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Abstract: Climate change has increased the frequency and scale of heavy rainfall, increasing the risk
of shallow landslides due to heavy rainfall. In recent years, ecosystem-based disaster risk reduction
(Eco-DRR) has attracted attention as one way to reduce disaster risks. Vegetation is known to increase
soil strength through its root system and reduce the risk of shallow landslides. To reduce the risk
of shallow landslides using vegetation, it is necessary to quantitatively evaluate the effects that
vegetation has on shallow landslides. In this study, we constructed a generalized linear model (GLM)
and random forest (RF) model to quantitatively evaluate the impact of differences in the vegetation,
such as grasslands and forests, on the occurrence of shallow landslides using statistical methods.
The model that resulted in the lowest AIC in the GLM included elevation, slope angle, slope aspect,
undulation, TWI, geology, and vegetation as primary factors, and the hourly rainfall as a trigger
factor. The slope angle, undulation, and hourly rainfall were selected as significant explanatory
variables that contribute positively to shallow landslides. On the other hand, elevation and TWI
were selected as significant explanatory variables that contribute negatively to shallow landslides.
Significant differences were observed among multiple categories of vegetation. The probability of
shallow landslide in secondary grasslands was approximately three times that of coniferous and
broadleaf forests, and approximately nine times that of broadleaf secondary forests. The landslide
probability of shrubs was approximately four times that of coniferous and broadleaf forests, and
approximately ten times that of broadleaf secondary forests. The results of constructing the RF
model showed that the importance was highest for the hourly rainfall, followed by geology, then
elevation. AUC values for the GLM and RF model were 0.91 and 0.95, respectively, indicating
that highly accurate models were constructed. We quantitatively showed the impact of differences
in vegetation on shallow landslides. The knowledge obtained in this study will be essential for
considering appropriate vegetation management to reduce the risk of future shallow landslides.

Keywords: vegetation; rainfall-induced shallow landslide; ecosystem-based disaster risk reduction;
generalized linear model; random forest; grassland; forest

1. Introduction

In recent years, climate change has been intensifying, leading to an increasing oc-
currence of abnormal weather patterns worldwide. As a result of climate change, the
frequency and magnitude of heavy rainfall events have increased, leading to a rising trend
in the occurrence of slope failures triggered by these extreme rain events. Among these
slope failures, shallow landslides, which are phenomena where the topsoil layer on the
slope bedrock detaches and moves downslope, can be regarded as the most common type
of disaster on slopes [1]. Moreover, shallow landslides can affect human activities and
cause damage to societal infrastructure [2]. We need to take measures to reduce the risk of
these disasters.

Shallow landslides are caused by various factors, such as topography, geology, and
vegetation [1]. Among these factors, it has been reported that vegetation greatly influences
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the occurrence of shallow landslides [3]. Vegetation can enhance the stability of slopes by
increasing soil strength through their root systems [4,5]. However, its effect is considered
limited for failures occurring deeper than the root system [6]. The concept of utilizing
the functions of ecosystems such as vegetation for disaster prevention and mitigation is
known as ecosystem-based disaster risk reduction (Eco-DRR), and discussions towards its
implementation have been held in recent years [7]. To reduce the risk of shallow landslides
using vegetation, it is necessary to quantitatively assess the influence factors that vegetation
has on shallow landslides. Broadly speaking, the methods to evaluate the influence of
vegetation factors on shallow landslides can be divided into two categories: analytical
methods using slope stability models and statistical methods using statistical analysis or
machine learning.

In analytical methods, the reinforcing effect due to root systems is assumed to be
uniformly distributed along the slip surface in order to evaluate the impact of vegetation
on slope stability [8,9]. However, recent studies have shown that the reinforcing effect
due to root systems varies spatially and temporally [10,11]. The effect of root systems is
distinguished by the direction of stress on the shear plane and is divided into vertical roots
that pass through the landslide plane and horizontal roots that pass through the sidewalls
around the landslide [4,12]. The reinforcing effect of vertical roots is most effective when
uniformly present on the landslide plane [4], and the reinforcing effect of horizontal roots
is reported to depend on the spatial distribution of roots [13]. Schwarz et al. [14] have
proposed a model (Root Bundle Model, RBM) to incorporate the spatial distribution of the
reinforcing effect due to root systems into slope stability analysis, and it has been used
in many previous studies [15–17]. Thus, the effects of root systems are gradually being
clarified through analytical methods. However, to evaluate the impact of vegetation on
slope stability at the watershed scale using a physical model, a large amount of detailed
data is required, which entails significant costs [18].

With the advancement in the preparation of GIS data, information on multiple factors,
including vegetation, topography, geology, and rainfall, has become relatively easily acces-
sible. Statistical methods are suitable for predicting and assessing surface landslides on a
watershed scale [19]. Consequently, in recent years, there have been studies that statistically
analyzed the causes of surface landslides and predicted the likelihood of future occurrences
based on past landslide events [20,21]. The methods employed often include general-
ized linear models, random forests, and support vector machines [2,22,23]. However, in
many previous studies, vegetation has only been incorporated into models as a single
factor, without considering differences in vegetation types, such as forests, grasslands, and
shrubs [20,24,25]. Focusing on forests, Moos et al. [26] introduced variables related to forest
structure into their model and quantitatively demonstrated the impact of forest structure
on slope stability. Zhang et al. [27] incorporated detailed forest-related information, such
as tree age and species, into their model and showed that natural forests have a greater
effect in suppressing shallow landslides than artificial forests. Thus, there are several
studies that have focused on forests and statistically analyzed the relationship between
the state of the forest and surface landslides. Focusing on grasslands, while there are not
studies that have evaluated the impact of grassland conditions on shallow landslides using
statistical methods, there are studies that have clarified the impact of grassland types on
slope stability through mechanical analysis [28,29].

The Aso region in Japan possesses one of the world’s largest calderas, stretching
approximately 25 km north–south and 18 km east–west. The caldera and its surroundings
are covered by the largest grassland in Japan, spanning about 220 km2 [30]. This grassland
has been maintained for more than 30,000 years through periodic anthropogenic burns [31].
However, since the 1960s, there has been a rapid decline in these grasslands due to factors
such as the decline of the livestock industry, leading to abandoned grasslands, and the
increase in afforestation policies that have resulted in a rise in artificially planted forests [32].
Such changes in vegetation have been shown to impact slope stability [33]. Therefore, in
the Aso region where grasslands are transitioning to forests, evaluating the impact of
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vegetation differences, such as between forests and grasslands, on shallow landslides is
crucial in providing information for optimal vegetation management aimed at reducing
landslide risks.

On the relationship between vegetation differences such as forests and grasslands and
shallow landslides, Kokutse et al. [34] reported that slope stability increased by 7.1% for
grasslands and 18.7% for mature forests when compared to a vegetation-less condition,
based on physical model analyses of four types of vegetation states, including grasslands
and mature forests. Liu et al. [6] stated that both forests and grasslands have a function
that increases slope stability, irrespective of the soil moisture content on the slope. On
the other hand, Koyanagi et al. [35] conducted an assessment of the distribution and scale
of landslides that occurred in forests and grasslands during the Kumamoto earthquake,
indicating that landslides in grasslands occurred in steeper areas than those in forests.
Kamp et al. [36] reported that the proportions of landslide areas in grasslands and forests
in the landslides that occurred during the 2005 Kashmir earthquake were 3.8% and 0.1%,
respectively. However, these studies did not take into account multiple factors that influ-
ence slope stability, such as topography, geology, and rainfall. Therefore, in this study,
we focused on statistical methods that allow for the incorporation of multiple factors into
the model. Our objective was to quantitatively evaluate the impact of vegetation differ-
ences, such as between grasslands and forests, on the occurrence of shallow landslides,
and we aimed to provide essential information for optimal vegetation management and
the formulation of strategic disaster mitigation and prevention plans to reduce the risk
of shallow landslides. It should be noted that while shallow landslides can also occur
due to earthquakes, this study focused on those caused by heavy rain, which occurs
more frequently.

2. Study Area

The Aso region is located in the upper reaches of the Shirakawa basin in Kumamoto
prefecture, Japan (Figure 1). The total study area was approximately 376 km2, with max-
imum and minimum elevations of 1591 m and 232 m, respectively. The average annual
temperature observed at the AMeDAS (Automated Meteorological Data Acquisition Sys-
tem) Aso Otohime station from 1991 to 2020 is approximately 13 ◦C, with an annual rainfall
of approximately 3000 mm, indicating that the study area receives a high amount of pre-
cipitation. Aso mountain is located almost in the center of the study area. To the north
of Aso mountain lies the Asodani valley, while the south side is called the Nangodani
valley. The Kurokawa river, a tributary of the Shirakawa river, flows through the Asodani
valley, and the main stream of the Shirakawa river flows through the Nangodani valley.
Polemonium kiushianum, a plant classified as critically endangered (IA category), grows in
these grasslands. Furthermore, Sophora flavescens grows in the grasslands and serves as the
food plant for the butterfly species Shijimiaeoides divinus, which is listed as endangered (IB).
Therefore, these grasslands harbor various fauna and flora. Grasslands are dominated by
Miscanthus sinensis with lesser amounts of Pleioblastus argenteostriatus [36].

During the rain disaster in northern Kyushu from 11 to 14 July 2012, heavy rainfall
exceeding 100 mm/h and 800 mm/24 h was observed mainly in the Kumamoto, Oita,
and Fukuoka prefectures (Figure 2). Although rainfall around the Aso caldera area was
minor on the 11th, it gradually intensified after midnight on the 12th. Between 2 and
3 a.m., an hourly rainfall of 108.0 mm was observed, with heavy rain continuing until about
6 a.m., measuring between 87 and 96 mm per hour. After that, the rain gradually subsided
and had mostly ceased by around 9 a.m. Furthermore, this heavy rain caused widespread
flooding and landslides (Figure 3), resulting in 25 confirmed deaths and missing persons,
out of which 19 individuals were confirmed dead or missing due to the landslides. Among
sediment-related disasters, landslides primarily occur around the eastern caldera wall
of the Asodani valley on the northern side of the Aso caldera and the vicinity of Aso
mountain. It has been reported that the morphology and characteristics of these landslides
vary depending on the location [37].
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Figure 1. Location of the study area.
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Figure 2. Hourly rainfall and cumulative rainfall from 11 to 12 July 2012 at Aso Otohime Observatory,
Kumamoto prefecture.
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Figure 3. The landslides caused by heavy rain. (a) Shallow landslide that occurred in Ichinomiya
Town, Aso City, Kumamoto Prefecture. (b) Debris flow that occurred in Kitanosaka-nashi, Ichinomiya
Town, Aso City, Kumamoto Prefecture. The photos were provided by Asia Air Survey Co., Ltd.

3. Materials and Methods

Shallow landslides occur due to both triggering factors (such as heavy rain or earth-
quakes) and primary factors (such as slope angle, geology, and vegetation). We extracted
information for slopes where shallow landslides occurred and where they did not, and
collected data on primary factors and triggering factors such as rainfall on these slopes.
We divided the collected data into a model-building dataset and a testing dataset, and
constructed models using two statistical methods: generalized linear models and random
forest models. We quantitatively analyzed the impact of vegetation on the occurrence of
shallow landslides (Figure 4).
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3.1. Extraction of Shallow Landslides Data and Creation of Slope Units

For the interpretation of landslide locations, we used the “Distribution Map of Sedi-
ment Movement Associated with the Heavy Rainfall in Northern Kyushu in July 2012” by
the Disaster Prevention Research Institute [38]. In this study, we referred to the method by
Asada et al. [39] for the interpretation of landslides and the extraction of shallow landslide
data. First, a digital elevation model (DEM) based on laser profile (LP) data before and
after the disaster was used. The difference in DEM values between before and after the
disaster was calculated. The LP data before the disaster were acquired in 2010, while LP
data after the disaster were acquired in 2013. The resolution of both DEMs is 1 m. Using
the calculated difference values and aerial photographs, 2038 landslides were identified.
Next, using the DEM before the disaster, the 1 order watershed areas were created using
the hydrological analysis tools of ArcGIS spatial analyst. Finally, landslides within the 1
order watershed areas with an average depth of less than 2 m were defined as shallow
landslides [39]. A total of 1347 shallow landslide areas were identified within the 1 order
watershed areas. As a result, out of the 2038 landslides interpreted, the data of 1347 shallow
landslides were extracted (Figure 5).
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For the unit of statistical analysis, we created slope units (SUs) based on the method by
Asada et al. [39]. SU represents the area enclosed by ridge lines and valley lines. The ridge
lines and valley lines were created using the hydrological analysis tools of ArcGIS spatial
analyst. In order to determine the presence or absence of shallow landslide occurrence
for each SU dataset, we overlaid the shallow landslide sites and the SU data. The SU
that included shallow landslides were designated as landslide SU, and those that did not
include shallow landslides were designated as non-landslide SU. However, SU containing
landslides that were not shallow landslides were excluded from the analysis.

3.2. Creating Data on Primary Factors for Shallow Landslides

The inherent factors that affect the occurrence of shallow landslides have been shown
in previous studies to be elevation [40], slope angle [41], slope aspect [42], undulation [43],
SPI (stream power index) [44,45], TWI (topographic wetness index) [44,45], curvature [46],
soil thickness [47], surface geology [48], vegetation [3–5], landslide history [49], and forest
roads [50]. In this study, we decided to analyze elevation, slope, aspect, undulation, surface
geology, and vegetation as primary factors (Figure 6). The following paragraphs explain
how we created the primary factor data.
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Elevation is a parameter that has a significant impact on the occurrence of shallow
landslides because it affects many conditions related to the stability of slopes, such as
climatic conditions such as temperature, the growth limit of vegetation, and restrictions
on human activity areas. We used a 10 m low-resolution DEM (10mDEM) based on pre-
disaster LP data. Then, we overlaid the elevation raster data with SU data, calculated the
average elevation for each SU dataset, and used this for the analysis.

Slope angle is the most critical parameter concerning the stability of a slope [41]. Slope
angle determines the flow of water on the slope, affecting the soil moisture content and
the stability of the slope. We created raster data of the slope angle for each mesh using the
10mDEM. Then, we overlaid the raster data of the slope angle with SU data, calculated the
average slope angle for each SU dataset, and used this for the analysis.

Slope aspect is a parameter that affects the distribution of shallow landslides because
it is related to the amount of solar radiation and humidity [42]. In this study, we created
raster data of the slope aspect for each mesh using the 10mDEM. Then, we overlaid the
slope aspect raster data with SU data, calculated the average slope aspect for each SU
dataset, and used this for the analysis. Slope aspect raster data are expressed in degrees,
with north as 0 degrees. We reclassified the aspect into eight compass points (north for 0
to less than 22.5 degrees, northeast for 22.5 to less than 67.5 degrees, east for 67.5 to less
than 112.5 degrees, southeast for 112.5 to less than 157.5 degrees, south for 157.5 to less
than 202.5 degrees, southwest for 202.5 to less than 247.5 degrees, west for 247.5 to less
than 292.5 degrees, northwest for 292.5 to less than 337.5 degrees, and north for 337.5 to
360 degrees).

Undulation is an indicator of the size of a slope, and it has been reported that the
proportion of landslide occurrence significantly increases as the undulation increases [43].
In this study, we used the difference between the minimum and maximum altitudes of SU
as the undulation.

SPI represents the ease of sediment erosion and TWI represents the potential accumula-
tion of groundwater [51], both of which are essential explanatory variables in assessing the
risk of shallow landslides [44,45]. SPI and TWI are defined by the following formulas [51]:

SPI = As ∗ tan β (1)

TWI = ln(As/tan β) (2)

where As is the catchment area (m2) and β is the slope angle (rad). Using this equation,
SPI and TWI were calculated for each mesh. Then, the raster data of SPI and TWI were
overlaid with SU data, and the average values of SPI and TWI for each SU dataset were
calculated and used for analysis.

Surface geology (hereinafter referred to as geology) is an indicator that is deeply
related to the strength of slopes. Safaei et al. [48] reported that geological divisions of
the Paleogene and Neogene were important parameters for the occurrence of shallow
landslides compared to other geological divisions. For the creation of geological data,
we referred to the Aso Volcanic Geological Map published by the Industrial Research
Institute [52]. The volcanic activity of Aso is divided into three periods: the pre-caldera
volcanic activity period before the formation of the caldera, the caldera formation period
with repeated caldera eruptions, and the post-caldera activity period after the formation
of the caldera [53]. Each period’s ejecta is considered to have different geological and
petrological characteristics [54]. The ejecta from the pre-caldera activity period is called
pre-Aso volcanic lavas [54], mainly composed of biotite rhyolite, pyroxene andesite, and
basalt [55]. The ejecta from the caldera formation period is caused by four pyroclastic flows,
and mainly consists of non-welded volcanic ash and welded tuff [55]. In the post-caldera
activity period, various magma from basalt to rhyolite erupted, forming the central cone
group. In the volcanic geological map, the geology of the central cone group is classified
into tuff, scoria, volcanic ash, pumice, etc. [55]. In addition, it has been revealed that the
surface of the central cone group is volcanic ash and soil layers deposited by volcanic
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activity over the past 3000 years [56]. From these findings, in this study, the geological
classification was divided into five categories: pre-Aso volcanic lavas, welded tuff, volcanic
ash deposited at the time of caldera formation (pre-caldera), pyroclastic material including
volcanic ash and pumice, and unconsolidated deposits composed of sand and silt. We
overlaid the raster data of the divided geology with SU data and used the geological item
with the largest area within the SU as the dominant geological item for analysis.

The creation of vegetation data used the Basic GIS Data for Nature Conservation
published by the Nature Conservation Bureau of the Ministry of the Environment [57].
Taking into account factors such as tree species, communities, and the condition of root
systems, the vegetation data were classified into 13 categories: coniferous forest, broadleaf
forest, broadleaf secondary forest, pine tree, valley forest, riparian forest, shrub forest,
bamboo, secondary grassland, farmland, pasture, residential land, wetland, and others.
The raster data of the vegetation and SU data were overlaid, and the vegetation item with
the largest area within the SU was used for analysis.

In addition to the above primary factors, curvature affects the acceleration and deceler-
ation, convergence, and divergence of water flow on the slope surface, which can influence
shallow landslides [46], and could also be an indicator of topographic features such as
ridges and valleys. However, the SU set as the analysis units in this study is expressed as
an area enclosed by ridge lines and valley lines, and it was considered inappropriate to
discuss topographic characteristics for each SU dataset using curvature. Therefore, curva-
ture was excluded from the primary factors. Soil thickness is an important parameter for
physically discussing the occurrence of shallow landslides, but there was no information
to quantitatively show the soil thickness of the entire target area, so soil thickness was
excluded from the primary factors. Although the history of landslides could be an indicator
when considering the potential susceptibility of a slope to landslides, we could not obtain
detailed information on the history of landslides in the area targeted in this study, so we
excluded it from the primary factors. Regarding forest roads, it has been pointed out
that forest roads can cause shallow landslides by changing the flow of groundwater and
increasing the pore water pressure on the slope above the forest road [58]. However, in the
area targeted for analysis in this study, there were few forest roads, so we excluded them
from the primary factors.

3.3. Creating Data on Triggering Factors for Shallow Landslides

The relationship between rainfall and shallow landslides has been discussed in many
previous studies. For example, Dai et al. [58] suggested that 12-h rainfall is the most
important factor in predicting the number of landslides. Effective rainfall is also one of the
indicators to evaluate the relationship between rainfall and landslides. Yong Hong [59]
has shown that the occurrence of landslides actually correlates with effective rainfall. The
effective rainfall can be calculated by the following formula [60]:

Rw = ∑i αi·R1i (3)

αi = 0.51/T (4)

where Rw is the effective rainfall at time t, R1i is the hourly rainfall i hours ago, αi is the
reduction coefficient i hours ago, and T represents the half-life. A 72-h half-life is used for
the long-term effective rainfall to represent the long-term impact of rainfall, and a 1.5-h
half-life is used for the short-term effective rainfall to represent the short-term impact
of rainfall [61]. Additionally, Brand et al. [62] reported that most of the landslides that
occurred in Hong Kong were caused by local short-term heavy rain, indicating a strong
correlation between the short-term impact of rainfall and the occurrence of landslides.
Therefore, in this study, the maximum one-hour rainfall (hereinafter referred to as hourly
rainfall), which represents the short-term impact of rainfall, and the short-term effective
rainfall (hereinafter referred to as effective rainfall) were adopted as explanatory variables
for the trigger (Figure 7). The meteorological variables related to rainfall mentioned above
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were created using the 1 km mesh analyzed rainfall provided by the Japan Meteorological
Agency [63]. The analyzed rainfall is an estimate of the amount of precipitation corrected
by the observation values of meteorological radars using rain gauge observation values on
an hourly basis. The analyzed rainfall considered was from 0:00 to 10:00 on July 12. The
maximum one-hour rainfall and the effective rainfall were created as raster data using the
interpolation tools of the ArcGIS spatial analyst, and an overlay was made with the SU
data to calculate the maximum value for each SU dataset for analysis. The mesh size for
the interpolation was set at 10 m (Table 1).
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Table 1. Information about factors selected in the study.

Factors Data Source Data Type Value Range

Elevation DEM Continuous 246.51–1587.16
Slope angle DEM Continuous 0.01–67.57
Slope aspect DEM Categorical n/a
Undulation DEM Continuous 0.00–342.00

SPI DEM Continuous 0.00–106,087.27
TWI DEM Continuous −0.88–11.88

Geology [53] Categorical n/a
Vegetation [64] Categorical n/a

Hourly rainfall [65] Continuous 53.4–124.46
Effective rainfall [65] Continuous 57.96–249.86

3.4. Statistical Analysis
3.4.1. Preparation of Model Building Dataset and Testing Dataset

In this study, 70% of the dataset was used for model construction (63,542 data points),
and the remaining 30% was used for the test data (27,234 data points) [65–67]. When
constructing our model, we performed cross-validation. In k-fold cross-validation, the
entire dataset is divided into k parts, after which, k − 1 parts are used as training data, and
the remaining part is used as validation data. This process is repeated k times. In this study,
we performed cross-validation by setting k to 10, referring to previous research [66,68].

Since the dataset used in this study involved highly imbalanced data with a significant
number of non-landslide SU data compared to landslide SU data, we used stratified k-
fold cross-validation, which divides the data so that the ratio of landslide SU data to
non-landslide SU data is the same within the divided range.
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3.4.2. Multicollinearity

The variance inflation factor (VIF) can be used to detect a one-to-many correlation;
thus, it was adopted as an indicator to confirm the multicollinearity of this analysis. The
VIF was calculated with the following formula:

VIF = 1/
(

1− R′2
)

(5)

R′ is the multiple correlation coefficient.
Generally, if the VIF≥ 5, there is a suspicion of multicollinearity [69]. Therefore, in this

study, the threshold of the VIF was set to 5. When there are values exceeding the threshold,
the factor was excluded, and the calculation of the VIF was repeated until all of the factors
were less than 5. The R’s car package was used to calculate the VIF.

3.4.3. Generalized Linear Model

The generalized linear model (GLM) can numerically express the relationship between
the response variable and explanatory variables and has the feature that it can incorporate
explanatory variables of non-normal distributions as well as normal distributions into the
model [70]. The probability distribution of the GLM was binomial, and the link function
was logit (logistic regression). Logistic regression is one of the most widely used methods
for predictive assessment of shallow landslides [20,40]. Logistic regression is represented
by the following equation:

P =
1

1 + e−(a+b1X1+b2X2+···+bnXn)
=

ea+b1X1+b2X2+···+bnXn

1 + ea+b1X1+b2X2+···+bnXn
(6)

where P is the landslide probability, a is the intercept, b1, b2 . . . bn are the regression coeffi-
cients corresponding to the explanatory variables X1, X2 . . . Xn.

Odds represent the ratio of the probability P (when the response variable is 1) to the
probability 1− P (when the response variable is 0). The natural logarithm of odds (logit) is
represented by the following equation:

logit(P) = ln
P

1− P
= a + b1X1 + b2X2 + · · ·+ bnXn (7)

In logistic regression, the response variable was set as binary data indicating the
presence or absence of landslide occurrence within the SU (landslide: 1, no landslide: 0).
The explanatory variables used were elevation, slope angle, slope aspect, SPI, TWI, geology,
vegetation, hourly rainfall, and effective rainfall. Categorical variables such as slope
aspect were referenced to the north, while geology and vegetation were anchored to the
areas with the largest distribution, specifically pyroclastic material and coniferous forests,
respectively. To determine the most suitable combination of explanatory variables, the
Akaike information criterion (AIC) was used as a reference. The combination of explanatory
variables that resulted in the lowest AIC value, indicating the best model fit, was selected.

3.4.4. Random Forest

Random forest (RF) is an ensemble learning method that constructs numerous deci-
sion trees and makes a decision based on the majority of these trees, smoothing out the
overfitting of decision trees [71]. RF can be used for both classification and regression. In
this study, the RF model was constructed as regression. RF employs a technique known
as bootstrapping [72] with replacement to create a training dataset by sampling with du-
plicates allowed. This dataset is then used to generate multiple decision trees. Data that
are not selected during this process (out of bag, OOB) are utilized for model accuracy
evaluation. Using the constructed model, predictions are made on the OOB data, and
the mean squared error (MSE) between the predicted values and actual measurements is
computed [73]. The method used to calculate importance was the increase in mean squared
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error (IncMSE) approach, which estimates how much the MSE increases when making
predictions without a particular explanatory variable [71]. RF constructs models with ntree
and mtry as the hyperparameters, which were set via cross-validation. ntree represents
the number of decision trees to be created, while mtry indicates the number of explanatory
variables used when generating decision trees. The response variable and explanatory
variables used were the same as those used in the GLM. In addition, other methods such as
support vector machines (SVMs) and artificial neural networks (ANNs) have been utilized
as predictive assessment techniques for shallow landslides [22,23]. The RF model, which is
less susceptible to the effects of overfitting and capable of considering interactions among
explanatory variables, was chosen as an analytical method [74]. Moreover, the importance
of each explanatory variable, calculated by RF, is visually interpretable, indicating their
relative significance. Given these advantages, we chose RF as analytical method.

3.4.5. Model Performance Evaluation

We used the constructed models to predict the test data and evaluated the predic-
tion accuracy of the models. We calculated the accuracy, precision, sensitivity, speci-
ficity, and the area under the curve (AUC) as evaluation metrics for the prediction mod-
els [66,75]. The accuracy, sensitivity, precision, and specificity were calculated using the
following formulas:

Accuracy =
TP + TN

TP + FP + FN + TN
(8)

Precision =
TP

TP + FP
(9)

Sensitivity =
TP

TP + FN
(10)

Speci f icity =
TN

TN + FP
(11)

True positives (TP), true negatives (TN), false positives (FP), and false negatives (FN)
represent the number of data points for the landslide and non-landslide SU (Table 2).

Table 2. Confusion matrix.

True Condition

Landslide Non-Landslide

Prediction Condition
Landslide TP FP

Non-landslide FN TN

The accuracy indicates the ratio of correctly predicted landslide and non-landslide SU.
By calculating the accuracy rate, we can assess the overall predictive precision of the model.
The precision shows the ratio of SU that were actually landslides among those predicted to
be landslides. By calculating the precision, we can evaluate the accuracy when predicting
landslides. The sensitivity represents the ratio of SU correctly predicted as landslides
among those that actually experienced landslides. By calculating the sensitivity, we can
evaluate whether landslide data can be predicted without overlooking. The specificity
indicates the ratio of SU correctly predicted as non-landslides among those that did not
experience landslides. By calculating the specificity, we can assess whether non-landslide
data can be predicted without overlooking.

The AUC is represented by the area below the receiver operating characteristic (ROC)
curve, and is calculated using the following formula [75]:

AUC =
(∑ TP + ∑ TN)

(Y + N)
(12)
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Y represents the number of landslide SU, and N represents the number of non-
landslide SU. If the AUC is 0.7 or higher, then it explains the dependent variable of the
model well, whereas if it is below 0.5, then the model is considered to have no explanatory
power [76].

4. Results
4.1. Correlation Analysis

The variables that resulted in a VIF ≥ 5 were hourly rainfall and effective rainfall. As
these variables are explanatory factors of the same cause, it was considered that they led to
a high VIF. Therefore, they were incorporated, one at a time, and the VIF was recalculated.
The VIFs for all of the variables became less than 5 (Table 3). For the model construction,
hourly rainfall and effective rainfall were incorporated as factors one at a time.

Table 3. Multicollinearity analysis.

Factors Variance Inflation Factors (VIF)

Elevation 2.03 2.01
Slope angle 3.32 3.37
Slope aspect 1.12 1.13
Undulation 1.83 1.83

SPI 1.00 1.00
TWI 1.69 1.73

Geology 1.85 1.83
Vegetation 2.33 2.24

Hourly rainfall 1.61 n/a
Effective rainfall n/a 1.49

4.2. Generalized Linear Model

The GLM was constructed, and the model with the lowest AIC was selected. This
model included the following as intrinsic factors: elevation, slope angle, slope aspect,
undulation, TWI, geology, vegetation, and the hourly rainfall as an inducing factor. The
AIC was 8048.3. Significant explanatory variables that positively contributed to the land-
slide were slope angle (z = 11.78, p < 0.01), undulation (z = 9.75, p < 0.01), and hourly
rainfall (z = 14.57, p < 0.01). It was found that the eastern and southern directions were
more susceptible to landslides than the northern direction, which was set as the reference.
Regarding vegetation, secondary grasslands and shrubs were more prone to landslides
than coniferous forests, which were set as the reference. On the other hand, elevation
(z = −3.52, p < 0.01) and TWI (z = −8.63, p < 0.01) were selected as significant explanatory
variables that negatively contributed to landslides. The results showed that the volcanic
ash (pre-caldera), pre-Aso lavas, unconsolidated deposits, and welded tuffs were less sus-
ceptible to landslides than the volcanic debris, which was set as the reference. Regarding
vegetation, the secondary broadleaf forests, residential land and others were less prone to
landslides than coniferous forests, which were set as the reference (Table 4). Multiple com-
parison tests for the regression coefficients of the categorical variable, vegetation, revealed
significant differences between multiple categories (Appendix A). To visually understand
these differences, the landslide probability for each category in the vegetation derived from
the GLM and the results of the multiple comparison test are shown in Figure 8. Secondary
grassland and shrubs had significantly higher landslide probabilities compared to conifer-
ous forests, broadleaf forests, secondary broadleaf, residential land and others, exceeding
the cut-off value. The landslide probability of secondary grassland was approximately
three times higher compared to coniferous and broadleaf forests and approximately nine
times higher compared to broadleaf secondary forests. Similarly, the landslide probability
of shrubs was approximately four times higher compared to coniferous, and broadleaf
forests, and approximately ten times higher compared to broadleaf secondary forests. No
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significant differences were detected between coniferous and broadleaf forests and broad-
leaf secondary forests.

Table 4. Results of the GLM. Variables marked in bold are those where the p-value is less than 0.05.

Factor Estimate Std. Error z Value p-Value

(Intercept) −9.87 0.62 −15.96 <0.05
Elevation 0.00 0.00 −3.52 <0.05

Slope angle 0.06 0.01 11.78 <0.05
Slope aspect east 1.09 0.43 2.54 <0.05

northeast 0.36 0.44 0.83 0.41
northwest 0.82 0.43 1.91 0.06

south 0.87 0.43 2.03 <0.05
southeast 0.84 0.43 1.95 0.05
southwest 0.83 0.43 1.92 0.06

west 0.80 0.43 1.86 0.06
Undulation 0.01 0.00 9.75 <0.05

TWI −0.40 0.05 −8.63 <0.05
Geology Pre-Aso lavas −2.56 0.15 −17.10 <0.05

Unconsolidated deposits −2.42 0.34 −7.07 <0.05
Welded tuff −1.17 0.32 −3.62 <0.05

Volcanic ash (pre-caldera) −1.37 0.12 −11.07 <0.05
Vegetation Bamboo −13.08 671.31 −0.02 0.98

Broadleaf forests −0.09 0.00 −0.34 0.74
Broadleaf secondary forest −0.94 0.35 −2.68 <0.05

Farmland −12.47 141 −0.09 0.93
Others −0.95 0.37 −2.59 <0.05
Pasture −0.87 0.70 −1.21 0.23

Pine forest −0.04 1.02 −0.04 0.97
Residential land −1.54 1.00 −2.61 <0.05
Riparian forest −13.28 1258 −0.01 0.99

Secondary grassland 1.26 0.11 11.84 <0.05
Shrub forest 1.37 0.13 10.16 <0.05
Valley forest −14.34 1828.53 −0.01 0.99

Wetland −12.36 2228.75 −0.01 1.00
Hourly rainfall 0.05 0.00 14.57 <0.05
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Figure 8. The landslide probability for each vegetation category was calculated based on the GLM.
The landslide probability for each category was calculated by substituting the median value of
the landslide units for the continuous variables such as elevation, slope, undulation, TWI, and
hourly rainfall; the value of the reference regression coefficient (=0) for the categorical variables such
as aspect, geology; and the regression coefficient for each vegetation category. Different English
letters between categories indicate a significant difference at the 5% level according to the multiple
comparison test (a < b). The red line indicates the cut-off value.

A stratified 10-fold cross-validation was performed and the AUC values for the vali-
dation data were calculated (Table 5). The median AUC was 0.91.
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Table 5. AUC values of stratified 10-fold cross-validation of the GLM.

Subset AUC Subset AUC

1 0.89 6 0.91
2 0.91 7 0.90
3 0.91 8 0.91
4 0.92 9 0.89
5 0.91 10 0.91

Predictions were made for the test data using the constructed model. The accuracy
was 0.84, the precision was 0.08, the sensitivity was 0.83, the specificity was 0.84, and the
AUC was 0.91 (Table 6). Despite low precision, a model with excellent predictive accuracy
was constructed. The model’s cut-off value was 0.026.

Table 6. Confusion matrix of the GLM.

GLM
True Condition

Summation
Landslide Non-Landslide

Prediction
Condition

Landslide 379 4381 Precision: 0.08
Non-landslide 76 22,398 0.003

Summation Sensitivity: 0.83 Specificity: 0.84 Accuracy: 0.84

4.3. Random Forest

The hyperparameters for the RF model were determined using stratified 10-fold
cross-validation, with ntree = 5000 and mtry = 3. Thus, a model was constructed with
ntree = 5000 and mtry = 3, and the importance was calculated (Figure 9). Hourly rainfall
had the highest importance, followed by geology, then elevation.
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Figure 9. Importance of factors in the RF model.

A stratified 10-fold cross-validation was performed and the AUC for the validation
data was calculated (Table 7). The median AUC was 0.95.

Table 7. AUC values of stratified 10-fold cross-validation of the RF model.

Subset AUC Subset AUC

1 0.93 6 0.95
2 0.93 7 0.96
3 0.96 8 0.95
4 0.95 9 0.84
5 0.96 10 0.95
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Predictions were made for the test data using the constructed model. The accuracy
was 0.87, the precision was 0.11, the sensitivity was 0.88, the specificity was 0.87, and the
AUC was 0.95 (Table 8, Figure 10). Despite low precision, a model with good accuracy was
constructed. The model’s cut-off value was 0.029.

Table 8. Confusion matrix of the RF model.

RF
True Condition

Summation
Landslide Non-Landslide

Prediction
Condition

Landslide 402 3392 Precision: 0.11
Non-landslide 53 23,387 0.002

Summation Sensitivity: 0.88 Specificity: 0.87 Accuracy: 0.87
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Figure 10. Receiver operating characteristic curves: (a) GLM; (b) RF model.

5. Discussion
5.1. Model Performance Evaluation

The AUC of the constructed model was higher for the RF model than the GLM. In
many previous studies related to the prediction and assessment of shallow landslides,
these have also shown that the RF model is more accurate than the GLM [73,77]. In this
study, the precision was low for both models. This is thought to be due to the fact that the
amount of landslide SU data is extremely small compared to the non-landslide SU data.
Methods used to overcome imbalanced data include oversampling by SMOTE (synthetic
minority over-sampling technique) [78], and it is thought that using such methods could
improve the accuracy of the model. However, the low precision indicates that while there
is a possibility of misclassification, there are few missed landslide locations, suggesting a
model that evaluates on the safe side for disaster prevention. Therefore, it is not considered
a problem in evaluating the impact of vegetation on shallow landslides.

5.2. Impact of Vegetation on Shallow Landslides

Based on the results of the GLM, it became clear that the landslide probability of
secondary grassland is higher than that of forests, such as coniferous forests. Previous
studies have not evaluated the difference in vegetation and have not discussed the extent
of the difference in landslide probability due to the difference in vegetation [24,25]. By
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showing landslide probabilities for each type of vegetation, it is expected to provide useful
insights for considering appropriate vegetation management in the Aso region. As a factor
for the forest having a lower probability than grasslands, the difference in the root mass and
distribution between forests and grasslands can be considered. Using analytical methods
based on physical models, it is pointed out that forests have a more significant impact on
slope stability than grasslands [34]. Forests, in addition to the mechanical effects of their
root systems [4,5], also capture and block rainfall through their canopies, increasing the
amount of evapotranspiration. Therefore, forests reduce the amount of water that infiltrates
the soil, leading to increased slope stability [79,80]. Due to these effects, we consider that
the landslide probability in forests is lower compared to grasslands. However, determining
which of the effects brought by the forest dominated in influencing slope stability is difficult
using statistical methods. In the future, it is essential to evaluate which function of the
forest was dominant using analytical methods based on physical models.

Furthermore, slope angle and hourly rainfall are important parameters in evaluating
slope stability. Therefore, using the model created with the GLM, response curves of the
slope and hourly rainfall for grassland and coniferous forest were created (Figure 11). Grass-
lands exceeded the cutoff value for slope angle at approximately 25 degrees. In contrast,
forests exceeded the cutoff value for slope angle at approximately 45 degrees. Although the
influence of root diameter and distribution on slope stability is not uniform [81], even on
steep slopes, it was clear that forests increase slope stability more than grasslands. Grass-
lands exceeded the cutoff value at an hourly rainfall of around 80 mm, while coniferous
forests exceeded the cutoff value at an hourly rainfall of around 110 mm. Both forests and
grasslands have functions that increase slope stability regardless of the state of soil moisture
in the slope [6], but it has become quantitatively clear that forests increase slope stability to
a certain extent compared to grasslands. However, the ability of forest to stabilize slopes
is limited [6], so it should be noted that the forest does not suppress all cases of shallow
landslides. Moreover, it has been pointed out that the spatial structure of forests has a
significant impact on slope stability. It has been shown that when gaps within the forest
exceed 20 m, susceptibility to landslides increases [26]. Therefore, it is important to conduct
analyses that consider detailed information about forests in the future. On the other hand,
for grasslands, it is said that the stabilizing effect on slopes varies depending on the type
of herbaceous plant present [28,29], but it has been pointed out that the research on such
stabilizing effect on slopes is insufficient compared to that for forests [82]. In the future, it
will be necessary to accumulate knowledge using statistical methods as in this study and
to mechanically grasp the slope stabilization effect that grasslands have using analytical
methods. In addition, it has been reported that grasslands have smaller landslide depth and
sediment production than forests [35]. Grasslands and forests differ significantly in their
above-ground biomass. In forested areas, shallow landslides can result in a large number of
fallen trees, potentially providing driftwood to rivers, as pointed out in [83]. Consequently,
the impact on downstream areas is presumed to be lesser from forests compared to grass-
lands. The soil-strengthening effects of forest root systems are believed to influence not
only the landslide probability but also the scale of these landslides [26]. Therefore, future
assessments should focus not only on the likelihood of landslides but also on their scale
when evaluating the risks associated with forests and grasslands.
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Figure 11. Response curves by GLM: (a) slope; (b) hourly rainfall.

5.3. Importance of Contributing Factors

The importance calculated by the RF model was highest for hourly rainfall, followed
by geology, then elevation. The specific disaster targeted in this study was heavy rain
exceeding 100 mm of hourly rainfall, and the influence of the inducement was very large,
so it was conjectured that the importance became large. Geology showed an importance
that was equivalent to maximum hourly rainfall. The shallow landslides that occurred
in the target area occurred in large numbers in volcanic ash layer geology [37]. Since the
volcanic ash layer is extremely permeable, it has been pointed out that landslides are likely
to occur at boundaries with less permeable layers [84]. Therefore, it was considered that the
importance of geology, which is closely related to rainfall, became high. In previous studies,
it has also been shown that geology such as volcanic ash has made a major contribution to
the occurrence of shallow landslides [85]. The elevation showed a significant importance
next to the maximum hourly rainfall and geology. Elevation, which greatly influences
the growth limit of vegetation and constrains human activity areas, has also been shown
to have a high importance [77]. The importance of vegetation was smaller than that of
rainfall and geology. In previous research, vegetation had about 40% of the importance
compared to rainfall [39], and this study showed the same trend. However, even if the
importance is small, as shown in Figure 9, under limited conditions, it is considered that
vegetation functions to suppress shallow landslides. Additionally, with statistical methods,
it is not possible to assess the impact on slope collapses from variables that could not
be incorporated into the model (for instance, soil layer thickness). Moving forward, it is
essential to gather data on variables not addressed in this study and integrate them into
the model.

6. Conclusions

In this study, we aimed to quantitatively assess the impact of different vegetation
conditions, such as grasslands and forests, on the occurrence of shallow landslides using
statistical methods. We constructed the GLM and the RF models. The model that resulted in
the lowest AIC in the GLM included elevation, slope angle, slope aspect, undulation, TWI,
geology, and vegetation as primary factors, and the hourly rainfall as a trigger factor. Slope
angle, undulation, and hourly rainfall were selected as significant explanatory variables
that contribute positively to shallow landslides. On the other hand, elevation and TWI
were selected as significant explanatory variables that contribute negatively to shallow
landslides. Significant differences were observed among multiple categories of vegeta-
tion. The probability of shallow landslides in secondary grasslands was approximately
three times that of coniferous and broadleaf forests, and approximately nine times that
of broadleaf secondary forests. The landslide probability of shrubs was approximately
four times that of coniferous and broadleaf forests, and approximately ten times that of
broadleaf secondary forests. The results of constructing the RF model showed that the
importance was highest for the hourly rainfall, followed by geology, then elevation. AUC
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values for the GLM and the RF model were 0.91 and 0.95, respectively, indicating that
highly accurate models were constructed. This study quantitatively demonstrated the
impact of vegetation differences on shallow landslides. The insights gained from this
study will be essential for considering appropriate vegetation management to reduce the
risk of future shallow landslides. However, while this study discussed the probability of
shallow landslide occurrence, it is important to note that landslide risk involves not only
probabilities but also factors such as the scale of landslides and their downstream impacts,
including the supply of sediment and debris. Therefore, future research should analyze the
influence of vegetation on the scale of shallow landslides and their downstream effects.
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Appendix A

Summary of the multiple comparison test for vegetation. The upper triangular matrix
represents the estimated difference of the regression coefficients and the lower triangular
matrix represents the standard error. The sign of the estimate indicates a positive value
when the coefficient value of the column category is higher than the coefficient value of the
row category. Bold numbers indicate estimates where the p value was less than 0.05.

Table A1. Summary of the multiple comparison test for vegetation (From Coniferous Forest
to Pasture).

Factors Coniferous
Forest Bamboo Broadleaf

Forest
Broadleaf

Secondary Forest Farmland Others Pasture

Coniferous forest - −13.08 −0.09 0.94 −12.47 −0.95 −0.87
Bamboo 671.3 - 12.99 12.14 0.60 12.13 12.21

Broadleaf
forest 0.26 671.3 - −0.85 141 −0.86 −0.78

Broadleaf
secondary

forest
0.35 671.3 0.42 - 141 −0.01 0.07

Farmland 141 686 12.38 11.53 - 11.53 11.61
Others 0.37 671.3 0.43 0.49 141 - 0.08
Pasture 0.72 671.3 0.76 0.79 141 0.79 -

Pine tree 1.02 671.3 1.04 1.07 141 1.07 1.24
Residential land 0.59 671.3 0.63 0.68 141 0.67 0.92
Riparian forest 1258 1426 1258.00 1258.00 1266 1258.00 1258.00

Secondary
grassland 0.11 671.3 0.25 0.35 141 0.35 0.71

Shrub
forest 0.13 671.3 0.26 0.35 141 0.34 0.72

Valley forest 1829 1948 1829 1829 1834 1829 1829
Wetland 2229 2328 2229 2229 2233 2229 2229
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Table A2. Summary of the multiple comparison test for vegetation (From Pine tree to Wetland).

Factors Pine
Tree

Residential
Land

Riparian
Forest

Secondary
Grassland

Shrub
Forest

Valley
Forest Wetland

Coniferous forest −0.04 −1.54 −13.28 1.26 1.37 −14.34 −12.36
Bamboo 13.04 11.54 −0.20 14.33 14.45 −1.27 0.72

Broadleaf
forest 0.05 −1.45 −13.19 1.34 1.46 −14.25 −12.27

Broadleaf
secondary

forest
0.90 −0.60 −12.34 2.20 2.31 −13.4 −11.42

Farmland 12.44 10.93 −0.80 13.73 13.84 −1.87 0.11
Others 0.91 −0.59 −12.33 2.20 2.32 −13.4 −11.41
Pasture 0.83 −0.67 −12.41 2.12 2.24 −13.48 −11.49

Pine tree - −1.50 −13.24 1.29 1.41 −14.31 −12.32
Residential land 1.17 - −11.74 2.80 2.91 −12.80 −10.82

Riparian
forest 1258.00 1258.00 - 14.53 14.65 −1.07 0.92

Secondary
grassland 1.01 0.58 1258 - 0.11 −15.6 −13.61

Shrub
forest 1.02 0.58 1258 0.09 - −15.71 −13.73

Valley forest 1829 1829 2220 1829 1829 - 1.98
Wetland 2229 2229 2559 2229 2229 2883 -
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