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Monitoring the change of post-seismic landslides could provide valuable information for
geological disaster treatment. The 2017 Jiuzhaigou Ms 7.0 earthquake has triggered a
large number of landslides in the Jiuzhaigou United Nations Educational, Scientific and
Cultural Organization (UNESCO) Natural Heritage site, which provides a unique
opportunity for monitoring the spatio-temporal characteristics and exploring the impact
factors of post-seismic landslides change. In this study, the spatio-temporal
characteristics of landslides and their post-seismic changes are analyzed using multi-
source, multi-temporal, and multi-scale remote sensing data combining with the field
study. The Support Vector Machine classification, visual interpretation, field investigation,
and Geographic Information System technology are employed to extract landslides and
analyze their spatial distribution patterns. Moreover, the Certainty Factor method is used to
explore the susceptibility of landslides and to find key impact factors. Our results show that
the net increase area of landslide is 1.2 km? until September 27th, 2019, which are induced
by the expansion of coseismic landslide, the post-seismic landslide, and the expansion of
vegetation degradation. Moreover, the area expansion of the coseismic and post-seismic
landslides is mainly related to the increase of debris flow induced by the post-seismic
torrential rainfalls. The highest net increase rate of post-seismic landslide change does not
distribute on the regions with the highest density of coseismic landslides. The susceptibility
of post-seismic landslide change is greatly influenced by slope, altitude, aspect, peak
ground acceleration fault, and strata. It is higher in the coseismic landslide area with low
susceptibility. This study also suggests that the potential landslides will most likely occur in
the unstable slope region affected by the additional driving force. Therefore, great attention
should be paid to identify and prevent the potential landslides on unstable slopes in
addition to treatments of the sliding slopes. This study provides a good example for the
monitoring and assessment of post-seismic landslides in mountainous regions with a
steep slope and deep valley.

Keywords: jiuzhaigou earthquake, post-seismic landslide, spatio-temporal variation, certainty factor method,
Susceptibility analysis
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HIGHLIGHTS

(1) Both coseismic landslides and post-seismic landslide change
are concentrated in Jiuzhaitiantang-Panda Lake;

(2) The susceptibility of post-seismic landslide change is mainly
influenced by slope, altitude, aspect, PGA, fault, and strata;

(3) The risk of post-seismic landslide change reduces in the high
susceptibility area of coseismic landslide, but it increases in
the low susceptibility area of coseismic landslide.

INTRODUCTION

This general term of landslides comprises almost all varieties of
mass movements on slopes, including some, such as debris flows,
rock falls, and rock slides (Varnes, 1984; Cruden and Varnes,
1996; Fan et al, 2019). In this study, landslides refer to the
exposed rocks and soil area caused by mass movements on slopes,
including their provenance, scraping, and accumulation areas,
which are secondary disasters related to the seismic events.
According to the triggers, the landslides related to earthquakes
can be divided into 1) The slopes slide due to the strong force
generated by earthquakes, which are called coseismic landslides;
2) The loose and unstable slopes affected by earthquakes are
triggered by additional forces, such as heavy rainfall and other
forces. They are called post-seismic landslides (Wang, 2004; Fan
et al., 2018). In this study, the post-seismic landslide changes
include the increase of landslides and the decrease of landslides
after the earthquake, such as post-seismic landslides and restored
landslides.

The strong earthquake will trigger large-scale coseismic
landslides, which will cause great damage to people, buildings,
natural and cultural heritages, such as the Ms 7.6 Chi-Chi
earthquake in 1999 (Khazai and Sitar, 2004), the Ms 7.6
Pakistan earthquake in 2005 (Khattak et al., 2010), the Ms 8.0
Wenchuan earthquake in 2008 (Yin et al., 2009), the Ms 8.1 Nepal
earthquake in 2015 (Regmi et al, 2016), and the Ms 7.0
Jiuzhaigou earthquake in 2017 (Dai et al, 2017; Fan et al,
2018). However, the effect of destructive earthquakes on
landslides is not only in the coseismic stage but also in several
years after the earthquake. Because of the destruction of
earthquakes, the rock and soil are broken and the stability of
slopes is reduced, resulting in active post-seismic landslides. The
disaster activity time may last more than 10 years (Cui et al,
2011). Nakamura et al. (2000) studied the landslides for the
periods after the 1923 M 7.9 Kanto Earthquake in Japan and
considered that the most active stage of landslides was 15 years
after the earthquake. The stage made the landslide area in a
constantly changing process of increasing and recovering. To
summarize the change characteristics of landslides and analyze
the susceptibility of the impact factors can obtain the trend and
the change rules of landslides, which has great significance for the
post-seismic landslide treatment and ecological restoration.

At present, the previous studies on the post-seismic landslide
change using multi-temporal remote sensing images have become
a common concern in seismic landslide researches. The studies
on different landslides show that the characteristics of
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post-seismic landslide change are as follows: 1) The
restoration of landslide collapse area is worse than that of
accumulation area (Lin et al., 2008); 2) The restoration ratio
of landslides in two years after the earthquake is low (Khattak
et al.,, 2010); 3) There is a good correlation between landslide
restoration and terrain factors such as slope and altitude (Lu et al.,
2012); 4) The restoration of landslides is related to lithology (Li
et al, 2016). There are also some studies on the change
characteristics of post-seismic landslide susceptibility, but the
number of studies is small.

The post-seismic landslide change is still regarded as a part of
coseismic landslides in the previous studies. There are essential
differences between post-seismic landslides and coseismic
landslides. Generally, the factors affecting landslides are
mainly divided into background factors and trigger factors.
Background factors are the necessary conditions for landslide
occurrence, and trigger factors are the sufficient conditions for
landslide occurrence (Qiao, 2010). For coseismic landslides,
ground motion during earthquakes is the direct trigger factor.
For post-seismic landslides, earthquake shaking is the
background factor, which breaks the critical stability of the
slope, and the trigger factors which directly trigger sliding are
often external dynamic conditions such as heavy rainfall.
Therefore, the post-seismic landslides should be studied as a
separate landslide event and choose impact factors. Currently,
since the post-seismic landslide changes and coseismic landslides
are not considered separately, the characteristics of post-seismic
landslide change obtained from the previous studies are not
prominent enough, and the applicability of the characteristics
is not common among different research areas.

There are few susceptibility studies on the selection of factors
in the susceptibility analysis and the susceptibility change law of
each factor in the process of landslide change after the
earthquake. In previous studies, because the influence of some
factors which are chosen is not significant, these factors have little
contribution to susceptibility evaluation and the laws summarized
from one impact factor can only be applied to this impact factor.
There are almost no laws from the previous studies that can be used
in different factors. Therefore, it is necessary to further study how to
choose the factors and summarize the laws of the factors of the post-
seismic landslide change.

On August 8th, 2017, a Ms 7.0 earthquake struck Jiuzhaigou,
Sichuan Province, China. This earthquake triggered a large
number of landslides (Wu et al., 2018), causing great damage
to the Jiuzhaigou UNESCO Natural Heritage site. It is of great
significance to study post-seismic landslide change for
implementing the landslide treatments and the heritage site
restoration. At the same time, because of detailed observation,
dense vegetation, and significant change, the Jiuzhaigou area can
provide a natural laboratory for studying the characteristics and
impact factors of post-seismic landslide change. In the process of
the dynamic change of landslide after the earthquake, it is
necessary to extract landslides quickly and effectively, analyze
their spatial distribution, summarize the characteristics of post-
seismic landslide change, discuss the impact factors of post-
seismic landslide change, conduct the multi-stage susceptibility
analysis, and put forward the scientific treatment suggestions,
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FIGURE 1 | Active tectonic map of the 2017 Jiuzhaigou Earthquake. MJF: Minjiang Fault, NHYF: North Huya Fault, TZF: Tazang Fault.
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which are of great significance and value for the reconstruction of
landslide areas.

In the Jiuzhaigou area with dense vegetation, bare land can be
used as a symbol to identify landslides and even accurately
extract the location and area of landslides. In this study,
landslides are extracted by combining the SVM classification,
visual interpretation, and field investigation. This study will
analyze the pattern of spatial distribution and control factors of
the post-seismic landslide change and the coseismic landslide.
Then, the susceptibility of the landslide is explored by using the
CF method, and the change rule is found out, the reasons for the
change are summarized, and reasonable treatment suggestions
are put forward.

STUDY AREA AND DATA
Study Area

Jiuzhaigou is located in the northeastern Tibetan Plateau. The
terrain is high in the South and low in the North. It is the
transition zone from the Tibetan Plateau to the Sichuan Basin
and is also the turning point in front of the ridge of the highest
terrain step in China (Guo et al., 2000). The area features

deep-incized gullies and high mountains, the maximum peak is
over 4700 m a.s.l. the minimum elevation is about 1200 m a.s.L.
and the slope gradient is higher than 30" (Fan et al., 2018)
(Figure 1).

The study area features outcrops of Devonian to Triassic
sedimentation. The most representative lithology is a thick
sequence of deep marine deposits, including limestone, flysch
complex, and sandstone. The main lithology of Devonian strata is
stratiform limestone and massive dolomite, the main lithology of
Carboniferous stratum is layered and dense massive limestone,
the main lithology of Permian stratum is siliceous limestone and
sandy limestone, the lithology of Triassic stratum is mainly
limestone and sandstone, and Quaternary loose deposits are
distributed in river valleys (Dai et al., 2017).

At 21:19:46 on August 8th, 2017, a Ms 7.0 earthquake occurred
in Jiuzhaigou County, Aba Autonomous Prefecture, Sichuan
Province, China with an epicenter of (33.20°N, 103.82°E). The
area affected by the Jiuzhaigou earthquake is more than
4,000 km® (VII degrees earthquake intensity and above). Due
to the high magnitude, shallow source, and high intensity of the
earthquake, as well as the fragile geological environment (high
slope gradient, fragile lithology), the earthquake triggered
thousands of landslides (Dong et al., 2020).
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Data Description
To study the quantity, scale, and spatial distribution characteristics

of post-seismic landslides, we used Sentinel-2 images (10 m) before
and after the earthquake for preliminary identification of landslides.
Erial images (1 m and 0.16 m) and a series of pre-earthquake images
including Google Earth were used for more careful identification
and verification. In this study, three Sentinel-2 images with low
cloud and good data quality were selected and processed. Before the
earthquake, the image on July 29th, 2017, was selected. After the
earthquake, to ensure that the phenological differences have the
least impact on the change detection results, the images on
September 7th, 2017, and September 27th, 2019, in the same
season after the earthquake were selected. All images cover the
area of VII degree Jiuzhaigou earthquake intensity and above, where
most of the disasters are distributed. The ortho-level erial remote
sensing image of emergency observation after the earthquake is
from the large aircraft of the Bureau of Surveying and mapping on
August 10th, 2017, with a spatial resolution of 1 m. It covers the
Shuzheng Gully Jianzhu Lake area about 97.17 km”. The ortho-level
unmanned erial vehicle (UAV) image after the earthquake is from
the UAV (CW-15) image taken on June 10th, 2020, with a spatial
resolution of 0.16 m. It covers the Shuzheng Gully Five Flower Lake
area about 92.06 km®. The images on Google Earth are from remote
sensing images on August 13th, 2013, and October 21st, 2015.
Terrain data, stratigraphical data, and seismic data are used to
analyze the control factors of disasters and to evaluate their
susceptibility. Terrain data are downloaded from ALOS DEM
with a spatial resolution of 12.5m. Stratigraphical data come
from the 1:200,000 geological map. Seismic data obtained from
the open data of the Jiuzhaigou earthquake on the USGS website
(http://earthquake. usgshakemap.gov).

Data Preprocessing

The Sentinel-2 images in this study are L1C products, which are the
top of atmosphere (TOA) reflectance products. They have been
corrected by radiometric correction and orthorectification. This
study uses the Sen2Cor plug-in provided by ESA for atmospheric
correcting which converts TOA reflectance products into surface
reflectance products (L2A products). The data resampled and format
conversion are processed by SNAP. Finally, image products are
under WGS 1984 coordinate system and UTM projection.

There may be geometric distortion and offset between the
images in 2017 and 2019, which may cause errors in change
detection. This study uses ENVI to register remote sensing images
until the accuracy of registration is higher than 0.5 pixels, which
can meet the requirements of landslide change detection.

METHODS

Landslide Identification

The Jiuzhaigou area has dense vegetation, with a coverage rate of 85.5%
(Deng, 2011). In most landslide events, the vegetation on the slopes will
be destroyed. So, it is easy to identify the bare land where vegetation is
damaged by landslides. However, the vegetation of the area above
3700 m asl. is sparse due to frost weathering and permanent snow.
Previous studies have shown that landslides above 3700 m are rare in
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the Jiuzhaigou area (Wu et al,, 2018). Therefore, this study extracts
landslides in areas lower than 3,700 m as.l.

In landslide identification studies, visual interpretation is the
most reliable method to identify landslides (Sun et al., 2020).
However, due to the large number of landslides induced by the
earthquake, the visual interpretation of landslides requires a large
number of human resources and consumes a lot of time, which
limits the landslide identification efficiency. We used a more
efficient method to identify landslides. Firstly, based on
Sentinel-2 and UAV remote sensing images, this study uses
SVM  classification (Vapnik, 1998) which selects samples
manually and automatically classifies them by software with
high accuracy and efficiency to extract the bare land within
2055km® of the Jiuzhaigou area. It obtains the preliminary
classification results of the bare land. Then, visual interpretation
is used to verify the bare land represents the landslide results or not,
and eliminate the false detection areas. For key areas or uncertain
areas, fleld investigation is carried out to verify the results.

Change Detection

The accuracy of the image preprocessing results in Data
Preprocessing is verified before the change detection. This
study found that the error of the total area of landslide
changes obtained by change detection can be controlled within
107> when the registration accuracy is within 0.5 pixels. It can
meet the accuracy of change detection.

After obtaining the accurate landslides extraction results of
2017 and 2019, this study used the 2017 landslide area to erase the
2019 landslide area and used the 2019 landslide area to erase
the 2017 landslide area, obtaining the new landslide area and the
restored landslide area respectively, by the ArcGIS-Analysis-
Erase tool, as shown in Figure 2.

The change of the total landslide area is the net change which is
the sum of the new landslide area and the restored landslide area. The
net change is the result of the difference between the new landslide
area in 2019 and the restored landslide area in 2017. This study also
named it the net increase. When the net increase was positive, it
meant that the landslide area of 2019 increased; when the net increase
was negative, it meant that the landslide area of 2019 recovered. This
study assumes that the landslide area in 2019 is increased by “m” and
restored by “n”, compared with that in 2017. If the two images have
offset which is left even after the registration, the results will have an
error “i” which will be generated during the erasing operation. It
means that the area of landslides in 2019 increases “m + i~ and
restores “n + i, as shown in Figure 3. However, when the net
increase area is calculated by the difference between the increase
and the recovery, that is “(m + i) — (n + i)”, the net increase result is
still “@m — n”, which is consistent with the result without error. In
other words, when the offset after registration is small, it hardly has
any effect on the result of change detection.

Influencing Factors Selection and Net
Increase Rate Calculation

Previous studies suggested that landslides related to earthquakes
are mainly affected by seismic factors, topographic factors, and
geological factors (Keefer, 2000; Huang and Li, 2008). The
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FIGURE 2 | Principle of change detection (A) Assumed range of landslides in 2017 and 2019 (B) Change detection of the new landslide and the restored landslide.
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FIGURE 3 | Principle of change detection with offset (A) Dislocation in the two images (B) Change detection of landslide with image offset. The error of restored
landslide: The change detection error of the new landslide is caused by an image offset. The error of restored landslide: The change detection error of the restored

post-seismic landslide change is affected not only by seismic
factors, topographical factors, and geological factors but also by
external factors such as rainfall and the human’s engineering
treatments after earthquakes. However, the rainfall for the
susceptibility of post-seismic landslide change is a trigger factor,
not a background factor, and is difficult to predict in advance. So,
this study does not select rainfall and selects the other eight factors.
Seismic factors, topographic factors, and geological factors include
PGA, slope, aspect, altitude, strata, and distance to the fault.
Considering that landslide treatment work and human activities
mainly distribute on both sides of the roads and rivers, the distance
to the rivers and roads is also selected as an influencing factor.
In terms of slope, the slopes below 30° are divided by 10°
intervals, and the slopes above 30° with dense landslides are divided
by 5° interval; in terms of altitude, all the factors are divided by

200 m; in terms of aspect, it is divided by 45" interval, and the flat
area without downbhill direction is divided into Flat; in terms of
strata, the strata are divided, according to stratigraphic age; in
terms of PGA, when PGA is lower than 0.24 g, it is divided by an
equal interval of 0.04 g, and when PGA is higher than 0.24 g, it is
divided by an equal interval of 0.02 g; in terms of fault, rivers, and
roads, as they are all linear elements, buffer zones with an equal
interval of 1km are generated on both sides. The spatial
distribution histogram of landslides in 2017 was analyzed by GIS.

To conveniently display the landslide density under each
classification, this study calculates the relative probability of
landslide in the classification subsets of every factor, which is
called the landslide area density (Landslide area/Classification
area). Then this study normalizes it and colored it according to
the normalized index (Dai et al., 2017).
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In terms of post-seismic landslide change, this study defines a
net increase rate to measure the change range of landslide under
the classification subsets of every factor based on the net increase
area. Eq. 1 is listed as follows:

_Na_Fa

R, x 100% (1)

a

« »

Where R, is the net increase rate of the landslide in category “a”,
N, is the area of current landslides in category “a”, and F, is the
area of previous landslides in category “a”. When R, > 0, it
means that the increase of landslide is greater than the
restoration of the landslide, and the larger R, is, the greater
the increased range of landslide is; when R, < 0, it means that the
increase of landslide is less than the restoration of the landslide,
and the smaller R, is, the larger of landslide restoration is; when

R, = 0, it indicates that the increase and restoration of landslide
reach a dynamic balance.

Susceptibility Calculation

The CF method is a probability function. It was first proposed by
Shortliffe and Buchanan (Shortliffe and Buchanan, 1987) to
analyze the susceptibility of various factors affecting the
occurrence of an event. Lan et al. applied the CF method to
the susceptibility analysis of regional landslides (Lan and Wu,
2002). Eq. 2 is listed as follows:

Pa_Ps
—— P, <P
Ps(l_Pa)
CF = @)
Pa_Ps

——— P, > P
Pa(l _Ps)
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Shuzheng

Where P, is the conditional probability of landslide occurrence in
category “a”, and P; is the prior probability of landslide
occurrence in the whole study area. P, represents the ratio of
the landslide area to the background area of the category “a”; P
represent the ratio of the total landslide area to the total area of
the study area. The range of CF is [-1, 1]. When CF > 0, the larger
CF is, the more likely the slope will slide; when CF < 0, the smaller
CF is, the less likely the slope will slide; when CF = 0, it indicates
that the probability of slope sliding may not be determined.

RESULTS

Inventories of Coseismic Landslide and

Post seismic Landslide Change
This study extracted the landslides in the Jiuzhaigou area within
2055 km®. This scope almost covers the whole Jiuzhaigou

landslide area. There were 4,456 landslides with an area of
13.7km?* in September 2017 (Figure 4) and 4,076 landslides
with an area of 14.9 km? in September 2019 (Figure 5). In terms
of post-seismic landslide change, the net increase area is 1.2 km?,
including the increased area of 3.6 km> (Figure 6) and the
restored area of 2.4 km? (Figure 7).

Spatial Distribution of Coseismic and

Post-seismic Landslides

The post-seismic landslide changes include the increased and
restoration of landslides. They are distributed in the whole
landslide area and are similar to the landslide distribution of
2017 and 2019. There are two gathering areas in space. One of the
gathering areas is the area of Jiuzhaitiantang which is outside the
scenic area, the other gathering area is the area of Panda Lake
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which is in the scenic area. There are a small number of landslides
along Shuzheng Gully and Zechawa Gully (Figure 6, Figure 7).

The post-seismic landslide changes type contains the
expansion of coseismic landslide, the new post-seismic
landslide, the expansion of vegetation degradation, and the
landslide restoration. The expansion of coseismic landslide and
the new post-seismic landslide belong to the post-seismic
landslides which are mainly triggered by rainfall in the
Jiuzhaigou area. The expansion of vegetation degradation is
the result of vegetation damages caused by coseismic
landslides. The landslide restoration is caused by natural
succession or human treatments.

For the new landslide area, through remote sensing images and
field investigation, it is found that the increased area comes from the
expansion of coseismic landslide, the new post-seismic landslide,
and the expansion of vegetation degradation. The expansion of
coseismic landslide mostly occurs on the slopes with accumulated
landslide materials (Figure 8), and the area is the largest; the new
post-seismic landslides with significant changes are distributed in
the whole disaster area (Figure 9), and the area is less than the
expansion of the coseismic landslide area; the expansion of
vegetation degradation which is affected by landslides on the
slope is common (Figure 10), and the area is the smallest.

Through remote sensing images and field investigation, the
landslide restoration caused by natural succession is distributed
in all landslide areas and the landslide restoration caused by the

engineering treatments is mainly distributed around roads, scenic
spots, and residential areas, which is the most significant
(Figure 11).

The relationship between the distribution of coseismic
landslides, post-seismic landslide changes and seismic factors,
topographic factors, geological factors, and human activities is
shown in Figure 12.

Slope: Coseismic landslides are mainly distributed on the
slopes of 30°-55° (Figure 12A) which is consistent with
previous study results (Fan et al, 2018; Wang et al, 2018).
However, for post-seismic landslide change, the slopes of
0°-10° and 20°-30° are the areas of landslide increasing
significantly. On the slopes of 0°-10°, the net increase area is
0.0476 km® and the net increase rate is 216%. On the slopes of
20-30°, the net increase area is 1.6522 km” and the net increase
rate is 209%. The net increase area and the net increase rate are
both very large on the slope of 20-30°. The reason is that the post-
seismic increase of landslide area in the Jiuzhaigou area is mainly
caused by the expansion of coseismic landslide whose deposits
will expand to the area with gentle slope under the additional
force. This phenomenon also occurred in the process of post-
seismic landslide change after the 2008 Ms 8.0 Wenchuan
earthquake (Li, et al, 2018). With the increase of the slope
and the landslide density, the net increase rate of landslide
decreases. When the slopes above 50° have high landslide
density, landslides hardly increase or even recover.
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of coseismic landslide.

FIGURE 8 | Expansion of coseismic landslide (A) Coseismic landslide in 2017 (B) Expansion of coseismic landslide in 2020 (C) Field photo showing the expansion
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FIGURE 9 | Post-seismic landslide (A) Slope in 2017 (B) Post-seismic landslide in 2020 (C) Field photo showing the post-seismic landslide.
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showing the vegetation degradation caused by landslides.

FIGURE 10 | Expansion of vegetation degradation (A) Coseismic landslides in 2017 (B) Hidden damage of landslide appears in 2020 (C) Field photo showing the
damage caused by coseismic landslides (D) Vegetation damaged by the coseismic landslides in 2017 (E) Vegetation degradation on landslides in 2020 (F) Field photo

with vegetation.

FIGURE 11 | Landslide restoration after treatment (A) Coseismic landslides in 2017 (B) The landslides with vegetation in 2020 (C) Field photo showing the landslide

Altitude: Coseismic landslides are mainly distributed on the
slopes of 2,800-3,600 m a.s.l. (Figure 12B). However, for post-
seismic landslide change, there is a great difference between the
post-seismic landslide changes of 3,000-3,200 m a.s.l. and that of
3,200-3,400 m a.s.l. showing an opposite change pattern. The
landslides of 3,000-3,200 m a.s.l. with the highest density show a
significant recovery with a net increase rate of -20%. But, the
landslides of 3,200-3,400 m a.s.l. with low landslide density show
a significant increase with a net increase rate of nearly 60%.

Aspect: Coseismic landslides have a “back-slope effect” (Dai
etal., 2017; Xie et al., 2018). They are mainly concentrated in the
NE-S direction (Figure 12C). However, for post-seismic landslide
change, the increase of post-seismic landslides is mainly
concentrated on the slopes of SW, W, NW N, and NE which
have low landslide density. The net increase rates of NW, N, and
NE-facing slopes are high, with an average net increase rate of
about 55%. On the slopes of E-S with high landslide density, the
change of landslide shows a significant recovery. The landslides of
flat land also recover.

PGA: Coseismic landslides are mainly concentrated in the area
where the PGA is greater than 0.20 g (Figure 12D) (Yi et al,, 2020).

However, for post-seismic landslide change, the net increase rate
of the landslide on the slopes of 0.2 g-0.26 g is not very high. The
net increase rate of the landslide is 88% at 0.08 g and 170% at
0.12 g. The increase rate is 3% at 0.26 g, which is close to the
constant state.

Fault: Coseismic landslides are mainly concentrated within
2 km away from the fault (Figure 12E) (Fan et al., 2018). With the
increase of distance, the area and density of landslides decrease.
However, for post-seismic landslide change, the net increase rate
of landslides within 2 km is not very high. The net increase rate of
landslides peaks at 67% in 9-10 km.

Strata: Coseismic landslides are mainly distributed in the area
of Carboniferous and Permian strata (Figure 12F). The main
lithology in the Carboniferous and Permian strata is limestone
and dolomite. For post-seismic landslide change, the net increase
rate of landslides in the strata of Carboniferous is 8% and in
Permian is —2%, while that in the strata of Devonian, Triassic, and
Quaternary with low landslide density are 17, 22, and 35%
respectively.

Rivers: Coseismic landslides are mainly concentrated within
2 km away from the rivers (Figure 12G). With the increase of
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distance, the area and density of landslides decreases. However,
for post-seismic landslide change, the net increase rate of
landslides in 0-2km is not very high. The net increase rate
peaks at 50% at 4-5 km.

Roads: Coseismic landslides are mainly concentrated within
2km from the roads (Figure 12H). However, for post-seismic
landslide change, the net increase rate of landslides in 0-2 km is
close to the average net increase rate, which is not high. The net
increase rate peaks at 22% in the area from the roads about
4-5 km.

The Susceptibility of Coseismic Landslide

and Post-seismic Landslide Change
The susceptibilities of eight factors related to coseismic landslides
and post-seismic landslide change are shown in Figure 13.
Slope: For coseismic landslides, the range of CF values is from
—0.96—0.86. The CF values increase rapidly with the increase of
slope and peak on the slope of 55°-60° (Figure 13A). The steeper
the slope is, the more likely the landslide will slide. For post-
seismic landslide change, the trend of CF values is consistent with
that of coseismic landslides. However, the range of CF values is
from —0.67 to 0.81, which is smaller than that of coseismic
landslides. The CF values of post-seismic landslide change are
higher than that of coseismic landslides on the slope within 45°,
and the CF values of change landslides are less than that of
coseismic landslides on the slope above 45°. The susceptibility of
landslide varies widely and is significantly affected by the slope.
Altitude: For coseismic landslides, the range of CF values is
from —0.96 to 0.52 (Figure 13B). The CF values increase with the
increase of altitude when the altitude is lower than 3,000-3,200 m
a.s.l. and decreases with the increase of altitude when the altitude
is higher than 3,000-3,200m a.sl. The CF value peaks at
3,000-3,200 m a.s.l. indicating that the possibility of slope
sliding is the highest. For post-seismic landslide change, the
trend of CF values is consistent with that of coseismic
landslides. However, the range of CF values is from —0.88 to
0.25, which is smaller than that of coseismic landslides. Within
the altitude of 2,800 m a.s.l. coseismic landslides are not easy to
slide. The CF values of post-seismic landslide change is a little
higher than that of coseismic landslides in this area. Above
3,200 m a.s.l. the CF values have similar characteristics.
Aspect: For coseismic landslides, the range of CF values is
from -0.87 to 0.49 (Figure 13C). The CF values on E, SE, and
S-facing slopes are positive, which indicates that the slopes may
slide. The CF value peaks on SE-facing slopes, indicating that SE-
facing slopes have the highest possibility of sliding. They are
negative in other aspects and flat, which shows that these slopes
are not easy to slide. However, for post-seismic landslide change,
the range of CF value of landslides is smaller than that of
coseismic landslides, ranging from —0.94 to 0.31. In the slopes
where coseismic landslides are not easy to slide, post-seismic
landslides are more likely to slide. In the slopes where coseismic
landslides are easy to slide, post-seismic landslides are not easy to
slide. The CF values of N, NE, W, and NW-facing slopes are
positive, which indicates that the landslide may slide. The CF
value peaks on the N-facing slope, which indicates the sliding

Susceptibility of Post-seismic Landslide Change

probability is higher. The CF values of other slopes are negative or
close to 0, which indicates the sliding probability is low.

PGA: For coseismic landslides, the range of CF values is from
-0.98 to 0.75 (Figure 13D). The CF values increase with the
increase of PGA and peak at the maximum of PGA, indicating
that the larger the PGA is, the more likely the landslide will slide.
For post-seismic landslide change, the trend of CF values is
consistent with that of coseismic landslides. However, the
range of the CF values is from —0.89 to 0.61. It is smaller than
the CF values of coseismic landslides. The susceptibility of the
landslide is significantly affected by PGA.

Fault: For coseismic landslides, the range of CF values is from
—0.95 to 0.73 (Figure 13E). The CF values decrease with the increase
of the distance to the fault. It indicates that the closer the distance is
to the fault, the more likely the landslide will slide. For post-seismic
landslide change, the trend of CF values is consistent with that of
coseismic landslides. However, the range of CF values is from —0.91
to 0.64. It is smaller than the CF values of coseismic landslides.

Strata: For coseismic landslides, the range of CF values is from
—0.72 to 0.46 (Figure 13F). The CF values are high in the area of
Carboniferous and Permian strata, and they are 0.41 and 0.46
respectively. The CF values are —0.80, —0.69, —0.72 respectively in
areas of Devonian, Triassic, and Quaternary strata, which means
the possibilities of sliding in those areas are low. For post-seismic
landslide change, the trend of CF values is consistent with that of
coseismic landslides while the range of CF values which is from
—0.70 to 0.38 is a little smaller than that of coseismic landslides.

Rivers: For coseismic landslides, with the increase of the
distance to the rivers, the CF values vary slightly, ranging
from —0.53 to 0.19 (Figure 13G). Within 2 km away from the
rivers, the CF values are positive, which is beneficial to slide, but
the possibility is not too high. The CF values are negative over
2km, which is not easy to slide. However, for post-seismic
landslide change, the CF values within 2km or more than
4km are positive. The maximum of CF values is only 0.19,
and the susceptibility is not very high. The CF values change
with the change of the distance to the fault is not significant. So,
there is no significant correlation between the susceptibility and
the distance to the rivers.

Roads: For coseismic landslides, the range of CF values is from
-0.66 to 0.27 (Figure 13H). The CF values increase with the
increase of the distance within 4 km away from the roads and
decrease with the increase of the distance over 5 km. It peaks at
0.66 when the range of distance is 4-5 km, indicating that the
possibility of landslide sliding is the highest. It is positive when
the distance is between 2 and 6 km, which shows that it is easy to
slide. For post-seismic landslide change, the trend of CF values is
consistent with that of coseismic landslides. However, the range
of CF values is a little bigger than that of coseismic landslides.

DISCUSSION

Integrity and Accuracy of the Coseismic

Landslide Database and Spatial Distribution
Incomplete landslide databases may mislead the studies of
landslide distribution and they may mislead the studies of
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susceptibility assessment (Xu and Xu, 2014). A complete
landslide database can provide accurate information for fault
studies or other studies, such as assisting in identifying the blind
fault on the unexposed surface of the Jiuzhaigou earthquake (Fan
et al.,, 2018). In the previous studies of Jiuzhaigou, their landslide
areas are not consistent. It indicates that their landslide databases
may be incomplete, which leads to inconsistencies in landslide
distribution studies, such as the studies of Tian et al. (2019), Dai
et al. (2017), Wu et al. (2018), and Liang et al. (2019). In these
studies, the results of the distribution are incompletely consistent,
especially the slope distribution.

Landslides are extracted from the satellite and erial remote
sensing images by the monitoring technology of integrated space-
air-ground. SVM classification is used to extract landslides.
Visual interpretation and field investigation are used to verify
the extracted result. This method can improve the speed and
accuracy of landslide interpretation. It avoids the problem that
visual interpretation needs the cooperation of many people with
different interpretation experience which is easy to get inaccurate
interpretation results. Therefore, the landslides extracted in this
study is more comprehensive and the distribution results are
more accurate.

Post-seismic Landslide Change

Causes of Post-seismic Landslide Change

The landslide area of Jiuzhaigou is larger in 2019 than that in
2017. A previous study on the landslides related to the 2008
Wenchuan earthquake shows that the frequency of the landslides
increased significantly within 5 years after the earthquake.
Compared with the pre-seismic records, the number of post-
seismic landslides is 2-5 times higher than that before the
earthquake (Huang and Li, 2014). Strong earthquakes not only
trigger a large number of coseismic landslides but also induce
relaxation and cracks in the rocks and soils which make these
rocks and soils vulnerable to instability during subsequent
aftershocks or rainfall events (Fu et al, 2020). Some cracks
can become the boundary of the post-seismic landslides and
the main permeable path for subsequent rainwater (Huang et al.,
2019). Moreover, coseismic landslides will also produce a large
number of loose deposits on the slope. The deposits on the slope
can remobilize and turn into debris flow during heavy rainy
seasons. Three heavy rainfall events occurred in September 2017,
August 2018, and August 2019 after the 2017 Jiuzhaigou
earthquake, all of which induced mass geological disasters
(Huang et al.,, 2020). When the speed of landslide occurrence
is faster than that of landslide recovery, the landslide area will
increase. Only 2 years after the 2017 Jiuzhaigou earthquake, the
post-seismic recovery needs a longer period. Therefore, the
landslide area will increase in recent and future times.

Rules and Causes of Spatial Distribution of
Post-seismic Landslide Change

In this study, the net increase rate is used to measure the post-
seismic landslide change. The spatial distribution pattern of post-
seismic landslide change and coseismic landslides is quite
different in the factors of earthquake, topography, geology,
and human activities. This study suggests that the areas with
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high landslide density are most affected by the strong earthquake
shaking and the unstable slopes have already slipped during the
earthquake. Thus, there are almost no new landslides in these
areas within two years after the earthquake. In other areas, the
earthquakes did not trigger too many coseismic landslides. But
these slopes (Delgado et al, 2011) and their ecological
environment (Lu et al, 2012) have been weakened by the
earthquakes. The earthquakes induced relaxation and cracks
and produced deposits on them. Therefore, these slopes
become the main increase areas of landslides triggered by
other additional forces after the earthquake. There is a general
rule across the factors: the highest net increase rate of post-
seismic landslide change does not distribute on the regions with
the highest density of coseismic landslides; on the contrary, the
areas with the highest density of coseismic landslides show that
the net increase rates of landslides are close to 0. For slope and
PGA, the net increase rate is close to 0 in the area with the highest
density of coseismic landslides. For altitude and aspect, the net
increase rate is negative in the area with the highest density of
coseismic landslides. For faults, strata, and rivers, the net increase
rate in the areas with the highest density of coseismic landslides is
small and not more than 10%.

The increase areas of landslides can be divided into three cases
as described in Spatial Distribution of Coseismic and Post-seismic
Landslides: 1) Some landslides with deposits on the slope do not
reach the state of stress balance, which is conducive to expansion
under the trigger of additional driving forces, such as rainfall after
the earthquake. This case is the most common in the Jiuzhaigou
area, such as the landslide areas around Five Flower Lake
(Figure 8); 2) There is no landslide on the slope weakened by
the earthquake, but if the slope is affected by additional driving
forces, post-seismic landslides will happen in this area, which
changes most significantly, such as the post-seismic landslide at
Mirror Lake (Figure 9); 3) There has been small collapse or
displacement on the slopes due to the earthquake. But the damage
is not easy to be detected due to the shelter of the vegetation. So,
the impact is not significant in the early stage after the earthquake.
However, the change of slope will cause some disturbance to the
adjacent or overlying vegetation. The vegetation will degenerate
with time (Guo et al., 2020), and then landslides can be detected.
This case is also very common, but the area is not too big
(Figure 10).

Rules and Causes of Susceptibility of Post-seismic
Landslide Change

In this study, the susceptibilities of the coseismic landslides and
the post-seismic landslide change are calculated respectively. The
susceptibility of post-seismic landslide change changed
significantly with slope, altitude, aspect, PGA, fault, and strata
(Figure 13). Reasons for the susceptibility anomaly of post-
seismic landslide change are consistent with the spatial
distribution anomaly. From the distribution of susceptibility,
there are general rules across the factors: the susceptibility
peak value of the post-seismic landslide change is lower than
that of the coseismic landslide; the susceptibility of the post-
seismic landslide change is lower than that in the coseismic
landslide area with high susceptibility, which indicates that the
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landslide risk reduces; the susceptibility of the post-seismic
landslide change is higher than that in the coseismic landslide
area with low susceptibility, which indicates that the landslide risk
increases.

The potential landslides in the area with high landslide density
have already slipped in the earthquake, which results in that the
susceptibility decrease. In the original low susceptibility areas
which have been weakened by the earthquake events, new
landslides will occur due to the influence of additional driving
force after the earthquake, which results in that the susceptibility
increase.

In the process of post-seismic landslide change, rainfall is one
of the important forces that trigger the post-seismic landslide
change, especially the expansion of coseismic landslide. It will
remobilize the deposits on the slope which will expand to the area
with a more gentle slope and lower altitude and cause damage to
these areas. It results in the susceptibility of these areas with low
susceptibility increases. This dynamic situation will last for a long
time in the future.

Suggestions for the Investigation and

Mitigation of the Post-seismic Landslides
This study suggests that landslides are investigated by the
monitoring technology of integrated space-air-ground which
includes multi-source, multi-temporal, and multi-scale remote
sensing data and field study. The SVM classification, visual
interpretation, field investigation, and GIS technology are
employed in this study. They can create complete and accurate
landslide inventories and analyze the spatio-temporal
characteristics of landslides and their post-seismic changes.

According to the characteristics of spatial distribution and
susceptibility, this study proposes some opinions for the
treatments of landslides in the post-seismic change process.
For the coseismic landslides, the expansion is caused by the
remobilization of landslide deposits on slopes, accounting for
the largest proportion of the increase of landslide area. These
slopes should be reinforced and the landslide deposits should be
cleared. However, because of the huge amount of landslide
deposits, it is difficult to clear them in a short time. We
suggest that reasonable dredging and reuse treatments of
deposits should be implemented. For the small-scale coseismic
collapses or potential post-seismic landslides triggered by the
additional driving force, they are difficult to be found with the
shelter of the vegetation. But, vegetation anomalies can be used as
good indicators to identify them in the concealed unstable slopes.
Great attention should be paid to extract the potential landslides
by identifying the vegetation anomaly in the concealed unstable
slopes. These unstable slopes also should be reinforced to prevent
sliding.

CONCLUSION

(1) Coseismic landslides and post-seismic landslide change are
concentrated in the Jiuzhaitiantang-Panda Lake area. The
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increased area of the landslide is 3.6 km?, the restored area is
2.4 km?, and the net increase area is 1.2 km?, compared with
the coseismic landslide, until September 27th, 2019. The
expansion includes the expansion of coseismic landslide,
the post-seismic landslide, and the expansion of vegetation
degradation. The area expansion of the coseismic and post-
seismic landslides is mainly related to the increase of debris
flow induced by the post-seismic torrential rainfalls. The
reduction contains the restoration caused by natural
succession or the engineering treatments.

The susceptibility of post-seismic landslide change is greatly
influenced by slope, altitude, aspect, PGA, fault, and strata.
Due to the post-seismic changes of stress and slope stability,
the risk of post-seismic landslide change reduces in the high
susceptibility area of coseismic landslide and it increases in
the low susceptibility area of coseismic landslide.

The slope with coseismic landslides should be reinforced and
the landslide deposits should be cleared, dredged, or reused.
The concealed unstable slope which may have potential
landslides should be paid great attention to identify the
potential landslides by extracting the vegetation anomaly
to prevent potential landslides.
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