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Abstract: The accuracy of Seismic Landslide Susceptibility Maps (SLSMs) is imperative for the
prevention of seismic landslide disasters. This study enhances the precision of SLSMs by integrat-
ing nine distinct machine learning methodologies with the GeoDetector version 0.0.4 tool to filter
both numerical and physical factors contributing to landslide susceptibility. The dataset comprises
2317 landslide instances triggered by the 2013 Minxian Ms = 6.6 earthquake, from which redundant
factors were pruned using the Recursive Feature Elimination technique. Subsequent evaluations of
the optimized factors, both individually and in combination, were conducted through Frequency
Ratio analysis and Factor Interaction assessment. The study juxtaposes the Area Under the Receiver
Operating Characteristic Curve (AUC) and the accuracy of nine machine learning models before
and after factor optimization. The findings indicate an increase in AUC from a maximum of 0.989
to 0.992 in the Random Forest model, and an 8.37% increase in AUC for the SVM model, signifying
a notable enhancement in the stability across all models. The establishment of the SLSM notably
elevated the frequency ratio in high-risk zones from 50.40 to 85.14, underscoring the efficacy of
combining machine learning and detector optimization techniques in sustainable practices. This
research proposes a universal framework aimed at eliminating redundancy and noise in SLSMs and
hazard risk assessments, thereby facilitating sustainable geological disaster risk management.

Keywords: machine learning; GeoDetector; seismic landslide; sustainability

1. Introduction

Landslides represent a severe disaster globally, inflicting catastrophic socio-economic
losses on communities residing in mountainous regions [1,2]. Moreover, the environmental
issues associated with these phenomena are myriad [3]. In recent years, the frequency
of landslides and slope instabilities has sharply increased, primarily due to the cumula-
tive effects of rapidly changing climate conditions and heightened anthropogenic distur-
bances [4,5]. Landslide disasters are frequent in China, among which seismic landslides
pose the most severe threats [6]. To more effectively address these disasters and promote
sustainable development, the creation of Seismic Landslide Susceptibility Maps (SLSMs)
is imperative [7]. SLSMs delineate the joint impact of multiple factors and are susceptible
to variations, hence enhancing their accuracy is crucial for regional seismic hazard risk
assessments. Susceptibility mapping is of paramount importance in understanding the
likelihood of landslides occurring in any critical area [8]. Reliable and robust susceptibility
maps will aid in informed planning and settlement in landslide-prone areas.
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Earlier scholars devised numerous methods to develop landslide susceptibility models
that can be categorized as physical-based, opinion-driven, and statistical models [9]. How-
ever, with the advent of faster and more economical computing tools, the use of machine
learning techniques in the estimation of landslide hazard probability has become a feasible
option [10]. Researchers found that the boundary between statistical and machine learning
methods is quite narrow and forms a matter of discussion among geoscientists and geo-
engineers [11]. Also, the machine learning models are devised simply based on a pattern in
extracted datasets, while the statistical models have a certain set of mathematical rules to
follow. Additionally, the optimization algorithms further empower the performance of ML
models, and hence supersede statistical methods in terms of accuracy.

Seismic landslide, as a nonlinear problem, is challenging to be resolved accurately by
conventional statistical methods [12], while the toolset of machine learning methods has
powerful data processing capability and various types of models, which are widely used in
seismic landslide research [13], which contains logistic regression model [14-17], random
forest [18-20], support vector machine [21,22], artificial neural networks [23], Bayesian
classification [24], and others. However, because machine learning models depend mainly
upon databases, data training may have appeared as a disadvantage, such as overfitting
or underfitting and not allowing to extract useful interpretation [25,26]. Therefore, the
selection of crucial evaluation factors and reduction in redundant factors in the dataset can
not only resolve the fitting problem of machine learning but also reduce the computational
burden and improve the efficiency of the model. To enhance the model’s accuracy and
address potential overfitting issues in machine learning-based models, methodologies such
as frequency ratio [27], deterministic factor [28], Pearson correlation coefficient [29], factor
analysis [30], rough set [31], information gain [32], and recursive feature elimination [33]
were employed.

This paper introduces a geographic detector (GeoDetector version 0.0.4) for the com-
bined impact of screening factors. The geographic detector (GeoDetector) method considers
the spatial and physical nature of geographic data concurrently and can further detect
spatial disparity [34]. The Geographic Detector investigates and reveals the driving forces
behind spatial characteristics by systematically analyzing quantitative types and incorporat-
ing the examination of physical phenomena and processes. In recent years, the GeoDetector
method has been combined with various approaches as an environmental assessment
model, such as integrating GeoDetector with methods like geographic weighted regression,
for the analysis of the potential migratory habitability of villages in coal mining areas on
the Loess Plateau [35,36]; GeoDetector combined with random forests, and Bayesian net-
works can effectively eliminate redundant factors and improve the accuracy of evaluation
models [37]. However, whether the factors screened by GeoDetector can be applied to
various machine learning models has not been researched explicitly in the literature so far.

In this study, we extend the research by integrating GeoDetector with multiple
machine-learning models to investigate its applicability in the spatial discretization of
seismic landslides. Utilizing the dataset from the 2013 Minxian earthquake-induced land-
slide region in Gansu Province, China, this paper explores the synergy between geographic
detectors (GeoDetector) and nine machine learning models. We refine the evaluation of
factors by employing a recursive methodology to discard those with lower importance
scores, and examine the impact of these optimized factors on the SLSM. This involves
analyzing the variability of the machine learning model’s performance before and after the
optimization process. By developing reliable and robust susceptibility maps, this research
underpins informed decision-making for settlement and planning in mountainous areas.
Such efforts not only contribute to the sustainable management of mountain resources
but also aim to mitigate the socio-economic and environmental losses caused by landslide
disasters, thus supporting sustainable development trajectories in mountainous regions.
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2. Research Area and Data Collection
2.1. Research Area

The Minxian Ms = 6.6 earthquake occurred on 22 July 2013. It was caused by the
uneven segmental activity of the Lintan-Tangchang fault zone in the region [38]. Its seis-
mic faults are predominantly retrogradation and accompanied by a left-slip nature. The
earthquake caused 95 deaths, 14 of which were due to seismic landslides, accounting for
about 15% of the deaths. According to scholars [39], the distribution of landslide patches in
the 2013 Minxian earthquake (Figure 1) demonstrates a significant variation in topography
and lithology. The elevation range of the research area is between 2208 and 3339 m; the
slope range varies from 0° to 62°. The underlying geology predominantly comprises con-
glomerate and sandstone of the Permian and Paleocene ages, which significantly influences
the occurrence and distribution of landslides. The landslides are mainly small loess cliff
avalanches, slides, and dips, triggering some deep coherent soil landslides. The distribution
of landslides depicts that they are mainly distributed in the middle of the mountain as well
as denser gullies, and no landslides occur in the low terrain. Thus, there is an apparent
spatial differentiation is concluded. Therefore, the Minxian earthquake landslide is not
only the result of multiple evaluation factors but also is under the influence of spatial
characteristics, which meet the requirements of the research area that is investigated by
multi-model combinations to screen influential factors.
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Figure 1. Location and landslide distribution of the research area: (a) Location of China; (b) Gansu
Province Location; (¢) Research Area.

2.2. Data

Investigating these unfortunate large-scale movements necessitates a comprehensive
evaluation of land use, rainfall patterns, snowmelt, seismic activity, geology, geomor-
phology, and physical-mechanical properties, in addition to having a well-documented
scientific inventory of landslides. The widespread adoption of Geographic Information
Systems (GIS) effectively aids in identifying the geographical locations of previous slope
instabilities and meticulously marking the Landslide Conditioning Factors (LCFs) [40]. In
the literature, attributes such as slope angle, aspect, rainfall, lithology, land use, proximity
to fault zones, slope height, temperature, elevation, and vegetation types are referred to as
Landslide Conditioning Factors (LCFs), and are crucial for devising sustainable mountain
planning and risk management [41,42]. Moreover, through the use of advanced tools and
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technologies, LCFs will overlay susceptibility models, and their accuracy can be critically
examined through statistical methods to ensure robustness and relevance.

This research comprehensively evaluates landslide susceptibility by analyzing
2317 landslide events and 20 key evaluation factors grouped into five primary categories
based on an extensive literature review and their documented impact on landslide triggers.
Topographic Factors: This category includes elevation, slope, aspect, relief degree of the
land surface (RDLS), and indices such as terrain ruggedness (TRI), wetness (TWI), stream
power (SPI), and sediment transport (STI), along with various curvatures. These factors
are integral for assessing the physical terrain’s susceptibility to landslides [1]. Geological
Factors: Factors like lithology and proximity to faults are included due to their significant
roles in influencing subsurface stability and landslide vulnerability. Environmental Factors:
This group comprises the normalized vegetation index (NDVI), distance from rivers, and
land cover, which are essential for evaluating environmental conditions affecting slope sta-
bility. Human Engineering Activities: The density of human activity points of interest (POI)
and proximity to roads reflect human modifications to the natural landscape, assessing
their potential to exacerbate landslide risks. Seismic Factors: Seismic parameters such as
peak ground acceleration (PGA) are considered for their impact on landslides, especially in
earthquake-prone areas.

This set of evaluation factors summarizes all the evaluation indexes that are used, and
the data of the topographic factors are mainly based on the numerical elevation model,
which is based on the ASTER satellite 30 m data downloaded from the geospatial data
cloud (https://www.gscloud.cn/) (accessed on 12 February 2024) [43]; the data of the
geological factors are downloaded from China Geological Archives (https://www.ngac.
cn/) (accessed on 2 February 2024) [44]; the NDVI is Landsat 8 satellite data downloaded
from Geospatial Data Cloud (https:/ /www.gscloud.cn) (accessed on 8 January 2024) [45];
the data called the distance from rivers is 1:200,000 scale downloaded from the Resource
and Environmental Science Data Center of the Chinese Academy of Sciences (http://
www.resdc.cn/) (accessed on 17 December 2023) [46]; the data of the land cover data are
downloaded from GLOBELANDZ3O0 (http:/ /www.globallandcover.com/) (accessed on 22
February 2024) [47], which downloads 30 m global land cover data; POI data from Google
Earth 7.1.8, then ArcGIS 10.2 is utilized to generate POI kernel density.

3. Methodology
3.1. GeoDetector

GeoDetector is a statistical method designed to detect the spatial divergence of research
targets and elucidate the factor drivers of their distributions [34,37]. It encompasses four
primary functionalities: divergence and factor detection, interaction detection, risk area
detection, and ecological detection. This method is employed dichotomously to examine
the relationship between independent variables and dependent variables, specifically
evaluating whether the spatial distributions of independent variables and landslides are
correlated, which helps determine the significant influence of the independent variables on

landslide occurrences.
g=1-SSW/SST.

L
SSW =Y. Ny, 02, 1
m

SST = No?.

Relation (1) details this relationship, where g represents the explanatory power of the
independent variable concerning the dependent variable, indicating the degree to which
the independent variable explains variance in the dependent variable. The variable g is
defined on a scale from 0 to 1, where higher values signify greater explanatory importance.
Furthermore, SSW. denotes the sum of variances within the strata of the evaluation factor,
while SST represents the total variance within the global factor evaluation. The indice
m=1,---, L. refers to the stratification, classification, and partitioning of variable Y (e.g.,
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landslide susceptibility) or factor X (e.g., rainfall, geological conditions), with N, and N are
the numbers of strata and the number of cells in the whole region, and ¢ are the variance of
Y values in stratum m and the whole region.

It is essential to note that while GeoDetector effectively identifies spatial associations
between factors and landslide occurrences, the reliability of predictions largely depends on
the comprehensiveness and accuracy of the input data. The method is particularly effective
in highlighting areas of high risk and potential ecological impacts, thereby providing
valuable insights into the critical influences driving landslide susceptibility. However, the
predictive reliability of this method might be contingent upon the spatial and temporal
resolution of the data used in the analysis

3.2. Machine Learning Methods

This manuscript presents a comprehensive analysis of machine learning (ML) tech-
niques applied to model earthquake-induced landslides, utilizing extensive datasets and
multiple parameters to derive optimal solutions. The application of ML methods in
landslide susceptibility modeling first gained significant attention in the early 2000s and
achieved widespread popularity among scholars a decade later [48]. The study compares
several ML approaches, including Logistic Regression, Artificial Neural Networks (ANNs),
Support Vector Machines (SVM), Random Forest (RF), k-nearest Neighbors (KNN) [49],
Naive Bayes (NB), and Decision Trees (DT) [50]. These methods have been scrupulously
tested to establish robust models capable of predicting and analyzing the susceptibility of
areas to landslides effectively.

(1) Logistic regression is a commonly used analytical model for dichotomous prob-
lems [17]. It divides the probability of occurrence by the probability of non-occurrence and
then the logarithm of this ratio is computed. A linear relationship between the dependent
and independent variables is constructed. It must be noted that while logistic regression
facilitates a robust initial analysis for binary classification tasks, the prediction accuracy
can be contingent on the specific characteristics and interdependencies of the variables
involved. The mathematical expression for this relationship is denoted by

P = 1/ [1 4 e—(“+51x1+'“+5ixi)]

Ln(p/(1—p)) =a+prx1 + -+ pix; = a + px.

(2)

where ¢ is the probability of landslide occurrence, P is in [0 1] and i is the number of
categories of evaluation factors.

(2) XGBoost is a machine learning algorithm implemented in the Gradient Boosting
framework [51]. XGBoost uses Newton’s method to calculate the extremes of the loss
function by improving the gradient boosting algorithm and extending the loss function to
the second order by Taylor expansion and adding the regularization term. The mathematical
expression for this relationship is denoted by

L) = é [l (yi,}?i (H)) +8ifi(xi) + %h,ft(xi)z} +Q(fh)-

3)
Q(f) =1+ IV Y W
j=1

where L() is the loss of a single sample of the truth iteration as a second-order continuously

n
derivable convex function; I denote the ith sample; Y ! (yi, 9; ¢ ’1)) is the prediction error
i=1

of round t — 1 and is a constant; y; is the true value; §; (=) is the predicted value; g;
and h; are the first-order and second-order derivatives; f;(x;) is the weight assigned to
the ith evaluation factor in round t; f; is the tree model generated in round t; Q(f;) is the
regularization term; 't is the round t loop the number of leaf nodes in round t; wj is the
weight of leaf node j; ¥ and A are the hyperparameters set in advance.
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(3) LightGBM like XGBoost is a machine learning algorithm implemented under the
Gradient Boosting framework. Its original intention is to resolve the problem of mem-
ory storage when massive datasets are encountered. LightGBM uses unilateral gradient
sampling to delete data with small gradients without affecting the prediction accuracy to
improve the computing speed and save storage space. The mathematical expression is the
same as that of XGBoost, except for the selection of the segmentation point based on the
histogram. The value after feature discretization is only saved, and its memory ratio is only
1/8 of the latter.

(4) RandomForest, an ensemble model proposed by [42], is composed of many decision
trees, in which each decision tree votes to select the mode as the final result. It uses the
Bootstrap algorithm to extract features randomly based on the sample data set and train
the evaluation factors, finally build a decision tree, and reduce its prediction error step by
step. The mathematical expression for this relationship is denoted by

Y = Egh(X, 6).

4

GE = EgEx y[Y — h(X,0)]*. @
where GE is the generalization error of each decision tree; X and Y are random variables
drawn from the training set; Ey is the expectation function; h(X, 6) is the decision tree
prediction function; Ex y is the joint expectation function of X and Y.

(5) AdaBoost is an iterative model proposed by [52] to enhance the accuracy of the
prediction, also known as reinforcement learning or boosting model. It performs different
weak classifications on the same training set, afterward combines and iterates the weak
classifications, and finally combines them into a robust classification. The mathematical
expression for this relationship is denoted by

Dt(l) — Dt—l(i)ﬁ; i .

Wi = }n (1/ ﬁ) . )

H(x) = il Wtht(x).

where ¢; and ¢; are the error and average error of ith weak classifier, respectively; D;(i) is
the updated evaluation factor of the weight; W; is the weight of the weak classifier; z; is the

N

normalization factor of Y D;(x¢) = 1; H(x) is the final strong classifier; 11 (x) is the weak
i=1

classifier; T is the iteration numbers.

(6) GaussianNB (GNB) and ComplementNB (CNB) are two forms of Naive Bayes.
Naive Bayes is a supervised learning algorithm based on the Bayesian principle [53]. It
assumes that the feature conditions are independent of each other. The joint probability
distribution of input and output is learned through the selected training set, and the
posterior probability is finally obtained. The mathematical expression for this relationship
is denoted by
pp(xy, -, Xaly) ©)

p(xl’. .. /xn)

where P(y) is the prior probability, P(x) is the evidence; P(x|y) is the class conditional
probability; P(y|x) is the posterior probability.

There are four kinds of Naive Bayes in the sci-kit-learn: GaussianNB (GNB), Multino-
mialNB, BernoulliNB, and ComplementNB (CNB). The categories are defined based on the

P(ylxi, -+, xn) =



Sustainability 2024, 16, 3828

7 of 24

distribution of prior probabilities, which are GaussianNB for the Gaussian distribution of
prior probabilities, MultinomialNB for the polynomial distribution of prior probabilities,
BernoulliNB for the Bernoulli distribution of prior probabilities, and ComplementNB for
the modified version of the standard polynomial plain Bayesian classifier. In this study,
both GaussianNB and ComplementNB are used.

(7) Multilayer Perceptron (MLP) is a mathematical model that simulates the principle
of a biological neural network for distributed parallel information processing, which has
the characteristics of massively parallel processing, high redundancy, and distributed
storage. It achieves model convergence by changing the gradient so and forth, through the
intersection of neurons at different levels and continuously learns to improve their weights.
Stochastic gradient descent is performed on the variance of the output. The mathematical
expression for this relationship is denoted by

vi(t) = f(i WjiX; — 9)- )
i=1

where y; is the output value of the neuron; 0 is the threshold value of the neuron; x; is the
input vector of the neuron; wj; is the connection weight between the layers and f is the
excitation function.

(8) Support vector machine (SVM) is a binary classifier to evaluate parameters utilizing
the supervised learning scheme with sparsity and robustness. It classifies the evaluation
parameters by the kernel function to achieve the overall classification and obtain the most
suitable kernel function by iteration. The mathematical expression for this relationship is
denoted by

K(x, x;) :exp(—|x;2x1|>. 8)
where K is the kernel function known as the mapping function; x is the center of the kernel
function; o2 is the square of the width parameter of the function.

3.3. Recursive Feature Elimination

Recursive Feature Elimination is based on a greedy algorithm that utilizes a feature
ranking technique proposed by [33]. It builds a model and eliminates features sequentially
based on their contribution to model accuracy, which is iteratively determined. The stability
of this method hinges on the initial model choice. To prevent overfitting, cross-validation is
integrated during the elimination process, ensuring robustness and generalizability. Feature
importance is evaluated through the model’s internal metrics, such as information gain
or coefficient magnitude, which influence the elimination sequence. This technique was
applied using nine different machine learning models to generate classification parameters
that meet basic requirements and achieve the intended testing purpose. Cross-model
comparisons further ensure that the selected features maintain their predictive power
across different model architectures, minimizing the risk of overfitting.

3.4. Confusion Matrix

Nine machine learning models are employed to evaluate the susceptibility of seismic
landslide areas. Given that the assessment of seismic landslides is framed as a binary
classification problem, with outcomes represented as 0 (non-landslide) or 1 (landslide), a
confusion matrix is introduced as a critical evaluation index [54]. This matrix facilitates a
detailed analysis of the differential performance of each model, using various evaluation
parameters to accurately assess the susceptibility of the final model.

The confusion matrix organizes the predicted and actual situations along the horizontal
and vertical axes, respectively, generating results in the form of four distinct outcomes:

True Positive (TP): Both the predicted and actual situations are landslides;

True Negative (TN): Both the predicted and actual situations are non-landslides;
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False Positive (FP): The model predicts a landslide where there is actually
a non-landslide;

False Negative (FN): The model predicts a non-landslide where there is actually
a landslide.

These classifications serve as the basis for calculating key metrics such as accuracy,
sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV),
and Fj-score, along with the ROC curve and AUC value. The ROC curve is plotted
with sensitivity on the vertical axis against “1-specificity” on the horizontal axis. By
altering the threshold value for prediction classification, different points on this curve are
obtained and transformed into a continuous curve. The area under the ROC curve (AUC),
a comprehensive metric, quantifies the overall ability of the model to discriminate between
classes and is commonly employed as a principal model evaluation index. These detailed
computations are depicted in Table 1.

Table 1. The explanations of the parameters in the confusion matrix.

Statistical Criteria Meaning Formula
Accurac the proportion of true results (both true positives and true ACC = TP+ TN .
y negatives) in the total cases examined. TP+TIN+FP+FN
TPR = TP
Sensitivity the proportion of actual positives that were correctly identified. ~ TP+ PN’
TNR = _IN
Specificity the proportion of actual positives that were correctly identified. T TN+ FP’
PRE = _TIe
Positive predictive value the proportion of positive identifications that were correct. T TP+ FEP’
NPE = _IN
Negative predictive value the proportion of negative identifications that were correct. T TN+ EN’
F;-value the harmonic mean of precision and sensitivity. F = 2PRE X TP R.
PRE + TPR

4. Modeling
The model can be divided into five stages in total:

(1) Aggregating the seismic landslide evaluation parameters in the study area and estab-
lishing a spatial database.

(2) Designing three kinds of samples for the training set, validation set, and test set of the
machine learning model.

(3) Analyzing the importance ranking of evaluation factors obtained from GeoDetector
and nine machine learning methods.

(4) Using recursive feature elimination means screening the evaluation factors; exploring
the relationship between evaluation factors and seismic factors;

(5) Exploring the relationship between evaluation factors and landslides.

4.1. Spatial Database

As a phenomenon caused by multiple factors, including natural and induced con-
ditions, seismic landslides are investigated, and 20 well-known evaluation indexes are
selected as research parameters in this paper. The chosen evaluation factors have been
demonstrated to be sensitive to various triggering conditions, such as seismic activities
and environmental changes, in previous research. For the evaluation factors that cannot
be directly measured, their values are attained according to the acquired means presented
in Table 2 and then are resampled from the exact 30 m resolution. Afterward, a classifi-
cation scheme is established for each constant factor for reclassification to establish the
spatial database of the evaluation factors, and each evaluation factor is shown in Figure 2.
The classification scheme is stopped when the distributions of the continuous factors are
used, and then the generated values are rounded to obtain scores presented in Table 3.
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This methodology ensures that our spatial database accurately captures and reflects the
influence of triggering conditions on landslide susceptibility.

Table 2. The calculation of the evaluation factors.

Parameters Meaning Acquisition Means
Elevation Surface to sea level height. ASTER satellite 30 m c}ata for projection
analysis.
Slope The degree of steepness of the surface unit. ArcGIS:3D Analyst tools-Raster Surface-Slope.
The direction of the projection of the normal to the slope on the ArcGIS:3D Analyst tools-Raster Surface.
Aspect -
horizontal plane. -Aspect.
RDLS The height difference between the highest and lowest point in the ArcGIS: Spatial Analyst Tools-Neighborhood
defined area. -point Statistics.
The maximum horizontal projection length of the trajectory between the DEM
Slope length . . o L= 2=
fixed point upstream and the beginning of the flow. - (slopexrt
sin ( 50— )
TRI The ratio between their projected areas in the specified area. TRI= — 1 .
slope * 7T
C“( 180 )
ical indi i i TWI =1 SCA
TWI Physical indicators of .the 1'nﬂuence of reglongl topography on runoff =In| — ey
direction and accumulation. tan( 180 )
Note: SCA is the sink flow per unit area.
SPI Quantitative description of the erosive capacity of surface water. SPI = SCA - tan < slope * ”) .
180
. [ slopexm 13
STI Quantitative description of surface water sand transport capacity. ST — SCA\%® sm( 180 )
“\2213) | 0.08%
Curvature The slope of the surface slope ArcGIS:3D Analyst toolsRaster

Profile Curvature

Plan Curvature

Second-order derivative along the steepest descending slope

Second-order derivative perpendicular to the downward gradient

Surface-Curvature
ArcGIS:3D Analyst tools-Raster
Surface-Curvature
ArcGIS:3D Analyst tools-Raster
Surface-Curvature

Table 3. The classification of the evaluation factors.

Evaluation Factors Class Classification Standards
. 1. <2350; 2. 2350-2469; 3. 2469-2572; 4. 2572-2672; 5. 2672-2883; 6. 2883-3028; 7. 3028-3339;
Elevation (m) 8 3. 3339,
Lithology 5 1. Devonian (D); 2. Permian (P); 3. Paleocene (E); 4. Neocene (N); 5. Quaternary (Q).
Dl“’;‘ggﬁ Sfrom 7 1. <500; 2. 500-1000; 3. 1000~1500; 4. 1500-2000; 5. 2000-2500; 6. 2500-3000; 7. >3000.
1. Flat; 2. North; 3. Northwest; 4. East; 5. Southwest; 6. South; 7. Southwest; 8. West;
Aspect 9 9 N
. Northwest
RDLS 8 1. 042; 2. 42-72; 3. 72-95; 4. 95-117; 5. 117-140; 6. 140-167; 7. 167-202; 8. 202-314.
Slope length 6 1. <4683; 2. 4683-5003; 3. 5003-6941; 4. 6941-18,648; 5. 18,648-89,393; 6. >89,393.
TRI 6 1. <1.05;2.1.05-1.1; 3. 1.1-1.17; 4. 1.17-1.27; 5. 1.27-1.4; 6. >1.4.
TWI 7 1.<2.7,2.2.7-5.1;3. 5.1-6.9; 4. 6.9-9.4;5. 9.4-11.4; 6. 11.4-13.3; 7. >13.3.
SPI 6 1. <6520; 2. 6520-13,041; 3. 13,041-19,562; 4. 19,562-39,124; 5. 39,124-136,935; 6. >136,935.
STI 7 1. <100; 2. 100-200; 3. 200-300; 4. 300—400; 5. 400-500; 6. 500-600; 7. >600.
PGA 7 1. <0.3; 2. 0.3-0.35; 3. 0.35-0.4; 4. 0.4-0.45; 5. 0.45-0.5; 6. 0.5-0.55; 7. >0.55.
Curvature 8 1.<-3;2. —3t0o —2;3. —2to —1;4. —1t0 0; 5. 0-1; 6. 1-2; 7. 2-3; 8. >3.
Profile Curvature 8 1.<—2;2. —2to —1;3. —1to —0.5;4. —0.5t0 0; 5. 0-0.5; 6. 0.5-1; 7. 1-2; 8. >2.
Plan Curvature 8 1.<—2;2. —2to —1,3. —1to —0.5;4. —0.5t0 0; 5. 0-0.5; 6. 0.5-1; 7. 1-2; 8. >2.
Distance from 8 1. <500; 2. 500-1000; 3. 1000-1500; 4. 1500-2000; 5. 2000-2500; 6. 2500-3000; 7. 3000-3500;
faults 8. >3000.
NDVI 8 1. <0.25; 2. 0.25-0.3; 3. 0.3-0.35; 4. 0.35-0.4; 5. 0.4-0.45; 6. 0.45-0.5; 7. 0.5-0.55; 8. >0.55.
Distance from
rivers 7 1. <1000; 2. 1000-2000; 3. 2000-3000; 4. 3000-4000; 5. 4000-5000; 6. 5000-6000; 7. >6000.
L 1. Arable land; 2. Forest; 3. Grassland; 4. Land for waters and water conservancy facilities;
and cover 5 e
5. Artificial surface.
Slope (°) 9 1. <5;2. 5-10; 3. 10-15; 4. 15-20; 5. 20-25; 6. 25-30; 7. 30-35; 8. 35-40; 9. >40.
POI kernel density 7 1. <0.2; 2. 0.2-0.4; 3. 0.4-0.6; 4. 0.6-0.8; 5. 0.8-1; 6. 1-2; 7. >2.
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4.2. Sample Design

Seismic landslides are categorized dichotomously, meaning they take either 0 or 1,
where 1 represents the occurrences, and 0 denotes the non-occurrences. Since there exist
2317 seismic landslides in the research area, an equal number of 2317 are randomly selected
as non-seismic landslide points in the non-seismic landslide area of the research region to
maintain a 1:1 ratio.

Machine learning involves distinct datasets for training and testing to ensure robust
model evaluation. Specifically, the dataset was divided into training and test sets, with the
test set constituting 15% of the total sample (N = 695 cases). This partition was performed
randomly to mitigate selection bias. To target high prediction accuracy and enhance the
reliability of our models, cross-validation was implemented. In our methodology, the training
set underwent 10-fold cross-validation, where it was randomly split into 10 equal subsets.
During each cross-validation fold, nine subsets were used for training the model, and the
remaining subset served as the validation set. This process not only maximizes learning
outcomes by effectively using diverse training data but also prevents overfitting by ensuring
no single subset influences the model excessively. The difference between the validation and
test set results was carefully monitored, with a criterion for success being that the absolute
difference did not exceed 10% of the test set outcomes. This rigorous approach minimizes
random errors due to sample selection variability across different machine learning models
and facilitates a comparative analysis of the accuracy between test and training results, thereby
confirming the models” generalization ability on unseen data.
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Figure 2. Classification diagram of seismic landslide evaluation factors: (a) Elevation; (b) Lithology;
(c) Distance from roads; (d) Aspect; (e) RDLS; (f) Slope length; (g) TRL (h) TWI; (i) SPL (j) STL;
(k) PGA; (1) Curvature; (m) Profile curvature; (n) Plan curvature; (o) Distance from faults; (p) NDVL;
(q) Distance from rivers; (r) Land cover; (s) Slope; (t) POI kernel density.

4.3. Ranking of Factor Importance
4.3.1. Evaluation Factors of GeoDetector

The classification numbers of the 20 evaluation factors were put into the GeoDetector
table, and the interpretive g-values of different evaluation factors were calculated by the
divergence and factor detector, which gave the following results (Figure 3). Lithology
(0.236), Elevation (0.199), Distance from faults (0.131), Distance from rivers (0.102), Distance
from roads (0.088), NDVI (0.086), PGA (0.080), RDLS (0.065), TWI (0.058), STI (0.044), POI
kernel density (0.041), Slope (0.031), Aspect (0.025), Land cover (0.022), TRI (0.011), SPI
(0.010), Slope length (0.010), Profile curvature (0.007), Curvature (0.006), and Plane curva-
ture (0.004). The interpretative g-values obtained from the divergence and factor detectors
in the geographic probe are relative scores. So, they need to be assessed statistically to
decide whether they are significant or not. All 20 evaluation indicators are tested and found
to be statistically significant since all p-values are 0.000 < 0.05, indicating that each evalua-
tion factor is classified reasonably. Indicators such as lithology and elevation have a strong
ability to explain seismic landslides are found when the g-values are under consideration.
In addition, indicators such as profile curvature, curvature, and plane curvature have a
limited ability to explain seismic landslides are derived. The analysis presented above
is also consistent with the characteristics of the research area, where seismic landslides
occur in relatively hilly and mountainous regions. Thus, the complex topography leads
to more confusing values of curvature characteristics in the research area, and the spatial
distribution of curvature is poorly consistent with the seismic landslides. However, the
spatial differentiation of lithology and elevation is correlated with seismic landslides and
plays an important role in seismic landslides.
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Cumulative importance value

— Logistic

— CNB
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XGBoost LightGBM  —— RandomForest — AdaBoost — GNB

— MLP — SVM — GeoDetector e valuel e value2

Importance Value
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Variable

Figure 3. The stacking line graph of the important evaluation factors: Lth (Lithology), Dfrd (Distance
from roads), Dff (Distance from faults), TRI (TRI), RDLS (RDLS), Elv (Elevation), NDVI (NDVI), PGA
(PGA), PCv (Plan Curvature), Sll (Slope length), Sl (Slope), PKD (POI Kernel density), PC (Profile
Curvature), Asp (Aspect), Curv (Curvature), Dfr (Distance from rivers), SPI (SPI), STI (STI), LC (Land
cover), TWI (TWI).

4.3.2. Evaluation Factors for Machine Learning Modeling

The importance analysis of the evaluation factors was performed for nine machine
learning methods. The importance of different evaluation factors was obtained through
multiple iterations and by setting parameters corresponding to their models and quantita-
tive characteristics. To standardize the importance scores across these diverse models, a
normalization procedure was applied whereby each factor’s importance score obtained
from a model was divided by the total sum of importance scores from that model. This
ensured that the normalized scores for each model were summed to one, allowing for
equitable comparison and aggregation of scores across models.

The normalized importance scores were then summed across all nine models to de-
rive a cumulative importance measure for each factor. This cumulative scoring approach
ensures that our analysis reflects a balanced consideration of each factor’s significance as
determined by a variety of predictive modeling techniques. The results are easily summa-
rized to create a stacked line graph (Figure 3), displaying the aggregated importance across
models. When combined with the important evaluation factors identified by geographic de-
tectors, a consistent ranking among them is observed. The following combined importance
rankings were derived from the aggregated data: Lithology (21.36%), Elevation (16.00%),
Distance from faults (13.95%), Distance from rivers (9.50%), NDVI (5.80%), Distance from
roads (5.17%), PGA (4.53%), Aspect (3.89%), RDLS (3.39%), TWI (3.19%), POI kernel density
(3.04%), Slope (2.54%), STI (2.22%), Profile curvature (1.04%), Land cover (0.96%), Plan
curvature (0.81%), TRI (0.96%), Curvature (0.69%), SPI (0.61%), Slope length (0.60%).

The most appropriate parameters for each machine learning modeling are found to be
as follows:

(1) Logistic regression: iteration number, regularization type, convergence metric, and
regularization factor are set to 100, L1, 0.0001, and 0.01084366, respectively.

(2) XGBoost with binary optimization objective function: learning rate, maximum tree
depth, minimum bifurcation weight, and L2 regularization coefficient are assigned to
0.3, 8, 6, and 0.5, respectively;
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(3) LightGBM with gbdt type algorithm: learning rate, maximum tree depth, and the
maximum number of leaves, and maximum number of leaves are set to 0.001, 20, 50,
5, respectively;

(4) RandomForest with metric Gini: minimum divergence purity gain, number of trees
are assigned to 0.0, and 100, respectively;

(5) AdaBoost: n_learning rate and n_estimators number of single models are set to 0.3,
and 50, respectively;

(6) GNB: var_smoothing 1 x 1077,

(7) CNB: alpha (additive (Laplace/Lidstone) smoothing): 0;

(8) MLP with nonlinear logistic function: hidden layer width and iteration number are
set to (30,30), and 20, respectively;

(9) SVM: C (coefficient of regularization): 1.0, kernel (kernel type): rbf, tol (convergence
metric): 0.001.

4.4. Factor Screening

Machine learning is prone to overfitting or underfitting due to its characteristics;
therefore, selecting influential factors from a large amount of underlying data can reduce
the workload of models and provide better prediction accuracy for models. The recursive
feature elimination method is used as an efficient and accurate screening tool to evaluate
factors. Hence, this paper adopts two ways of screening to evaluate factors based on their
principles and compares them. In the first phase, the nine machine learning approaches are
ranked according to their evaluated factor importance, and the parameters with the lowest
importance scores are eliminated. Therefore, their AUC, accuracy, sensitivity, specificity,
positive predictive value, negative predictive value, and F1 value of self-evaluation scores
related to factor recursive feature elimination maps are obtained. In the second stage
rankings based on the nine machine learning methods employing the importance scores of
the comprehensive evaluation, factors are researched by eliminating the parameters with
low importance scores. Similarly, the recursive feature elimination map of comprehensive
evaluation factors was obtained (Figure 4).

From the recursive feature elimination plot representing the AUC values, it is known
that if the factors are removed without any necessary change in AUC values, it means that
they are non-essential parameters and if the factors are removed, their AUC values show a
significant decrease, it means that they are essential parameters and can be utilized as valid
factors. From the AUC graph of MO, the AUC value starts to decrease when the number
of removed factors reaches 15. In other words, the five most essential evaluation factors
can reach information provided by the full 20 evaluation factors. The rest of the confusion
matrix values are also within a particular control range. However, the evaluation factors
with the highest self-evaluation importance scores are not precisely the same as for different
machine learning methods, and valid evaluation factors with universal applicability are
not usable. From the graph of AUC values of CI, the AUC values start to decrease when the
number of deleted factors reaches 10. The 10 evaluation factors with the highest importance
scores can ensure that each machine learning method reaches a higher value. By analyzing
and comparing the remaining model indicators of the two groups of recursive feature
elimination, the trends and values remained the same in the first 10 decreasing factors
without significant variability being found. On the other hand, the last 10 decreasing
factors attained by the comprehensively evaluated factors observe decreases in the values.
It further verifies that the influence of the first 10 positions of the important comprehensive
evaluation factor on the model indicators can be utilized as validity factors.

Figure 5 illustrates the differences in AUC values by subtracting the composite factor
(CI) AUC from the self-assessment factor (MOI) AUC. Specifically, Figure 5a demonstrates
that in the training set, AUC values with the decreasing self-assessment factor are generally
higher than those achieved by the composite factor. In contrast, Figure 5b shows that for
the test set, AUC values with the decreasing self-assessment factor are generally lower than
those from the composite factor.
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Figure 4. The recursive feature elimination map. MOI: The elimination of the factors according to the
importance degree of the model; CI: The elimination of the factor according to the comprehensive
importance degree.
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Figure 5. The obtained difference in AUC by subtracting CI from MOI.

These findings indicate that the AUC values derived from the decreased composite
factor exhibit less variability between the training and test sets and are more consistently
accurate than those derived from the decreased self-assessment factor. The analysis further
reveals that the differences between the two methods remain unchanged until the elimi-
nation of 10 features, after which the AUC values begin to show significant fluctuations,
highlighting an increase in variability and a divergence in the effectiveness of the two meth-
ods. This integrated analysis supports the utility of the top 10 influential factors identified
by the integrated evaluation in supporting the nine machine learning models used in this
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study, without compromising their original predictive accuracy. The detailed examination
of these dynamics in Figure 5 enriches our understanding of the critical evaluation factors
essential for robust machine learning applications.

Through the above analysis, the 10 influential evaluation factors obtained by the
decreasing integrated factors can be utilized in the effective evaluation systems of nine
machine learning models. Thus, the factors after screening and optimization are found
to be lithology, elevation, distance from faults, distance from rivers, NDVI, distance from
roads, PGA, aspect, RDLS, and TWL

4.5. Factor Analysis
4.5.1. Single Factor Analysis

This section analyzes the relationship between seismic landslides and various eval-
uation factors across defined classification intervals, with key visualizations presented
in Figure 6a—d. Lithological statistics reveal that the dominant lithologies, Permian and
Paleoproterozoic, account for 32.89% and 27.91% of the region’s geological composition,
respectively. The Paleoproterozoic lithology exhibits the highest frequency of seismic
landslides, representing 59.3% of the region’s total (Figure 6a). Elevational data show a
concentration of landslides between 2350 and 2572 m, accounting for 63.62% of occurrences,
with a decline in landslide frequency at higher elevations (Figure 6b). Proximity to fault
lines demonstrates a negative correlation with landslide occurrences, stabilizing beyond
a distance of 2.5 km from fault lines (Figure 6¢). The relationship between hydrological
distance, elevation, and landslide occurrences indicates maximum activity 2-3 km from
water systems, with a decreasing trend noted both nearer to and farther from these sources
(Figure 6d). The frequency ratio of seismic landslides, calculated as the ratio of the observed
to the expected number of landslides based on the proportional area, is detailed in Figure 6.
The highest ratios are found in Paleoproterozoic regions, while other lithological intervals
display frequency ratios below one.

“[ (a) Lithology " wr (b)) Elevation

CA(km?)

CA(km*)
F I

CACkw) —~ LN - FR

Figure 6. Relationships between each factor and LD and FR values: CA is the area of each category
(km?, shaded column); LN is the landslide number (km?, red polylines); FR is the frequency ratio
(blue polylines).

This section provides a concise, quantitative evaluation of the factors influencing the
susceptibility of seismic landslides, supported by targeted visualizations and statistical
analysis. When combined with the practical factors obtained from the previous screening,
further observation shows that the frequency ratios of their influential factors hardly change
with the size of the graded area. The frequency ratios even show an inverse correlation with
the graded area. In contrast, the frequency ratios of the factors rejected by the GeoDetector
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and machine learning show the same trend with the graded area. It further confirms that
the eliminated evaluation factors, which do not have strong characteristics in terms of
seismic landslide susceptibility, and their influence on the number of seismic landslides,
are mainly determined by the area of the graded area.

4.5.2. Analysis of Factor Interactions

The interactions of multiple factors in seismic landslides are called facilitation, ex-
clusion, and independence among their factors. In this study, a two-factor interaction
analysis was conducted using a geographic detector (GeoDetector) to interact with the
independent variables x1 and x2 to obtain their importance q(x1Nx2) values, which were
then compared with the values of Min(q(x1), q(x2)), Max(q(x1), q(x2)), and q(x1) + q(x2),
and the comparison results can be divided into the following five categories:

(1) Non-linear weakening relationship: q(x1Nx2) < Min(q(x1), q(x2));

(2) single-factor nonlinear weakening: Min(q(x1), q(x2)) < q(x1Nx2) < Max(q(x1), q(x2));
(8) two-factor enhancement: q(x1Nx2) > Max(q(x1), q(x2)).

(4) independent q(x1Mx2) = q(x1) + q(x2);

(5) nonlinear enhancement: q(x1Nx2) > q(x1) +q(x2)).

When all are applied to this paper, a graph of factor interaction evaluations is ob-
tained (Figure 7). The horizontal coordinates of the graph denote all ranked scores ac-
cording to their comprehensive evaluation importance scores, and their interactions are
obtained to show both two-factor enhancement and nonlinear enhancement. For exam-
ple, the interaction between elevation (q = 0.199) and topographic relief (q = 0.065) with
q = 0.254 has a greater importance score than both, and the interaction relationship shows a
two-factor enhancement since the effect of RDLS (elevation) on the occurrence of seismic
landslides is different from RDLS (elevation) on the non-occurrence of seismic landslide.
Hence, elevation and terrain relief can both promote each other, resulting in a larger effect
on the occurrence of seismic landslides. In this paper, the filtered effective factors are boxed
in Figure 7. The number of bifactor enhancements in their interaction accounts for 66.7% of
the total number of bifactor enhancements found, which also further confirms the effective
factors meeting the bifactor enhancement characteristics more than the non-effective factors
and are more closely interconnected. Therefore, the influence degree of excluding effective
factors would be greater than that of the non-effective factors.
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Figure 7. The evaluation of the factor interactions. (The red dashed line indicates the interaction
among the ten factors selected after screening).
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5. Results
5.1. Model Validation

The 20 evaluation factors were analyzed in the model comparisons with the screened
10 valid evaluation factors to obtain the variability of the two cases and produce the multi-
model evaluation system diagram of the factors (Figures 8 and 9). From Figures 8a,b and 9a,b,
improved AUC values for the model test set were observed, effective screening of evaluation
factors was performed, and the AUC values of the five models such as GNB, MLP, Random-
Forest, SVM, and XGboost were improved with the following 3.61%, 1.19%, 0.30%, 8.37%,
and 1.12%, respectively, and the remaining four models had no change in their AUC values.
Therefore, the AUC value of the highest model (random forest) in this test set also is improved
from 0.989 to 0.992.

(a) Train ROC Curve (b) Validation ROC Curve (c) Test Decision Curve
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Figure 8. The map of the multi-model evaluation system with 20 factors: (a) ROC curve of the
training set with 20 factors; (b) ROC curve of the validation set with 20 factors; (c) DCA curve for the
validation set of 20 factors.
(a) Train ROC Curve (b) validation ROC Curve (c) Test Decision Curve
1.0 1.0 4
0.54
0.8 0.8 1
0.4
706 706+ 5
.E jg E 0.3
= z 5
0 “ = — .
8o 3041 T et
202 LightaM
=~ Randomforest
~——— AdaBoost
B B GNB
0.24) 0.2 ‘ o oo
’ ——— GNB(MUC = 0.863 NO5CI (0. 851-0.874) - ——— NP
r CHBIAC = 0,799 WSCI Q. 7850, 819 L CHBLALG = 0. 798 %7501 (0. 770-0, 82 — 5w
Rk o ot e i .  Roin~ o.om o ks e
O' O i s — SVH(MIC = 0.855 ¥O5CI {0, 843-0. 847) 0 0 db w— SVM(ALC = 0855 %95CI (0 831-0. 879) Treat None
: ; : ; F . , : " : , Yy
00 02 04 06 08 1.0 0o 02 04 06 08B 1.0 3 P P o s

1-Specificity

60
1-Specificity Threshold Probability in %

Figure 9. The map of the multi-model evaluation system with 10 factors: (a) ROC curve of the
training set with 10 factors; (b) ROC curve of the validation set with 10 factors; (c) DCA curve for the
validation set of 10 factors.

From Figures 8c and 9c, the decision curve analysis shows a larger area between the
curves for the revised model set-up, reflecting greater model stability and reliability in
decision-making contexts. After careful analysis of the distribution of each model, there is
no change in the relationship between the derived models, which further shows no effect
of the factor screening on the calculation characteristics of the model. So, implementation
was found to be practical and feasible.
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5.2. Optimized Landslide Susceptibility Mapping

In this study, nine machine learning algorithms along with the GeoDetector were
employed to identify critical evaluation factors for landslides triggered by the Minxian
earthquake, resulting in the selection of 10 experimental evaluation factors. Using the
Random Forest model, a seismic landslide susceptibility map was generated and classified
into five susceptibility levels (deficient, low, medium, high, very high) using the Jenks
natural breaks method in ArcGIS [55].

The susceptibility maps generated with 20 and 10 evaluation factors (shown in
Figures 10a and 10b, respectively) exhibited a high degree of visual consistency. Both
the kernel and point density maps of actual landslide locations (Figure 10c,d) indicated
that the highest susceptibility and actual landslide densities were concentrated in the north-
western and central parts of the study area. Notably, the map with 10 evaluation factors
(Figure 10b) displayed a more focused distribution in the middle and high susceptibility
regions compared to the more dispersed trend in Figure 10a. This suggests that the map
with 10 factors more accurately reflects the actual landslide distribution.
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Figure 10. The sensitivity map of the seismic landslide: (a) 20 Evaluation Faction; (b) 10 Evaluation
Faction; (c) Landslide kernel density; (d) Landslide point density.

Further quantitative analysis was performed on these maps (Figure 11). Figure 11a
showed that the areas covered by each susceptibility category were similar across both
maps, indicating good generalizability [7,18-20]. Figure 11b,c indicated that the very high
susceptibility areas contained 67.6% and 67.77% of the total landslides for the maps with 20
and 10 evaluation factors, respectively, with frequency ratios of 3.47 and 3.52. This confirms
that the concentration of landslides remains high with fewer factors.
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Figure 11. The susceptibility map of the quantitative analysis of seismic landslide: (a) the graded area
of the susceptibility map; (b) the landslide data on each graded area of the susceptibility map; (c) the
landslide frequency ratio of each graded area of the susceptibility map; (d) the ratio of the landslide
frequency ratio of the susceptibility levels to the deficient level.

The frequency ratio multiplier for the very high susceptibility category was found
to be significantly higher (85.14) with the optimized 10 factors compared to 50.40 with
20 factors, an improvement of 68.93%. This analysis confirms that optimizing evaluation
factors using machine learning and GeoDetector significantly enhances the accuracy and
efficiency of seismic landslide susceptibility mapping.

6. Discussion
6.1. The Optimization of the Evaluation Factors of the Seismic Landslide

Optimizing evaluation factors in seismic landslide susceptibility mapping presents
a complex, nonlinear challenge often compounded by redundancy and missing factors.
Enhancing this optimization significantly improves the speed and accuracy of susceptibility
map production. In this study, we employ a novel combination of data and spatial features
through nine machine-learning models, alongside geographic detectors, pioneering this
approach based on the foundational work cited in references [6-8]. Although various
optimization methods ranging from simple to complex models have been explored by
scholars, often yielding improved results, our approach addresses the lack of spatial
interpretation inherent in many machine learning models, thereby enhancing the practical
application of these optimized factors.

We analyzed the core area of the Minxian earthquake landslide using recursive feature
elimination in a conventional machine learning model to narrow down 20 factors to the
most influential ones, as shown in Figure 4. Different models identified different influential
factors, leading to varied optimization outcomes as noted in previous studies [25]. To
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overcome this, we normalized, accumulated, and integrated the importance of each factor
from all models with the results from the geographic detectors (Figure 3), achieving a
universally applicable set of evaluation factors. This approach allowed us to filter down to
10 influential factors effective across all models, enhancing prediction accuracy as evidenced
by improved AUC and DCA plots (Figures 8 and 9). This method not only confirmed the
individual model findings but also demonstrated superior stability and predictive power
across the regional dataset, aligning with the successes reported in [18,28].

6.2. Impact of Effective Evaluation Factors on Seismic Landslides

The evaluation factors for seismic landslides are extensive but can be broadly catego-
rized into seismic, topographic, geological, environmental, and artificial activity parameters.
Through a comprehensive analysis using machine learning models and geographic detec-
tors, we identified ten practical factors: lithology, elevation, distance from faults, rivers,
roads, NDVI, PGA, aspect, RDLS, and TWI. Notably, geological and environmental factors
proved highly effective.

Our analysis revealed significant relationships between these factors and the occur-
rence of seismic landslides, detailed in Figure 6. Lithology and elevation emerged as
the most influential factors, with landslides predominantly occurring in the Paleopro-
terozoic era and at elevations between 2350 and 2572 m—terrain characterized by hilly,
gully-filled, and valley regions. This finding correlates with the bedrock composition in
the area—conglomerate and sandstone from the lower Paleozoic strata (Eb), known for
their susceptibility to seismic activities as documented in [56]. Hydrological patterns in
the area also influence landslide distribution, predominantly towards the southwest and
west, comprising 38.37% of all landslides. Human activities further modulate landslide
occurrence, particularly through POI nucleation density and proximity to roads [57,58],
validating the relevance of these factors in lower elevation areas.

Our study also analyzed the interaction of multiple evaluation factors on seismic
landslides. The double-dual evaluation interaction of 20 factors was explored, revealing
that influential factors often have stronger inter-factor interactions, accounting for 66.7%
of all enhancements observed in Figure 7. This suggests that effective factors not only
operate individually but also synergistically to influence landslide dynamics. Moreover,
we computed correlation graphs between the frequency ratio of each factor and the graded
area, finding that effective factors typically show negative correlations with the graded
area, whereas non-effective factors display high consistency. This specificity underlines
the distinct roles that different categories of the same factor may play—either promoting
or inhibiting landslide occurrence. However, these observations have not been univer-
sally verified and require further validation across diverse regions with multiple seismic
landslide events to confirm their reliability.

This analysis confirms the complex and interdependent nature of evaluation factors in
seismic landslide susceptibility, highlighting the necessity of integrating diverse data sets
for accurate predictions.

6.3. Data Processing and Sampling in Landslide Prediction

Despite achieving robust results through the optimization of evaluation factors via
nine machine learning models and geographic detectors, this study has its uncertainties and
limitations. The pre-processing resolution varied as data were resampled from 30 x 30 m
across the dataset, a common practice in prior studies [59], yet potentially distorting
peripheral values of seismic landslide data. We addressed these distortions by eliminating
13 outliers identified through field comparison.

Furthermore, the ratio of landslide points to non-landslide points was maintained at
1:1, a ratio found reliable in earlier research [60]. However, the reliability of non-landslide
points, summarized from historical data where landslides never occurred [61], remains
unverified against other studies. This paper’s reliability of non-landslide data differs from
that in existing literature, where landslide susceptibility maps are often created through
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self-organized mapping networks and low probability regions are used for selecting non-
landslide points [62].

7. Conclusions

In this study, nine machine learning models were integrated with the GeoDetector
to evaluate the screening factors in the Minxian earthquake-induced landslide area. Ten
reliable and effective evaluation factors were identified, eliminating superfluous ones,
thereby enhancing the predictive capability of machine learning models in the region and
ultimately producing a Seismic Landslide Susceptibility Map (SLSM). Moreover, several
other significant conclusions were summarized as follows:

(i) The combination of machine learning models with the GeoDetector addressed the
lack of spatial features in machine learning models and improved the interpretability
of model outcomes. This offers a reference solution for subsequent machine learning
model studies on regional issues.

(i) Through recursive screening of integrated evaluation factors across nine machine
learning models, the effective factors identified were proven to be applicable across
these models. This comprehensive evaluation approach overcame the limitation
where effective factors initially screened in one way were only usable in that particular
model, laying the foundation for establishing a regional master database of effective
evaluation factors and offering new directions for formulating earthquake disaster
prevention and mitigation plans.

This paper employs multiple machine learning models in conjunction with the GeoDe-
tector for Seismic Landslide Susceptibility Mapping (SLSM) and provides a universal
framework for filtering the influencing factors of landslides triggered by earthquakes.
Furthermore, the effective factors derived in this study can be applied to SLSMs in regions
or countries with mountainous terrains similar to the study area.

The limitations of the research are expressed as follows: (1) the reclassification process
could lead to a difference between the actual situation of the seismic landslide points and
observed samples, which could distort the actual data on peripheral values, which leads to
the removal of some observations, (2) the reliability related to the non-landside points of
this paper is not compared to the studies conducted by other scholars.
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