., 2024). In this context, our results highlight the hydro-mechanical heterogeneity across the Robinia pseudoacacia-345 

dominated woodland and Rosa xanthina-dominated shrubland, and assessed its influence on landslide initation. 346 

The results of SWCC and HCF agree well with the infiltration patterns observed in dye-tracer experiments. In 347 

woodland soils, continuous preferential flow channels promote rapid infiltration, substantial downward water 348 

migration, and a high capacity for water storage and drainage. Shrubland soils exhibit scattered preferential flow 349 

channels, shorter infiltration pathways, pronounced shallow saturation, and a weaker capacity for water 350 

redistribution. The stained area ratio and patch distribution further corroborate these differences. Woodland profiles 351 

display vertical and continuous stained bands with greater infiltration depths, whereas shrubland profiles show 352 

shallow staining. This comparison indicates that variations in root distribution and diameter modify soil pore 353 

structure and thereby affect infiltration (Guan et al., 2024; Lann et al., 2024). Woodland soil with coarse roots and 354 

higher porosity facilitate deeper infiltration, whereas shrubland soils with shallow root systems provide lower 355 

infiltration capacity (Souza et al., 2023; Xiao et al., 2024; Hu et al., 2025). Preferential flow may result in the excess 356 

soil water storage over the rainfall depth, and the results from monitoring multiple natural rainfall events between 357 

20 May and 6 July 2023 further corroborate the assumption. In shrubland, soil moisture typically exhibits a delayed 358 

and attenuated response to rainfall. RC values are consistently below zero, indicating low rainfall conversion 359 

efficiency. Most rainwater does not infiltrate but instead runs off once shallow soils saturate rapidly. In contrast, 360 

once rainfall over woodland slopes reaches a certain intensity, RC values become positive. This pattern suggests that 361 

woodland slopes effectively intercept and infiltrate rainfall, sustain deeper water storage, and delay the development 362 

of saturation zones. This discrepancy is also evident in the critical arc × Rt values. The failure resistance on woodland 363 

slopes is higher than shrubland slopes, which may explain the contrasting distribution patterns observed in landslide 364 

number and size. 365 

Vegetation-based slope protection has long been regarded as a key measure in traditional soil and water 366 

conservation, yet multidisciplinary studies have revealed its dual effects (Gyssels et al., 2005; Sidle and Bogaard, 367 

2016; Lann et al., 2024). Some herbaceous plants with shallow root systems can promote rapid surface saturation 368 

during intense rainfall, thereby enhancing hillslope runoff and rill erosion (Gong et al., 2024). Certain fast-growing 369 

tree species with shallow root systems may provide only limited soil reinforcement and thus increase the risk of 370 

shallow landslides (Ghestem and Sidle, 2011; Lin et al., 2024). Moreover, excessively thick litter layers can impede 371 

infiltration during short-duration storms and accelerate runoff concentration (Zhou et al., 2018; Rajão et al., 2023). 372 

These observations indicate that vegetation-based measures are not universally effective for soil erosion control 373 

(Löbmann et al., 2020; Lann et al., 2024). Our results further support this understanding. Shallow landslide initiation 374 

depends not only on rainfall but also on vegetation type, which modifies coupled hydrological-mechanical processes 375 

on slopes. The deep root systems and stable preferential flow channels in woodland slopes may provide greater 376 

resilience against slope failure compared to shrubland slopes. This finding provides empirical evidence for forest-377 

type allocation in ecologically sensitive areas. It also highlights the need for appropriate vegetation-type selection 378 

and matching in regional soil and water conservation. 379 
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6 Conclusions 380 

Vegetation recovery on the Chinese Loess Plateau has altered the dominant soil erosion process from runoff-381 

driven erosion to gravity-driven mass movements. Though previous studies have extensively investigated vegetation 382 

effects on soil erosion, the specific role of vegetation in landslide initiation remains poorly understood. In this study, 383 

we systematically examined landslide initiation processes in two contrasting vegetated landscapes: Robinia 384 

pseudoacacia-dominated woodlands and Rosa xanthina-dominated shrublands, focusing on hydro-mechanical 385 

heterogeneity. Following results can be drawn: 386 

1. Landslides in woodland and shrubland exhibit obvious differences in initiation, depth and number. Shrubland 387 

has a higher density of small, shallow landslides, whereas woodland has fewer but deeper and larger failures. This 388 

contrast reflects a high-initiation-threshold and deep-seated-failure regime in woodland. 389 

2. In shrubland, a loose, discontinuous pore system and pronounced hysteresis concentrate moisture in shallow 390 

layers, causing rapid shallow saturation and large rainfall losses. In woodland, stable preferential flow paths promote 391 

deeper and more efficient moisture migration, as reflected in higher soil water response index. 392 

3. Woodland roots extend deeper and span a wider depth range than shrubland roots. Within the same depth 393 

interval, root additional cohesion and RAR are also higher than those in shrubland. These patterns indicate stronger 394 

root-network reinforcement in woodland soils and lower susceptibility to shallow landslides than in shrubland. 395 

Therefore, the sediment production from landslide erosion may differ in various forest types, which has been rarely 396 

addressed and deserves further study in future. 397 
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