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Abstract: Earthquakes and their secondary geological disasters have a certain impact on the land
cover, which leads to the degradation of the ecological environment and the stability of the ecosys-
tem. At present, there are few studies on the spatial-temporal evolution characteristics of land-use
change in earthquake-stricken regions, especially the lack of quantitative evaluation of the impact of
earthquakes on land use at the micro-scale. The “5-12” Wenchuan ms8.0 earthquake caused serious
damage to the surface resources in the disaster area. The study on the spatial-temporal evolution
characteristics of land-use change in the disaster area can provide a reference for the remote sensing
dynamic monitoring of the ecological environment. Therefore, based on geographical big data,
this paper used a land-use comprehensive degree index, land-use transfer matrix, and landscape
ecological index to explore and analyze the spatial-temporal evolution characteristics of land use
in Wenchuan County before and after the earthquake. The results showed that the types of crop-
land, forest, built-up, and bare land changed greatly before and after the earthquake. During the
earthquake recovery period, the comprehensive index of land use in the study area basically showed
an increasing trend. Under the effect of artificial measures and natural restoration, land use was
continuously improved, and vegetation was restored well. After 2008, the Patch Density (PD) and
Landscape Shape Index (LSI) values of most landscape types decreased, and the Aggregation Index
(AI) values increased, indicating that the ecological environment of the whole region showed a benign
development in the post-earthquake period. The results not only contribute to the establishment of
scientific ecological environment management in earthquake-stricken regions but also contribute to
the formulation of long-term ecological environment monitoring and ecological restoration planning

according to the law of land-use change.

Keywords: remote sensing; Wenchuan earthquake; land use; landscape pattern; spatial-temporal
evolution

1. Introduction

Earthquake disasters not only cause huge casualties and property losses [1-4] but
also destroy a large number of forest, cropland, urban, and other land types [5,6] due to
secondary disasters caused by earthquakes and landslides, mud-rock flows, etc., which
greatly change the land use types in the disaster regions, thus causing certain damage to the
ecological environment [7-10]. Many countries have actively carried out disaster prevention
and mitigation activities to effectively improve disaster response capacity. For example, data
released by the Indonesian state show that since 2022, Indonesia has suffered 873 natural
disasters, including floods, strong winds, landslides, etc., and more than 4.13 million people
have been affected by the disasters. The direct economic loss caused by natural disasters
to Indonesia is as high as 28.8 trillion rupiahs every year. In the past 15 years, natural
disasters in China have caused direct economic losses of nearly 200 billion yuan every year.
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Therefore, the public nature and public welfare features of natural disaster relief cause the
basic position of public financial expenditure to appear extremely important. For example,
the Chinese government invested a total of 82.514 billion yuan in earthquake relief funds
after the 2008 Wenchuan earthquake in China. As one of the most basic and important
natural resources, land resources are a key field and the most basic material basis, energy
sources, space carriers, and constituent element for realizing the sustainable development
of the economy and society and the harmonious development of man and nature. Itis a
major strategic issue concerning national economic and social development [11-14].

Remote sensing technology is a very important contemporary science and technology
and has a simple acquisition, low price, multi-scale, rich spectral information, ease of
operation, and other advantages that other technologies cannot compare [15-18]; it has
become an important technical means and methods of geology, ecology, disaster science and
other research [19-22]. Remote sensing images can accurately record the actual situation of
earthquake disasters, provide specific and effective information for disaster warning and
ecological environment monitoring, and provide data support for rapid evaluation of the
damage caused by disasters and scientific decision-making, which is a reliable technical
means at present [23-25].

The “5-12”, 2008 Wenchuan ms8.0 earthquake caused serious damage to the surface
resources in earthquake-stricken regions. Some scholars began to pay attention to the
evolution of secondary disasters in earthquake-stricken regions and their impact on land-
use change and carried out a series of research works from different perspectives [26,27].
Cui et al. [28] studied the mechanism of the Wenchuan earthquake, gathered statistics, and
analyzed landslides after the earthquake. It was found that the loose material generated by
the earthquake was the main material source of debris flow activities after the earthquake,
and strong surface disturbance and large-scale vegetation destruction would intensify
erosion and flood peak formation. Nath et al. [29] analyzed the changes in land use in
Dujiangyan city from 2007 to 2018 from the perspective of an environmental risk assessment
and found that urban land, cropland, and forests were the most affected land types and
suggested that future urban construction and development should avoid active fault areas.
Yang et al. [30] analyzed the distribution of landslides and the rebuilt houses after the
Wenchuan earthquake from the perspective of restoration and reconstruction and found
that the new landslides and houses tended to move to regions with low elevation, gentle
slopes, and were close to river channels. In addition, the destruction and restoration
of vegetation in earthquake-stricken regions after the Wenchuan earthquake has also
attracted the attention of many researchers. Some scholars have evaluated the destruction
and restoration of vegetation in earthquake-stricken regions based on remote sensing
methods. Wang et al. [31] fully considered the dynamic change process of vegetation
restoration and defined the Count of Outliers Index (COI) to identify difficult regions of
vegetation restoration based on Normalized Difference Vegetation Index (NDVI) time series
data. Zhang et al. [32] defined the Difference Measurement Index (DMI) to evaluate the
vegetation restoration state through comparative statistical analysis with the historical
vegetation state, overcoming the influence of the previous index on the fluctuation of
vegetation phenology between years. Liu et al. [33] calculated the ecological recovery
capacity of the severely affected regions of the Wenchuan earthquake by fitting the curve of
recovery rate and time with Moderate-Resolution Imaging Spectroradiometer Enhanced
Vegetation Index (MODIS-EVI) data. The results showed that 44.2% of the damaged
regions had been restored and suggested that priority should be given to the construction
of damaged regions near roads, rivers, and mining operations. Among them, the area of
vegetation restoration is 187.40 km?. Of course, some scholars have carried out monitoring
research on land use and other information concerning earthquake-stricken regions abroad
based on remote sensing technology [34]. For example, Balamurugan et al. [35] monitored
land-use change on the western coast of Gujarat, India, based on remote sensing and
geographic information technology. The results show that the output shows a decline in
the agricultural and scrubland, an increase in fallow land and saltpans, and exponential
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increases in built-up areas in the area. Thilagavathi et al. [36] took Salem Chalk Hills and
South India as their research area and analyzed the process of human-induced landscape
transformation in the mine-affected areas of Chalk Hills, Salem, by interpreting Landsat TM
and IRS P6 LISS IV MX satellite image data for the year 2002 and 2012 using the Geographic
Information System (GIS). Ishihara et al. [37] took the 2011 east Japan earthquake as their
research object and created a precise land-cover map for the years 2013-2015 post-disaster
with a 30 m spatial resolution using Landsat 8 with Operational Land Imager (OLI) to
evaluate the changes in land cover induced by the disaster.

Based on the above research progress, it can be found that in the early stage of
the research on the earthquake-stricken regions, scholars at home and abroad focused
on the mechanism of earthquake-induced occurrence, the analysis of seismic damage to
buildings in the earthquake-stricken regions, and the distribution of earthquake-induced
landslides, collapses, and other geological disasters. With the development of remote
sensing technology, scholars at home and abroad have used remote sensing technology as a
means to study the impact of earthquakes on land resource utilization, ecosystem services,
ecosystem carrying capacity, and other aspects, and the risk assessment of geological
disasters in earthquake-stricken regions from a macro-regional perspective. However, there
are few studies on the spatial-temporal evolution characteristics of land-use change in
earthquake-stricken regions, especially the lack of quantitative evaluation of the impact of
earthquakes on land use at the micro-scale.

The Wenchuan earthquake was a natural disaster with a strong earthquake feeling,
wide spread, and a high degree of damage [38]. The Wenchuan earthquake inflicted not
only heavy losses on people’s finances, life, and property but also triggered secondary
geological disasters, such as landslides, collapses, and mud-rock flows. It aggravated
regional soil erosion, reduced biodiversity, increased resource consumption, and degraded
ecological functions, posing a threat to human survival and sustainable social and economic
development [39—-42]. The land cover of the cropland and forests in the earthquake-stricken
regions was destroyed, resulting in the destruction of the regional ecosystem and the
serious degradation of the ecological environment, resulting in an imbalance of the stability
of the ecosystem [43-46]. After the earthquake, people’s focus was mainly on infrastruc-
ture, economy, water resources, etc., and it is easy to ignore the ecological environment
deterioration caused by land-cover destruction, thus posing a threat to human production
and development.

In summary, this paper takes Wenchuan County, Sichuan Province, as the research
area and obtained land-use data before the earthquake (2007), earthquake year (2008), the
middle period of earthquake recovery (2014) and the late period of earthquake recovery
(2020) and other auxiliary data based on geographical big data. The spatial-temporal
evolution characteristics of land use in Wenchuan County before and after the earthquake
were analyzed comprehensively from the methods of land use degree, land transfer matrix,
and the landscape index of quantitative evaluation of landscape patterns in landscape
ecology; the driving mechanism of land-use change was discussed. The results of the
earthquake-disaster region ecological environment remote sensing dynamic monitoring
not only provide data support but also provide the regional, relevant decision-making
departments with a timely and effective manner to provide the disaster region with land-
use change data, which allows the ease of policies and measures, and the administrative
department can improve government control over land-resource-utilization efficiency,
and promote the earthquake-stricken region’s ecological environment monitoring and
recovery process.

2. Materials
2.1. Study Area

Wenchuan County (30°45'~31°43’ N, 102°51’'~103°44’ E) is located in Tibetan Qiang
Autonomous Prefecture of Ngawa, Sichuan Province, China. It borders Dujiangyan city
and Pengzhou city in the east, Lushan County, Dayi County, and Chongzhou city in the
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south, Li County, Xiaojin County, and Baoxing County in the west, and Mao County
in the north, with a total area of 4084 km?. The terrain of Wenchuan County tilts from
northwest to southeast, with a relative elevation difference of 3000 m and an average
elevation of 1326 m. The mountain of Wenchuan County is relatively steep; the terrain is
relatively large, and the change of altitude affects the distribution of plant communities,
thus forming different types of plant belts. The geological structure of Wenchuan County is
complex; the strata are well developed, the magmatic rocks are widely distributed, and
the structural transformation of the rock and soil mass is strong. The regional tectonic
movement stress field causes the development of rock mass joints and fissures, lithology
breakage, and structural plane development. Thus, the mechanical properties of the rock
mass are greatly changed, which provides conditions for the development of geological
disasters. The climate in Wenchuan County belongs to the Cw (warm temperate climate
with a dry winter) in the Koppen—Geiger climate classification and decreases along with the
terrain from northwest to southeast. The vertical climate zone is relatively complete, and
the temperature is moderate. The average annual temperature in the area above 2000 m
is 13.5~14.1 °C, the frost-free period is 247~269 d, and the rainfall is 528.7~1332.2 mm.
Rivers in Wenchuan County mainly include the Minjiang River, and its tributaries are
the Shoujiang River, Caopo River, and Zaguanao River. The tributaries at all levels are
dendritic, rivers crisscross, and ravines crisscross. The geographical location of the study
area is shown in Figure 1.
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Figure 1. The geographical location of the study area.

2.2. Data and Preprocessing

The land-use data used in this study (pre-earthquake (2007), earthquake year (2008),
mid-earthquake recovery (2014), and post-earthquake recovery (2020)) were derived from
the annual 30m land-use data in China produced by Professor Xin Huang’s team at
Wuhan University [47] (https:/ /zenodo.org/record /4417810#.YrpbL71BxPa (accessed on
6 January 2022)). These data were based on 335,709 Landsat images from the Google Earth
Engine (GEE), combined with the automatic stabilization samples and visual interpretation
samples of existing land-cover products, and the classification results were obtained by a
random forest classifier. The WGS UTM projection was used as the reference frame for the
analysis of this paper. Figure 2 shows the land-use data for each period in the study area.
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Sustainability 2022, 14, 9721 5o0f 23
103°0'0"E 103°30'0"E 103°0'0"E 103°30'0"E
N 2007 year N 2008 year
z A z z A z
s s e s
= = = =
Il "y - ”m
5 i 5 g
- - = =
z z z z
=] Legend | = = | Legend | =
g Cropland | £ g Cropland |
2 (== Pl T o |7
[ Shrub
land B Grassland
E \gNutcr]
Snow/lce
0510 20 30km Bareland 00510 20 30km [ Bareland
L ] 1 ] B Buil-up L 1 1 B ileup
103°0'0"E 103°30'0"E. 103°0'0"E 103°300"E
103°Q'0"E 103°3!]‘0"E ]03"9'0"E ]03°3!]'0"E
N 2014 ycar N 2020 year
z A z z A [
s s s s
= - = = S
3 " < ”m
5 g 5 g
2 % 2 %
ae] L] e ar]
z z z z
s | Legend | = s Legend =
g [ Cropland g g [ Cropland g
i [ Forest e e [ Forest -
= Shrub 1 Shrub
B Girassland B Grassland
Watcr ‘Water
] Snow/Tce ] Snow/Iee
0510 20 30km 1 Bareland 0510 20 30Lkm ] Bareland
1 1 1 1 B Built-up 1 1 1 B uili-up
103°0'0"E 103°300"E, 103°0'0"E 103°30°0"E

Figure 2. The spatial distribution of land use in different periods in the study area.

A confusion matrix is a commonly used precision evaluation method to calculate the

consistency between the sample classification results and the real surface classification in
the form of a matrix [48,49]. Based on the obfuscation matrix, the relevant indexes for eval-
uating the accuracy of the whole population and specific categories can be calculated [50].
In order to verify that the obtained land-use data met the research needs, we collected
sample points in corresponding periods based on high-resolution images from Google
Earth (Figure 3 is the collected sample point in 2020) and then evaluated the accuracy of the
land-use data in various periods based on a confusion matrix. Table 1 shows the accuracy
of the evaluation results. The results showed that the overall accuracy of the land-use
data of the four periods is higher than 83%, and the kappa coefficient is higher than 0.75.
According to the relationship of classification accuracy corresponding to different kappa
values [51], the accuracy of the land-use data obtained in this paper is good, which me the
research needs of this paper.

Table 1. Accuracy evaluation results of land-use data.

Year 2007 2008 2014 2020
OA (%) 83.68 83.25 85.90 86.12
Kappa 0.75 0.76 0.78 0.80




Sustainability 2022, 14, 9721

6 of 23

]03oq|ﬂuE 10303pr0llE

N 2020 year (\" ™

A k24

£ £
e s
> 4 E
g g
= =
T
Legend
z & Built-up z
> | Bareland | 2
& : s
- Snow/lce -
" o

Yater
o Grassland
Shrub

Forest

Cropland

103°0'0"E 103°30'0"E

Figure 3. The spatial distribution of samples in 2020.

3. Methods
3.1. Comprehensive Index of Land Use Degree

The degree of land use can effectively reflect the depth and breadth of land develop-
ment and utilization. It not only includes the change in land-use mode but also includes
the change in land-use quantity and fully combines the natural attributes of land resources
with the social attributes of human activities [52]. The degree of land use is a reflection of
the scientificness and rationality of the land-use pattern, type, structure, and layout and is
an important indicator of the regional ecological environment [53]. The land-use degree
can be evaluated by the comprehensive index of land-use degree and its change rate, and
the calculation formula is as follows:

n
I, =100 x ) A; x C; 1)
i=1

im1(Ai X Cip) — ¥itq (Ai X Cig)

Yit1(Ai x Cig)
where, I, represents the comprehensive index of land-use degree in the study area; A;
represents the grade index of grade i land-use degree in the study area; C; represents
the percentage of grade i land area in the study area; R represents the change rate of the
land-use degree; C;, and Cj, represent the area percentage of the study area in grade i
land-use degree at time b and time a, respectively. If Al,_, > 0, this indicates that the land
use in the study area is in the rising development stage; if Al , < 0, this indicates that
land use in the study area is in a declining stage. The grading assignment for the land-use
degree is shown in Table 2.

R =

x 100 @)

Table 2. Grading assignment of land use degree.

Bare Land, Forest, Grassland,
Snow/Ice Shrub, Water

Grading index 1 2 3 4

Land-Use Type Cropland Built-Up
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3.2. Land Use Transfer Matrix

The land-use transfer matrix can not only provide the area of a certain land-use type to
other land types in the current year but also provides the internal conversion information
of land use between two time periods [54]. It can fully reflect the number, direction, and
probability of the transfer of species in different regions under earthquake disturbance,
which is of great significance to the study of the degree of ecological environment restoration
in earthquake-stricken regions. The basic expression of the land-use transfer matrix is

as follows:
Py PppPi3 -+ Py
P — Py PyaPy3 -+ Py

ij — (i,j:1,2,3,"',7’l) (3)

Pnl Pn2pn3 Pnn

where, P;; represents the area of the i-th land-use type converted to the j-th type of land-use
type; n represents the number of land-use types; i and j represent the land-use types before
and after transfer, respectively.

3.3. Landscape Ecological Index

A landscape index can quantitatively describe the structural composition and spatial
configuration of a landscape. It is a widely used method for the quantitative description of
a landscape pattern, as well as an important means for quantitative analysis of landscape
patterns and dynamic changes in land-use data [55]. An earthquake and its secondary
geological disasters’ influence on landscape pattern change is a natural disturbance in the
ecology, and post-disaster reconstruction is considered by some people to be a process of
artificial interference, and the action of natural and artificial interference can cause changes
to regional landscape elements; thus, light, water, and energy influence the absorption
of nutrients and cause the original landscape pattern to change. Based on the analysis
of the ecological significance of the existing landscape indexes, the selected landscape
indexes include PD, LSI, and Al The ecological significance of each landscape index is as
follows [56]:

(1) PD:PD is a measure of landscape fragmentation, which can better reflect the charac-
teristics of landscape heterogeneity. A smaller patch density corresponds to smaller
landscape heterogeneity and fragmentation. In addition, the intensity and extensive-
ness of interactions among landscape elements can also be indirectly reflected by PD.
The more active the landscape ecological process is, the higher the PD value is. The
calculation formula of PD is as follows:

PD = N,PD >0 4)
A
where, N represents the total number of patches in the landscape; A represents the
total landscape area.

(2) LSI: LSIis a landscape index used to describe landscape pattern characteristics based
on the shape of the landscape. The shape of the landscape is simple, which means
that the LSI value is close to 1. If a square can be used to describe the landscape shape,
the LSI value is 1. The larger the deviation between the landscape shape and square,
the larger the LSI value. LSl is calculated as follows:

sr = 22E g1 (5)

VA

where, E represents the total length of all patch boundaries in the landscape; A
represents the total landscape area.

(3) Al Alis an important indicator when measuring landscape heterogeneity from the
perspective of the connectivity between landscape patches. A small value of Al
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means that patches in the landscape are scattered and fragmented. The Al calculation
formula is as follows:

Al = {gii] x 100,0 < AI < 100 ®)
maxgii

where, g;; represents the number of similar connections between pixels of patch type i.

4. Results
4.1. Land Use Area Change

Figure 4 shows the spatial pattern distribution of the land-use area change of each
township in the study area before and after the earthquake. Before and after the earthquake,
the large variation of cropland type is mainly distributed in the east and north of the study
area, which is also the main distribution area of cropland in the study area. Before the
earthquake, the cropland area of Shuimo Town, Yingxiu Town, and Xuankou Town was
15.52 km?, 8.39km?, and 18.92 km?, respectively. Due to the comprehensive impact of the
earthquake and human activities, the cropland types recovered slowly in the late earthquake
period. By 2020, the cropland area was 10.67 km?, 4.70 km?2, and 12.03 km?, respectively.
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Figure 4. Spatial distribution of land-use area change before and after earthquake.

Regarding the forest type, in Yinxing Township, the area of forest type decreased from
272.98 km? in 2007 to 262.26 km? in 2008 and increased to 262.53 km? in 2020. Regarding
the shrub type, the earthquake had a great influence in Miansi Town, Yanmen Township,
Weizhou Town and Yinxing Township, and the shrub area decreased from 2007 to 2008.
Regarding the grassland type, the area of grassland type in the study area changed slightly
before and after the earthquake and showed a steady trend.

Gengda Town and Wolong Town were the main areas of the water-type areas affected
by the earthquake. Gengda Town and Wolong Town'’s water area decreased from 19.43 km?
and 20.36 km? in 2007 to 18.62 km? and 19.43 km? in 2008, respectively. Due to the influence
of regional development, environment, climate, and other comprehensive factors, the water
area in Gengda Town and Wolong Town was still lower than before the earthquake in the
later period of earthquake recovery. The ice/snow was mainly distributed in Gengda Town
in the study area; the area decreased from 19.27 km? in 2007 to 18.54 km? in 2008 due to the
earthquake. The area of ice/snow increased gradually in the later period of the earthquake.

The bare land is mainly distributed in Gengda Town and Wolong Town in the study
area. The bare land area mainly reflects the change of landslides. As the Wenchuan
earthquake triggered a large number of landslides, Gengda Town and Wolong Town
increased from 59.62 km? and 46.83 km? in 2007 to 60.53 km? and 48.14 km? in 2008,
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respectively. After the earthquake recovery, the bare land area of Wolong Town gradually
recovered to the level before the earthquake.

The change in built-up areas reflects the change in human activities. Before the
earthquake, the economy in the study area was in a stage of rapid development, and the
population was gradually increasing. The built-up area in the study area showed an overall
growth trend. After the earthquake, a large number of residents needed to be relocated, and
under the comprehensive influence of economic development needs, by 2020, the built-up
area exceeded the level before the earthquake.

4.2. Land Use Degree Change

Figure 5 shows the spatial pattern distribution of land-use degree before and after
the earthquake at the township scale in the study area. From 2007 to 2008, due to the
impact of the Wenchuan earthquake and secondary disasters, the comprehensive index of
land use degree in Wolong Town showed a decreasing trend, and the land use entered a
stage of decline, mainly concentrated in the severely affected areas of the study area, and
the change rate of the comprehensive index was —0.046%. The comprehensive index of
land-use degree in the north, east, and south of the study area showed a slight increase
trend, and the regions with large change rates were mainly distributed in Yingxiu Town
(3.587%), YinXing Township (1.748%), and Xuankou Town (1.347%) in the east of the study
area. Due to geological disasters, some forests, grassland, and cropland in these towns were
destroyed and converted into other land types, resulting in a high change rate of land-use
degree. From 2008 to 2014, the comprehensive indexes of land-use degree in Yanmen
Township, Weizhou Town, and Keku Township increased due to the decrease in bare
land and reconstruction after the earthquake. The change rates were 0.384%, 0.695%, and
1.132%, respectively. These towns are located in the northeast of the study area, and their
economic development level is relatively good, which is of great help to the reconstruction
and construction after the earthquake. From 2014 to 2020, the comprehensive indexes of
land-use degree in towns and townships are basically in the rising development stage. The
regions with large change rates of the comprehensive indexes are mainly distributed in
Gengda Town and Keku Township, with change rates of 0.520% and 0.464%, respectively.
This is mainly due to the increase in built-up and cropland area and the decrease in bare
land area. The natural restoration of vegetation and the construction of urbanization
are conducive to the improvement of land use degree, and the ecological system of each
township gradually tends to have a stable development.
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Figure 5. Spatial distribution of land use degree change before and after earthquake.
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4.3. Land Use Transfer

Tables 3-5 show the mutual transfer of land use types before and after earthquakes
in the study area during 2007-2008, 20082014, and 2014-2020, respectively. From 2007 to
2008, all surface cover types in the study area were transferred and transferred out. Due to
the “5-12” Wenchuan earthquake, the natural surface was damaged, and a large area was
transferred out of the forest, with an area of 33.48km?2. The transfer volume of cropland,
grassland, and bare land is relatively large, and the transfer areas are 33.70 km?, 6.95 km?,
and 4.88 km?, respectively.

Table 3. Land Use Transfer Matrix for 2007-2008 (km?2).

2008 Year
2007 Year
Cropland Forest Shrub Grassland Water Snow/Ice Bare Land Built-Up
Cropland 132.2019 1.4679 0.0306 1.9737 0.4653 0 0 0.5229
Forest 31.9095 2888.4726 1.5624 0 0 0 0 0.0045
Shrub 0.6444 0.1359 10.4697 0.8748 0 0 0 0
Grassland 1.1475 0.8847 0.3528 814.122 0.2223 0 2.9772 0.0306
Water 0 0.0783 0 1.6227 45.324 0 0.8343 0.0657
Snow /Ice 0 0 0 0.018 0.2124 23.9256 1.0683 0
Bare land 0 0.0009 0 2.4597 0.0162 0.2214 107.172 0.0018
Built-up 0 0 0 0 0.1854 0 0 5.6385
Table 4. Land Use Transfer Matrix for 2008-2014 (km?).
2014 Year
2008 Year .
Cropland Forest Shrub Grassland Water Snow/Ice Bare Land Built-Up
Cropland 117.4392 32.1714 4.3857 9.3627 0.5049 0 0 2.0394
Forest 22.3587 2848.527 18.8721 12114 0.0027 0 0 0.0684
Shrub 1.3383 0.8451 6.2514 3.9807 0 0 0 0
Grassland 6.21 2.5173 0.9225 786.6891 1.3491 0.1071 23.1138 0.162
Water 0.0459 0.2808 0.0621 7.2072 34.56 0.045 3.9258 0.2988
Snow /Ice 0 0 0 0.2898 0.5724 19.4283 3.8556 0.0009
Bare land 0.009 0.0054 0.0018 10.7424 0.7245 7.8831 92.628 0.0576
Built-up 0 0 0 0 0.2025 0 0 6.0615
Table 5. Land Use Transfer Matrix for 2014-2020 (km?).
2020 Year
2014 Year
Cropland Forest Shrub Grassland Water Snow/Ice Bare Land Built-Up
Cropland 106.9065 30.915 2.6271 6.6843 0.063 0 0 0.2052
Forest 11.1924 2862.4914 9.9657 0.6885 0 0 0 0.009
Shrub 1.2294 5.2173 19.0656 4.9761 0.0009 0 0.0063 0
Grassland 7.9902 2.3553 0.5031 782.613 4.8186 0.153 20.9754 0.0747
Water 0.0675 0.0351 0.0108 4.7718 28.9503 0.0126 3.8709 0.1971
Snow /Ice 0 0 0 0.4401 0.5598 19.5336 6.93 0
Bare Land 0.0243 0.0135 0.0027 21.7674 1.2042 7.5366 92.9475 0.027
Built-up 0 0 0 0 0.0684 0 0 8.6202

From 2008 to 2014, the regional ecological environment was restored to a certain extent.
During this period, cropland, forest, grassland, and bare land were mainly transferred out,
with a total area of 48.46 km?2, 42.51 km?, 34.38 km?2, and 19.42 km?, respectively. The bare
land type was mainly transferred out to the grassland type. With the development of urban
and rural reconstruction, the area of built-up has been transferred to 2.62 km?, of which the
cropland is the main type, and the transferred area is 2.04 km?. From 2008 to 2014, with the
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gradual recovery of vegetation, there was a large amount of conversion of the forest type
area, mainly cropland, with a transfer area of 32.17 km?2.

From 2014 to 2020, the cropland, grassland, and bare land had a large amount of
transferable areas, which are 40.49 km?, 36.87 km?2, and 30.58 km?, respectively. Forest and
grassland were transferred in a large amount, with an area of 38.54 km? and 39.33 km?,
respectively, indicating that with the passage of time, land use has been continuously
improved, vegetation has been restored well, and the overall ecological environment is on
the rise under the action of artificial measures and natural restoration.

4.4. Spatial-Temporal Evolution of Landscape Pattern
4.4.1. Temporal Variation Characteristics of Landscape Index

Figure 6 shows the temporal variation trend of the landscape patch density index
before and after the earthquake. Compared with 2007, the PD of most landscape types
in the study area showed an increasing trend after the earthquake, indicating that the
degree of regional landscape fragmentation was intensified, landscape heterogeneity was
increased, and the ecological environment was significantly worse due to the earthquake.
From 2008 to 2014, the PD values of cropland, shrub, and grassland types changed dra-
matically, indicating that regional landscape fragmentation caused by earthquakes and
secondary geological disasters was serious. PD values of forest and bare land landscape
types decreased, indicating that vegetation recovery was good during this period. From
2014 to 2020, the regional PD value basically decreased slightly compared with the previ-
ous period. The PD of the built-up type increased slightly, which may be related to the
mass production and construction activities carried out during this period. In conclusion,
affected by earthquakes and secondary geological disasters, the PD values of all landscape
types in the study area changed strongly, especially bare land and some vegetation types,
which should be paid more attention to in future ecological environment restoration.
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Figure 6. Temporal variation trend of PD index before and after earthquake.

Figure 7 shows the temporal variation trend of the landscape shape index before
and after the earthquake. After the 2008 earthquake, the LSI index of all landscape types
increased compared with that of 2007, among which the LSI value of cropland, shrub,
and bare land changed significantly, indicating that the regional landscape shape was
complicated due to the earthquake and secondary geological disasters, and at the same
time, it reflected the large intervention of human activities. From 2008 to 2014, LSI values
of cropland and shrub types increased most obviously, and landscape shape was still in a
relatively complex state. From 2014 to 2020, the LSI value of all landscape types basically
decreased compared with that of 2008-2014, and the complex landscape shape gradually
returned to the simple situation, while the LSI value of the built-up increased slightly,
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which may be due to the relocation of land after the earthquake and the implementation of
industrial park projects, which further increased the built-up type.
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Figure 7. Temporal variation trend of LSI index before and after earthquake.

Figure 8 shows the temporal variation trend of the landscape aggregation index
before and after the earthquake. Before the earthquake, the aggregation degree of various
landscape patches in the study area was at a high level, and the aggregation degree of
forest land was the largest, reaching 97.43, which dominated the Al of the whole region.
The Al values of landscape types showed a downward trend from 2007 to 2008, indicating
that the connectivity between landscape patches was low and patches were discrete. From
2008 to 2020, most of the landscape classes Al increased significantly, the bare land and
built-up is most obvious, the two strong regional landscape type affected by human
activities, show that artificial restoration measures of ecological environment recovery has
a positive effect, and enable the ecological environment to recover quickly, at the same
time it shows that during the earthquake the regional ecological environment experienced
benign development.
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Figure 8. Temporal variation trend of Al index before and after earthquake.

4.4.2. Spatial Variation Characteristics of Landscape Index

Figure 9 shows the spatial distribution of PD before and after the earthquake. The
higher PD values before the earthquake were mainly distributed in the west of the study
area and around the Minjiang River Basin. After an earthquake in 2008, the maximum PD
increased first and then had a decreasing trend; the space change area is still concentrated in
the west and around the Minjiang River Basin. The overall change in the landscape pattern
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distribution was small, indicating that the degree of regional landscape fragmentation
gradually decreased, landscape heterogeneity gradually decreased, and the ecological
environment gradually recovered. The PD values in the study area recovered significantly
from 2014 to 2020, mainly concentrated around the Minjiang River Basin in the study area,
which was closely related to the mass production and construction activities carried out in
the later period of earthquake recovery.
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Figure 9. Spatial distribution of PD index before and after earthquake.

Figure 10 shows the spatial pattern distribution of LSI before and after the earthquake.
Before the earthquake, the LSI values were mainly distributed in the west and southwest
of the study area and around the whole Minjiang River basin. After the 2008 earthquake,
the maximum value of LSI increased first and then decreased and basically returned to
the level before the earthquake in 2020. Its spatial variation is still concentrated in the
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west and southwest of the study area and around the Minjiang River Basin. The results
showed that the overall landscape shape complexity recovered well in the late earthquake
period; the landscape shape was slightly complicated in the vicinity of the Minjiang River
Basin, which may be due to the strong human reconstruction activities and complex surface
cover types in the vicinity of Minjiang River Basin, which led to the slow recovery of
ecological environment.

103°30'0"E 103°0'0"E 103°30'0"E

N

A

31°30"0"N

31°0°0"N

0 5 10 0 30 km

2007 year « N 2008 year

A

J1°30°0"N
31°30"0"N
J1°30°0"N

31°0M0"N
31°0°0"N
31°0M0"N

— High : 7.261 == High: 7.725
Low :1.155 0 5 10 20 30 km “SLow: 1.155

103°0'0"E

103°0'0"E

H03°30°0"E l(IJ“’l'IJ'l}"I:'. H03°30°0"E

103°30"0"E 103°0'0"E 103°30"0"E

N

31°30'0"N

31°0%0"N

05 10 20 30 km

2014 year N 2020 year .

31°30'0"N
31°30'0"N
31°30'0"N

31°0M0"N
31°0%0"N
31°0M0"N

== High : 8.430 ' w= High : 7.761
““Low:1.155 0510 20 30km - ow: 1.155

103°0'0"E

103°30'0"E 103200 E 103°30'0"E
Figure 10. Spatial distribution of LSI index before and after earthquake.

Figure 11 shows the spatial pattern distribution of Al before and after the earthquake.
The lower Al values before the earthquake were mainly distributed in the west of the study
area and around the whole Minjiang River Basin. After the 2008 earthquake, the minimum
value of Al decreased first and then increased, but by 2020, it was still 2.87 lower than that
in 2007. From 2008 to 2020, the change in the Al value was mainly concentrated in the



Sustainability 2022, 14, 9721

16 of 23

103°0'0"E

western part of the study area and the whole Minjiang River Basin. The surface landscape
in these areas is complex and greatly disturbed by human activities, which makes the
recovery of the Al of the affected areas covered by earthquakes and secondary geological
disasters slow.
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Figure 11. Spatial distribution of Al index before and after earthquake.

4.5. Land Use Change Distribution of Topographic and Geological Conditions
4.5.1. Distribution of Land-Use Change of Different Slope

In order to study the distribution of land-use change under topographic factors, this
paper took slope as an example to obtain the slope data of the study area and divided
the slope into five grades according to the topography of the study area (<5°, 5-8°, 8-15°,
15°-25°, >25°). Then, the land-use change in the study area was superimposed with the
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slope data to analyze the distribution of land-use change before and after the earthquake
(2007-2008) (Figures 12 and 13). The results showed that from 2007 to 2008, the largest
region of land-use change was mainly distributed in the east and north of the study area,
and the slope range was more than 25°. The percentage of the change area to the total
change area was 79.10%. The second is the region with a slope of 15-25°, and the percentage
of land-use change area in the total change area is 12.97%. The area of land-use change was
the smallest in the region, with a slope of 5-8°, and its area percentage was only 1.42%. The
reasons for the above phenomenon may be that in the region with a slope of <8°, rivers
are the main factors, and land use is not easy to change. Therefore, land-use change in the
region with a slope of <8° is small. However, the region with a slope of >25° has complex
surface types, such as relatively frequent human activities around cropland and built-up,
which will also cause land-use changes. In addition, slope is an important factor leading to
landslide and subsequent restoration of land-cover types (especially vegetation) [57,58].
Previous studies have shown that landslides are most likely to occur within a slope range
of 20-50° [59,60]. This indicates from the side that the disturbance of earthquakes to surface
vegetation is mainly reflected by landslides.
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Figure 12. Spatial distribution of land-use change under different slope grades (2007-2008).
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Figure 13. Statistics of land-use change area under different slope grades (2007-2008).
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4.5.2. Distribution of Land-Use Change of Wenchuan-Maowen Fault Zone

In this paper, based on the existing research results [61-63], the Wenchuan-Maowen
fault zone in the study area was taken as the center to quantitatively express the change
rule of land use before and after the earthquake within 5 km and 10 km regions (Figures 14
and 15). The results show that the percentage of land-use change within 5 km of the
Wenchuan-Maowen fault zone is 23.23% of the total land-use change area, and the land-use
change area is mainly distributed in the northeast of the study area. The percentage of
land-use change area within 5-10 km accounted for 19.22% of the total land-use change area,
which was mainly distributed in the east and northeast of the study area. The results show
that due to the influence of the Wenzhou-Maowen fault zone, the proportion of land-use
change in the region closer to the Wenzhou-Mawen fault zone is higher, indicating that the
degree of land damage is more serious. Therefore, in the development of land-use resource
planning, areas within the fault zone should be avoided in order to reduce the effect of
earthquakes on buildings, human life, and property, which cause heavy losses.
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Figure 14. Spatial distribution of land-use change around Wenchuan-Maowen fault Zone (2007-2008).
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Figure 15. Statistics of land-use change area around Wenchuan-Maowen fault Zone (2007-2008).
5. Discussion
5.1. Geological Hazard Factors Influencing Land Use Change in Earthquake-Stricken Regions

Based on geographical big data, this paper analyzes the spatial-temporal evolution of
land use before and after the earthquake in Wenchuan County, the hardest hit area. The
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results show that the land use in Wenchuan County has the characteristics of destruction
and deformation at both macro and micro scales, which cannot be separated from the
natural conditions (such as geological conditions) in the study area.

The area of the cropland, forest, built-up, and bare land types in Wenchuan County
changed greatly before and after the earthquake. After the earthquake, the fragmentation
degree of most landscape types was aggravated, and the connectivity between landscape
patches was low. According to a scientific research report on the 8.0-magnitude Wenchuan
earthquake organized by the Monitoring and Forecasting Department of the China Earth-
quake Administration, the worst-hit areas, such as Yingxiu Town in Wenchuan County,
were located near the main surface rupture zone created by the fault zone. However,
land surface types such as built-up that straddled earthquake faults were dislocated or
seriously damaged by earthquake faults, leading to great changes in the land surface types
in Wenchuan County from 2007 to 2008. For example, the bare land area of Wolong Town
increased from 46.83 km? in 2007 to 48.14 km? in 2008.

Based on existing studies [64], geological disasters in Wenchuan County are mainly
landslide, collapse, and debris flow. The study area is characterized by large relative height
difference, steep terrain slope, vertical and vertical gullies, and large longitudinal ditch
ratio drop, which provide basic conditions for the development of geological disasters
such as landslide, collapse, and debris flow. The study of Yu [65] et al. showed that the
Wenchuan earthquake induced a large number of geological disasters, and the secondary
geological disasters were mainly manifested as major landslide disasters, a large number
of landslides, and landslide barrier lakes. However, the occurrence of these geological
disasters would seriously damage the surface cover information of the study area. The
results of this paper show that land use changes greatly in the area with a large slope,
mainly because the rock debris in the area with a large slope is more likely to escape from
the mountain under the action of gravity, and the river’s scour effect on the mountain on
both sides increases the instability of the mountain, which is prone to landslides and other
geological disasters.

5.2. Human Factors Influencing Land Use Change in Earthquake-Stricken Regions

Government policy guidance is one of the important factors of land-use change; it can
guide the change of economic structure, thus indirectly affecting the intensity and mode of
land use [66-68]. The decision-making behavior of the government’s impact on land-use
and cover change is mainly reflected in two aspects: on the one hand is the reasonable
adjustment of agricultural production structure, according to local specific circumstances,
to the development of fruit trees, Chinese prickly ash as the main economic crops, such
an object, which turns parts of cropland to other types of agricultural production, in the
process of land-use change from cropland to forest land and other land development. On
the other hand, the government’s administrative decisions (such as the construction of
railways, expressways, etc.) lead to changes in the type and degree of land use [69,70].
From 2007 to 2008, due to the impact of the earthquake, Wenchuan County part of forest
and grassland turned into bare land. From 2008 to 2020, due to the relevant policies of
Wenchuan County, such as returning farmland to forest, its ecological environment has
been continuously improved.

Social and economic development is one of the main reasons affecting land-use change.
Economic development is accompanied by the growth of built-up, cropland, and other land
types, which will inevitably affect the change of land use structure [71]. Since the reform
and opening up, the economy of Wenchuan County has been developing steadily and
rapidly [72]. In recent years, it has successively become the first in Aba Prefecture, making
an important contribution to the economic development of Aba Prefecture. National
Highway 213 and 317 are the main traffic lines in Wenchuan County. The convenience
of traffic accelerates the economic development of Wenchuan county and also speeds up
the impact on land use. In addition, with an increase in people’s ecological consciousness,
Wenchuan County adjusted the industrial structure and rational use of land and realized
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coordinated development of the economy and environment. The rational use of land
resources mainly includes the following aspects: (1) Strengthen the protection of cropland
and make rational use and development of it and make full use of high-yield arable land
to ensure its quality. @ The scientific management of soil and water loss so as to reduce
the loss of land resources as far as possible. (3) The study area is rich in tourism resources,
and tourism resources can promote not only economic development, but also strengthen
environmental protection.

6. Conclusions

Based on geographical big data, this paper explored and analyzed the spatial-temporal
evolution characteristics of land use in Wenchuan County before and after the Wenchuan
earthquake by using a land use comprehensive degree index, land use transfer matrix, and
landscape ecological index. The results show that:

(@ The area of cropland, forest, built-up and bare land in the study area changed
greatly before and after the earthquake. In Yinxing Township, the area of forest changed the
most, decreasing from 272.98 km? in 2007 to 262.26 km? in 2008. By 2020, the area of forest
increased to 262.53 km? after earthquake recovery. After the earthquake and secondary
geological disasters, the comprehensive indexes of land use degree increased slightly in
the northern and southern regions of the study area, and the regions with large change
rates were mainly distributed in Wolong Town, Keku Township, and Weizhou Town in the
eastern part of the study area. From 2014 to 2020, the comprehensive indexes of land-use
degree in the study area were basically in the stage of rising development.

@ The “5-12” Wenchuan earthquake caused serious damage to the natural surface.
From 2007 to 2008, the surface cover types of the study area changed into and out of forest
land; the area that turned out to be forest is large, with an area of 33.48 km?. During the late
period of the earthquake, the land use in the study area was improved, and the vegetation
was restored well under the action of artificial measures and natural restoration.

(® From the perspective of landscape ecology in the earthquake-stricken regions of
land use are analyzed, compared to 2007, most of the landscape in the study area after the
earthquake to kind of PD, the LSI value increased, Al basic declining value, shows that
the earthquake caused intensified region degree of landscape fragmentation, landscape
heterogeneity, low connectivity between landscape patches. After 2008, the PD and LSI
values of most landscape types decreased, while Al values increased, indicating that the
ecological environment of the whole region showed a benign development in the post-
earthquake period.

(® Affected by the slope and the Wenzhou-Maowen fault zone, the proportion of
land-use change is higher in the area with a slope of >25° and closer proximity to the
Wenzhou-Mawen fault zone, and the degree of land destruction is more serious. Social
and economic development and human measures promote the restoration of the regional
ecological environment, and government policies, regulations, and policy guidance are the
main driving factors affecting the improvement of the regional ecological environment.
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