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ABSTRACT

Climate change has led to an increasing frequency of extreme rainfall events, intensifying the group-occurring
landslides on a global scale. However, the role of forest management measures, particularly the combined ef-
fects of geomorphology, lithology and vegetation conditions, in controlling the occurrence and characteristics of
these landslides remains poorly understood. A detailed field investigation and statistical analyses based on an
event with around 1,673 landslides in southeastern China are conducted herein. The results reveal distinct failure
patterns and mechanisms associated with different lithology-vegetation systems. Restored forest ecosystems,
typically established on thick residual soil, predominantly experience short and wide landslides. However, native
forest ecosystems, where landslides are controlled by soil-bedrock discontinuities, exhibit elongated and slender
failure patterns that may evolve into debris flows under favorable conditions. This work provides new insights
into the failure mechanisms of group-occurring landslides in restored and native forest ecosystems, offering
region-specific insights into the development of ecosystem-specific ecological management strategies in the geo-

hazard prevention with broader implications for subtropical monsoon areas.

1. Introduction

With ongoing global climate change, the frequency and intensity of
extreme weather events, including typhoons, extreme rainfall, and
anomalous high temperatures, have increased significantly. It has led to
arising trend in both the occurrence and scale of landslides, particularly
in countries within the Global South, e.g., Brazil, China, the Philippines,
and Vietnam (Haque et al., 2019; IPCC, 2022; Ozturk et al., 2022; Wood
et al,, 2016; An et al., 2020). Among various types of geo-hazards,
rainfall-induced group-occurring landslides have become increasingly
prevalent worldwide. Recent catastrophic group-occurring landslides
exemplify the growing threat posed by extreme rainfall events. Between
late April and early May 2024, the southernmost state of Rio Grande do
Sul, Brazil, experienced the most severe extreme rainfall event on re-
cord, triggering over 15,000 landslides across 130 municipalities,
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covering 63,000 km?. The disaster affected over 2 million people, dis-
placing or leaving 500,000 individuals homeless, causing 183 fatalities,
and leaving 27 persons missing (Egas et al., 2024). In July 2024,
Typhoon “Gaemi” triggered 19,513 landslides and 45,629 collapses in
Zixing, Hunan, China. The disaster resulted in power outages in 149
villages and 1,714 households (11,869 rooms) collapsed, leading to 50
fatalities and 15 missing persons (China News Service Online, 2024).
These events are characterized by shallow depths, high quantities, large
spatial densities, and significant destructive potential, posing severe
risks to human life, infrastructure, and ecosystems (Sassa, 2013; Bellugi
et al., 2015).

Rainfall-induced group-occurring landslides predominantly develop
within depositional soils or weathered layers, with sliding depths typi-
cally ranging from 0.5 to 3 m. These failures are often initiated at hy-
drological discontinuities within slopes, such as the interface between
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soil and bedrock (Sidle & Bogaard, 2016; Forte et al., 2019; Paronuzzi &
Bolla, 2023). The forest management measures, including deforestation
and the expansion of economic forestry plantations, can significantly
alter slope hydrology and stability (Li et al., 2022). Traditionally, it is
agreed that the removal of vegetation cover reduces the mechanical
reinforcement provided by plant roots, thereby weakening slope sta-
bility and increasing landslide susceptibility in mountainous regions
(Depicker et al., 2021; Kim et al., 2017; Giarola et al., 2024). However,
the Grain for Green project launched on China Loess Plateau in 1999,
has led to a significant increase in vegetation coverage from 32 % in
1999 to 63 % in 2018, and a noticeable decrease in soil erosion (Hu &
Zhang, 2020; Yu et al.,, 2024). Many group-occurring landslides on
vegetated slopes of the Loess Plateau were still reported, e.g., in July
2013, 370 and 47,005 shallow landslides occurred in Yan’an, Shaanxi,
and Tianshui, Gansu, respectively (Dai et al., 2022; Deng et al., 2022;
Zhuang et al., 2024). Hence, it is necessary to investigate the impact of
forest management measures on the occurrence of these landslides.

The modifications of forest management measures affect both can-
opy structure and root system characteristics via lithology-vegetation
interactions, thereby modifying the slope infiltration dynamics, soil
hydro-mechanical responses, and slope stability (Sato & Shuin, 2025). In
response to climate change adaptation and mitigation, forestry man-
agement strategies have been proposed to enhance slope stability and
reduce landslide risks (De Jestis Arce-Mojica et al., 2019). For example,
replacing shallow-rooted spruce monocultures, mixed-leaf forests char-
acterized by deeper root systems could effectively improve soil rein-
forcement and mitigate landslide occurrence probability with climate-
resilient (Maraun et al., 2022). In restored forests (RF), implementing
adaptive harvest and regeneration strategies that align with species-
specific growth dynamics is essential to maintain belowground rein-
forcement and avoid root-system degradation that could elevate slope
failure risk (Phillips et al., 2024; Sato & Shuin, 2025). In native forest
(NF) regions particularly vulnerable to landslides, many actions, e.g.,
expanding protected areas, reducing deforestation pressure, and facili-
tating natural regeneration, are suggested to reduce the long-term
landslide risk and support biodiversity conservation as well (Pohl
et al., 2009; Li et al., 2022). However, to authors’ knowledge, the
relative importance of forest management measures in terms of restored
forest (RF) and native forest (NF) ecosystems in the group-occurring
landslides drivers and the underlaying mechanisms are still not well
understood.

To address the issues outlined above, a comprehensive field and
numerical investigation on a rainfall-induced group-occurring landslide
event located in Nanping, Fujian Province, in southeastern China, is
conducted. The spatial distribution and geometric characteristics of
these landslides are revealed. Six lithological zones are recognized and
divided into two ecosystems by considering the forest management
measures: RF and NF ecosystems. Statistical analysis is conducted to
investigate the geomorphology, lithology and vegetation conditions,
which allows further explanation into two patterns of shallow landslides
and their failure mechanisms, respectively. Moreover, the development
of ecosystem-specific ecological management strategies for RF and NF
ecosystems is suggested for landslide mitigation.

2. Geographic and geological setting

The study area is situated in Nanping, Fujian Province, on the
southeastern margin of the South China Block, along the inland flank of
the Southeast Coastal active tectonic belt. The regional structural
framework is dominated by NE-NNE-trending faults, and both historical
and modern seismicity are characterized by scattered small events,
suggesting a low risk of large earthquakes (Liu, 1997). The landscape is
predominantly mountainous and hilly, with approximately 90 % of the
land surface characterized by mountainous terrain. Elevation generally
decreases from northwest to southeast (Fu, 2023). The region is char-
acterized by a subtropical monsoon climate under the influence of the
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western Pacific subtropical high. Rainfall is highly seasonal, with the
majority occurring from April to September. During May—June, the
quasi-stationary Meiyu front develops as the warm, moisture-laden
southwesterly flows of the South China Sea branch of the East Asian
summer monsoon converge with lingering cold air masses associated
with the weakening East Asian winter monsoon, creating a persistent
frontal zone conducive to prolonged rainfall. From July to September,
typhoon landfalls further enhance precipitation, often delivering short-
duration, extreme rainfall events that markedly increase slope insta-
bility (Sheng et al., 2023).

The studied landslide was triggered by an extreme, short-duration
rainfall between 03:00 and 15:00 local time on 28 June 2021, during
the “Dragon Boat Water” period between 03:00 and 15:00 on June 28,
2021. Hourly rainfall data from three meteorological stations near the
landslide-affected areas were collected, and a 12-hour cumulative
rainfall map was generated. Within the Wujiatang watershed, the
extreme rainfall event triggered around 1,673 landslides within 12 h
(Fig. 1a). The landslides near the three stations occurred sequentially
between 11:00-12:00, 12:00-13:00, and 10:00-11:00, respectively. The
12-hour cumulative rainfall recorded at the three weather stations was
308 mm, 316 mm, and 258 mm, respectively. A comparison between
landslide initiation times and peak rainfall periods reveals a sequential
rather than simultaneous failure pattern, suggesting a delayed response
of slope instability to rainfall infiltration (Fig. 1b). Furthermore, the 12-
h cumulative rainfall map exhibits significant spatial variability, with
maximum precipitation concentrated in the central region and
decreasing towards the periphery. Notably, the area receiving the
highest rainfall was a low-mountain region with relatively high eleva-
tion; however, this did not correspond to the zone with the highest
landslide density. This observation suggests that group-occurring
shallow landslides are not merely controlled by rainfall but are also
influenced by geomorphology conditions, lithology conditions, and
vegetation cover. Fig. 1c presents the aerial view of a representative
landslide zone in the event.

3. Data and methods
3.1. Remote sensing interpretation and field investigation

High-resolution historical imagery (0.5 m spatial resolution) from
Google Earth was acquired on 8 January 2020 (pre-event) and 11
November 2021 (post-event), respectively. Landslide boundaries were
delineated through visual interpretation based on the comparison of
geomorphological, land surface, and vegetation characteristics in the
pre-event and post-event remote sensing imagery. In addition,
comprehensive field surveys in 6 lithologic zones, which were located in
6 sites (details provide in Table S3). Extensive aerial photogrammetry
and targeted ground field investigations were carried out to verify
landslide features identified through remote sensing interpretation.
Aerial surveys can provide high-resolution coverage of large areas,
enabling the detection of subtle geomorphological indicators, while field
inspections allow confirmation of land surface characteristics, vegeta-
tion disturbance, and slope conditions. The validation process is thus
conducted based on the comparison of the typical landslide features and
boundaries. Moreover, the Sentinel-2 L2A imagery in May 2021 with a
resolution of 10 m provided by Google Earth Engine was also collected
for pre-event cross-checking. The occurrence date and locations of the
interpreted landslides, were further verified by analyzing historical
rainfall information in the study area with integrating evidence
collected during field interviews.

A 10 m resolution Digital Elevation Model (DEM) was integrated into
ArcGIS geospatial analysis tools to extract topographic and geomor-
phological parameters as well as landslide geometric characteristics.
The topographic and geomorphological parameters include slope
gradient, aspect, elevation, relative elevation difference, plane and
profile curvatures while landslide geometric characteristics consist of
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Fig. 1. Overview of the study area: (a) geographic location and 12-hour cumulative rainfall map of the extreme rainfall event with the occurred landslides recorded.
(White dots indicate landslide locations, black lines denote isohyets, and triangles with numbered circles represent meteorological station. See Methods for details),
(b) the variations of rainfall intensity recorded by three weather stations, and (c) aerial view of landslides occurred during the event.
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area, length and width. According to the International Association for
Engineering Geology (IAEG, 1990), the length is defined as the shortest
distance between the highest and lowest points along the direction of
landslide movement, while the width represents the maximum distance
in the direction perpendicular to the length, as presented in Fig. S1-a.
To assess vegetation structure and health, multispectral UAV surveys
were conducted to derive the Normalized Difference Vegetation Index
(NDVI) and Normalized Difference Red Edge Index (NDRE), which
characterize canopy density and photosynthetic activity, respectively
(Bronson et al.,2020; Huang et al., 2020). The combination of NDVI and
NDRE can offer a more robust and nuanced assessment of vegetation
conditions, which allows us to better characterize the effect of vegeta-
tion on the landslide occurrence, particularly in ecosystems with dense
or heterogeneous vegetation cover, e.g., RF and NF ecosystems. Since
multispectral imaging cannot penetrate the canopy, a 20 m x 20 m
standard plot survey was conducted in the six lithological zones to
further assess the structural characteristics of vegetation, including tree
species composition, planting density, tree stand age, tree height, and
the tree diameter at breast height (DBH) (Fig. S1-b). The spatial distri-
bution of root systems was analyzed using a 50 cm x 50 cm root profile
window with a 10 cm x 10 cm grid (Fig. S1-c). Root diameters within
the profile window were measured using a vernier caliper and catego-
rized into four size classes: 0-1 mm, 1-2 mm, 2-5 mm, and 5-10 mm.
The Root Area Ratio (RAR) was calculated across different soil depths to
quantify root reinforcement effects.
Ar Z?:l#

RAR =— =

A A )

where A; and A represent the area of root zone and the surveyed zone
(mmz), d; is the diameter of the it root (mm), and n is the total number
of roots.

3.2. In-situ tests and laboratory experiments

To quantify in-situ infiltration rates, a double-ring infiltrometer with
an outer diameter of 40 cm and an inner diameter of 20 cm was
employed. After removing surface litter, the rings were inserted 5 cm
into the soil. A constant water head of 10 cm was maintained, keeping
equal water levels in both rings to minimize lateral flow effects. Infil-
tration rates were computed based on the volume of water infiltrated
within the inner ring at successive time intervals. The test continued
until steady-state infiltration was achieved, which was reflected by
consistent infiltration rates over consecutive measurements (Wang et al.,
2022).

To characterize soil stratigraphy and mechanical properties, soil
profiles were excavated to the depth of the sliding surface. Based on
textural/structural contrasts and hydropedologic considerations (IPCC,
2006; TUSS Working Group WRB, 2022), soils were grouped into fixed
depth intervals that approximate three functional horizons: L1 (0-30
cm, macropore-rich topsoil), L2 (30-60 cm, transitional subsoil), and L3
(60-100 cm, lower residual-soil mantle near the saprolite/Cr interface).
In the Ss lithologic zone with a thinner regolith (typically < 60 cm), and
thus only two layers (L1, L2) were defined. This discretization ensures
consistent sampling, testing, and parameterization across sites. Undis-
turbed soil samples in each layer were collected using ring cutters for the
measurement of bulk density and direct shear tests. Additionally, 1 kg of
disturbed soil samples were collected for particle size analysis and other
purposes. Bulk density was measured by oven-drying method. Saturated
consolidated drained direct shear tests were conducted with a shear rate
of 0.02 mm/min under normal stresses of 50, 100, 150, and 200 kPa to
determine effective cohesion and effective internal friction angle (ASTM
International, 2023). In terms of soil particle size distribution, particles
larger than 2 mm were separated using sieve analysis. Laser diffraction
analysis (Malvern MS 3000) was used to quantify particle size fractions
smaller than 2 mm. According to the USDA classification system,
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particle size fractions were categorized as gravel (>2 mm), sand (0.05-2
mm), silt (0.002-0.05 mm), and clay (<0.002 mm).

Vegetation roots from both restored and natural forest were collected
for mechanical testing. Prior to testing, the collected roots were
immersed in a 5 % ethanol solution for 24 h to restore mechanical
properties. Tensile tests were conducted using a universal testing ma-
chine (0-10 kN capacity, 8-10 cm gauge length) at a constant loading
rate of 10 mm/min until failure (Fig. S1-d). The maximum tensile
strength was estimated by:

Tmax = 4Fmax/7[di2 (2)

where, Tpax (MPa) and Fp,ax (N) represent the maximum tensile strength
and force.

3.3. Vegetated-slope stability analysis

To quantify the mechanical reinforcement effect of roots, the Wu
model was employed herein (Wu et al., 1979). The Wu model assumes
that all roots fail simultaneously upon slope failure, which may lead to
an overestimation of root-induced cohesion. Following Preti (2006), we
adopted an empirical progressive-failure factor (k> = 0.4) to downscale
the Wu model’s assumption of simultaneous root mobilization and to
account for partial tensile mobilization due to pullout/sliding and
spatial heterogeneity (typical range 0.3-0.5; Preti, 2006; Vergani et al.,
2017). The modified equation is expressed by:

Ari

n
¢ =Kk Z 1000-T,;—2
i=1 A

3
Where ¢, is the root-induced cohesion (kPa), k'(set to 1.2) is an
orientation/section-change factor that converts RAR measured on ver-
tical pits to the inclined shear surface and accounts for the average
inclination of roots relative to the failure surface, and T;; is the average
tensile strength of roots within each diameter class (MPa). This modi-
fication allows a more realistic estimation of root reinforcement by ac-
counting for progressive root failure, rather than assuming simultaneous
rupture of all roots.

In slope stability analysis, the limit equilibrium method is employed
with considering the slope geometric configuration. The shear resistance
(Ssr) is provided by the lateral and basal shear strength of the sliding
mass, while the driving force (z) is induced by the gravitational weight
of the slope (Schmidt et al., 2001; Guo & Ma, 2023). The factor of safety
(Fs) is estimated by:

_Se AL+ Ay + Ab(p, — p,,M)gz-cos*Otang’

Fs=—= 4
M- Ap(ps + p,,Mn)gzsindcosd Q)

where A (m?) is the lateral area, ¢; (kPa) is the total cohesion provided
by soil (cs) and roots (c;), Ap (m?) is the basal area of the landslide, cp
(kPa) is the basal cohesion, p; (g/cms) is the soil bulk density, py, (g8/ cms)
is the water density, M is the degree of soil saturation, n is the soil
porosity, z (m) is the soil depth, 6 (°) is the slope angle, and @’ (°) is the
effective internal friction angle.

3.4. PCA analysis of landslide morphology influencing factors

The landslide area (Area) and length-to-width ratio (L/W) are
important morphology indicators in the identification and risk assess-
ment of landslide (Tian et al., 2017; Rana et al., 2021). In this study,
Pearson correlation analysis is initially conducted to identify the top 10
factors most strongly correlated with landslide area and L/W. These
factors are then standardized to ensure comparability across variables,
eliminating any potential bias arising from differences in units of mea-
surement. Principal component analysis (PCA) is conducted herein to
quantify the contribution of geomorphology, lithology and vegetation
influencing factors on the values of area and L/W of landslides



N. An et al.

(Hartmann & Blume, 2024; Staley et al., 2023). In this method, the ei-
genvalues represent the amount of variance explained by each principal
component (PC) and the eigenvectors define their directions in the
original feature space. The loading scores describe how much each
variable contributes to PC. To further investigate the similarities be-
tween samples, K-means clustering is performed on the PCA results,
which led to the identification of distinct clusters. This analysis enables
the identification of key geomorphological, lithological, and vegetation
factors influencing landslide area and L/W.

4. Results
4.1. Spatial distribution and geometric characteristics of landslides

This study conducted a detailed field investigations and statistical
analyses to examine the spatial distribution, topographic features, and
geomorphological characteristics of the group-occurring landslides
event in Nanping, Fujian occurred on June 28, 2021. The identified
1,673 landslides are primarily distributed across six distinct lithological
zones: Granulite (Grt), Granite (Gr), Conglomerate (Cg), Quartz schist
(Qs), Tuff (Tf), and Sandstone (Ss), as detailed in Fig. 2. Statistical
analysis indicates that the Gr zone has the highest number of landslides
(600 events) with a maximum density value of 42.62 (Table 1).
Although the Cg zone has 143 landslides, its maximum landslide density
is the highest (46.42) in the studied zone. Tf and Ss zones have the
lowest landslide occurrences and densities, with 55 events (19.77
landslides/kmz) and 124 events (22.75 landslides/kmz), respectively.

In order to reflect the movement patterns, and triggering mecha-
nisms of landslides in different lithology zones, as well as the potential
influencing areas of these landslide hazards, the area and the length-to-
width ratio (/W) of the identified landslides are employed herein as key
indicators to describe the landslide geometry and classification (Taylor
et al., 2018; Rana et al., 2021; McColl & Cook, 2024). These landslides
are mainly small and medium sizes and their areas are concentrated in
the value range of 200-3000 m? (Fig. 3a). Among the six lithological
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zones, the mean landslide area (p) in the Tf and Ss zones are 1520 m?
and 1372 m?, respectively, larger than others. The mean landslide area
in Cg zone exhibited the smallest value of 948 m?.

Analysis of L/W for the occurred landslides reveals that the events in
Tf and Ss zones exhibit higher values, with average values (p)
approaching 7.17 and 9.45 respectively, and larger variability (o)
compared to those in other zones (Fig. 3b). It indicates that slender
landslide forms dominate in the zones of Tf and Ss, whilst the short-wide
pattern are common in the zones of Grt, Gr, Cg and Qs, respectively. A
high length-to-width ratio indicates an elongated and narrow
morphology of landslide, suggesting a pronounced downslope move-
ment tendency and the potential formation of debris flow when enough
source of sediments and topographic condition exist. In contrast, a low
length-to-width ratio corresponds to a shorter and wider shape of
landslide, characterized by lateral spread and stabilization over shorter
distances. However, the latter landslide pattern may cause rapid and
localized damage compared to the former type (Leshchinsky et al., 2019;
Qiu et al., 2024).

Based on field observations of these six lithological zones, they are
classified into two types of ecosystems: RF in the Grt, Gr, Cg and Qs
zones and NF in Tf and Ss zones, with consideration of the forest man-
agement measures for the following comparative analysis.

4.2. Geomorphology conditions

In order to understand the geomorphological factors influencing the
initiation of these landslides in different lithological zones, six charac-
teristics (slope gradient, aspect, elevation, relative elevation difference,
plane and profile curvatures) are investigated herein (Dai et al.,2002).
These landslides characteristics in six lithology zones are presented in
Fig. 4 and the detailed statistical values are provided in Table S1. As the
primary gravitational driving factor for landslide development, the
concentration range and distribution patterns of slope gradients vary
significantly across different lithological zones (Fig. 4a). Specifically, the
concentrated slope ranges (normal distribution p + ¢) for Grt, Ss, and Tf
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Fig. 2. Spatial distribution of landslides across six lithological zones with the statistics of landslide quantity and maximum density.



N. An et al.

Catena 260 (2025) 109452

Table 1

Vegetation plot survey and tensile strength of roots across different diameter classes.
Lithol-ogy Ecosystem NDVI (4 + o) NDRE Plant density Stand age (a) DBH (cm) Height (m)

type ( +0) (/hm™?) #+0) @+ 0)
Grt RF 0.82 + 0.03 0.32 £ 0.05 2975 23 13.5+ 4.3 10.7 + 3.0
Gr RF 0.85 + 0.03 0.37 £ 0.08 1675 32 16.7 £ 6.4 11.7 £ 2.2
Cg RF 0.79 + 0.05 0.29 + 0.06 3175 22 12.1 +£ 25 11.2+25
Qs RF 0.82 £+ 0.07 0.33 + 0.06 4850 20 11.4 + 8.8 9.3+28
Tf NF 0.82 + 0.04 0.32 £+ 0.05 1625 34 8.3+5.3 8.8+ 4.0
Ss NF 0.55 £ 0.12 0.21 £+ 0.06 1450 36 6.3 +4.9 8.7+ 4.9
Tree species Average tensile strength of root (MPa)
0-1 mm 1-2 mm 2-5 mm 5-10 mm

Cunninghamia lanceolata (Lamb.) Hook. 26.01 20.71 13.81 4.88
Pinus massoniana Lamb. 24.14 23.37 13.29 3.71
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Fig. 3. Geometric characteristics of landslides in six lithology zones: (a) area and (b) length-to-width ratio.

are 19.5°-32.5°,19.3°-34.0°, and 21.9°-31.59°, respectively, indicating
a higher susceptibility to landslides in relatively steep mid-slope areas
within these zones (Table S1). The concentrated slope ranges for Gr, Cg,
and Qs are 16.9°-31.7°, 10.0°-25.0°, and 14.7°-30.2°, respectively,
which reflects the prone of landslide occurrence in low to moderate
slope areas. The landslides events mainly occurred in the south-facing
slope in Grt, Gr, Tf and Qs zones, whilst in south-east-facing slopes in
Cg and Ss zones (Fig. 4b). It reveals the “sunlight” inclination of the
occurred landslides, which may be attributed to the differences of slope
hydro-thermal response in south-facing and north-facing slopes under
the same meteorological conditions. Fig. 4c presents the concentration
of slope elevations of 200-500 m in the occurred landslides, while a
smaller proportion occurred in low-mountain areas at elevations of
500-1000 m. Further comparisons in terms of the elevation differences
(Fig. 4d) indicate that the landslides in Tf and Ss zones exhibit the largest
elevation differences, whereas those in Cg zones had the lowest eleva-
tion differences.

Plan curvature governs the convergence (negative) or divergence
(positive) of materials or water along the direction of landslide move-
ment (Ohlmacher, 2007). As shown in Fig. 4e, landslides in Grt, Gr, Tf,
and Ss are predominantly developed in convergent terrains with nega-
tive plan curvature. In contrast, landslides in Cg and Qs zones are
distributed in both convergent and divergent areas. Profile curvature
influences the distribution of driving and resisting stresses along the
direction of landslide movement (Montgomery & Dietrich, 1994). As
shown in Fig. 4f, landslides in Tf and Ss zones predominantly develop in
convex slope areas dominated by tensile stresses. However, landslides in
Grt, Gr, Qs, Cg zones are distributed across both concave and convex

slope regions, experiencing both compressive and tensile stresses.

4.3. Lithology condition and soil properties

Fig. 5 present the excavated soil profiles (Ss with two layers: L1
(0-30 cm) and L2 (30-60 cm); others with three layers: L1 (0-30 cm), L2
(30-60 cm), and L3 (60-100 cm)) and particle size distribution at
different depths near the landslide initiation locations in six lithological
zones. Specifically, for those landslides occurred in RF ecosystems, their
sliding surfaces develop within residual soil, typically at a depth of ~ 1
m. However, in terms the NF ecosystems, the sliding surfaces of land-
slides occur at the interface between the weathered layer and bedrock,
at depths of 0.6 m for Tf zones, and 1 m for Ss zones, respectively.

The residual soil profiles in RF ecosystems (Grt, Gr, Cg and Qs)
exhibit distinct stratification, with silt as the dominant component
across all layers. The soil profile of Grt shows well-defined layering, with
L1 (0-30 cm) being light brown and loosely structured, L2 (30-60 cm)
darker and more compact, and L3 (60-100 cm) reddish-brown with
partially weathered parent rock fragments. Similar characteristics can
be observed in Gr. The soil of Cg was uniformly light reddish-brown
containing small, well-rounded gravel particles with high SiO5 content
in all layers. However, soil profile in Qs presents brick-red color and
clay-rich texture, with quartz particles and small rock fragments in L3,
which indicates an intense oxidation and weathering process. In Grt and
Qs, sand and gravel content increased gradually, while silt and clay
content declined as depth increases. While the proportions of sand,
gravel, and clay fluctuated slightly with depth in Gr and Cg.

The soil profiles in NF ecosystems (Tf and Ss) exhibit higher gravel
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Fig. 4. Landslide characteristics in six lithology zones: (a) slope gradient, (b) aspect distribution, (c) elevation distribution, (d) elevation difference, (e) plan cur-

vature, and (f) profile curvature.

and sand content, promoting increased permeability and deeper infil-
tration pathways. In Tf, soil was predominantly light yellow—brown and
composed of irregularly shaped gravel and silt. Bedrock exposure can be
observed at the bottom of L3. While the soil profile of Ss was light yel-
low-brown with a loose structure. The L2 layer containing fresh sand-
stone gravel were based on sandstone bedrock. Moreover, in Tf, gravel
content increased with depth (43 %, 49 %, and 68 % in L1, L2, and L3,
respectively), whereas silt content decreased from 36 % in L1 to 20 % in
L3. In Ss, the gravel and sand fraction increased from 23 % (L1) to 55 %
(L2). The contents of gravel and sand in both Tf and Ss go up signifi-
cantly as the depth increases, indicating the higher permeability in L2
and L3, respectively. Across all lithological zones, sand and gravel
content increase more or less, while clay content keeps a decreases
tendency due to progressive weathering processes.

The bulk density (Fig. 6a), infiltration rate (Fig. 6b), cohesion
(Fig. 6¢) and internal friction angle (Fig. 6d) characterize the hydro-
mechanical properties of the soils across different lithological zones.

The results indicate distinct mechanical behaviors between RF (Grt, Gr,
Cg and Qs) and NF ecosystems (Tf and Ss). Soils in NF ecosystem exhibit
higher bulk density than those in RF ecosystem. Across all lithological
zones, bulk density increases with depth (Fig. 5a), corresponding to
higher compaction and reduced porosity in deeper soil layers. The
infiltration rates in NF ecosystems are higher than those in RF ecosys-
tems, which are consistent with the particle size distribution as pre-
sented in Fig. 5b.

As shown in Fig. 6¢, in NF ecosystems, soil cohesion values at the
sliding surface are 2.89 kPa (L3, Tf) and 1.29 kPa (L2, Ss), respectively.
In RF ecosystems, soil cohesion values near the sliding surface are 5.18
kPa (L3, Grt), 5.71 kPa (L3, Gr), 6.29 kPa (L3, Cg), and 7.05 kPa (L3, Qs),
respectively. Hence, soils in NF ecosystems exhibit significantly lower
values than those in RF ecosystems, suggesting weaker interparticle
bonding and higher susceptibility to shear failure. The lowest cohesion
values are consistently observed near the sliding surface in all litho-
logical zones. Moreover, soils in NF ecosystems own higher values of



N. An et al.
Grt
L1|8% 18% 51%
5
g
__L2 11% 19% 50%
i
A
L3] 13% 28% 43%
L1{6% 18% 49%
5}
z
:L2 9% 17% 44%
.,{2.

L3| 16%| 18% 40%

L1 43% 8%  36%

49% 9%  31%

Soil layer )
B
)

L3 68% 7% 20%

Soil particle size distribution (%)

0 20 40 60 80 100

Catena 260 (2025) 109452

L1| 14% 16% 51%

—
5
= L2| 1% 16% 51%
3
wn
L3| 17%| 17% 47%
L1| 21% | 19% 46%
5
g
SL2 22% | 21% 46%
Z
wn
L3| 20%| 21% 47%
L1 3% 20% 64%
5
z
=L2| 21% 34% 39%
Z
n
L3

0 20 40 60 80 100
Soil particle size distribution (%)

[ clay [ Jslit|

| sand | | grave1|

Fig. 5. The excavated soil profiles in six lithological zones, and the corresponding particle size distribution for different layers.

friction angle compared to those in RF ecosystems, indicating greater
resistance to shear displacement despite lower cohesion (Fig. 6d). The
maximum friction angle in most lithological zones appears near the
sliding surface except the case of Qs. Overall, soils at the sliding surface
depth of all six lithological zones exhibit lower cohesion but higher
friction angles compared to other depths, which may be attributed to the
higher content of coarse particles at these depths.

4.4. Vegetation structure and root system distribution

The Normalized Difference Vegetation Index (NDVI), Normalized
Difference Red Edge Index (NDRE), and vegetation structural charac-
teristics, including tree species composition and forest stand parameters,
are detailed in Table 1. In RF ecosystems and the Tf zone in NF eco-
systems, NDVI values range from 0.8 to 0.85, indicating a dense canopy
cover. However, NDVI in the Ss zone of NF is significantly low with an
average value of 0.55 and high variability of 0.12. It may be related to
the shallow and nutrient-deficient soil layer, which constrains the
aboveground biomass accumulation. NDRE values exhibit a similar
variation trend to NDVI, suggesting a positive correlation between
canopy density, photosynthetic efficiency, and overall vegetation

health.

The RF ecosystems are dominated by Cunninghamia lanceolata
(Lamb.) Hook. Specifically, the Gr zone exhibits the highest value of
stand age, DBH, and tree height, but has the lowest planting density
among all zones. The vegetation structural characteristics in Grt and Cg
zones are similar. However, the Qs zone presents the highest planting
density, lower values of stand age, DBH, and height with relatively high
structural variability, compared to other zones in RF ecosystems. The
collected vegetation condition reflects the potential inefficiencies in
silvicultural strategies. In NF ecosystems (Tf and Ss), soils are shallow
with high gravel content, resulting in low water retention capacity. Due
to minimal human intervention, these zones are characterized by NF
dominated by Pinus massoniana Lamb., Schima superba Gardn. et Champ.,
Cyclobalanopsis championii (Bentham) Oersted, and Liquidambar for-
mosana Hance. NF exhibits higher stand age but substantially lower
planting density, DBH, and tree height compared to RF in Group (1).
Among all six lithological zones, the Ss zone has the lowest values of
planting density, DBH, and tree height, revealing the limited produc-
tivity and growth potential of vegetation in this region due to poor soil
conditions.

The root system profile survey reveals that plant roots in all six
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lithological zones are primarily distributed in the depths of 40-60 cm,
entirely above the sliding surface (Fig. 7). Consequently, root systems do
not directly contribute to the slope stability. In RF ecosystems, despite
the uniform plantation of Cunninghamia lanceolata (Lamb.) Hook., the
cumulative values of root area ratio (RAR) at the studied profiles follow
the order: Grt > Cg > Gr > Qs and the total root quantity are ranked as:
Cg > Gr > Grt > Qs. NF ecosystems are dominated by Pinus massoniana,
which exhibits significantly lower RAR and root quantity across soil
layers compared to those in RF ecosystems. These findings suggest that
root distribution is influenced by both species-specific genetic factors
and soil properties in various lithological conditions (Sakals & Sidle,
2004; Stokes et al.,2009).

Moreover, the measured root tensile strength values for Cunning-
hamia lanceolata (Lamb.) Hook. (RF) and Pinus massoniana (NF) across
different diameter classes are detailed in Table 1. Generally, root tensile
strength decreases as root diameter increases. For diameter classes of
0-1 mm, 2-5 mm, and 5-10 mm, Cunninghamia lanceolata (Lamb.) Hook.
exhibits slightly higher tensile strength than Pinus massoniana. However,
in the 1-2 mm diameter class, the opposite result is observed. The root-
induced cohesion values, derived by integrating RAR and root tensile
strength across diameter classes (see Methods), are presented in Fig. 7.

Root-induced cohesion and RAR gradually decrease with depth in all six
lithological zones. The mean root-induced cohesion in RF ecosystems is
significantly higher than in NF ecosystems, revealing the reinforcement
role of plantation species in enhancing shallow soil stability.

5. Discussion
5.1. Insights into the landslide patterns in RF and NF ecosystems

Field investigations of geomorphology, lithology and vegetation
conditions indicate that vegetation characteristics are strongly influ-
enced by slope topography, geomorphic attributes, and soil properties,
which collectively drive different land-use patterns across the six lith-
ological zones. The lithological zones in RF ecosystems are characterized
by gentle topography, high fine particle content (clay and silt),
enhanced soil fertility, and satisfactory water retention capacity within a
relatively thick residual soil layer (>5 m). These favorable conditions for
vegetation growing are reflected in elevated values of NDVI, NDRE,
plant density, DBH, and vegetation height in the Grt, Gr, Cg, and Qs
zones, as detailed in Table 1. Consequently, these lithological zones
were subject to intensive anthropogenic activity, including the large-
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scale cultivation of commercial tree species, such as Cunninghamia lan-
ceolata (Lamb.) Hook., and gradually evolved into the RF ecosystems.

In contrast, the Tf and Ss zones of NF ecosystems exhibit large
elevation differences, steep slopes, and convergent terrains with nega-
tive plan curvature prone to hydraulic erosion, alongside a high pro-
portion of coarse particles (gravel and sand) and low water retention
capacity due to a thin soil layer (<1 m) overlying bedrock. These factors
impose significant constraints on land development and agricultural
expansion, leading to the persistence of NF ecosystems in these areas.

The area and L/W of landslides are important indicators in the
identification and risk assessment of landslide (Tian et al., 2017; Rana
et al., 2021). Principal component analysis (PCA) is conducted herein to
quantify the contribution of geomorphology, lithology and vegetation
influencing factors on the values of area and L/W of landslides, as pre-
sented in Fig. 8. (Hartmann & Blume, 2024; Staley et al., 2023). In this
method, the eigenvalues represent the amount of variance explained by
each principal component (PC) and the eigenvectors define their di-
rections in the original feature space. The loading scores describe how
much each variable contributes to PC. The sum of PC1 and PC2 account
for 84.9 % and 88.0 % of variance in terms of landslide area and L/W.
Hence, they are retained to represent the characteristics of all influ-
encing factors for further analysis.

Based on Pearson Correlation, the top 10 influencing factors related
to the values of landslide area include geomorphology indicators (slope
gradient, elevation difference, plan curvature, and L/W), lithology in-
dicators (soil friction angle, silt content, soil and root cohesion) and
vegetation indicators (root number, and tree height). In Fig. 8a, the

10

results of PCA show that PC1 is characterized by positive loading scores
of slope gradient, elevation difference, L/W and soil friction angle, and
negative loading scores of other factors. It indicates that slopes with
larger gradient, higher values of elevation difference and soil friction
angle prone to develop landslide with larger area. Moreover, landslide
L/W and area present a positive correlation, which indicates that larger
landslide tends to be exhibited with an elongated shape. In contrast, soils
with high values of friction angle, silt content, and cohesion, and veg-
etations with high values of root cohesion, root number, and tree height
can restrict the development of landslide area. Moreover, the loading
scores of root number and soil cohesion in PC2 are positive but
extremely low, which reflects the slight contribution of them to the
landslide area. In conclusion, the geomorphology and lithology factors,
e.g., slope gradient, elevation difference, L/W and soil friction angle,
dominates the scale of landslide areas, while the lithology and vegeta-
tion factors, e.g., silt content, tree height, soil and root cohesion,
inhibiting the escalation of landslide area.

In terms of the values of L/W, the top 10 influencing factors, i.e.,
geomorphology indicators (slope gradient, elevation difference, profile
and plane curvature), lithology indicators (soil friction angle, infiltra-
tion rate, soil cohesion) and vegetation indicators (NDVI, root number,
and DBH), are selected via Pearson Correlation. As presented in Fig. 8b,
PC1 is dominated by positive loadings from elevation difference, slope
gradient, soil friction angle, profile curvature and infiltration rate. These
results indicate that slope with larger values of elevation difference,
slope gradient, soil friction angle, profile curvature and infiltration rate
facilitate the formation of landslide with higher L/W (Milledge et al.,
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2014). In contrast, other factors, e.g., plane curvature, NDVI, root
number, soil cohesion, contribute negatively to PC1, suggesting that
slope with negative plane curvature, dense vegetation coverage with
well-developed root systems and high soil cohesion are prone to
generate landslide with shorter and wider shape. In addition, the high
positive loading scores of plane curvature and root number in PC2
indicate their secondary roles to the formation of elongated landslide. In
summary, geomorphology and lithology indicators, e.g., elevation dif-
ference, slope gradient, profile curvature, and infiltration rate, are the
primary drivers of landslide elongated shape, while soil-vegetation
conditions, e.g., DBH, NDVI, and soil cohesion can restrain the spatial
expansion of landslide.

In addition, the PCA analysis highlights how lithologic domains are
differentiated in principal component space according to key controlling
factors. Tf and Ss are positioned on the positive side of PC1, associated
with other positive loadings of slope, e.g., slope gradient, elevation
difference, and friction angle (¢), suggesting that steeper slopes with
pronounced elevation difference and higher basal shear strength tend to
produce landslides of larger area and higher L/W. In contrast, Grt, Gr,
Qs, and Cg cluster on the negative side of PC1, near plane curvature, root

number, and soil cohesion (Cs), etc., indicating that areas with conver-
gent terrain, denser vegetation, stronger root reinforcement, and higher
soil cohesion contribute to landslide with smaller areas and lower L/W.
This pattern underscores the coupled influence of geomorphology, li-
thology, and vegetation in shaping both the scale and geometric
morphology of landslides. Based on the above-mentioned statistical and
PCA analysis, two distinct landslide patterns can be summarized within
RF and NF ecosystems, as presented in Fig. 9a and 9b, respectively.

e Pattern 1: In RF located in the Grt, Gr, Cg, and Qs zones, landslides
predominantly occur on southeast-facing slopes, exhibiting lower
slope gradient, smaller relative elevation differences, smaller area
and lower L/W, supported by Fig. 8a. These landslides display a mix
of positive and negative values of plane and profile curvatures,
indicating a diverse range of slope geometries. Moreover, their
morphological features are predominantly short and wide (Fig. 8b
and 9a), typically inducing localized and rapid surface disruptions
with limited potential for triggering secondary hazards.

e Pattern 2: In NF located in the Tf and Ss zones, where landslide
quantity and density are lower, failures are primarily concentrated
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Fig. 9. Two distinct landslide patterns in (a) RF ecosystems (Grt, Gr, Cg, and Qs zones) and (b) NF ecosystems (Tf and Ss zones).

on south-facing slopes with higher slope gradient, larger relative particularly when sufficient sediment supply and favorable topo-
elevation differences, larger area and higher L/W, shown in Fig. 8a. graphic conditions are available.

These landslides are characterized by consistently negative plane
and profile curvatures, suggesting a preference for convergent and
concave landforms. They tend to be elongated and slender (Fig. 8b
and 9b), which may serve as precursors to debris flow formation,

5.2. Landslide failure mechanism in RF and NF ecosystems

Stability analysis has been widely applied in landslide early warning
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and hazard assessment. To gain further insights into the failure mech-
anisms associated with landslides in NF and RF ecosystems, the stability
method accounting for the mechanical effects of vegetation as intro-
duced in section 3.3, is employed herein to evaluate slope stability under
varying saturation conditions across six lithological zones. All the values
of parameters employed in equation (4) for the stability calculations are
provided in Table S2. As presented in Fig. 10, the results indicate that,
under identical infiltration conditions, slopes within Tf and Ss zones of
the NF ecosystems exhibit lower stability and are more susceptible to
landslides compared to those in lithological zones within RF ecosystems.
This observation suggests alternative triggering mechanisms that may
differ from those reported in previous studies (Baum et al., 2010; Mat-
sushi et al., 2006; McGuire et al., 2016; Montgomery et al., 2009). In the
NF ecosystems, where Pinus massoniana is the dominant tree species,
both the root area ratio (RAR) and root density are significantly lower
across soil layers compared to those of Cunninghamia lanceolata (Lamb.)
Hook. in RF ecosystems (Table 1). The average tensile strength of roots
also presents the similar tendency. These differences collectively lead to
a reduced soil-root cohesion, ultimately contributing to the decreased
slope stability observed in the NF ecosystems.

However, as revealed in section 4.1, both the landslide quantity and
density in RF ecosystems are higher than those in NF ecosystems. More
lithology zones are employed for large-scale cultivation of commercial
tree species, which can explain the larger number of landslide quantity
in RF ecosystems. The observed variations in landslide density between
NF and RF ecosystems may be attributed to the differences of slope
hydrological process under the effect of lithology-vegetation interaction,
which highlights the contrasting landslide initiation mechanisms.

In RF ecosystems, the dense plantation of artificial forests (Cun-
ninghamia lanceolata (Lamb.) Hook.) and their shallow roots promote the
formation of intensive preferential flow networks within the slope.
These networks can transmit up to 74-100 % of infiltrating water
(Alaoui & Helbling, 2006), reorganizing hillslope infiltration and
moisture redistribution, drive percolation below the root zone toward
potential slip surfaces, and thus significantly affect the slope stability
(Deng et al., 2025; Greco et al., 2023; Vergani et al., 2017; Yu et al.,
2025). Field observations confirm that landslides in RF ecosystems
typically develop within deeper residual soil layers, as illustrated in
Fig. 11a.

In NF ecosystem, the hydrological process affected by both the
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vegetation condition and the lithological discontinuities determine the
slope stability. Due to minimal human disturbance, the structurally
diverse canopy and surface biological soil crusts in NF ecosystems can
enhance rainfall interception, thereby reducing effective infiltration on
hillslopes (Levia & Germer, 2015). This interception effect likely delays
or suppresses the downward migration of rainwater toward potential
slip surfaces, thereby influencing slope hydrological response and
potentially decreasing the likelihood of slope failure. Moreover, in NF
lithological zones, a thin residual mantle overlaying the weathered
bedrock were observed in the soil profiles of the studied sites. This leads
to the permeability contrast between these layers, promoting the
perched water and elevated pore pressures above the soil-bedrock
interface during heavy rainfall. It causes the reduce of the effective stress
and shear strength, facilitating the formation of a sliding surface, ulti-
mately triggering shallow landslide initiation (Fig. 11b). Overall, the
lithological zones are characterized by lower vegetation density and less
developed subsurface root networks, which indicating the limited con-
trol of vegetation on subsurface hydrological processes and mechanical
reinforcement.

Therefore, while the homogeneity of densely planted tree species in
RF ecosystems contributes to enhanced slope stability through me-
chanical reinforcement (i.e., higher factor of safety), the combination of
aboveground and belowground vegetation characteristics in densely
planted forests, particularly the shallow root systems that promote the
formation of intensive preferential flow networks, also facilitates rainfall
infiltration toward the potential sliding surface. This hydrological
mechanism accounts for the paradoxical observation of high landslide
density in RF ecosystems despite the enhanced slope stability by root
mechanical contribution (Xu et al., 2024). These findings highlight the
potential benefit of incorporating deep-rooted species into forest resto-
ration strategies to disrupt preferential flow pathways and the impor-
tance of appropriately regulating planting density to mitigate the
amplifying effect of stemflow on rainfall redistribution, which thereby
reduces the possibility of landslide initiation and the magnitude of
failures in RF ecosystems (Di Prima et al., 2023; Pinos et al., 2023;
Kunadi et al., 2024; Levia & Germer, 2015). In contrast, the NF eco-
systems is characterized by a shallow soil layer overlying bedrock,
which constrains the development and effectiveness of deep-rooted
vegetation-based slope stabilization measures. The strategies consid-
ering diverse canopy structure to enhance rainfall interception and
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Fig. 11. Illustrative diagrams of (a) landslides in RF developed within residual soil layers, and (b) landslides in NF developed on the soil-bedrock interface.
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reduce subsurface water accumulation may be a superior choice in
landslide prevention for NF ecosystems. Consequently, the development
of ecosystem-specific ecological management strategies is suggested to
adapt to the distinct lithological and vegetative conditions of RF and NF
ecosystems, which is critical for improving the effectiveness of landslide
mitigation efforts while supporting sustainable ecological and economic
development.

5.3. Study limitations and outlook

This study investigates the distinct failure patterns and mechanisms
associated with different lithology-vegetation systems. However, several
limitations should be noted. First, the hydrological effects of different
forest types were not directly compared under uniform lithological
conditions, and the interaction between lithology and vegetation in
controlling landslide occurrence remains insufficiently validated. Sec-
ond, this study applied the Wu model and the limit equilibrium method
to evaluate slope stability in restored forest (RF) and native forest (NF)
ecosystems. While these approaches provide useful insights into
vegetation-related reinforcement and overall stability, they also involve
important limitations. As discussed in Section 3, the Wu model is con-
strained by its simplifying assumptions regarding root distribution and
reinforcement mechanisms. It assumes that roots crossing the shear
plane act as independent, fully mobilized tensile members, ignoring
progressive root breakage, inter-root interactions, and the nonlinear
stress-strain behavior of root-soil systems. The model also neglects the
spatial heterogeneity of root architecture and temporal changes in root
properties caused by growth, decay, or variations in soil moisture.
Consequently, the Wu model often provides an upper-bound estimate of
root cohesion rather than a realistic representation of root reinforcement
in natural slopes. These limitations underscore the need to develop
process-based models that better integrate root biomechanics, soil-root
interactions, and hydrological dynamics when assessing vegetation ef-
fects on slope stability. Similarly, the limit equilibrium method, while
widely used, neglects slope deformation and strain compatibility and
fails to represent the transient and dynamic response of slopes under
varying hydrological conditions. These limitations highlight the need for
more advanced approaches that can explicitly incorporate soil-
atmosphere-plant interactions and capture the temporal variability of
slope stability (An et al., 2018). Such advances will be critical for
improving predictive accuracy and for providing robust theoretical
support to early warning systems and prevention strategies for shallow
landslides in forested landscapes.

6. Conclusions

A comprehensive investigation based on remote sensing interpreta-
tion, field investigations, laboratory and in-situ experiments, as well as
numerical simulations, are conducted in a representative group-
occurring landslide event in southeastern China. The spatial distribu-
tion and geometric characteristics of landslides are analyzed. Their
geomorphology condition, lithology condition, above- and below-
ground vegetation characteristics are studied in depth, elucidating the
distinct landslide patterns and failure mechanisms in RF and NF eco-
systems. The main conclusions are summarized as follows:

e In terms of the spatial distribution, both the landslide quantity and
density in RF ecosystems are higher than those in NF ecosystems. The
observed landslides are mainly small and medium sizes with areas in
the value range of 200-3000 m?. Two distinct landslide patterns can
be identified within RF and NF ecosystems: pattern 1 in RF ecosys-
tems with the morphological features predominantly as short and
wide, typically inducing localized and rapid surface disruptions with
limited potential for triggering secondary hazards. In contrast,
pattern 2 in NF ecosystems tend to be elongated and slender, which
may serve as precursors to debris flow formation, particularly when
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sufficient sediment supply and favorable topographic conditions are
available.

Field investigations of geomorphology, lithology and vegetation
conditions indicate that vegetation characteristics are strongly
influenced by slope topography, geomorphic attributes, and soil
properties, which collectively drive different land-use patterns (NF
and RF ecosystems) across the six lithological zones. The combined
effect of them leads to the different slope failure mechanisms: the
landslides typically develop within deeper residual soil layers in RF
ecosystems, while those in NF ecosystems are primarily controlled by
lithological discontinuities at the soil-bedrock interface.

e Under identical infiltration conditions, slopes within the NF ecosys-
tems exhibit lower stability and are more susceptible to landslides
compared to those in lithological zones within the RF ecosystems.
This observation differs from those reported in previous studies,
suggesting the necessary to consider both the mechanical and hy-
drological process governed by different forest management mea-
sures on the slope stability. The homogeneity of densely planted tree
species in the RF ecosystems contributes to enhanced slope stability
through mechanical reinforcement. However, the hydrological
mechanism, e.g., the shallow root systems that promote the forma-
tion of intensive preferential flow networks, also facilitates rainfall
infiltration toward the potential sliding surface, which may account
for the paradoxical observation of higher landslide density in the RF
ecosystems compared to that in the NF ecosystems.

The results reveal distinct failure mechanisms across the studied
lithology-vegetation systems, however they are limited by simplified
stability models and insufficient consideration of lithology-
vegetation interactions. Future research should combine field ob-
servations, remote sensing, and process-based modeling to better
capture soil-atmosphere-plant interactions and improve landslide
prediction in forested regions. Moreover, this work also highlights
the development of ecosystem-specific ecological management
strategies adapted to the distinct lithology-vegetation systems of RF
and NF ecosystems, which is critical for improving the effectiveness
of landslide mitigation efforts while supporting sustainable ecolog-
ical and economic development. For instance, incorporating deep-
rooted species into forest restoration strategies may provide supe-
rior performance in mitigating the landslide initiation in RF eco-
systems than NF ecosystems due to the thicker soil layer overlying
bedrock.
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