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In the planning and restoration of land ecological space, the ecological
restoration priority area has attracted more and more attention, especially in
the regions with great vulnerability. As a typical area of karst ecological region in
Southwest China, Wujiang River Basin experienced human disturbance and land
uses which had great impacts on the ecological environment. Based on the land
use evolution from 1985 to 2019, the change of ecological-production-living
land in Wujiang River Basin was analyzed by transfer matrix, intensity analysis
and long-time series trajectory approaches. The results showed that from
1985 to 2019, the ecological land in Wujiang River Basin significantly
decreased, the production land increased first then decreased, and living
land increased significantly. The reduced ecological land was mainly
transformed to cropland. After 1990, the change intensity of land use in
Woujiang River Basin gradually increased. At the category level, the intensity
of forest land change was the most stable, and while that of barren land, shrub
land and grassland were active. At the transition level, the increased impervious
land was mainly from cropland, and the reduced forest land was mainly
transformed into cropland. Trajectory analysis from 1985 to 2019 showed
that the stable land use type of Wujiang River accounted for 67.36% of the
total area of the basin and forest land was the main stable land use type. Our
research spatially identified the land use change from different aspects which
could be a new approach for ecological restoration. Also, our study can provide
decision-making basis for the sustainable use of land resources in the
study area.
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1 Introduction

Land use changes are one of the world-wide issues which
have the most significant effects on the natural environment and
ecosystem processes (Bryan et al., 2018; Hasan et al., 2020; Chu
et al, 2022). The spatial-temporal change of land use provides
basic data for other studies (Tang et al., 2020; Chen et al., 2021;
Zhang et al., 2021; Chatterjee et al., 2022). In order to optimize
and coordinate the leading functions of land use, the concept of
ecological-production-living spaces is put forward, which is an
effective integration and supplement for detailed land use
2018).
ecological land have been carried out from different types
(Guo et al, 2018), in different regions (Zheng and He, 2021)
and at different scales (Zhao et al., 2022).

For quantitative methods on land use change, many

classification (Yang et al, Many researches on

approaches measuring the dynamics, pattern and process are
gradually developed with different conceptual approaches.
Usually, land use change was analyzed by transfer matrix
method in different periods (Meyer and Frith-Miiller, 2020),
utilizing different land use data for various data sources (Chen
et al, 2021). The land use transfer matrix can comprehensively
and specifically analyze the quantitative and structural
characteristics of regional land use change and the change
direction of each category (Takada et al, 2010). Land use
matrix was used to analyzed the ecological effects by
ecosystem services value (Niu et al., 2018; Qiu et al, 2019).
This method is simple and widely used which is effective for
describing historical land use change and simulation analysis.
However, the direct transformation information on different
land use type change cannot reveal the inherent interaction
process between human and environment. Also, it cannot be
systematically conducted in-depth research on the multiple
consecutive time intervals. The matrix method do not show
the interval’s rate of change, the change of each category’s relative
to the its size and specific transitions form one category to
another category (Huang et al., 2012). Therefore, the intensity
analysis method is proposed to calculate the intensity of land use
change from the interval level, the category level and the
transition level, respectively (Aldwaik and Pontius, 2012). The
intensity analysis method can systematically study the transfer
matrix of land use in multiple continuous time intervals (Mallinis
et al,, 2014). Land use intensity has been defined as an effective
means of quantifying the intensity of human interference with
land development and use, management and conservation, and
the corresponding land outputs that result (Huang et al., 2012).
Intensity analysis was used to identify systematic and stationary
processes to analysis its relation with socioeconomic changes and
policies (Mallinis et al., 2014). This concept and its methodology
are commonly promoted in ecology, land science and socio-
economic fields, where demand pressures on different land use
types and land management approaches become the basis for
constructing a land use intensity indicator system. However, both
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the two above methods are based on the comparison of adjacent
land use data to reveal the spatio-temporal patterns of two or
more periods. To acquire more information of land use
evolution, trajectory method has been brought out to obtain
not only the spatial and temporal characteristics of land use
change, but also its transfer and flow direction (Swetnam, 2007).
The method was used to reveal the effect of human activities and
environmental factors (Zhou et al., 2008), reveal the relationships
between change patterns and natural factors (Wang et al., 2012),
the impact of land use trajectories on ground water (Zomlot et al.,
2017), and the impacts of historical trajectories of land use on soil
properties (Libessart et al., 2022). The spatial pattern of land use
change trajectories can provide data support for land use policy
and protection of ecological environment (Wang et al., 2020).

Karst land is an important and unique terrain on the earth’s
surface because of its high ecological fragility. Wujiang River
Basin is located in the typical karst area of Southwest China. The
special geological background, coupled with the impact of human
activities, has led to the continuous degradation of the ecological
environment, which has evolved into a typical ecological fragile
area (Wang and Li, 2007; Xu et al., 2021). Land use is the most
important manifestation of human action on karst environment.
The research on land use change in Wujiang River Basin mainly
includes the impact of land use on soil erosion intensity (Wang
etal,, 2013b), analysis on the evolution of ecosystem service value
based on land use (Niu et al, 2018), spatial and temporal
evolution of land use based on topographic gradient (Liu
et al., 2020), evaluation of eco-environmental effect of karst
mountain basin based on land use transformation (Liu et al.,
2021). Based on this, this study used the transformation matrix,
the intensity analysis and the change trajectory analysis method
to analyze the land use change in Wujiang River Basin. The
objectives of this study were to 1) reveal the change of ecological-
production-living land based on the land use matrix method; 2)
evaluate the intensity and stability of land use change; 3) identify
the spatio-temporal land use change trajectories, so provide basis
for identification of priority areas for ecological restoration. Our
study provided an integrated application of land use change
trajectory method with traditional land use change analysis
methods. The research can provide data support and decision-
making basis for the sustainable use of land resources and
ecological environment protection.

2 Material and methods

2.1 Study area

The Wujiang River Basin is located in Southwest China
(26°06'-30722'N, 104°10'-109°22'E), (Figure 1), with an area of
87,900 km® and a total length of 1,037km. The region is
characterized by the subtropical temperate and humid monsoon
climate, with an average annual temperature of 13-18°C, an annual
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FIGURE 1

The position of Wujiang River Basin

TABLE 1 Code table of land use types.

Impervious land

Land use code Type

1 Cropland
2 Forest land
3 Shrub land
4 Grassland
5 Water area
6

7

Barren land

average precipitation of 1,130 mm. It is a typical karst area and rocky
desertification area, as well as an important water conservation area
and soil conservation area designated by National Ecological
Function Zoning. Irrational land use has led to ecological
degradation of this fragile karst systems.

2.2 Data sources

The land use data from 1985 to 2019 were derived from
https://zenodo.org/record/4417810#.YuqLFc7YuUl,
spatial resolution of 30 m and eight period. The land use in

with a

the study area is classified into 7 types, including cropland, forest
land, shrub land, grassland, water area, barren land, impervious
land. The land use codes used for trajectory analysis were shown
in Table 1. The ecological lands include forest land, shrub land,
grass land, water area and barren land. Cropland is classified as
production land and impervious land is classified as living land.
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2.3 Research methods

2.3.1 Land use transfer matrix

The land use transfer matrix was used to analyze the
transformation of various land use types during one certain
period, which can describe the changing area and direction of
different land use types (Cai et al., 2017).

2.3.2 Analysis of land use intensity change and
stability

Intensity analysis includes three levels: time interval level,
category level and transition level (Aldwaik and Pontius, 2012).
The change area and change intensity of each time interval and
each land type were calculated, and the observed change intensity
was compared with the uniform change intensity to reveal the
change characteristics of different levels.

2.3.3 Land use change trajectory method

The trajectory of land use change refers to successions of land
use types over the eight periods. The trajectory codes was
calculated using formula as below (Wang et al., 2013a):

T; = (G1); x 10" + (G2); x 10"2 + - -- + (Gn); x 10"™

where T; is the trajectory code of land use change at the give gird;
n is the number of time nodes; (G1),, (G2);, and (Gn); are the
codes of the land use type of each time node at the given grid.

A GIS database of the land use change trajectory of Wujiang
River Basin was obtained using the formula. The database file of the
change trajectory were processed further to extract three indices,
namely: similarity (T), turnover (T) and diversity (D) (Swetnam,
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TABLE 2 Classification principle of land use change trajectory.

10.3389/fenvs.2022.1011755

Turover Diversity Similarity Class Example Notes

0 1 6 Stable 11111111 No changes

2 2 7 Metastable 11111211 One dominant category and changes once in a certain period
1 2 7 Metastable 12222222, 11111117

1 2 4,56 Stepped 11111122, 55511111 One change between two dominant categories
2 2 4,5,6 Discontinuous 11112211 Elements exhibits different trends

2 3 3,4,506 Discontinuous 11111552

3-6 2/3 4,5,6/5,6 Cyclical 21211212 Frequent change has occurred

7 2 4 Cyclical 12121212

3,4/5,6 3 3,4 Dynamic 13212331 A high turnover between many different classes
3-6 4 2,3,4,5 Dynamic 11212143

4,5 5 2,3, 4 Dynamic 11233455

6 5 3 Dynamic 15765411

7 3,4 3,4 Dynamic 12313414

1, cropland; 2, forest land; 3, shrub land; 4, grassland; 5, water area; 6, impervious land; 7, barren land.

1985 2000
== Cropland = Cropland
= Forest = forest
Shrub 4 Shrub
== Grassland = Grassland
== Water == Water
= Barren = Barren

Impervious :
Imperious

01530 60 km

FIGURE 2
The land use in Wujiang River Basin in 1985, 2000 and 2019.

2007; Wang et al,, 2020). The STD method was used to determined
land use change trajectory. The three indices were combined into
one of six groups: stable, metastable, stepped, discontinuous, cyclical
and dynamic (Table 2). These six groups were then linked back to
the GIS database to map the spatial trajectory of land use change.

3 Results
3.1 Land use transfer matrix

The land use in Wujiang River Basin was mainly cropland and
forest land, followed by shrub land and grassland. From 1985 to
2000, the area of shrub land, grassland and barren land decreased,
and the area of other land use types increased (Figure 2). The policy
of returning farmland to forests from 2000 had an important impact
on the land use change pattern of the Wujiang River basin. From
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2000 to 2019, the area of shrub land, grassland and cropland
decreased, and the area of other land use types increased. The
ecological land decreased and the living land increased in the two
time interval, while the production land increased in the first time
interval and decreased in the second time interval.

As seen from Figure 3, the land use change in Wujiang River
Basin in various periods was mainly the conversion between
cropland and forest land, followed by the conversion from shrub
land to forest land and cropland, forest land to shrub land,
cropland to shrub land and grassland, and grassland to cropland.
The main land use change showed different trends. From 1985 to
1995, shrub land decreased and cropland increased. From 1995
t0 2000, cropland decreased and forest land increased. From 2000
to 2005, cropland and grassland decreased and shrub land
increased. From 2005 to 2010, shrub land and grass land
decreased and cropland increased. From 2010 to 2015, shrub
land decreased and cropland and forest land increased. From
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FIGURE 3

The change area of land use in different periods (The outer circle is the changed land type, the inner circle links the conversion direction and
area between land types, the transfer line is the flow direction of a certain land type, and the line thickness indicates the conversion area).
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2015 to 2019, cropland decreased and forest land increased. The
area of impervious land continued to increase, significantly
increasing after 2005. The land use change was closely related
to socio-economic factors and policy factors. The pilot project of
returning farmland to forests was completed in 2000 and
launched in 2002. In 2008, comprehensive desertification
control was launched, and the water and soil conservation
plan were implemented in 2017.
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3.2 Intensity and stability of land use
change

3.2.1 Land use change in the time interval level

The annual intensity of land use change in the time interval level
is shown in Figure 4. The annual intensity in 1990-1995, 1995-2000,
2005-2010 and 2010-2015 was greater than the uniform annual
change, indicating the rapidly change in these periods. The change
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FIGURE 4
The interval level change of land use in Wujiang River Basin.
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Intensity changes of land use in category level in Wujiang River Basin.
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Transition from forest land to other land use types in the transition level.

intensity in 1985-1995, 2000-2005 and 2015-2019 was less than the
uniform annual change, indicating that the annual intensity in these
periods was slow. The trend of area change is consistent with the
annual intensity change. The change area in 1990-1995 and
2010-2015 was the largest, accounting for 9.64% and 9.12% of
the study area respectively. The change area in 1985-1990 was the
smallest, accounting for 4.43% of the study area.

3.2.2 Land use changes in the category level
The change intensity of the land use in the category level is shown

in Figure 5. The increase and decrease intensity of the forest land were

less than the uniform intensity, and the forest land was stable in the
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whole period. The increasing intensity and decreasing intensity of
shrub land and grassland were greater than the uniform intensity,
and they are active in the whole period. Except that the increase
intensity of barren land in the period of 1985-1990 was less than the
average value, the increase and decrease intensity in other time
intervals were greater than the uniform intensity, which was basically
active in the whole period. Cropland, water area and impervious land
showed different intensity change trends in different time intervals.

3.2.3 Land use change in the transition level

The transition level to impervious land in the seven time
intervals is shown in Figure 6. The transition intensity of barren

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1011755

Liu et al. 10.3389/fenvs.2022.1011755
1 1
1 1 1 1 ) 1
i\
2
2 5 2 2
2
5 2
! N
5 f
{ 3l 3 7 3 g 3 3
il /A 3
/ il /& 3
4 4 ol 4 4 " = = . - 4
T = — z —— 'y (5: 6
1980 1990 1995 2000 2005 2010 2015 2019
FIGURE 8

Land use change trajectory of Wujiang River Basin from 1985 to 2019 (1, Cropland; 2, Forest land; 3, Shrub land; 4, Grassland; 5, Water area;

6, Impervious land; area > 1 km?).

land, water area and cropland were greater than the uniform
intensity in 1985-1990. The transition intensity of barren land,
grassland and water area was greater than the uniform intensity in
1990-1995. The transition intensity of barren land, grassland land
and cropland were greater than the uniform intensity in 1995-2000.
In all periods after 2000, transition intensity of barren land, water
area, grassland and cropland were greater than the average change
intensity. The increase of impervious land was mainly from
cropland, followed by grassland and forest land.

The annual transition and transition intensity from forest
land to other land use types in transition level in seven time
intervals are shown in Figure 7. The transition intensity of forest
land into cropland from 1985 to 1990, from 1990 to 1995 and
from 2010 to 2015 were greater than the uniform intensity, and
the reduction from forest land into shrub land in the period from
1995 to 2019 were greater than the uniform intensity. The
observed annual transition of forest land was mainly to
cropland and shrub land.

3.3 Spatio-temporal trajectory change

The change trajectory with an area greater than 1 km? is
shown in Figure 8. The trajectory changes of different land
use types in different periods were obvious. The change track
was stable in the early stage, and changed drastically after
2000. From 1985 to 2019, cropland mainly flowed to forest
land and shrub land, followed by grassland, water area and
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impervious land. Forest land mainly flowed to cropland and
shrub land, followed by grassland, and shrub mainly flowed
to cropland, forest land, followed by grassland.

From 1985 to 2019, the land use change trajectories in
Wujiang River Basin are shown in Figure 9. The stable type
accounted for 67.36% of the total area and was the largest type.
The metastable type, stepped type, discontinuous type,
cyclical type and dynamic type accounts for 8.40%, 13.11%,
5.90%, 4.22% and 0.92% of the total area respectively. The
discontinuous type, cyclical type and dynamic type of land use
change trajectories are sporadically distributed in the whole
Wujiang River Basin, of which the distribution in the high-
altitude areas is affected by the karst landforms and mines,
while in other regions, these three change trajectories changes
are more distributed in the lower altitude areas.

4 Discussion

4.1 The changes of ecological-
production-living land and the priority
area identification of regional ecological
restoration

Understanding the ecological effects of land use based on
the ecological-production-life function is an important issue
of land use/land cover change (Zhang et al., 2019). The eco-
environmental effects and of

spatial heterogeneity
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The land use change trajectory from 1985 to 2019.

ecological-productive-living land is an important basis for

regional territorial development planning and eco-
environment protection (Han et al, 2021). In this study,
the ecological land decreased from 1985 to 2000 and from
2000 to 2019, the production increased first then decreased,
and living land increased in Wujiang River Basin, and the
reduction of ecological land is mainly due to the reduction of
shrub land and grassland. The land use change based on land
use matrix method is mainly between cropland, forest land
and shrub land. The land use change in Wujiang River Basin
is closely related to terrain gradient, and also influenced by
socioeconomic factors, and policy factors (Liu et al., 2020).
Since 2000, the increase of ecological land area of forest land
and water area in the Wujiang River basin is due to the
ecological quality control projects such as the comprehensive
control project of rocky desertification, the project of
returning farmland to forest and grassland, and the
construction of water conservancy facilities (Liu et al,
2021). Other research using land use transfer matrix

showed that ecological land was decreasing continuously

Frontiers in Environmental Science

09

and living land expanded rapidly (Cai et al, 2017). The
rapid increase of farmland and construction land has
damaged the ecosystem, including grasslands, forest lands
and aquatic regions, thus decreasing the ecosystem services
value (Wang et al., 2017). The result of this study showed the
most stable land was forest land, while baren land, shrub land
and grassland were the most active in the category level.
Other research showed that agriculture land and built land
are active categories and the transition from agriculture land
to built land is intensively systematic (Huang et al., 2012).

In this study, the land use change trajectory method was used
to reveal the stability and change area of the ecological-
production-living land during in the long-time series of
Wujiang River Basin. As shown in Figure 8, the flow of land
use type was obvious during the long-term time series. By
classification of the land use change trajectory into six groups
as shown in Table 2, the spatial distribution was shown if
Figure 9. The results showed the most stable land was forest
land. And the distribution of dynamic trajectory zone was
affected by the karst landforms and mines in the higher
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altitude region, which may be identified as priority area in
regional ecological restoration.

4.2 Limitations of the three different
methods

In this study, land use dynamics is revealed based on three
methods, which is useful for ecological restoration priority
identification. Intensity analysis is a top-down hierarchical
interpretive mathematical framework, which is important for
systematic and in-depth understanding of the land use change
process. The complex land use in the study area is more suitable
for using different levels of intensity analysis. However, intensity
analysis cannot reveal the change trajectory. The trajectory
method can accurately extract land use change trajectories to
exhibit the transfer, flow and pattern of land use types, thus the
spatial and temporal evolution characteristics of land can be
derived from time series aspect. However, the main problem is
that with the increase of study time series, the trajectories of land
use change become more complicated and the trajectories are
more difficult to extract.

The shortcomings of this study are that the driving force
mechanism of land use change is not deeply elaborated and the
future change trend is not predicted. In addition, the study of
landscape fragmentation, spatial heterogeneity trends, and
evaluation of the risk of human activities on ecosystem
stability need to be further explored in depth.

5 Conclusion

The study area has undergone dramatic land use change in
the past 34 years. The goal of this study was to quantify the spatial
and temporal changes of ecological space and analyze its stability.
The results showed that from 1985 to 2019, ecological land
reduced, the production land increased first then decreased,
and living land increased, and the conversion between
production land and living land was frequent. The stable
trajectory area accounted for the largest proportion of the
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