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Abstract: Land use transition and its eco-environmental effects are important research topics. Its
essence is the process that human activities exert interference to the ecological environment in the
process of social and economic development, and the ecosystem resists interference and recovers and
adapts to interference. The article starts from the transition of land use dominant morphology and
takes ecological resilience as the breakthrough point. Based on four periods of land use data, this
article studied the spatio-temporal evolution of land use and ecological resilience and the response
of ecological resilience to land use transition in China from 1990 to 2020. The results showed as
follows: (1) During the study period, the construction land in China continued to increase, and
the forest land, grassland, and farmland showed a fluctuating trend. (2) The spatial distribution
pattern of ecological resilience showed the characteristics of “high in the southeast and low in the
northwest”. The mean value and total value of ecological resilience in the region decreased first and
then increased, taking 2010 as the dividing line. The difference in ecological resilience increased first
and then decreased. (3) Ecological land and construction land are the main types of land that affect
the changes in ecological resilience. The higher the proportion of ecological lands such as forest land,
grassland, and waters, the smaller the variable coefficient of ecological resilience. The higher the
proportion of construction land, the greater the difference in ecosystem elasticity among different
types of areas.
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1. Introduction

Achieving sustainable environmental management and improving the living condi-
tions of human beings is the long-term goal of global environmental protection, and it is
also an inevitable choice in the current economic construction and environmental protection
situation. Especially since the 21st century, the rapid urbanization process has brought
about a series of resource and environmental problems, such as the growth of the urban
population, the rapid spread of industrial pollution, and the deterioration of the ecological
environment, which have made the ecological environment under unprecedented pressure
and challenge [1,2]. About 23% of the expansion of human activity between 2000 and
2020 occur at high elevations in Asia, resulting in soil erosion, landscape fragmentation,
and potential effects on biodiversity loss, degradation of ecosystem services, and global
warming [3,4]. Unsustainable, high-pollution and high-emission agricultural production
modes have pushed the productive capacity of the land to its limits. This has caused serious
degradation of land and environmental services and gradually sharpened the contradiction
between the carrying capacity of the ecological environment and the sustainable develop-
ment goals [5]. Thereby, the United Nations has taken a series of measures to restructure,
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rebuild and reshape the ecosystem. For example, the United Nations Office for Disaster
Risk Reduction (UNDRR) pointed out in its report in March 2013 that “Resilience cities”
should be built around the world to cope with natural disasters. In 2021, the United Na-
tions Environment Programme (UNEP) and the Food and Agriculture Organization of the
United Nations (FAO) launched the “Decade of Ecosystem Restoration (2021-2030)”, which
is committed to promoting the protection and repair of ecosystems around the world [6].
In the same year, at the United Nations Climate Conference in Glasgow, more than 140
countries signed the «Declaration on Forests and Land Use», which aims to “protect forests
and other land ecosystems and accelerate its recovery” [7].

Resilience is the ability of a system to withstand disturbances and still maintain its
basic structure and function [8]. It is the key to maintaining regional sustainability [9].
In 1973, Holling introduced the concepts of resilience and stability into the ecosystem,
believing that ecological resilience is the amount of disturbance that the system can ab-
sorb by adjusting parameters such as system state variables and driving variables on the
premise that the structure, function, and feedback of the system remain unchanged [10].
As the contradiction between human and land relationships, more and more scholars
pay attention to ecological resilience. Current research on ecological resilience mainly
focuses on the following aspects: (1) Discussion of ecological resilience theory. With the
deepening of regional sustainable development, the definition of ecosystem resilience has
been enriched and developed. The view that ecosystems have the ability of self-regulation
and self-recovery has gradually been recognized. For example, Westman believed that
resilience force refers to the process, mode, and speed of the initial structure and functional
recovery in the ecosystem after disturbance, which reflects the character and complexity of
stable processes in the ecosystem [11]. Walker [12] and Sasaki et al. [13] believe that the
anti-interference ability of an ecosystem to keep its original structure and characteristics
unchanged within a certain period of time is called ecological resilience. Gao believed that
ecological resilience is the ability of an ecosystem to self-sustain, self-regulate and resist var-
ious pressures and disturbances [14]. Some scholars have also analyzed the connotation of
ecological resilience. For example, Gao [14] and Sterk et al. [15] believe that the connotation
of ecological resilience can be summarized into two aspects, one is the resilience strength of
the system, and the other is the resilience limit of the system. The former depends on the
state of the system, while the latter depends on the coverage types and levels of land cover,
as well as the diversity of land cover. However, Cote [16] believes that ecosystem resilience
includes two independent processes: disturbance amplitude and recovery speed. Some
scholars have analyzed ecological resilience from two dimensions: structural resilience
and functional resilience [17]. (2) Quantitative evaluation of ecosystem resilience, such as
land net primary productivity [18], leaf area index [19], hydroclimatic efficiency model [20],
comprehensive indicators [21], and other methods to quantify the ecological resilience of
specific geographical spaces such as the large urban agglomerations [17], mining areas [22],
river basins [23], plateaus and nature reserves [24,25]. (3) Sustainable construction of
society-ecosystem under the guidance of resilience thinking. For example, urban planning
under the concept of resilience [26], the recovery of the social ecosystem after disasters [27],
and the improvement path of ecological resilience of resource-based cities [28].

The ecosystem is a complex and open adaptive system that is affected by the com-
prehensive influence of nature and human factors and responds to various disturbances
through a series of feedback mechanisms. With the rapid progress of urbanization, the com-
prehensive carrying capacity of the ecological environment is increasing, and the ecological
environment problems caused by human and natural factors such as land use and climate
change make the ecological system face far more disturbance than the system itself can
resist [29,30]. The vulnerability of the ecosystem is gradually becoming a major scientific
issue that affects or even restricts human survival and sustainable development. As the
underlying surface factor of global environmental change, land use change is the most
direct human driving factor that causes global and regional environmental change. In
the past 30 years, China’s urban size has expanded rapidly, the land cover has changed
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significantly, and the ecological environment has been continuously disturbed by human
activities. Particularly, the land use change in urban agglomerations is very drastic, which
seriously threatens the ecosystem structure and service function. Existing studies have
explored the relevant theories, measures, and spatio-temporal differentiation of ecological
resilience, but there are few studies on the ecological resilience of land use change. The
land is the space carrier of the main economic and social activities of human beings. The
rapid urbanization process has brought a great impact on the ecological environment by
changing the use of land [31]. Under the background of implementing the sustainable
development strategy and building a beautiful China, it is urgent to deeply analyze the
causal relationship between the change in land use structure and ecological resilience in
China. Based on the above scientific question, this article references the theory of land
use transition and takes the remote sensing data of regional land use monitoring in China
from 1990 to 2020 as the main data source, making the following marginal contributions.
(1) Overcome the limitation of previous studies focusing on specific regions and provinces,
quantitatively estimate the state of ecological resilience in different regions of China, and
grasp the spatio-temporal characteristics of ecological resilience in China from the macro
level. (2) A depth analysis of the response of ecological resilience to land use transition
and its regional differences from the perspective of dominant morphology, which makes
up for the lack of the internal heterogeneity of regional ecosystem resilience in previous
studies. The research is expected to provide decision support for the stability of the regional
ecosystem and provide scientific evidence for achieving sustainable development.

2. Theoretical Analysis of Driving Mechanism

Ecological resilience refers to the ability of the ecosystem to self-maintain, self-regulate
and resist various external pressures and disturbances after it deviates from the non-
equilibrium state. Due to the ecosystem being a dynamic, open system, it is under various
pressures, disturbances, and changes at any time to provide a relative stability environment
for life in the system. The reason this relative stability environment can be maintained is the
self-maintenance and self-regulation function of the ecosystem [14]. Therefore, the existence
of ecosystem resilience lays the foundation for human survival and development. At the
same time, it is the result of the synthetical effect of human activities and natural environ-
mental elements. In the ecosystem, climate conditions, vegetation, and land use determine
the characteristics of the ecosystem. The different combinations of these factors constitute
different types of ecological environments and also determine the ability of the ecological
system to resist interference and recovery after disturbance. Vegetation status is the main
factor in maintaining the stability and anti-interference ability of the ecosystem. Vegetation
determines the morphological structure of the ecosystem, and the photosynthesis of green
plants provides energy for the operation of the ecosystem. Vegetation cover is closely
related to meteorological factors. Through water vapor transmission, vegetation adapts to
climate change and represents climate change to a certain extent. Vegetation participates in
and influences the global water cycle and energy balance process [32] and has a biogenic
influence on ecosystem change. Different vegetation types have different water absorption
capacities and requirements. The higher the rainfall, the faster the vegetation growth and
the greater the ecological and environmental benefits. Land use change is an important
reason for ecosystem change. In the process of urbanization and industrialization, the
agglomeration of population and industries to urban increases the demand for construction
land. It will inevitably squeeze agricultural land, forest land, grassland, and unused land
and compress the ecological space, thus driving the change of ecosystem services and func-
tions. The change in land use structure and function leads to the change in vegetation cover
type and its combination [33] (Figure 1). Social and economic development is the basic
reason driving the change in the ecosystem and ecological resilience. In the process of social
and economic development, human activities such as production activities, environmental
pollution, population growth, transportation, and planning goals will exert great pressure
on the ecosystem and affect its quality and stability.
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Figure 1. The driving mechanism of ecological resilience.

As the main embodiment of human activities on the land surface system, land use is a
long-term and periodic management and governance of land by human beings according
to the natural characteristics of the land and certain socio-economic objectives [34]. Land
use transition refers to the temporal changes of land use morphology driven by economic
and social changes and innovations, including dominant and recessive morphology [35,36].
The former refers to the structure composed of main land types, including quantitative
attributes such as area and share and spatial structure attributes. The latter refers to the
land use morphology that is not easily detected and can be obtained through analysis,
testing, monitoring, and investigation. Land use transition is related to economic and social
development. The rapid development of industrialization and urbanization drives the
change of land use morphology, especially the dominant morphology, such as land quantity
and spatial structure, due to the economic and social development stage as well as the ex-
isting institutions and policy system differences [37]. Therefore, the dominant morphology
of land use in a traditional agricultural area, urban agglomeration area, and nature reserve
are different. This article mainly discusses the response of ecological resilience to land use
transition from the perspective of land uses dominant morphology.

3. Materials and Methods
3.1. Data Collection

The data used in this article include land use data, meteorological data, and socioeco-
nomic data. Four periods of land use data (1990, 2000, 2010, and 2020) were generated by
artificial visual interpretation using Landsat remote sensing of the United States as the main
information source. According to the standard of the land resource classification system in
China, land use types were divided into farmland, forest land, grassland, waters, construc-
tion land, and unused land. The vegetation index of 2000, 2010, and 2020 was based on
SPOT/VEGETATION NDVI satellite remote sensing data and was generated by the maxi-
mum synthesis method. The vegetation index of 1990 was derived from Landsat satellite
remote sensing data. The data of meteorological data in China from 1990 to 2020 are based
on the daily observation data of meteorological elements at more than 2400 observation
stations in China. By calculating the annual value of each meteorological element, the
spatial interpolation data of each annual meteorological element are generated by Anuspl
interpolation software. The above data come from the resource and environmental science
data center of the institute of Geographic Sciences and Natural Resources Research, with
a spatial resolution of 1 km. Urbanization level data are derived from the Chinese City
Statistical Yearbook and the provincial Statistics Yearbook.
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3.2. Methodology
3.2.1. Ecosystem Resilience

The concept and connotation of ecological resilience can be summarized into two
aspects: system resilience strength and resilience limit. The specific calculation model is
as follows:

E=A X X ECOes 1)

In the formula, E is ecosystem resilience, A is the adjustment coefficient (The value is
0.01 according to reference [38]), i is the resilience strength coefficient of the ecosystem,
ECOy,s is the ecological system resilience limit.

The resilience strength of an ecosystem can be determined by the characteristic factors
of the ecosystem, such as climate and vegetation. The resilience limit of the ecosystem is
related to the type of land cover and its resilience score (grade status).

HXx N
~ PxC @)
ECOps =HY " | S; X L; ®)

In the formula, H is the landscape diversity index, N is the vegetation index, P is
the annual precipitation change rate, C is the annual temperature change rate. S; is the
resilience score of land type i. Referring to existing research, the resilience scores of
farmland, grassland, forest land, waters, construction land, and unused land are 0.5, 0.6,
0.9, 0.8, 0.4, and 0.3, respectively [39,40]. L; is the proportion of land i.

3.2.2. Landscape Diversity Index

The resilience limit of ecosystems depends not only on the type and grade of land
cover but also on the diversity of land types. The landscape diversity index reflects the
diverse degree and proportion change of landscape types in the study area. The higher the
index, the greater the diversity of the landscape type and the greater the resilience of the
ecosystem. The calculation formula is:

H=-Y" piln(p) (4)

In the formula, H is the landscape diversity index, p; is the proportion of landscape
type i; n is the number of landscape types in the study area.

3.2.3. Annual Precipitation Change Rate and Annual Temperature Change Rate

Precipitation change rate refers to the possible fluctuation or oscillation range of pre-
cipitation events. The greater the change rate, the more frequent abnormal precipitation,
the stronger the climate heterogeneity, and the greater the impact on the ecological envi-
ronment [41]. The annual precipitation change rate refers to the inter-annual change of
precipitation, which can be divided into absolute precipitation change rate and relative
precipitation change rate. Generally, precipitation change rate refers to the relative change
rate of precipitation [42], which can be expressed as the percentage of the absolute change
rate of precipitation and the average annual precipitation. The value reflects the stability or
reliability of precipitation.

_ wX|Ri—R|

p
R

x 100%, (i=1,2,3..., n) (5)

In the formula, p is the relative change rate of annual mean precipitation in the study
area, R; is the actual precipitation in 7, R is the average annual precipitation.
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The annual temperature change rate refers to the inter-annual change in temperature,
expressed as the relative change rate of inter-annual temperature. The calculation formula
is as follows:

c=1=

1 n
1T — T
‘ggi%égg—lx1mw@(i:142,3~-1n> ©)

In the formula, C is the relative change rate of annual mean temperature in the study
area, T; is the actual temperature in 7, T is the average annual temperature.

3.2.4. Urbanization Speed

Urbanization is the process in which the development of industrialization, non-
agricultural economic activities are concentrated in urban areas. Rural labor and its family
members are migrated from rural to urban and change to the urban population. Non-
agricultural is the main feature of urbanization. The increase in population and economic
activities in urban will lead to an increase in demand for land resources and then lead to a
change in land use. Therefore, the proportion of the non-agricultural population in the total
population is used to represent the urbanization level. The non-agricultural population and
total population are resident populations within the region. Urbanization speed refers to
the average growth rate of urbanization level in a period of time. The formula is as follows:

To = (pren— po) )

In the formula, T, is the urbanization speed; n is time interval; p;+, and p, were the
urbanization levels in t+n and ¢ year, respectively. According to the research of Luo [43],
the average annual growth rate of urbanization speed can be divided into five categories:
slow speed urbanization (0.1-0.6), normal speed urbanization (0.6-0.8), medium speed
urbanization (0.8-1), high speed urbanization (1-2) and ultra-high speed urbanization (2—4).
It is used to analyze the differences in regional socio-economic development and the impact
of urbanization speed on land use changes and ecosystem resilience.

4. Results
4.1. Land Use Transitions in China from 1990 to 2020
4.1.1. The Spatial-Temporal Pattern of Land Use

Forest land and grassland are the most widely distributed land use types in China.
The area of forest land and grassland in China is, respectively, 22,603.12 x 10* hm? and
27,110.51 x 10* hm?. Forest land is concentrated in the southern mountainous region
and northeast China. Grassland is mainly distributed in northwest China, such as Tibet,
Inner Mongolia, Xinjiang, Qinghai, Gansu and other provinces. In the same period, the
proportion of unused land and farmland was relatively high, while the proportion of waters
and construction land was relatively small. The unused land area is 21,883.55 x 10* hm?,
accounting for 23% of the total land of the country, which is concentrated in the northwest
and northern regions, such as Inner Mongolia, Qinghai, Tibet, Xinjiang and other places,
indicating that the reserve land resources in western China are sufficient (Figure 2).

From 1990 to 2020, the pattern of land use in China has changed significantly. The
forest land showed a fluctuation change trend, which showed first a decrease, then an
increase and then a decrease, and the turning points were in 2000 and 2010, respectively.
The farmland and grassland showed an obvious transition trend.The farmland increased
first and then decreased, and the turning point was in 2010, while the grassland showed
a trend of decreasing first and then increasing, and the turning point was also in 2010.
Construction land continued to rise during the study period, but the rate of increase was
slowing and there was no obvious turning point. The unused land showed a trend of
first decreasing, then increasing and then decreasing, and the peak point was in 2010. In
general, the area of forest land and grassland decreased, while the area of construction
land, waters and farmland increased (Table 1). Specifically, the forest land and grassland
decreased by 375.92 x 10* hm? (0.5%) and 743.63 x 10* hm? (0.91%), respectively. Con-
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struction land, waters and farmland increased by 1000.48 x 10* hm?, 89.16 x 10* hm?
and 196.28 x 10* hm?, respectively. The growth of construction land is the largest, which
indicates that with the rapid improvement of urbanization, the demand of construction
land for social and economic development is increasing.

S G g ; oAl TS {k‘g// <,
Land use type 2 iA !

l:l Farmland A ’
- Forest Land
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W Waers
- Construction land
- Unused land

Nodata

Figure 2. Land use in 2020.

Table 1. Proportion and change of land in China from 1990 to 2020 (%).

Time Farmland Forest Land Grassland Waters Construction Land Unused Land
1990 18.63 24.26 29.41 3.06 1.80 22.84
2000 19.03 24.07 29.03 3.08 1.96 22.82
2010 18.89 24.19 28.24 3.03 2.47 23.18
2020 18.76 23.76 28.50 3.14 2.84 23.00
1990-2000 0.40 -0.19 —0.38 0.02 0.17 —0.02
20002010 —0.14 0.12 —0.79 —0.05 0.51 0.36
2010-2020 —0.13 —0.43 0.26 0.11 0.37 —0.18
1990-2020 0.12 —0.50 —0.91 0.08 1.04 0.16

In order to further analyze the land use of regions with different urbanization levels in
China during the study period, the urbanization speed of cities in China was calculated
and divided according to formula (7). The results are shown in Figure 3. Generally, from
1990 to 2020, most of the Chinese cities belong to high speed urbanization, and these cities
are mainly distributed in the eastern region. Slow urbanization areas are mainly distributed
in northeast and northwest China. The spatial distribution of medium speed and normal
speed urbanization area is relatively dispersed. From the perspective of regional land
use change, in the slow urbanization area, the farmland and construction land increased
year by year, the forest decreased year by year, the grassland and waters decreased first,
and then increased after 2010. The unused land increased from 1990 to 2010, and then
decreased slightly in 2020. The farmland and forest land fluctuated in the normal speed
urbanization area. However, compared with 1990, the area of farmland increased and the
area of forest land was smaller at the end of the study. The proportion of grassland, waters
and unused land decreased year by year. The farmland and forest land fluctuated in the
normal speed urbanization area, but compared with 1990, the area of farmland increased
and the area of forest land was smaller in 2020. The proportion of grassland, waters and
unused land decreased year by year. In the medium-speed urbanization area, the farmland
and grassland increased first and then decreased, and the turning point was in 2010. By
2020, the proportion of farmland in the medium-speed urbanization area had been higher
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than 1990, and the grassland had not recovered. The forest land and waters fluctuated
and the proportion of unused land increased year by year. In the high speed urbanization
area, the farmland decreased year by year, the forest land increased from 1990 to 2010,
and the proportion decreased from 2010 to 2020. The proportion of grassland decreased
from 1990 to 2010, and recovered in 2020. The proportion of waters has experienced a
process of increase, decrease and increase, the turning point was in 2010, and by the end
of 2020, it had basically recovered to the initial state. In the ultra-high speed urbanization
area, the proportion of farmland, forest land and waters decreased year by year, and the
proportion of grassland also showed a decreasing trend. In addition, with the improvement
of urbanization, the construction land in each type increased year by year during the study
period (Figure 4).

. {
Legend U™
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Normal speed urbanization
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- High speed urbanization
- Ultra-high speed urbanization
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Figure 3. Urbanization speed of cities from 1990 to 2020.
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4.1.2. Land Use Transition Model

The internal conversion of different land use types in China during the study period
was explored. Based on the land use data, the spatial analysis function of ArcGIS software
was used to make an intersect analysis of the land use in different periods, and the conver-
sion map between different land types in the study area during 1990-2020 were obtained
(Figure 5). According to the transition model of different land use types (Table 2), construc-
tion land and farmland increased, grassland, forest land and unused land decreased during
1990-2020. Specifically, (1) The expansion for construction mainly derived from farmland,
forest land and grassland, with 851.47 x 10* hm? of farmland, 122.64 x 10* hm? of forest
land and 107.86 x 10* hm? of grassland converted into construction land, respectively. The
transition of farmland to construction land mainly occurs in eastern and central China, such
as Shandong, Jiangsu, Shanghai, Beijing, Tianjin, and other provinces. Due to the rapid
gathering of economic development and the population, regional construction land has
expanded rapidly, and a large amount of farmland is convert into construction land. The
transition of forest land to construction land is mainly distributed in southern China, while
the conversion of grassland to construction land is mainly in northern China. (2) In addition
to being converted to construction land, farmland in some areas is mainly converted into
forest land, which mainly occurs in Guangxi, Liaoning, Jilin, the west of Hubei, and the
south of Heilongjiang. The conversion of this type is largely related to policies. In order
to protect and improve the ecological environment, some provinces in China successively
carried out the plan of returning farmland to forest in 1999, stopping the cultivation of
sloping land, and carrying out afforestation project according to local conditions. At the
same time, some forest land, grassland and unused land were converted into farmland,
and the converted area was 593.1 x 10* hm?, 723.82 x 10* hm? and 260.84 x 10* hm?,
respectively. In general, the transfer-in area is greater than the transfer-out area, and the
total increase of farmland is 194.55 x 10* hm?, which also shows the effect of the policy of
“protecting farmland” in China. (3) In addition to the transfer of grassland into construc-
tion land, grassland was also mainly transferred into farmland, unused land and forest
land, and the transferred area of grassland was 723.82 x 10* hm?, 409.14 x 10* hm? and
361.99 x 10* hm?, respectively. The transfer of grassland to farmland is mainly distributed
in eastern Xinjiang, Shandong Peninsula, and eastern Inner Mongolia. Grassland trans-
formed into unused land was distributed in Inner Mongolia, Heilongjiang, Xinjiang and
other provinces, while grassland transformed into forest land mainly occurred in southwest
Liaoning, northern and eastern Heilongjiang. (4) The decrease of forest land is resulting
from the transfer of forest land into farmland, grassland and construction land. By 2020,
593.1 x 10* hm? of forest land was converted into farmland, mainly distributed in Guangxi,
Hubei and northeast China. The conversion of forest land to grassland is mainly distributed
in northern Heilongjiang and Hubei.

Table 2. Transfer matrix of land use in China from 1990 to 2020 (10* hm?).

Land Use Types in 2020
Land Use Types -
in 1990 Farmland Forest Grassland  Waters Construction  Unused Total
Land Land Land
Farmland 15,996.83  356.74 248.3 143.54 851.47 51.5 17,648.38
Forest land 593.1 21,797.65 291.64 48.1 122.64 125.03 22,978.16
Grassland 723.82 361.99 26,172.39 78.84 107.86 409.14 27,854.04
Waters 119.78 25.07 40.02 2544.92 53.67 105.28 2888.74
Construction land 148.56 16.92 10.63 11.14 1506.77 6.41 1700.43
Unused land 260.84 40.39 345.28 118.72 40.13 21,184.55 21,989.91

Total 17,842.93  22,598.76 27,108.26 2945.26 2682.54 21,881.91  95,059.66
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Figure 5. Land use change in China from 1990 to 2020. Notes: 1-6 represent farmland,
forest land, grassland, waters, construction land, and unused land. 12: Farmland— Forest
land; 13: Farmland—Grassland; 14: Farmland—Waters; 15: Farmland—Construction land;
16: Farmland—Unused land; 21: Forest land—Farmland; 23: Forest land—Grassland;
24: Forest land—Waters; 25: Forest land—Constructionnland; 26: Forest land—Unused
land; 31: Grassland—Farmland; 32: Grassland—Forest land; 34: Grassland— Waters;
35: Grassland—Construction land; 36: Grassland—Unused land; 41: Waters—Farmland;
42: Waters—Forest land; 43: Waters—Grassland; 45: Waters—Construction land;
46: Waters—Unused land; 51: Construction land—Farmland; 52: Construction land—Forest
land; 53: Construction land—Grassland; 54: Construction land—Waters; 56: Construction
land—Unused land; 61: Unused land—Farmland; 62: Unused land—Forest land; 63: Unused
land—Grassland; 64: Unused land— Waters; 65: Unused land— Construction land.

4.2. Ecological Resilience Change and Its Response to Land Use
4.2.1. Ecological Resilience Change

Formula (1) can be used to calculate the ecosystem resilience. From the perspective
of time dimension, the mean and sum of the ecosystem resilience from 1990 to 2020
shows a trend of first decreasing and then increasing. The mean values of ecological
resilience in 1990, 2000, 2010, and 2020 were 0.237, 0.209, 0.184, and 0.233, respectively.
The variable coefficient of ecological resilience increased first and then decreased, which
were 0.158, 0.204, 0.254, and 0.216, respectively. These results indicate that the adjustment
and resistance capacity of ecosystems decreased from 1990 to 2010, and the differences of
ecological resilience within regions increased. However, after 2010, the ecological resilience
recovered and the differences within regions decreased.

In order to clarify the regional differences of ecological resilience in China during the
study period, the natural break point classification method was adopted to classify the
ecological resilience coefficients in 1990, 2000, 2010, and 2020, as shown in Figure 6. In
general, the spatial distribution of ecological resilience in China is higher in the southeast
and lower in the northwest. The regions with high values of ecological resilience are
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mainly distributed in Hunan, Yunnan, Guanxi, Guangdong, Zhejiang, Fujian, Hainan and
other provinces. The ecological resilience of Xinjiang, Tibet, Qinghai, Gansu, Ningxia,
Inner Mongolia and other northwest regions is low, at about 0.2. At the space dimension,
the mean value of ecological resilience in any region decreases first and then increases
(Figure 7). From 1990 to 2010, the mean value of ecological resilience in slow, normal,
medium, high and ultra-high speed urbanization areas decreased year by year. In 2010,
there were an obvious turning point and the mean value of ecological resilience began to
rise, but it did not recover to the level of 1990.
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Figure 6. Ecological resilience changes in China from 1990 to 2020.
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Figure 7. Mean changes of ecological resilience in different urbanization.
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In general, China’s ecological resilience has undergone a significant trend turning
point in the past 30 years, showing a decline from 1990 to 2010, but a trend reversal after
2010. There is no obvious regional difference, and the same rule is shown in all regions with
any speed of urbanization. In the five types of urbanization areas, the ecological resilience
showed a trend of decline first and then increase, but there were certain regional differences
in the degree of recovery of ecological resilience from 2010 to 2020. According to the mean
value of ecological resilience in regions with different urbanization, the recovery degree
of ecological resilience in the ultra-high speed urbanization areas is the smallest (0.046),
followed by the slow speed urbanization areas, the normal speed urbanization areas and
the medium speed urbanization areas.

4.2.2. The Response of Ecological Resilience to Land Use

The development of human civilization is a process in which agricultural space and
urban space continue to expand, squeezing and absorbing natural ecological space. The
resilience of an ecosystem is related to ecological space/land use. In the study area, the
proportion of grassland is the largest among the three types of ecological land (forest land,
grassland and waters). During the study period, the ecological land in China changed
obviously. The proportion of grassland and waters showed a trend of decreasing first
and then increasing, and the two types of land showed a trend of increasing after 2010.
In general, compared with 1990, the proportion of forest land decreased by 0.5% that of
grassland decreased by 0.91%, and waters increased by 0.08% (Figure 8). The total area of
grassland and waters accounted for more than 30%, which was significantly higher than
that of forest land. Therefore, grassland and waters play a dominant role in the ecological
space of the study area. Influenced by the proportion of ecological land, the mean and sum
of ecological resilience in the region and different urbanization area in China also showed a
trend of first decreasing and then increasing, and the turning point was in 2010. After 2010,
the ecological resilience of different urbanization area showed internal heterogeneity.
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Figure 8. Ecological land proportion changes in China from 1990 to 2020.

According to the regional ecological land proportion and the variable coefficient of
ecological resilience, the following two rules can be obtained: (1) From the time dimension,
the proportion of ecological land is negatively correlated with the ecological resilience
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variable coefficient (Table 3), and the correlation coefficient is 0.6 or above.This indicates
that no matter whether the urbanization speed is fast or slow, all regions show that the
higher the proportion of ecological land, the smaller the variable coefficient of ecological
resilience. Increasing regional ecological land can reduce the internal differences of ecologi-
cal resilience. (2) From the perspective of cross-section, the slow urbanization is mainly
located in the arctic-alpine, desert and other ecological barrier areas, and the proportion of
ecological land is relatively high. The urban space expansion speed is slow with the slow
urbanization speed. The degree of land use change in the region is small, and the internal
difference of ecological resilience is small, which leads to the small variable coefficient
of ecological resilience. Therefore, in the process of cross-sectional analysis, except for
the slow urbanization, the same rule can be found in the remaining four regions. The
ecological land proportion is negatively correlated with the variable coefficient of ecological
resilience. The higher the ecological land proportion is, the smaller the variable coefficient
of ecological resilience is (Table 4). Based on the results of time series and cross-section
analysis, there is a correlation between the ecological land proportion and the variable
coefficient of ecological resilience. For the same type and different types in the same time
period, the higher the proportion of ecological land, the smaller the variable coefficient of
ecological resilience, showing the consistency of the spatio-temporal effect.

Table 3. Time series regression analysis of ecological land proportion and ecological resilience
variable coefficient.

Model Summary and F-Test Regression Coefficient and ¢ Test
Unstandardized
. Standard Coefficients
Time R? A‘;{]; st Error F Sig. t Sig.
Estimates B Standard
Error
constant  0.623 0.083 7.480  0.017
1990 0937  0.905 0.017 29.60  0.032 N Z0794 0146 _5.440 0.032
constant  0.707 0.117 6.048  0.026
2000  0.90 0.847 0.023 17.60  0.052 N _0871 0208 4195 0.052
constant  0.770 0.082 9.332  0.011
2010 0.945 0.921 0.028 36.034 0.027 X —0.908 0.151 —6.003 0.027
constant  0.578 0.075 7.671 0.017
2020 0915 0.872 0.027 21.432 0.044 X —0.642 0.139 4629 0.044

Table 4. Cross-sectional regression analysis of ecological land proportion and variable coefficient of
ecological resilience.

Model Summary and F-Test Regression Coefficient and ¢ Test
Unstandardized
. Standard Coefficients
Time R? Acll{lél st Error F Sig. t Sig.
Estimates B Standard

Error
constant  0.411 0.166 2.470  0.057
Slow speed  0.449 0.339 0.006 4.074 0.100 N 0641 0317 2018 0.100
Normal constant  3.531 1.507 2.343 0.066
speed 0501 0402 0.018 5028 0075 " 5333 2334 -2242 0075
Medium constant  3.251 0.329 9.871 0.000
speed 0945 0934 0.008 8575 0000 . 5471 0591  -9260 0.000
. constant  6.672 1.449 4.604  0.006
High speed 0797 0.757 0.019 19.689 0.007 N 11409 2571 4437 0.007
Ultra-high constant  0.769 0.138 5.557  0.003
speed 0673 0608 007 10289 0024 _j0p 0319 -3208 0.024

As an important material carrier of human activities, land’s spatial expansion is the
direct manifestation of social and economic processes. In the process of urbanization, the
expansion of construction land has a strong disturbance to the ecological environment,
resulting in a greater spatial deviation between land use and ecological environmental
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protection [44]. In general, the proportion of construction land in China has increased
significantly from 1990 to 2020. The proportion of construction land in various urbanization
is in the order of slow speed, normal speed, medium speed, high speed and ultra-high speed.
From the relationship between construction land and ecological resilience, it can be found
that during the study period, the proportion of construction land in China was significantly
positively correlated with the variable coefficient of ecological resilience (Table 5), and
there was a strong correlation between the two. With the increase of construction land,
the variable coefficient of ecological resilience in each urbanization area also increased.
It shows that the disturbances of various forms such as land use structure, development
mode, and human activity in the process of urbanization have increased the difference
of ecosystem resilience in the region. From slow urbanization area to ultra-high-speed
urbanization area, with the increase of urbanization, the proportion of construction land
in each region increases significantly, and the variable coefficient of ecological resilience
also increases (Table 6). However, regional differences also exist. From the perspective of
cross-section, the correlation coefficient between the proportion of construction land in
the slow urbanization area and the variable coefficient of ecological resilience in the ultra-
high-speed urbanization area is gradually increasing. The correlation coefficients between
the proportion of construction land and the variable coefficient of ecological resilience in
the slow, normal, medium, high and ultra-high speed urbanization areas were 0.39, 0.54,
0.66, 0.69, and 0.85, respectively. This indicates that with the increase of the proportion
of construction land, the variable coefficient of ecological resilience will increase, and the
faster the urbanization speed, the more obvious this effect is.

Table 5. Time series regression analysis between construction land proportion and ecological re-
silience variable coefficient.

Model Summary and F-Test Regression Coefficient and ¢ Test

Unstandardized

. Standard Coefficients
Time R2 A‘;{];l st Error F Sig. t Sig.

Estimates B Standard

Error
constant  0.101 0.012 8.632 0.000
1990 0.833  0.809 0.024 34.886 0.001 X 1588 0.269 5.906 0.001
constant  0.146 0.021 6.946 0.000
2000 0.622  0.568 0.050 11.507 0.012 N 0.842 0.248 3.392 0.012
constant  0.185 0.042 4451 0.021
2010 0.688  0.584 0.078 6.613 0.082 N 0.588 0.229 2572 0.087
constant  0.159 0.022 7.205 0.000
2020 0.622  0.568 0.055 11.522 0.012 N 0.461 0.136 3394 0012

Table 6. 1990-2020 Ecological land, construction land and the variable coefficient of ecological resilience.

Time Types of Proportion of Proportion of Variable
Urbanization Ecological Land  Construction Land Coefficient
Slow speed 53.52 0.43 0.07
Normal speed 65.08 1.47 0.11
1990 Medium speed 56.73 1.85 0.15
High speed 56.77 3.03 0.18
Ultra-high speed 48.66 10.16 0.25
Slow speed 52.78 0.44 0.07
Normal speed 64.60 1.54 0.15
2000 Medium speed 55.63 2.03 0.19
High speed 56.56 3.34 0.24

Ultra-high speed 47.08 21.47 0.30
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Table 6. Cont.
Time Types of Proportion of Proportion of Variable
Urbanization Ecological Land  Construction Land Coefficient
Slow speed 51.51 0.58 0.09
Normal speed 64.54 1.65 0.18
2010 Medium speed 55.11 2.36 0.24
High speed 56.09 4.29 0.29
Ultra-high speed 39.29 40.30 0.41
Slow speed 51.90 0.64 0.07
Normal speed 64.14 1.86 0.15
2020 Medium speed 55.72 2.70 0.21
High speed 56.07 5.00 0.25
Ultra-high speed 37.81 42.10 0.33

5. Discussion

Quantitative analysis land use change and its eco-environmental effects are of great
significance to regional ecological security and sustainable development. Based on the
relationship between land use dominant morphology and ecological resilience, this article
quantitatively explored the spatio-temporal evolution of land use dominant morphology
and ecological resilience in China from 1990 to 2020, as well as the response of ecological
resilience to land use transitions. It can provide a scientific basis for regional ecological
environmental protection and sustainable development, as well as territory spatial planning,
ecological management policy formulation, etc. Based on the research contents, the main
research findings and ecological environment optimization approaches under land use
transition are discussed as follows:

(1) Land use transition and its eco-environmental effects are compatible with the stage
of socio-economic development. The morphology of regional land use corresponds to
its economic and social development stage [45,46], thus driving the change of ecological
resilience. The research shows that the pattern of land use in China has changed signifi-
cantly in the past 30 years. The forest land and grassland showed a fluctuation trend of
decreasing first and then increasing. The turning point was in 2010, and the construction
land continued to increase. The ecological resilience of the study area decreased first and
then increased, and the turning point was in 2010. This indicates that China’s ecosys-
tem adjustment capacity and resistance capacity have been enhanced after 2010, which
is closely related to the development speed of China’s urbanization and national policies.
From 1995 to 2010, China was in the stage of rapid urbanization, with the urbanization
rate increasing from 29% to 50% [47]. In terms of space, China’s urbanization gradually
expanded from the eastern coastal areas to the central and western regions. By 2011, the
urban population exceeded the rural population for the first time, and China entered the
middle stage of urbanization. The upgrading of industrial structure, the flow of production
factors and the national requirements for energy conservation and pollution reduction
is driving the transformation of Chinese cities. To this end, the 18th National Congress
report in 2012 put forward the strategic decision of “Ecological civilization construction”
and “Constructing a beautiful China”. Under the promotion of the policy, the ecological
environment quality continues to improve, the area of forest land and grassland increases
significantly, and the proportion of the forest and grassland increases significantly. Thus,
the adjustment ability and resistance of regional ecosystem are enhanced, and the ecological
resilience is increased.

(2) The spatial pattern of ecological resilience is closely related to the conditions of
ecological environment. It was found that the ecological resilience was higher in the
southeast and lower in the northwest. This spatial distribution pattern is closely related to
the conditions of the ecological environment. The topography of the eastern coast and the
central and western regions of China is mainly plains and hills. The climate condition and
natural resources are more appropriate and superior to economic growth and urbanization
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development. The southwest and northwest of China are dominated by Qinghai-Tibet
Plateau, Hengduan Mountains region, Inner Mongolia Plateau, northwest desert region,
and agric-pasture transitional zone. With annual precipitation of less than 400 mm, they are
arid and semi-arid areas. Most of them are ecologically fragile regions with a serious lack of
water and soil resources, weak anti-interference ability and poor stability of the ecosystem.

(3) Ecological resilience optimization under land use transition. The results show that
the variable coefficient of ecological resilience is inversely proportional to the proportion
of ecological land and positively proportional to the proportion of construction land
in different urbanization. China is a vast territory country with complex and diverse
geographical conditions. Based on the differences in social and economic development
conditions and natural endowments, different regulatory measures should be adopted.
According to the forest transition theory, the transition from rapid expansion to stagnation
determines the process of ecological restoration. Therefore, at the national dimensional,
slow urbanization areas are also important ecological functional areas. The national parks
should be used as the main carriers to strengthen ecological environmental protection and
maintain the function of ecological barriers by applying the concept of rewilding ecological
restoration and combining dynamic and process oriented ecological restoration methods to
explore the “city-rural-wild”systemic recycling pathway. Restoring complex ecosystems
to self-sustaining capacity, by repairing interconnected ecological processes that mutually
promote and reduce or eradicate human intervention. At the regional dimensional, the
speed of urbanization varies, but all are disturbed by human activities. Urban space,
agricultural space and ecological space coexist, with complex elements and high land use
dynamic index. We should compile and supervise the implementation of territory spatial
planning, strictly implement the “three control lines”: ecological conservation redline,
permanent prime farmland and urban development boundary. We should strengthen the
comprehensive improvement of territory spatial, ensure the positive operation of regional
ecosystems, and ensure ecological resilience maintaining stability.

(4) Land use change is an important factor to change the structure and function of
the ecosystem. Although domestic scholars have analyzed the evolution of land use and
ecological resilience [48], because of data limitations, most research takes a certain regional
or provincial for instance. It is difficult to grasp the characteristics of ecological resilience
at the macro level. From the perspective of land use dominant morphology, this article
explores the relationship between land use transition and ecological resilience across the
country by using raster spatial data. Then, considering social and economic factors and
taking urbanization speed as the basis of zoning, the internal difference analysis of land
use transition and ecological resilience among different types was carried out. The method
adopted in this study highly preserves the spatial information of various indicators. It is
convenient to identify areas with serious ecological problems and can provide reference
for regional sustainable development. The research findings of this article based on the
national scale are consistent with the research results of some domestic scholars on regional
or provincial units. For example, ecological land and construction land are the main types
that affect the regional ecological resilience. The decrease of forest land and the increase
of construction land has a counteractive on ecological resilience, which is consistent with
the results of Dou and Xu’s research [21,48]. Affected by the development of nature
and socio-economic, ecological resilience presents a fluctuation state, which is consistent
with reference [49].

There are some limitations in this study. First, the resolution of land use and me-
teorological data at the national scale is low, which leads to the weak description of the
spatial details of ecological resilience. Second, this article analyzes the spatial and temporal
characteristics of land use transition and ecological resilience in China, and uses mathe-
matical models to analyze the relationship between ecological land, construction land and
ecological resilience. However, further quantitative research is needed to determine to what
extent changes in the two types of land can cause ecological resilience change. Therefore,
more detailed research can be carried out on typical areas, such as farming pastoral zones
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and nature reserves, with grid or vector land use data of 30 m and 100 m resolution to
explore the internal mechanism of ecological resilience. In addition, the ecosystem is a
complex and open giant system, it is affected by many variables. Therefore, based on the
research on the internal mechanism of ecological resilience, we can find the key variables
that cause the change of ecological resilience. By controlling key variables, we can simulate
the state and change of ecological resilience in specific situations. In this way, to find the key
threshold of ecological resilience change caused by land use transition, and use sustainable
system management measures to adjust the key threshold to improve ecosystem resilience.

6. Conclusions

(1) From 1990 to 2020, the overall situation of land use dominant morphology transition
in China was as follows: the area of forest land and grassland decreased, while the area of
construction land, waters and farmland increased. The forest land, grassland and farmland
showed a fluctuating trend, and the turning point was in 2010.

(2) During the study period, the ecological resilience of China generally showed a trend
of decreasing first and then increasing. From 1990 to 2010, the adjustment and resistance
capacity of China’s ecosystems declined, and the ecological resilience within the region had
a large difference. After 2010, the ecological resilience recovered and the difference within
the region narrowed. The high value area of ecological resilience is mainly distributed in
southeast China, while the low value area is mainly distributed in northwest China.

(3) The main land use types causing the change of ecological resilience are ecological
land and construction land. For the same type of area and different types of area in the same
time period, the higher the proportion of ecological land, such as forest land, grassland and
waters, the smaller the variable coefficient of ecological resilience. Increasing the regional
ecological land can reduce the internal differences of the region ecological resilience. There
was a significant positive correlation between the proportion of construction land and the
variable coefficient of ecological resilience. The higher the proportion of construction land,
the greater the difference of ecosystem resilience among different types.
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