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Abstract: Located in China’s Beijing–Tianjin–Hebei region, the Daqing River Basin has a high eco-
nomic development level. The natural and social conditions within the basin vary greatly, and the
spatial configuration of the Production–Living–Ecological Space (PLES) between different sub-regions
is unbalanced, with problems and contradictions in the functions of PLES becoming increasingly
prominent. This study constructs a PLES classification system for the Daqing River Basin based on
multi-period land use data, simulates the future land use evolution of the basin using the Patch-
Generating Land Use Simulation (PLUS) model, calculates the coupling degree (CD) coupling
coordination degree (CCD) of PLES from 1992 to 2020, and, under the natural trend development
scenario (NT), cropland preservation development scenario (CP), and ecological preservation devel-
opment scenario (EP) of 2030, quantitatively analyses the historical evolution and future direction
of the three-life spatial. The results show that: (1) From 1992 to 2020, the area of living space in the
Daqing River Basin has increased significantly, while the area of production space and ecological
space has decreased significantly. Compared to NT, CP is beneficial to the maintenance of production
space, while the EP is beneficial to the maintenance of ecological space. (2) Globally, the CD and the
CCD of PLES in the Daqing River Basin show an increasing trend from 1992 to 2010 and a decreasing
trend from 2010 to 2020. In 2030, the CD and the CCD of PLES of the three development scenarios
decrease significantly compared to 2020; however, the decrease in CP is slight. (3) By region, from
1992 to 2020, the CCD of PLES in the western and eastern parts of the Daqing River Basin increases
relatively more, while the central part increases slightly. Compared to 2020, the CCD of PLES in the
central part of the Daqing River Basin is predicted to decrease significantly under NT and EP in 2030,
while the decrease is slightly less under CP. In all three scenarios, there are some areas where the CCD
of PLES increases in the western areas. This study highlights the internal variability of the spatial
evolution of PLES in the basin and focuses on the impact of different future development scenarios
on the spatial changes of PLES, which can offer an enlightenment for high-quality development and
sustainable territorial spatial planning in the Daqing River Basin.

Keywords: production–living–ecological space (PLES); coupling coordination degree; land use;
multi-scenarios prediction; basin governance; the Daqing River Basin

1. Introduction

Human social development has led to huge changes in earth surface space, with the
transfer of forest, grassland, and wetland in their original state to cropland, production
land, and residential land being an extremely distinctive feature [1]. Since the Reform and
Opening Up in 1978, China’s rapid socio-economic development has greatly accelerated
the rate of conversions between land use types in China, thus dramatically changing the
quantity and distribution of each type of land use [2,3]. As a result of the different patterns
of socio-economic development, the main land use types have been converted differently
in different regions. In some regions, the sprawl of built-up land and cropland has come
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at the expense of shrinking forest and wetland, such as in the Amazon basin of South
America [4–6] and in Africa [7,8]. In other regions, especially those with relatively mature
farming economies, such as northern China [9,10] and the various plain regions of southern
China [11], the sprawl of built-up land has been at the expense of shrinking cropland,
although policies related to cropland preservation have proliferated, which, in essence, has
resulted in a continued shrinkage of cropland.

Land use change has far-reaching consequences for the state of the environment and
for sustainable development [12–16]. For the development of human society, living space,
production space, and ecological space (PLES) provide the basic conditions for human
activities and are essential for human survival, and all three are indispensable [17,18].
Along with the rapid sprawl of built-up land, the relationship between PLES has become
seriously imbalanced in China [19,20]. Thus, it is important to understand the historical
evolution of PLES and to explore the direction of PLES in future development scenarios in
order to boost the sustainable development of human society.

In recent years, the idea of basin-based development as a boundary has gradually
gained importance, and land use is the substrate for socio-economic development in a
basin [21–23]. The introduction of the Promotion of Ecological Conservation and High-
Quality Development of the Upper Reaches of the Yellow River [24] has further reversed
the shackles of the traditional administrative boundary as a development unit, and the
need to understand the spatial evolution patterns of PLES within the framework of basins
has become increasingly strong across China for the sake of sustainable economic and social
development. As a result, optimising the quantitative and distributional patterns of land
use in basins and promoting the coordination of PLES within basins are key issues at hand.

The Daqing River Basin is located in the economically developed Beijing–Tianjin–
Hebei region of northern China, with extremely high levels of socio-economic activity and
population density [25]. Compared to most other regions of China, the economy of the
Daqing River Basin developed earlier and at a higher level of economic development [26].
Meanwhile, the degree of development within the Daqing River Basin is uneven. The
eastern part of the basin corresponds spatially to the city of Tianjin, which has a supreme
level of socio-economic development and the highest population density. The central part
corresponds to the city of Baoding in Hebei province, with a very high level of agricultural
development and dense administrative units. The western part is mountainous, with a
relatively low level of economic development and a low level of alteration of the ground
cover type by human activity [27,28]. For such a highly socio-economically developed and
heterogeneous basin, it is essential to explore the evolution of its PLES to better understand
the effects of economic development on the regional environment. Meanwhile, as economic
and social development continues, it is also important to explore how the future spatial
evolution of PLES in the Daqing River Basin will change, as this directly determines the
form of the spatial carrier on which human society will be based, and is closely related to
human well-being.

Some studies have focused on the pattern and evolution of PLES, and these studies
can be divided into two categories. One category mainly explores the scale quantity of
PLES and its evolution. Yingxian Deng et al. analysed the PLES change and its influencing
factors in Guangdong, China, in the context of urbanization [29]. Geying Jiao et al. explored
the changes in the spatial distribution pattern of PLES in Wuyuan County, Jiangxi Province,
based on the county scale [30]. Kai Li et al. analysed dynamics of the PLES from 2000 to
2020 in the Yangtze River Delta Urban Agglomeration, and found that production space is
easily occupied by living space [31]. Yan Zou et al. explored the spatial distribution pattern
and spatio-temporal evolution of PLES in Xuzhou City, China, based on the municipal
scale [32]. Another category further explored the relationship among production space,
living space, and ecological space with the help of two types of indicators: coupling degree
(CD) and coupling coordination degree (CCD). Jiangsu Li et al. took the Yellow River
Basin as the study area and analysed the CD and CCD of PLES at two points in time,
1995 and 2015 [33]. Yuanyuan Yang et al. analysed the evolution of the CCD of PLES in
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the Beijing–Tianjin–Hebei region of China between 2000 and 2015 [34]. Lanyi Wei et al.
analysed the evolutionary features of the CD of the PLES from 1998 to 2018 in Jilin Province,
China [35]. Cheng Wang et al. analysed the CCD of PLES in rural areas of Chongqing [36].
Qiang Li et al. analysed the CCD of PLES in the Fen River Basin of Shanxi Province, China,
from 2006 to 2018 [37]. Summarising the existing studies, on the one hand, the time course
analysed in these studies is relatively short, generally 10 to 15 years, and, due to the limited
duration, the CD and CCD always show a monotonous increase or decrease. It is unclear
how CD and CCD change over a long historical period in a developed area of China such
as the Daqing River Basin. On the other hand, although some studies have also focused on
the future evolution of PLES [38], how the CD and CCD of PLES will change in the future
is still unclear.

A variety of land use simulation models exist, most of which predict the amount of
land use with linear or non-linear algorithms and then simulate the spatial distribution of
land use with a cellular automaton (CA) model. With the popularisation of deep learning
techniques, some land use simulation models incorporating deep learning techniques have
emerged, such as the future land use simulation (FLUS) model [39] and patch-generating
land use simulation (PLUS) model [40]. Among them, the PLUS model has relatively higher
simulation accuracy, and many studies have adopted this model for land use simulation [40].
At the provincial scale, Qing Liu et al. used the PLUS model to simulate land use on Hainan
Island in multiple scenarios [11]. At the urban cluster scale, Shihe Zhang et al. used the
PLUS model to predict land use in the delta region of Fujian Province, China [41]. At the
municipal scale, Ziyao Wang et al. used PLUS to simulate land use in Bortala, Xinjiang [42].
In a study area with watershed boundaries, Yongjun Du et al. used PLUS to simulate
land use in the Manas River Basin in multiple scenarios [43]. These studies confirm the
applicability of the PLUS model in land use simulation.

Comparing the socio-economic characteristics of the Daqing River Basin with the
inadequacy of PLES research progress, we found that the Daqing River Basin is a region
with research potential. Through an integration of long time series land use change
analysis and multi-scenario land use simulations, we aim to investigate the following
three questions: (1) What are the features of the change in PLES of the Daqing River
Basin over a long-term evolution? (2) What are the changes in the CD and CCD of PLES,
whether decreasing or increasing, or lacking monotonicity? (3) How will PLES of the river
basin change under different development scenarios in the future? Which development
scenario is more conducive to maintaining or slowing down the deterioration of the basin’s
PLES? By exploring the above questions, our study can help deepen the understanding
of the evolution of the basin’s PLES and offer solutions for the formulation of sustainable
development policies and the implementation of related land use plans.

This study is divided into five sections. In addition to the introduction in this section,
Section 2 describes the study area and the data and methods used in this study; Section 3
states the results obtained; Section 4 offers a discussion; and Section 5 presents conclusions.

2. Data Sources and Research Methods
2.1. Study Area

The Daqing River Basin is located in northern China, between 113◦50′–118◦00′ E and
38◦50′–40◦10′ N, with an area of approximately 45,300 km2 (Figure 1). The main river of
this basin is the Daqing River, and the main tributaries include the Juma River, the Baigou
River, the Tang River, and the Zhulong River. The altitude of the basin varies significantly,
with the plateau in the west being at an average altitude of more than 1000 m and the
North China Plain in the east at an average altitude of less than 50 m. The Daqing River
Basin is in a Monsoon Climate of Medium Latitudes area, with high temperatures and
rain in summer and cold and dry winters, with annual precipitation of 400–800 mm. The
Daqing River Basin covers 66 county level administrative units in Hebei Province, two
municipalities directly under the central government (Tianjin and Beijing), and Shanxi
Province, with the Tianjin and Baoding downtown areas being located completely within
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the basin. The Daqing River basin is socially and economically developed and densely
populated; however, the regional development is highly uneven. Tianjin is the economic
centre and an important shipping centre in northern China, and Baoding is one of the
central cities in the Beijing–Tianjin–Hebei region, forming an economically developed
cluster within the basin, while the western mountainous regions are relatively backward
in terms of economic development. Considering the heterogeneity of the Daqinghe River
Basin at varied aspects, it can be a well-fitted area for exploring our proposed questions.
In addition, the central part of the Daqing River Basin is a considerable grain-producing
region in China, with wheat and sorghum fields being the main types of cultivation [44,45].
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2.2. Data Sources

Data from varied sources were used in this study (Table 1). We adopted land use data
from the European Space Agency’s (ESA) Climate Change Initiative (CCI), which covers
the period from 1992 to 2020. Given the large size of the study area, the fact that land use
change analysis is one of the focuses of this study and the fact that this dataset is more
than 90% accurate, we ultimately decided to use this dataset. This dataset covers 28 years,
and it is better than other higher resolution datasets that span a shorter period of time in
helping to understand the PLES evolution process. Multi-year average temperature data
and multi-year average precipitation data are from the National Meteorological Information
Center. Although the climate data up to 2020 can be obtained, since the land use simulation
method mentioned below involves training and verification, we selected the climate data
from 2010 to 2020 close to the training year for the purpose of improving the training
accuracy. Population distribution data, GDP per unit area data, railway network, national
road, provincial road, municipality directly under the central government (Tianjin) point,
city downtown point, county downtown point, settlement point, and river network data are
from the National Earth System Science Data Center http://www.geodata.cn/ (accessed
on 19 July 2022). Digital elevation model (DEM) data are from the United States Geological
Survey (USGS). For these social-related land use change drivers, we finally used the data of
2015 to achieve better model training performance. Based on the above raw data, combined
with the objective status in the Daqing River Basin and examples of previous studies, and
in accordance with the format requirements of the PLUS model for land use change driver
data, we produced 15 types of maps of land use change drivers using ArcGIS 10.8.1 (ESRI,
USA), including GDP per unit area, population density, distance to Tianjin downtown,
distance to cities’ downtowns, distance to counties’ downtowns, distance to settlements,

http://www.geodata.cn/
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distance to railways, distance to national roads, distance to provincial roads, distance to
rivers, multi-year average precipitation, multi-year average temperature, elevation, slope,
and aspect. These above maps characterise the spatial distribution of the drivers of land
use evolution in the Daqing River Basin at both the natural and social levels [40] (Figure 2).

Table 1. Data sources and formats of this study.

Data Data Attribute Years Format/
Resolution Sources

LULC Land use and land cover 1992–2020 Raster/300 m https://www.esa-landcover-cci.org
(accessed on 19 July 2022).

Meteorology Temperature 2010–2015 Raster/1000 m https://data.cma.cn (accessed on 19 July 2022).
Precipitation 2010–2015 Raster/1000 m https://data.cma.cn (accessed on 19 July 2022).

Geography DEM 2000 Raster/30 m https://earthexplorer.usgs.gov
(accessed on 19 July 2022).

River network 2015 Shapefile http://www.geodata.cn
(accessed on 19 July 2022).

Social
economy

Population
GDP

Railway network
National road

Provincial road
Municipality directly under

the central government point
City point

County point
Settlement point

2015 Shapefile http://www.geodata.cn
(accessed on 19 July 2022).
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2.3. Methods

In the process of this study, we first classified PLES based on the land use data of the
Daqing River Basin, and then made a multi-scenario projection of future land use, followed
by an analysis of the changes in PLES and its coupled coordination degree at the overall
basin and county unit levels (Figure 3).
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2.3.1. Classification of PLES

In the original land use data set of ESA’s CCI, the classification of land use was
complicated. To facilitate the calculation, we used ArcGIS reclassification function to
classify the land use into eight categories: cropland, forest, shrubland, grassland, built-up
land, bareland, wetland, and water, with reference to existing related research methods
and combined with the actual situation of the Daqing River Basin. Cropland includes
paddy fields and dry-farmed land, while forest includes deciduous trees and evergreen
trees. Shrubland includes evergreen shrubs and deciduous shrubs. Grassland includes
mountain meadows and meadows in the plains. Built-up land includes built-up areas of
towns and rural settlements and transportation land. Bareland refers to land that is to be
developed and unused and lacks vegetation cover. Wetland includes the wetlands around
lakes and river mudflats. Water includes all types of water bodies such as lakes, reservoirs,
rivers, and ponds.

In terms of PLES functions of land use, some studies have assigned a single function
to each land use type [33,46], while others have taken a more composite view of PLES
functions carried by each land use type [47–49]. In order to analyse the transformation of
PLES in the Daqing River Basin in more detail, this study adopts a composite perspective
and assigns numerical scores to the above eight land use types with reference to previous
studies and expert opinions. Each land type has a dominant function, e.g., cropland has a
dominant function of providing space for production, and is therefore assigned a value of 5.
Cropland also has some ecological functions; however, these are less prominent than those
of forest and wetland and are therefore assigned a value of 2 [47,50] (Table 2).
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Table 2. PLES functions of various types of land use.

Land Use Type Production
Function Living Function Ecological

Function
Dominant
Function

Cropland 5 0 2 Production
Forest 0 0 5 Ecological

Shrubland 0 0 5 Ecological
Grassland 1 0 5 Ecological

Built-up land 3 5 0 Living
Bareland 0 0 1 Ecological
Wetland 0 0 5 Ecological

Water 0 0 5 Ecological

2.3.2. Coupling Coordination Degree Analysis

According to the definition of CD and CCD calculation formula, the absolute area of
PLES needs to be normalized. Considering that there is no negative influence that any PLES
type on the CD and CCD, we have normalised PLES data using a non-zero transformed
indicator normalisation method, as follows.

Xij =

(
xij − xj min

xj max − xj min

)
× 0.99 + 0.01 (1)

Xij denotes the final value of PLES type j of region i, taking values in the range [0.01, 1].
xij denotes the original weighted area of PLES type j of region i, and xj max and xj min denote
the maximum and minimum weighted areas of PLES type j in the year series, respectively.

The coupling degree (CD) refers to the extent of the interaction between multiple
components within a system and can therefore be used to express the extent to which PLES
functionally contribute to, coerce, and influence each other, as shown by the following
formula [51,52].

Cd = 3×
[

Sp × Sl × Se(
Sp + Sl + Se

)3

] 1
3

(2)

CD refers to the coupling degree, and Sp, Sl , and Se represent the normalised val-
ues of production space, living space, and ecological space, respectively, calculated by
Equation (1). The values of CD are in the range [0, 1] and are divided into four categories:
low coupling period, antagonistic period, break-in period, and coordinated coupling
period (Table 3).

Table 3. Grading of CD in the Daqing River Basin.

Value Range Meaning Feature

CD ∈ (0.8, 1.0]
Coordinated coupling

period
PLESs are highly coupled and PLES

functions are in a highly ordered state.

CD ∈ (0.5, 0.8] Break-in period
Production space, living space, and

ecological space are mutually constrained
towards orderliness.

CD ∈ (0.3, 0.5] Antagonistic period PLES types with a strong position are
produced, while other types are weaker.

CD ∈ (0.0, 0.3] Low coupling period
Production space, living space, and

ecological space develop in a disorderly
manner with little interaction.
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Although the CD can characterise the extent of the interaction between production
space, living space, and ecological space, it cannot effectively characterise the degree of
coupling coordination among the three; therefore, we used the indicator of the coupling co-
ordination degree (CCD) to analyze the coordination of PLES in the Daqing River Basin [53],
and the formula is as follows.

CCD =
[
Cd ×

(
αSp × βSl × γSe

)] 1
2 (3)

CCD represents the coupling coordination degree of PLES, and α, β, and γ represent
the weights of production space, living space, and ecological space. Considering that the
Daqing River Basin plays more of a production and living function than other regions in
China, for example, the mountainous regions of western China, we assign α, β, and γ to
0.35, 0.35, and 0.3, respectively, taking into account the findings of previous studies [36,54].
Cd, Sp, Sl , and Se are the same as in Formula (2). The value range of CCD is [0, 1], and,
drawing on the basic ideas of fuzzy mathematics, we classify them into five categories,
namely severe imbalance, moderate imbalance, basic coordination, moderate coordination,
and high coordination [53,54] (Table 4).

Table 4. Grading of CCD in the Daqing River Basin.

Value Range Meaning Feature

CCD ∈ (0.8, 1.0] High coordination

The coexistence of production space, living
space, and ecological space is highly

coordinated and can meet the needs of
different levels of interest.

CCD ∈ (0.6, 0.8] Moderate coordination
There is a moderate coordination degree

among production space, living space, and
ecological space.

CCD ∈ (0.4, 0.6] Basic coordination
The gap between the shares of PLESs has

narrowed further and is beginning to
produce a positive interaction.

CCD ∈ (0.2, 0.4] Moderate imbalance One type of PLES is still dominant, but the
share of other types has increased.

CCD ∈ (0.0, 0.2] Severe imbalance
The dominance of one type of PLES (e.g.,

living space or production space) squeezes
the other spaces.

2.3.3. Land Use Simulation

The analysis of historical changes of land use is the basis of future land use prediction.
Logically, the degree and quantity of future land use changes should be related to historical
changes. Therefore, it is necessary to analyze the historical land use change first. Here, we
used the land use conversion matrix [55] for land use change analysis to gain an insight
of the trend of land use transformation in the Daqing River Basin and to establish a basis
for subsequent land use projections. The land use transfer matrix can be described as the
following formula:

P =

p11 · · · p1n
...

. . .
...

pn1 · · · pnn

 (4)

where P represents the land use conversion matrix among different years and the element
pij in the matrix refers to the probability of conversion from land use i to land use.

Land use prediction can be divided into two parts: one is land use quantity prediction
and the other is spatial distribution prediction. We here estimated future land use quan-
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tity demand using a Markov model, which has good robustness in a long-time interval
forecasting [56]. The Markov model principle can be described as the following formula.

Dt2 = Dt1 × P
t2−t1

a (5)

where Dt2 denotes land use demand at t2; Dt1 denotes land use status at t1; and P is the
same as described in Equation (4), with a denoting the interval between the starting and
ending years for calculating P.

Different future development policies are expressed through different land use con-
version probabilities. Observing the land use change history of the Daqing River Basin
from 1992 to 2020, it is found that the most prominent features are the increase of built-
up land and the reduction of cropland, while, at the same time, there is a consensus to
enhance ecological protection. We constructed three development scenarios [11,57,58]:
(1) The natural trend development scenario (NT) assumes no major changes in regional
development policies, and that future land use will continue the transformation pattern
of the previous phase, keeping the probability of previous land use shifts unchanged.
(2) Cropland preservation development scenario (CP), which focuses on the protection of
cropland and straitly limits the encroachment of cropland by other land use types. On the
benchmark of the land use transfer probability matrix for NT, the proportion of cropland
transferred to built-up land is reduced by 50%, and the proportion of transfer to forest,
shrubland, grassland, and wetland is reduced by 30%, and the lesser part of these transfers
is added to the cropland itself. (3) The ecological preservation development scenario (EP)
focuses on the conservation of land use types with outstanding ecological functions, such
as forest, grassland, and wetland, etc. On the benchmark of the natural trend development
land use transfer probability matrix, the proportion of transfer from cropland to built-up
land is reduced by 50%, and the decreased portion is added to forest, while the proportion
of transfer from forest, shrubland, grassland, and wetland to built-up land is decreased by
30% and the decreased portion is added to their respective land use categories. Previous
studies [5,59,60] have generally set the projection time at 10–50 years; however, in this study,
we set the projection time at 2030 instead of projecting for later years, considering that an
extension of 50 years would produce very large changes with weak practical application
and reference value. We used MathWorks MATLAB R2021a programming to implement
the above forecasting process.

Due to the combination of advanced machine learning algorithms, the PLUS model
can more accurately calculate the probability of land use change than other models [39,40],
which has been confirmed in several varied scales studies [41–43]; therefore, we also
adopted this model. PLUS adopts the Random Forest Classification (RFC) to calculate
the factors driving land use expansion and then uses the CA model to generate land use
distribution maps [40]. The formula for the random forest algorithm is as follows.

Pd
i,k(x) = ∑M

n=1 I(hn(x) = d)
M

(6)

where Pd
i,k refers to the probability of sprawl of site type k at site i; the value of d is 1 or

0—1 means that the conversion of other sites to site type k has taken place at that site and
0 means no conversion; x is the drivers set; I(·) is the indicator function of the set of decision
trees; hn(x) is the prediction type of the n th decision tree of vector x; and M is the overall
amount of decision trees [40].

The CA model in PLUS combines multi-type random patch seeds and a descending
threshold, enabling it to simulate the automatic generation of land patches in a spatio-
temporal dynamic manner [61]. The CA model formula is as follows.

S(t+1) = f (St , N) (7)
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where St and S(t+1) refer to the status of the land use cell at timepoints t and t + 1,
respectively; N refers to the neighbourhood of the cell, the amount of which can be
set by researchers to obtain the optimal training results; and f refers to the land use
conversion rule.

We first calculated the spatial distribution of land use change in the Daqing River Basin
from 2010 to 2015 by utilising the PLUS model and then combined the driving factors and
inputted them into the PLUS Land Expansion Analysis Strategy (LEAS) in the proportion
of 70% for the training set and 30% for the validation set to participate in training and
validation [40]. The root mean square error (RMSE) and out-of-bag RMSE are used to
characterise the effectiveness of the random forest model training. After the model is
trained, the simulation results need to be calibrated, and the parameters of the PLUS model
need to be determined. The trained model was used to predict the land use distribution
in 2020 according to the 2015 land use data. Two indicators, Overall Accuracy and Kappa
Coefficient [62], were utilised to calculate the accuracy of the predicted land use in 2020 and
to determine whether the model was ideal for predicting the future land use distribution in
the Daqing River Basin.

2.3.4. Spatial Distribution Characteristics Analysis of PLES

Given that the analysis period in this study spans nearly 40 years, the trend of the
PLES spatial distribution is a feature that needs to be made explicit. The standard deviation
ellipse [63] is robust in presenting the directional characteristics of the analysed elements,
we used this algorithm to analyse the central, discrete, and directional trends of the PLES
spatial distribution. The long axis of the ellipse refers to the direction of the expansion of the
PLES distribution, while the short axis represents the extent of the distribution; moreover,
the larger the flatness of the ellipse, the more directional the PLES distribution is. This
analysis was carried out using the Directional Distribution tool in ArcGIS 10.8.1.

We used global Moran’s I [64] to examine the spatial trend of CCD both from 1992 to
2020 and in 2030. Then we analysed the differences among them. global Moran’s I can be
described by the following formula.

I =
n ∑n

i=1 ∑n
j=1 ωij(Pi − Pmean)×

(
Pj − Pmean

)(
∑n

i=1 ∑n
j=1 ωij

)
×∑n

i=1(Pi − Pmean)
2

(8)

I represents the global autocorrelation index and takes values in the range of [−1, 1],
I > 0 means that elements with close values have clustered in space, I < 0 means that
elements with considerable differences in values cluster in space, while I = 0 indicates that
there is no spatial correlation in the distribution of elements. Pi and Pj denote the values of
sample i and sample j, n denotes the number of samples, Pmean denotes the sample mean,
and ω denotes the spatial weight matrix.

In addition, we used local Moran’s I [65] to analyse the spatial variability of the CCD
distribution with the formula shown below.

Local Moran′I =
n(Pi − Pmean)∑m

j=1 ωij
(

Pj − Pmean
)

∑n
i=1(Pi − Pmean)

2 (9)

where m refers to the number of samples adjacent to sample i. The meaning of the remaining
indicators is the same as in Equation (8).

3. Results
3.1. Outcomes of Land Use Simulation Experiment
3.1.1. Land Use Modeling Accuracy

The results of the random forest model training indicated that the root mean square
error (RMSE) of the prediction results for all eight land use types was less than 0.1. The
values of out-of-bag RMSE for cropland, forest, grassland, and built-up land ranged from



Sustainability 2022, 14, 10864 11 of 25

0.1 to 0.18, and the values of out-of-bag RMSE for shrubland, bareland, wetland, and water
were all less than 0.1 (Table 5). The values of the above two types of parameters indicate
that the random forest model proposed in our study has high training accuracy, the model
training results are highly ideal, and the land use expansion suitability obtained has high
confidence. Comparing the actual land use distribution in 2020 with the simulated land
use distribution in 2020 (Figure 4), the Overall Accuracy and Kappa Coefficient were 0.96
and 0.94, respectively, indicating that the land use simulation model trained in this study is
highly accurate and suitable for future land use prediction in the Daqing River Basin.

Table 5. Training accuracy of the random forest model in PLUS.

Cropland Forest Shrubland Grassland Built-Up Land Bareland Wetland Water

RMSE 0.064056 0.054236 0.032019 0.039796 0.040792 0.034185 0.028695 0.017367
OOB RMSE 0.171688 0.157187 0.079088 0.108348 0.121637 0.085938 0.085787 0.056324
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3.1.2. Land Use in 2030 under Three Different Development Scenarios

Compared to 2020, the 2030 NT, CP, and EP scenarios show a rise of forest, built-up
land, and bareland, and a decrease of cropland, shrubland, grassland, wetland, and water.
The built-up land increases the most, by 1350.45 km2, 899.99 km2, and 851.44 km2 under
the three scenarios, an increase of 23.57%, 15.71%, and 14.86%, respectively. The area of
cropland decreased the most, by 983.33 km2, 474.31 km2, and 983.33 km2 under the three
scenarios, with a decrease of 3.93%, 1.90%, and 3.93% respectively. The area of forest
increased the most under EP, by 535.20 km2. Shrubland, bareland, wetland, and water
changed by smaller and similar amounts under the three scenarios (Figure 4, Table 6).

Table 6. Quantity changes in land use under different development scenarios of 2030.

Cropland
/km2

Forest
/km2

Shrubland
/km2

Grassland
/km2

Built-Up
Land/km2

Bareland
/km2

Wetland
/km2

Water
/km2

2030 NT 24,032.80 5976.34 1126.83 6220.04 7079.99 11.85 364.68 449.70
2030 CP 24,541.82 5971.33 1124.58 6169.99 6629.53 11.85 364.68 448.45
2030 EP 24,032.80 6450.46 1127.88 6220.04 6580.99 11.85 385.65 452.55

2030NT-2020 −983.33 61.08 −47.27 −300.16 1350.45 0.28 −56.18 −24.90
2030CP-2020 −474.31 56.08 −49.52 −350.21 899.99 0.28 −56.18 −26.15
2030EP-2020 −983.33 535.20 −46.21 −300.16 851.44 0.282 −35.20 −22.05
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3.2. Changes of Production–Living–Ecological Space
3.2.1. Changes in the Amount of PLES from 1992 to 2020

Dividing PLES categories of each type of land according to the dominant function, the
results show that, between 1992 and 2020, the production space and ecological space in the
Daqing River Basin show a monotonic decreasing trend, while the living space shows a
monotonic increasing trend (Figure 5). During this time period, the area of production space
is always the largest, and the area of living space is always the smallest; however, the gap
between the three categories of space is gradually decreasing. Living space increased from
1472.72 km2 to 5729.54 km2, an increase of 289.04%, and the rate of increase accelerated signif-
icantly after the year 2000. Production space decreased from 28,075.45 km2 to 25,016.13 km2,
a decrease of 10.90%, and the rate of decrease accelerated after 2000. The absolute amount
of change in ecological space is relatively small, at 1197.48 km2, with a decrease of 7.62%
and a more constant rate of decrease.
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development scenarios of 2030.

The area of PLES in the Daqing River Basin from 1992 to 2020 was computed by
weighting the composite function score (Table 2) for each type of land use (Figure 6). The
results show that the trends of production space, living space, and ecological space are
the same as when they were divided according to the dominant functions; however, the
decrease in production space is significantly smaller, with a decrease of only 2.28%. The
increase in living space remains at 289.04%, and the decrease in ecological space is 9.01%,
which is a slight increase compared to the decrease according to the dominant function.
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3.2.2. Changes in the Amount of PLES under Different Development Scenarios in 2030

When PLES are divided according to the dominant functions, the changes in the area of
production–living–ecological areas in 2030 are complex for the three development scenarios.
Compared to 2020, under NT, the area of production space and ecological space continues
to shrink at a greater rate, while the area of living space continues to grow at a higher rate.
Under CP, the area of production space decreases at a lower rate, ecological space decreases
at a higher rate, and the growth rate of living space slows down significantly. Under EP, the
area of production space decreases at the same rate as NT, while the area of ecological space
increases and the growth rate of living space decreases further. We also calculated the area
of PLES in the Daqing River Basin for 2030′s multi-scenarios by weighting the composite
function score for each land use types (Figure 6). The results show that, compared to 2020,
the area of production space only decreases more under EP, while the area of ecological
space decreases under all three scenarios.

3.2.3. Spatial Distribution Characteristics of PLES

The production space, living space, and ecological space of the Daqing River Basin each
have distinctive distribution characteristics (Figure 7). The production space extends along
the northwest–southeast direction and has a large distribution, covering all the major zones
of the basin. As the flatness of the standard deviation ellipse is small, the directionality of
the production space distribution is not prominent, indicating that the production space is
distributed relatively evenly within the basin, and the production activities in the basin are
widely distributed. After 1992, the spatial distribution of production space shifts towards
the southeast side. Considering that cropland in the southeastern part of the basin is
actually shrinking, this shift is due to the high-intensity sprawl of built-up land in the
southeastern region. Living space is distributed along the northeast–southwest direction,
with dense distribution in the middle and east of the basin and sparse distribution in
the West. After 1992, the living space also shifted towards the southeast, indicating that
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built-up land in the southeast of the basin expanded more than the northwest after 1992.
Ecological space is distributed along the northwest–southeast direction with relatively
larger elliptical flatness. From 1992 to 2020, an eastward shift in ecological space occurs,
indicating that the eastern part of the ecological space is more built up than the western
part during this period. The distribution of ecological space will hardly change from 2020 to
2030 EP. From 2020 to 2030 NT/CP, ecological space will shift further eastwards, implying
that the ecological space in the western mountainous areas will be more affected under the
above two development scenarios.
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3.3. Coupling Degree and Coupling Coordination Degree of PLES
3.3.1. CD and CCD of PLES from 1992 to 2020

Overall, both the CD and CCD of the Daqing River Basin experienced an increase
and then a decrease between 1992 and 2020 (Figure 8). The CD value in 1992 was 0.32,
indicating that PLES in the Daqing River Basin were just emerging from a low coupling
period into an antagonistic period, with the production and ecological spaces in a strong
position; however, the interaction with the living spaces had already begun. In 2000, the
CD value was 0.66, and the three living spaces were in a break-in period. In 2010, the
CD value was 0.99, indicating that the three living spaces were in a highly coupled state,
with production, living, and ecological functions functioning in an orderly manner. In
2020, the CD value drops to 0.90, indicating that, as the production and ecological spaces
shrink and the living space continues to grow, the highly coupled state between PLES
is broken, and the healthy interaction between them is compromised. In 1992, the CCD
value was 0.46, and the relationship between PLES in the Daqing River Basin was basically
coordinated, with a weak positive interaction. In 2000 and 2010, the CCD values were 0.66
and 0.74, respectively, and PLES were in a moderate status of coordination, indicating that
the growth of living space and the reduction of ecological and production space did not
cause extreme negative consequences, but rather promoted the interaction between PLES.
In 2020, the CCD value drops to 0.67, indicating that, as the living space expands and the
production and ecological space shrinks, the coordination between PLES is broken and
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the production and ecological functions gradually begin to run the risk of not being able
to effectively meet the needs of society. Compared to the 2010 CD value of 0.99, the CCD
of the Daqing River Basin has never been greater than 0.8, which means that PLES have
never been in a highly coordinated state, indicating that the share of each of the three living
spaces in the past development history was not rational.
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Consistent with the overall CD and CCD changes in the Daqing River Basin during
1992–2020, the CD and CCD of the 66 county level units in the Daqing River Basin also
basically went through a process of increasing and then decreasing, taking 2010 as the
boundary (Figures 9 and 10). In 1992, the values of CD and CCD in all 66 county level units
were relatively uniform and stable at about 0.32 and 0.45, respectively, indicating that most
counties were in the antagonistic period and basically coordinated in PLES; however, there
were some counties with extremely low or high values. The large differences in CD and
CCD among counties in 2000, 2010, and 2020 indicate that the development evolution of
PLES in different counties after 1992 varies greatly due to the influence of policy orientation
and local natural endowments, etc. The CD and CCD of each county in 2010 were at their
best from 1992 to 2020, basically greater than 0.9 and 0.7, respectively. The bell-shaped
distributions of CD and CCD indicate that, under the rapid economic development and
previous policy guidance, the PLES of the Daqing River Basin had reached the peak of
coordination around 2010, and then the economic construction continued to develop, but
that the lack of PLES optimization measures had brought a negative impact.

3.3.2. CD and CCD of PLES under Different Development Scenarios in 2030

Overall, the CD and CCD in the River Basin decline significantly in 2030 compared to
2020 under the three different development scenarios. Under the NT and EP scenarios, the
CD and CCD do not differ significantly, both falling back to 1992 levels, while, under the
CP scenario, the CD and CCD are significantly higher than under the NT and EP scenarios,
and are similar to the levels in 2000 (Figure 8).
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By county, in 2030, the vast majority of counties have CD and CCD values ranked from
high to low as CP, EP, and NT (Figure 9). Under the 2030 NT scenario, the central part of
the Daqing River Basin is in the low coupling period, while the eastern and western parts
are in the antagonistic period, with the central city of Tianjin in the break-in period. The
2030 CP scenario is the opposite of the NT scenario, with the central part in the break-in
period and the eastern and western parts in the antagonistic period. The distribution of
CDs in the 2030 EP scenario is less regular, with antagonistic periods dominating in the
central and western regions of the city, interspersed with a few low coupling periods and
break-in periods, while the eastern part of the city is in the coordinated coupling period. In
terms of CCD, under the 2030 NT scenario, the central part of the river basin is in moderate
imbalance, while the eastern and western parts are in basic coordination, with a small
part of the eastern area in moderate coordination. Under the CP scenario, almost all of
the Daqing River Basin is in basic coordination, with only Nankai District in Tianjin and
Weixian County in Hebei Province in moderate coordination and moderate imbalance,
respectively. In the EP scenario, the eastern part is in moderate coordination, the central
part is in moderate imbalance and the western part is in basic coordination (Figure 10).

3.3.3. Spatial Autocorrelation Features for CD and CCD of PLES

(1) Global Spatial Autocorrelation Features

The Daqing River basin was divided according to county-level units and the spatial
autocorrelation characteristics of CD and CCD were calculated. The results show that,
between 1992 and 2020, the spatially positive correlation characteristics were always present
in the CD values of the Daqing River Basin. The highest CD value in 2010 corresponds
to the year with the weakest spatial positive correlation characteristics, while, in years
with the lower CD values, the positive correlation characteristics are stronger. Under the
2030 NT, CP, and EP scenarios, CD still has positive correlation characteristics, and the
positive correlation characteristics under NT and CP strengthen compared to 2020, while
EP weakens relative to 2020. The spatial correlation of the CCD in the Daqing River Basin
varies widely between 1992 and 2020, with 1992, 2000, and 2020 all showing positive spatial
correlation, while 2010 has a negative spatial correlation feature. In the 2030 NT and EP
scenarios, the CCD is spatially positively correlated, while, in the CP scenario, it is spatially
negatively correlated (Table 7).

Table 7. Global spatial autocorrelation results for CD and CCD of the Daqing River Basin at
county level.

Type Year Moran’s I Z-Score p-Value

CD

1992 1.38 18.61 <0.01
2000 0.17 2.47 <0.01
2010 0.13 1.95 <0.05
2020 0.50 7.03 <0.01

2030NT 0.77 10.60 <0.01
2030CP 0.70 9.43 <0.01
2030EP 0.41 5.66 <0.01

CCD

1992 1.48 19.94 <0.01
2000 1.04 14.04 <0.01
2010 −0.01 2.12 <0.05
2020 0.02 2.50 <0.05

2030NT 1.03 13.84 <0.01
2030CP −0.05 1.96 <0.05
2030EP 0.96 13.12 <0.01
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We further examined the relationship between the overall CD or CCD of the Daqing
River Basin and the spatial autocorrelation features of the CD or CCD at county level. The
results showed that, as the overall CD or CCD of the watershed increased, the spatial posi-
tive correlation characteristics between the CD or CCD of the county decreased accordingly,
with significant p values of 0.003837792 and 0.000359247, respectively, both meeting the
99% confidence level for the p value requirements (Figure 11).
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(2) Local spatial autocorrelation features

The global spatial autocorrelation analysis reveals the overall CD and CCD distribution
characteristics of the Daqing River Basin, but it is difficult to portray the regional differences
in CD and CCD distribution characteristics in more detail, therefore we continued to use
counties as units to carry out local spatial autocorrelation analysis of CD and CCD. During
the period 1992–2020, the high-value CD in the central part of the Daqing River Basin
has been characterised by a significant positive spatial correlation; however, the specific
location has changed somewhat, reflecting a shift from the northeast to the southwest
side. Low-value CD in 1992–2020 are spatially positively correlated in the east and west.
Meanwhile, low–high and high–low clusters of CD in 1992–2020 are mainly distributed
in the east and west. In the 2030 CP scenario, the central part of the Daqing River Basin
is still a spatially positively correlated region for high-value CD, while the eastern and
western parts are still spatially positively correlated for low-value CD. In the 2030 NT
and EP scenarios, the spatially positive correlated high-value CD area shifts to the eastern
part of the basin, while the spatially positive correlated low-value CD area shifts to the
central part of the basin. The high-value CCD in the central part of the Daqing River Basin
is characterised by positive spatial correlation in 1992 and 2020, shifting to the east in
2010, while there is no positive spatial correlation area for the high value CCD in 2020.
Between 1992 and 2020, the low-value CCD spatially positively correlated areas are mostly
distributed in the western and eastern parts of the basin, with no distribution in the central
part. In the 2030 CP scenario, the low-value CCD spatially positively correlated areas are
mostly located in the western part of the basin. In the 2030 NT and EP scenarios, compared
to 2020, the spatially positive correlated high-value CCD areas shift to the east and west,
while the spatially positive correlated low-value CCD areas shift to the central part of the
basin (Figure 12).
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3.3.4. Features of Changes for CD and CCD

(1) Changes from 1992 to 2020

From 1992 to 2020, both CD and CCD showed an increasing trend in all counties
of the Daqing River Basin. In terms of CD, the eastern region has the largest increase in
CD, mostly between 0.6 and 0.8; however, the increase in the central urban area of Tianjin
(including Hebei, Hedong, Hexi, Heping, and Nankai districts) is smaller; the increase
in the counties in the central region is mostly between 0.4 and 0.6; and the increase in
the counties in the west varies greatly; for example, the increase in Fuping and Weixian
counties is in the range of 0.0–0.2. In the western counties, the increase was more varied,
e.g., 0.0–0.2 in Fuping and Weixian and 0.6–0.8 in Xingtang. In terms of CCD, the eastern
counties show a considerable increase in values between 0.4 and 0.6. The central counties
show a small increase in values between 0.0 and 0.2. The western counties show varied
changes in values, the northwestern counties show an increase between 0.2 and 0.4, and
the southwestern counties show an increase between 0.0 and 0.2 (Figure 13).

(2) Changes from 2020 to 2030

Relative to 2020, the CD declines in the vast majority of the Daqing River Basin under
the 2030 NT, with the greatest declines occurring in the south-central part of the basin,
mostly between 0.6 and 1.0, though with increases in Tang and Weixian counties. The
spatial distribution of changes in CCD is generally consistent with CD, with the largest
decreases in the south-central part of the basin, with values ranging from 0.4 to 0.6. Under
the CP scenario, CD values decreased in all counties of the Daqing River Basin except
for Weixian, with the largest decrease in the east, ranging from 0.4 to 0.8, and a smaller
decrease in the central counties, ranging from 0.0 to 0.4. Under the CP scenario, all counties,
except Xingtang, experienced a decrease in CCD values, with larger decreases in the eastern
counties and smaller decreases in the central and western counties. Under the EP scenario,
the CD in the central counties of the Daqing River Basin decreased significantly. In terms
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of CCD, the decline was also relatively large in the central counties, ranging from 0.2–0.4,
while the decline in the eastern and western counties ranged from 0.0–0.2 (Figure 13).
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4. Discussion

According to our study, from 1992 to 2020, the CD and CCD of PLES of the Daqing
River Basin has undergone a “bell-shaped” change. According to the CCD, 2010 was the
most coordinated period for the relationships among PLES in the river basin, and, after
this period, the CCD of PLES gradually declined to the level of 2000, and will continue
to decline if the development trend remains unchanged. This phenomenon also exists
in some other study areas, such as the Fen River Basin in China [37]. The change in the
CCD of PLES reflects the change from the functional surplus to functional saturation to
functional deficiency of the land use in the Daqing River Basin as the social and economic
development continues [66]. Especially after 2010, the scale of the land use is still able to
meet the requirements of economic development, and this is reflected in the continuous
expansion of the built-up land; however, it is no longer possible to support the coordination
between production, living, and ecological functions. In terms of social development
patterns, the previous development policies of the administrative space in which the river
basin is located have had a saturating effect on land use since around 2010 [67,68]. For the
sake of coordinating PLES, it is essential to adjust the previous unsustainable development
pattern characterised by incremental expansion. The Daqing River Basin needs to focus on
a stock development strategy to control the amount of built-up land and to improve the
quality and sustainability of social development.

At the county scale, the course of CCD change is consistent with the basin as a
whole, which also undergoes an upward and then a downward process. Nevertheless,
the magnitude of change varies significantly between counties, and counties with similar
magnitude of change are spatially clustered, e.g., counties with the greatest change in CCD
values are concentrated in the eastern part of the Daqing River Basin, while counties with
relatively small change in CCD values are concentrated in the central part of the basin.
Since the eastern, central, and western parts of the river basin have very different economic
development patterns and levels, the spatial clustering of counties with similar changes
in CCD values reflects that the spatial changes in PLES are not random, but instead are
closely related to the regional development status.

We observed in our study that, as the overall CD or CCD in the Daqing River Basin
rises, the positive spatial correlation of CD or CCD at the county level gradually decreases.
In terms of spatial patterns, from 1992 to 2020 and then to 2030, the Daqing River Basin
experiences an uneven state, a relatively balanced state, and an uneven state of CD and
CCD distribution (Figure 14). This reflects the spatial effect of spatial variation in PLES of
the Daqing River Basin, and the positive correlation between the equilibrium of PLES of the
basin as a whole and the equilibrium of PLES’s CCD of the county groups. The imbalance
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in the overall spatial distribution of PLES in the basin can be reflected in the relationship
between county groups, while the imbalance in the spatial distribution of county groups’
CD or CCD also shapes the spatial imbalance of PLES in the basin as a whole.
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For the optimisation or maintenance of the CCD of PLES, a policy such as returning
cropland to forest is not necessarily the best policy, as the policy should be region-specific
and problem-specific. Although ecological conservation policies can help to promote
the ecosystem service capacity of the Daqing River Basin, and, in many other areas, is a
development strategy to maintain the CCD of PLES [69], taking into account the needs of
socio-economic development and the CCD of PLES, the best development strategy for the
Daqing River Basin may be to enhance the preservation of cropland. Considering that the
protection of cropland will inevitably reduce the transfer of cropland to built-up land, it is
crucial to optimise the current built-up land in the future.

Whether it is the changes in PLES from 1992 to 2020 or in the three different devel-
opment scenarios in 2030, it is easy to observe that the eastern, central, and western parts
of the Daqing River Basin are three sub-regions with distinctive characteristics. PLES
changes in these three sub-regions have had different impacts on human well-being within
them over the course of their history. The rapid rise in CCD in the east has corresponded
with rapid regional economic development, objectively raising the income levels of local
people [70]. The CCD in the west has been at a relatively low level, and there is still latent
capacity for further advancement. Under the 2030 NT and EP, the CCD of PLES in the
central part of the Daqing River Basin is significantly more affected than those in the eastern
and western parts of the basin. Under the 2030 CP, the impacts on the eastern, central,
and western CCDs are more balanced. Therefore, in addition to considering the basin as
a whole, it is also imperative to devote to the actual situation of the sub-regions and use
PLES as a resource with which to promote the socio-economic level of the region. While
our study has projected the future spatial changes of PLES for the Daqing River Basin as a
whole, a multi-scenario projection of the spatial changes of PLES for each of the sub-regions
of the Daqing River Basin will help to identify the development strategies that are most
conducive to improving the CCD of the sub-regions. Therefore, the role of scale effects in
prediction needs to be addressed in subsequent studies [33,71].

We were devoted to exploring the spatial evolution of PLES in the Daqing River
Basin over a long time series; however, due to the limitation of land use data sources, we
used data with a resolution of 300 m; thus, some small built-up land (e.g., small villages),
wetlands, and water (e.g., small ponds around villages) may be overlooked, which leads to
some uncertainty in the analysis results. In the future, with more abundant data sources,
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data with higher spatial resolution (e.g., 30 m) can be utilised to study the spatial variability
of PLES in the area to further enhance the credibility of the results. In addition, although
we have made detailed reference to the data selection methods of existing studies, and
combined with the data availability of the Daqing River Basin, we have finally identified
the drivers of land use dynamics. However, as the drivers of land use change are extremely
complex, the selection of drivers in any one study cannot be perfect, and our study is
no exception.

5. Conclusions

The main aim of this study is to explore the historical changes and future development
direction of PLES in basins with high economic development so as to provide new insights
for the high-quality sustainable development of basins. In order to achieve these objectives,
we classified PLES in the Daqing River Basin according to land use data, calculated the
changes in the number, CD, and CCD of PLES from 1992 to 2020, and analysed the spatial
distribution characteristics of PLES. We then integrated the CA model and PLUS model
to make multi-case scenario projections of land use in the Daqing River Basin in 2030,
on the basis of which we analysed the evolution directions of PLES in the basin. Our
results show that the living space in the Daqing River Basin continues to expand while
the production space and ecological space continue to shrink over the course of nearly 30
years of development. From the point of view of land use, the CCD of PLES in the Daqing
River Basin peaked in 2010, after which conflicts between production space, living space,
and ecological space gradually emerged. Under both NT and EP, the conflict between
PLES in the Daqing River Basin will increase significantly in 2030 compared to 2020, while
the CP scenario will mitigate the increase in conflict. PLES of the eastern, central, and
western parts of the Daqing River Basin each have their own unique spatial evolutionary
characteristics, and the changes of PLES in these three sub-regions are uneven. Enhancing
cropland preservation is beneficial to the maintenance of the CCD of PLES in the central
part, while enhancing ecological preservation is beneficial to the maintenance of the CCD
in the east. Our findings complement the current understanding of the impact of land
use change on PLES in a basin framework, highlight the heterogeneous nature of PLES
change within basins, and deepen the understanding of the important role of cropland
preservation in promoting sustainable regional development. In the formulation of land
use policies, the Daqing River Basin needs to improve the use efficiency of the built-up
land, avoid its indiscriminate expansion, minimize the occupation of cropland, and reduce
the conflict between production functions and living functions. In addition, it is essential
to pay more attention to the locality of land use, optimise the planting configuration of
existing cropland, and strive to improve the productivity per unit area of it.
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