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Abstract: Rural land consolidation projects (RLCPs) have become one of the largest organized
human activities to change land use patterns and impact terrestrial ecosystems, and it may also
be an important precondition to improving ecosystem service value (ESV). Evaluating the change
in ecosystem service value (ESV) is an important basis for measuring the effectiveness of RLCPs.
Therefore, this paper, taking RLCPs implemented at County Level in Hubei Province, China, as
an example, uses the improved ESV evaluation model to analyze the spatial differentiation of ESV
change in RLCPs and then adopts geographic detectors and a geographically weighted regression
model to identify the dominant factors affecting the ESV change in RLCPs. The results showed
that (1) although RLCPs make the unevenness of land use obvious, they reduce the complexity of
land use evidently and improve the dominance of land use significantly; (2) The ESV of RLCPs in
71 counties of Hubei Province increased, with an average increase of USD 2.37 × 107 a−1. The ESV
increase is large in central Hubei, while small in eastern and western Hubei. However, the increase
rate of ESV is high in eastern and central-north Hubei, while low in western and central-south
Hubei. This indicates that RLCPs can effectively promote ESV, but there are significant regional
differences, and (3) the ESV increase is positively correlated with GDP and construction scale, but
negatively linked with investment and per capita income of rural residents. The ESV increase rate is
negatively associated with cultivated land proportion and land use diversification index change, but
it is positively related to the change in the land use evenness index. However, their driving effects
have significant spatial heterogeneity.

Keywords: rural land consolidation projects; ecosystem service value; spatial differentiation; driving
mechanisms; equivalent factor method; geographically weighted regression model

1. Introduction

Ecosystem services refer to natural environmental conditions and their utility that are
formed and maintained by ecosystems and their processes [1], including support services,
regulation services, supply services, and cultural services [2]. With the rapid increase
in population and development of the economy, ecosystem services are constantly being
utilized by human beings. The Millennium Ecosystem Assessment points out that more
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than 60% of the global ecosystem services are declining, and the trend is expected to
continue indefinitely [1,2]. As an important basis for natural asset accounting and eco-
logical environment protection, the quantitative assessment of ecosystem service value
(ESV) can be more persuasive in terms of the ecological benefits obtained by adhering to
high-quality economic development and enhancing public awareness of environmental
protection [3,4]. At present, the ESV evaluation is mainly based on three aspects. The first
aspect is evaluating the comprehensive value of ecosystem services at different spatial
scales, i.e., global, regional, and local [5–9]. The second aspect is assessing the comprehen-
sive ESV of different ecosystem types, i.e., cultivated land, forest land, grassland, wetland,
and unused land [10–14]. The third is evaluating the value of individual ecosystem services,
such as primary product production, gas regulation, soil and water conservation, and
biodiversity maintenance [14–19]. However, it should be emphasized that the purpose of
ESV assessment is not to put an accurate and absolute price tag on ecosystem services,
but to allow marginal changes in ESV to be reflected in the decision-making process on
ecosystem conservation and land management [20–22]. The evaluation accuracy of ESV
has not been effectively solved in previous studies, which is why future research should
focus on analyzing the marginal change in ESV brought about by public policies or project
implementation in order to weaken the error of absolute value to a certain extent, and
provide policy implications for continued and effective implementation of public policies
or projects [11,12].

Rural land consolidation projects (RLCPs), as sustainability-oriented projects, have
been implemented worldwide to promote agricultural production and achieve rural de-
velopment [23,24]. With the strategic adjustment of land use policy in China, RLCPs have
acquired richer connotations and functions, which enabled comprehensive RLCPs. The
RLCPs required by the Ministry of Natural Resources of the People’s Republic of China
refer to a governance activity that combines the comprehensive application of relevant
policies and the adoption of advanced engineering technologies to adjust the land use
structure and optimize the spatial layout of the land to ensure sustainable land use, ulti-
mately meeting people’s production, life, and ecological needs, including comprehensive
effects such as food security, modern agriculture, precision poverty alleviation, and eco-
logical restoration. Combining the above definition with the actual situation of RLCPs in
China, In terms of RLCP objects, besides increasing the area and improving the quality of
cultivated land, increasing the income of farmers, accelerating the internal adjustment of
agriculture, promoting the migration of labor force, and improving the living environment
in rural areas are also involved [25–27]. In terms of the contents of RLCPs, they are projects
that mainly involve the implementation of agricultural land consolidation, construction
land consolidation, area environmental consolidation, ecological restoration, and historical
and cultural protection [28–30]. Among them, agricultural land consolidation refers to
supplementing the quantity of cultivated land, improving the quality of cultivated land,
and improving land utilization efficiency through land consolidation, reclamation, and
development. Construction land consolidation refers to idle and inefficient construction
land consolidation to meet the dual goals of regional development land demand and cul-
tivated land protection. Ecological protection and restoration refer to a comprehensive
improvement in the rural environment to improve rural ecological functions and maintain
biodiversity, improving the ability to prevent natural disasters, and maintaining the rural
natural landscape. Historical and cultural protection in RLCPs aim to enable rural areas
to achieve industrial development led by distinctive rural culture, which requires the
protection and utilization of rural natural and cultural resources, and the preservation of
rural unique local culture.

RLCPs have become one of the largest organized human activities to change land use
patterns and impact terrestrial ecosystems [31–34]. RLCPs will inevitably have direct or
indirect positive or negative impacts on hydrology, soil, vegetation, atmosphere, organisms,
and other environmental conditions in the project and surrounding areas [33–36]. The
study of the ecological impact of RLCPs has become an important concern in the evaluation

2



Land 2023, 12, 1162

of the benefits of land consolidation projects. Especially in China, quantitatively evaluating
the economic effects of RLCPs by analyzing ESV changes has become a major concern for
many scholars to provide a reference for policymakers in conducting post-RLCP benefit
evaluations. For example, Lu et al. used an improved equivalent factor method to reveal
the ESV profit and loss patterns of land consolidation projects with different properties and
landforms, and effectively quantitatively evaluated the ecological environment changes
caused by the implementation of land consolidation projects in villages in plains, hills,
and mountainous areas of Hubei Province, China [19]. Liu et al. used GIS and landscape
indicators to evaluate the ecological effects of RLCPs in typical RLCP locations [37]. Zhou
et al. evaluated the ecological benefits of an RLCP at a township level [38]. However, the
existing research mainly focuses on small areas such as villages and towns [19,37,38] and
pays less attention to the county level. Specifically, these studies ignored the characteristics
of China’s RLCPs in terms of regions, types, goals, and modes, leading to an inaccurate
assessment of the ecological effects of RLCPs. On the other hand, the driving mechanisms
in ESV change in RLCPs at the county level remain unexplored. Taking Hubei Province,
one of the pioneering zones for RLCP implementation in China, as a case study, we use
the modified ESV evaluation model to analyze the spatial differentiation of ESV change in
RLCPs. Then, we adopt a geographic detector and a geographically weighted regression
model to identify the dominant factors affecting the ESV change in RLCPs, which is suitable
for promoting the ecological transformation of RLCPs. Additionally, it also provides a
scientific basis and support for strengthening the construction of ecological civilization and
protecting the ecological environment.

2. Materials and Methods

2.1. The Effects of RLCPs on ESV

Based on the theory of ecosystem services, RLCPs will promote changes in ESV by
changing land use patterns and causing ecosystem changes that affect support services,
regulation services, supply services, and cultural services of the ecosystem.

Implementing RLCPs can have an impact on ecosystem support services. RLCPs
supplement the quantity and improve the quality of cultivated land by implementing
land consolidation, land reclamation, and land development. This has increased food
production capacity. The result of improving food production capacity means that RLCPs
can improve ecosystem support services.

The implementation of RLCPs has an impact on both ecosystem regulation and supply
services. RLCPs affect soil physicochemical properties and hydrological processes such
as surface runoff, soil infiltration, and deep infiltration by changing land use/cover types.
These changes in soil habitats have an impact on the above ecosystem services in the
area where RLCPs are implemented, specifically manifested as direct impacts on crop
production, climate challenges, soil and water conservation, and other aspects.

The implementation of RLCPs will also have an impact on ecosystem cultural services.
In practice, RLCPs focus on the improvement and protection of rural landscapes, mani-
fested as promoting the development of industries such as ecotourism while emphasizing
the protection of existing rural landscapes and culture. From this, the role of RLCPs in
improving ecosystem cultural services is becoming increasingly evident.

Above all, this paper proposes that while RLCPs have an effect on the ecosystem
service, there is an ESV change in RLCPs.

2.2. Study Area

Hubei Province, located in central China and the middle reaches of the Yangtze
River, is one of the major grain-producing areas in China. It extends over an area of
18.59 × 104 km2, equivalent to 1.94% of the national territory, of which mountains account
for 55.5%, hills and hillocks comprise 24.5%, and plains and lakes encompass 20%. Hubei
is one of the provinces with the earliest start, numerous projects, and remarkable effects
in RLCPs in China, and it is also one of the pioneers and demonstration provinces for
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RLCP implementation mode innovation. The RLCPs in Hubei Province is divided into
3 first-level types: low mountain and hilly consolidation type areas in eastern Hubei (I),
plain consolidation type areas in central Hubei (II), and mountain plateau consolidation
type area in western Hubei (III); it can be further subdivided into 7 secondary modes:
low mountain consolidation mode areas (I-1), hilly consolidation mode areas (I-2), hillock
consolidation mode areas (II-1), plain consolidation mode areas (II-2), water network polder
consolidation mode areas (II-3), river (ditch) valley basin consolidation mode areas (III-1),
and karst dam consolidation mode areas (III-2). According to the Department of the Natural
Resources of Hubei Province, Hubei carried out 406 key RLCPs in 2013, with a cumulative
construction scale of 461,190 hectares, a total investment of USD 2041.16 million, and
11,069 hectares of newly cultivated land, which were completed by the end of 2016. For the
convenience of research, we have merged the municipal districts and the counties that have
not implemented land consolidation projects, and we obtained a total of 71 county-level
units. The serial numbers of each research unit and its consolidation mode are shown in
Figure 1. Considering that the construction period of RLCPs takes half a year to three years,
we chose 2012 and 2017 to represent the year before and after RLCPs, respectively.

Figure 1. Location and zoning map of research unit for RLCPs in Hubei Province.

2.3. Research Methods
2.3.1. Indices of Land Use Structure

A change in land use structure will change ecosystem function and structure, leading
to a change in ESV. The land use diversification index (LDI), land use diversity index (LVI),
land use dominance index (LAI), and land use evenness index (LEI) are widely used to
characterize land use structure from a macro perspective [39,40]. Both LDI and LVI indicate
the complexity and richness of land use types, and the higher the value, the more complex
the land use types. LAI refers to the difference between the maximum and actual LVI
values. LEI is defined as the uneven distribution degree of various land use type areas.
Their formulas are as follows.

LDI = 1 − ∑ S2
i / ∑ Si

2 (1)

4
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LVI = −∑ PilnPi (2)

LAI = lnm + ∑ PilnPi (3)

LEI = −∑ PilnPi/lnm (4)

where Si and Pi represent the area and proportion of the i-th land use type, respectively;
m represents the maximum area of each type of land use.

2.3.2. ESV Calculation

The equivalent factor method, derived from the unit value-based approach, has been
widely applied for the calculation of the comprehensive ESV. Xie et al. developed a method
based on a survey of 700 ecological experts to estimate the ESV in China [41–43]. This
method is convenient and cost-effective for performing a comprehensive assessment of
ESV. However, a growing body of research reveals that ecosystem service functions are
regulated by different ecological mechanisms and processes, which are closely related to
local ecological conditions [41]. Thus, assessment based on regional uniform equivalent
factors cannot reflect regional differences in ecosystem services functions, thus limiting the
practical application of ESV assessment in environmental management. To address these
limitations, Xie et al. [41–43] updated equivalent coefficients of ecosystem services in China
based on a combination of methods. This study obtained the table of equivalent ecosystem
services coefficients in Hubei Province [41–43]. The specific steps are as follows.

First, we selected the indicators of average precipitation, food production, and social
development stage to adjust the equivalent coefficients of ecosystem services [19,43,44], by
which the adjusted equivalent coefficients can reflect the regional variations of ecological
conditions in Hubei Province. The formulas are as follows:

λt = Gt/G0t = Wt/W0t (5)

where λt is the regional correction coefficient in year t; Gt and G0t are the average grain
yield (kg/hm2) of Hubei Province and China in year t, respectively; and Wt and W0t are
the average annual precipitation (mm) of Hubei Province and China in year t, respectively.

lt = HtL/
(

1 + e−(1/Ent−3)
)
+ htL/

(
1 + e−(1/E0nt−3)

)
(6)

Tt = l1t/l0t (7)

Pt = GDP1t/GDP0t (8)

where lt is the coefficient of the social development stage in year t; Tt is the coefficient
of regional willingness to pay for ecological environmental protection in year t; Pt is the
coefficient of regional payment capacity in year t; L is the value of the social development
coefficient in the ideal stage; Ht and ht are the proportion of the urban and rural population
in the total population in year t, respectively; Ent and E0nt are Engel’s coefficients of urban
and rural areas in year t, respectively; l1t and l0 are the coefficients of the social development
stage in Hubei Province and China in year t, respectively; and GDP1t and GDP0t are the
GDP per capita of Hubei Province and China in year t, respectively.

Second, Xie et al. defined that the ESV of the standard equivalent factor is equal to 1/7
of the food production value that farmland can provide [19,41–43]. We select the sowing
area and output value of rice, wheat, and corn in Hubei Province to adjust the economic
value of one equivalent factor. The formulas are as follows:

Vt =
1
7 ∑n

m=0

(
AmtPmtQmt

Mt

)
(9)
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VCijt = λt × Tt × Pt × Vt × E0ijt (10)

where Vt is the economic value of one equivalent factor in year t (USD/hm2 a−1); VCijt is
the economic value of one equivalent factor of the i-th ecosystem type (or land use type)
and the j-th service type in year t; Amt, Pmt, and Qmt are the sown area, selling price, and
total output of the m-th crops in year t, respectively; and Mt is the total sown area of three
crops in year t.

Third, Xie et al. [43] divided the ecosystem types or land use types into 6 categories
in the equivalent table of terrestrial ecosystem services in China, which differs from the
land use type in the project area, so it is necessary to readjust them. Specifically, ESV of
cultivated land is the average value of water fields and dry land; ESV of garden land is
weighted with 80% of the corresponding value of forest land and 20% of the corresponding
value of grassland; ESV of forest land is the average value of broad-leaved forests and shrub
forests; ESV of grass land is the average value of grasslands, shrubs, and meadows; ESV of
traffic land is replaced by the corresponding value of bare land; other land types include
field ridge, sandy land, and bare land, and their ESV is replaced by the corresponding
value of bare land; and the ESV of construction land is zero.

Forth, based on the modified equivalent coefficients of ecosystem services and areas
of different land use types, the ESV formulas are as follows.

ESV0 = ∑i ∑j A0i × VC0ij (11)

ESV1 = ∑i ∑j A1i × VC1ij (12)

ESVgl = ESV1 − ESV0 (13)

ESVgl1 = ESV1 − ESV0/ESV0 × 100 (14)

where ESV0 and ESV1 are the total ESV before and after RLCP; A0i and A1i are the areas of
the i-th ecosystem type before and after RLCP; VC0ij and VC1ij refer to the value coefficient
of the i-th ecosystem type and the j-th service type before and after RLCP; and ESVgl and
ESVgl1 represent the amount and rate of change in ESV, respectively.

2.3.3. Spatial Autocorrelation

Spatial autocorrelation is commonly used to calculate the correlation degree of spatially
dependent or heterogeneous data and interpret their spatial mechanism [45]. It can be
divided into global spatial autocorrelation and local spatial autocorrelation [45]. The former
can be used to investigate the overall spatial correlation and differences in ESV change, as
expressed by Moran’s I statistic [46]. The latter can be used to further explain the spatially
non-stationary and heterogeneous characteristics of ESV change, which can be described
by local Moran’s I [46]. The formulas are as follows:

I = n
∑n

i=1 ∑n
j=1 Wij(xi − x)

(
xj − x

)
∑n

i=1 ∑n
j=1 Wij(xi − x)2 (15)

Ii =
n(xi − x)∑n

j=1(xj − x)

∑n
j=1 (xj − x)2 (16)

where I and Ii are Moran’s I and local Moran’s I indices, respectively; n is the number of
research units; xi and xj are the attribute values of spatial units I and j, respectively; x is the
average value of xi; and Wij is the spatial weight matrix.

6
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2.3.4. Geographic Detector and Geographically Weighted Regression Model

The geographic detector is widely used to detect spatial heterogeneity and discover
its driving factors, and it is based on the assumption that if the independent variable has
a significant effect on the dependent variable, the spatial distribution of the independent
and dependent variables should be similar or even highly consistent [47,48]. Therefore, we
use the geographic detector to determine the dominant factors affecting the ESV change in
RLCPs. The expression is as follows:

q = 1 − 1
Nσ2 ∑L

h=1 Nhσ2
H (17)

where q is the explanatory power of explanatory variables for ESV change or change rate,
whose values range from 0 to 1; h = 1, ..., L is the stratification of variable Y or factor X; Nh
and N are the numbers of cells in stratum h and full area, respectively; and σ2

h and σ2 are
the variances of Y values in stratum h and full area, respectively.

The geographic detector is a method of global spatial analysis, in which the regres-
sion parameters are the same in different geographic locations. However, the regression
parameters differ in different geographical locations [49]. If we would only adopt the geo-
graphic detector, the estimated parameters would be the average values of the regression
parameters in the whole study area, which cannot reflect the real spatial characteristics of
the regression parameters of the driving factors that affect ESV change in RLCPs. To solve
this problem, Fortheringham et al. presented a geographically weighted regression (GWR)
model, which is an extension of the ordinary linear square model and incorporates the
geographic location of the sample data into the regression parameters [50,51]. Therefore,
we use the GWR model to analyze the heterogeneity of the influence of the driving factors
that affect ESV change. The formula is as follows:

Yi = β0(ui, vi) + ∑k=1
i=1 βk(ui, vi)Xik + εi (18)

where Yi is the explained variable, i.e., the ESV change amount or rate of the i-th county;
Xik is the explanatory variable, i.e., the k-th explanatory variable of the i-th county; (ui, vi) is
the geographic location of the i-th county; β0(ui, vi) and βk(ui, vi) are the constant and the
k-th regression parameter of the i-th county; and εi is random error item.

2.4. Data Source

The data used in this paper include RLCP data and socioeconomic data. The RLCP
data were obtained from the Department of Natural Resources of Hubei Province. The
socioeconomic data were derived from China Statistical Yearbook, China Water Conser-
vancy Statistical Yearbook, Hubei Statistical Yearbook, and National Agricultural Products
Cost–benefit Data Compilation.

3. Results

3.1. Characteristics of Land Use Change

Table 1 shows the areas of different land use types before and after RLCPs. After
RLCPs, the area of cultivated land and rural roads increased, while the area of other lands,
barren grassland, water, forest, construction land, garden, and ditch decreased. However,
the increase rate of rural roads is significantly higher than that of cultivated land, which
indicates that the main purpose of RLCPs in Hubei Province is no longer to increase the
area of cultivated land and promote agricultural production, but to pay more attention to
the construction and improvement in rural infrastructure [28,39,40].
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Table 1. The area of different land use types before and after land consolidation.

Cultivated
Land

Garden
Land

Forest
Land

Water Ditch Grassland
Rural
Roads

Other
Lands

Construction
Land

Before
consolidation/hm2 366,944 14,949 2624 28,966 14,957 4709 10,273 16,894 871

After
consolidation/hm2 374,371 14,786 1587 27,471 14,933 1719 11,431 13,968 659

Area
change/hm2 7427 −163 −1037 −1495 −24 −2990 1158 −2925 −211

Range change/% 2.02 −1.09 −39.52 −5.16 −0.16 −63.50 11.27 −17.32 −24.26

Figure 2 shows the changes in land use structure indices before and after RLCPs. After
RLCPs, the LDI, LVI, and LEI indices of each county show a decreasing trend, while the
LAI index shows an increasing trend. RLCPs can promote the transformation of land use
types, such as barren grassland, water, and forest converted into cultivated land, which
increases the proportion of cultivated land. Although RLCPs can reduce the complexity of
land use and significantly improve the dominance of land use, they can also lead to uneven
land use.

 

Figure 2. Land use structure indices change before and after RLCP.

3.2. Spatial Differentiation of ESV Change
3.2.1. Spatial Distribution Characteristics of ESV Change

Figure 3 shows the spatial distribution of the amount and rate of ESV increase. Grading
similar amounts and rates of ESV increase to the same level is convenient for comparison.
Therefore, using the Jenks natural breaks classification method [52,53], the amounts and
rates of ESV increase were divided into four levels: low, medium-low, medium-high, and
high. As can be seen in Figure 3a, the amount of ESV increase is characterized as high
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in the middle, while low in the east and west. Specifically, the ESV amount in the whole
province, the low mountain and hilly areas in eastern Hubei, the plain areas in central
Hubei, and the mountainous plateau area in western Hubei increased by an average of
USD 3.54 × 106 a−1, USD 2.84 × 106 a−1, USD 5.28 × 106 a−1, and USD 1.52 × 106 a−1,
respectively. The high-level zones are only found in Xiantao City, the medium-high-level
zones are mainly located in the small hillock areas, the medium-low zones are mainly
distributed in the plain and water network polder areas, and the low-level zones are mainly
distributed in eastern and western Hubei. As shown in Figure 3b, the increasing rate of ESV
is high in eastern and central-northern Hubei, while low in western and central-southern
Hubei. Specifically, the entire province, the low mountainous and hilly areas in eastern
Hubei, the plain areas in central Hubei, and the mountain plateau area in western Hubei are
characterized by an average increase rate of 10.49%, 12.46%, 10.63%, and 8.76%, respectively.
Additionally, the low and medium-low level zones are mainly concentrated in western
Hubei, while the zones with medium-high and high levels are mainly distributed in central
and eastern Hubei.

 

Figure 3. Spatial distribution of ESV increase amount (a) and rate (b).

3.2.2. Spatial Agglomeration Characteristics of ESV Change

Figure 4 shows the Lisa cluster map of the amount and rate of increase in ESV. Moran’s
I value of the amount of ESV increase was 0.1041, passing the significance test at 0.01 levels.
Moran’s I value of the rate of ESV increase was 0.3396, passing the significance test at
0.001 levels. These results show that there is an obvious spatial autocorrelation between
the amount of ESV increase amount and the rate of ESV increase. In terms of the amount of
ESV increase, the high-high and low-high areas are relatively small and mainly distributed
in central Hubei, while the low-low areas are relatively large and mainly concentrated
in northeast and southwest Hubei. This indicates that RLCPs in Hubei Province were
widely distributed with an obvious diffusion effect. In terms of the rate of ESV increase, the
high-high areas are mainly located in Wuhan, Ezhou, and Huanggang, and these areas are
the hot spots of high-standard farmland construction in Hubei Province. The low-low areas
are mainly located in Shiyan. The low-high and high-low areas are mainly concentrated in
southern Hubei. These results suggest that with the economic development, each county
increased its RLCPs investment, and regional differences gradually decreased.
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Figure 4. The Lisa cluster map of ESV increase amount (a) and rate (b).

3.3. Driving Mechanism of ESV Change
3.3.1. Driving Factors Selection

In addition to RLCPs, natural, economic, social, policy, and other factors will influ-
ence the change in ESV. Firstly, natural factors, especially cultivated land factors, are the
sufficient conditions for RLCPs. The main purpose of RLCPs is to improve the quality of
cultivated land and increase the area of cultivated land. Secondly, RLCPs belong to the
engineering measures of capital investment, and good economic conditions are a necessary
condition for its implementation. Thirdly, RLCPs are an important tool for promoting rural
revitalization and achieving regional sustainable development. Therefore, social factors
such as population and farmers’ income are also important factors influencing the layout
of RLCPs. Fourthly, policy factors, especially investment scale and construction scale, not
only indicate the frequency of RLCPs, but also represent the difficulty of RLCPs. Finally,
an apparent linear relationship is noticed between indicators of land use change and ESV
change. Based on the above analysis, 15 factors were selected as the driving factors of ESV
change (Table 2).

Table 2. Driving factors of ESV change in RLCPs.

Driving Factors Factors Definition/Unit Code

Natural
factors

Cultivated land area Cultivated land area (hm2) X1
Cultivated land proportion Cultivated land area/Total land area (%) X2

Per capita cultivated land area Cultivated land area/Total population
(hm2·person−1) X3

Economic
factors

GDP GDP (USD 100 million) X4
Per capita GDP Total GDP/Total population (USD·person−1) X5

Average investment in fixed assets Social fixed assets investment/Total land area
(104 USD·km−2) X6

Social
factors

Per capita income of rural residents Per capita net income of rural residents (USD) X7
Population density Total population/Total land area (person·km−2) X8
Urbanization rate Non-agricultural population/Total population (%) X9

Policy
factors

Investment scale Total investment scale of RLCPs (104 USD) X10
Construction scale Total construction scale of RLCPs (hm2) X11

Land use change factors
LDI variation LDI before RLCP-LDI after RLCP X12
LAI variation LAI before RLCP-LAI after RLCP X13
LEI variation LEI before RLCP-LEI after RLCP X14

3.3.2. Geographical Detector Results

The geographical detector is used to identify the driving factors of the increase in ESV
amount and rate, and the results are shown in Table 3. In terms of the amount of ESV
increase, X4, X7, X10, and X11 pass the significance test at 0.05 level, and the order of q
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values from large to small is X11, X10, X7, and X4. This indicates that the amount of ESV
increase is significantly affected by policy, social, and economic factors. In terms of the rate
of ESV increase, only X2, X13, and X14 passed the significance test at 0.05 level, and the
order of q values from large to small is X14, X13, and X2. This shows that the rate of ESV
increase is significantly affected by land use change factors and natural factors.

Table 3. Estimated results of geographical detector.

Increase
Amount

X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11 X12 X13 X14

q value 0.11 0.14 0.01 0.16 0.11 0.09 0.17 0.10 0.06 0.27 0.57 0.03 0.03 0.03
sig. 0.14 0.05 0.86 0.04 0.12 0.22 0.01 0.16 0.30 0.00 0.00 0.60 0.63 0.53

Increase
Rate

X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11 X12 X13 X14

q value 0.01 0.24 0.12 0.10 0.05 0.09 0.12 0.08 0.07 0.02 0.07 0.13 0.24 0.28
sig. 0.99 0.03 0.25 0.83 0.83 0.99 0.23 0.74 0.38 0.81 0.89 0.13 0.01 0.00

3.3.3. GWR Results
Spatial Differentiation of the Dominant Factor Affecting the Amount of ESV Increase

Figure 5 describes the spatial differentiation of the dominant influencing the amount
of ESV increase. It can be seen in Figure 5a that there is a positive correlation between
GDP and the amount of ESV increase, indicating that the higher the level of economic
development, the higher the total amount of ESV increased by RLCPs. Specifically, RLCPs
belong to the capital investment engineering measures, and the higher the regional GDP,
the greater the scale and amount of investment in RLCPs, and the greater the ecological
effect of RLCPs. From the spatial perspective, the impact intensity of GDP on the amount
of ESV increase shows a decreasing trend from southwest to northeast, which is opposite
to the GDP of each unit. This is because the lower the economic level, the stronger the
motivation for promoting the economy by RLCPs. The per capita income of rural residents
is negatively correlated with the amount of ESV increase (Figure 5b). The impact intensity of
per capita income of rural residents on ESV increases from west to east, which is consistent
with the income level of rural residents in each unit. It may be that the higher the farmers’
income, the higher their awareness of RLCPs. There is a negative correlation between
the investment scale and the amount of ESV increase (Figure 5c), which may be that the
higher the investment, the higher the cost of RLCPs, and then the number of projects or the
construction scale is reduced. The effect of investment scale on the amount of ESV increase
shows a decreasing trend from southeast to northwest, which is in direct proportion to the
investment scale of RLCPs. At the same time, the positive impact of construction scale on
the amount of ESV increase gradually increased from west to east (Figure 5d). The reason
is that RLCPs mainly affect ESV by changing the land use structure, so its construction
scale has a substantial impact on the amount of ESV increase [28,34,36].

Spatial Differentiation of the Leading Factor Affecting the Rate of ESV Increase

Figure 6 describes the spatial differentiation of the dominant factors influencing the
rate of ESV increase. In plains and hilly areas, the cultivated land proportion is negatively
correlated with the rate of ESV increase (Figure 6a). The impact intensity of cultivated land
proportion on the rate of ESV increase gradually weakens around the Jianghan Plain. This
is mainly due to the high proportion of cultivated land and low proportion of ecological
land in these areas. The RLCPs of each unit are mainly based on the internal potential,
and the rate of ESV increase is low. There is a positive correlation between the cultivated
land proportion and the rate of ESV increase in mountainous areas. The more the terrain
fluctuates, the lower the rate of land use. Each unit increases the cultivated land proportion
through RLCPs, which will improve ESV. The relationship between LDI variation and the
rate of ESV increase is similar to the cultivated land proportion. Except for some units in
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Enshi Prefecture and Shiyan City, the LEI variation is positively correlated with the rate
of ESV increase. A common general rule is that the more the LEI index decreases, the
lower the rate of ESV increase. The influence intensity is the strongest in the water network
polder areas, and gradually weakens in a semicircular shape from south to north and from
east to west, which is consistent with the distribution of cultivated land resources and the
land use intensity in each unit.

Figure 5. Spatial differentiation of dominant factor affecting ESV increase amount.

 

Figure 6. Spatial differentiation of dominant factor affecting ESV increase rate.
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4. Discussion

4.1. Strengthening Research on ESV Change under the Background of RLCP

We have made corresponding modifications to the ESV evaluation method, which
is realized by modifying the average precipitation, food production, socioeconomic de-
velopment stage, as well as land use type, etc. The improved evaluation method is more
consistent with the actual situation of Hubei Province in terms of specific application scales.
The empirical results based on the improved value equivalent method show that after
RLCPs, the ESV of the RLCP areas in 71 counties of Hubei Province increased. This result
indicated that RLCPs can effectively improve the ecological environmental quality.

Currently, China is vigorously promoting the implementation of RLCPs, which is
characterized by rich content, diverse models, diverse objectives, and comprehensive
means. It has played an important role in optimizing spatial land layout, ensuring food
security, and improving rural production and the living environment and ecosystem. At
present, China is in a critical period of economic transformation. While ensuring sustained
and stable economic growth, it is also implementing relevant policy measures such as
RLCPs to reduce the damage caused by economic development to resources and the
environment, ensure food demand, narrow development gaps, and improve the quality of
economic development. Studying the ESV variation patterns and driving mechanisms in
China’s RLCPs provides a reference for other developing countries to achieve these goals
in their development process.

However, this study has several research limitations. First, due to the limitation of
data acquisition, the first year after the RLCPs were put into use was selected to represent
the year after consolidation, which results in a smaller change in the amount and rate of
ESV. After RLCPs, the supply, regulatory, and cultural services are in dynamic change.
The changes in supply and partial cultural services can be observed in a short time, but
the changes in regulatory and partial cultural services need to be reflected over a long
period of time [19,25,26,38]. Therefore, the ESV change in RLCPs requires long-term fixed-
point observation and analysis. Second, the change in the relationship between ecosystem
services under the background of RLCPs was not quantitatively analyzed. The relationship
between supply, regulatory, and cultural services is contradictory and antagonistic; that
is, these three categories of ecosystem services do not increase or decrease simultaneously,
with some services increasing, some services decreasing, and some services remaining
unchanged [6,12,18]. In practice, the impact of RLCPs on ecosystem supply and regulatory
services is reflected in ensuring the food production and quality of the region. Therefore,
the development of the region relies on agricultural planting. The impact of RLCPs on
ecosystem cultural services is reflected in strengthening the natural resources and historical
and cultural characteristics of the region through relevant measures, vigorously developing
the ecological tourism industry, etc. Its characteristic is that it will, to some extent, abandon
the grain cultivation it originally relied on for rural development. Ensuring food security
and development are equally important. Hence, the trade-offs, dependencies, or synergy
relationships between ecosystem services affected by RLCPs should be deeply explored to
provide support and guidance for the spatial layout of RLCPs and the optimal management
of ecosystem services. Similarly, in the selection of content and policy formulation for the
implementation of future RLCPs in China, appropriate content needs to be selected through
the balance of these contents to ensure the positive benefits brought by the implementation
of RLCPs.

4.2. Implementing Differentiated RLCPs Policy

Continue to implement the high-standard basic farmland consolidation projects in
central Hubei: Central Hubei includes the Jianghan Plain and the middle and lower reaches
of the Hanjiang River Plain, with flat terrain, abundant cultivated land resources, and a
high level of economic development. The investment scale and the construction scale of
RLCPs far exceed those in eastern or western Hubei. The amount of ESV increase in central
Hubei is much larger than that in eastern or western Hubei, but the rate of ESV increase is
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relatively low. Additionally, the proportion of cultivated land and the land use diversity
index change has a significant impact on ESV change in Central Hubei. Therefore, we
should continue with the implementation of basic farmland consolidation projects, but we
should also strengthen the protection of land use diversity in the RLCP process and try
to retain water areas and other land types that have a greater impact on the ecosystem in
order to achieve good ecological effects.

Expanding the implementation of low hilly consolidation projects in eastern Hubei:
The terrain of eastern Hubei is mainly hilly, with a small number of plains and mountains.
Although the investment scale and the construction scale of RLCPs are far smaller than
those of central or western Hubei, the newly increased rate of cultivated land is much
higher than that of central or western Hubei, and the rate of ESV increase is also higher
than that of central and western Hubei. Therefore, we should expand the implementation
of consolidation projects in the area of low hills in eastern Hubei in order to ensure the
dynamic balance of cultivated land in Hubei Province and achieve the dual effects of
production and ecology.

Strengthen the investment in ecological conservation projects in western Hubei: West-
ern Hubei includes Qinba Mountain and Wuling Mountain, and is characterized by poor
natural conditions, weak ecological foundation, and low per capita income. Meanwhile,
both the investment and construction scale of RLCPs are relatively small. The amount
and rate of ESV increase in western Hubei are low; GDP and construction scale are pos-
itively correlated with the amount of ESV increase, while the investment scale and per
capita income of rural residents are negatively correlated with the amount of ESV increase.
Therefore, western Hubei can more actively implement small-scale RLCPs. What should
be emphasized the most is the protection of natural forests and water conservation, while
increasing the area and improving the quality of cultivated land.

5. Conclusions

RLCPs have become one of the largest organized human activities aiming to change
land use patterns and impact terrestrial ecosystems. This study used Hubei Province as a
case study to explore the spatial differentiation and driving mechanisms of ESV change in
RLCPs. We use the improved ESV evaluation model to analyze the spatial differentiation
of the amount and rate of ESV change due to RLCPs, and then adopt the geographic
detectors and the geographically weighted regression model to identify the dominant
factors affecting the amount and rate of ESV change due to RLCPs. The main results and
conclusions are as follows:

(1) Although RLCPs make the unevenness of land use obvious, they evidently reduce the
complexity of land use and significantly improve the dominance of land use. After
RLCPs, the land use diversification index, land use diversity index, and land use
dominance index of each county decreased, while the land use dominance index
increased. This also indicates that RLCPs can improve ecosystem complexity and
stability, and ultimately improve ESV;

(2) The ESV of the RLCPs areas in 71 counties of Hubei Province increased, with an
average increase of USD 2.37 × 107 a−1. The amount of ESV increase is large in central
Hubei, while small in eastern and western Hubei. The rate of ESV increase is high in
eastern and central-northern Hubei, while low in western and central-southern Hubei.
This implies that RLCPs can improve ESV, but the improvement effect has significant
regional differences;

(3) The amount of ESV increase is positively corrected with GDP and construction scale,
but is negatively correlated with investment scale and per capita income of rural
residents. The rate of ESV increase is negatively correlated with the proportion of
cultivated land and the change in the land use diversification index, but positively
correlated with the change in the land use evenness index. However, their driving
effects have significant spatial heterogeneity. Therefore, governments should carry
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out differentiated RLCPs according to regional natural geographical conditions and
socioeconomic development levels in order to protect the ecological environment.
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28. Stręk, Ż.; Noga, K. Method of delimiting the spatial structure of villages for the purposes of land consolidation and exchange.
Remote Sens. 2019, 11, 1268. [CrossRef]

29. Yin, Q.; Sui, X.; Ye, B.; Zhou, Y.; Li, C.; Zou, M.; Zhou, S. What role does land consolidation play in the multi-dimensional rural
revitalization in China? A research synthesis. Land Use Policy 2022, 120, 106261. [CrossRef]

30. Tran, D.; Vu, T.H.; Goto, D. Agricultural land consolidation, labor allocation and land productivity: A case study of plot exchange
policy in Vietnam. Econ. Anal. Policy 2022, 73, 455–473. [CrossRef]

31. Yu, G.; Feng, J.; Che, Y.; Lin, X.; Hu, L.; Yang, S. The identification and assessment of ecological risks for land consolidation
based on the anticipation of ecosystem stabilization: A case study in Hubei Province, China. Land Use Policy 2010, 27, 293–303.
[CrossRef]

32. Janus, J.; Ertunç, E. Impact of land consolidation on agricultural decarbonization: Estimation of changes in carbon dioxide
emissions due to farm transport. Sci. Total Environ. 2023, 873, 162391. [CrossRef] [PubMed]

33. Shan, W.; Jin, X.B.; Ren, J.; Wang, Y.C.; Xu, Z.G.; Fan, Y.T.; Gu, Z.M.; Hong, C.Q.; Lin, J.H.; Zhou, Y.K. Ecological environment
quality assessment based on remote sensing data for land consolidation. J. Clean. Prod. 2019, 239, 118126. [CrossRef]

34. Feng, W.L.; Li, Y.R. Measuring the ecological safety effects of land use transitions promoted by land consolidation projects: The
case of Yan’an city on the Loess Plateau of China. Land 2021, 10, 783. [CrossRef]

35. Yang, Z.; Yang, L.; Zhang, B. Soil erosion and its basic characteristics at karst rocky-desertified land consolidation area: A case
study at Muzhe Village of Xichou County in Southeast Yunnan, China. J. Mt. Sci. 2010, 7, 55–72. [CrossRef]

36. Zhong, L.; Wang, J.; Zhang, X.; Ying, L.; Zhu, C. Effects of agricultural land consolidation on soil conservation service in the Hilly
Region of Southeast China: Implications for land management. Land Use Policy 2020, 95, 104637. [CrossRef]

37. Liu, Y.; Wu, C.; Yue, W.; Ye, Y. Evaluation of ecological effect and landscape pattern in land consolidation project. Acta Ecol. Sin.
2008, 5, 2261–2269.

38. Zhou, X.; Feng, Y.; Luo, W.; Jia, W.; Yang, J.; Li, H. Comparing two ecosystem service evaluation methods of the ecological benefits
from a land consolidation project at a township level: A case study in Sanxing Town, Jintang County of Sichuan Province. Acta
Ecol. Sin. 2020, 40, 1799–1809.

39. Wang, K.; Shi, H.; Zhou, W.; Zheng, F.; Sun, H. Study on the relationship between land use structure change and ecological
services value in the arid inland basin area: A case study of Jiuquan, China. Pop. Res. Environ. 2011, 21, 124–128.

40. Kuchma, T.; Tarariko, O.; Syrotenko, O. Landscape diversity indexes application for agricultural land use optimization. Procedia
Tech. 2013, 8, 566–569. [CrossRef]

41. Xie, G.; Zhen, L.; Lu, C.; Xiao, Y.; Chen, C. Expert knowledge-based valuation method of ecosystem services in China. J. Nat.
Resour. 2008, 3, 911–919.

42. Xie, G.; Zhang, C.; Zhang, L.; Chen, W.; Li, S. Improvement of the Evaluation Method for Ecosystem Service Value Based on Per
Unit Area. J. Nat. Resour. 2015, 30, 1243–1254.

43. Xie, G.; Zhang, C.; Zhen, L.; Zhang, L. Dynamic changes in the value of China’s ecosystem services. Ecosyst. Serv. 2017, 26,
146–154. [CrossRef]

44. Li, J.; Huang, L.; Cao, W. An influencing mechanism for ecological asset gains and losses and its optimization and promotion
pathways in China. J. Geogr. Sci. 2022, 32, 1867–1885. [CrossRef]

45. Li, L.; Tang, H.; Lei, J.; Song, X. Spatial autocorrelation in land use type and ecosystem service value in Hainan Tropical Rain
Forest National Park. Ecol. Indic. 2022, 137, 108727. [CrossRef]

16



Land 2023, 12, 1162

46. Ren, H.; Shang, Y.; Zhang, S. Measuring the spatiotemporal variations of vegetation net primary productivity in Inner Mongolia
using spatial autocorrelation. Ecol. Indic. 2020, 112, 106108. [CrossRef]

47. Peng, W.; Fan, Z.; Duan, J.; Gao, W.; Wang, R.; Liu, N.; Li, Y.; Hua, S. Assessment of interactions between influencing factors on
city shrinkage based on geographical detector: A case study in Kitakyushu, Japan. Cities 2022, 131, 103958. [CrossRef]

48. Shi, S.; Wang, X.; Hu, Z.; Zhao, X.; Zhang, S.; Hou, M.; Zhang, N. Geographic detector-based quantitative assessment enhances
attribution analysis of climate and topography factors to vegetation variation for spatial heterogeneity and coupling. Glob. Ecol.
Conserv. 2023, 42, e02398. [CrossRef]

49. Gao, F.; Yang, L.; Han, C.; Tang, J.; Li, Z. A network-distance-based geographically weighted regression model to examine
spatiotemporal effects of station-level built environments on metro ridership. J. Transp. Geogr. 2022, 105, 103472. [CrossRef]

50. Fotheringham, A.S.; Charlton, M.; Brunsdon, C. The geography of parameter space: An investigation of spatial non-stationarity.
Int. J. Geogr. Inf. Sci. 1996, 10, 605–627. [CrossRef]

51. Zhang, R.; Chen, M. Spatial differentiation and driving mechanism of agricultural multi-functions in economically developed
areas: A case study of Jiangsu Province, China. Land 2022, 11, 1728. [CrossRef]

52. Liu, Y.; Li, T.; Zhao, W.; Wang, S.; Fu, B. Landscape functional zoning at a county level based on ecosystem services bundle:
Methods comparison and management indication. J. Environ. Manag. 2019, 249, 109315. [CrossRef] [PubMed]

53. Zhang, C.; Su, Y.; Yang, G.; Chen, D.; Yang, R. Spatial-temporal characteristics of cultivated land use efficiency in major
function-oriented zones: A case study of Zhejiang Province, China. Land 2020, 9, 114. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

17



Citation: Jiang, M.; Zhao, X.; Wang,

R.; Yin, L.; Zhang, B. Assessment of

Conservation Effectiveness of the

Qinghai–Tibet Plateau Nature

Reserves from a Human Footprint

Perspective with Global Lessons.

Land 2023, 12, 869. https://doi.org/

10.3390/land12040869

Academic Editor: Benedetto Rugani

Received: 10 March 2023

Revised: 10 April 2023

Accepted: 10 April 2023

Published: 12 April 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

land

Article

Assessment of Conservation Effectiveness of the Qinghai–Tibet
Plateau Nature Reserves from a Human Footprint Perspective
with Global Lessons

Mingjun Jiang 1, Xinfei Zhao 1, Run Wang 2, Le Yin 1 and Baolei Zhang 1,*

1 School of Geography and Environment, Shandong Normal University, Jinan 250014, China;
yinl.16b@igsnrr.ac.cn (L.Y.)

2 Shandong Provincial Territorial Spatial Ecological Restoration Center, Jinan 250014, China
* Correspondence: blzhangsd01@sdnu.edu.cn

Abstract: The intensity of human pressure (HP) has an important impact on the biodiversity and
ecosystem services of nature reserves (NRs), and the conflict and the coordination between NRs and
human activities are now key issues to solve in the construction of NR systems. This study improved
and applied a human footprint (HF) model that considers population density, land use, night light,
grazing intensity, and road construction as indicators of human activity to evaluate the effectiveness
of NRs in the Qinghai–Tibet Plateau in mitigating HP from 2000 to 2020. The results indicated that
during this period, the average HP in the national NRs of the plateau increased from 1.47646 to
1.76687, where values were generally high in the east and low in the west. The average value in
wetland NRs was the largest and had the smallest growth rate, while that in desert NRs was the
smallest and had the largest growth rate. From 2000 to 2020, the average HP in the core areas, buffer
areas, and experimental areas of the NRs increased by 0.12969, 0.29909, and 0.44244, respectively.
It is a challenge for the Chinese government to strengthen the ability of NRs to mitigate HP on the
wetland reserves and experimental zones in the Qinghai–Tibet Plateau region.

Keywords: protection effectiveness; nature reserve; human pressure; Qinghai–Tibet Plateau

1. Introduction

Nature reserves (NRs) are considered cornerstones of biodiversity conservation, and
their number and extent are expanding rapidly worldwide [1,2]. In 2020, more than
200,000 NRs have been established globally, covering 15.4% of the land and 7.5% of the
marine environments [3]. While the international community has made important progress
toward placing more land under protection, global biodiversity continues to decline, and
the effectiveness of NRs has been questioned [4–6]. To address this crucial issue, there is a
growing call for empirical evaluations of NRs’ effectiveness in achieving their intended
conservation goals and to understand the reasons behind their success or failure [7–9].
Climate change and human activities are important factors affecting biodiversity and
ecosystem services [10–13]. With the rapid development of global society and continuous
population growth, the conflict between protection and economic development has become
increasingly prominent, and human activities increased by about 55% in spite of the
establishment of more than 20,000 global reserves [14]. The fragmentation of habitat patches
caused by human activities such as urbanization, deforestation, and road construction has
been recognized as the biggest threat to ecological diversity within NRs [15,16]. Therefore,
the assessment of HP is an important means of evaluating their effectiveness.

In recent years, a series of studies has been carried out on the impact of human activi-
ties on the ecological environment from the perspectives of biodiversity [17,18], biological
habitat [19–21], and ecosystem services and their value [22,23]. With the rapid development
of relevant theories, a new method of measuring HP, known as the human footprint (HF)
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model, has been recently proposed [24]. This model quantifies the disturbance degree of
the ecosystem and then accumulates different human interference factors. It can compre-
hensively measure multiple HPs on the environment [24,25], as well as the intensity of
cumulative disturbance caused by some HP categories to ecosystems, including construc-
tion sites, crop and pasture lands, population density, nighttime lights, roads and railways,
and navigable waterways [25]. The HF model has been widely used since the beginning
of the 21st century [26,27], providing a reference for the study of HP interference [28]. It
has also been widely adopted for the protection of NRs in China [29], the Qilian Moun-
tains [30,31], the southeastern coast of Bangladesh [32], and the Yellow River Delta [33],
where it was shown to be advantageous to evaluate the effectiveness of reserves. With
time, increasing numbers of interference factors have been used as impact factors in the HF
model to evaluate HP, including land use [34], road construction [35], grazing intensity [36],
energy consumption (such as night light), and population density [37]. However, most
studies have only investigated one or two influencing factors, so the assessment results are
not perfect. It is urgent to consider all the abovementioned factors to evaluate HP in NRs
and fill the gap in the existing data set for this complex parameter.

The Qinghai–Tibet Plateau is the largest plateau in China and an important ecological
security barrier in both China and the Asian continent [38]. The plateau is not only a
key area for the distribution of alpine ecosystems and endemic animal and plant species
but also one of the regions with the richest biodiversity in the world [39]; it also has the
highest concentration of threatened terrestrial ecosystems [40]. Since the establishment of
the first national NR on the Qinghai–Tibet Plateau in 1963, 150 additional NRs have been
created, accounting for 31.63% of the plateau area [41]. In recent years, domestic and foreign
research groups have carried out relevant research on species protection, ecological and
environmental changes, protection measures, and the effects of NRs in the Qinghai–Tibet
Plateau region, where the impact of human activities has become an important part of the
evaluation [42,43]. For example, it has been found that the damage to the normal growth
of vegetation caused by long-term overgrazing is the main factor leading to grassland
degradation in these reserves [44]; road traffic facilities can directly or indirectly modify
the habitat of wild animals and plants and can even lead to habitat fragmentation and
loss [45]; tourism-related activities will disturb the habitats of animals and plants in the
NRs, directly destroy the surface vegetation, and alter the physical and chemical properties
of soil [46,47]; and, finally, the development of the mineral extraction industry will have a
serious impact on the migration of wild animals in the NRs [48]. In addition, engineering
construction and urbanization processes also to varying degrees threaten the NRs of the
Qinghai–Tibet Plateau [49]. Although numerous studies have been conducted on HP in
the area, as far as we know, no systematic report is available on the current situation in the
whole plateau in terms of the effects of constructing NRs, the protection they ensure, and
the existing problems. Therefore, by comprehensively considering multiple interference
factors examined in previous studies, we can adequately estimate what has been the level
of HP in the national NRs of the Qinghai–Tibet Plateau in recent years. Because of the
increasing population density and continuous expansion of production and living space
in the region, we hypothesized that although HP increases less inside than outside, this
parameter would have still slightly increased in the reserves during the period examined.
To verify this hypothesis, we comprehensively considered five interference factors to assess
HP in the national NRs of the Qinghai–Tibet Plateau.

The main aims of this study were to (1) improve and apply a human footprint (HF)
model that considers population density, land use, night light, grazing intensity, and road
construction as indicators of human activity to evaluate the effectiveness of NRs in the
Qinghai–Tibet Plateau region and (2) compare and analyze the variation of HP values inside
and outside the reserves and in each functional area to evaluate the effectiveness of NRs in
reducing human impacts from 2000 to 2020. The paper is structured as follows: Section 1
introduces the background of the analysis; Section 2 presents the methodological approach;
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Section 3 summarizes the results; and Section 4 discusses those results. Concluding remarks
are presented in the final section.

2. Materials and Methods

2.1. Study Area

The Qinghai–Tibet Plateau (73.43~104.67◦ E, 25.98~39.82◦ N), in the southeast of
China, is a unique geographical unit with the highest average altitude in China and even
in the world, with an average altitude of more than 4000 m. The Qinghai–Tibet Plateau
includes Qinghai Province, Tibet Autonomous Region, Sichuan Province, Yunnan Province,
Gansu Province, Xinjiang Autonomous Region, and other regions, with a total area of
2,500,000 km2, accounting for 26% of China’s total land area. The uplift of the Qinghai–
Tibet Plateau has blocked the Indian Ocean monsoon from moving northward and the
low-level westerly flow in China, forming a unique plateau climate, which combines
subtropical, temperate, and other climatic zones with complex hydrothermal conditions.
The vegetation types include mainly forests, shrubs, meadows, and deserts, and the alpine
meadows are the most widely distributed, accounting for about 60%.

The population density in the Qinghai–Tibet Plateau is relatively low, with less than
2 people/km2 in the central and western regions and slightly more than 10 people/km2 in
the southeast regions. The Qinghai–Tibet Plateau lags in urbanization and industrializa-
tion; it is rich in minerals, oil, natural gas, and other energy resources; and its economic
development level is lower than the national average. However, its overall development
speed is higher than the national average. The construction of NRs in the Qinghai–Tibet
Plateau began in 1963, and there were 56 national NRs in 2022. In this research, 32 national
NRs completely located in the Qinghai–Tibet Plateau with clear three functional zones were
selected as the study objects. The selected NRs were divided into five categories [50], in-
cluding 4 integrated ecosystems (TIEs), 13 wildlife ecosystems (TWEs), 7 forest ecosystems
(TFEs), 2 desert ecosystems (TDEs), and 6 inland wetlands and water ecosystems (TWWEs)
(Figure 1).

Figure 1. Location of the Qinghai–Tibet Plateau and the distribution of NRs and their functional zones.
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2.2. Data

The data include mainly population density data, land-use data, grazing intensity
data, night-light data, road data, etc. The data source is shown in Table 1.

Table 1. Data source and time.

Data Type Time Data Sources

Population density data 2000–2020 World Pop data set

Land-use data 2000–2020
Resource and Environmental Science
Data Center of the Chinese Academy

of Sciences

Grazing intensity data 2000–2020
Global Ecosystems and Environment

observation Analysis
Research Cooperation

Night-light data 2000–2020 National Oceanic and Atmospheric
Administration (NOAA)

Road data 2002–2020 Open Street Map

2.3. Methods

Based on the local conditions of the Qinghai–Tibet Plateau and the availability of data,
this study uses the HF model [25], taking into account five interference factors, namely
population density, night light, road construction, land use, and grazing intensity, and
first measures the respective HP values of the NRs of the Qinghai–Tibet Plateau. It then
compares and analyzes the changes in HP values inside and outside the reserve and in
each functional area and evaluates the effectiveness of the national NRs on the Qinghai
Tibet Plateau in reducing cumulative impacts on the HP.2.3.1 population density.

The growth of the population density increases the demand for ecosystem services.
Therefore, we take population density as an evaluation factor of HP. The population
distribution in the Qinghai–Tibet Plateau is uneven, and the population in different regions
greatly varies. Logarithmic processing can better represent the variability of population
data without changing the nature and correlation of the data. Concerning the global
model method [25,51–53], the grid with a population density greater than 1000 people/km2

was assigned 10 points, and the grid with a population density less than or equal to
1000 people/km2 is assigned by the following formula to calculate the population pressure
score of the ecosystem:

popd(i, t) = 3.333 × log10(popden(i, t) + 1) (1)

where popd(i, t) is the value of the population pressure intensity of grid i for year t and
popden(i, t) is the population density of grid i for year t.

2.3.1. Land-Use Activity

Human land-use activities have great impacts on the ecological environment, so we
apply land-cover types to the HF model. 0–10 points were assigned different land-use
types on the Qinghai–Tibet Plateau on the basis of relevant research [54,55]. The impact of
grazing on the ecosystem in the NRs was considered because there were many pastoral
areas distributed in this region. However, by using only satellite-based land-use data,
it is difficult to distinguish whether grassland is used for grazing. The grassland was
temporarily assigned a value of 0 in this section.

2.3.2. Grazing Intensity

The Qinghai–Tibet Plateau is a traditional grazing area in China and also the most
developed area of animal husbandry in China. Grazing has a great impact on the grass-
land ecosystem. We choose grazing intensity as the interference indicator to describe the
grassland ecosystem. The pressure scores caused by grazing intensity are calculated by
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normalizing the data to 0–10 through the following formula and on the basis of relevant
research on data scale conversion [56]:

Norgrad(i, t) =
grazd(i, t)− grazd(i, t)min

grazd(i, t)max − grazd(i, t)min
∗ 10 (2)

where Norgrad(i, t) is the normalized grazing density of grid i for year t, ranging from 0 to
10; grazd(i, t) is the grazing density of grid i for year t, which is the rasterized county-level
data; and grazd(i, t)max and grazd(i, t)min are the maximum and minimum values of the
original data set, respectively.

2.3.3. Nighttime Light Activities

Nighttime lights indicate how much electrical energy is consumed. Its spatial resolu-
tion is 1 km, and the years are from 2000 to 2020. The nighttime light images were calibrated
by using the pseudoinvariant pixel method [57] and were grouped by using the classifica-
tion interval determined by the natural discontinuities method, and the disturbance scores
to the ecosystem were assigned a value from 0 to 10.

2.3.4. Distance from Road

The impact of roads on ecosystems accounts for at least 15~20% of the global land [58].
Roads and railways have great impacts on the surrounding ecosystems [59–61], and the
interference distance even reaches 5 km [61]. Owing to the lack of road data in 2000, this
paper selects road data in 2002 to represent roads in 2000. According to the global human
footprint data set [25,62], we classify roads as a category of HP and assign different scores,
on a 0–10 scale, to different levels of road buffers (Table 2).

Table 2. Human influence scores of different road levels on the ecosystem.

Road Categories
Buffer Distance

0–1 km 1–2 km 2–5 km

Freeways 10 6 3
National roads 8 4 2

Provincial roads 4 2 1
County roads 2 1 0

Railways 8 4 1

2.3.5. HP Calculation

Five interference factors of human pressures, i.e., population density, grazing intensity,
land-use intensity, road construction, and nighttime lights were used to map HP according
to the characteristics of the study area and data availability [25]. These interference fac-
tors were quantified by their disturbance degree to the ecosystem and then cumulatively
summed. The spatial resolution of the HF map was determined as 1 km by using all
available data sets of human pressures. Their disturbance to the ecosystem was quanti-
fied in the range of (0, 10) (0 is the minimum disturbance and 10 is the maximum; see
Sections 2.3.1–2.3.5 for details) and accumulated in equal weight to measure the HP values.
The equation was as below [51,52]:

HP(i, t) = popd(i, t) + landuse(i, t) + graz(i, t) + road(i, t) + nightlight(i, t) (3)

where HP(i, t) is the HP value of grid i for year t and popd(i, t), landuse(i, t), graz(i, t),
and nightlight(i, t) are the disturbance intensities of population density, land use, roads
construction, and energy consumption to the ecosystem in grid i for year t, respectively.
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2.4. Changes in the Values of HP

The changes of the HP values were compared within the NRs of the Qinghai–Tibet
Plateau for the period 2000–2020 by using the following equation:

ΔHP(i, Δt) = HP(i, tm)− HP(i, tn) (4)

where ΔHP(i, Δt) refers to the change in the HP value of grid i from tm year to tn year.
In addition, the types of nature reserves and different functional areas have different

management requirements for human activities. Therefore, we further analyzed HP changes
in different types of national NRs and three functional areas of the reserves on the Qinghai–
Tibet Plateau from 2000 to 2020.

3. Results

3.1. Spatiotemporal Changes in the HP in the NRs of the Qinghai–Tibet Plateau for 2000–2020

From 2000 to 2020, HP on the national NRs of the Qinghai–Tibet Plateau has been
high in the east and low in the west. Specifically, the NRs with low HP were in the western
region thanks to its high altitude and harsh environments. HP in the NRs was generally
low, with an average of 1.6434, reaching the lowest and highest values in 2005 and the
highest value in 2015, respectively, and the variation exhibited an overall upward trend.

The average HP value in the NRs increased from 1.4765 in 2000 to 1.7669 in 2020,
indicating an overall increasing trend throughout the period examined. The value decreased
from 1.4765 in 2000 to 1.3326 in 2005, and next, the average increased to a maximum of
1.9326 in 2015. From 2015 to 2020, it slightly declined, reaching 1.7669 in 2020. In terms of
spatial variation, although higher values were reported in the east, in general, the spatial
pattern was relatively stable from 2000 to 2020 (Figure 2).

Figure 2. Spatiotemporal changes in HP in the NRs of the Qinghai–Tibet Plateau for 2000–2020.

23



Land 2023, 12, 869

In terms of the interference value of the five HP factors considered in this study,
population density, land-use intensity, night light, and road construction showed an overall
upward trend from 2000 to 2020. In particular, in this period, the pressure value of roads
and the pressure value of population density increased by 0.2523 and by 0.10272 from 2000
to 2020, respectively. However, grazing intensity decreased year by year after increasing.
This parameter showed an upward trend from 2005 to 2015, reaching the maximum value
of 1.9326 in 2015 and decreasing to 0.8335 in 2020 (Table 3).

Table 3. Disturbance values of five HPs in the NRs of the Qinghai–Tibet Plateau for 2000–2020.

Human Pressures 2000 2005 2010 2015 2020

Roads 0.1213 0.1343 0.1397 0.1556 0.3738
Nighttime lights 0.0001 0.0002 0.0005 0.0006 0.0017

Population density 0.4102 0.4126 0.4178 0.4864 0.5129
Land-use activity 0.0377 0.0380 0.0380 0.0383 0.0655
Grazing intensity 0.9254 0.7731 1.1212 1.2757 0.8335

HP value 1.4765 1.3326 1.7085 1.9326 1.7669

The analysis of the spatial variation of the five HP interference types, from 2000 to 2020,
showed that the overall changes in nighttime lighting and land use were relatively small,
and the grazing intensity in most areas of the eastern region showed a downward trend;
in contrast, the population density and road construction generally showed a significant
upward trend in the same region. Overall, HP increased in the NRs in the eastern and
southern parts and decreased in those in the central part of the Qinghai–Tibet Plateau
(Figure 3).

Figure 3. Spatiotemporal changes in five HPs in the NRs of the Qinghai–Tibet Plateau for 2000–2020.
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3.2. HP Changes inside and outside the NRs of the Qinghai–Tibet Plateau

In the late 1990s and early 21st century, large national NRs such as Sanjiangyuan, Lalu
Wetland, and Hoh Xil were established in the Qinghai–Tibet Plateau. From 2000 to 2005, the
pressure of population growth in the internal and external buffer zones of the NRs showed a
decreasing trend, which was greater outside than inside the national NRs, and was observed
mainly in the central and eastern reserves of the plateau, especially in the Sanjiangyuan
National NR (Figure 4). From 2005 to 2015, HP values in the internal and external buffer
zones of the NRs increased, and in the latter, the values were considerably higher. From
2015 to 2020, the trend in both zones also increased because of road construction, and HP
values increased less in the internal NR zones. From the aspect of spatial changes, HP
mainly increased in the southern Qinghai–Tibet Plateau from 2000 to 2020.

Figure 4. Spatiotemporal changes in HP inside and outside the NRs of the Qinghai–Tibet Plateau for
2000–2020.

The national NRs of the Qinghai–Tibet Plateau are partly positive in reducing the
interference in the five HP types. From 2000 to 2020, the HP values for road construction
were always lower inside the NRs than in the external buffer zones (Figure 5). From 2000
to 2015, these values inside the NRs and inside the external buffer zones increased by
0.0343 and 0.2024, respectively. However, from 2015 to 2020, the same parameter inside and
outside the NRs increased by 0.2181 and 0.2854, respectively. The values inside and outside
the NRs showed almost the same large increase, indicating that the regulatory capacity of
protection measures to mitigate road construction decreased during these five years. The
increase in night-light pressure was always lower in the NRs than in the external buffer
zones from 2000 to 2020, and the increase rate was small (Figure 5). This indicated that the
energy conservation measures adopted in the NRs effectively regulated the disturbance
associated with of energy consumption in both the internal and external buffer zones.
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From 2005 to 2010, population density without the NRs showed a decreasing trend, while
the internal population density showed a growing trend (Figure 5), indicating that the
measures aimed at controlling population growth did not work during the 2005–2010
period, but the effect of controlling population growth outside the NRs was good. During
the 2000–2005 and 2010–2020 periods, population density always increased less in the NRs
than in the external buffer zones, indicating that the plan to control population growth in
the NRs was effective during these periods.

Figure 5. Changes in HP values inside and outside the NRs of the Qinghai–Tibet Plateau for
2000–2020.

From 2005 to 2010, land-use intensity in the internal and external buffer zones of the
NRs showed a downward trend, and the decline in the latter was even greater (Figure 5),
indicating that the protection measures were successful both inside and outside the NRs
during this period. However, except for these 5 years, the land-use intensity showed an
increasing trend in the rest of the research period, and from 2015 to 2020, the increase was
greater in the NRs than in the external buffer zones. This shows that the proximity effect of
the NRs is good but that protection measures still need to be strengthened.

Grazing intensity fluctuated and decreased from 2000 to 2020 (Figure 5). From 2005
to 2015, it significantly increased inside and outside the NRs. Moreover, thanks to the
implementation of grazing prohibition measures, the situation improved from 2015 to 2020,
where this parameter decreased to levels below those reported in 2000.

Overall, these results showed that the implementation of measures to reduce HP in the
NRs of the Qinghai–Tibet Plateau has been partially effective. From 2000 to 2020, although
all the HP factors except for grazing intensity showed an increasing trend inside the NRs,
the increase was far lower than that in the external buffer zones. In 2020, the HP values
in the internal and external buffer zones were 1.7669 and 4.2988, respectively. This huge
difference indicates that the implementation of protective measures in the plateau’s NRs
was effective.

3.3. Temporal Variation in HP in Different Types of the NRs

The HP on different NR types in the Qinghai–Tibet Plateau increased from 2000 to
2020 (Figure 6), where the values in desert reserves exhibited the highest growth rate,
169.04%, and the lowest HP value, only 0.3316. HP in wetland NRs had a value of 4.0317
and showed the lowest growth rate, 5.23%. In comprehensive ecological reserves, wildlife
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reserves and forest reserves the HP values were 1.4898, 2.2645, and 3.0886, respectively,
from low to high, with growth rates of 22.79%, 33.78%, and 38.16%, respectively. HP values
in all the NR types, except for the desert type, showed a downward trend from 2000 to
2005 and increased during during the 2005–2015 period.

Figure 6. Temporal variation in HP in different types of the NRs for 2000–2020.

The increase in population density in all five types of NR was small, and in the
comprehensive ecological reserves and forest reserves, this parameter even showed slight
downward trends. The desert, wild animal, and wetland reserves significantly increased
from 2005 to 2015 and then showed a downward trend from 2015 to 2020. The HP associated
with land use was higher in forests than in other reserve types, and this was due mainly to
the cultivation of farmland in the former. From 2000 to 2015, the interference from road
construction in the five reserve types steadily increased, with a significant spike from 2015
to 2020, especially in forest reserves, where the value increased by 216.27%. Night-light
interference accounted for a minimal proportion of HP in the different NRs and could
therefore be ignored. The temporal variation in HP in different NR types showed that the
current protection measures have effectively controlled population growth and the use of
light at night in these reserves; however, road construction, grazing, and land-use activities,
as well as production and daily living activities, still increased during the period examined.

3.4. Changes in HP in Various Functional Areas of the NRs

In each same period, the HP values in the three functional areas decreased, moving
from the experimental area to the buffer area and core areas, in that order. These values
showed a downward trend from 2000 to 2005, and the largest drop was detected in the
experimental area (0.2321), followed by the core area and buffer area, in that order. From
2005 to 2015, the HP values in the three functional areas all increased, with the lowest
increase detected in the core area, followed by the buffer area and experimental area
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(Figure 7). From 2015 to 2020, the values declined in three functional areas, and the
decrease was largest in the experimental area, followed by buffer area and core area, due
mainly to the reduction in grazing intensity.

Figure 7. Changes in HP in various functional areas of the NRs for 2000–2020.

In the core zones of the NRs, grazing intensity significantly increased from 2000 to
2015 and then significantly decreased by 0.2825 from 2015 to 2020, which was still much
lower than the decrease observed in 2000 (Figure 7). Land-use intensity from 2005 to 2015
was reduced to a better degree compared with that in the 2015–2020 period; the HP values
for population density, road construction, and night light in 2020 were higher than those
in 2000.

In the buffer zones of the NRs, grazing intensity was reduced by 0.2825 from 2015 to
2020 (Figure 7). The HP values associated with the intensity of land use, road construc-
tion, population density, and night light were all on the rise from 2000 to 2020, the most
significant being road construction value, which increased by 0.2157.

In the experimental zones of the NRs, population density and grazing intensity were
effectively alleviated from 2000 to 2005, and the HP values associated with each of them
decreased by 0.005 and 0.24 37, respectively (Figure 7). The land-use intensity, road
construction, population density, and night-light values increased by 0.4091, 0.0029, 0.1681,
and 0.0227, respectively from 2000 to 2020, which indicated that the mitigation effect of
protection measures on these four HP values was poor, especially for road construction
from 2015 to 2020.

4. Discussion

4.1. Analyses of Differences in Conservation Effectiveness

The results of this study showed that the overall HP value on the NRs of the Qinghai–
Tibet Plateau decreased from 2000 to 2005 and from 2015 to 2020, which indicates obvious
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positive effects in mitigating human activities in these two periods. Similarly, the protection
measures adopted in the reserves were also partially effective against the five types of
human interference factors. HP on the NRs of the Qinghai–Tibet Plateau was high in the
east and low in the west, results that are in line with recent studies, specifically with the
global HF data reported in Venter [25].

Grazing intensity was significantly reduced during the 2000–2020 period because
China implemented large-scale grassland restoration and ecological protection projects at
the beginning of this century. Thanks to the launching of these projects, the number of
livestock in and around the NRs has been reduced and grazing intensity alleviated. From
2005 to 2010, land use was effectively regulated, but it was not reduced to the original level.
The main reason was that the economy of the Qinghai–Tibet Plateau developed rapidly,
and the secondary and tertiary industries increased year by year. Especially after 2010,
agricultural production activities decreased, driving the reduction of cultivated land, which
has been converted into grassland, urban land, and forest land [63]. The reason was that
the engineering buildings left behind by the original human production were still in the
NRs [64]

China’s implementation of the large-scale policy of returning farmland to forests at the
end of the 20th century, and the prohibition of grazing as well as the enclosure of degraded
grasslands at the beginning of the 21th century, represented incentives and subsidy policies
for the protection of grasslands [65,66]. Road construction was greatly developed in the
NRs from 2015 to 2020, due mainly to the construction of the G216 National Highway,
which started in 2016 and spanned the Qiangtang NR. The building of both trunk roads
and surrounding branch roads was necessary, and this led to an expansion of the road
network in the reserves [62].

In terms of different functional areas, the growth of the HP index from 2000 to 2020
was considerably lower in the core zones than in the buffer zones and experimental areas.
In the core zones, HP associated with land use showed a downward trend from 2005 to
2015, indicating that protection measures contributed to the growth of vegetation [67] and
increased the coverage of the ecosystem [68]. Not only has grazing intensity decreased
in the buffer and experimental zones, but the increase in the HP values associated with
energy consumption, population density, land use, and grazing was considerably lower in
these zones than in the external buffer zones. This was due mainly to the government’s
actions, which reduced the pressure of production and daily activities inside the NR [69].

This study also showed that the overall HP was considerably higher in wetland NRs
than in the other four NR types examined. Specifically, grazing intensity and population
density accounted for a large proportion of HP because wetland nature reserves are dis-
tributed mainly in the eastern part of the Qinghai–Tibet Plateau. Compared with the other
regions of the Qinghai–Tibet Plateau, the eastern region is relatively flat with abundant
rainfall [70]. The climate was therefore suitable for pasture growth [71]. In particular,
population density in the Sanjiangyuan National NR increased year by year [56]. HP in
desert NRs was the lowest, which was due mainly to the harsh climate and environment,
which was not suitable for grazing and human living. Land use and population density
in forest NRs accounted for a large proportion of HP, mainly because of the large area of
cultivated land in these reserves and the high levels of production and living activities [72].

To achieve conservation objectives, the government must strengthen the management
of NRs. China’s implementation of the large-scale policy of returning farmland to forests at
the end of the 20th century, as well as the prohibition against grazing and the enclosing of
degraded grasslands in 2009, represented incentives and subsidy policies for the protection
of grasslands. Although grazing intensity in the NRs of the Qinghai–Tibet Plateau was
gradually reduced, the cultivated land area and road construction still increased [73]. To
further achieve the protection goals, since the beginning of the 21st century, local govern-
ments have vigorously pursued ecological protection policies, such as returning farmland
to pasture, enclosure protection, and ecological migration, so as to improve the vegetation
coverage of the NRs and their surrounding areas [74]. In response to the national policy of
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ecological civilization construction and development, in 2009 Tibet’s government issued the
Plan for the Protection and Construction of Tibet’s Ecological Security Barrier (2008–2030),
which divided the area into prohibition-restricted and conditional development zones.
Researchers should also pay attention to ecological protection and water conservation.

The significance of the present study in terms of policies is that it recommends the
implementation of more measures to manage NRs in China. Specifically, it is necessary to
regularly assess the intensity of HP in and around the reserves, especially in the western
region, where human activities continue to increase thanks to the urgent need for economic
development. However, to protect biodiversity and natural resources without considering
the quality of life of local residents is also inappropriate. Therefore, it is necessary to
reasonably set the boundary of each reserve, establish the reserves in areas with high
ecological service values, and reasonably develop the economy in the areas with low
ecological service values [2].

4.2. Limitations and Future Works

While a data set for HP in the Qinghai–Tibet Plateau National NRs was developed
in this study, a number of limitations were noted. First of all, the road construction data
for the plateau region were missing for year 2000 and were therefore replaced with the
data from 2002. Moreover, the road construction data after 2010 were obtained from OSM
(Open Street Map), and there was no clear basis for the classification of roads below the
provincial level. Therefore, more-accurate data were needed to correct possible errors.
In addition, different measures implemented in different functional areas would have
varying efficiencies. However, the existing information on ecological measures was related
mainly to the overall evaluation of indicators, and there were only a few of these for each
functional area. It is recommended that future studies obtain more data on ecological
measures for different functional areas. Moreover, because HP is evaluated on the basis of
different criteria in each NR type, this study did not consider the protection requirements
of different NRs in detail, which needed further attention. Finally, more HP types could be
included in the data set. In recent years, production activities, such as ore mining, tourism,
livestock breeding, and other construction and development activities in the Qinghai–Tibet
Plateau, especially in the Sanjiangyuan National NR, have grown rapidly [75]. Because of
the difficulty in quantifying them, these activities have not been considered in this study;
however, if they occur outside of protected areas, they will also pollute water sources
in wetlands [76]. In the future, the impact that these human activities that take place
outside the NRs have on the reserves should be comprehensively considered to obtain
more-accurate and more-reliable estimates of the effectiveness of NRs.

This study showed that the correlation between population density and HP factors
(such as land use) was high, and the absolute HF value obtained by direct equal weight
space accumulation may also be high [77], especially in urban areas with high population
density. In the future, spatial accumulation using the fuzzy algebraic sum method [78] may
be used as an alternative method to obtain a more-accurate spatial mapping of the intensity
of human activities.

Previous studies have shown that the application of the HF model to evaluate the
effectiveness of NRs in China is highly feasible [25], and the results are accurate and
reliable. Although the five HP categories used in the present study presented the problem
of collinearity, the cumulative HP value did not change the overall trend for each of them.
The model, which is easy to run, has already been used to evaluate the effects of some
protected areas [52–54], and it is recommended to continue to adopt it to evaluate the
effectiveness of all the protected areas in the vast territory of China and other parts of
the world.

5. Conclusions

On the basis of the interference factors associated with human activities in the Qinghai–
Tibet Plateau, this study evaluated the HP in the national NRs of the region from 2000 to
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2020, specifically selecting road construction, night lighting, grazing intensity, land use,
and population density as indicators. Variations in HP values were compared inside and
outside the NRs and in each functional area to evaluate the effectiveness of the reserves in
reducing human impacts during the period examined. The results showed that the average
HP value in the NRs of the Qinghai–Tibet Plateau increased from 1.47646 in 2000 to 1.76687
in 2020. The increase in the road construction and population density values significantly
contributed to the overall increase in HP, while the contribution of grazing intensity had a
negative value. As for the NR types, the average HP in wetland NRs was the highest, and
the growth rate was the lowest; population density and grazing intensity accounted for
a large proportion of HP, which was the main reason for the high level of HP reported in
wetlands. From 2000 to 2020, the increase in population density in the eastern and southern
parts of the Qinghai–Tibet Plateau was the main reason for the rapid increase in HP in
these regions. In the same period, the average increase in HP in the NRs’ core areas, buffer
areas, and experimental areas was 0.12969, 0.29909, and 0.44244, respectively. The increase
in road construction pressure in the buffer zones was 0.21574, leading to an overall increase
in HP in the NRs of the plateau. More efforts should be made to control human activities in
wetland NRs and in the experimental zones of all NRs in the Qinghai–Tibet Plateau.
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Abstract: With the rapid development of society and economy, people’s demand for ecosystem
services is constantly increasing. All countries support this demand by vigorously developing green
finance. The coordinated development of green finance and ecosystem service demand is of great
significance for sustainable development. Most of the existing studies separately study green finance
or ecosystem service demand, separating the relationship between the two. At present, there is still a
lack of clear understanding of the coupling relationship between green finance and ecosystem service
demand. In addition, in the existing coupling relationship calculation models, the setting of relevant
parameters is subjective. Therefore, based on the green finance and ecosystem service demand
database of 30 provinces in China from 2010 to 2017, this paper firstly evaluates the green finance and
ecosystem service demand quantitatively, and then analyzes the coupling coordination relationship
between them by using an improved coupling coordination degree model. The results show that:
(1) compared with the traditional coupling coordination degree model, the contribution coefficient of
each subsystem in the improved coupling coordination degree model has a more sufficient basis, and
more objective evaluation results; (2) from 2010 to 2017, the level of green finance in China’s provinces
increased significantly, showing a spatial pattern of “high in the east and low in the west”; the
ecosystem services demand increased first and then decreased, with an increase in nearly two-thirds
of provinces; (3) the coupling coordination relationship between green finance and ecosystem service
demand in China’s provinces was optimized continuously from 2010 to 2017, showing the spatial
differentiation of “eastern China > central China > northeast China > western China”; (4) in 2017,
the coupling coordination degree of green finance and ecosystem service demand in Guangdong
Province was the highest, reaching a high level of coordination, while Qinghai Province was the
lowest, as a result of a serious level of incoordination. It is worth noting that the comprehensive
development level of green finance in China is still low and seriously lags behind the development
level of ecosystem services demand. In the future, green and low-carbon transformation should be
accelerated to promote the sustainable development of financial ecology.

Keywords: green finance; ecosystem service demand; coupling coordination relationship

1. Introduction

The natural ecological environment provides essential ecosystem services for human
beings [1], is the space for human survival, and is also the basis of sustainable economic
and social development [2]. China’s economy has maintained a fast growth rate in the
past 40 years, with an average annual GDP growth rate of 10%. However, due to the
long-term use of a factor input-driven economic growth mode characterized by sacrificing
the ecological environment and consuming large amounts of resources, economic growth
has gradually slowed down in recent years: GDP growth dropped to 6.7% in 2018, 6.0% in
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2019, and 2.2% in 2020. At the same time, problems, such as resource shortage, environ-
mental pollution, and ecological deterioration, have become increasingly prominent [3]. In
response to the above problems, the Chinese government pointed out in the Boao Forum
for Asia in 2010 that “green economy is the trend of the times in today’s world” [4]. The
adoption of the United Nations 2030 Agenda for Sustainable Development and the New
Urban Agenda also show that the “green economy”, as a new development model, has
attracted global attention [5]. As the core of the modern economy, finance is an effective
means to promote the coordinated development of the natural environment, economy, and
society [6]. The transformation of the economic development mode from a high-carbon
model to a low-carbon model is inseparable from the reform and innovation of finance.
Based on the actual situation of economic development and ecological environment, China
has proposed to develop green finance [7]. Green finance can not only promote high-quality
economic development but also be the core driving factor for improving ecological en-
vironment [8]. It is an inevitable trend in China’s economy to promote the coordinated
development of ecological environment and economy and society through green finance.

As a bridge connecting natural environmental systems and economic and social
systems, ecosystem service research includes two aspects: it not only pays attention to the
supply of ecosystem services generated by the natural environment, but also pays attention
to the ecosystem service demand for the benefit of economic and social activities [9]. In
recent years, the research on ecosystem services has developed rapidly. Quantitative
measurement of the correlation and collaborative evolution trend between ecosystem
services and natural environment [10,11], economic, and social systems [12,13], as well as
the supply and demand of ecosystem services [14,15], has become a research hotspot in
this field. The eco-environmental protection principle adopted by green finance is very
consistent with the concept of coordinated development [16]. However, at present, there are
few studies on the coordinated development of green finance and ecosystem services in the
world. Most of the existing studies study the relationship between green finance and the
economic and social system from the external perspective of “economy explains economy”.
For example, Wang et al. studied the different stages of the integrated development degree
of green finance and related industries, and believed that the initial stage should be resource-
driven, and the later stage should strengthen the input of technical elements [17]. Yin et al.
analyzed the close relationship between green finance and economy and pointed out that
the two have an obvious synergistic effect and are in a highly coordinated and coupled
development state [18]. Dong et al. studied the coordination with green finance from the
perspective of urbanization, believing that the two have strong spatial agglomeration effects
and spatial spillover effects, and urbanization generally lags behind green finance [19]. To
sum up, existing research focuses on the single field of ecosystem services or green finance,
ignored the organic connection between green development and financial innovation, and
still lacks a clear understanding of the coupling relationship between ecosystem services
and green finance.

Scale dependence and temporal-spatial heterogeneity are key characteristics of both
natural environmental systems and economic and social systems [20], so they have signifi-
cant time and space coupling characteristics. The quantitative measurement of the coupling
relationship between the two is the focus of the cross-research of natural and social sciences.
The coupled coordination degree model is widely used in the fields of ecology [21,22],
environment [23,24], economy [25,26], society [27,28], and some scholars have also applied
it to the study of green finance because of its advantages in a quantitative study of the
interaction and interactive coupling relationship between two or more systems [29]. Yu et al.
calculated the coupling degree and coordination degree between green finance and social
development level and pointed out the positive promoting effect and threshold effect of
green finance [30]. Wang et al. established a coupling coordination degree model between
green finance and industrial technology innovation, and the results showed that there was
strong regional heterogeneity between them [31]. Zhu et al. studied the coupling coordi-
nated development degree of green finance and circular economy and believed that green
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finance would fall into a “low development trap” if its development lagged [15]. However,
the traditional coupling coordination degree model used in the above study regards the
contributions of both subsystems as equally important. Some scholars have questioned
this, pointing out that this assignment method is inconsistent with reality, and its distorted
results may mislead policymakers to make wrong decisions [32]. Reasonable sub-system
contribution coefficient assignments will directly affect the coupling coordination degree,
and then affect the accurate evaluation of the coupling coordination relationship between
ecosystem service demand and green finance. Therefore, the reasonable improvement of
the coupling coordination degree model is still worth further discussion.

To sum up, most current studies focused on green finance or ecosystem service demand
individually, and lacked a clear understanding of the coupling relationship between green
finance and ecosystem service demand. Therefore, based on the panel data of 30 provinces
in China from 2010 to 2017, this paper calculates the demand levels of green finance
and ecosystem services by using the global principal component analysis and entropy
method. Then, based on the improved coupling coordination degree model, the coupling
coordination relationship between the two is quantitatively analyzed to provide scientific
reference for the coordinated promotion of green finance and ecological environment
construction.

2. Study Area and Data Sources

2.1. Study Area

In this paper, 30 provinces in mainland China, excluding Hong Kong, Macao, Taiwan,
and Tibet Autonomous Region, are selected as research areas. According to economic
regionalization of China, they can be divided into four regions: eastern China, central
China, western China, and northeast China (Figure 1).

Figure 1. The four economic divisions of China.

In 2006, the International Finance Corporation (IFC) partnered with Industrial Bank to
launch the first green credit product on the Chinese market. At its 18th National Congress
in 2012, the CPC Central Committee included the construction of ecological civilization
into the Five-sphere Integrated Plan which refers to China’s overall plan for building
socialism with Chinese characteristics. The China Banking Regulatory Commission issued
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the Green Credit Guidelines, which became the programmed document of China’s green
credit system. China’s green credit policy system began to be established, developed,
and gradually improved. More banks are providing green credit, and green financial
products are increasingly abundant. In August 2016, seven state ministries jointly issued
the Guiding Opinions on Building a Green Finance System, which clarified the definition
of green finance in China and established the top-level framework system of green finance.
According to China Green Finance Development Report (2018), China issued more than
280 billion yuan of green bonds in 2018, with a stock of nearly 600 billion yuan, making
it the country with the largest issuance of such bonds in the world [19]. At the same
time, the ecosystem services demand in China also has strong spatial heterogeneity. The
ecosystem services demand in most of the western and northern regions is at a low level,
indicating that ecosystem services demand is relatively low. In contrast, the regions with
high ecosystem services demand are mainly concentrated in the Yangtze River Delta, Pearl
River Delta, Beijing-Tianjin-Hebei region, and some densely populated urban areas, as well
as the Huang-Huai-Hai Plain [33].

2.2. Data Sources

The data used in this study mainly includes green finance and ecosystem service
demand. Green finance data are mainly from the Wind database (www.wind.com.cn/,
accessed from 5 September 2022 to 17 October 2022) and the China Environmental Statistical
Yearbook (2011–2018). Data on ecosystem service demand are mainly derived from the
China Statistical Yearbook (2011–2018), provincial statistical yearbooks of corresponding
years, and the China Carbon Accounting Database (https://www.ceads.net.cn/, accessed
on 12 November 2022).

3. Methods

3.1. Evaluation of Green Finance

Green financial instruments include a variety of products and mechanisms, includ-
ing green credit, green securities, green insurance, green investment, carbon finance,
etc. [34–36]. However, green finance in China is still in its development stage and rel-
evant statistics are lacking. Therefore, referring to relevant studies [37] and following the
principles of reflecting the basic connotation of green finance, covering the scope of green
finance services, index representativeness and data accessibility, six indicators from four
aspects of green credit, green securities, green investment, and carbon finance are selected
to construct an evaluation index system of green finance (Table 1).

Table 1. China’s provincial green finance evaluation index system.

Criterion Index Index Meaning Unit Efficiency

Green-credit
policy

Green finance evaluation Total
liabilities of listed companies in

environmental protection industry

The total debt generates from ith
province (city) registers environmental
protection listed company in tth year

Yuan −

Green securities Total market value of listed companies
in environmental protection industry

The total market value generates from
ith province (city) registers the
environmental protection listed

company in tth year

Yuan +

Green investment
Expenditure on energy conservation

and environmental protection

The total expenditure on energy and
environmental protection of the ith
province (municipality) in tth year

Yuan +

Total investment in environmental
pollution control

Total equity investment of listed
companies in environmental

protection industry

The total investment in pollution control
of ith province (city) in tth year
The total equity investment of

environmental protection listed
companies register in the ith province

(city) in the tth year

Yuan +

Carbon finance Carbon financial trading volume Carbon financial trading volume in the
ith province (city) in the tth year Yuan +
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The global principal component analysis was used to calculate the comprehensive
score of green finance, which is an improvement on traditional principal component
analysis. It combines traditional principal component analysis and time series analysis [38].
Therefore, it can be used to process panel data, such as the green finance data of Chinese
provinces from 2010 to 2017 in this paper.

3.2. Evaluation of Ecosystem Service Demand

Ecosystem service demand refers to the quantity and quality of services that humans
expect to obtain from natural systems, namely the potential demand [39,40]. Typically,
latent demand includes not only the actual demand that humans have consumed but also
the unfulfilled demand that humans would like to consume within ecosystem services.
Accounting for ecosystem service demand is required in terms of both consumption of
ecosystem services and the amount expected to be obtained.

Ecosystem services can be divided into nine subtypes [41]. Among them, climate
regulation and biodiversity maintenance services belong to the category of “global non-
proximity” services [42], while the generation and acquisition of cultural services are
subjective, and the consumption process is non-expendable, making it difficult to quantify
their demands. Therefore, the supply and demand of these three services—climate regula-
tion, biodiversity maintenance services and cultural services—are not carried out in this
paper. Finally, six types of ecosystem services, including food demand, water conservation,
carbon sequestration, raw material production, gas regulation, and waste treatment, are
selected to analyze ecosystem service demand (Table 2).

Table 2. Index system of provincial ecosystem service demand evaluation in China.

Criterion Index Meaning
Index

Efficiency
Weights

Index Calculation
Method

Food supply services Total food demand in ith
province (city) in tth year + 0.156

Food demand = per capita food demand
∗population. Food demand is replaced by
consumption (including consumption of

grain, oil, vegetables, meat, aquatic
products, eggs, milk, melons, and

fruits) [43]

Water conservation
services

Total water demand of ith
province (city) in tth year + 0.175

Water demand = per capitawater
consumption ∗ population density. Per

capita water consumption, including per
capita agricultural, industrial, domestic
and ecological water consumption [44]

Carbon sequestration
services

Total carbon emissions of the
ith province (city) in tth year + 0.172 Carbon sequestration service = per capita

carbon emission ∗ population [45]

Raw material
production

Forestry output value of ith
province (city) in tth year + 0.171

The use of forestry output value
represents provinces’ demand for

ecosystem raw material production
services [14,46]

Gas regulation

Industrial airpollutants
(including smoke dust, SO2,

NOx) discharges into the
ecosystem in the ith province

(city) in the tth year

+ 0.150
The total emission of smoke dust, SO2 and
NOx is taken as the demand of ecosystem

gas regulation service

Waste disposal

Wastes include solid wastes
and wastewater discharges
into the ecosystem in the ith

province (city) in tth year

+ 0.177

Since statistics show very little solid waste
is discarded by industry in each province,

only total wastewater discharges are
calculated in the actual calculation [14]

The entropy method was used to determine the weight of the ecosystem service
demand evaluation index. Based on the standardized values and weights of evaluation
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indicators, the weighted sum model is adopted to calculate the comprehensive score of
ecosystem service demand. The calculation formula is as follows:

Vi =
n

∑
j=1

(
Wij × x′ij

)
(1)

where Vi represents the comprehensive score of ecosystem service demand; n is the number
of indicators; Wij is the weight of indicators; and x′ij represents the standardized value of
evaluation indicators.

3.3. Coupling Coordination Degree Model

In this paper, the coupling coordination degree model is used to measure the coupling
relationship between green finance and ecosystem service demand. The coupling coordina-
tion degree model is an effective method to analyze the interaction between two systems.
Among them, the coupling degree reflects the degree of mutual restriction or dependence
between two systems, and the coupling coordination degree reflects the degree of benign
coupling interaction between systems [19,47].

3.3.1. Traditional Coupling Coordination Degree Model

The formula of traditional coupling coordination degree model is as follows:

C = 2

{
U × A

(U + A)2

}1/2

(2)

T = αU + βA (3)

D =
√

C × T (4)

where C is the coupling degree; T is the comprehensive level of green finance and ecosys-
tem service demand; D is the coupling coordination degree between green finance and
ecosystem service demand; U and A are green finance comprehensive scores and ecosystem
service demand comprehensive score respectively; α and β are contribution coefficients of
green finance and ecosystem service demand, respectively. It is generally assumed that the
green finance subsystem and ecosystem service demand subsystem are equally important,
i.e., α = β = 0.5.

3.3.2. Improved Coupling Coordination Degree Model

To objectively and accurately reflect the coupling relationship between green finance
and ecosystem service demand, the corresponding contribution coefficient should be
determined comprehensively according to the performance of green finance and ecosystem
service demand. When a subsystem is relatively backward, it should be given a relatively
large contribution coefficient, to attract more attention from the government and society,
and then government and society take effective measures to promote the development of
the system, narrow the gap between the systems, and realize the coordinated development
of the systems [32,48]. Accordingly, the formula of the improved coupling coordination
degree model is as follows:

T′ = α′U + β′A (5)

α′ = A
U + A

(6)

β′ = U
U + A

(7)

D′ =
√

C × T (8)
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where α′ and β′ are the improved contribution coefficients of green finance and ecosystem
service demand, respectively. If the comprehensive score U of green finance is low, α′ is
relatively large, which reminds decision-makers to pay more attention to the development
of green finance. If the comprehensive score of A of ecosystem services demand is low, β′
is relatively large, which reminds policymakers to pay more attention to the improvement
of the ecosystem services demand. Referring to relevant studies [24,49], the coupling
coordination relationship between the green finance subsystem and the ecosystem service
demand subsystem is divided into 3 categories, 8 subtypes, and 24 development modes
according to the coupling coordination degree score and the role of the relationship between
the two subsystems (Table 3).

Table 3. Green finance and coupling coordination degree types of ecosystem service demand.

Categories D Subgroup Development Modes

Balanced development

0.8 < D ≤ 1 High-level
coordination

U > A High coordination—lagging
ecosystem services demand

U < A High coordination—lagging
green finance

U = A
Advanced coordinated
development of green finance
and ecosystem service demand

0.7 < D ≤ 0.8
Favorably coordinated

development

U > A Good coordination—lagging
ecosystem services demand

U < A Good coordination—lagging
green finance

U = A
Well coordinated development
of green finance and ecosystem
service demand

0.6 < D ≤0.7 Moderate coordination

U > A Moderate coordination—lagging
ecosystem services demand

U < A Moderate coordination—lagging
green finance

U = A
The green finance and ecosystem
services demand will be
appropriately coordinated

Transitional
development

0.5 < D ≤ 0.6 Basic coordination

U > A Basic coordination—lagging
ecosystem services demand

U < A Basic coordination—lagging
green finance

U = A
The green finance and ecosystem
services demand is basically
coordinated

0.4 < D ≤0.5 Low-level coordination

U > A
Low level of
coordination—lagging
ecosystem services demand

U < A
Low level of
coordination—lagging green
finance

U = A
Green finance and coordinated
development of low ecosystem
services demand
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Table 3. Cont.

Categories D Subgroup Development Modes

Unbalanced
development

0.2 < D ≤0.4 Slightly uncoordinated

U > A Mild incoordination—lagging
ecosystem services demand

U < A Mild incoordination—lagging
green finance

U = A
Green finance and the ecosystem
services demand developed
slightly incongruously

0 < D ≤ 0.2
Seriously

uncoordinated
development

U > A Serious incoordination—lagging
ecosystem services demand

U < A Serious incoordination—lagging
green finance

U = A

There is serious incoordination
between green finance and the
development of the ecosystem
services demand

4. Results

4.1. Temporal and Spatial Characteristics of Green Finance

From the time dimension, the development level of green finance in China’s provinces
improved significantly, showing a spatial distribution pattern of “high in the east and low
in the west” (Figure 2). Among them, Guangdong had the best green finance development
level, followed by Beijing, Shanghai, Jiangsu, Shandong, Zhejiang, and Hubei provinces.
After 2015, the comprehensive scores of green finance in Guangdong Province, Beijing, and
Shanghai all exceeded 0.6 and gradually approached 1. Jiangsu Province exceeded 0.5 in
2015. The comprehensive scores of green finance in other provinces were concentrated
between 0 and 0.4.

Figure 2. Spatial distribution of green finance in China from 2010 to 2017.

In 2010, the level of green finance in China was relatively low, with most provinces
(21 provinces account for 70% of the studied provinces) scoring below 0.11. Only Guang-
dong Province had a high level of green finance development. The remaining eight
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provinces (Shandong, Jiangsu, Beijing, Hebei, Fujian, Zhejiang, Henan, and Sichuan),
which are all located in eastern China (except for Sichuan and Henan), had values between
0.12 and 0.31.

However, with the development of the national green economy, the development level
of green finance in various places had improved significantly. In 2017, most provinces
(20 provinces account for 66.7% of the studied provinces) scored above 0.12. Except for
Fujian and Hainan, the scores in eastern China were all higher than 0.32. The spatial
distribution of provinces with scores between 0.20 and 0.31 tended to move westward.
Provinces with scores below 0.11 (Qinghai, Ningxia, Hainan, Gansu, Yunnan, Guizhou,
Guangxi, Jilin, and Liaoning) were mainly located in western China.

4.2. Temporal and Spatial Characteristics of Ecosystem Service Demand

From 2010 to 2017, the comprehensive score that represented the ecosystem ser-
vices demand in China rose and then slightly decreased. There was an upward trend
from 0.27 in 2010 to 0.31 in 2015 and then to 0.29 in 2017. There were significant re-
gional differences in China’s ecosystem service demand, with the overall characteristics of
“central > eastern > northeast > western”(Figure 3). The comprehensive score of ecosystem
service demand in China in the central region was the highest, with a range of 0.36–0.41.
The comprehensive level of demand for ecosystem services in Shanxi Province, Jiangxi
Province, and Hubei Province was very similar, and the evolution trend was basically over-
lapping. The demand for ecosystem services in the eastern region was clearly polarized,
with Guangdong Province having the highest level, reaching 0.7 in 2017. Jiangsu Province
and Shandong Province followed, with an overall score between 0.53 and 0.56. However,
the overall level of Hainan, Tianjin, and Beijing Provinces was low, remaining below 0.1.
Between 2014 and 2015, demand for ecosystem services increased significantly in most
provinces and then tended to decline. The overall demand for ecosystem services in China
has developed slowly, and the changes in the demand for ecosystem services in the eastern,
western, central, and northeastern regions are 33%, 38%, 67%, and 28%, respectively. Over-
all, demand for ecosystem services increased in most of China’s provinces during the study
period, with 19 provinces accounting for 63 percent.

 
Figure 3. Temporal variation of ecosystem service demand in China from 2010 to 2017.
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As can be seen from Figure 4, Guangdong has always been the province with the
highest level of demand for ecosystem services. The biggest change in ecosystem services
demand was in Guizhou, which saw a 44.19 % increase, followed by Sichuan, which saw a
30.98 % increase. Ningxia and Gansu saw a decrease of 15.3 % and 15.26%, respectively. In
2010, only three provinces—Fujian, Anhui, and Sichuan—had ecosystem service demand
levels between 0.32 and 0.38. But in 2017, six more provinces—Zhejiang in the east, Guangxi
and Yunnan in the west, and Shanxi, Jiangxi, and Hubei in the central region—were added.
The spatial distribution shifted from east to east and central.

Figure 4. Spatial distribution of ecosystem service demand in China from 2010 to 2017.

4.3. The Coupling Coordination Relationship between Green Finance and Ecosystem
Service Demand
4.3.1. Traditional Coupling Coordination Model

To verify whether the values of α and β have significant effects on the evaluation
results of coupling coordination degree, five different combination scenarios were set
(α = 0.2, β = 0.8; α = 0.4, β = 0.6; α = 0.5, β = 0.5; α = 0.6, β = 0.4; α = 0.8, β = 0.2), and the
corresponding evaluation results of the coupling coordination degree were compared and
analyzed. According to Formulas (2)–(8), the above values of α and β can be substituted
to calculate the coupling coordination degree of green finance and ecosystem service
demand and its type. Due to space limitation, only Jiangsu Province was selected here as
an example to illustrate the results, as shown in Figure 5. The different values of α and β

can lead to some differences in the size of coupling coordination degree, and the types of
coupling coordination degree. Specifically, from the effects of different α and β values on
the coupling coordination degree, when α = 0.2 and β = 0.8, the maximum value of the
coupling coordination degree in Jiangsu Province was 0.77, and the minimum value was
0.69. When α = 0.8 and β = 0.2, the maximum and minimum of the coupling coordination
degree in Jiangsu Province were 0.75 and 0.55. From the effects of different α and β

values combinations on the coupling coordination types, when α = 0.2 and β = 0.8, the
coupling coordination type of green finance and ecosystem service demand in 2010–2011
had moderate coordination and good coordination in 2012–2017. When α = 0.8 and β = 0.2,
the coupling coordination type of green finance and ecosystem service demand was basic
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coordination in 2010–2012, moderate coordination in 2013–2014, and had improved to good
coordination in 2015–2017.

Figure 5. Change of coupling coordination degree of green finance and ecosystem service demand in
Jiangsu Province based on traditional coupling coordination degree model.

4.3.2. Improved Coupling Coordination Degree Model

(1) Improved contribution coefficient (α′, β′)

Compared with the traditional coupling coordination degree model, which sets
α = β = 0.5, the improved coupling coordination model comprehensively determines the
values of α′ and β′ according to the performance of green finance and ecosystem service
demand. Based on the comprehensive evaluation results of green finance and ecosystem
service demand, the contribution coefficients α′ and β′ of green finance and ecosystem
service demand were calculated according to Formulas (7) and (8).

The result is shown in Figure 6. There was sustainable growth in both green finance
and ecosystem service demand levels in Jiangsu Province, with the green finance evaluation
index rising from 0.259 to 0.549, and the ecosystem service demand index rising from
0.568 to 0.574. The development level of green finance continues to increase, but α′ was
constantly decreasing, while β′ was consistent with the changing trend of the demand
level of ecosystem services. However, the green finance index was still smaller than the
comprehensive index of ecosystem service demand, thus it was always a relatively large α′
and a relatively small β′.

(2) Results of the improved coupling coordination degree model

The coupling coordination degree of ecosystem service demand and green finance
saw a continuously optimal trend (Figure 7), but the regional differences of the coupling
coordination degree were obvious. The coupling coordination degree of the eastern region
was significantly higher than that of central, western, and northeast China. The coupling
coordination degree of China’s four major economic divisions was in the order of east–
central–northeast–west from high to low, with an average of 0.45, 0.40, 0.34, and 0.32,
respectively. Specifically, coordination levels in eastern and central regions experienced
a process of “mild discoordination—low-level coordination—basic coordination”. The
northeast and western regions had been in a state of mild disharmony. In addition, the
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coupling coordination degree of green finance and ecosystem service demand has been
increased in China, but the coupling coordination degree is not high, indicating that the
coupling coordination relationship between green finance and ecosystem service demand
needs to be further optimized.

Figure 6. Changes of the improved contribution coefficient.

Figure 7. Temporal and spatial characteristics of the coupling coordination degree between green
finance and ecosystem service demand in China from 2010 to 2017.

During the study period, the coupling coordination degree between green finance
and ecosystem service demand increased significantly in the provinces, but there was an
expanding trend in the inter-provincial differences.
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In 2010, the coupling coordination relationship between green finance and ecosystem
service demand in various provinces included six types: high coordination, moderate
coordination, basic coordination, low level coordination, mild incoordination, and serious
incoordination. Among them, serious incoordination and mild incoordination were the
main types, with 11 and 13 provinces, respectively, accounting for 80% of the studied
provinces. The 6 other provinces had moderate coordination (Guangdong), basic coordina-
tion (Shandong, Jiangsu), and low coordination (Hebei, Henan, Hunan), and were mainly
distributed in the eastern region.

In 2017, only Qinghai was still in the stage of serious incoordination, the other
provinces improved. The number of mild incoordination provinces decreased by 2, the
number of provinces with low level coordination and basic coordination increased to 4, the
number of provinces with moderate coordination increased to 3, and Guangdong Province
was in the stage of moderate coordination to high coordination stage.

5. Discussion

5.1. Analysis of Reasons for Temporal and Spatial Differences between Green Finance and
Ecosystem Service Demand

As is shown in Figure 8, the coupling coordination degree between green finance and
ecosystem service demand was concentrated between 0.3 and 0.6, with a low level. From the
provincial level, only Guangdong Province’s coupling coordination degree had been in a
state of medium–high coordinated development, while the coupling coordination degree of
green finance level and ecosystem service demand of other provinces was still at a low level
of development. The overall coupling coordination degree was lowered. At the national
level, the coupling and coordination degree between green finance and ecosystem service
demand in China was not high, but the overall level and the comprehensive development
level of subsystems saw an increasing trend. Therefore, we believe that green finance,
the ecosystem services demand, and the coordinated development of the two have bright
prospects in the future.

Figure 8. Spatial distribution of the coupling coordination degree of green finance and ecosystem
service demand in China from 2010 to 2017.
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In 2010, the coupling degree of green finance and ecosystem service demand was the
lowest. The data analysis suggests that the reason was that the development level of green
finance in various provinces lagged behind ecosystem services demand in 2010. From the
perspective of policy, the reason was that the development of green finance in China started
late, and the concept of green finance was not improved until 2016. Therefore, 2010 was
just the beginning stage of green finance development, and all indicators were at a low
level. In 2010, the coupling between green finance and ecosystem service demand was
coordinated in only six provinces, distributed in the eastern coastal regions (Guangdong,
Jiangsu, Shandong, Hebei, etc.), while the remaining severe uncoordinated areas were
clustered in the western region (Chongqing, Guizhou, Shaanxi, Gansu, Qinghai, Ningxia,
etc.). This was because the eastern region had a developed and stable financial system as
well as a sound ecological environment foundation, and it attached more importance to
the development of green finance under the guidance of national policies. The western
region of China was not economically developed, the financial system was not active
enough, and there was not a strong demand for green funds. Moreover, the westward
migration of industries brought by China’s western development strategy would also affect
the development of green finance in the western region to a certain extent.

In 2017, the coupling coordination degree of green finance and ecosystem service
demand was the highest. For the country as a whole, China introduced many policies in
2016 to encourage the development of green finance. For example, seven state ministries
and commissions, including the People’s Bank of China and the Ministry of Finance, issued
the “Guidelines on Building a Green Finance System”, which was the first time that the
country systematically proposed the definition, incentive mechanism, development plan of
green financial products, and risk monitoring measures of green finance. Therefore, the
development level of green finance has been continuously improved under the incentive of
relevant policies. At the provincial level, because the green finance development level of
1/5 provinces was ahead of the ecosystem service demand level, the coupling coordination
degree of most provinces had been significantly improved. The coordination level of the two
systems was more balanced. At that time, the provinces with high coupling coordination
degrees were concentrated in East China (Jiangsu, Shandong, Zhejiang, Anhui, etc.) and
central China (Henan, Hubei, etc.), which indicated the spatial diffusion from east to central
China, which was also the achievement of China’s coordinated development strategy.

5.2. Advantages of Improved Coupling Coordination Degree Model

Through comparative analysis, it found that the contribution coefficients α and β

affect not only the coupling coordination degree, but also the coupling coordination type.
However, the theoretical basis for the traditional coupling coordination degree model to set
the same contribution coefficient of the two systems is not sufficient, and the calculation
results struggle to reflect the coupling relationship between green finance and ecosystem
service demand accurately and objectively [31]. Decision-makers are prone to make unrea-
sonable or even wrong decisions that have a bad impact on the coordinated development
of green finance and ecosystem services demand when facing such evaluation results.

To fill the subjective judgment of the contribution coefficients α and β in the traditional
coupled coordination degree model, an improved coupled coordination degree model is
introduced to determine the contribution coefficients according to the comprehensive
performance of green finance and ecosystem service demand, which means that, with the
continuous cooperation and competition between green finance and ecosystem service
demand, the contribution coefficients of the two systems continue to develop and change.
At the beginning of the study, the contribution coefficient of green finance (α′) was much
larger than the contribution coefficient of ecosystem services demand (β′). As time passed,
China’s ecological environment continued to improve, so the proportion of the contribution
coefficient of this system rose constantly. At the end of the study, α′ was almost equal to β′.
Therefore, policymakers should focus on promoting ecological environment construction
and achieving coordinated improvement of green finance and ecosystem service demand
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on the premise of maintaining appropriate economic growth. In conclusion, the improved
coupling coordination degree model can reflect the coordinated development of green
finance and ecosystem service demands accurately, and help decision-makers to further
develop more scientific and reasonable measures.

5.3. Limitations

Using data from 30 provinces in China, this paper evaluated the coupling relationship
between green finance and ecosystem services demand in four major regions of China’s
economy, which made up for the shortcomings of the traditional coupling coordination
model, but the research still has certain limitations. Firstly, considering the availability
of data from 2018 to 2021, only the eight years from 2010 to 2017 were selected as the
study period, and data from recent years should be supplemented for inclusion in the
study in the future. Secondly, when constructing the indicator system for ecosystem service
demand assessment, this paper used the actual human food consumption to measure food
demand services, and replaced the demand with food consumption in the calculation
process. Food consumption data (including grain, oil, vegetables, meat, aquatic products,
eggs, milk, melons, and fruits) were all from the China and provincial statistical yearbooks.
However, since some provinces (such as Heilongjiang Province, Sichuan Province, etc.) did
not calculate the specific consumption of eggs, milk, melons, and fruits in 2013 and 2014,
the missing data were replaced with data from adjacent years. The proportion of missing
data is very small, so it has little impact on the calculation results. In the later stage, the
method can be improved to make the empirical results more accurate by extrapolating the
missing data.

6. Conclusions

This paper constructed a multi-index evaluation system for green finance and ecosys-
tem service demand. Based on the panel data of 30 provinces in China from 2010 to 2017,
the comprehensive development level of green finance and ecosystem service demand was
evaluated by using the global principle component analysis and entropy method. Then,
the improved coupling coordination degree model was used to explore the temporal and
spatial evolution characteristics of the coupling coordination degree between green finance
and ecosystem service demand in each province of China during the study period. The
results show that:

(1) During the study period, the level of green finance in China’s provinces improved
significantly, showing a spatial pattern of “high in the east and low in the west”. The
ecosystem services demand in all provinces in China saw an initial increasing trend that
eventually began decreasing. Nearly two-thirds of provinces had gradually increased
the demand level for ecosystem services, showing a spatial pattern of “high demand
for ecosystem services in East and South China and low ecosystem services demand in
northwest and northeast China”.

(2) The results of the improved coupling coordination degree model showed that the
static coupling coordination relationship between green finance and ecosystem service
demand in Chinese provinces continued to improve from 2010 to 2017, and the spatial
distribution showed a spatial pattern of “high in eastern coastal and central China, low in
western and northeast China”.

(3) Contribution coefficients α and β not only affect the coupling coordination degree,
but also affect the type of coupling coordination degree. Compared with the traditional
coupling coordination degree model, the improved coupling coordination degree model
can provide more effective information for decision-makers and help them to formulate
more reasonable control measures.
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Abstract: The transition of land use function and its effects on ecosystem services is a key issue
in eco-environmental protection and is the basis of territorial space governance and optimization.
Previous studies have typically selected land use types to evaluate ecosystem service value (ESV)
and have overlooked comprehensive characteristics of ecosystem services and the mutual feedback
relationship between human social systems and the ecosystem. Taking the Three Gorges Reservoir
Area, Hubei section (TGRA-HS) as a case study, we used a transition matrix, the revised ESV method,
and an ecological contribution rate model to explore land use function transition (LUFT) and its
effects on the change in ESV based on the production–living–ecological space (PLES) classification
system. The results show that: (1) The transition of land use function based on PLES was the mapping
of the evolution of the human–nature relationship in the spatial pattern, which reflected the evolution
of the spatial pattern caused by human interference with the continuous development of society;
(2) The evolution of PLES showed the characteristics of a reduction in production space (P-space),
and an expansion in living space (L-space) and ecological space (E-space). The distribution pattern
of PLES from 1990 to 2020 was basically the same, and the characteristics of structural transform
reflected the characteristics of project construction in different phases; (3) The E-space contributed
the most to the total ESV, and it has risen by CNY 13.06 × 108. The transition of land use function
caused by human construction projects impacts the spatiotemporal change in the regional ESV; (4)
The change in ESV induced by LUFT revealed the whole dynamic process of the positive and negative
effects of human construction projects on ecosystem services, and the two effects offset each other to
keep the ESV relatively stable. The transition of E-space to P-space had the greatest impact on the
reduction in ESV, whose contribution rate was 82.76%. The dynamic changes in land use function and
ESV corresponding to the different stages of the Three Gorges Project’s (TGP) construction reveals
the important driving effect of human activities on ecosystem services. It reminds us that humans
should not forget to protect the eco-environment when obtaining services from the ecosystem.

Keywords: production–living–ecological space (PLES); land use function transition (LUFT); ecosys-
tem service value (ESV); Three Gorges Reservoir Area (TGRA); Three Gorges Project (TGP)

1. Introduction

Land resources are the essential element and spatial carrier for human survival and
development, and all human activities depend on land resources [1–3]. While economic
and social developments have allowed for great achievements and promoted the profound
transformation and spatial reconstruction of land use [4,5], this has brought about a lot
of noticeable environmental problems, such as the overextraction of natural resources,
water and soil loss, a decrease in biodiversity, and the degradation or loss of ecosystem
functions [6–10], resulting in significant changes to ecosystem service functions. The most
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severe problem is an unbalanced PLES in terms of its spatial structure and function, leading
to severe challenges and crises in the sustainable development of territorial space. The
important performance of land use transition is the dynamic process of the quantitative and
spatial reallocation of limited land resources among different leading functions [11], thereby
realizing the transition of the recessive form of land use function [12,13]. The transition
of land use function is one of the important changes in land use in recessive patterns.
That is, the dynamic process of quantitative re-proportion and spatial reallocation of land
resources among production, living, and ecological functions reflect the different stages of
regional economic and social transformation [14]. Land use transition not only causes a
change in natural landscapes, but also causes a change in biodiversity, ecosystem service
functions, and their stability, which threatens human health and ecological security [15–17].
The research on land use transition and its ecological effects has attracted increasing
attention [18–21], and it has become an important research topic in current geography,
landscape ecology, and ecological economics [22–25].

The LUFT is the further deepening and application of the land use theory in the
research of territorial space in the new era. The existing research shows that land use has
comprehensive production, living, and ecological functions, and it can be divided into
PLES on the basis of the leading functions and use types [26,27]. The theory of PLES was
proposed based on the view of element–structure–function in systematic [28]. The PLES was
a comprehensive division method of territorial space, and the coordinated development of
PLES will produce a synergistic effect where the total function is greater than the sum of its
parts. Therefore, the PLES can reflect the complex characteristics of ecosystem services well,
and its layout and evolution have a profound impact on the regional ecosystem services.
Ecosystem service function is closely related to human welfare, and it is an important basis
for human survival and development [29–31]. Under the influence of intrinsic and extrinsic
factors [32], the changes in the spatial element and structure of PLES will lead to the
transition of their functions, and the transition of the leading functions reflects the different
stages of the evolution of regional ecosystem services. Essentially, the eco-environmental
problem caused by the LUFT is due to the imbalance of PLES function. Therefore, based on
the leading function classification system of PLES, the regional LUFT and the evolution
of ecosystem service functions can be linked, giving a new perspective on studying the
mutual feedback relationship between human social systems and ecosystems [33–35].

At the present stage, the research on LUFT and its regional ecological effects from the
perspective of PLES is still in its infancy. Some researchers have analyzed the LUFT and
its eco-environmental effects but have mainly focused on regions, basins, provinces, cities,
and counties [36–40]. Furthermore, some researchers have also discussed it from different
perspectives [20,41]. However, the existing research is mostly limited to the administrative
areas undergoing rapid urbanization. Research on the LUFT in an important ecological
function area has received less attention, and its effects on changes in ESV based on the PLES
classification are still insufficiently studied [7]. Meanwhile, the ecological characteristics of
the PLES classification system are not considered to be granular enough, and the internal
connection between the production–living–ecological functions and ecosystem service
function is ignored.

The TGRA is an important ecological function area that plays a vital role in ensuring
the downstream ecological security and maintaining the ecosystem health of the Yangtze
River [42]. The TGRA is also one of the most sensitive and vulnerable areas of the eco-
environment in China, and the PLES competition is becoming increasingly fierce here. As
the reservoir head of the TGRA, the Hubei section is most rapidly and directly affected
by the project, and the issue of LUFT deserves much more attention. Therefore, it is of
important theoretical and practical significance to explore the spatiotemporal characteristics
of LUFT and its effects on the change in ESV based on the conception and identification of
PLES in the TGRA-HS according to the construction stage division of the TGP.

Based on the above-mentioned state of research, this study aims to quantitatively
analyze the structure and spatial characteristics of LUFT in the national key ecological
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function area and its effects on changes in ESV from the perspective of PLES during the
construction of the TGP from the project demonstration to the full operation stage. The
contributions of this study are that: (1) The transition of land use function and the PLES are
combined to analyze LUFT and its effects on ecosystem services, and it might provide a
deeper understanding of the mutual feedback relationship between human social systems
and ecosystems, especially the harmony between human development and biodiversity
protection; (2) Taking the TGRA-HS as the study area, we analyzed the spatiotemporal
evolution and structural transformation of PLES, and the assessment model was established
and revised to analyze the quantity and spatial characteristics of ESV change; (3) This study
also provides a scientific reference and practical guidance to support the optimization of
the spatial development and eco-environmental protection patterns in the TGRA-HS.

2. Study Area

The TGRA-HS is located in the middle reaches of the Yangtze River in the southwest of
Hubei Province (30◦14′–31◦34′ N, 110◦06′–111◦40′ E) and includes three counties (Badong,
Zigui, and Xingshan counties) and five districts (Yiling, Dianjun, Xiling, Wujiagang, and
Xiaoting districts) (Figure 1). It has a population of about 2.82 million and an area of about
1.21 × 104 km2. The Hubei section is the reservoir head of the TGRA, and the landform
types are complex and diverse, with more mountains and fewer plains. The mountains are
high, the slopes are steep, and the valleys are deep. The climate is affected by topographic
fluctuations, and the natural vegetation has the characteristics of vertical zoning. The dam
site of the TGP is located in Sandouping Town, south-west of Yichang City, Hubei Province,
China. The Gezhou dam, which is the regulating dam of the Three Gorges Dam, is located
38 km downstream. Since 1990, with the continuous advancement of the TGP and various
ongoing construction projects, the PLES in the TGRA-HS have changed significantly and
human activities have strongly interfered with the regional eco-environment. Under the
dual drive of policy and economy, the land use pattern of the TGRA-HS has undergone
significant changes, and the land use function has also undergone a transformation. In
addition, due to the phased implementation of the TGP, the main projects have caused
distress, such as the resettlement of immigrants, the submersion of water storage, and the
relocation of facilities. This has further intensified the complexity of the study of regional
ecological effect changes. The spatiotemporal characteristics of LUFT and the characteristics
of the eco-environmental response show significant differences before and after the dam’s
construction [43,44].

Figure 1. Location and elevation of the Three Gorges Reservoir area, Hubei section (TGRA-HS), China.
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3. Materials and Methods

3.1. Research Framework

Different types of land use have various functions. Analyzing the evolution of spatial
form and the structure of territorial space is an important way of exploring the process
of space function change. One of the manifestations of the land use transition is the
transformation between the three leading functions of production, living, and ecology [45].
Under different leading functions (spatial types), human beings have different impacts
on the ecosystem, and the services provided by the ecosystem for human society are
also significantly different. In general, anthropogenic interference (such as a large-scale
construction project) will lead to the transformation of the three leading functions. The
structure of PLES tends to be unbalanced, and thus, affects the components, structure,
service value, and function of the ecosystem. It leads to changes in the supply capacity
of regional ecosystem services and becomes the most direct driving factor affecting the
function and value of ecosystem services [46,47]. This study was carried out according
to the logic of the construction stage division of the TGP, the characteristics of LUFT, the
spatiotemporal change in ESV, and the effects of LUFT in terms of changes in ESV (Figure 2).
Thus, a framework of LUFT and its effects in terms of changes in ESV from the perspective
of PLES in the TGRA-HS was developed as follows:

Step 2 Quantification and analysis spatiotemporal pattern changes in ESV

Step 1 Explore characteristics of land use function transition based on  PLES 

Step 3 Diagnose effects of land use function transition on changes in ESV

Changes of internal 
function 

Transformation of 
dif ferent function 

Evolution of ecosystem service function
 based on PLES

Ecosystem service function 
of production space

Ecosystem service function 
of ecological space

Ecosystem service function 
of living space

Food production,
Raw materials, 
Water supply... 

Positive and negative ef fects

Anthropogenic interference
(Three Gorges Project construction)

Mutual transformation of three leading functions in 
production–living–ecological space (PLES)

Gas regulation,
Climate regulation, 
Water regulation,

Maintain nutrient cycling,
Biodiversity maintenance, 

Soil retention... 

Aesthetic appreciation,
Science education... 

Provisioning 
service 

Regulating
service 

Supporting
service 

Cultural
 service 

 

Figure 2. The conceptual framework of land use function transition (LUFT) and its effects on
ecosystem service value (ESV).

Step 1: Explore the spatiotemporal evolution characteristics of LUFT during the
different construction stages of the TGP from the perspective of PLES.

Step 2: Quantify ESV in the TGRA-HS from 1990 to 2020 using the revised assessment
model and analysis of the evolution of its spatiotemporal pattern.
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Step 3: Diagnose the effects of LUFT in terms of changes in ESV during the construction
of the TGP in the TGRA-HS from 1990 to 2020.

3.2. Analysis of LUFT
3.2.1. PLES Classification System

The analysis of the PLES theory and the diagnosis of the relationships between land use
types and functions are essential. This study referred to the PLES classification systems used
in past studies [48,49]. On the basis of the leading function, and combined with the multi-
functional attributes of land use [50,51], we divided land use types into different functional
types of PLES [48,52]. Additionally, it was divided into 3 primary types (including P-space,
L-space, and E-space) and 8 secondary types (including APS, IPS, ULS, RLS, FES, GES,
WES, and OES) (Table 1). More specifically, P-space can be divided into APS and IPS, which
primarily includes cultivated land and other construction land, such as mining land and
transportation land. L-space can be divided into ULS and RLS and mainly includes urban
land and rural residential land. E-space can be divided into FES, GES, WES, and OES
and primarily includes all land types except cultivated land, rural and urban construction
land, and industrial and mining land. According to the above criteria for PLES and the
land use classification system in Table 1, this study used ArcGIS10.8 to obtain the PLES
of the TGRA-HS in 1990, 2000, 2010, and 2020. The evaluation and structural transform
characteristics of PLES in the TGRA-HS from 1990 to 2020 were obtained so as to lay the
foundation for diagnosing the effects of LUFT on changes in ESV.

Table 1. Corresponding table of PLES and land use type.

Primary Type Secondary Type Land Use Interpretation and Classification

Production space (P-space )

Agricultural
production space (APS) Paddy field, dry land

Industrial
production space (IPS)

Industrial and mining land, transportation
construction land

Living space (L-space)

Urban
Living space (ULS) Urban land

Rural
Living space (RLS) Rural residential land

Ecological space (E-space)

Forestland
Ecological space (FES)

Forestland, shrub land, sparse forestland,
other forestland

Grassland
Ecological space (GES)

High-coverage grassland, medium-coverage
grassland,

low-coverage grassland
Water

Ecological space (WES)
Canals, lakes, permanent glaciers, snowfields,

tidal flats, beaches, reservoirs and pond

Other
Ecological space (OES)

Sandy land, Gobi, saline–alkali land,
marshland, bare land, bare rock texture, other

land

3.2.2. Methods of LUFT

The transition of land use function is realized by a transition matrix, and it can
calculate the amount and direction of transformation among land use function types [53].
This method is derived from the quantitative description of the system state and state
transition in the system analysis, which can better describe changes in land use function
type. Based on the PLES classification system in Table 1, this study adopts a transition
matrix to represent the LUFT [54]. The characteristics of the PLES evaluation and structural
transition in the TGRA-HS from 1990 to 2020 were obtained. The mathematical model is:

Cij = 100At
ij + At+1

ij (1)

Cij =

⎛
⎜⎜⎝

C11 C12 · · · C1n
C21 C22 · · · C2n
· · · · · · · · · · · ·
Cn1 Cn2 · · · Cnn

⎞
⎟⎟⎠ (2)
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where i and j are the two types of land use function, respectively; Cij is the transition matrix;
and At

ij and At+1
ij are the coding of land use function status at time t and t+1, respectively.

For example, the coding of land use function status at time t and t+1 is 11 (representing
APS) and 31 (representing FES), respectively, so Cij is 1131, which represents the conversion
from APS to FES.

3.2.3. Time Node Division

According to the stage deployment, the construction of the TGP can be divided into
stages, such as the construction preparation and start of the first phase of the project (1993),
the realization of the river closure and the start of the second phase of the project (1997),
the start of water storage and the completion of the second phase of the project (2003),
water storage of 175m and the completion of the third phase of the project (2009), and the
realization of the full-scale operation of the TGP (2015) (Figure 3). There were obvious
differences in the spatial pattern of PLES and its variation trend before and after the dam
construction. However, it was difficult to carry out eco-environmental monitoring and
change analysis in the whole process of project construction because of the difficulty of
obtaining long-term data. Therefore, this study selected 1990, 2000, 2010, and 2020 as
the time nodes to explore the characteristics of LUFT, the spatiotemporal change of ESV,
and the effects of LUFT on the change in ESV from the project demonstration to the full
operation stage according to the construction stage division of the TGP and the availability
of data.

1990 2000 2010 2020

1993

1997

2003

2009

Construction, 
preparation, and 

start of first phase 
of project.

Realization of river 
closure and start of 

second phase of 
project.

Start of water 
storage and 

completion of 
second phase.

Water storage of 
175m and 

completion of third 
phase of Project.

Realization of full-
scale operation of 

Three Gorges 
Project.

2015

Figure 3. Division of the construction stage of the Three Gorges Project (TGP).

3.3. Assessment of ESV from the Perspective of PLES

The PLES can better reflect the comprehensive characteristics of ecosystem services.
ESV is a quantitative assessment of ecosystem service capacity, and the quantitative as-
sessment of ESV can help to transform ecological issues into indicators that are easy to
understand for the public and that can help to identify problems. In this study, the equiva-
lent factor of ESV per unit area was used to evaluate the ESV from the perspective of PLES
in the TGRA-HS between 1990 and 2020. The outstanding advantage of the methods is
their simplicity, and the value of ecosystem services in the form of currency. The equivalent
value per unit area of APS, FES, GES, WES, and OES corresponded to the cultivated land,
forestland, grassland, waters, and bare land in the existing studies, respectively. Addition-
ally, they were modified and developed for the dynamic evaluation on Chinese terrestrial
ecosystem service value. Among them, the equivalent value of APS was calculated based
on the proportion composition of paddy field and dry land in the TGRA-HS. Although IPS,
ULS, and RLS do not belong to natural ecological spaces, they still have various degree
of ecosystem service function due to the existence of green space. This study refers to the
equivalent value of construction land from the existing research [55,56] and adjusts the
equivalent of different spaces according to the degree of human interference. In this way,
the equivalent factor table of ecological services can be obtained (Table 2).
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Table 2. Ecosystem service equivalent value per unit area in the TGRA-HS (unit: CNY/hm2).

Category Provision Service Regulating Service Supporting Service Cultural Service

APS 145.73 8743.63 2477.35 233.17
IPS −29,145.40 −32,059.95 408.04 29.15
ULS −21,859.05 −14,222.96 1253.26 32.15
RLS −8306.44 1165.81 1748.74 174.87
FES 3293.43 37,976.45 13,465.18 2710.53
GES 2215.05 22,704.27 8510.46 1719.58
WES 27,163.51 150,910.91 10,346.62 5508.48
OES 0.00 437.19 116.58 35.45

However, the vegetation coverage affected a variety of ecological processes and played
an important role in ecosystem services. Owing to the differences in vegetation coverage
flourishing in the types of cultivated land, forestland, and grassland covered with veg-
etation, the same types of land might provide significantly different levels of ecosystem
service value [57]. Therefore, this study used NDVI to reflect the vegetation flourishing
status in the TGRA-HS. The ESV was revised once again. Finally, the quantity and spatial
characteristics of ESV from the perspective of the PLES of each period in the construction
of the TGRA-HS was calculated using the ESV model. The mathematical ESV model is:

ESV =
m

∑
i=1

n

∑
j=1

o

∑
k=1

AijBikCik (3)

Cik =
NDVIik

NDVIi
(4)

where Aij is the ESV coefficient of the jth ecosystem services of the ith PLES type; Bik is the
area of the ith PLES type in the kth research unit; Cik is the revision coefficient of the NDVI of
the ith PLES type in the kth research unit; NDVIi is the mean of the ith PLES type; NDVIik
is the NDVI value of the ith PLES type in the kth research unit; and i, j, and k are the PLES
type, ecosystem services type, and number of research units, respectively. Then, a 1 km × 1
km vector grid was designed to cover the whole TGRA-HS, and it was divided into 11,612
grid units to explore spatial differences in ESV. Additionally, the ESV was divided into five
levels (including slight, light, moderate, severe, and extreme levels) based on the natural
breaks (Jenks) with the help of ArcGIS10.8.

3.4. The Effects of LUFT on Changes of ESV

The ecological contribution rate of LUFT refers to the change in the regional ESV
caused by a certain land use function change. It can better identify the functional types
that affect the change in ESV, which is conducive to the discussion of the leading factors of
regional ecological environmental change [58]. Therefore, this study adopts the ecological
contribution rate of LUFT to quantify the effects of LUFT on changes in regional ESV in the
TGRA-HS. The mathematical model is [37]:

ESVC =
(ESVt+1 − ESVt)× CA

TA
(5)

where ESVt and ESVt+1 are the ESV reflected by a certain LUFT at time t and t+1, respec-
tively; ESVC is the contribution rate of LUFT; CA is the transition area; and TA is the total
area of the study area.

3.5. Data Sources

Data were collected from multiple sources (Table 3). The data on PLES in the TGRA-
HS in 1990, 2000, 2010, and 2020 were taken from land use data, including 6 primary
types and 25 secondary types, which were downloaded from the Geospatial Data Cloud.
They were extracted at a resolution of 30 m × 30 m to explore the characteristics of
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LUFT and the evolution of the ESV change, according to the construction stage division
of the TGP. Meanwhile, the administrative map of the TGRA-HS was taken from the
department of natural resources of the Hubei Province. Furthermore, the economic and
social development data were taken from the Hubei Statistical Yearbook from 1990 to
2020 [59]. The geodatabase of the TGRA-HS was built in the ArcGIS10.8 software platform
to process the above data.

Table 3. Data and sources.

Data Sources

Land use data Geospatial Data Cloud
(http://www.gscloud.cn, accessed on 17 January 2023)Digital elevation model data

Administrative map Department of Natural Resources of Hubei Province
(https://zrzyt.hubei.gov.cn/, accessed on 17 January 2023)

Normalized difference vegetation index
(NDVI) data

Resource and Environment Science and Data Center of the
Chinese Academy of Sciences (http://www.resdc.cn/, accessed

on 17 January 2023)
Economic and social development data Hubei Statistical Yearbook

4. Results

4.1. Characteristics of the Transition of Land Use Function
4.1.1. Evaluation of Land Use Function in the TGRA-HS from 1990 to 2020

The spatiotemporal patterns of PLES were basically the same in the TGRA-HS, and
they remained consistent as a whole in 1990, 2000, 2010, and 2020 (Table 4). The evolution
of PLES showed characteristics of a reduction in P-space, and the expansion of L-space and
E-space from 1990 to 2020. The structure of PLES was mainly dominated by FES, which
accounted for over 77% of the total area of the TGRA-HS with an absolute dominant position
during the study period (Figure 4). The P-space was mainly dominated by APS, presenting
the characteristic of aggregated distribution, and its proportion was reduced from 12.86% to
11.59%. It was concentrated in the form of mass shape and mainly distributed in low-lying
areas below 500 meters in the southeast and scattered in the west of the TGRA-HS in the
form of point shapes. The E-space was mainly dominated by FES, which also presented the
characteristic of aggregated distribution, and its proportion was reduced from 78.80% to
77.71%. It was mainly distributed in the mountain zone of the TGRA-HS. Meanwhile, the
L-space was mainly dominated by ULS, presenting the characteristic of dotted distribution,
and its proportion increased from 0.31% to 0.57%.

Table 4. The area proportion and change of production−living−ecological space (PLES) in the
TGRA-HS between 1990 and 2020 (unit: %).

Years/Period
P-space L-space E-space

APS IPS ULS RLS FES GES WES OES

1990 12.86 0.04 0.31 0.19 78.80 6.70 1.10 0.00
2000 12.85 0.32 0.39 0.20 78.44 6.70 1.11 0.00
2010 11.81 0.52 0.56 0.24 78.11 6.82 1.94 0.00
2020 11.59 1.12 0.57 0.24 77.71 6.80 1.96 0.00

1990–2000 –0.02 0.28 0.08 0.01 –0.35 0.00 0.00 0.00
2000–2010 –1.04 0.21 0.17 0.04 –0.33 0.12 0.83 0.00
2010–2020 –0.22 0.60 0.01 0.01 –0.40 –0.01 0.02 0.00
1990–2020 –1.28 1.08 0.26 0.06 –1.09 0.11 0.86 0.00

The expansion areas of ULS were concentrated in the southeast of the TGRA-HS and
scattered throughout the rest of downtown Yichang. The spatial distribution of RLS was
basically the same with the characteristics of agricultural production activities. It indicated
that the regions that were suitable for agricultural production with relatively good natural
conditions were usually suitable for harmonious human settlement. The regions had been
developed into rural residential agglomerations gradually, and they remained relatively
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stable. The evolution process of PLES showed the characteristics of two types down and
five types up in the TGRA-HS from 1990 to 2020. The largest increase was in IPS, and the
largest reduction was in APS, with a proportion of 1.08% and −1.28%, respectively. The
evolution of PLES showed the characteristics of a reduction in P-space and the expansion
of L-space and E-space from 1990 to 2010. This was mainly reflected in the continuous
decline in APS and the continuous increase in ULS, RLS, and WES. While the P-space and
L-space showed a trend of expansion, and the E-space mainly showed a trend of reduction
from 2010 to 2020. The characteristics of the PLES evolution were closely related to the
rapid development. The expansion of construction land had encroached on the land with
relatively low economic benefits, which led to an increase in IPS, ULS, and RLS and a
reduction in APS and FES.

Figure 4. Characteristics of PLES in the TGRA-HS between 1990 and 2020.

4.1.2. Structural Transform of Land Use Function in the TGRA-HS from 1990 to 2020

For a further intuitive analysis, the structural transformation of the land use function in
the TGRA-HS from 1990 to 2010 was calculated based on the mathematical model of LUFT.
Compared with the data of the base period in 1990, the IPS and ULS increased significantly,
and the growth rate was more than 85% during the study period (Table 5). Meanwhile, the
FES and GES only showed minimal changes, and they were almost the same as the data
of the base period. The differences in the spatial distribution characteristics of structural
transform in different phases were obvious and were mainly reflected in the conversion of
P-space and E-space in the TGRA-HS. From 1990 to 2000, the mutual conversion area was
6679.08 hm2, which was mainly reflected in the conversion of APS, FES, and IPS, with a
proportion of 70.84% of the total converted area. At this stage, the TGP and the resettlement
of immigrants in the reservoir area had been implemented on a grand scale, resulting in
the conversion of a large number of FES into IPS and APS. From 2000 to 2010, the mutual
conversion area was 37,480.27 hm2, which was mainly reflected in the conversion of APS
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and FES, accounting for 66.88% of the total converted area during this period. The Grain for
Green Project (GGP) was implemented, which resulted in a large amount of cultivated land
being converted to forestland. At this stage, the Three Gorges Dam was officially closed for
water storage, and the water level rose from 135 m to 175 m. This led to the transformation
of an important proportion of APS into WES. Meanwhile, the mutual conversion area was
5916.48 hm2 from 2010 to 2020, which was mainly reflected in the conversion of FES and
IPS, accounting for 78.06% of the total converted area in the TGRA-HS. They were mainly
concentrated in the urban area of Yichang around the Three Gorges Dam and the Gezhou
Dam (Figure 5).

Table 5. Ordered Tupu table of land use transition in the TGRA-HS between 1990 and 2020 calculated
based on Equations (1) and (2).

Period Number
Transition

Types
Area
(hm2)

Change
Rates (%)

Accumulative
Change Rates (%)

1990–2000

1 FES → IPS 2507.81 37.55 37.55
2 FES → APS 1602.92 24.00 61.55
3 APS → FES 620.96 9.30 70.85
4 APS → ULS 548.97 8.22 79.07
5 FES → ULS 352.47 5.28 84.34
6 WES → IPS 287.52 4.30 88.65
7 WES → APS 172.02 2.58 91.22
8 APS → GES 134.79 2.02 93.24
9 APS → WES 124.72 1.87 95.11

10 FES → RLS 86.41 1.29 96.40

2000–2010

1 APS → FES 16,149.51 43.09 43.09
2 FES → APS 8917.54 23.79 66.88
3 FES → IPS 2452.59 6.54 73.43
4 APS → GES 2415.21 6.44 79.87
5 APS → WES 1544.04 4.12 83.99
6 FES → ULS 907.02 2.42 86.41
7 IPS → ULS 778.33 2.08 88.49
8 APS → ULS 699.77 1.87 90.35
9 IPS → WES 532.49 1.42 91.77

10 FES → RLS 498.83 1.33 93.11

2010–2020

1 FES → IPS 4618.55 78.06 78.06
2 APS → FES 219.98 3.72 81.78
3 FES → APS 182.07 3.08 84.86
4 FES → ULS 136.73 2.31 87.17
5 WES → IPS 132.18 2.23 89.40
6 APS → RLS 115.94 1.96 91.36
7 IPS → FES 85.78 1.45 92.81
8 APS → ULS 71.00 1.20 94.01
9 FES → RLS 58.15 0.98 94.99

10 RLS → APS 54.83 0.93 95.92

From the perspective of the structure characteristic of the PLES transform-in from 1990
to 2020, the APS was mainly converted from FES, and the proportion was 90.86%. The IPS
was mainly converted from FES, and the proportion was as high as 93.11%. The ULS and
RLS were mainly converted from APS and FES, while FES, GES, and WES were mainly
converted from APS. From the perspective of the structural characteristics of the PLES
transform-out from 1990 to 2020, the APS was mainly converted to FES, and the proportion
of transition was 72.82%. The IPS was mainly converted to ULS, with a proportion of more
than 82.49% of the total transition of this type. The RLS was mainly converted to IPS, with
a transition ratio of 43.76%. The FES was mainly converted to APS and IPS. The GES was
mainly converted to APS, and the WES was mainly converted to APS and IPS. The structural
transform characteristics of PLES in different phases reflected the transformation of socio-
economic development in the TGRA. We should pay more attention to the improvement of
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the quality and the optimization of the structure. The win–win situation of PLES will be
realized through the optimization of the structure in the whole area.

Figure 5. Spatial pattern evolution of PLES in the TGRA-HS between 1990 and 2020.

4.2. Characteristics of ESV Change
4.2.1. Quantity Characteristics of ESV Change from the perspective of PLES

According to Equations (3) and (4), the ESV of each spatial type in the TGRA-HS was
calculated from 1990 to 2020 (Table 6). We could see that the total ESV of the PLES of the
TGRA-HS in 1990, 2000, 2010, and 2020 was CNY 619.22 × 108, CNY 614.43 × 108, CNY
628.51 × 108, and CNY 621.39 × 108, respectively. The total ESV of the PLES showed a
trend of floating change in the TGRA-HS, but remained relatively stable as a whole. Among
them, the E-space contributed the most to the total ESV, with a proportion of more than
90% in different phases. The total ESV of E-space rose to a certain extent, increased by
CNY 13.06 × 108. The total ESV of P-space and L-space decreased significantly from 1990
to 2020, with a value of CNY −9.73 × 108 and CNY −1.15 × 108, respectively. From the
perspective of the corresponding secondary types, the total ESV of IPS and FES declined
the most during the past 30 years, with a value of CNY 7.93 × 108 and CNY 7.56 × 108,
respectively. The total ESV of APS, ULS, and RLS also declined significantly, and the total
ESV of WES and GES increased by CNY 20.17 × 108 and CNY 0.45 × 108, respectively. At
the same time, the GGP since 1998 has accelerated the improvement of ESV.
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Table 6. Changes of ESV of PLES in the TGRA-HS between 1990 and 2020 calculated based on
Equation (3) and (4) (unit: CNY 106).

Years/Period
P-space L-space E-space

APS IPS ULS RLS FES GES WES OES

1990 1807.98 −29.96 −130.27 −11.71 54842.66 2852.42 2590.48 0.03
2000 1805.77 −232.62 −164.14 −12.54 54597.45 2852.05 2596.65 0.02
2010 1660.12 −384.79 −236.39 −14.91 54366.90 2902.79 4556.84 0.00
2020 1628.64 −823.90 −241.98 −15.41 54086.03 2897.82 4607.67 0.00

1990−2000 −2.21 −202.66 −33.87 −0.83 −245.21 −0.37 6.17 −0.01
2000−2010 −145.64 −152.17 −72.25 −2.37 −230.55 50.75 1960.20 −0.02
2010−2020 −31.49 −439.11 −5.59 −0.50 −280.87 −4.98 50.83 0.00
1990−2020 −179.34 −793.94 −111.71 −3.70 −756.62 45.40 2017.20 −0.03

4.2.2. Spatial Characteristics of ESV Change

According to the calculation results, the spatial characteristics of the ESV change in
the TGRA-HS between 1990 and 2020 were obtained (Figure 6). The spatial pattern of
the slight ESV area in the TGRA-HS was mainly distributed in the urban built-up area.
It showed an obvious expansion trend with the development of urbanization and the
construction of the TGP. The distribution pattern of the light and moderate ESV area was
consistent with the spatial distribution of cultivated land, and most of them had been
replaced by slight areas during the past 30 years. The spatial pattern of the severe ESV area
was basically the same as the distribution of forestland. Additionally, the characteristics of
spatial distribution tended to be fragmented from 1990 to 2020, which was related to the
encroachment of forestland by construction land. The distribution pattern of extreme ESV
area was consistent with the river. The population distribution in this region was relatively
concentrated along the river banks with deep valleys and steep slopes, and the area of
sloping farmland was large. People’s daily life and agricultural production activities had
destroyed the vegetation along the coast, causing serious water and soil loss.

Figure 6. Spatial evolution of ESV in the TGRA-HS between 1990 and 2020.
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4.3. The Effects of LUFT on Changes of ESV

According to Equation (5), the effects of LUFT on changes in ESV were calculated
(Table 7). We could see that the transformation of PLES had brought about a decline in
ESV in the TGRA-HS from 1990 to 2020. This mainly stemmed from the encroachment
of P-space on E-space. The transition of E-space to P-space had the greatest impact on
the reduction in ESV, and the proportion of contribution rates accounted for 82.76%. The
transition of E-space to L-space was far less than that of P-space, and the proportion of the
contribution rate was 12.68%. From the corresponding secondary type, the main reason for
the decline in ESV in the TGRA-HS, stemmed from the encroachment of IPS and APS on
FES, and the proportion of contribution rates in negative effects was 52.37% and 23.47%,
respectively. Meanwhile, the transformation of PLES brought about an increase in ESV in
the TGRA-HS from 1990 to 2020. This mainly stemmed from the encroachment of E-space
on P-space. The transition of P-space to E-space had the greatest impact on the increase in
ESV in the TGRA-HS, and the proportion of contribution rates accounted for 94.45%. From
the corresponding secondary type, the main reason for the increase in ESV in the TGRA-HS
stemmed from the increase in FES, WES, and GES, and the proportion of contribution rates
in positive effects was 64.33%, 24.98%, and 5.14%, respectively.

Table 7. Main types and contribution rates of LUFT in the TGRA-HS between 1990 and 2020 calculated
based on Equation (5).

Effect Type Transition Type
Difference of ESV

(CNY 106)
Contribution Rates

(%)
Proportion of

Contribution Rates (%)

Positive effects
of ESV

APS → FES 747.41 0.358317 64.33
APS → WES 290.21 0.139130 24.98
APS → GES 59.70 0.028619 5.14
ULS → WES 29.70 0.014240 2.56
RLS → WES 14.25 0.006832 1.23
ULS → FES 4.35 0.002085 0.37
IPS → ULS 3.91 0.001875 0.34
RLS → APS 3.78 0.001812 0.33
RLS → FES 3.62 0.001738 0.31
IPS → FES 3.03 0.001454 0.26

Negative
effects of ESV

FES → IPS −1016.67 −0.487402 52.37
FES → APS −455.63 −0.218434 23.47
FES → ULS −160.92 −0.077147 8.29
WES → IPS −69.08 −0.033119 3.56
APS → ULS −61.52 −0.029492 3.17
WES → APS −46.73 −0.022405 2.41
WES → ULS −40.87 −0.019594 2.11
FES → RLS −39.45 −0.018914 2.03
RLS → IPS −15.30 −0.007337 0.79

GES → APS −11.94 −0.005724 0.61
APS → RLS −10.64 −0.005100 0.55

In summary, the LUFT caused by human construction projects affects the spatiotem-
poral changes in the regional ESV, and the trends of the improvement and deterioration of
ecosystem services can offset each other on the regional scale to keep the ESV relatively
stable as a whole. However, the stability of the ESV does not mean that the eco-environment
has not changed. The enhancement of LPS, IPS, and APS in the study area was the main
reason for the decrease in ESV. Meanwhile, the improvement of ecosystem service functions
was mainly achieved via the conservation of E-space and the GGP since 1998 in the TGRA.
This shows that maintaining the stability of forestland, water land, and grass land ecosys-
tems was crucial in improving the ESV in the TGRA. In addition, the transformation of
L-space into E-space and P-space in the TGRA-HS also led to the improvement of ecosystem
services. This is mainly due to the consolidation of rural settlements in recent years, but
the proportion of contribution rates was relatively low.
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5. Discussion

Existing research is more concerned with the calculation of ESV from the perspec-
tive of land use types, which may not reveal the mutual feedback relationship between
anthropogenic interference and ecosystem services well. The PLES is a comprehensive
method of dividing territorial space that can better reflect the comprehensive characteristics
of ecosystem services with different land use types, and its layout and evolution have a
profound impact on the regional ecosystem function. Taking the TGRA-HS as a study
area, we explored the characteristics of LUFT, the spatiotemporal change of ESV, and the
effects of LUFT on the change in ESV from the perspective of PLES by following the con-
struction stage division of the TGP. This study revealed the mutual feedback relationship
between human social systems and ecosystems well, making up for the shortcomings of
the existing research.

5.1. Construction of the TGP and Stage Response

According to the stage deployment, the construction of the TGP can be divided into
different stages, and there were obvious differences in the spatial pattern of PLES and
its variation trend. The characteristic of LUFT was consistent with the period of project
construction, national policies, and regional development plans in the TGRA-HS. Human
activities, such as facility construction and resettlement, had a great impact on the structure
and function of land use in the reservoir area. Before and after the construction of the
TGP, the changes in the water level of the main stream of the Yangtze River were the most
intuitive manifestation of the project’s impact on the LUFT.

During the construction preparation and the start of the first phase of the project, the
disturbance of the project was still small, and the LUFT was mainly driven by regional
agricultural development planning and the early resettlement policy. In 1993, the resettle-
ment of the TGRA began to be carried out on a large scale. The early resettlement strategy
was local resettlement and local construction. To obtain food and income, the agricultural
population reclaimed the sloping land spontaneously. In 2003, the TGP officially closed the
sluice and stored water. The large-scale land use transition during this period was mainly
driven by project water storage. The transformation of land use function mainly occurs
in river valleys below 500 meters. The main reason for the increase in WES was that the
reservoir area begun to store water after the Three Gorges Dam was built. In addition,
driven by national policies such as the adjustment of resettlement policy and the pilot
program of the "Two-oriented Society", FES and GES were restored and IPS and ULS were
expanded. After 2010, the reservoir entered the stage of full operation, and the changes
in land use patterns brought about by the construction of the project tended to be stable.
Driven by national policies and regional development planning, the major functional areas
divided the three western counties into key ecological function zones at the national level
and restricted their development. The five eastern districts were key development zones at
the provincial level with rapid urban development [60]. The development drew lessons
from the past, and the economic development and ecological protection were more fo-
cused on diversity and coordination so as to achieve sustainable development. The project
construction also brought about some policy responses to a certain extent. During the
construction of the TGP, the country had successively implemented key ecological projects
in the TGRA to mitigate the negative effects of the project. The territorial space ecological
security system with forest vegetation dominated, and a combination of forest and grass
was initially established to ensure the eco-environmental safety of the reservoir area and
the safety of the reservoir operation. This also shows that maintaining the stability of
forestland, water land, and grass land ecosystems was crucial to improving the ecosystem
service function in the TGRA-HS.

5.2. Implications for Theory and Practice

This study put forward the LUFT from the perspective of PLES on the basis of the
project construction stage division and the revised assessment methods of ESV. The quan-

65



Land 2023, 12, 391

titative assessment of ESV transforms ecological issues into indicators that are easily
understood by the public, and which can help identify problems [61]. With the continuous
deepening of ESV and function research, the quantitative assessment of ESV is becom-
ing more and more mature [62,63]. In this study, we refer to the existing research of Xie
et al. [64] to evaluate ESV in the TGRA-HS. It is generally assumed that the same type of
land use has the same value of ecosystem services, but this ignores the potential impact of
vegetation flourishing. However, the vegetation affects a variety of ecological processes,
and ESV assessment that ignores vegetation growth will be very inaccurate. Therefore, this
study relies on remote sensing images to determine the actual status of regional vegetation
and uses the NDVI to revise the ESV realistically so as to obtain the accounting result of
ESV with higher accuracy. At present, the revision methods of ESV are not unified, which
deserves further discussion.

Meanwhile, this study provides a scientific reference to support and serve the layout
optimization of the spatial development pattern and eco-environmental protection in the
TGRA-HS. Additionally, it provides an important reference for understanding the effects of
major conservancy projects on the ecosystem in reservoir areas, such as Bratsk Reservoir,
Samara Reservoir, Smallwood Reservoir, Lake Guri, etc. The results are helpful in creating
an incentive for people to understand ecosystem services and for policymakers to use, and
they can effectively assist ecological restoration across the planning area [65]. Considering
that project construction is an important but irreversible process affecting ESV in the
reservoir area, policymakers should focus on the following recommendation during the
construction process of large-scale conservancy projects. On the one hand, they should
design reasonable targets for ecological protection and construction, design feasible plans
and specific measures to promote the restoration of ecosystems and enhance the ecosystem
service function so as to lay the ecological foundation for regional ecological security. On
the other hand, they should strengthen the construction of projects related to ecological
environmental construction and protection in the reservoir area, promote the smooth
implementation of vegetation restoration and ecological corridor construction projects in
the reservoir area, and improve the construction standards and ecological compensation.

5.3. Limitations and Future Works

Exploring the influencing mechanism of regional ecosystem services is helpful in
guiding regional ecological construction. The research on the influencing factors of ESV
can be roughly divided into two categories. One analyzes the spatiotemporal variation
characteristics of ESV based on the transformation of land use patterns. The other is to
select relevant factors, establish an index system, and use regression analysis or correlation
analysis to discuss the main influencing factors of ESV. Additionally, the influencing factors
can be divided into natural factors (including biological, climate, soil, and topography) and
human factors (including land use transition and socio-economic development). In terms
of human factors, changes in land use type, overall land use pattern and land development
intensity will affect the level of ecosystem services [66]. Among them, the transition of
land use function induced by anthropogenic interference (such as large-scale construction
projects) is one of the most important influencing factors of ecosystem services, which
will directly affect the change in ESV and the flow and interaction between ecosystem
services. Due to the limitations of some basic data and research objects, this study mainly
explored the effects of LUFT on changes in ESV during the construction of the TGP at the
macro level. However, the driving mechanism of other potential factors on ESV evolution
and the stability of the ecosystem have not been explored in depth, which is also an
interesting direction for ecosystem service research. It is necessary to further study the
driving mechanism of ESV evolution at each stage combined with the stages of economic
and social development and to reveal the related issues of land use transition. In order to
more accurately grasp the response of regional ecological environments to socio-economic
development, the analysis of the driving mechanism needs to be further refined and
quantified in the future.
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6. Conclusions

(1) The transition of land use function from the perspective of PLES is the mapping
of the evolution of the human–nature relationship in the spatial pattern, which reflects
the evolution of the spatial pattern caused by human interference with the continuous
development of society.

(2) From 1990 to 2020, the distribution pattern of PLES in the TGRA-HS was basi-
cally the same, and it was mainly dominated by FES; meanwhile, there were significant
regional differences. The evolution of PLES showed the characteristics of a reduction in
P-space and an expansion in L-space and E-space. The mutual transformation between
P-space and E-space was the main form of PLES transformation in the TGRA-HS. The
characteristics of structural transformation in different phases were obvious, which re-
flected the phases in the construction of the TGP and transformations brought about by
socio-economic development.

(3) From 1990 to 2020, the total ESV showed a trend of floating change in the TGRA-HS
but remained relatively stable as a whole. The E-space contributed the most to the total
ESV, and increased by CNY 13.06 × 108. The IPS and FES declined the most during the
past 30 years, with a decrease of CNY 7.93 × 108 and CNY 7.56 × 108, respectively. The
LUFT caused by human project construction affects the spatiotemporal change of regional
ESV. The spatial pattern of the slight ESV was mainly distributed in the urban built-up area,
and it showed an obvious expansion trend with the development of urbanization and the
construction of the TGP.

(4) The change in regional ESV induced by LUFT reveals the whole dynamic process
of the positive and negative effects of human activities on ecosystem services, and the two
effects offset each other to keep the ESV relatively stable as a whole. The main reason for
the decline in the ESV stemmed from the encroachment of IPS and APS in FES, whose
contribution rates were 52.37% and 23.47%, respectively. The TGRA should formulate dif-
ferentiated spatial governance measures based on the in-depth implementation of the main
functional zone strategy so as to promote the rational layout and integrated development
of the PLES in the future.
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Abstract: Areal changes in alpine lakes on the Tibetan Plateau (TP) are reliable indicators of climate
change and anthropogenic disturbance. This study used long-term Landsat images and meteoro-
logical records to monitor the temporal evolution patterns of lakes within the Changtang National
Nature Reserve between 1972 and 2021 and examine the climatic and anthropogenic impacts on lake
area changes. The results revealed that the area of Lake LongmuCo and Lake Jiezechaqia significantly
expanded by 12.81% and 12.88% from 1972 to 2021, respectively. After 1999, Lake LongmuCo and
Lake Jiezechaqia entered into a period of rapid expansion. During 1972–2021, the annual mean
temperature significantly increased at a rate of 0.05 ◦C/a, while the change in annual precipitation
was not significant. The temperature change was a major contributor to the observed changes of
Lake LongmuCo and Lake Jiezechaqia between 1972 and 2021, while human intervention also played
a vital role during 2013–2021. The glaciers around these two lakes decreased by 21.81%, and the
increase in water supply from warming-triggered glacier melting was a reason of expansion of Lake
LongmuCo and Lake Jiezechaqia. The areas of the two artificial salt lakes affiliated with Lake Long-
muCo and Lake Jiezechaqia were 0.24 km2 and 2.67 km2 in 2013 and rose to 0.51 km2 and 9.80 km2 in
2021, respectively. In particular, the continuous exploitations of salt lakes to extract lithium resources
have retarded the rate of expansion of Lake LongmuCo and Lake Jiezechaqia. The dams constructed
by industrial enterprises have blocked the expansion of Lake LongmuCo to the south. This paper
sheds new light on the influences of recent human intervention and climatic variation on alpine lakes
within the TP. Due to the importance of alpine lakes in the TP, we need more comprehensive and
in-depth efforts to protect the lake ecosystems within the national nature reserves.

Keywords: lake area changes; climate change; anthropogenic activity; Tibetan Plateau; nature reserve;
remote sensing monitoring

1. Introduction

Lakes not only play important roles in the global hydrological system and biophysical
environment [1–3] but also provide vital ecosystem services for the sustainable develop-
ment of the global economy [3–6]. Lake area change is a reliable indicator of climate change
and anthropogenic disturbance, especially lakes in arid and cold regions [7–9]. In recent
decades, lakes worldwide have shown large and widespread variations in the context of
accelerated climatic change and increasing anthropogenic impacts [9–13]. Major threats to
lakes include the human use of land, such as farming, mining, spatial expansion of human
settlements [4,14], and climatic variation, factors that influence the area, level, and volume
of lakes, especially in different latitudes [4,7,14–20]. Protecting and restoring natural ecosys-
tems, including lake ecosystems, is widely viewed as a win–win strategy for addressing
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the challenges of human influence and climate change [4,12,21]. The establishment of
protected areas is a major component of ecosystem conservation [22]. Globally, there were
261,200 Protected Areas in 2019 covering about 15% of the land area [23–25].

The Tibetan Plateau (TP) is considered the “Third pole” [26] and the “Asian water
tower” [27]. There are currently ~1400 lakes on the TP, covering an area of approximately
5 × 104 km2 [10,28]. Lake ecosystems in the TP have been severely altered by climatic
warming and human activity [8,29]. Since the 1980s, a large number of nature reserves have
been established to conserve natural ecosystems, including lake ecosystems, by restricting
and prohibiting human activities [25,30]. In 2020, the Three-River-Source National Park,
one of the first national parks in China, was established on the TP [25]. With the implemen-
tation of constructive projects to protect the ecological security of nature reserves on the
TP, human activities showed positive impacts on the alpine ecosystems. However, there
are still negative impacts of anthropogenic changes on ecosystems such as lake ecosys-
tems [25]. Investigation of the lake spatio-temporal variability on the TP is essential for
understanding the current state and future trajectory of lakes, evaluating water resources,
and analyzing hydrologic processes in the context of climatic variation and anthropogenic
intervention [8,28]. However, the paucity of historical lake area records and the physical
difficulties of accessing results have severely limited our knowledge of the spatial patterns
and processes of lakes in remote areas of the TP [8,9]. Fortunately, remote sensing (RS) has
been widely used to examine lake dynamics and to incorporate more factors in analyses of
climate change and human impact [25,31–34].

Numerous RS studies have reported that lake expansion since the late 1990s is one of
the most outstanding environmental change events on the TP [10,34–36]. The lake expan-
sion has been accelerated since the 2000s and has primarily occurred in areas of the Inner
TP, such as the Changtang Plateau [34–37], while most of the lakes in the southern and
eastern TP have experienced shrinkage over the last several decades [38–45]. Generally,
climate factors were the major cause for the lake area changes on the TP, especially for
lakes in the endorheic TP [40–45]. Moreover, climate change effects such as increased
precipitation, rising temperature, glacial melting, and permafrost degradation have con-
tributed to the lake changes in the TP in recent years [28,34–39]. However, research on the
role of human activities in the lake changes is still lacking. In particular, researchers have
generally focused on the influences of climate changes to lake changes in the Inner TP. Very
limited studies have been conducted on the pivotal role of human intervention in the lake
changes within the endorheic TP, such as the influences of the exploitation of salt lakes in
the Changtang National Nature Reserve (CNNR) on lake changes.

Here, we selected two lakes (Lake LongmuCo and Lake Jiezechaqia) in the CNNR in
the hinterland of the TP. These lakes are in one of the 25 National Key Ecological Function
Areas in China and are also in one of the key implementation areas of the ecological
conservation and restoration project in the TP ecological barrier area [46]. Furthermore,
since Lake Jiezechaqia and Lake LongmuCo have the first and second lithium resource
reserves in Tibet, respectively, two artificial salt lakes have been built around them by a
state-owned enterprise. After the exploitation of salt lakes, these two lakes have become
the only two lakes where lithium is being extracted at present in the CNNR, and the two
largest lakes in Tibet for extracting lithium resources. Employing Landsat archive data and
meteorological data, this study aimed to explore the patterns of area changes of lakes from
1972 to 2021 and to analyze the climatic and anthropogenic impacts on lake area changes.
As a case study, this paper provides a better understanding of lake area change and its
influencing factors within the TP.

2. Materials and Methods

2.1. Study Area

Lake LongmuCo (80◦27.41′ E, 34◦36.85′ N, 5005 m a.s.l.) and Lake Jiezechaqia
(80◦54.14′ E, 33◦57.26′ N, 4527 m a.s.l.) are glacier-fed lakes [10]. They are located on
the western edge of the CNNR [47,48] (Figure 1). Calculated from Landsat images, the

72



Land 2023, 12, 267

average areas of Lake LongmuCo and Lake Jiezechaqia were 106.80 km2 and 114.98 km2

in the period of 1972–2021, respectively. The nearest road to Lake LongmuCo is National
Highway No. 219 (Figure 1).

Figure 1. Locations of Lake LongmuCo and Lake Jiezechaqia and their surrounding topography.

CNNR, with a total area of 29.8 × 104 km2, officially became a nature reserve in 1993
for protecting and restoring natural habitats, including grassland, desert steppe, wetland,
and lake ecosystems. It will become a national park in the future. The climate type of the
CNNR is a plateau continental climate. Annual mean temperature and annual precipitation
around the areas of Lake LongmuCo and Lake Jiezechaqia are 1.06 ◦C and 72.88 mm,
respectively [49].

2.2. Data and Processing
2.2.1. Remote Sensing (RS) Data

For lake area mapping, a total of 30 Landsat satellite images were used in this study
(Table 1). These satellite data include one Landsat 1 MSS scene, ten Landsat 5 TM scenes,
ten Landsat 7 ETM+ scenes, and nine Landsat 8 OLI scenes from 1972 to 2021, downloaded
from the official website of the United States Geological Survey (http://glovis.usgs.gov,
accessed on 1 August 2022). Among the 30 Landsat satellite image scenes, the maximum
and minimum values of cloud cover were 25.80% and 0.72% (Table 1), respectively.

Since the change rate of lake extent on the TP was less than 2% from September
to December, we chose RS data (Table 1) in this period each year for comparison of the
interannual variability of lake area [9,50,51]. If there were several archived Landsat images
available during the period from September to December each year, we selected the one
with the lowest cloud cover for lake area mapping. However, the interpretation of lake
extent was not performed if there were no high-quality archived images available.
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Table 1. RS data used to derive the lake area.

Path Row Date Name Sensor Source Resolution (m) Cloud Cover (%)

156 36 19 December 1972 LM11560361972354AAA02 Landsat MSS 60 20.00
145 36 7 November 1987 LT51450361987311SGI00 Landsat TM 30 5.11
145 36 24 October 1988 LT51450361988298SGI00 Landsat TM 30 3.89
145 36 9 December 1993 LT51450361993343ISP00 Landsat TM 30 4.34
145 36 25 October 1994 LT51450361994298ISP00 Landsat TM 30 1.89
145 36 15 November 1996 LT51450361996320ISP00 Landsat TM 30 2.56
145 36 2 November 1997 LT51450361997306ISP00 Landsat TM 30 25.80
145 36 29 September 1999 LE71450361999272SGS01 Landsat ETM+ 30 1.00
145 36 4 December 2000 LE71450362000339SGS00 Landsat ETM+ 30 15.00
145 36 20 October 2001 LE71450362001293SGS00 Landsat ETM+ 30 4.00
145 36 24 November 2002 LE71450362002328SGS05 Landsat ETM+ 30 8.00
145 36 11 November 2003 LE71450362003315ASN01 Landsat ETM+ 30 4.68
145 36 10 September 2004 LE71450362004254ASN01 Landsat ETM+ 30 1.48
145 36 2 December 2005 LE71450362005336SGS00 Landsat ETM+ 30 6.36
145 36 18 October 2006 LE71450362006291PFS00 Landsat ETM+ 30 6.62
145 36 22 November 2007 LE71450362007326PFS00 Landsat ETM+ 30 4.95
145 36 2 December 2008 LT51450362008337BJC00 Landsat TM 30 18.81
145 36 3 November 2009 LT51450362009307KHC00 Landsat TM 30 17.91
145 36 8 December 2010 LT51450362010342KHC00 Landsat TM 30 3.67
145 36 22 September 2011 LT51450362011265KHC00 Landsat TM 30 4.00
145 36 16 September 2012 LE71450362012260PFS00 Landsat ETM+ 30 16.98
145 36 27 September 2013 LC81450362013270LGN01 Landsat OLI 30 1.53
145 36 17 November 2014 LC81450362014321LGN00 Landsat OLI 30 2.51
145 36 20 November 2015 LC81450362015324LGN00 Landsat OLI 30 1.80
145 36 8 December 2016 LC81450362016343LGN00 Landsat OLI 30 2.10
145 36 22 September 2017 LC81450362017265LGN00 Landsat OLI 30 2.43
145 36 25 September 2018 LC81450362018268LGN00 Landsat OLI 30 12.40
145 36 12 September 2019 LC81450362019255LGN02 Landsat OLI 30 1.19
145 36 30 September 2020 LC81450362020274LGN00 Landsat OLI 30 0.72
145 36 4 November 2021 LC81450362021308LGN00 Landsat OLI 30 9.65

2.2.2. Meteorological Data

In this study, the temperature and precipitation data were obtained from the China
Meteorological Data Service Center (http://data.cma.cn, accessed on 5 August 2022).
Among these data, we used the annual mean temperature and annual precipitation recorded
at Shiquanhe Weather Station in the period of 1972–2021, the nearest meteorological station
to Lake LongmuCo and Lake Jiezechaqia (Figure 1), to analyze the environmental impacts
to lake changes.

2.2.3. Glacier Data

In this study, the glacier data were obtained from the first glacier inventory dataset
of China (1987–2004) and the second glacier inventory dataset of China (2006–2011) [52].
Among these data, we analyzed the glacier area changes around the regions of Lake
LongmuCo and Lake Jiezechaqia by comparison between the two glacier inventory datasets
mentioned above.

2.2.4. Other Auxiliary Data

In this study, a 1:100,000 scale topographic map was used as the base image for
geometric correction, and it was obtained from the Resource and Environment Science and
Data Center (https://www.resdc.cn, accessed on 10 July 2022).

The digital elevation model (DEM) data with 30 m × 30 m spatial resolution were
also obtained from the Resource and Environment Science and Data Center (https://www.
resdc.cn, accessed on 2 August 2022), and the DEM data were used in drawing Figure 1.

The boundaries of the TP and the CNNR were obtained from Zhang et al. [53] and
Zhang et al. [48], respectively, and these boundaries were also used in drawing Figure 1.

Lake volume change data were obtained from Zhang et al. [54] for analyzing volume
changes of lakes within the study area. The lake area data were obtained from Zhang
et al. [10] for data comparison.
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2.2.5. Data Preparation

Using ENVI 5.3 software, the data preprocessing (Figure 2) of Landsat satellite images
was divided into two steps: (1) geometric correction and (2) radiometric calibration and
atmospheric correction. In Step (1), the value of root mean square error (RMSE) of each
image was less than 0.5 pixels.

 

Figure 2. Workflow of lake area mapping.

After the steps mentioned above, 30 Landsat satellite images were used for the extrac-
tion of the extent of lakes. Then, we used the method of visual interpretation to delineate
the selected lakes and non-lake land covers between 1972 and 2021 (Figure 2). Accuracy
of lake extent was assessed by using the method of Confusion Matrix [55]. In this study,
the overall accuracy of Lake LongmuCo and Lake Jiezechaqia extents in 2021 were 99.30%
and 99.09%, k = 0.9826 and 0.9789; producer accuracies were 99.44% and 100.00%; and user
accuracies were 98.01% and 97.21%, respectively.

2.2.6. Data Analysis

The equations used to calculate the changes in the lake area are as follows [56–58].

α =
Snext − Sprevious

Sprevious
∗ 100% (1)

β =
Snext − Sprevious

Sprevious
∗ 1

T
∗ 100% (2)
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In Equations (1) and (2), α (%) is the proportional change in the lake area and β (%) is
the annual change rate. Sprevious (km2) is the lake area in the previous period, Snext (km2) is
the lake area in the next time slot, and T (a) is the period in years. In this study, the above
equations were used to explore the area changes of Lake LongmuCo, Lake Jiezechaqia,
Artificial Salt Lake 1, and Artificial Salt Lake 2, respectively.

When analyzing the impacts of climate factors on lake area changes, a large number
of studies used Pearson’s correlation coefficient [31,58]. We also used this coefficient for
analyzing environmental impacts on lake changes and for comparison between our results
and other datasets.

The least squares method was often used in numerous studies to detect the overall
trends and to divide a time series into different subperiods by providing several trend
change points [59,60]. In this study, we used the operation code outlined by Tomé and
Miranda [59] in the ENVI 5.3/IDL 8.5 software to explore the stage characteristics of lakes
and climate factors.

3. Results

3.1. Pattern of Lake Changes

From 1972 to 2021, the average area of Lake LongmuCo was 106.80 km2. The area
of Lake LongmuCo was 100.60 km2 in 1972 and rose to 113.48 km2 in 2021 (Table S1),
and it increased by 12.88 km2 from 1972 to 2021. Over the same period, the proportional
change in the area of Lake LongmuCo, α (%), was 12.81% (r = 0.929, p = 0.000 < 0.01)
(Figure 3). This means that the annual rate of change in the lake area β (%), was 0.26%/a.
Figure 3 shows that changes in Lake LongmuCo could be divided into two periods: (1) a
slight expansion from 1972 to 1999; (2) a period of rapid expansion from 2000 to 2021.
During 1972–1999, the area of Lake LongmuCo increased with a β (%) of 0.09%/a (r = 0.872,
p = 0.005 < 0.01), while it increased with a β (%) of 0.43%/a (r = 0.998, p = 0.000 < 0.01)
during 2000–2021.

During 1972–2021, the average area of Lake Jiezechaqia was 114.98 km2. The area of
Lake Jiezechaqia was 108.35 km2 in 1972 and rose to an expanded 122.31 km2 in 2021 (Table
S1), and it increased by 13.96 km2 from 1972 to 2021. Over the same period, α (%) of Lake
Jiezechaqia was 12.88% (r = 0.924, p = 0.000 < 0.01) (Figure 3), and this means that β (%)
was 0.26%/a. Figure 3 shows that changes in Lake Jiezechaqia also could be divided into
two periods. During 1972–1999, a slight expansion occurred in Lake Jiezechaqia with a β
(%) of 0.07%/a (r = 0.795, p = 0.058 < 0.1). During 2000–2021, a rapid expansion occurred in
Lake Jiezechaqia with a β (%) of 0.47%/a (r = 0.992, p = 0.000 < 0.01), and the change rate
of lake area in this period is similar to that of Lake LongmuCo, which is obviously higher
than the change rate of 1972–1999.

3.2. Environmental Impacts on Lake Changes

From 1972 to 2021, a significant increase in annual mean temperature at a rate of
0.05 ◦C/a (r = 0.799, p = 0.000 < 0.01) demonstrated a progressively warmer climate
throughout the basins of Lake LongmuCo and Lake Jiezechaqia and their surrounding
areas (Figure 4). As shown in Figure 4, it can be seen that the annual precipitation of the
study area fluctuated in the period of 1972–2021 (r = 0.031, p = 0.830 > 0.1). Over the past
50 years, the annual mean temperature and annual precipitation varied from −0.16 ◦C
and 70.0 mm to 2.33 ◦C and 84.7 mm, respectively. During 1972–2021, the annual mean
temperature reached a maximum in 2016 (3.65 ◦C), while the highest annual precipitation
occurred in 2015 (138.2 mm). Furthermore, in the 1993–2021 period, the increased rate of
annual mean temperature (0.06 ◦C/a, r = 0.598, p = 0.000 < 0.01) was twice as high as that
(0.03 ◦C/a, r = 0.302, p = 0.092 < 0.1) in the period of 1972–1992.
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Figure 3. Area changes (a,b) and spatial distribution in different years (c,d) of Lake LongmuCo and
Lake Jiezechaqia between 1972 and 2021.
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Figure 4. Changes in the annual mean temperature and annual precipitation around the study area
during 1972–2021.

The results (Table 2) indicated positive correlations between temperature and areas
of Lake LongmuCo and Lake Jiezechaqia, reaching the 99% confidence level. The good
correlation implied that the annual mean temperature was likely a major contributor to
the observed changes in the areas of Lake LongmuCo and Lake Jiezechaqia from 1972 to
2021. Table 2 also revealed that precipitation was not correlated with the areas of Lake
LongmuCo and Lake Jiezechaqia. Furthermore, Lake LongmuCo and Lake Jiezechaqia are
glacier-fed lakes [10,61] and the glaciers around these two lakes decreased by 21.81% in
the first and second glacier inventories of China (Figure 5). The area of the largest glacier
(Glacier Code: 5Z431I0075) around Lake LongmuCo and Lake Jiezechaqia decreased by
43.26%, while that of the smallest glacier (Glacier Code: 5Z431I0049) near these two lakes
decreased by 95.53%. It seems that the increase in water supply from warming-triggered
glacier melting was a reason for expansion of Lake LongmuCo and Lake Jiezechaqia [49].

Table 2. Pearson’s correlation coefficients for lake area and climate factors.

Period Lake Annual Mean Temperature Annual Precipitation

1972–2021 LongmuCo 0.588 ** 0.180
1972–2021 Jiezechaqia 0.502 * 0.124

Notes: ** p < 0.01, * p < 0.05.

3.3. Human Impacts on Lake Changes

The TP reserves comprise 75% of China’s lithium resources, primarily distributed in
salt lake brine. In recent years, increasing numbers of salt lakes have been mined to obtain
lithium resources, although these alpine lakes are very sensitive to human activities [9]. The
extensive exploitation has resulted in severe changes in the lake area, lake function, and
landscape of the TP [9,62]. The Lake LongmuCo and Lake Jiezechaqia reserves comprise
1.89 and 2.01 million tons of lithium resources, respectively [49]. After 2013, salts from the
Lake LongmuCo and Lake Jiezechaqia began to be mined and industrialized (Figure 6).
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Figure 5. Area changes of glaciers around Lake LongmuCo and Lake Jiezechaqia.

More specifically, Figure 6 illustrated the changes in Lake LongmuCo and Lake
Jiezechaqia exposed to the exploitation of lithium resources. Since 2013, one state-owned
enterprise engaging in Lake LongmuCo exploitation has settled in and built dams to shift
the water from Lake LongmuCo to an artificial salt lake (Figure 6). From 2013 to 2021, the
average area of the Artificial Salt Lake 1 constructed by the state-owned enterprise was
0.88 km2. The area of this artificial salt lake was 0.24 km2 in 2013 and rose to 0.51 km2 in
2021 (Table S1), and the maximum area of it occurred in 2015 (1.49 km2). Figure 6 shows
that the changes in the Artificial Salt Lake 1 can be divided into two periods: (1) a rapid
expansion from 2013 to 2015; (2) a decrease from 2016 to 2021. During 2013–2015, the area
of Artificial Salt Lake 1 increased, with a β (%) of 174.96%/a (r = 0.928, p = 0.011 < 0.05).
During 2016–2021, the area of Artificial Salt Lake 1 decreased, with a β (%) of −9.36%/a
(r = −0.973, p = 0.003 < 0.01).

In 2013, the enterprise that mined Lake LongmuCo also industrialized Lake Jiezechaqia
and shifted water from Lake Jiezechaqia to Artificial Salt Lake 2 through a 20 km long
pipeline. Different from the exploitation of Lake LongmuCo, Artificial Salt Lake 2 was
not adjacent to Lake Jiezechaqia, and lay to the northwest of Lake Jiezechaqia. During
2013–2021, the average area of the Artificial Salt Lake 2 was 8.79 km2 (Figure 6). The area
of this artificial salt lake was 2.67 km2 in 2013 and rose to 9.80 km2 in 2021 (Table S1),
and the maximum area of it occurred in 2017 (12.02 km2). Figure 6 shows that changes
in Artificial Salt Lake 2 also could be divided into two periods. During 2013–2017, a
rapid expansion occurred in Artificial Salt Lake 2 with a β (%) of 70.04%/a (r = 0.940,
p = 0.017 < 0.05). During 2018–2021, a slight decrease occurred in Artificial Salt Lake 2 with
a β (%) of −3.69%/a (r = −0.702, p = 0.149 > 0.1).
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Figure 6. Area changes (a,b) and spatial distribution in different years (c,d) of the artificial salt lakes
between 2013 and 2021.

Although the areas of the two artificial salt lakes have been shrinking in recent years,
salt lake exploitations have spawned a host of complex environmental issues in the salt lake
regions. Here, we selected two lakes (Lake SongmuxiCo and Lake LumajiangdongCo) in
the CNNR to compare their area changes with that of Lake LongmuCo and Lake Jiezechaqia.
These two lakes, like Lake LongmuCo and Lake Jiezechaqia, are also endorheic lakes and
glacier-fed lakes [54]. The above four lakes could be observed on the same Landsat image.
Among them, Lake SongmuxiCo is adjacent to Lake LongmuCo and Lake Lumajiang-
dongCo is adjacent to Lake Jiezechaqia (Figure 5). Area changes of Lake SongmuxiCo
and Lake LumajiangdongCo were mainly affected by climate change over the past several
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decades [41–44,54], and according to Landsat image monitoring in this study, there was
no exploitation of salt lakes in these two lakes in recent years. Figure 7 illustrated the
area and water storage changes of Lake LongmuCo, Lake Jiezechaqia, Lake SongmuxiCo,
and Lake LumajiangdongCo. From 1972 to 2021, the above four lakes all experienced lake
expansion, Lake SongmuxiCo and Lake LumajiangdongCo expanded by more than 20%,
while Lake LongmuCo and Lake Jiezechaqia only expanded by ~13% (Figure 7). After
2013, the β (%) of Lake LongmuCo and Lake Jiezechaqia was less than 0.5%/a, while the β
(%) of Lake SongmuxiCo and Lake LumajiangdongCo was more than 1%/a (Figure 7). It
seems that shifting the water from Lake LongmuCo and Lake Jiezechaqia to artificial salt
lakes for extracting lithium has retarded the rate of expansion of these two lakes. During
2015–2019, when the salt lakes were developed, the change rates of water storage in Lake
LongmuCo and Lake Jiezechaqia decreased by 7.68% and 40.05% compared with 2010–2015
(Figure 7). At the same time, the change rates of water storage in Lake SongmuxiCo and
Lake LumajiangdongCo, which have no salt lake exploitations, increased by 48.44% and
6.95% compared with 2010–2015 (Figure 7). Then, in the period of 2017–2021, Lake Long-
muCo inundated its south lakeshore outside the dams during its southward expansion
(Figure 6). In other words, the dams that created Artificial Salt Lake 1 have blocked the
expansion of Lake LongmuCo to the south (Figure 6). Next, the artificial salt lake exploita-
tions have altered the landscape surface from grassland and saline alkali land to a water
body [63]. Due to the vulnerability of the environment within Lake LongmuCo and Lake
Jiezechaqia, as well as human intervention, the environmental processes of these lakes have
been strongly influenced.

 

. 

Figure 7. Comparison of area (a) and water storage (b) changes of Lake LongmuCo, Lake Jiezechaqia,
Lake SongmuxiCo, and Lake LumajiangdongCo.
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4. Discussion

Lakes are important indicators of the Earth’s hydrological cycle [64]. A large number
of studies have revealed that lake changes over the TP were characterized by strong spatio-
temporal heterogeneity during the 1960s–2021 [10,35,65–69]. A long-term dataset for lakes
on the TP was created by Zhang et al. [10] using Landsat imagery, and we compared our
results with this dataset. Note that for the areas of Lake LongmuCo and Lake Jiezechaqia,
the data obtained by Zhang et al. [10] and the data in this study were consistent (r = 0.996
and 0.999, p = 0.000 < 0.01). This means that the results of this study are credible. The area
of Lake LongmuCo increased at a rate of 0.22%/a during 1970–2021 [10], and we found
that the area of Lake LongmuCo increased at a rate of 0.26%/a during the same period.
Our study confirmed the findings of Zhang et al. [10].

Over the past decades, lake expansion, especially in the Inner TP, has become one
of the most prominent environmental change events on the TP [26,35]. Approximately
three-quarters of the lakes on the TP showed noticeable expansion since the late 1990s
and accelerated their expansion in the 2000s [38,68]. The year 2000 appeared to be a trend
changing point for lake area changes on the TP [57]. We also found that Lake LongmuCo
and Lake Jiezechaqia exhibited remarkable growth after 1999. Our study corroborated the
findings of previous studies [35–38,66].

Over the TP, the annual mean temperature noticeably increased at a rate of 0.32 ◦C/
decade since 1961 [67]. We found that the annual mean temperature significantly increased
at a rate of 0.50 ◦C/decade since 1972 in the study area, and it was higher than that of
the TP.

Numerous previous studies have shown that climate factors such as precipitation,
warming-triggered glacial meltwater, air temperature, evapotranspiration, and warming-
triggered permafrost melting were important contributors to lake changes over the TP in
recent decades [10,24–26,34–39,63–66]. Moreover, the temperature was likely responsible
for the observed lake changes on the Changtang Plateau [29,38,57,65]. We also found that
Lake LongmuCo and Lake Jiezechaqia within the Changtang Plateau were sensitive to
air temperature. Some researchers have noticed that there appears to be a positive spatial
correlation between glacier melting and lake expansion [49,57,68,69]. We also found that
Lake LongmuCo and Lake Jiezechaqia may receive an increased meltwater supply from
glacier melting under the influence of warmer climates.

The natural ecosystems of the TP are very sensitive to human intervention [8,26,29,46,70],
and the establishment of nature reserves has acted as an effective strategy for conserving
ecosystems and restricting and prohibiting human activities [25–30]. The protected areas
include various types of ecosystems, such as lakes, grasslands, and forests. Although
the vast majority of lakes on the TP have been protected, there are still some lakes that
have been developed by humans for economic profit [9,25]. A recent study indicated that
the exploitation of salt lakes created a threat to the environment of the TP [9]. The dams
constructed by industrial enterprises have altered water flow, affected the direction of lake
changes, and disturbed local ecosystems [9,71]. In this study, we found that the artificial
salt lake exploitations in the regions of Lake LongmuCo and Lake Jiezechaqia have retarded
the rate of expansion of these two lakes during 2013–2021, and found that the dams of the
artificial salt lake have blocked the expansion of Lake LongmuCo to the south.

5. Conclusions

This study used long-term Landsat imagery and meteorological records to monitor the
temporal evolution patterns of two major lakes in the Changtang National Nature Reserve
during 1972–2021 and examined climatic and anthropogenic impacts on lake area changes.
Over nearly 50 years, the area of Lake LongmuCo and Lake Jiezechaqia significantly
increased by 12.88 km2 and 13.96 km2, respectively. After 1999, Lake LongmuCo and Lake
Jiezechaqia all entered into a period of rapid expansion. The annual mean temperature has
been increasing since 1972 at a rate of 0.05 ◦C/a, while the change in annual precipitation
was not significant. Furthermore, the annual mean temperature noticeably increased
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at a rate of 0.06 ◦C/a during 1993–2021. Temperature was a major contributor to the
observed lake changes over the basins of Lake LongmuCo and Lake Jiezechaqia between
1972 and 2021. And the glaciers around these two lakes decreased by 21.81%, the increase
in water supply from warming-triggered glacier melting was a reason of expansion of
Lake LongmuCo and Lake Jiezechaqia. With the mining exploitations of salt lakes since
2013, human activities directly contributed to the changes of Lake LongmuCo and Lake
Jiezechaqia during 2013–2021. The areas of the two artificial salt lakes affiliated to Lake
LongmuCo and Lake Jiezechaqia were 0.24 km2 and 2.67 km2 in 2013 and rose to 0.51 km2

and 9.80 km2 in 2021, respectively. Additionally, the maximum area of the two artificial
salt lakes occurred in 2015 (1.49 km2) and in 2017 (12.02 km2), respectively. It seems
that shifting the water from Lake LongmuCo and Lake Jiezechaqia to artificial salt lakes
for extracting lithium has retarded the rate of expansion of these two lakes. The dams
constructed by industrial enterprises have blocked the expansion of Lake LongmuCo to the
south. These findings provide vital new light on the responses of lakes to climate change
and anthropogenic activities. Now we need more comprehensive and in-depth efforts to
protect lake ecosystems within the national nature reserves.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/land12020267/s1, Table S1: The measured lake areas in this study.
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Abstract: The multi-function characteristics of cultivated land have been widely recognized by
researchers in China and globally, and it is important to provide a theoretical basis and practical
reference for future research on the evaluation and zoning of cultivated land quality based on a
space–function–environment perspective. Spearman rank correlation analysis and cluster analysis
were used to categorize cultivated land by its quality. This study developed a theoretical evaluation
framework of the space–function–environment quality for cultivated land and constructed a total
of 23 indicators of cultivated land quality in three dimensions. The framework was applied to a
case study that evaluated and zoned cultivated land quality based on a space–function–environment
perspective. The results showed that the synergies and tradeoffs among spatial quality, functional
quality and environmental quality, and the influences of the three on cultivated land quality are
mutually restricted and act together. The cultivated land in Qujiang District can be divided into
five types of areas according to the cold and hot spot analysis results of the secondary indexes of
cultivated land spatial quality, functional quality and environmental quality. Based on these results,
different protection schemes are proposed for different cultivated land qualities.

Keywords: land management; cultivated land resources; evaluation index; space–function–environment;
cultivated land quality division

1. Introduction

Cultivated land forms the material basis for the survival and development of human
society. During the different periods of social development, there have been different
concepts of the quality of cultivated land, from a single objective of crop production
capacity and basic land capacity in the preliminary exploration stage to a comprehensive
evaluation of productivity, suitability, carrying capacity, ecological security, environmental
health and social development in more recent times (Table 1).

The United Nations Food and Agriculture Organization and the United Nations En-
vironment Program put forward ten functions of land, which can be summarized into
three categories, namely ecological function, production function and carrying function.
Therefore, the land quality index system should include the ecological quality index system,
the production quality index system and the bearing quality index system [1]. There is more
discussion on land quality in the world. For example, the land quality index system jointly
established by the Food and Agriculture Organization of the United Nations, the World
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Bank, the United Nations Development Program and the United Nations Environment
Program in 1995 considers land quality to be a range. It is the land condition related to agri-
cultural production, forestry production, environmental protection, management and other
land-use needs, and it is the ability to maintain the health of the ecosystem, animals and
plants without soil degradation and other ecological environmental problems. Pieri et al.
believed that land quality includes soil, climate and biological characteristics, as well as the
land conditions and production capacity, together with the degree to which human needs
are met [2]. Rossiter believed that land quality is a complex attribute of land and the ability
of the land to meet the specific requirements of certain utilization types [3]. Costanza et al.
published a paper on “The Value of World Ecosystem Services and Natural Capital”, which
provided a theoretical basis and basis for the measurement of the externality of cultivated
land [4]. Bouma et al. defined land quality as the ratio of crop yield to potential yield
under certain conditions [5]. At present, there are few studies on the protection of the
trinity of cultivated land in China. Some scholars have sorted out the main practices of
cultivated land protection in developed countries, including the corresponding system,
cultivated land protection trend and management measures, and put forward correspond-
ing suggestions for the protection of cultivated land in China [6,7]. Some elaborated the
important influence, main content and the relationship among the three, and proposed
multiple measures to build a new pattern of cultivated land protection [8–10]. From the
perspective of system theory and public management, some scholars have conducted a
preliminary study on the integrated supervision system of cultivated land quantity, quality
and ecology [11–13]. In addition, many scholars discussed in their literature that the overall
quality of cultivated land in China tends to decline from different angles [14–16].

Table 1. Conceptual understandings of cultivated land quality.

Development
Period

Starting Point Connotation of Cultivated Land Quality Authors

1980s–1990s
Suitability and
productivity

Only when land is used as one of the production modes of agriculture,
forestry and animal husbandry can its production potential be brought
into play, and the potential will not decline or be exhausted in the normal
production process.

FAO [1] (1976)

Land resource map is based on land potential and land quality evaluation. Pieri C. et al. [2] (1995)
The quality of cultivated land is a comprehensive attribute of cultivated
land, which is mainly determined by the soil fertility of cultivated land
and the location of cultivated land.

Rossiter D.G. et al. [3]
(1996)

The quality of cultivated land is the productivity level of cultivated land. Costanza R. et al. [4] (1997)
Cultivated land quality is a measure of soil, environment and field
infrastructure. Bouma et al. [5] (1998)

Early 21st
Century

Ecological
environment,

carrying capacity
and sustainability

The quality of cultivated land includes suitability, productive potential
and actual productivity. Yang H. et al. [6] (2000)
Cultivated land quality is an indicator to measure the natural and
environmental factors that affect cultivated land.

The quality of cultivated land includes the quality of cultivated land
background, health and economy.
The quality of cultivated land includes ecology, production and bearing
capacity.

Lichtenberg E. et al. [7]
(2008)

The quality of cultivated land includes the quality of cultivated land
background, health and economy.

Near 21st
Century

Comprehensive
attribute

The quality of cultivated land is the overall function of nature, society,
economy and technology. Kong X.B. [8] (2014)
Cultivated land quality includes soil quality, spatial geography quality,
management quality and economic quality.
The trinity quality view of quantity, quality and ecology of cultivated land
includes three aspects: space quality, function quality and environmental
quality.

Vasu D. et al. [9] (2018)

By distilling the definition of cultivated land quality from previous studies and un-
derstanding the need to protect all three facets of cultivated land quantity, quality and
ecology, the evaluation of cultivated land quality can be seen to be best carried out from the
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functional dimension. The multi-function characteristics of cultivated land—production,
ecological, landscape and carrying function—have been widely recognized by researchers
in China and globally. In recent years, experts and researchers have made progress in
studies on cultivated land quality evaluation. The concepts and content of cultivated
land quality are gradually expanding, and the evaluation purposes and methods have
become more diversified. The content of cultivated land quality evaluation focuses on the
evaluation of productivity, suitability, potential, environment and sustainable use. The
evaluation indicators include site conditions, soil physical and chemical properties. The
environment tends not to be comprehensively evaluated with regard to the quality of the
cultivated land. Furthermore, less research on the value and application of the evaluation
results of cultivated land quality has been carried out. The research on cultivated land
protection tends to focus on protecting the overall quantity and improving the quality,
whereas research on quality protection of local cultivated land through zoning needs to be
further promoted.

On the basis of the existing research and from the perspective of the spatial layout,
functional use and environmental protection of cultivated land, this study constructed a
cultivated land quality evaluation index system based on the space–function–environment,
which included three dimensions, eight levels and twenty-three indicator factors. The
spatial, ecological and environmental indicators were added as important factors to expand
the research scope of the cultivated land quality evaluation. The Qujiang District, Zhejiang
Province, China, was used as an example to explore the application of the cultivated
land quality evaluation. By analyzing the differences and aggregation characteristics of the
quality of the indicators at all levels, a reasonable and effective zoning scheme for cultivated
land quality was identified from the perspective of space, function and the environment.
This study provides a theoretical basis and practical reference for research on cultivated
land protection.

2. Materials and Methods

2.1. Study Area

The Qujiang District is located within the hilly basin area in the middle of Zhejiang
Province, in eastern China (Figure 1). Each administrative village in the 2018 land-use status
map of Qujiang District was used as a research unit, and the cultivated land was extracted
as the minimum unit for the collection of basic data. The total area of the cultivated land
accounted for 18.57% of the total land area of the region. There is multiple cropping with
two crops a year, generally consisting of an early and late rice crop. Qujiang District was
used as a pilot county for agricultural land grading and evaluation by the Ministry of
Land and Resources. Therefore, it has complete agricultural land quality grading, a land
quality geochemical survey, a land change survey and other data, which provide a good
foundation for the development of the cultivated land space, function and environmental
quality evaluation.

2.2. Data Sources

The main sources of the evaluation index data in this study were collected as follows:
Basic data collection included the area of each plot, basic fertility, surface soil texture, soil
organic matter content, soil pH, tillage layer thickness, irrigation assurance rate and altitude.
We obtained the above data from the Bureau of Natural Resources and Planning, Bureau of
Agriculture and Rural Affairs, Environmental Protection Agency and relevant websites.
Data on the thickness of the effective soil layer, drainage conditions, soil heavy metals, white
pollution, soil earthworms, fertilizer application amount of each administrative village, crop
yield and planting conditions were obtained through field surveys and demographic data
from the Statistical Yearbook. The shape, density, fragmentation, separation, atmospheric
regulation, farmland attractiveness index, population carrying capacity and agricultural
chemical fertilizer residue were calculated using relevant models [17–19]. According to the
current situation of land use, cultivated land patches, remote sensing images and other
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relevant data, the slope, field road accessibility and farming distance were obtained by
combining remote sensing and GIS methods. Kriging interpolation was used to convert the
collected survey point data into continuous areal attribute data in each evaluation unit [20].

Figure 1. Administrative divisions of Qujiang District.

2.3. Research Method
2.3.1. Spearman Rank Correlation

This study selected eight indicators related to space quality, function quality and
environmental quality; namely, scale, space characteristics, production function, ecological
function, landscape function, carrying function, social environment and natural environ-
ment. In the analysis of these complex indicator relationships, if an increase in one indicator
value was accompanied by a decrease in another indicator value, the two were considered
to have a trade-off relationship. If the values of two indicators increased simultaneously
with the interaction, they were regarded as having a collaborative relationship.

Spearman rank correlation is a common method used to analyze trade-offs and syn-
ergies. If the correlation coefficient is positive, it means that the relationship of indicators
is synergistic; if the correlation coefficient is negative, the relationship of indicators are
trade-offs. If the correlation is not significant, then the relationship of indicators is compati-
ble [20,21]. The specific description of the correlation coefficient is:

Let n pairs of {(Xi, Yi)} data be represented.The pairs {(Xi)} are rearranged in order
to generate new data pairs {(Xi, Yi)}, where X(1) < · · · < X(n) is the sequence opposite
to X, but is the Y(i) concomitant of X(i). Suppose that when X(j) it is located at the kth
position in the sequence, k is the rank of Pj. By analogy, the rank of Yj is recorded as Qj.
The details are as follows:

rs(Xi, Yi) = 1 − 6 ∑n
i=1(Pi − Qi)

2

n(n2 − 1)
(1)

In the formula, Pi Qi indicates the ranking number of the ith attribute weight in the
weight vector. If rs = 1, it indicates that the rank between the attribute weight and the
correlation coefficient is exactly the same, showing a positive correlation. If rs = −1, the
rank between them is completely opposite, showing a negative correlation. If rs = 0, the
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rank between them is completely independent. As the rs value increases, the correlation
between attribute weights and correlation coefficients improves.

2.3.2. Spatial Analysis Method

Through the correlation analysis of various indicators that affect the quality of culti-
vated land, we gained a preliminary understanding of the trade-offs and synergies among
the indicators. On this basis, using Getis–Ord Gi* on the ArcGIS platform, this study ana-
lyzed the cold and hot spots of the cultivated land space–function–environment assessment
index system and all of its secondary indicators, and identified the hot and cold spots for
each indicator [22–25]. Hot spots refer to administrative villages with high cultivated land
quality and good concentration in the study area, and vice versa. The specific calculation
formula of Getis–Ord Gi* is as follows:

Gi∗ =
∑n

j WijXj

∑n
j Xj

(2)

where Gi∗ is the aggregation index of spatial unit i, Wij is the spatial weight defined by
distance, Xi, Xj is the attribute value of spatial units i and j, and n is the total number of
spatial units.

Z(Gi∗) =
Gi∗ − E(Gi∗)√

Var(Gi∗)
(3)

where Z(Gi∗) is the significance of the agglomeration index, E(Gi∗) and Var(Gi∗) are the
mathematical expectation and variance of Gi∗, respectively. Where Z(Gi∗) > 0 indicates
a positive spatial correlation and a tendency for spatial objects to cluster or agglomerate,
the area showed as the hot spot district; where Z(Gi∗) < 0 indicates a negative spatial
correlation and a tendency for objects to spatially disperse, the area showed as the cold spot
district; Z(Gi∗) is 0 indicates a situation where objects are randomly distributed. In this
study, Finally, the ArcGIS overlay analysis tool was used to obtain the spatial distribution
map of cold and hot spots in the comprehensive quality of cultivated land.

3. Results

3.1. Construction of Theoretical Framework for Cultivated Land Quality Evaluation

With the development and progress of society, the quality of cultivated land is no
longer measured only from the traditional sense of high yield. The quality of cultivated
land is related to the amount, shape and scale, as well as the spatial location, structure,
relationship and other spatial elements of the cultivated land. However, the versatility of
the cultivated land varies in different spaces. For example, in areas where the production
function of the cultivated land is dominant, the production function and carrying func-
tion should be dominant to ensure food security, including quantity, quality, food safety
supply and other aspects. In areas where the ecological and landscape qualities of the
cultivated land are important, the ecological and landscape functions should be dominant,
the ecological environmental protection and landscape aesthetics should be emphasized,
and the traditional culture, modern culture and multi-cultural aspects should be combined
for development. Therefore, priority should be given to the dominant function when evalu-
ating the quality of cultivated land, and the function quality evaluation should combine
functions using different weights. The cultivated land environment quality is an important
standard to measure whether the cultivated land space quality and function quality meet
the sustainable use of the cultivated land. Its indicators include the natural environment
and the social environment. Physical, energy and other objective factors are generated by
the natural environment, whereas the main factors of the social environment that affect the
quality of the cultivated land include technology, capital investment and transportation.

The evaluation of cultivated land quality is thus a comprehensive process, which
should establish a multi-level indicator system from multiple dimensions to judge the
quality of the cultivated land, comprehensively and scientifically. The indicator system
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constructed in this study was composed of spatial quality, functional quality and environ-
mental quality. Differences were found in the evaluation directions of the three-dimensional
indicator systems, evaluation means and calculated indicators. Therefore, the space quality,
functional quality and environmental quality should not be confused when the indicators
are established [22]. The evaluation dimensions of the cultivated land space, function and
environmental quality are shown in Figure 2.

Figure 2. Structural diagram of cultivated land space–function–environmental quality evaluation system.

The evaluation system of the cultivated land space, function and environmental
quality was multi-level. The space quality, function quality and environmental quality were
all affected by external natural factors, such as light and temperature, weather, soil and
biology. At the same time, the impact of human activities on the quality of the cultivated
land could not be ignored. The various influencing factors were intertwined and complex.
Therefore, when positioning the hierarchy, it should be subdivided based on dimensions.
The subdivision rules should not only ensure the independence of each level but also realize
the systematic nature of the whole hierarchy. On the basis of the three dimensions of space–
function–environment, this study constructed a cultivated land quality evaluation system
with eight levels: scale, spatial characteristics, production function, ecological function,
landscape function, carrying function, social environment and natural environment.

3.2. Construction of Cultivated Land Space–Function–Environment Quality Evaluation
Index System

The selection of the indicators is the key to an accurate evaluation of the quality of
the cultivated land. Selection should meet the principles of combining science and fea-
sibility, integrity and independence, comprehensiveness and pertinence, dynamics and
stability to build a set of indicators that are interrelated and mutually restrictive and can
comprehensively express the quality of cultivated land. At the government level, the
Ministry of Agriculture has established a land productivity evaluation system, which uses
64 evaluation factors, including climate, soil, terrain, constraints and agricultural input.
The Ministry of Land and Resources, by collecting relevant data from different counties and
cities in various provinces, has divided the indicator areas, determined the farming system,
the light temperature production potential index and yield ratio coefficient, and calculated
the quality of the cultivated land in combination with the soil physical and chemical data,
terrain and land use from field surveys. At the academic research level, researchers have
built an indicator system for evaluating the quality of cultivated land from five levels of
ecological and production functions: soil, climate, biodiversity, landscape and productiv-
ity [26]. Some researchers have established an evaluation system for cultivated land quality
from the background, health and economy of the cultivated land. When evaluating the
background quality of the cultivated land, they evaluated it from five levels: site conditions,
soil physical and chemical properties, soil nutrient status, soil structure and management.
When evaluating the health quality of the cultivated land, they selected two evaluation
factors: soil environment and irrigation water quality pollution. When evaluating the eco-
nomic quality of the cultivated land, they selected materials, labor and management along
with five evaluation factors of input and policy effect [26,27]. Some researchers selected
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climate, site conditions, soil physical and chemical properties, transportation, agricultural
inputs, farming systems and policy measures to build a cultivated land quality evaluation
system [28]. Some researchers selected 12 indicators, including weather, terrain and soil
when building their land-use system health assessment framework [29]. There are other
scholars who divided the farmland health evaluation index system into three aspects. The
first was the quality of the farmland, which included 14 evaluation factors, such as physical
properties, chemical properties and the farmland infrastructure conditions [30,31].

Using the three aspects that affect the quality of cultivated land, the present study
conducted a comprehensive analysis from the perspective of combining human factors,
resources and the environment. Space, function and the environment were selected to
form a complete cultivated land quality evaluation index system. Combined with the data
obtained from the study area and the analysis of the cultivated land space, function and
environmental quality evaluation index system, the present study was able to determine a
cultivated land quality evaluation index system in the Qujiang District (Table 2).

Table 2. Cultivated land space–function–environmental quality evaluation system.

Target Layer Level 1 Indicators Level 2 Indicators Level 3 Indicators Weight

Cultivated land
quality

Space quality

Cultivated land scale
Area 0.0319

Shape 0.0192

Spatial characteristics
of cultivated land

Density 0.0113
Degree of fragmentation 0.0419

Resolution 0.0179

Functional quality

Production function

Basic fertility 0.0153
Surface soil texture 0.0293

Soil organic matter content 0.0676
Soil pH 0.0641

Thickness of tillage layer 0.0434
Effective soil layer thickness 0.0149

Irrigation assurance rate 0.0529
Drainage conditions 0.0274

Altitude 0.0161
Slope 0.0375

Ecological function Atmospheric regulation 0.0830
Landscape function Farmland attractiveness index 0.0427

Bearing function Population carrying capacity 0.1537

Environmental quality

Social environment
Agricultural input 0.0494

Field road accessibility 0.0345

Natural environment
Heavy metals in soil 0.0946

White pollution 0.0336
Soil earthworm 0.0178

3.3. Correlation Analysis and Zoning of Cultivated Land Space–Function–Environment Quality

The interaction of cultivated land space, function and environmental quality is in-
fluenced by natural factors, social factors and human factors. With the development and
progress of society, a conflict between cultivated land protection and economic prosperity
is growing. This conflict is not conducive to the protection and sustainable development of
cultivated land and will eventually affect the sustainable development of human society,
which requires a large area or high quality of cultivated land. The premise of cultivated land
protection needs balance and coordination between cultivated land space, function and
environment. Identifying the relationships among these three dimensions is important for
implementing cultivated land protection, promoting regional coordination and achieving
sustainable development.

Trade-offs and synergies often occur between small regions and large regions, short-
term and long-term, and reversible and irreversible services. The current study mainly
conducted trade-off and synergy analysis on the quality of the cultivated land in the
study area. Therefore, from the perspective of space, combined with the imbalance of the
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spatial distribution of cultivated land quality, diversity of functional types and human
use selectivity, we used Spearman rank correlation and cold/hot spot analysis to analyze
the spatial quality of the cultivated land. There was a trade-off between the functional
quality and environmental quality and a synergistic relationship of mutual promotion
or inhibition for the systematic analysis. Using the evaluation results of cultivated land
space quality, functional quality and environmental quality, the current study identified
the absolute value and positive and negative directions of the correlation coefficients
and judged the relationship type and intensity characteristics among the cultivated land
space quality, functional quality and environmental quality. At the same time, the spatial
autocorrelation analysis was used to draw a spatial distribution map of the cultivated land
quality evaluation results and to divide the cultivated land quality.

3.3.1. Space Quality Evaluation

In this study, the indicators used to measure the spatial quality of the cultivated
land included the quality of the scale and the quality of the spatial characteristics, which
were mainly determined using the five factors of area, shape, density, fragmentation and
separation. The cultivated land with the highest score was the best, the cultivated land
with the lowest score was the worst, and the cultivated land in the middle three grades was
average. The high-quality area of the spatial characteristics was also located in the middle,
and the scope of high-quality area was larger (Figure 3).

   

(a) Quality of scale 
(b) Quality of spatial  

characteristics 
(c) Quality of space 

Figure 3. Scale, spatial characteristics and spatial quality evaluation of cultivated land.

The overall spatial quality of the cultivated land in Qujiang District was good. Most
of the cultivated land was above the average level of the whole district. The cultivated land
with high spatial quality was distributed in the central plain area, with good connectivity
and regularity. However, the cultivated land in the southwest and northeast was located in
mountainous areas, with undulating terrain and scattered distribution. Forming a good
spatial association between the plots was difficult; thus, the spatial quality of the cultivated
land was poor. The cultivated land with good space quality was conducive to the imple-
mentation of agricultural mechanization, especially large-scale agricultural mechanization.
In contrast, the cultivated land with poor space quality was not conducive to agricul-
tural mechanization, especially large-scale mechanized operations. Small agricultural
mechanized operation could be considered for cultivated land with average space quality.

3.3.2. Function Quality Evaluation

In this study, the indicators for measuring cultivated land function quality included
production function quality, ecological function quality, landscape function quality and
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carrying function quality, which were mainly determined by 13 factors such as soil organic
matter content, soil pH, atmospheric regulation and population carrying capacity. The
score for the quality of the production function was divided into five grades by the natural
breaks method, while the quality of ecological function, landscape function and carrying
function was calculated by relevant models, and the quality was divided according to
the rating standards. The high-quality area of cultivated land production function in
Qujiang District was located in the middle, while the low-quality area was mainly located
in Huiping Township and Taizhen Township. The high-quality areas of ecological function
and landscape function were scattered over the central plain area, and the high-quality areas
of carrying function were scattered over the whole area. The overall ecological function,
landscape function and carrying function quality of Qujiang District were relatively low
(Figure 4).

  
(a) Quality of production 

function 
(b) Quality of ecological 

function 
(c) Quality of bearing func-

tion  

  

(d) Quality of landscape function  (e) Quality of function 

Figure 4. Evaluation of cultivated land production function, ecological function, landscape function,
carrying function and functional quality.

The overall cultivated land function quality in Qujiang District was average, and the
score was mainly approximately 50 points. In addition, nearly 10% of the cultivated land
was less than 50 points, which was mainly distributed in the southwest and north. Owing
to the relatively biased terrain, fewer human activities and a high degree of non-agricultural
cultivated land, the functional quality was poor. In the central region, close to the urban
area, there was a large demand for agricultural products, and farmers tended to increase
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investment and intensive farming; thus, the quality of the cultivated land function was
good. The cultivated land with high functional quality is suitable for the development
of food, cash crops, tourism and leisure agriculture. The relationship between food and
cash crop production, agricultural production and leisure tourism should be properly
handled to fully meet the basic needs of food and the increasing income for farmers. The
limiting factors of cultivated land with poor functional quality should be addressed and its
functional quality enhanced.

3.3.3. Environmental Quality Assessment

In this study, the indicators used to measure the environmental quality of the cultivated
land included social and natural environmental quality, which were mainly determined
by five factors: the residue of agricultural fertilizer, the accessibility of roads in the field,
heavy metals in the soil, white pollution and earthworms in the soil. The scores for the
quality of the social environment and the quality of the natural environment were divided
into five grades using the natural breaks method. The high-quality area of cultivated land
with regard to the social environment in Qujiang District was located in the south–central
part, while the low-quality area was mainly located in the south. The overall quality of the
natural environment in the Qujiang District was relatively high, although was relatively
low in the central and northernmost areas (Figure 5).

Qujiang District had a good overall cultivated land environment quality. Most of
the cultivated land environment quality was above the average level of the whole district.
The area with the best environmental quality was located in the southwest. This was an
eco-tourism area in Qujiang District, with convenient transportation, beautiful natural
environment and less pollution. The central and northern regions were dominated by
industrial development. Although the transportation was more convenient, the cultivated
land environment quality was poor because of frequent human activities and more pollu-
tion sources. The cultivated land with high environmental quality should actively develop
organic agricultural products and improve the production grade of agricultural products, as
well as developing pollution-free agricultural products. The cultivated land with poor en-
vironmental quality should be strictly prohibited or restricted from producing agricultural
products. At the same time, it is necessary to actively carry out farmland environmental
restoration projects to improve the environmental quality of the cultivated land.

In general, the quality of the cultivated land in the central part of Qujiang District
was the highest, followed by the southern part, while the northern part was relatively
poor. The cultivated land with high comprehensive quality is the essence of cultivated land.
It should not only be used efficiently but should also be strictly protected. It should be
included in permanent basic farmland, whereby construction, occupation and destruction
are strictly prohibited.

3.4. Analysis of Spatial Agglomeration Characteristics of Cultivated Land Quality Indicators

By analyzing the spatial distribution of cold and hot spots of the eight secondary
indicators of cultivated land quality, this study found that the distribution of cold and
hot spots in some different indicators were similar, such as scale, spatial characteristics
and production function. The hot spots were mainly concentrated in the central plain
area, while the cold spots were distributed in the northwest. One difference was that the
production function in the south was a cold spot area, while the space characteristics in
the south were insignificant. The cold and hot spots of the different indicators also varied
greatly, such as the social environment and natural environment. For example, the cold
spot area for the social environment was the hot spot area for the natural environment. The
distribution of cold and hot spots of the landscape function in Qujiang District was not
significant in most areas, and clustering was not statistically significant. Figure 6 shows the
spatial distribution of the cold and hot spots that affected the quality of the cultivated land.
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(a) Quality of social environment (b) Quality of natural environment 

  
(c) Quality of environment (d) Comprehensive quality 

Figure 5. Social environment, natural environment and comprehensive quality evaluation results of
cultivated land.

The distribution of the cold and hot spots of cultivated land space quality, functional
quality and comprehensive quality was basically consistent. The center part was the hot
spot area, the northwest was the cold spot area, while the hot spot area of environmental
quality was located in the southwest, and the cold spot area was located in the center
and northeast.

According to the analysis of cold and hot spots, the regions with hot spots in terms of
scale, spatial characteristics, production function, carrying function and social environment
were mainly in the central plain of Qujiang District, and these regions had large-scale
production of cultivated land, priority protection of cultivated land and were the main
food production areas. The hot spot area of ecological function was located in the south–
central part of Qujiang District, which was suitable for the development of a cultivated
land eco-tourism industry. The hot spots for the natural environment were located in the
north and south of the area, and thus ecological environment protection should be carried
out, such as returning farmland to forests. The cold spot area of each indicator shows the
key areas for implementing the cultivated land protection system and is an important basis
for quality zoning.
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(a) Quality of space (b) Quality of function 

 

(c) Quality of environment  (d) Comprehensive quality 

Figure 6. Spatial agglomeration and distribution of cold and hot spots in the spatial quality, functional
quality and comprehensive quality of cultivated land in Qujiang District.

The cultivated land in Qujiang District was initially divided into seven types of
areas (as shown in Figure 7): the main area of production function, the main area of
ecological function, the main area of landscape function, the area of resource tension,
the comprehensive functional area, the comprehensive rehabilitation area and the area of
function improvement. The comprehensive quality score of cultivated land in each type
of area is shown in Figure 8, and the quality results of each indicator in each type of area
are shown in Figure 9. Using qualitative and quantitative analysis, the areas with a high
degree of proximity were merged. The cultivated land in Qujiang District was then divided
into five types of areas: the main area of production function, the main area of ecological
and landscape function, the area of resource tension, the comprehensive functional area
and the area of comprehensive improvement and function improvement.
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Figure 7. Quality zoning of cultivated land in Qujiang District.

 

Figure 8. Comprehensive quality of cultivated land in various types of districts in Qujiang District.
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Figure 9. Quality map of various indicators of cultivated land in Qujiang District.

4. Discussion

The protection of cultivated land in the new era aims to focus more on the comprehen-
sive protection of the trinity of the quantity, quality and ecology of cultivated land, strictly
abide by the red line of cultivated land, ensure that the functional quality of cultivated land
does not decline and maintain the balance between cultivated land and its surrounding
environment. In the face of the huge economic benefits from farmland conversion, there
is a gap between the implementation effect of cultivated land protection policies and the
expected goals. There is an urgent need to improve the utilization mechanism of space,
function and environment, and establish a system of cultivated land space, function and
environmental protection. On the basis of the quality evaluation and zoning results of the
space–function–environment of cultivated land, the following suggestions are put forward
from this study.

4.1. Tradeoff and Cooperative Analysis of Cultivated Land Quality Index

Through calculation, the tradeoff and synergistic relationship among the indicators of
cultivated land quality are shown below(Table 3).

Spearman rank correlation was applied to analyze the correlation properties of the
indicators affecting cultivated land quality, and it was found that 15 of the 28 groups of
relationships had significant positive correlation, 7 groups had insignificant correlation
and 6 groups had significant negative correlation. Therefore, there were more synergistic
relationships than tradeoff relationships. Specifically, in the spatial quality of cultivated
land, there was a synergistic relationship between scale and spatial characteristics. In
the quality of the cultivated land function, there was a synergistic relationship between
production function, ecological function and bearing function, while the relationship
between landscape function and production function was not significant. In the quality
of the cultivated land environment, the social environment and the natural environment
showed trade-offs.
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Table 3. Spearman rank correlation statistical table of cultivated land quality indicators.

Space Quality Functional Quality Environmental Quality

Cultivated
Land Scale

Spatial
Characteristics
of Cultivated

Land

Production
Function

Ecological
Function

Landscape
Function

Bearing
Function

Social Envi-
ronment

Natural En-
vironment

Space
quality

Cultivated
land scale 1 - - - - - - -

Spatial
characteristics
of cultivated

land

0.133 **
(0.002) 1 - - - - - -

Functional
quality

Production
function

0.243 **
(0)

0.642 **
(0) 1 - - - - -

Ecological
function

0.091
(0.039)

0.578 **
(0)

0.413 **
(0) 1 - - - -

Landscape
function

0.02
(0.646)

0.073
(0.095)

0.033
(0.452)

0.250 **
(0) 1 - - -

Bearing
function

0.148 **
(0.001)

0.335 **
(0)

0.250 **
(0)

0.454 **
(0)

0.198 **
(0) 1 - -

Environme-
ntal

quality

Social
environment

0.122 **
(0.006)

0.401 **
(0)

0.451 **
(0)

−0.343 **
(0)

0.021
(0.635)

0.079
(0.073) 1 -

Natural
environment

−0.387 **
(0)

−0.456 **
(0)

−0.530 **
(0)

0.316 **
(0)

0.01
(0.815)

−0.198 **
(0)

−0.416 **
(0)

1

** The correlation is significant when the confidence (double measure) is 99%.

In addition, through comprehensive analysis, it was seen that spatial quality and
functional quality had both synergistic and tradeoff relations. Scale had a synergistic
relationship with production function and carrying function but had an insignificant re-
lationship with ecological function and landscape function. The spatial characteristics
showed a synergistic relationship with production function, ecological function and carry-
ing function, but not a significant relationship with landscape function. There were both
synergistic and tradeoff relations between spatial quality and environmental quality, both
showing a synergistic relationship with social environment and a tradeoff relationship
with natural environment. There was a synergistic relationship between functional quality
and environmental quality as well as a tradeoff relationship between production function
and social environment, and a tradeoff relationship between production function and
natural environment. The ecological function and social environment showed a tradeoff
relationship, and the natural environment showed a synergistic relationship. There was
no significant relationship between landscape function and social environment and nat-
ural environment. The bearing function had an insignificant relationship with the social
environment and a tradeoff relationship with the natural environment.

The scale and spatial characteristics were synergistic with production function, bearing
function and social environment, indicating that the better the spatial quality of cultivated
land, the greater the productive capacity of cultivated land, the more population that the
cultivated land could satisfy, and the better the social environment could be formed. There
was a synergistic relationship between the production function and the social environment,
which indicated that the effect of human action on the production function of cultivated
land was positive. The relationship between ecological function and natural environment
was synergistic, which showed that they were complementary to each other.

Scale, spatial characteristics and natural environment in environmental quality were
tradeoffs, indicating that the better the spatial quality was, the more easily the natural
environment would be destroyed. Production function, carrying function and natural
environment were trade-offs, indicating that the productive capacity and population car-
rying capacity of cultivated land in better natural environment were not large. However,
ecological function and social environment were tradeoffs, which showed that human
activities had a negative effect on ecological function.
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4.2. Correlation Analysis
4.2.1. Correlation Analysis of Spatial Quality, Functional Quality and Environmental
Quality of Cultivated Land

The correlation results of the indexes affecting the spatial quality, functional quality
and environmental quality of the cultivated land revealed the following three points:
First, the synergistic relationship between the scale and spatial characteristics representing
the spatial quality of the cultivated land showed that the agglomeration effect formed
by the scale and contiguity of the cultivated land had a positive effect on the quality of
cultivated land. Secondly, according to the tradeoffs and synergies among the production
function, ecological function, landscape function and carrying function, which represent the
functional quality of cultivated land, it can be seen that there was a certain degree of positive
influence among the functions of cultivated land, but the relationship between production
function and landscape function was not significant. Thirdly, the tradeoff between the
social environment and the natural environment, which represented the environmental
quality of cultivated land, showed that the social environment and the natural environment
became a set of conflicting indicators because the social development always occurred at
the expense of the natural environment. It is incorrect to sum up the past experience of this
development situation, and a sustainable development road must be found.

4.2.2. Correlation Analysis of Two Indexes Affecting Cultivated Land Quality

It can be seen from the correlation results of various indicators affecting cultivated land
quality that there were synergistic and tradeoff relations among spatial quality, functional
quality and environmental quality, indicating that the influences of the three on cultivated
land quality were mutually restricted and act together. The quality of scale and spatial
characteristics were synergistic with the production function, bearing function and social
environment, indicating that the large-scale operation and management of cultivated land
improved the production capacity of the cultivated land, and the positive impact on the
social environment could not be ignored. The scale quality, spatial characteristic quality
and the natural environment were all trade-offs, indicating that the land renovation project
changed the original natural shape, thus destroying the natural environment. Production
function and social environment were synergistic, which showed that production function
and human activities were complementary. The production function, bearing function
and natural environment were tradeoff relations, from the root showed that the formation
of cultivated land was a kind of artificial transformation of nature behavior. The quality
of cultivated land production function, bearing function and natural environment was
a kind of relationship. Ecological function and natural environment were synergistic,
which showed that they were complementary to each other. Ecological function and social
environment were trade-offs, which showed that human activities had a negative effect on
ecological function.

4.3. Cold and Hot Spot Analysis Results

The quality of cultivated land depends on the factors such as light temperature,
water, soil and people, which differ greatly with the change of geographical environment.
Therefore, it is necessary to analyze the indicators affecting cultivated land from the spatial
distribution. It is of great significance to zoning cultivated land quality, giving full play to
the agglomeration effect of cultivated land scale, formulating targeted protection measures
and improving the efficiency of cultivated land use.

Based on the correlation analysis and cold and hot spot analysis, it could be seen
that the hot spot areas, such as scale, spatial characteristics, production function, carrying
function and social environment, were mainly in the central plain area of Qujiang District,
which is the area of cultivated land large-scale production and cultivated land priority
protection in the whole region, and was the main grain production area. The ecological
function hotspot was located in the middle and south of Qujiang District, which was
suitable for the development of cultivated land eco-tourism industry. The hot spots of
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natural environment were located in the north and south of the district, which should be
protected for ecological environment and suitable for returning farmland to forest. The
cold point area of each index was the key area to implement the cultivated land protection
system and the important basis for quality zoning.

4.4. Zoning Analysis of Cultivated Land Quality

According to the quality of cultivated land quality index, correlation and cold and
hot spot analysis, the cultivated land quality of Qujiang District was divided into regions,
which provided ideas for realizing differentiated protection and fine management and pro-
tection of cultivated land. According to the result of the quality division, the construction,
utilization and protection of cultivated land were proposed from three aspects of economy,
society and the environment.

In the social aspect, the cultivated land production function area, the cultivated land
comprehensive improvement and function improvement area and the cultivated land
resource shortage area should play their advantages in space, productivity and carry-
ing capacity, ensure food security, develop modern agricultural industry and through
strengthening agricultural infrastructure construction and cultivated land management
level, establish centralized contiguously high standard farmland, maintain stable cultivated
land area and improve the quality of cultivated land.

In terms of the economy, the cultivated land comprehensive functional area, which fo-
cuses on developing comprehensive agriculture and improving comprehensive agricultural
production capacity, is a key area to develop into a modern agricultural demonstration area
under the background of traditional agricultural transformation and upgrading.

In terms of the environment, the main area of cultivated land ecology and landscape
function is the main area to maintain the balance of ecological environment, protect biodi-
versity protection and maintain the aesthetics of cultivated land landscape. At the same
time, through the formation of characteristic agricultural industry, it drives the develop-
ment of the agricultural economy and is an important area to help rural revitalization.

5. Conclusions

On the basis of the existing research results, this study combined the existing research
on cultivated land quality and explored how to conduct comprehensive and systematic
protection of cultivated land from the three aspects of space, function and environment.
By clarifying the basic concepts, this study made a theoretical analysis of the relationship
between the quantity, quality and ecology of cultivated land and the space, function and
environment of cultivated land. The current study proposed a systematic theoretical
framework for evaluating the space, function and environmental quality of cultivated land,
constructed an indicator system and made an empirical application using the Qujiang
District as the case area. The following conclusions are drawn.

The cultivated land quality evaluation results based on the space–function–environment
have a supporting role in the development of modern agriculture. The cultivated land with
good space quality is suitable for large-scale mechanized agricultural operation, the culti-
vated land with moderate space quality can be used for small-scale mechanized agricultural
operation and the cultivated land with poor space quality is not suitable for mechanized
operation. The cultivated land with high functional quality is suitable for the develop-
ment of food, cash crops, tourism and other industries. The cultivated land with poor
functional quality should identify its limiting factors and improve the functional quality
of its cultivated land. The cultivated land with high environmental quality can produce
high-grade organic agricultural products, as well as pollution-free agricultural products,
while the cultivated land with poor environmental quality needs to strictly prohibit or
restrict the production of edible agricultural products, and switch to industrial grain pro-
duction or flower cultivation. The cultivated land with high comprehensive quality of
space–function–environment should be classified as permanent basic farmland.
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The trade-offs and synergies among the indicators of space–function–environment
of the cultivated land are the basis for exploring zoning construction, utilization and
protection measures based on cultivated land quality. The scale and spatial characteristics
in spatial quality were synergistic with the production function, carrying function and
social environment in the environmental quality, indicating that cultivated land with a
better spatial quality also had a greater production capacity, which could support a greater
population and form a better social environment. The relationship between the production
function and social environment was also synergistic, which showed that the influence
of human action on the production function of the cultivated land was positive. The
ecological function and natural environment were synergistic, indicating that they also had
a positive relationship. The scale, spatial characteristics and the natural environment in
the environmental quality were trade-offs, indicating that if the spatial quality was better,
the natural environment was more likely be damaged. The production function, carrying
function and the natural environment were also trade-offs, which showed that few places
had a high productive capacity and population carrying capacity of cultivated land and a
good natural environment. The ecological function and social environment were trade-offs,
which showed that human activities played a negative role in ecological function.

No significant relationship was found between landscape function and scale, spatial
characteristics, production function, social environment, natural environment, ecological
function and scale, carrying function and the social environment.

According to the cold and hot spot analysis of the secondary indicators of space
quality, functional quality and environmental quality, cultivated land in the Qujiang District
was divided into the main areas of cultivated land production function, ecological and
landscape function, cultivated land resource tension, comprehensive improvement and
function improvement of cultivated land and comprehensive functional areas of cultivated
land. The main cultivated land production function area had the characteristics of large
overall cultivated land area, relatively flat terrain, high plot connectivity and regularity,
complete infrastructure and high comprehensive quality of the cultivated land. The main
areas of cultivated land ecological and landscape functions were characterized by good
ecological environment, beautiful landscape, scattered distribution of cultivated land and
low farming efficiency. The cultivated land resource shortage area had the characteristics
of a small, cultivated land area, dense population and cultivated land pollution. The
comprehensive improvement and function improvement area of the cultivated land had
the characteristics of inefficient use of the cultivated land, nonstandard layout and low
comprehensive quality of the cultivated land.
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Abstract: Under the background of government-oriented environmental governance in China, the
environmental effect of local official turnover has become an important issue. How to improve gov-
ernmental governance is an important issue that profoundly affects local environmental governance.
Based on a literature analysis, this paper establishes an environmental-effect identification equation
to deeply analyze the environmental effect of local official turnover on private enterprises. Then,
this paper empirically analyzes the effect of local personnel turnover on the environmental pollution
control of private enterprises and the persistence of this effect. The results show that the turnover
of local officials has a positive effect on the pollution control investment of private enterprises, but
the effect is not persistent. The interest collusion between local officials and private enterprises
tends to be one main reason to explain the environmental effect, and two different types of interest
collusions are determined: priority to self-interest and economic development. The reasons why the
positive effect cannot last for long may be attributed to a lack of systematic and effective institutions
or temporary administrative measures. It is important to make local officials fully realize the “green
wealth” value of the ecosystems, to change their economic priorities. Finally, this paper proposes
countermeasures for local governments on personnel affairs to promote environmental governance.

Keywords: official turnover; environmental governance; collusion; environmental effect

1. Introduction

The environmental issue is one of the most serious challenges that China has faced
since the 1990s [1]. The current form of environmental governance in China is still
government-oriented environmental governance. The central government’s protection poli-
cies need to be implemented by local governments [2]. The responsibility of environmental
governance is mainly assumed by local governments and their functional departments.
Whether the local government can scientifically implement administrative law is directly
related to the effectiveness of environmental governance. Environmental pollution is not
only a problem of economic development but also refers to local government governance.
The weakening of local government supervision is an important reason for the frequent
occurrence of environmental problems. From early 2005 to 2007, the central government
carried out four consecutive rounds of environmental law-enforcement inspections, which
directly hit the increasingly prominent environmental pollution problems in China. In 2015,
the trial Environmental Protection Inspection Program was promulgated. Environmental-
protection inspection has become an important way to build an ecological civilization.
Since 2015, the central government has successively launched two rounds of central gov-
ernment’s supervision, and the “environmental storm” has once again had a wide impact
on the whole society.

Environmental protection supervision from the central government brings huge pres-
sure on local government through accountability interviews and official turnover, which
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have a profound impact on the process of local environmental governance. Under such
pressure, local officials pay more attention to environmental governance. The turnover of
officials is one of the most noteworthy changes in local government governance, which not
only affects regional economic growth [3–6], enterprise investment [7–10], utilization of
foreign capital [11], enterprise R&D (Research and Development), and innovation [12] but
also affects the governance of local environmental issues [13–16]. Local personnel turnover
has become one of the most important factors affecting environmental governance. The
research on the impact mechanism of local personnel turnover on environmental gover-
nance is gradually being deepened. However, at present, most of the research mainly uses
personnel turnover to match the regional environmental data of cities or provinces for
environmental effect analysis, though this matching analysis of personnel turnover and en-
terprise environmental data is still not perfect and needs to be further studied. There needs
to be more study on the enterprise-level impacts and the length of time these impacts last.

This paper establishes an environmental-effect equation to empirically analyze the
effect of official turnover on private enterprise pollution control. Based on theoretical
analysis, this paper puts forward two hypotheses. Around these two hypotheses, this
paper matches the personnel-turnover information of local officials with the data of heavily
polluting enterprises and empirically verifies the validity of the two hypotheses through
the environmental-effect equation. Then, this paper analyzes the empirical results of the
environmental effects of official turnover on enterprises. Further, this paper discusses
the impact mechanism of local personnel turnover on local environmental governance to
explain how personnel turnover affects enterprise pollution control. At last, this paper
provides a reference for environmental governance by optimizing the turnover and policy
priority of local officials.

2. Theoretical Analysis and Hypotheses

The administrative intervention of local governments has been considered an impor-
tant factor affecting the improvement of local environmental quality and the fulfillment of
enterprises’ environmental responsibilities [14,15]. It has been proven to some extent that
the turnover of local officials can improve the local ecological environment. For example,
the turnover of party secretaries (the top leader of a local government) can significantly
reduce the number of local water-pollution incidents [15] and temporarily improve the
air quality [16]. There are two main possible mechanisms for the local officials’ turnover
affecting the environmental pollution control. (1) The interest collusion mechanism, which
contains two aspects, the direct breaking way and the indirect deterrent way. On the one
hand, changing local officials breaks the interest collusion between polluting enterprises
and the former leaders, thus, the supervision of polluting enterprises is strengthened, and
the number of illegal pollution events is reduced [15]. On the other hand, while breaking
some interest collusions between polluting enterprises and local officials, the turnover of
officials also has a short-term “deterrent” that alerts other existing collusion interests to
reduce their environmental illegal activities, to not be punished in this special time. Inter-
city turnover is more deterrent than same-city turnover [16]. (2) The economic tightening
mechanism, which relates to the turnover of officials also having a temporary impact on
local economic activities. It leads to a decline in the intensity of local economic activi-
ties [4,5], thereby indirectly reducing the pollution of the local environment. Environmental
governance varies in different regions, but no matter which one of the two mechanisms
works, the turnover of local officials has a certain positive effect on local environmental
governance. Based on this, hypothesis 1 is proposed:

H1: The turnover of officials may have a positive effect on the environmental governance of pri-
vate enterprises.

No matter whether from the perspective of collusion theory or from the perspective
of the short-term impact of economic activities, the improving effect of local personnel
turnover on private-enterprise pollution control appears to not be persistent. From the

108



Land 2023, 12, 91

perspective of collusion theory, if local officials collude with the private enterprises creating
pollution, local officials act as an umbrella for the private enterprises that are creating pol-
lution. When the officials who protect the private enterprise are replaced, some collusions
between officials and the private enterprises creating pollution end, while other collusions
are deterred. Thus, environmental governance is executed effectively, and the environmen-
tal conditions are improved. However, with the re-establishment of interest collusions, or
the weakening of the deterrent effect, environmental-governance supervision is weakened,
and the persistence of environmental improvement is not significant enough [16]. In an-
other way, the turnover of officials may cause short-term economic fluctuations, and the
investment in private business may drop, which accordingly reduce environmental pollu-
tion to a certain degree. After the short fluctuation, the local government runs smoothly,
economic activities return to normal, and the investment intensity of the polluting private
enterprises increases. Thus, environmental pollution is correspondingly deepened. Based
on this, hypothesis 2 is proposed:

H2: The effect of local official turnover on the environmental governance of private enterprises seems
to not be persistent.

3. Methodology and Data

3.1. Methodology

According to the existing literature [15–17], we take the local personnel turnover as a
natural experiment to identify its impact on the pollution mitigation behaviors of heavily
polluting firms. To be specific, the following linear model is used as our baseline model:

Mitigationij = β0 + β1Trans f eri + ΦFirmAttrij + ΓOwnerAttrij

+ΛCityAttri + εij
(1)

The explained variable Mitigationij is the investment of private enterprises for pol-
lution control. “i” and “j” stand for different cities and different enterprises, respectively.
Trans f eri is the main explanatory variable; if the prefecture-level city where the enterprise
is located has a turnover of the municipal party secretary in that year, there is Trans f eri = 1,
otherwise, Trans f eri = 0. FirmAttrij are control variables for firm characteristics, including
firm size, profitability, firm age, etc. OwnerAttrij are control variables for the characteristics
of the firm owner, including the firm owner’s age, gender, education level, etc. CityAttrij
are control variables for city-level characteristics, including the proportion of the secondary
industry, economic development, fiscal deficit rate, etc. εij is a random item. The main
concern of this study is the coefficient β1, which reflects the difference in the investment for
pollution control by private enterprises in prefecture-level cities with official turnover or
without official turnover.

In addition, when we use the equation mentioned above to test hypothesis 1, Trans f eri,
as the main explanatory variable, stands for official turnover in the current year. When
the equation above is used to test hypothesis 2, Trans f eri stands for official turnover in the
last year. We further use the regression equation above to figure out the differences in the
effects brought about by different types of official turnover and to test the robustness of the
model, referring to the inter-city turnover and the same-city turnover.

In addition to the normal linear model, we also use the Tobit regression [18] to avoid the
problem of negative prediction. We build up the following Tobit model, where Mitigation∗

ij
is the latent dependent variable:

{
Mitigation∗

ij = β0 + β1Trans f eri + ΦFirmAttrij + ΓOwnerAttrij + ΛCityAttrij + εij

Mitigationij = max(0, Mitigation∗
ij)

(2)

We report the estimated results from both the OLS (Ordinary Least Squares) model
and the Tobit model in Section 4.
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3.2. Samples

The enterprise samples used in this study are the samples of China’s private enterprise
surveys in 2006, 2008, 2010, and 2012. China’s private enterprise survey data adopt the
method of cross-sectional stratified sampling survey and select 0.5% of the national private
enterprise samples (with slight differences in different years) every two years for the survey.
The samples are distributed in various industries and geographical areas. Therefore, this
survey has been widely used in research on the operation of Chinese enterprises [19]. The
data on the turnover of party secretaries in prefecture-level cities come from the database
of Chinese political elites. The Chinese Political Elite Database includes the demographic
information and political experience information of leaders of all prefecture-level cities and
above in China since 1990 [20]. Other variables at the prefecture-city level are derived from
the China Urban Statistical Yearbook.

In this paper, the samples are filtered according to the following three principles:
(1) We exclude enterprises in the general service industry such as finance, accommodation,
and catering as well as enterprises engaged in agriculture, forestry, animal husbandry,
and fishery. We only retain three industries. One is the mining industry, another is the
manufacturing industry, and the third one is the electricity, heat, gas, and water production
and supply industry. (2) We also exclude the samples of municipalities directly under the
central government and prefecture-level cities in Tibet, leaving only the samples of other
prefecture-level cities. (3) We also remove the samples containing outliers through the
program “winsorize” in Stata.

Considering the characteristics of the local government governance structure in China,
previous studies on official turnover mostly used the turnover of local party commit-
tee secretaries to conduct simulation experiments [4,16]. Therefore, this study uses the
turnover of municipal party committee secretaries as the research object. In this study,
40 party secretaries in these prefecture-level cities were transferred from the Chinese politi-
cal elite database, accounting for 17% of total 230 surveyed cities (as shown in Appendix A,
Table A1). Among these turnovers, 16 were transferred within the same city, accounting
for 40%, and 24 were transferred from different places, accounting for 60%. The same-city
transfers were usually the cases that the mayor was promoted to the secretary of the munic-
ipal party committee. There are many cases of transfers from other places, including from
other prefecture-level cities in the same province and other provinces. Some of these are
appointed by the provincial government or the central government.

3.3. Main Variables

In this paper, the measurement of corporate investment in pollution control is mainly
based on the ratio of corporate investment in pollution control to operating income in the
current year. It can remove the influence of inflation and control the fluctuation caused
by the influence of scale. The descriptive statistics of the main variables used in this
paper are shown in Table 1. (1) The proportion of investment in pollution control is the
explained variable. The average value of the proportion of investment in pollution control
to operating income is about 0.703, and the standard deviation is about 3.830, indicating
that corporate investment in pollution control varies greatly in different cities or over time.
(2) Official turnover is the main explanatory variable. Its value is 0 or 1. The average value is
0.213, referring to 1195 enterprise samples with turnover, about 21% of total 5600 enterprise
samples (as shown in Appendix A, Table A1). (3) The others are control variables. The
average profit rate of enterprises is about 8.148, and the standard deviation is about 15.505,
indicating that the profit rate of heavily polluting enterprises seems very different. The
average value of the proportion of sewage charges is 0.148, and the standard deviation is
about 0.587, which shows that the heavily polluting enterprises have great differences in
their expenditure on sewage charges.
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Table 1. Descriptive statistics of variables.

Variables Count Mean s. d. Min Max

Proportion of investment in pollution control (%) 5600 0.703 3.830 0.000 85.714

Official turnover (1 = have) 5600 0.213 0.410 0.000 1.000

Proportion of sewage charges (%) 5600 0.148 0.587 0.000 10.000

Average profit rate of enterprises (%) 5600 8.148 15.505 −100.000 100.000

Enterprise operating income (log) 5600 16.445 2.539 0.000 24.937

Enterprise age (year) 5600 8.031 4.930 0.000 27.000

Enterprise owner’s age (year) 5600 46.062 8.433 15.000 90.000

Enterprise owner’s college education (1 = yes) 5600 0.888 0.315 0.000 1.000

Enterprise owner’s gender (1 = female) 5600 0.099 0.298 0.000 1.000

Proportion of secondary industry (%) 5600 50.825 9.155 15.700 85.920

GDP per capita (log) 5600 10.263 0.727 8.410 11.800

Fiscal deficit rate (%) 5600 0.994 1.166 −0.143 13.409

In this paper, the samples are divided into two groups with and without the turnover of
the municipal party secretary, and the mean characteristics of the two groups are compared.
Some descriptive statistics of the two groups are as follows: (1) The investment of the
turnover group in pollution control is significantly higher than that of the non-turnover
group. (2) There are a large number of truncated samples in both groups, and the median
is 0. (3) Compared with the non-turnover group, the 75% quantile and 90% quantile of the
turnover group were both higher than those of the non-turnover group.

4. Results and Discussion

4.1. Results
4.1.1. Empirical Results for Hypothesis 1

Based on regression Equations (1) and (2), different combinations of the control vari-
ables were controlled for empirical analysis, as shown in columns (1)–(4) in Table 2. Column
(1) shows that the variables for firm characteristics, firm owner characteristics, and city
characteristics were controlled. Column (2) shows that the variables for firm owner charac-
teristics were controlled. Column (3) shows that the variables for firm characteristics were
controlled. The effects of official turnover under different combinations of control variables
were obtained (see Table 2). The results are as follows:

1. After controlling for the different explanatory variables listed in columns (1)–(4),
official turnover still has a significant promoting effect on the investment of private
enterprises in pollution control. As shown in Table 2, the turnover of the municipal
party secretary increases the proportion of the investment in pollution control by
0.541. Moreover, the regression coefficients in columns (1)–(4) range from 0.541 to
0.583, which has a certain robustness.

2. The benchmark conclusion of this paper shows that the turnover of officials in
prefecture-level cities may have a positive effect on the investment of local private
enterprises in pollution control, which supports hypothesis 1. Investment in pollution
control plays an important factor in environmental quality.
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Table 2. The effect of municipal party secretary turnover on private enterprise pollution control
investment: benchmark results.

Proportion of Investment in Pollution Control (%)

(1) (1)′ (2) (2)′ (3) (3)′ (4) (4)′

OLS Tobit OLS Tobit OLS Tobit OLS Tobit

Official turnover in the current year
(1 = have)

0.411 *** 0.543 ** 0.453 *** 0.545 ** 0.423 *** 0.583 ** 0.452 *** 0.541 **
(0.142) (0.222) (0.150) (0.237) (0.148) (0.232) (0.150) (0.238)

Environmental regulation

Proportion of sewage charges (%) 1.783 *** 2.479 *** 1.494 *** 2.499 *** 1.791 *** 2.491 *** 1.497 *** 2.513 ***
(0.297) (0.359) (0.307) (0.434) (0.311) (0.371) (0.308) (0.435)

Firm characteristics

Average profit rate of enterprises (%) 0.016 ** 0.034 *** 0.015 ** 0.033 ***
(0.006) (0.010) (0.006) (0.010)

Enterprise operating income (log) 0.050 ** 0.613 *** 0.050 * 0.613 ***
(0.025) (0.093) (0.025) (0.095)

Enterprise age (year) −0.028 *** −0.011 −0.024 ** −0.009
(0.010) (0.018) (0.010) (0.018)

Firm owner characteristics

Enterprise owner’s age (year) −0.012 ** 0.007 −0.010 * −0.011
(0.005) (0.008) (0.005) (0.010)

Enterprise owner’s college education
(1 = yes)

0.251 ** 0.921 *** 0.152 0.264
(0.119) (0.260) (0.125) (0.265)

Enterprise owner’s gender (1 = female) −0.144 −0.795 ** −0.048 −0.441
(0.186) (0.333) (0.204) (0.360)

City Characteristics

Proportion of the secondary industry (%) 0.012 ** 0.024 ** 0.012 ** 0.036 *** 0.012 ** 0.024 **
(0.006) (0.012) (0.006) (0.011) (0.006) (0.012)

GDP per capita (log) 0.075 −0.075 0.098 0.166 0.079 −0.060
(0.092) (0.162) (0.089) (0.151) (0.092) (0.163)

Fiscal deficit rate (%) 0.333 *** 0.611 *** 0.373 *** 0.681 *** 0.343 *** 0.626 ***
(0.089) (0.133) (0.091) (0.135) (0.091) (0.136)

Samples 4758 4758 4073 4073 4407 4407 4043 4043

Log-likelihood −11,959.6 −8059.3 −10,287.8 −6805.8 −11,131.3 −7454.0 −10,223.9 −6760.6

R-squared 0.112 0.027 0.099 0.040 0.128 0.033 0.099 0.040

Note: We report the marginal effect estimated by the Tobit model. The values in parentheses are heteroscedastic
robust standard errors; *, **, and *** indicate significance at 10%, 5%, and 1% levels, respectively. The results by
OLS are also reported in the table above.

4.1.2. Empirical Results for Hypothesis 2

To further explore the persistence of the effect of official turnover, according to the
relevant research [16,17], the results of the previous year’s turnover of municipal party
secretaries were used as the main explanatory variable, and the rest of the settings are the
same as those in Table 2. Based on regression Equations (1) and (2), different combinations
of the control variables were controlled for empirical analysis (see Table 3). The results show
that, in the second year after the turnover of the party secretary in prefecture-level cities,
the effect of official turnover on the investment in pollution control by private enterprises
seems to be not significant, as the value is only 0.096, which indicates that the official
turnover may not have a persistent effect on the increase in the investment for pollution
control. It appears that hypothesis 2 is supported.
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Table 3. Persistence of the effects of official turnover.

Proportion of Investment in Pollution Control (%)

(1) (1)′ (2) (2)′ (3) (3)′ (4) (4)′

OLS Tobit OLS Tobit OLS Tobit OLS Tobit

Official turnover in the former year
(1 = have)

0.130 0.065 0.134 0.085 0.146 0.055 0.148 0.096
(0.109) (0.168) (0.124) (0.185) (0.119) (0.175) (0.128) (0.189)

Environmental regulation

Proportion of sewage charges (%) 1.622 *** 2.199 *** 1.262 *** 2.145 *** 1.643 *** 2.220 *** 1.263 *** 2.151 ***
(0.239) (0.265) (0.170) (0.303) (0.251) (0.277) (0.170) (0.304)

Firm characteristics

Average profit rate of enterprises (%) 0.002 0.010 0.002 0.009
(0.004) (0.007) (0.004) (0.007)

Enterprise operating income (log) 0.047 * 0.510 *** 0.047 * 0.510 ***
(0.025) (0.107) (0.027) (0.111)

Enterprise age (year) −0.014 * 0.001 −0.012 0.001
(0.007) (0.014) (0.008) (0.015)

Firm owner characteristics

Enterprise owner’s age (year) −0.004 0.016 ** −0.003 −0.001
(0.004) (0.007) (0.005) (0.009)

Enterprise owner’s college education
(1 = yes)

0.306 *** 0.833 *** 0.208 *** 0.256
(0.074) (0.217) (0.079) (0.203)

Enterprise owner’s gender (1 = female) 0.128 −0.315 0.217 −0.015
(0.214) (0.328) (0.238) (0.368)

City Characteristics

Proportion of the secondary industry (%) 0.009 0.015 0.008 0.021 ** 0.009 0.015
(0.006) (0.011) (0.006) (0.010) (0.006) (0.011)

GDP per capita (log) −0.033 −0.172 0.029 0.086 −0.033 −0.164
(0.106) (0.176) (0.104) (0.159) (0.105) (0.175)

Fiscal deficit rate (%) 0.192 ** 0.374 *** 0.223 ** 0.430 *** 0.194 ** 0.375 ***
(0.093) (0.129) (0.095) (0.134) (0.094) (0.131)

Samples 3739 3739 3214 3214 3482 3482 3198 3198

Log-likelihood −8644.8 −5966.4 −7410.0 −5017.9 −8064.6 −5521.1 −7377.0 −4993.5

R-squared 0.129 0.032 0.082 0.039 0.144 0.037 0.083 0.040

Note: We report the marginal effect estimated by the Tobit model. The values in parentheses are heteroscedastic
robust standard errors; *, **, and *** indicate significance at 10%, 5%, and 1% levels, respectively. The results by
OLS are also reported in this table above.

4.1.3. Further Robustness Test through Different Types of Official Turnover

Based on the regression Equations (1) and (2), we further figured out the differences
between the effects brought about by the inter-city turnover and the same-city turnover and
test the robustness of the model. It was a classification regression based on the two types,
including transfer from different places and in the same city (see Table 4). In the samples
of this study, about 40% of the replacement of party secretaries in prefecture-level cities
belonged to the same-city transfer. Model stability was checked. The results show that
the environmental effect brought by the official turnover transferred from different places
is stronger than that of the same-city transfer. The transfer of municipal party secretaries
from different places tends to significantly increase the investment of private enterprises
in pollution control by 0.931, which is almost five times as high as the same-city transfer.
Although same-city transfer also has a positive impact, its magnitude seems to be relatively
small and insignificant.

113



Land 2023, 12, 91

Table 4. The differences in environmental effects between officials transferred from different places
and transferred from the same city.

Proportion of Investment in Pollution Control (%)

Inter-City Transfer Same-City Transfer

(1) (2) (3) (4) (5) (6) (7) (8)

Tobit Tobit Tobit Tobit Tobit Tobit Tobit Tobit

Official turnover in the current year (1 = have) 0.985 *** 0.947 ** 0.926 ** 0.931 ** 0.196 0.165 0.216 0.178
(0.379) (0.388) (0.379) (0.389) (0.218) (0.241) (0.220) (0.242)

Environmental regulation

Proportion of sewage charges (%) 2.495 *** 2.536 *** 2.520 *** 2.551 *** 2.181 *** 2.117 *** 2.194 *** 2.122 ***
(0.383) (0.454) (0.384) (0.455) (0.270) (0.290) (0.269) (0.290)

Firm characteristics

Average profit rate of enterprises (%) 0.032 *** 0.031 *** 0.014 ** 0.013 **
(0.011) (0.011) (0.007) (0.007)

Enterprise operating income (log) 0.635 *** 0.636 *** 0.503 *** 0.503 ***
(0.102) (0.105) (0.095) (0.098)

Enterprise age (year) −0.012 −0.011 0.002 0.003
(0.019) (0.019) (0.013) (0.014)

Firm owner characteristics

Enterprise owner’s age (year) 0.008 −0.007 0.012 * −0.006
(0.009) (0.011) (0.007) (0.008)

Enterprise owner’s college education (1 = yes) 0.939 *** 0.288 0.771 *** 0.183
(0.245) (0.241) (0.233) (0.237)

Enterprise owner’s gender (1 = female) −0.687 * −0.369 −0.482 −0.161
(0.357) (0.387) (0.306) (0.343)

City Characteristics

Proportion of the secondary industry (%) 0.031 ** 0.023 * 0.032 *** 0.024 * 0.026 *** 0.017 * 0.026 *** 0.017 *
(0.012) (0.013) (0.012) (0.013) (0.010) (0.010) (0.010) (0.010)

GDP per capita (log) 0.201 −0.046 0.219 −0.025 0.115 −0.135 0.098 −0.130
(0.168) (0.182) (0.170) (0.183) (0.143) (0.157) (0.144) (0.156)

Fiscal deficit rate (%) 0.685 *** 0.606 *** 0.699 *** 0.620 *** 0.450 *** 0.407 *** 0.447 *** 0.413 ***
(0.141) (0.139) (0.145) (0.143) (0.122) (0.123) (0.125) (0.125)

Samples 3951 3624 3923 3605 4003 3663 3966 3636

Log-likelihood −6689.4 −6046.6 −6638.3 −6014.5 −6389.6 −5775.1 −6331.0 −5739.0

R-squared 0.034 0.042 0.035 0.042 0.033 0.037 0.034 0.037

Note: We report the marginal effect estimated by the Tobit model. The values in parentheses are heteroscedastic
robust standard errors; *, **, and *** indicate significance at 10%, 5%, and 1% levels, respectively. The results by
OLS model are reported in Appendix A, Table A2.

4.2. Discussion
4.2.1. Deepening Analysis for the Formation of Interest Collusion between Local Officials
and the Private Enterprises Creating Pollution

The big feature of the data in this paper is that they are just one kind of censored data,
so there is a large number of zero points in the explained variable, and the data mostly do
not obey the normal distribution, which may affect the robustness of the Tobit model [21,22].
Thus, we used Tobit and OLS models to convince each other and improve the robustness.
The empirical results of the two models are relativey consistent. It can be believed that local
officials play an important role in environmental governance. It appears that hypothesis 1
is supported by this research. The turnover of local officials may have a positive effect on
environmental governance by enhancing the investment of private enterprises for pollution
control. The interest collusion between local officials and private enterprises seems to be
one of the most important reasons to explain the environmental effect brought about by the
turnover of local officials. The existing collusion may hinder the government’s enforcement
of corporate investment in pollution control. However, more importantly, the key point
is how these interest collusions form, which is especially urgent to be fully understood
and necessary to be overcomed for improving environmental governance. As the policy
maker, local officials’ priority seems to be an internal deep motivation to choose whether to
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collude or not with the private enterprises creating pollution. This could be interpreted in
two ways, priority to self-interest or economic development, as shown below.

1. Priority to self-interest. When local officials give priority to self-interest and fetch
illegal income from the private enterprises creating pollution, they would usually
act as an umbrella for the private enterprises creating pollution. Lots of pollution
activities may be ignored and, thus, escape from the relevant laws [23,24]. This kind
of interest collusion may mainly come from local officials’ pursuit of personal profit.
Through all kinds of profit transmissions, interest collusion probably forms between
local officials and the private enterprises creating pollution.

2. Priority to economic development. It is well-known that the “GDP only” preference is
the long-standing policy orientation in China, which is the key performance measure
for local officials. If local officials want to be promoted, they give priority to economic
development, so environmental protection is usually neglected [25,26]. The private
enterprises creating pollution sometimes play an important role in regional economic
development, which reduces local officials’ resolution to enhance environmental
governance when they worry about the decline of local GDP growth. This kind of
interest collusion may mainly be attributed to local officials’ promotion, which makes
local officials give priority to economic development, even though private enterprises
create lots of pollution.

4.2.2. Key Points for Why the Positive Effect of Local Officials’ Turnover on Environmental
Governance Is Difficult to Keep

Hypothesis 2 is also supported by this research to some extent. It appears that the
positive effect of local officials’ turnover cannot last for long, which is not a good indication
for us to improve environmental governance through local officials’ turnover. It is totally
necessary to figure out why the positive effect of local officials’ turnover cannot last for
long. It will help us to more efficiently take the way of local officials’ turnover to improve
environmental governance. The reasons why the positive effect of local officials’ turnover
cannot last for long may be summarized in two ways as below:

1. One reason may lie in the lack of systematic and effective institutions to prevent
interest collusion. An interest collusion is usually difficult to be eliminated. It tends to
be one complicated local relationship network when an interest collusion forms firmly.
It appears more obvious that the deterrence of same-city transfer seems to be limited
when we compare the differences in the environmental effects between inter-city
transfer and same-city transfer [23,24]. Local promotion may just be the internal
evolution of a local relationship network. Therefore, a set of systematic and effective
institutions could help to thoroughly break through a local relationship network.

2. Another reason may be the temporary administrative measures taken for environ-
mental supervision. Due to the “GDP only” preference, local officials usually take
temporary administrative measures to reduce the aggravating pollution under the
pressure of heavy environmental supervision from the central government. Local
officials often take a one-size-fits-all approach to deal with this “environmental storm”
supervision, which has a great effect on local economic development and social liveli-
hood [27]. When one round of environmental supervision is finished, the measures
of reducing pollution taken by local officials tend to be weakened. Long-term mech-
anisms may need to be strengthened [28]. The key point to coordinating economic
development and environmental protection probably lies in making local officials real-
ize that they can promote economic development through environmental protection.

4.2.3. One Possible Way to Coordinate Economic Development and Environmental
Protection through Ecosystem “Green Wealth”

Further, more importantly, it is urgent to make officials fully aware of the multi-
functionality of the ecosystems, which can provide multiple services at the same time [29–31].
Lucid waters and lush mountains are invaluable assets. For human beings, ecosystems not
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only provide abundant material products and landscape tourism but also service functions
such as climate regulation, water conservation, and pollution purification [32–35]. The
value of an ecosystem’s services is the “green wealth” of regional development, which is
becoming an important part of regional economic development [36,37]. A sufficient scien-
tific understanding of an ecosystem’s functions and values seems to be an important basis
for local officials to fundamentally change their development views. The “green wealth”
of the ecosystem tends to be an important source of future regional development, which
deserves all local officials’ special attention. It is particularly noteworthy that the gradual
formation of a national consensus on green development has made significant progress in
ecological governance in China since the 18th National Congress of the Communist Party
of China, with a rapid drop in pollution emissions [38].

5. Conclusions and Policy Implications

Under the current background of government-oriented environmental governance,
it is of great importance to deeply study the effect of local personnel turnover on envi-
ronmental governance and how to improve local government governance to effectively
promote local environmental governance. Local governments mainly take charge of con-
crete environmental governance in China [39]. Focusing on the environmental effect of local
personnel turnover, this paper matches the data of official turnover and private enterprises
to analyze the environmental effect of official turnover on the enterprises. The conclusions
are as follows:

1. Local officials’ turnover may have a positive effect on the investment of private
enterprises in pollution control. However, the effect of local officials’ turnover on the
investment in pollution control seems to not be persistent.

2. The interest collusion between local officials and private enterprises is one main reason
to explain the environmental effect brought about by the turnover of local officials.
The existing interest collusions may hinder the government’s enforcement of corporate
investment in pollution control. The formation of interest collusions probably lies
in two different types: priority to self-interest and economic development given by
local officials.

3. The reasons why the positive effect of local officials’ turnover cannot last for long
may refer to temporary administrative measures or a lack of systematic and effective
institutions. The lack of systematic and effective institutions could not break through
local relationship networks thoroughly. When environmental supervision is finished,
the temporary measures for pollution control also tend to be weakened.

4. One possible way in the future to coordinate economic development and environmental
protection is to fully realize the value of ecosystem “green wealth”. The deep exploration
of ecosystem “green wealth” may promote regional economic development.

The relevant conclusions of this paper have positive policy implications for how to im-
prove local government governance to effectively promote local environmental governance
as follows:

1. Personnel turnover may bring positive environmental effects to a certain extent. When
interest collusion seriously hinders environmental governance, it is suggested to take
the way of personnel turnover to overcome this issue. Meanwhile, it is also suggested
to design a set of systematic and effective institutions and long-term measures to
efficiently make full use of the personnel turnover policy. It is also suggested to
take the way of inter-city transfer rather than same-city transfer to thoroughly break
interest collusions.

2. It is necessary to consider the important role of local officials in environmental gov-
ernance. The policy preferences of local officials usually have a great effect on envi-
ronmental governance. Promoting local officials’ priority from self-interest and GDP
preference to the value of ecosystem services is an important way to promote environ-
mental governance. Future work should test whether attitudes and understanding of
“green wealth” in new officials affect the outcomes of environmental governance.
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Appendix A

Table A1. A summary of local official transfers during the research period.

Year
No. of Enterprise

Surveyed
No. That Have

Official Turnover
Share (%)

No. of Cities
Surveyed

No. That Have Official
Turnover

Share (%)

2006 1219 160 13% 88 16 18%
2008 1229 198 16% 80 13 16%
2010 1556 55 4% 42 3 7%
2012 1596 782 49% 20 8 40%

Total 5600 1195 21% 230 40 17%

Note: We would like to describe the detailed matching process, taking the sample in 2006 as an example. First,
1219 firms were surveyed by the Chinese Private Enterprise Survey (CPES) in that year. Second, we identified the
location of these firms by their zip codes through the Baidu Open Map Service. We found that they were located
in 88 Chinese cities. Third, we matched the 88 cities with the Chinese Political Elite Database (CPED). We found
that 18% of the survey cities (16 cities) had transfers of local officials in the year 2006. Fourth, back to the CPES
dataset, we found that 160 firms surveyed were located in cities with official transfers.

Table A2. The differences in environmental effects between officials transferred from different places
and transferred from the same city through OLS.

Proportion of Investment in Pollution Control (%)

Inter-City Transfer Same-City Transfer

(1) (2) (3) (4) (5) (6) (7) (8)

OLS OLS OLS OLS OLS OLS OLS OLS

Official turnover in the current year (1 = have) 0.791 *** 0.776 *** 0.763 *** 0.761 *** 0.092 0.147 0.091 0.159
(0.266) (0.266) (0.265) (0.266) (0.128) (0.143) (0.129) (0.143)

Environmental regulation

Proportion of sewage charges (%) 1.828 *** 1.527 *** 1.830 *** 1.531 *** 1.595 *** 1.224 *** 1.595 *** 1.223 ***
(0.321) (0.320) (0.322) (0.321) (0.244) (0.168) (0.244) (0.169)

Firm characteristics

Average profit rate of enterprises (%) 0.014 ** 0.014 ** 0.005 0.004
(0.007) (0.007) (0.004) (0.004)

Enterprise operating income (log) 0.063** 0.063** 0.037 0.037
(0.026) (0.027) (0.025) (0.026)

Enterprise age (year) −0.029 *** −0.025 ** −0.014 * −0.012
(0.011) (0.011) (0.007) (0.008)

Firm owner characteristics

Enterprise owner’s age (year) −0.011 ** −0.009 −0.006 −0.005
(0.005) (0.006) (0.004) (0.005)

Enterprise owner’s college education (1 = yes) 0.300 *** 0.199 ** 0.210 * 0.121
(0.086) (0.091) (0.112) (0.118)

Enterprise owner’s gender (1 = female) −0.074 0.006 0.017 0.116
(0.203) (0.221) (0.192) (0.215)
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Table A2. Cont.

Proportion of Investment in Pollution Control (%)

Inter-City Transfer Same-City Transfer

(1) (2) (3) (4) (5) (6) (7) (8)

OLS OLS OLS OLS OLS OLS OLS OLS

City Characteristics

The proportion of the secondary industry (%) 0.009 0.012 * 0.010 0.012 * 0.010 * 0.010 * 0.010 * 0.010 *
(0.006) (0.006) (0.006) (0.007) (0.005) (0.006) (0.005) (0.006)

GDP per capita (log) 0.141 0.112 0.157 0.119 0.034 −0.009 0.035 −0.009
(0.101) (0.105) (0.102) (0.105) (0.093) (0.094) (0.093) (0.093)

Fiscal deficit rate (%) 0.377 *** 0.339 *** 0.394 *** 0.349 *** 0.225 *** 0.208 ** 0.231 *** 0.213 **
(0.094) (0.093) (0.097) (0.095) (0.087) (0.088) (0.088) (0.089)

Samples 3951 3624 3923 3605 4003 3663 3966 3636

Log-likelihood −10,020.2 −9193.5 −9957.4 −9152.0 −9301.0 −8500.7 −9226.0 −8448.5

R-squared 0.139 0.107 0.141 0.108 0.125 0.074 0.127 0.074

Note: We report the marginal effect estimated by the OLS model. The values in parentheses are heteroscedastic
robust standard errors; *, **, and *** indicate significance at 10%, 5%, and 1% levels, respectively.
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Abstract: Accurate identification of land use conflicts is an important prerequisite for the rational
allocation of land resources and optimizing the production–living–ecological space pattern. Previous
studies used suitability assessment and landscape pattern indices to identify land use conflicts.
However, research on land use conflict identification from the perspective of ecological security is
insufficient and not conducive to regional ecological, environmental protection, and sustainable
development. Based on ecological security, this study takes Shandong Province as an example
and comprehensively evaluates the importance of ecosystem service function and environmental
sensitivity. It identifies the ecological source, and extracts ecological corridors with a minimum
cumulative resistance model from which ecological security patterns are constructed. It identifies
land use conflicts through spatial overlay analysis of arable land and construction land. The results
show that: (1) Shandong Province has formed an ecological security pattern of “two ecological
barriers, two belts, and eight cores” with an area of 15,987 km2. (2) The level of arable land–ecological
space conflict is low, at 39.76%. The proportions of serious and moderate conflicts are 13.44%
and 26.97%, respectively, distributed primarily on the Jiaodong Peninsula and the low hill areas
of Ludong. (3) Construction land–ecological space conflict is reasonably stable and controllable,
at 76.39%, occurring mainly around urban construction land, with serious and moderate conflict
concentrated in the eastern coastal areas, mainly between rural settlements and ecologically safe
space in the region. This study has important theoretical and practical reference values for identifying
land use conflicts, protecting regional ecological security, and optimizing land use patterns.

Keywords: ecological security pattern; land use conflicts; ecosystem service function; ecological
sensitivity; Shandong Province

1. Introduction

The concept of conflict, which first originated in sociology, refers to the psychological
or behavioral contradictions that arise when two or more social units are incompatible
or mutually exclusive in their goals [1]. With rapid urbanization and industrialization,
increasing intensity of land development, and growing tension between people and land,
scholars have introduced the concept of conflict into the field of land resources, resulting in
the phrase “land use conflict” [2]. The concept of land use conflict can be traced back to
1970s. When the goals of different stakeholders in a specific land parcel were irreconcilable,
land use conflict would occur. Land conflict can be understood as a dispute or abuse of land
property rights [3]. Land use conflict refers to the contradictory state in the process of land
resource utilization [1,4]. Li, Zhu [5] defined the conflict between agriculture and ecological
functions as the space–time game generated in the process of agricultural activities and
ecological protection. Based on stakeholder theory, Steinhäußer, Siebert [6] defined land
use conflict as the inconsistency and disharmony between various stakeholders in the
way and quantity of land use in the utilization of land resources, and the conflict between
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various land use practices and the natural environment. Although there is no clear and
unified concept of land use conflict, studies have generally accepted that land use conflict is
caused by the multiplicity and finiteness of land resources and the diversity of demands [7].
Currently, land use conflicts have become a global issue [1,4,8–11]. Land use conflicts
hinder the rational and sustainable use of land resources, exacerbate human–land conflicts,
and are detrimental to sustainable development.

The study of land use conflicts is an important breakthrough in revealing the evo-
lutionary mechanisms of complex human–land relations, and the accurate identification
of land use conflicts is a core element of land use conflict research. As early as the 1970s,
scholars carried out land use conflict identification employing interviews, field research,
and participatory mapping [12–14]. In recent years, as land use conflicts have increased in
intensity and scope and as technology has advanced, quantitative analysis methods are
commonly used to identify land use conflicts [15–18]. Quantitative analysis can accurately
identify the scale, intensity, spatial distribution, and change characteristics of land use
conflicts, which can deepen our knowledge and understanding of land use conflicts and
help us to take corresponding countermeasures to mediate land use conflicts. The two
main categories include the landscape pattern method and the comprehensive evaluation
method. Among them, the landscape pattern index method is based on land use data, and
by analyzing the external pressure on the landscape, the degree of spatial exposure, and
the spatial stability of the landscape, the rank and type of land use conflicts are judged
comprehensively [19]. The integrated evaluation method focuses on the construction of
an evaluation index system to comprehensively evaluate land use conflicts by considering
the dimensions of land use suitability, propensity, competitiveness, and diversity of de-
mand [20–23]. The above methods have achieved the quantitative identification of land use
conflicts, promoted the development of land use conflict research, and provided inspiration
for this study. However, the land use conflict identification described above belongs to
the category of potential land use conflict identification, which reduces the significance
of guidance for real land use. Land use conflicts are also closely related to socioeconomic
development. Currently, China has proposed carbon neutrality and carbon peaking, and
has an increased focus on the construction of ecological civilization, promoting the green de-
velopment concept that green water and green mountains are precious, and that mountains,
forests, fields, lakes, and grasses are a living community. Ecological security has received
unprecedented attention, but research on the identification of land use conflicts from the
perspective of ecological security is relatively lacking, making it difficult to effectively
support the current allocation and use of land resources in China.

Shandong Province is a populous and economically powerful province in China.
The rapid development of urbanization and industrialization has led to an increasingly
prominent conflict between agricultural production, economic development, and ecological
protection, a situation that serves as a microcosm of China. Taking Shandong Province as
an example, this study attempts to construct an ecological security pattern based on the
importance of ecosystem service function and ecological sensitivity and to quantitatively
identify arable land–ecological space conflict and construction land–ecological space con-
flict from an ecological security perspective to provide a scientific reference for land use
conflict mediation and optimization of the spatial pattern of the land in Shandong Province.

2. Study Area and Data Sources

2.1. Study Area

Shandong Province is geographically located at 34◦22.9′ N–38◦24.1′ N and 114◦47.5′
E–122◦42.3′ E (Figure 1), with a total land area of about 1.57 × 107 hm2, accounting for
about 1.63% of the total land area of China. Its topography is complex, with mountains
in the center, hills in the east, and plains in the west and north. Shandong Province has
a developed and rapidly developing economy, with a high level of industrialization and
urbanization. With the growth of population and rapid urban expansion, the spatial
pattern of land use has changed significantly. Shandong Province has more people, less
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land, less water, and less forest, and the contradiction between land supply and demand
is outstanding; the province is very short of forest and water resources, which are closely
related to ecology, and the per capita wetland and forest possessions are among the 20th in
China, the poor endowment of ecological resources coexists with the continuous increase
in demand for land resources.

Figure 1. Location of study area.

2.2. Data Sources and Processing

The data used for the study mainly include DEM data from the ASTER GDEM data
product of the geospatial data cloud platform (http://www.gscloud.cn/, accessed on
16 March 2022) with a spatial resolution of 30 m. The slope and relief amplitude were
extracted through GIS spatial analysis tools; basic geographic data (rivers and waters,
traffic roads) were obtained from the geospatial data cloud (https://www.gscloud.cn/,
accessed on 16 March 2022); the locations of chemical plants and mines were obtained
using the Google Maps coordinate selection system. The soil data were obtained from the
Chinese soil dataset (V1.1) in the World Soil Database. Precipitation data were obtained
from the National Meteorological Science Data Sharing Service Platform (http://data.cma.
cn/index.html/, accessed on 18 March 2022) for 109 meteorological stations in and around
the study area in 2020, and the precipitation in the study area was obtained by kriging
interpolation. The annual scale mean values of net primary productivity of vegetation,
land use data, and NDVI, all with a spatial resolution of 1 km, were obtained in 2020 from
the Chinese Academy of Sciences Resource and Environment Science and Data Center
(https://www.resdc.cn/, accessed on 18 March 2022).

3. Methodology

3.1. Evaluation of the Importance of Ecosystem Service Functions

Ecosystem service functions are the natural environmental conditions and functions
that ecosystems and ecological processes create and maintain to ensure human survival.
They include water conservation, soil and water conservation, wind and sand control,
biodiversity, carbon fixation, and oxygen release. In line with relevant studies [24,25],
combined with the guidelines for ecological protection red-line delineation and the back-
ground conditions of ecosystems and development needs in Shandong Province, this paper
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comprehensively evaluates the importance of Shandong’s ecosystem service functions
in terms of water conservation, soil and water conservation, carbon fixation and oxygen
release, and biodiversity conservation. The raster value corresponding to 30%, 50%, and
80% of the total value of ecosystem services is used as the cutoff point for the assessment
of ecosystem service functions, which are classified into four levels: extremely important,
highly important, moderately important, and generally important, and the measurement
method of each ecosystem service function is shown in Table 1.

Table 1. Ecosystem service functions evaluation index system.

Ecosystem Service Functions Calculation Formulas
Formula Parameters and

Data-Related Notes

water conservation [24,25] WR = NPPmean × Fsic × Fpre

×(1 − Fslo)

WR is the ecosystem water-support
service capacity index, NPPmean is the

mean multiyear vegetation net primary
productivity, Fsic is the soil infiltration

factor, Fpre is a multiyear average
precipitation factor, Fslo is the slope factor

soil and water conservation [26–28] Spro = NPPmean × (1 − k)

×(1 − Fslo)

Spro is the soil and water conservation
service capability index, NPPmean is the
mean multiyear vegetation net primary
productivity, Fslo is the slope factor,K is

the soil erodibility factor

carbon fixation and oxygen release [29] Qtco2 =
Mco2
Mc

× A × Cc

×(AGBT2 − AGBT1)

Qtco2 is the amount of CO2 fixed by the
ecosystem, Mco2 is the coefficient of

conversion of C to CO2, A is the area of
the ecosystem, Cc is the carbon

conversion factor, AGBT2 for year T2
Biomass, AGBT1 for year T1 Biomass

biodiversity conservation [28,30] Sbio = NPPmean × Fpre × Ftem

×(1 − Falt)

Sbio indicates the capacity index for
biodiversity conservation services;

NPPmean, Fpre parameters are calculated
as given above, Ftem indicates

temperature factor, Falt indicates
elevation factor

3.2. Evaluation of Ecological Sensitivity

Ecological sensitivity is the degree to which an ecosystem is sensitive to disturbance
by natural and human activities in a region. It is used to reflect the ease with which
ecological imbalances and ecological problems can occur when a regional ecosystem is
disturbed [31]. There are high mountains in the middle of Shandong Province and low and
gentle hills in the east. Therefore, there is a risk of soil erosion. The Yellow River Delta and
other areas have a salinization problem. Therefore, the ecological sensitivity of Shandong
Province was evaluated from two aspects: soil erosion and salinization. Referring to
relevant studies [31–35], and in combination with the actual situation of the ecological
environment and data availability in Shandong Province, seven evaluation indicators were
selected to construct an ecological sensitivity evaluation index system (Table 2). On this
basis, the geometric mean model was used to estimate the ecological sensitivity.
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Table 2. Ecological sensitivity evaluation index system.

Ecological
Sensitivities

Evaluation
Indicators

Sensitivity Levels

Insensitive (1)
Generally

Sensitive (3)
Moderately
Sensitive (5)

Highly
Sensitive (7)

Soil erosion
[24,36,37]

rainfall erosivity
(J·cm/m2·h) <100 100–400 400–600 >600

soil erodibility

gravel, sand,
coarse sandy soil,

fine sandy soil,
clay

top sandy soil,
loamy soil, loamy

clay soil

sandy loam, chalky
clay

sandy chalk,
chalky soil

relief amplitude(◦) 0–50 50–300 300–500 >500

vegetation
coverage(%) >60 40–60 20–40 <20

Salinization [38]

groundwater
mineralization

(g/L)
<5 5–18 18–25 >25

depth of
groundwater

burial (m)
>5 3–5 1–3 <1

soil textures
coarse sandy soil,

fine sandy soil,
clay

clay, loamy soils loamy clay,
chalky clay sandy loam

3.3. Constructing Ecological Security Patterns
3.3.1. Identification of Ecological Sources

Ecological sources are areas of high habitat quality that contribute positively to the
ecological environment and are the starting point for species maintenance and dispersal
and the ecological protection floor [39]. In this paper, the importance of ecosystem service
functions and ecological sensitivity layers are spatially overlaid using ArcGIS 10.5 software,
and in line with Cannikin’s law, extremely important ecosystem service functions and
highly sensitive ecological areas are extracted as ecological source areas, while the Yellow
River Delta National Nature Reserve and Nansi Lake Reserve are included in the ecological
source areas. The source areas were also included in the Yellow River Delta National Nature
Reserve and Nansi Lake Reserve.

3.3.2. Ecological Resistance Surface

The construction of the ecological resistance surface is the core of ecological corridor
extraction, reflecting the spatial distribution of the intensity of resistance to ecological flows
as they run between ecological functions [40]. The ecological processes of horizontal spatial
movement of species and the flow and transfer of ecological functions are mainly influenced
by the state of land cover and the degree of anthropogenic disturbance. Therefore, with
reference to relevant studies [41–45], this paper selects eight evaluation indicators from two
aspects of ecological attributes and ecological disturbances to construct an evaluation index
system of ecological resistance (Table 3). According to the landscape resistance value of
each resistance factor and the corresponding indicator weights, a weighted superposition is
made in GIS software to obtain the spatial distribution of the ecological resistance surface.
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Table 3. Resistance factors.

Type Evaluation Factors
(Weight)

Drag Coefficient

1 3 5 7

Ecological
properties Elevation (0.12) <100 m 250–100 m 250–400 m >400 m

Slope (0.12) <7◦ 7–15◦ 15–25◦ >25◦

Land-cover types
(0.2)

Wooded land, river
water, lake water,
scenic spots, and

special sites

Garden, pond
water, orchard,

paddy field, other
grassland,

marshland, and
dryland

Watered land,
ditches,

agricultural land
for facilities,

waterworks, fields,
and canals

Railway land, road
land, rural roads,

established towns,
villages, ports, and

harbors

Vegetation coverage
(0.14) >80% 60–80% 40–60% <40%

Ecological
disturbances

Distance from roads
(0.1) >800 m 400–800 m 200–400 m <200 m

Distance from
railways (0.1) >800 m 400–800 m 200–400 m <200 m

Distance from rural
settlements (0.1) >600 m 400–600 m 200–400 m <200 m

Distance from
chemical plants,

mines (0.12)
>800 m 400–800 m 200–400 m <200 m

3.3.3. Ecological Corridors

A consensus has emerged in the field of ecological research regarding the achievement
of ecological functions such as biodiversity conservation and pollution control through the
construction of ecological corridors while meeting the growing human need for nature [46].
In this paper, the geometric center of an ecological source site is taken as the ecological
source point, and the ecological resistance surface is used as the basis to simulate and
calculate the minimum resistance that species need to overcome to move between source
sites, thereby constructing an ecological corridor for biological flow, with the following
calculation formula:

MCR = f min
i=m

∑
j=n

(
Dij × Ri

)
(1)

In Equation (1), MCR is the minimum cumulative resistance value; Dij is the spatial
distance of a species from source j to landscape unit i; Ri is the coefficient of resistance of
landscape unit i to the movement of a species; f denotes the positive correlation between
the minimum cumulative resistance and the ecological process.

The interaction matrix between the ecological source patches was calculated through
the gravity model (2) to quantitatively evaluate the interaction strength between the source
patches so that the relative importance of potential corridors in the region could be judged
more scientifically, and the potential corridors with highly important were considered
optimal ecological corridors [47,48]. Simultaneously, to ensure connectivity between the
source sites, the study area was combined with the actual situation to set up potential
ecological corridors.

Gij =
Ni Nj

D2
ij

=

[
1
Pi
× ln(Si)

][
1
Pi
× ln

(
Sj
)]

( Lij
Lmax

)2 =
L2

maxln
(
SiSj

)
L2

ijPiPj
(2)

In Equation (2), Gij is the interaction strength between patch i and patch j; Ni and Nj
are the weighting coefficients of patch i and patch j, respectively; Dij is the normalized
resistance value of the potential corridor between patch i and patch j; Pi is the overall
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resistance value of patch i; Si is the area of patch i; Lij is the cumulative resistance value
of the potential corridor between patch i and patch j; and Lmax is the maximum resistance
value of all corridors in the study area.

3.3.4. Ecological Security Pattern

The ecological security pattern is derived from the coupling theory of spatial pattern
and ecological process in landscape science, focusing on the potential landscape ecological
pattern [49]. The ecological security pattern is a spatial configuration scheme to optimize
the territorial spatial pattern of regional ecological space, which is of great significance for
maintaining the integrity of the landscape pattern and regional ecological security [50],
improving the quality and stability of the ecosystem, ensuring the sustainable supply of
regional ecosystem services, and improving human well-being.

Therefore, based on the evaluation results of the importance of ecosystem service
functions and ecological sensitivity, together with the extracted ecological sources and
ecological corridors, this study comprehensively constructed an ecological security pattern
including low, medium, high and extremely high levels of ecological security. Specifically,
the 400 m buffer zone of the ecological sources and ecological corridors was taken as the
low ecological safety level, while the high, medium, and low levels of the ecosystem service
function importance and ecological sensitivity evaluation results and the 400–800 m buffer
zone, 800–1200 m buffer zone, and 1200–1600 m buffer zone of the ecological corridors
were taken as the medium, high, and extremely high ecological safety levels, respectively.

3.4. Land Use Conflicts Identification and Classifications

With the increase and diversification in land use demand, land resources are increas-
ingly scarce, leading to a variety of land use conflicts. Among them, land use conflict mainly
occurs between construction land and arable land, and ecological space and productive
land (arable land and construction land). Combined with the current background of ecolog-
ical civilization construction in China, land use conflict from the perspective of ecological
security in this paper refers to the unreasonable occupation of ecological security space by
human social and economic activities such as agricultural production and economic con-
struction, which is mainly manifested as the mismatch and overlapping relationship among
arable land, construction land, and ecological space [5,51]. The arable land–ecological space
conflict is the occupation of ecological space by agricultural farming activities, expressed as
the overlapping relationship between arable land and ecological space. The construction
land–ecological space conflict is the occupation of ecological space by economic construc-
tion activities, expressed as the overlapping relationship between construction land and
ecological space. The integrated land use conflict is the occupation of ecological space by
agricultural farming, economic construction, and other human activities. The integrated
land use conflict is the occupation of ecological space by economic activities such as farming
and economic construction, manifested as the overlapping relationship among arable land,
construction land, and ecological space, namely the superimposed result of the conflict
between arable land and construction land, a comprehensive manifestation of the super-
imposed effect of land use conflict [52]. According to the overlapping relationship among
arable land, construction land, and low, medium, high, and extremely high ecological safety
levels, land use conflict is divided into four types: stable and controllable, mild conflict,
moderate conflict, and serious conflict.

4. Results

4.1. Spatial Distribution Characteristics of Ecosystem Service Functions

The spatial differences in the importance of each individual ecosystem service function
in the study area are evident(Figure 2). Among them, the extreme importance of carbon
sequestration and oxygen release function is 13.02%, with a spatial distribution pattern of
high in the east and low in the west, due to the abundant forest resources in the eastern
region, while the northwestern region is a plain dominated by food production, and forest
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resources are scarce. The proportion of areas with extremely important soil and water
conservation functions is 10.46%, mainly in the eastern part of Shandong Province, which
does not form a continuous distribution compared with the water conservation function,
being mainly in the form of a point and block distribution. The importance of water
conservation function is 9.72%, mainly in the southwest, northeastern Yanwei, and the
central areas of Shandong Province, due to the high precipitation in the eastern coastal areas
and the rich vegetation resources in the southwestern and central areas, which have strong
water storage capacity. The extremely important areas of biodiversity account for 5.11% and
are mainly distributed in the mountainous hills of south-central Shandong and the Yellow
River Delta, mainly due to the good water and heat conditions, numerous mountains and
high vegetation cover in these areas, while the low-value areas are distributed in urban
built-up areas with high intensity of human activities.

Figure 2. Spatial patterns of the importance of ecosystem service functions.

The importance of integrated ecosystem service functions in the study area shows a
spatial distribution pattern of high in the east and low in the west. The area of extremely
important ecosystem service function is 25,086 km2, accounting for 16.17%, mainly in the
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mountainous areas of central Shandong, the Jiaodong Peninsula, and the eastern coastal
areas, which are rich in forest vegetation resources and have many rivers. The highly
important area is 30,997 km2, accounting for 19.98%, mainly located around the extremely
important area. The areas of moderately important and general important account for
31.27% and 32.61% of the total area of the study area, respectively. The areas of moderately
important and general important account for 31.27% and 32.61% of the total area of the
study area, respectively, and are mainly located in the plains with fewer forest resources
and in the built-up areas of cities and towns, which are more affected by human activities.

4.2. Spatial Distribution Characteristics of Ecological Sensitivities

As Figure 3 shows, the spatial distribution of ecological sensitivity in the study area
varies widely. The highly and moderately sensitive area of soil erosion is 43,889 km2,
accounting for 28.29%, which indicates that the risk of soil erosion in the study area is
higher. The area of highly sensitive areas is 11,775 km2, accounting for 7.59%, and is
mostly distributed in areas with high elevation slopes in the middle hills. The sensitivity
to salinization is mainly dominated by nonsensitive areas, with an area of 146,187 km2,
accounting for 94.23%, of which the highly sensitive areas are mainly concentrated in the
Yellow River Delta, which is affected by various hydrodynamic factors such as the Yellow
River and the Bohai Sea, with shallow groundwater deposits, high mineralization, and
high soil salinity.

Figure 3. Spatial patterns of ecological sensitivity.

There is a significant difference in the proportion of each level of ecological sensitivity.
The ecologically highly sensitive areas cover an area of 12,431 km2, accounting for 8.01%,
and are mostly located near mountains, hills, and rivers, with high vegetation cover in
mountainous areas and sensitive and fragile ecology near water bodies, where human
activities can easily cause damage to the ecological environment that is difficult to reverse.
The ecologically sensitive and insensitive areas account for 41.37% and 27.90% of the total

128



Land 2022, 11, 2196

area of the study area, respectively, and are mainly located in the western and northern
parts of Shandong Plain and the built-up areas of cities and towns.

4.3. Ecological Sources and Corridors

According to Cannikin’s law, after extracting the highly important ecosystem service
functions and ecologically sensitive areas, and excluding the fragmented patches with an
area of fewer than 5 km2, we obtained eighteen ecological source areas, including the Yellow
River Delta and the South Four Lakes Reserve (Figure 4a), with an area of 15,987 km2,
accounting for 10.26% of the total study area, mainly distributed in the mountainous hills
of south-central Shandong, low mountainous hills in eastern Shandong, and the hills of the
Jiaodong Peninsula.

Figure 4. Ecological sources (a), ecological resistance surface (b), and ecological corridors (c).

Based on the landscape resistance values for each resistance factor and the corre-
sponding index weights, the spatial distribution of ecological resistance was obtained
by weighted superposition (Figure 4b). Additionally, 12 optimal ecological corridors,
587.43 km in length, were initially extracted by combining the ecological source areas with
the minimum cumulative resistance model and the gravity model, mainly distributed in the
mountainous hills of central Shandong and the Jiaodong Peninsula. The initial extracted
optimal ecological corridors have problems such as disconnected landscape patches and
intermittent ecological functions. Therefore, the disconnected ecological source points
were further used as sources to find the subminimal resistance paths, and the strength of
interaction and connectivity between ecological sources was comprehensively evaluated,
resulting in seven optimizing ecological corridors of 681.78 km (Figure 4c).

4.4. Spatial Distribution Characteristics of Ecological Security Pattern

Figure 5 shows the ecological security pattern of the study area, with a low ecological
safety-level spatial area of 22,107 km2, accounting for 14.25% of the area, which mainly
includes the ecological barriers of mountainous hills in south-central Shandong and low
hills in eastern Shandong, covering the extremely important areas of water conservation,
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biodiversity maintenance, soil and water conservation, carbon sequestration, and oxygen
release ecological functions in Shandong Province, and highly sensitive areas of soil erosion
and salinization, which maintain ecological safety. These areas have a good ecological
environment and are rich in biodiversity. They are areas of high value for ecosystem service
functions and ecological sensitivity. The spatial area of the medium ecological safety level
is 41,251 km2, accounting for 26.59%, which is widely distributed in the study area. These
areas are ecologically fragile and serve as the conservation areas and protective barriers
for ecological source lands and should be strengthened for ecological protection. The high
ecological safety level covers 56,641 km2, accounting for 36.51% of the total area. As a
transitional zone between human activities and natural ecology, it should embody the
integrated protection policy of “green water and green mountains are golden mountains,”
implement the concept of “green, open development,” and promote the compatible and
coordinated development of the three regional functions. The area of extremely high
ecological safety level is 35,138 km2, accounting for 22.65%, mainly in the construction
land of the whole region and the plain areas of western and northern Shandong, where the
ecological environment is poor due to the influence of human activities and background
conditions. There is need to improve the level of intensive use, reduce the encroachment of
ecological space, realize the combination of development, utilization, and protection, and
build a green, ecological, and livable city.

Figure 5. Ecological security pattern.

4.5. Spatial Distribution Characteristics of Land Use Conflict
4.5.1. Arable Land–Ecological Space Conflict

As Figure 6 shows, the distribution of Arable land–ecological space conflict in the
study area is relatively concentrated and intense: first, because of the large area of arable
land in Shandong Province, which accounts for 64.48%; second, because of the natural
ecological environment in Shandong Province and the large area of ecological source land
patches. Specifically, the areas of stable and controllable, mild, moderate, and serious
conflicts are 20,327, 40,764, 27,649, and 13,775 km2, respectively, among which, stable
and controllable mild conflict is mainly distributed in the plain areas of western and
northern Shandong. This is mainly because there is less ecological space, such as forest
land, and land use in this region is mainly for farming and construction. Serious conflict and
moderate conflict areas are mainly located in the Jiaodong Peninsula and the low hills of
eastern Shandong, primarily because these areas are close to important water conservation
functional areas, soil and water conservation functional areas, and biodiversity reserves,
where the ecosystem service functions are high and ecological security is easily affected by
human activities. Therefore, the conflict between arable land production and ecological
protection is prominent.
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Figure 6. The conflict between arable land and ecological space.

4.5.2. Construction Land—Ecological Space Conflict

Construction land includes urban construction land, rural settlements, and other
construction land. There is a clear spatial divergence in the intensity of land use conflict
between the various types of construction land (Figure 7).

Figure 7. Construction land–ecological space conflict.

The intensity of urban construction land–ecological space conflict is mainly stable
and controllable mild conflict, with an area constituting 89.13% of urban construction
land, mainly distributed in urban built-up areas with a high level of ecological safety,
where construction land is spatially adjacent to arable land. Therefore, the conflict between
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construction land and ecological space is low. The area of serious and moderate conflict
only accounts for 10.87% of urban construction land. This is mainly located in the suburban
areas of the city. These areas are closer to forest land, waters, and other ecological space
than the central urban areas, and human activities are likely to trigger ecological risks.

The areas of stable and controllable, mild, moderate, and serious conflicts among
rural settlements–ecological space are 4235, 6172, 3372, and 1435 km2, respectively. Of the
total area, 31.60% is occupied by serious and moderate conflict, much higher than that of
urban construction land use, mainly concentrated in the low hills of eastern Shandong
and the hills of central Shandong. Compared with the spatial distribution pattern of large,
concentrated, and contiguous land plots in cities and towns, the layout of rural settlements
is scattered, especially in mountainous areas, where the scale is even smaller. Lack of
planning and inadequate supervision result in phenomena such as “digging up hills to
build houses,” leading to intermittent damage to the ecological environment.

The areas of stable and controllable, mild, moderate, and serious conflicts in other
lands for construction–ecological space conflict are 767, 842, 413, and 179 km2, respectively,
of which the proportion of serious and moderate conflict is much lower than that of urban
construction land and rural settlements.

The areas of stable and controllable, mild, moderate, and serious conflicts in the
construction land–ecological space conflict are 10,095, 8406, 4041, and 1676 km2, respectively.
Mild conflict and stable and controllable areas are mainly located in the Lucian Plain and
the built-up areas of cities. The main reason is that these areas are relatively flat, densely
populated, and less important in terms of ecosystem service functions, and are more suitable
for urban construction. Serious and more-serious conflict areas are mainly located in Jinan,
Linyi, and the coastal areas of the Jiaodong Peninsula, where urban development space is
close to ecological space. For example, due to topography and other factors, the built-up
area of Jinan is distributed in an east–west strip pattern, while its southern mountainous
area is an important ecological barrier.

4.5.3. Integrated Land Use Conflict

As Figure 8 shows, the problems of arable land, construction land, and ecological space
conflict are relatively serious in Shandong Province, with an overall spatial distribution
pattern of high in the east and low in the west. Among them, the area of serious conflict
zone is 15,342 km2, accounting for 9.71%, mainly in Yantai, Weihai, Qingdao, Rizhao, and
Linyi, in the low hills of eastern Shandong. These areas have a high level of urbanization,
a developed economy, and a dense population. The arable land and construction land in
these areas are close to forest land, water, and other ecological space, and land use conflicts
are significant and concentrated. The comprehensive moderate land use conflict area is
31,608 km2, accounting for 20.01%, mainly located in the mountainous hills of central
Shandong and the western part of the low hills of eastern Shandong. The most serious
areas of soil erosion are in Shandong Province, a highly ecologically sensitive area, leading
to serious land use conflict. The area of land use conflict that is mild, stable, and controllable
is 45,625 km2, accounting for 50.30%, mainly distributed in the simple land use type and
less economically developed western and northern plains of Shandong. The area of forest
land in this region is 84 km2, only 0.15% of the total area of the two regions, due to the lack
of forest land resources, resulting in poor ecological background conditions in this region.
Ecological functions are not pronounced, making land use conflict less obvious.

132



Land 2022, 11, 2196

Figure 8. Integrated land use conflict in the study area.

5. Discussion

5.1. Arable Land–Ecological Space Conflict Management

The management of arable land–ecological space conflict is a matter of food security
and ecological protection. At present, the world is in the midst of the greatest change
in a century, with the Russia–Ukraine conflict and the global COVID-19 pandemic not
only exacerbating regional tensions but also highlighting the importance of food security.
China has also elevated the issue of food security to an unprecedented level, requiring
strict protection of arable land with stringent measures and strict adherence to the red-
line of 1.8 billion mu of arable land protection. However, ecological protection is an
inevitable requirement for achieving sustainable development and has been incorporated
into the significant strategy of the Five-in-One as an important part of the construction of
ecological civilization. The western and northern plains of Shandong are important food
production areas in Shandong Province and in China. The arable land–ecological space
conflict is mainly stable and controllable with mild conflict, and the pressure of conflict
management is low. However, it is noteworthy that Shandong Province is a region with
serious water shortages. Therefore, in the process of arable land–ecological space conflict
management, in addition to the principle of suitability, it is also necessary to consider water
resource constraints, to reasonably determine the scale of arable land according to the water
resource carrying capacity, and to guarantee ecological water. The Jiaodong Peninsula
and the low hills in the eastern part of Shandong Province are the main areas of serious
and moderate conflict between farmland and ecology. In this area, small, fragmented,
noncontiguous, low-quality, and inconvenient farmland should be transferred out of the
scope of basic farmland. High-quality, concentrated, and contiguous farmland should
be added to the scope of permanent basic farmland. At the same time, the area, as the
richest area in Shandong Province in terms of forest resources, includes the mountain
area of Daze Mountain, Aishan Mountain, Asan Mountain, Kunbeishan Mountain, and
Lushan Mountain, covering the Jiaonan Hills, the water-conserving area of the Jiaowei Plain,
and the biodiversity-maintaining area of the Jiaodong Hills, along with various nature
reserves and other areas in need of protection. Ecological protection of important areas, to
strengthen the basic framework of multi–species, multi–functional, multi–benefit protective
forests. The construction of ecological protection forest systems should be improved. Forest
nurturing, replanting of sparse forest land, and transformation of inefficient forests should
be carried out comprehensively. The structure of tree species should be improved; the
quality of forests should be enhanced; the forest landscape should be upgraded; the capacity
of forest carbon sinks should be improved; the ecological stability in the region should
be reinforced.
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5.2. Construction Land–Ecological Space Conflict Management

On the whole, the conflict between construction land and ecological space in Shandong
Province is not serious, and the proportion of serious conflict is only 6.92%, mainly in
the cities of Yantai, Weihai, Qingdao, Linyi, and Jinan, which are mostly close to the
ecological protection red-line area of Shandong Province and are potential threats to the
ecological environment. Yantai, Weihai, and Qingdao cities are located around the low
hills of the eastern part of Shandong Province, and the area is large and the intensity
of conflict between construction land and ecological space is high. The city of Linyi is
characterized by “three major areas.” Linyi City presents an ecological pattern of “three
mountains and three lakes,” strictly prohibiting the construction of disorderly encroachment
on Mount Ni, Mount Meng, and Mount Yi, engaging in the environmental management
in the watersheds of the Altar, Wen, and Yi rivers, implementing projects such as the
protection of wetlands in the upper reaches, restoring polluted sites, improving the rural
water environment, preventing and controlling urban water pollution, and monitoring
and protecting coastal groundwater to improve the quality of the water. The quality of
the environment has been improved. Jinan City has an ecological pattern of “multiple
points in the north and south of the mountains,” and as the capital city of Shandong
Province, it is an important transportation hub and economic development center. The
development and construction of urbanized areas should be transformed, the scale and
structure of urban construction should be reasonably determined with an intensive and
green orientation, and key industries should be guided to optimize their layout in areas
with sufficient environmental capacity and good diffusion conditions. Key controls should
be implemented in areas with dense populations, high intensity of resource development,
and high intensity of pollutant emissions. Environmental governance and risk prevention
and control need to be strengthened, and resilient, green, and low-carbon development
should be promoted.

It should also be noted that, compared to urban construction land, rural settlements
pose a greater threat to ecological space due to their wide area, scattered distribution, and
direct proximity to ecological space. Therefore, attention should be given to the optimal
reconfiguration of the three rural living spaces.

5.3. Limitations and Research Prospective

The construction of an ecological security pattern is the key to accurately identify
land use conflicts. This paper uses a classical and highly recognized model to construct
the ecological security pattern for Shandong Province [53]. Various methods such as
circuit theory can be used to construct ecological security patterns [54,55]. However, this
paper does not compare the differences among ecological security patterns constructed by
different methods, which is worthy of further study.

In addition, this paper quantitatively identifies the scale, intensity, and spatial distri-
bution of land use conflicts from the perspective of geography, and discusses some possible
solutions. However, the connotation of land use conflict is rich, so future research can try
to include land ownership and stakeholders in the research from more perspectives, such
as political geography.

6. Conclusions

Ecological security is an important foundation for achieving green and sustainable
development. Against the background of the current tensions and increasing conflict
between people and land, the identification of land use conflict based on ecological security
evaluation is a feasible path with important practical significance. The results indicate
that in 2020, Shandong Province shows an obvious spatial mismatch between arable land,
construction land, and ecological space. The areas of serious, moderate, mild conflict, and
stable and controllable are 13,465, 27,113, 39,895, and 19,544 km2, respectively, and the
overall distribution is relatively concentrated, with serious and moderate conflict concen-
trated in the low hills of eastern Shandong, and mild conflict and stable and controllable
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areas concentrated in the plains of western and northern Shandong. The areas of mild
conflict and stability are concentrated in the eastern and northern plains of Shandong. The
area of the construction land–ecological space serious conflict, moderate conflict, mild
conflict, and stable and controllable areas are 1877, 4495, 9274, and 10,766 km2, respectively,
with an overall scattered distribution. Mild conflict and stable and controllable areas are
widely distributed around the urban construction land. Serious and moderate conflict is
concentrated in the eastern coastal areas. The land use types are mainly rural settlements.
In general, the spatial distribution of land use conflict in Shandong Province shows obvious
regional differences, with the coast being higher than the interior and the south higher than
the north.

This paper evaluates the ecological security of Shandong Province based on the
“serviceability importance” factor, which is not sufficiently comprehensive in the selection
of ecosystem serviceability and ecological sensitivity factors. The identification of land
use conflict between arable land and construction land is based on ecological security.
However, only the conflict between arable land and construction land and ecological
space is considered, not the conflict between the two, nor the conflict with other land use
types. In future research, the evaluation system of ecological safety should be gradually
improved, not only limited to the perspective of ecological priority, but also considering
the identification of land use conflict from the perspective of sustainable development
and carbon neutrality, and comprehensively considering the intensity of land use conflict
among various categories.
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Abstract: Globally, mountains have suffered enormous biodiversity loss and habitat degradation
due to climate change and human activities. As an agent of biodiversity, evaluating habitat quality
(HQ) change is an indispensable key step for regional ecological security and human well-being
enhancement, especially for fragile mountain ecosystems in arid areas. In this study, we aimed to
propose an integrated framework coupled with the Normalized Difference Vegetation Index (NDVI)
and Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST)-HQ module to improve the
effectiveness and accuracy of HQ estimation. We highlighted the Tianshan Mountains in Xinjiang
as an example to validate the model, as it is a typical representative of mountain ecosystems in the
temperate arid zone. Specifically, we aimed to assess the spatiotemporal dynamics of HQ over the
past two decades and investigate its influencing factors using a geographical detector model. The
results show that, first, grassland and unused land were the main land-use types in the study area.
The land-use transitions were mainly concentrated in grassland, woodland, water body, and unused
land. Second, the total area of very important habitats and general habitats accounted for over 70% of
the Tianshan Mountains. The average HQ decreased from 0.5044 to 0.4802 during 1995–2015. Third,
the HQ exhibited significant spatial differentiation, and the Ili River Valley and Kaidu River Basin
were the hot spots, while the south and east of the Tianshan Mountains were the cold spots. Habitat
quality was strongly related to the terrain gradient, with an inverted “U” type. Protected areas of
different categories played a vital role in biodiversity conservation. Finally, soil type, land-use change,
precipitation, temperature, and grazing intensity were the dominant factors in response to HQ change
for both the total Tianshan Mountains and sub-regions, followed by elevation, the relief degree of the
land surface, gross domestic product, population density, and distance to tourism attractions. The
interaction effects of the influencing factors were improved compared to the effects of the individual
factors in each zone. Furthermore, these results provide decision-making criteria for formulating
a scientific and systematic protection of ecology and restoration planning systems to enhance the
capacity to address climate change.

Keywords: habitat quality; InVEST model; geographical detector model; Tianshan Mountains

1. Introduction

Biodiversity, which supports ecosystem processes, functions, and the continued deliv-
ery of ecosystem services, is fundamental to human health and well-being [1]. Although
conservation efforts have been emphasized, habitat fragmentation, degeneration, and
loss driven by human activities and climate change are still the greatest threats to global
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biodiversity loss [2,3]. Habitat quality (HQ) is an effective decision-support tool for identi-
fying conservation areas and evaluating their conservation status to provide welfare for
people [4,5]. Therefore, there is an urgent need to monitor and assess the spatiotemporal
dynamics of HQ and develop conservation management strategies that are significant for
biodiversity conservation, ecosystem service function maintenance, ecological security
pattern construction, and regional sustainable development.

Although mountains cover about 25% of the global area, mountains provide liveli-
hoods for billions of people who live in or beyond mountain ranges [6,7]. Mountains are
momentous pools of global biodiversity, are home to endemism and threatened species,
and host about half of the global biodiversity hotspots [8]. Mountains supply multiple
valuable ecosystem services as compared to those in other areas, such as water yield,
climate regulation, carbon sequestration, soil retention, and natural habitats [1,7], which
are the core elements of cultural diversity, human well-being, and sustainable develop-
ment [6]. Mountain regions, particularly vulnerable ecosystems, are the first to be affected
by global land-use change and climate change [9] and exhibit different degrees of decline
in ecosystem services [10]. In arid and semi-arid regions, mountain ecosystems rich in
vegetation are the focal points of biodiversity and ecological security [11]. The fragile and
sensitive ecosystems in arid and semi-arid regions due to the extreme climate make it
more difficult for ecological protection and restoration [12]. The Tianshan mountain range,
known as the “Central Asian Water Tower”, underpins a crucial biodiversity hotspot [13].
The visible climate warming has reached a level of 0.3 ◦C increase per decade in the
Tianshan Mountains [14]. The changing climate has resulted in a series of serious eco-
logical crises, including increased precipitation uncertainty, a retreat of approximately
97.52% of the glaciers [15], increased land-use conversion rates and intensities [16], and
vegetation browning [17]. Meanwhile, the grazing pressures are amplified, leading to alter-
ations in vegetation diversities, productivities, morphological structures, and distribution
patterns [18]. To moderate the irreversible effects of climate change and anthropogenic
disturbances, the Chinese government has released many ecological protection and restora-
tion programs, such as the construction of the Three-North Shelterbelt, the Grain for Green
Program, the Natural Forest Protection Project, and the Preventing and Controlling Sand
Engineering. Nevertheless, knowledge gaps still exist in preventing habitat loss to improve
the landscape health of the Tianshan mountain range. Thus, strengthening the research on
mountain HQ in the context of global warming is of great significance for the ecological
barrier construction of Central Asia and for the promotion of the sustainable development
of the Silk Road Economic Belt.

Habitat quality is an important proxy for biodiversity and ecosystem services [19,20].
Traditional and typical regional biodiversity surveys have long been broadly used in HQ
assessments [13]. Biodiversity surveys are time-consuming and costly, and the lack of
long-term data makes it impossible to estimate temporal and spatial variations [21]. Thus,
researchers have formulated synthetic index evaluation methods that provide flexibility
to integrate field data [20]. Recently, it has become important to understand the distribu-
tion and degree of habitat threats [22,23]. The habitat quality module in the Integrated
Valuation of Ecosystem Services and Tradeoffs (InVEST) is a powerful assessment tool
that combines habitat suitability and intensity of threats [19]. It offers the opportunity for
rapid and regular assessment of biodiversity status at different spatial scales from protected
areas to the national scale [4,24], especially where there are poor species distribution data
available [22,25]. However, habitat suitability and threat scores are deeply influenced by
expert subjectivity and unilateralism [23]. To enhance the accuracy of the HQ assessment,
species distribution models have been introduced into the InVEST-HQ model [25]. With
the rapid development of remote sensing technology, moderate- to high-resolution data
and monthly products support allow annual evaluations of species diversity and habitat
conditions [26]. Given these, we proposed an integrated framework that combined the
Normalized Difference Vegetation Index (NDVI) to modify the InVEST-HQ model, owing
to the capacity of the NDVI for continuous monitoring of species richness [27].
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In the present study, our primary objective was to construct an integrated and effective
HQ evaluation system that coupled the NDVI and InVEST-HQ model to improve the
accuracy of the evaluation results. We employed this model in the Tianshan Mountain
Range, China, because it is crucial to maintain the ecological security in Western China.
Habitat quality supervision and evaluation in arid and semi-arid mountain ecosystems are
extremely important for biodiversity protection and regional sustainable development. The
specific objectives of this research were to (1) evaluate the spatiotemporal dynamics of HQ
in different periods; and (2) reveal the influencing factors using the geographical detector
model at the grid scale.

2. Materials and Methods

2.1. Study Area

The Tianshan Mountains are the world’s largest independent zonal mountain sys-
tem, the largest mountain system in an arid region, and the farthest mountain system
from the ocean [28]. It is one of the world’s seven major mountain systems, connecting
China, Kazakhstan, Kyrgyzstan, and Uzbekistan. The Tianshan Mountains in Xinjiang
(TS) are located at 73◦50′28”–95◦33′56” N and 39◦24′40”–45◦23′8” E, with a total area of
23.53 × 104 km2 (Figure 1). The elevation in TS ranges from 734 to 7380 m. The region
includes not only high-altitude mountains but also some basins (e.g., Yurtus Basin) on the
northern and southern slopes and valleys (e.g., Ili River Valley) in the western part of the
TS [14]. The region has a typical continental climate, with an annual average temperature of
1.03 ◦C and annual average precipitation of 406.97 mm. The TS has all the typical mountain
altitudinal natural zones in a temperate arid zone and is located in the mountains of Central
Asia among the global biodiversity hotspots [29], the Global-200 ecoregions [30], and the
priority areas for biodiversity conservation in the Tianshan Mountains–southwest Junggar
Basin [31]. According to the “Guideline to Establish the Mechanism of Natural Protected
Areas with National Parks as Backbone” released in 2019, there are 59 protected areas (PAs)
in TS, including one World Natural Heritage site, nine nature reserves, and 49 nature parks,
which account for 33.91 % of the protected areas in Xinjiang. The total area of PAs in the
TS is 2307.46 km2, accounting for 18.94 % of the study area. To quantitatively analyze the
spatial variation, we divided the total Tianshan Mountains (TTS) into three sub-regions:
the Middle Tianshan Mountains (MTS), the North Tianshan Mountains (NTS), and the East
Tianshan Mountains (ETS).

Figure 1. Location of study area (Map number: Xin S (2021) 023).

2.2. Data Sources

Land-use and monthly NDVI data from 1995, 2000, 2005, 2010, and 2015 were provided
by the Resources and Environmental Sciences Data Center, Chinese Academy of Sciences
(RESDC) (http://www.resdc.cn/, accessed on 25 January 2022). The land-use data had a
spatial resolution of 30 m and an overall evaluation accuracy greater than 80% [16], which
included 25 land-use categories, and we used ArcGIS10.5 to reclassify these categories
into six primary types: cropland, woodland, grassland, water body, built-up land, and
unused land. The monthly NDVI data with a resolution of 1 km were combined with
the maximum value method to obtain the annual NDVI. The railway and highway data
were obtained mainly from the National Catalogue Service for Geographic Information
of China (https://www.webmap.cn/main.do?method=index, accessed on 21 April 2022)
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and the National Earth System Science Data Center (http://www.geodata.cn/, accessed on
21 April 2022). The Digital Elevation Model (DEM) data were provided by the Geospatial
Data Cloud (http://www.gscloud.cn/, accessed on 21 April 2022). The protected area
boundaries, including the World Natural Heritage site, nature reserves, and nature parks,
were acquired from the Forestry and Grassland Administration of the Xinjiang Uygur
Autonomous Region.

2.3. Methods
2.3.1. Habitat Quality Evaluation

Land-use structure, intensity, and conversion cause global habitat fragmentation and
loss [2,21]. Thus, the InVEST-HQ model, which combines information on land use and
threats to biodiversity [19], has been widely used to evaluate the spatial distribution of
habitat quality, habitat degradation, and habitat rarity. Vegetation coverage can influence
the choice of habitat and the intensity of habitat use [22,32]. The NDVI was introduced to
comprehensively evaluate HQ. Thus, the integrated HQ evaluation model was calculated
as follows:

HQi= Min (NDVIi × Habitati × 2, 1) (1)

where HQi is the habitat quality of grid cell i; and NDVIi is the average annual NDVI of
grid cell i, ranging from 0 to 1. Habitati is assessed by the InVEST habitat quality model as
follows:

Habitatxj= Hj×[1 − (
Dz

xj

Dz
xj+kz )] (2)

where Hj is the habitat suitability of land-use type j; z and k are scaling parameters; and
Dxj is the total threat level in grid cell x with land-use type j.

Dxj =
R

∑
r=1

yr

∑
y=1

(
ωr

∑n
r=1 ωr

)
ryirxyβxSjr (3)

where r is threat source; R is the total number of threat sources; y indicates all grid cells on
r’s raster map; yr is the set of grid cells on r’s raster map; ωr are threat weights; ry is the
value of threat factors in grid y; irxy is the impact of threat r that originates in grid cell y
on habitat in grid cell x; and βx is the accessibility of grid cell x. Besides, Sjr indicates the
sensitivity of land use j to threat r where values closer to 1 indicate greater sensitivity.

Considering the importance of ecosystem protection and biodiversity maintenance of
the study area, land-use accessibility is determined according to the different functional
zones of the protected areas. Based on the control requirements of different functional
zones in Guiding Opinions on the Establishment of National Park-based Nature Reserve System
and previous research [33], the accessibility parameter βx was assigned. The βx value of
the core control zones and general control zones is 0 and 0.5 in nature reserves, and it is 0.8
in general control zones of nature parks [33].

irxy =

⎧⎨
⎩ 1 − (

dxy
dr max

) i f linear

exp
[
−( 2.99

dr max
)× dxy

]
i f exponential

(4)

where dxy is the linear distance between grid cells x and y and drmax is the maximum
effective distance of the threat r’s.

In order to ensure the conclusions conform to the reality of the study area, this research
established an evaluation form containing the maximum influence distance and weight of
the threat factors (Table 1), as well as the sensitivity of the different habitat types to different
threat factors (Table 2), which are based on previous studies [34], the InVEST model user’s
guide [19], and experts’ opinions.
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Table 1. Maximum influence distance and weight of the threat factors in TS.

Threats
Maximum Influence

Distance/km
Weight Spatial Decay Type

Cropland 8 0.7 linear
Urban land 10 1 linear

Rural residential 6 0.6 linear
Other construction land 8 0.8 linear

Railway 4 0.5 linear
Highway 3 0.4 linear

Table 2. Sensitivity of different habitat types to different threat factors.

Land-Use Code Habitat Cropland Urban Land
Rural

Residential
Other

Construction Land
Railway Highway

10 0.3 0.0 0.6 0.4 0.3 0.5 0.4
21 1 0.8 0.9 0.8 0.8 0.8 0.7
22 0.9 0.6 0.7 0.6 0.5 0.6 0.5
23 0.8 0.7 0.8 0.7 0.6 0.8 0.7
24 0.7 0.7 0.8 0.7 0.6 0.7 0.6
31 0.9 0.5 0.6 0.5 0.4 0.5 0.6
32 0.8 0.6 0.7 0.6 0.4 0.5 0.6
33 0.7 0.7 0.8 0.7 0.6 0.5 0.6
41 1 0.1 0.7 0.6 0.5 0.5 0.4
42 1 0.1 0.7 0.6 0.5 0.5 0.4
43 1 0.1 0.7 0.6 0.5 0.5 0.4
44 1 0.1 0.1 0.2 0.1 0.5 0.4
45 0.8 0.7 0.8 0.6 0.5 0.5 0.4
51 0 0 0 0 0 0 0
52 0 0 0 0 0 0 0
53 0 0 0 0 0 0 0
61 0 0 0 0 0 0 0
62 0 0 0 0 0 0 0
63 0.1 0.1 0.1 0.1 0.1 0.2 0.2
64 0.8 0.1 0.5 0.6 0.4 0.5 0.7
65 0.1 0.1 0.1 0.1 0.1 0.2 0.2
66 0 0 0 0 0 0 0
67 0 0 0 0 0 0 0

Notes: 10 is cropland, 21 is forestland, 22 is shrub wood, 23 is sparse woods, 24 is other woodland, 31 is high
coverage grassland, 32 is moderate coverage grassland, 33 is low coverage grassland, 41 is river and canal, 42 is
lake, 43 is reservoir and pond, 44 is permanent glaciers, 45 is mudflats, 51 is urban land, 52 is rural settlements, 53
is other construction land, 61 is sand land, 62 is Gobi, 63 is saline-alkali lands, 64 is wetland, 65 is bare land, 66 is
bare rock texture, and 67 is other unused land.

2.3.2. Terrain Factors

The changes in elevation and topography make a significant difference to the ecologi-
cal environment of mountain areas [7]. The Terrain Niche Index (TNI) can comprehensively
represent the elevation and slope characteristics of the study area [35], which was intro-
duced to reveal the spatial distribution characteristics of HQ in different levels of terrain
factors. It is calculated as follows:

TNI = lg
[(

E/E + 1
)× (

S/S + 1
)]

(5)

where TNI is the terrain niche index; E and S are the elevation and slope of each pixel; and
E and S are the average elevation and slope of the study area. The greater the TNI, the
higher the elevation and slope, and vice versa.
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To eliminate the dimensional difference of HQ at a different TNI, the distribution index
was used to explore the distribution characteristics of HQ. The TNI was divided into ten
grades by natural breaks (jenks). It is calculated as follows:

P = (A ie/Ai)/(A e/ A) (6)

where P is the distribution index; Aie is the areas of HQ in level i within TNI e; Ai is the
total area of HQ in level I; Ae is the total area of TNI e; and A is the total study area. The
greater the p value is, the more selective the terrain. The dominant terrain distribution at a
certain level of HQ is where the p value is greater than 1, and vice versa.

2.3.3. Spatial Autocorrelation and Hot/Cold Spot Analysis

Spatial autocorrelation refers to the degree of relevance of an attribute of a geographic
object in different spatial locations [22]. It contains global spatial autocorrelation and local
spatial autocorrelation. The global Moran’s I index was used to evaluate the global cluster
characteristics of HQ. The value ranges from −1 to 1. The equation is as follows:

Moran’s I =
n ∑n

i=1 ∑n
j=1(xi−x)

(
xj−x

)
∑n

i=1 ∑n
j=1 wij ∑n

i=1(xi−x)2 (7)

where xi and xj are the habitat quality of grid cell i and j; x is the average habitat quality of
study area; n is the total number of grid cells; and wij is the spatial weight matrix.

The hot spot analysis can be used to measure the spatial aggregation and differenti-
ation characteristics of HQ, and whether and where high-value (hot spots) or low-value
(cold spots) features cluster spatially. The Getis-Ord G∗

i index is calculated based on the
ArcGIS platform. When the G∗

i value is significantly positive, the HQ show a high-value
concentration, which is a hotspot area. While, when the G∗

i value is significantly negative,
the HQ is a low-value aggregation, which is a cold spot area. The areas corresponding
to the G∗

i values at the 99% or 95% significance levels are regarded as the hot spots (cold
spots) or the sub-hot spots (sub-cold spots) [33]. The calculation formula is as follows:

G∗
i =

∑n
j=1 wijxj − x ∑n

j=1 wij

S

√[
n ∑n

j=1 w2
ij−

(
∑n

j=1 wij

)2
]

n−1

(8)

where xj is the HQ value of grid cell j; x is the average HQ value; wij is the spatial weight
matrix between grid cell i and j; n is the total patch number; and S is the standard deviation
of the HQ value.

2.3.4. Selection of Driving Factors

The spatiotemporal dynamics of HQ are widely influenced by natural and human
factors. Soil plays a part in maintaining biodiversity, ecological conservation, and ecosystem
services, as it provides habitat for the largest gene pool and diversity of species [36]. Land-
use change, especially urban expansion, accelerates habitat degradation [22,23]. Moreover,
the habitat types needed for species survival have been reduced and fragmented under the
effects of climate change and land-use change [3,37]. Moreover, universally, overgrazing
has caused grassland degradation and loss of biological diversity [18]. According to the
natural conditions and development level of the study area, ten factors were selected based
on previous studies (Table 3) [21,38,39]. The natural factors included soil type (SOL), annual
mean precipitation (PRE), annual mean temperature (TEM), elevation (ELE), and relief
degree of land surface (RDLS). The human factors included land-use type (LAND), gross
domestic product (GDP), population density (PD), distance to tourism attractions (TOU),
and grazing intensity (GI).
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Table 3. Details of the driving factors.

Index Code Unit Data Source and Calculation

Soil type SOL - Data from RESDC
Annual mean precipitation PRE mm Data from RESDC
Annual mean temperature TEM ◦C Data from RESDC

Elevation ELE m Data from the Geospatial Data Cloud
(http://www.gscloud.cn, accessed on 21 April 2022)

Relief degree of land surface RDLS - Extract from DEM
Land-use type LAND - Data from RESDC

Gross domestic product GPD 104CNY/km2 Data from RESDC
Population density PD person/km2 Data from RESDC

Distance to tourism attractions TOU m

The tourism attractions were obtained from the
Department of Culture and Tourism of the Xinjiang Uygur

Autonomous Region. It was calculated by ArcGIS
“Euclidean distance” tool.

Grazing intensity GI heads/km2
The livestock data was obtained from the XinJiang

Statistical Yearbook. The grazing intensity was calculated
based on literature (Li et al., 2014).

2.3.5. Geographical Detector Model

The geographical detector model [40] has been widely used to detect spatially strat-
ified heterogeneity and its driving factors in the fields of ecology and ecosystem ser-
vices [39]. The model includes factor detection, interaction detection, risk detection, and
ecological detection. Factor detection was applied to reveal the relative importance of
driving factors on the HQ, and interaction detection was used to explore the interaction
effects between the two factors (Table 4). The model is easily accessible on the website
(http://www.geodetector.cn/, accessed on 21 April 2022). To maximize the utilization of
useful spatial information and enhance the effectiveness of factor detection, it is of great
importance to discretize continuous spatial data using the most appropriate discretization
method. The optimal parameter-based geographical detector model (OPGD) provides an
optimal solution for spatial data discretization, finding the number of spatial strata, and
the spatial scale parameter [41]. It can further extract geographical characteristics and
information over professional experience, as it supplies the best parameter combination
when the geographical detector model is applied. The “GD” package in R 4.1.0 was used
for the computation of the OPGD model (https://cran.r-project.org/web/packages/GD/,
accessed on 21 April 2022). These factors were classified by the OPGD model in R 4.1.0,
except soil type and land-use type.

Table 4. Types of interaction between driving factors (Xs).

Description Interaction

q(X1∩X2) < Min(q(X1), q(X2)) Weaken, nonlinear
Min(q(X1), q(X2)) < q(X1∩X2) < Max(q(X1), q(X2)) Weaken, univariate, nonlinear

q(X1∩X2) > Max(q(X1), q(X2)) Enhance, linear, bivariate
q(X1∩X2) = q(X1) + q(X2) Independent
q(X1∩X2) > q(X1) + q(X2) Enhance, nonlinear

3. Results

3.1. Validation of Habitat Quality

It is necessary to test the effectiveness of the modified HQ model for assessing biodi-
versity. The species richness was used to characterize biodiversity, which was obtained
from the literature [13,42]. The fitting results (Figure 2) showed that this model showed a
highly significant Pearson’s r (0.69, p < 0.01) and regression slope values (14.558, p < 0.01),
with an R2 = 0.48, indicating that there was a good linear relationship between the two.
Thus, this model can be applied to the field of biodiversity estimation.
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Figure 2. The validation of habitat quality based on species richness.

3.2. Land-Use Change from 1995–2015

Grassland was the dominant land-use type of the TS, and its total area accounted
for almost 60%, followed by unused land (Figure 3). The land-use structure underwent a
rapid change during the study period. The areas of cropland, grassland, built-up land, and
unused land showed a tendency to increase to varying degrees. The area of grassland and
unused land increased the most, reaching 10,345.98 km2 (7.45%) and 3382.57 km2 (5.38%),
respectively, and the area of construction land increased the fastest (285.91%). The area of
woodland and water body decreased by 3919.17 km2 (30%) and 11,091.12 km2 (65.54%),
respectively. Overall, the area of artificial landscape (e.g., cropland and built-up land)
increased by 1283.62 km2 (37.55%), while the areas of natural landscape (e.g., woodland,
grassland, water body, and unused land) decreased by 1281.74 km2 (0.55%).

Figure 3. The land-use change from 1995 to 2015.

As shown in Figure 4, land-use transitions can be divided into two stages—smooth
change (1995–2005) and fast change (2005–2015). From 1995 to 2005, the grassland was
mostly transformed into other land-use types, which mainly contained unused land
(1085.59 km2), cropland (760.72 km2), and woodland (758.29 km2). The area of unused
land transferred out up to 1452.12 km2. From 2005 to 2015, a large amount of unused
land was converted to grassland, with an area of 18,563.39 km2. The area of grassland and
water body decreased rapidly by 19,711.91 km2 and 13,521.97 km2, respectively. Water
bodies were mainly converted into unused land and grassland, while grassland was mainly
transformed into unused land and woodland. Overall, under the background of global
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climate change, ecological land, such as woodlands, grasslands, and water bodies, became
more vulnerable. This result is consistent with Wei’s research [16].

Figure 4. Land-use transitions from 1995 to 2015.

3.3. Spatiotemporal Change in Habitat Quality

The HQ was divided into four different levels using the equal interval method in Ar-
cGIS 10.5 (Table 5): L1—very important habitat (0.75–1.0); L2—important habitat (0.5–0.75);
L3—moderately important habitat (0.25–0.5); and L4—general habitat (0–0.25).

Table 5. The area of different habitat quality levels.

Classification Level Value
Area (%)

1995 2000 2005 2010 2015

Very important habitat L1 0.75~1.0 37.08 37.76 36.15 37.05 35.23
Important habitat L2 0.5~0.75 10.65 9.60 11.78 10.87 10.69

Moderately important habitat L3 0.25~0.5 16.86 15.76 16.47 15.29 14.98
General habitat L4 0.0~0.25 35.41 36.88 35.61 36.78 39.10

The spatial distribution pattern of HQ in the TS was relatively stable from 1995 to 2015
(Figure 5), with few large areas with significant changes; but, there was still small-scale
fluctuation. The NTS had a higher HQ (0.68), followed by the MTS (0.44) and the ETS (0.40).
The very important habitat was mainly distributed in the Ili River Valley and the southern
edge of the Junggar Basin. These regions were the main distribution areas of forests and
grasslands in the TS. The average altitude was above 2700 m and was less disturbed by
human activities, which is consistent with previous research [24,43]. The general habitat
was mainly distributed in the transitional belt between the southern slope of the middle
Tianshan Mountains and the Tarim Basin, which is close to the Taklimakan Desert. There
were Gobi desert and bare rock areas with sparse vegetation.

From 1995 to 2015 (Table 5), the average values of the HQ in the TS were 0.5044, 0.5032,
0.5011, 0.4983, and 0.4802, which were at the middle level, with a slight decrease. The HQ
of the TS was mainly dominated by very important habitats and general habitats, followed
by moderately important habitats and important habitats. In the last 20 years, the areas
of L1 and L3 decreased by 1.85 % and 1.88 %, respectively, while the area of L4 increased
by 3.69 %, which was mainly due to the substantial glacier shrinkage in the TS caused by
rapid warming [15]. The area of L2 was relatively stable.
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Figure 5. The change in habitat quality from 1995 to 2015. Notes: (a)~(e) are the spatial distribution
of different habitat quality levels in 1995, 2000, 2005, 2010, and 2015, respectively; (f) is the change of
habitat quality from 1995 to 2015.

Altogether, the area with improved HQ reached 30.35% of the study area, mainly
in the east. Meanwhile, almost 30.15% of the region faced HQ degradation to different
degrees, which was more evident in the western region. The fluctuating change in HQ
threatens the biodiversity and ecological security of the Tianshan Mountains.

3.4. The Spatial Heterogeneity of the Habitat Quality

A total of 61,315 grids of 2 × 2 km2 were generated with the “fish net” tool in Ar-
cGIS10.5. From 1995 to 2015, the Global Moran’s I (p < 0.01) values were 0.9024, 0.9034,
0.8989, 0.9028, and 0.9003, respectively, indicating that there was a significant spatial ag-
glomeration of HQ in the TS, but the spatial agglomeration tended to weaken, with a slight
decrease in Global Moran’s I.

The Getis-Ord G∗
i was used to identify the spatial heterogeneity in HQ in the TS. There

were three non-uniform units (Figure 6): hot spots, cold spots, and random areas. The hot
spot areas were mainly distributed in the Ili River Valley and Kaidu River Basin, while the
cold spot areas were mainly distributed in the south and east of the Tianshan Mountains.
The proportion of hot spot areas in 1995–2015 were 29.62%, 29.75%, 28.79%, 29.6%, and
29.02%, respectively, showing a downward trend. Meanwhile, the proportions of the cold
spot areas were 28.40%, 28.90%, 28.17%, 28.63%, and 28.91%, respectively, showing an
increasing trend. The proportions of random areas were 41.98%, 41.35%, 43.04%, 41.73%,
and 42.07%, respectively. The hot spot areas of PAs in the TS were 17,856 km2, accounting for
25.51% of the total hot spot areas, suggesting that PAs play an important role in maintaining
regional biodiversity [24].

3.5. Habitat Quality in Relation to Different PAs

Considering that the boundaries of the World Natural Heritage site were almost
the same as those of the nature reserves or nature parks, the HQ of the World Natural
Heritage site was not compared, to avoid repeated calculations. Overall, the HQ was
strongly affected by the protection level (Figure 7a). Specifically, the nature parks (0.78)
had the highest HQ, followed by nature reserves (0.68), the priority areas for biodiversity
conservation in the Tianshan Mountains–southwest Junggar Basin (0.65), total Tianshan
Mountains (0.50), and unprotected areas (0.47). The average HQ of the PAs was higher than
0.6, whereas that of the unprotected areas was lower than 0.5. Clearly, the establishment
of PAs was distinguished in safeguarding important habitats. From 2005 to 2015, the HQ
values of the different PA categories fluctuated slightly and were entirely stable. The HQ
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of the nature parks increased slightly, whereas that of the other PAs showed a downward
trend. Among them, the HQ of the nature reserves decreased the most due to the shrinkage
of substantial glaciers, up to 0.18, and it was lower than that of the priority areas for
biodiversity conservation in the Tianshan Mountains–southwest Junggar Basin.

Figure 6. Getis-Ord G∗
i scores of habitat quality.

Figure 7. The change in habitat quality of the different PA categories (a), the average habitat quality
from 1995 to 2015 (b), and the proportion of each different habitat quality level of the nature reserves
and nature parks (c). Notes: I is nature reserve, II is nature park, III is the priority areas for biodiversity
conservation in the Tianshan Mountains–southwest Junggar Basin, IV is total Tianshan Mountains,
and V is unprotected areas.

In terms of the spatial pattern and habitat level (Figure 7b,c), most of the nature
reserves and nature parks were distributed in the region of very important habitats and
important habitats, both of which covered more than 75% of the area. Nature reserves
were mainly distributed in the region of very important habitats, followed by important
habitats. Nature parks had an overwhelming superiority of very important habitats,
indicating that nature reserves and nature parks play a vital role in supporting ecological
security. Nevertheless, conservation effectiveness and design need to be extended beyond
the existing PA network to protect an adequate representation of species and habitats [44].
Moreover, we should not only get information on how much area needs protection, but,
more importantly, also where to protect biodiversity and habitats.

3.6. Habitat Quality Variation in Terrain Gradient

From 1995 to 2015, the HQ at different terrain niches presented three characteristics.
First, the HQ showed an inverted “U” type (Figure 8). It increased at TNI 1–5 and decreased
at TNI 6–10. The important habitats were mainly distributed at TNI 3–8, which were the
main distribution areas of ecological land, such as grassland, forest, and water bodies.
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Therefore, people should give importance to the monitoring of HQ in these terrain gradient
areas. The structure and composition of land use were relatively stable. Second, the HQ
impairment and constancy areas increased with the terrain niche index, while the gain
areas changed slightly. Third, the distribution index of L1 was greater than 1 at TNI 3–7,
which showed a dominant distribution, but habitat quality L4 showed the opposite trend.
The distribution index of L2 appeared to be dominant when the TNI was greater than 5. In
general, landscape heterogeneity increased at moderate to high terrain levels compared to
the low terrain levels in arid mountain ecosystems, indicating that they can support more
species, habitat richness, and habitat diversity.

Figure 8. The habitat quality change from 1995 to 2015 (a), and the distribution index of habitat
quality level at different terrain niches (b).

3.7. Driving Factors of Habitat Quality
3.7.1. Comparison of Driving Factors in the Different Sub-Regions

The geographical detector model was utilized to analyze the driving factors (q < 0.01)
of HQ in the TS (Figure 9). For the TTS, the driving factors from highest to lowest were
SOL, LAND, PRE, TEM, GI, ELE, GDP, RDLS, PD, and TOU. In general, the effect of natural
factors on HQ was significantly higher than that of socioeconomic factors. The effects of
LAND (−14.93%), PRE (−22.17 %), GDP (−26.36 %), PD (−40.12 %), TOU (−14.76 %), and
GI (−31.12 %) all showed a downward trend, while the effects of TEM (11.55 %) and ELE
(56.06 %) showed an upward trend, and the effects of SOIL (2.80 %) and RDLS (1.97 %)
were relatively stable.

For the ETS, the value of SOL was up to 0.6, and other factors were in the range of
0.2–0.5, besides TOU. The effects of LAND (−10.97 %), PRE (−35.73 %), GDP (−25.66 %),
PD (−23.79 %), TOU (−43.93 %), and GI (−27.24 %) all showed a downward trend, while
the effects of TEM (11.91 %), ELE (45.48 %), and RDLS (11.91 %) showed an upward trend,
and the effect of SOL (3.54 %) showed slight fluctuations.

For the NTS, the first two driving factors were LAND and SOL, and TEM, PRE, ELE,
GDP, GI, PD, TOU, and RDLS followed. The effects of LAND (−10.47 %), PRE (−69.01 %),
RDLS (−17.32 %), PD (−14.73 %), TOU (−21.19 %), and GI (−35.22 %) all showed a
downward trend, and the effects of SOL (12.83 %), TEM (69.01 %), ELE (43.30 %), and GDP
(9.16 %) showed an upward trend.

For the MTS, the SOL, LAND, PRE, GI, and TEM were the main influencing factors,
followed by ELE, GDP, PD, RDLS, and TOU. The effects of LAND (−18.70 %) and PD
(−61.14 %) showed a downward trend, and the effects of TEM (7.60 %), ELE (43.84 %),
RDLS (13.87 %), TOU (18.74 %), and GI (11.33 %) showed an upward trend. The effects of
SOL (3.94 %), PRE (4.64 %), and GDP (0.95 %) remained almost unchanged.
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Figure 9. The PD value of each factor from 1995 to 2015: (a) the total Tianshan Mountains area, (b) the
east Tianshan Mountains, (c) the north Tianshan Mountains, and (d) the middle Tianshan Mountains.

Our study revealed that both natural factors and anthropogenic activities have varying
degrees of effects on HQ, but the influence of natural factors is significantly stronger than
human activities. Soil properties, such as soil nutrient status, soil acidification state, and
soil moisture, are significant preconditions for vegetation growth. The soil types on the
north and south slopes of Tianshan show obvious differences, with the north slope being
rich in organic matter and favorable for plant growth, while the south slope is mostly desert
and meadow soils, which are not favorable for vegetation growth. Climate factors play a
more important role in vegetation sensitivity and resilience in arid and semi-arid regions,
and climate variability challenges the stability of vegetation. Abundant precipitation in
the Ili Valley and high-altitude mountain areas promotes greening of vegetation, while
strong evaporation in the southern Tian Shan, especially in the Taklamakan Desert, inhibits
plant growth. Land-use change affects biodiversity by increasing the probability of habitat
conversion and fragmentation and lowers the viability of species. Population and economic
activities were mainly distributed in piedmont oasis areas because of the high elevation
of the TS, and overall, the population density and economic activity intensity were at
very low levels. Although the tourist numbers and tourism economy in Xinjiang grew
rapidly, the level and scale of tourism development is relatively low compared to those
of eastern and central China [45]. Meanwhile, the government planned to cultivate the
Tianshan Mountains into a nature-based ecotourism corridor [46]. Grazing is the main use
of pastures in the Tian Shan region. Grazing, especially heavy grazing, changes the habitat
size and connectivity, threatening the survival of species.

3.7.2. Spatial Interactions between Driving Factors

It is widely accepted that HQ is comprehensively affected by multiple factors; thus,
the interaction detector was taken into consideration. The results suggested that the
interaction effects on the spatial distribution pattern of HQ were higher than those of
single factors for both the total Tianshan Mountains and sub-regions, which showed a
double-factor and nonlinear enhancement (Table 6). Overall, the interaction between soil
type and land use had the strongest explanatory power because they were the main driving
factors. Subsequently, some indistinctive influence factors, such as GDP, PD, and ELE,
showed a strong explanatory power in the dynamic interaction processes, demonstrating
that HQ was very sensitive to minor changes when the ecosystems were subjected to
external disturbances.
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Table 6. The dominant interactions between two driving factors in different zones.

Year Zone Main Interaction Detector

1995

TTS SOL∩LAND, GI∩LAND, GI∩SOL
ETS SOL∩LAND, GDP∩SOL, PRE∩LAND
NTS SOL∩LAND, PRE∩LAND, GI∩LAND
MTS SOL∩LAND, GI∩SOL, ELE∩SOL

2000

TTS SOL∩LAND, PRE∩LAND, GI∩SOL
ETS SOL∩LAND, GDP∩SOL, PD∩SOL
NTS SOL∩LAND, PRE∩LAND, GI∩LAND
MTS GI∩SOL, SOL∩LAND, ELE∩PRE

2005

TTS SOL∩LAND, GI∩SOL, GDP∩SOL
ETS GDP∩SOL, SOL∩LAND, PD∩SOL
NTS SOL∩LAND, ELE∩LAND, GI∩LAND
MTS SOL∩LAND, GI∩SOL, ELE∩SOL

2010

TTS SOL∩LAND, ELE∩SOL, GDP∩SOL
ETS SOL∩LAND, GDP∩SOL, PD∩SOL
NTS SOL∩LAND, PRE∩LAND, GI∩LAND
MTS ELE∩SOL, GI∩SOL, GDP∩SOL

2015

TTS SOL∩LAND, ELE∩SOL, GDP∩SOL
ETS SOL∩LAND, ELE∩SOL, PD∩SOL
NTS SOL∩LAND, ELE∩LAND, TEM∩LAND
MTS ELE∩SOL, GI∩SOL, ELE∩PRE

4. Discussion

4.1. Climate Change and Anthropogenic Activity Implications

Based on the results, the core driving factors were soil, climate change, land-use
change, and grazing. These basic properties (e.g., particle size distribution, clay content,
organic matter, and mineral content) in soil support the terrestrial ecosystem and have
a great and persistent influence on HQ [47]. Moreover, the impacts of climate change
and land-cover change on soil function cannot be ignored [48]. Global biodiversity is
affected by climate change and land-use change [3], causing geographic range shifts, ex-
pansions and contractions, and decreasing species habitat availability [2,49]. The land-use
structure changes, shift in spatial distribution, and increase in intensity of the changes
lead to the landscape being dispersed and fragmented, affecting the natural state and
integrity of the ecosystem [16]. The interaction effects between climate change and land-use
change increased the risk of habitat loss and fragmentation. Thus, appropriate land-use
exploitation seems to be a long-term measure to mitigate the impacts of climate change
on biodiversity [37]. The leading use of grasslands is in the form of grazing to maintain
millions of livelihoods. However, increasing heavy grazing pressure alters plant commu-
nity composition, diversity, and productivity [18]. Overgrazing is globally regarded as a
booster of land degradation and surface erosion [50], which appears to be devastating for
biodiversity protection, ecosystem multifunctionality maintenance, and ecosystem services
supply, given that rehabilitation is difficult and takes a long time [48]. Hence, grazing
pressure management strategies should be strengthened to achieve the goal of grassland
ecological restoration.

4.2. The Gap between Conservation Expectations and Reality

A network of PAs is the cornerstone of global biodiversity and plays a key role in
preserving rare and endangered species and ecosystems [9]. Consistent with a previous
study [24], our results revealed that PAs provide very important habitat protection. There
still exist some gaps, as shown in the following: first, the increased fluctuation in habitat
quality in the PAs brings challenges to a stable range of species; and second, there is a large
spatial mismatch between the distribution of important habitats and PAs.

Poor management is a significant challenge for the PAs in China [51]. As protected
species in PAs have specific and strict demands for habitat types and quality, they have
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limited adaptive capacity to climate change [52]. To enhance the conservation effectiveness
of PAs, we suggest the design of a framework for the quantification of the efficiency as
the basic requirement and normalization measure [9]. However, it is even more impor-
tant to strengthen the prediction of climate change impacts on habitats and formulate
corresponding strategies to enhance the ability of PAs to adapt to climate change [53].

It has been reported that climate change will expose 84% of mountain species to
extinction. Thus, increasing representation in high-elevation reserves is of great value to
achieve biodiversity targets after 2020 [49]. It is an urgent and important task to integrate
important habitats into the ecological conservation redlines and in the restricted zones in
the national ecological function zoning. Forest and grass departments should investigate
and identify important habitats and ecosystems and establish an optimized adjustment
plan for PAs to repair the ecological gaps in the PA network [51]. Furthermore, integrating
protected areas to establish national parks can balance the conflict between ecological
conservation and regional development.

4.3. Limitations and Future Work

This study integrated the NDVI and InVEST-HQ module to assess the temporal and
spatial variation in HQ over the past 20 years in the Tianshan Mountain ranges. The
findings of this study provide further information to expand HQ research on mountain
biodiversity and ecosystem services. Despite the merits of our framework, this research
still had some limitations that should be addressed in the future. First, owing to the
difficulty in obtaining historical threat data, some had to be replaced by adjacent years.
In addition, some important threat factors, such as pasture distribution and mining sites,
were not calculated in the InVEST-HQ model. Second, with the popular application of
remote sensing technology, it could provide a large-scale analysis, long time series, and
multiple types of observation data for biodiversity research. The potential and effectiveness
of other ecological remote sensing parameters for HQ monitoring and assessment were
not compared with NDVI, such as the Enhanced Vegetation Index, Leaf Area Index. Third,
future climate change and land-use change scenario simulations and predictions would
have been of great value [23,34]. Thus, in the future, it is necessary to make a prediction of
HQ to support policy recommendations and guidance for land-use spatial optimization
and regional development.

5. Conclusions

Understanding the temporal and spatial variation in HQ and its associated driving
factors is the basis for biodiversity conservation and ecosystem management in the context
of climate change. This study coupled the NDVI and InVEST-HQ module with higher
effectiveness to investigate the HQ change over space and time in the Tianshan Mountains
in Xinjiang from 1995 to 2015. The following were found: (1) Natural habitats, such as
grassland, was the main body of the research area, and changed the fastest both spatially
and quantitatively from 1995 to 2015, as compared to the other habitats. (2) The spatial
patterns of the habitats were stable, with the largest areas comprising very important
habitats and general habitats, although a slight tendency toward habitat degradation and
loss should be highly emphasized. The NTS had a better HQ score than that of the MTS
and ETS. (3) The spatial heterogeneity of HQ in the Tianshan Mountains was evident, with
the hot spot areas clustered in the Ili River Valley and Kaidu River Basin, and the cold
spot areas distributed in the south and east of the Tianshan Mountains. The HQ behaved
as an inverted “U” type in the different terrain gradients. Protected areas, such as nature
reserves, natural parks, and priority areas for biodiversity conservation, were important
for biodiversity protection in the Tianshan ranges, with a HQ score of over 0.5. (4) Natural
factors (e.g., soil and climate change) were determined to be the mainstays of HQ, and
human factors (e.g., land use and grazing) accelerated the fluctuation in habitat change.
Their interaction effects increased conspicuously compared to the those of the single
factors. In conclusion, HQ varies due to an elaborate mechanism. Thus, understanding the
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mechanisms behind the effects of climate change and human activities on mountain HQ
will contribute to dynamic governance. These results provide a scientific basis for land-use
planning that is adapted to climate change, for the optimal adjustment of PAs, which play
a critical role in maintaining mountainous biodiversity and ecosystems.
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Abstract: Due to rapid urbanization and economic development, the natural environment and
ecological processes have been significantly affected by human activities. Especially in ecologically
fragile karst areas, the ecosystems are more sensitive to external disturbances and have a hard time
recovering, thus studies on the ecosystem services in these areas are significant. In view of this,
we took Guizhou (a typical karst province) as the research area, evaluated the ecosystem service
value (ESV) according to reclassified land uses and revised equivalent factors, and investigated the
determinants of ecosystem services based on geographic detection. It was found that the total ESV
showed a prominent increase trend, increasing from 152.55 billion CNY in 2000 to 285.50 billion
CNY in 2020. The rise of grain prices due to growing social demands was the main factor in driving
the increase of ESV. Spatially, the ESVs of central and western Guizhou were lower with cold spots
appearing around human gathering areas, while that of southern and southeastern Guizhou were
higher with hot spots that formed in continually distributed woodland. Moreover, the ESV per unit
area and its change rate in karst regions were always lower than that in non-karst areas. Precipitation
and temperature were the dominant nature factors while cultivation and population density were the
main anthropogenic effects driving the evolution of ecosystem services. Therefore, positive human
activities as well as rational and efficient land-use should be guided to promote the coordinated and
high-quality development of ecology and the economy.

Keywords: karst region; land-use change; ecosystem service value; spatial autocorrelation;
geographical detector

1. Introduction

Ecosystem services refer to the direct and indirect natural environmental condi-
tions and effects provided by ecosystem and ecological processes to maintain human
existence [1–3], including provisioning, regulating, and supporting, as well as cultural
services [4]. However, with the intensification of human activities, ecosystem services have
been increasingly affected by land-use change, economic development, population growth,
urbanization, and industrialization [5]. Research shows that over the past 50 years, about
60% of global ecosystem degradations are caused by population growth and urbaniza-
tion [6,7]. Although governments from countries have adopted a series of environmental
protection policies to restore ecosystem functions [8–10], and some achievements have been
made, the ecological and environmental problems cannot be ignored. The ecosystem service
value (ESV) is the monetized embodiment of the service provided by natural ecosystems
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and is considered as a favorable indicator to evaluate regional sustainable development. In
the face of severe resource constraints and global warming, converting ecological resources
and advantages into ecological assets and economic advantages is particularly important.
It means that the accurate accounting of ESV has new practical significance.

Land is an indispensable carrier for supporting urban economic, social, and cultural
activities. Land use and cover change (LUCC) could be the most direct manifestation of
human impact on the environment. Especially since rapid industrialization and urbaniza-
tion, land use patterns and intensity have dramatically varied. The structure and function
of ecosystems, as well as the ecological processes, have been changed by LUCC [11], and
consequently, led to changes in the ESV. Polasky et al. [12] pointed out that the increase in
cultivated land is the main reason for the decline of ESV in partial areas of the United States.
Gashaw et al. [13] found that land use is closely related to the value of individual ecosystem
services; for instance, the conversion of forest to arable land leads to a decrease in gas
and climate regulation but an increase in food production and biodiversity conservation.
Urbanization also has a great impact on ecosystem services [14,15] and could be reflected in
land-use change, e.g., the occupation of ecological land such as high-quality cultivated land
by urban construction affects the function of food supply [16,17]. Similarly, the degradation
and reduction of wetlands caused by urban expansion has led to a significant decrease
in biodiversity [18]. Therefore, as a bridge connecting natural ecosystems and human
socioeconomic systems, LUCC and its impacts on both sides have been widely considered
in ecosystem services studies [19].

There are two main types of methods for ESV valuation based on land-use change [20].
One is the functional value evaluation method, which uses the per unit price of ecological
products to calculate the value of each ecosystem function by adopting economic valuation
techniques such as shadow projects, market pricing, carbon taxes, etc. [21]. Due to the
specific considerations of the different ecological processes, products, and parameters,
this method could be more accurate, but is complex and more suitable for small-scale
studies [22,23]. The other is the equivalent factor method, which uses the economic value
of the cropland products per unit area as one equivalent value, thereby defining the value
coefficients of different lands and multiplying that with each land area to obtain the ESV [24].
Given the lesser data requirement and statistical convenience, this method is mainly used
in large-scale assessments [25]. With the development of remote sensing technology,
satellite images and aerial photographs are widely applied to ESV research [26,27], thus
the spatial and temporal distribution pattern of ESV and the relevant influencing factors
have been given more attention [28]. Research shows that [29–31], under different climate
conditions, vegetation coverage, and urbanization levels, ESVs present obvious spatial
heterogeneity, which in China is gradually increasing from the northwest to the southeast
and is extremely high in the southwest and northeast [29]. Besides, Li et al. [32] investigated
the spatiotemporal changes of ESVs in China and identified the cold–hot spot areas. It
was found that high-value hot spots were mainly distributed in the west, while low-value
cold spots were situated around the coastal areas, indicating that urbanization plays an
important role in the distribution of ESV.

The scope and object of ESV studies have also gradually expanded, covering small
administrative divisions [33,34] to national [35] and even global views [24]; or focusing on
natural geomorphic units, such as watersheds [23], plains [36], and oases [37]; as well as
ecosystem scales, including forests [38], wetlands [39], and farmland [40]. In addition, more
and more attention has been paid to specific areas—for instance, karst regions. Hu et al. [41]
evaluated the ESVs of karst regions in China during 1992–2015 and found obvious spatial
variations, which increased in the northwest and northern southwest but decreased in the
northeast and eastern southwest. Chen et al. [42] focused on karst regions in southwest
China, estimated the ESVs based on land-use data from 1980 to 2018, and found that ESVs
increased at early stages and decreased thereafter. In terms of spatial distribution, ESVs
in the west were higher, while that in the other regions presented high–low alternating
characteristics from west to east, showing significant spatial autocorrelations during the
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study period. There are also studies of provinces and cities in karst regions, such as
Guizhou [43], Guangxi [44] and Chengdu [45]; however, it is not sufficient and deep enough,
and is especially lacking in mechanism research through the comprehensive consideration
of nature conditions and human factors driving the evolution of ecosystem services. Due to
the special hydrologic and geological conditions in karst areas, it is easy to form a complex
landform and fragile ecological environment, which could further restrict human activities
and jointly determine the distribution of vegetation and land use. This significantly varies
in non-karst areas and was less focused on in previous studies. Furthermore, the karst in
China is mainly distributed in the southwestern economically-backward areas, where the
demands of economic development and ecological protection are both urgent. Balancing
the relationship between ecology and economy is very important. Therefore, this study
aims to investigate land-use change and its corresponding ESV evolution in karst areas,
and to explore the key natural factors and anthropogenic effects. The results could provide
scientific data support and decision-making references for the optimization of land use, the
improvement of ecosystem stability, and, finally, the coordinated development of ecology
and economy.

2. Materials and Methods

2.1. Study Area

Guizhou province is located in southwest China, with a latitude and longitude
of 24◦37′–29◦13′ N, 103◦36′–109◦35′ E (Figure 1), and the total area is approximately
176,093 km2. It is a mountainous area with high-altitude, low-latitude, and typical karst
landforms. The geomorphologic types are dominated by plateau mountains, hills, and
basins, with highly undulating terrain, which makes the surface cut in varying degrees.
The karst here is widely developed and carbonate outcrops almost 2/3 of the total area
(Figure 1b), thus it is an ecologically-fragile area and the vegetation structure has poor
stability [46]. The total average elevation is about 1100 m, presenting a general pattern that
is higher in the west, lower in the east, and tilts from the middle to the north, east, and
south. The topography can be roughly divided into three steps with each average elevation
being 1500 m, 800–1500 m, and 800 m, respectively. As in the middle and low-latitude
transition zone of the eastern Yunnan–Guizhou Plateau, the climate here is relatively com-
plex. It is influenced by atmospheric circulation and topography, and is divided into a
south subtropical climate, a middle subtropical climate, a north subtropical climate, and a
warm temperate climate. Most of the study area is located in the middle subtropical and
northern subtropical climatic regions, with an annual average temperature of 15 ◦C, an
annual sunshine duration of 1100–1400 h, and an annual average rainfall of 1100–1300 mm.
Meanwhile, based on the upper reaches of the Pearl River and the Yangtze River in China,
the water resources in Guizhou are relatively rich. However, the engineering water short-
age is prominent due to weak water storage capacity from the geological particularity of
karst [47].

Guizhou includes one provincial capital city (Guiyang) and eight prefecture cities,
with a total permanent population of 37.56 million in 2000 and 38.58 million in 2020.
The most populous cities are Bijie (17.89% of the total), Zunyi (17.13%), and Guiyang
(15.53%), among which Guiyang has the largest population density. The economics of
Guizhou has always been relatively backwards and is lower than the average level of
China. Due to the implementation of the “Western Development” strategy in 2000, the
socioeconomic development of Guizhou has been significantly improved, which result
in the urbanization rate increasing from 23.87% in 2000 to 53.15% in 2020 and the gross
domestic product (GDP) increasing from 102.99 billion CNY (2759 CNY per capita) to
1782.66 billion CNY (46,267 CNY per capita), resulting in Guizhou jumping to the forefront
of China in terms of its economic growth rate for several years. However, the rapid
development of socioeconomic activities also intensified land use and cover changes,
thereby increasing the risk of ecosystem functions being damaged and weakened.

158



Land 2022, 11, 1164

 

Figure 1. Location and districts of Guizhou province with topographic condition (a) and karst
distribution (b).

In sum, Guizhou is characterized by both ecological vulnerability and a backwards
economy, challenging it with the dual tasks of ecological protection and economic devel-
opment. Therefore, we took Guizhou as the study area, evaluated the ESV according to
reclassified land uses and revised equivalent factors, and investigated the determinants
of the ecosystem services based on geographic detection. The results could provide an
important reference and inspiration for the coordinated and sustainable development of
ecology and the economy in similar areas.

2.2. Data Sources and Pre-Processing

In this study, land-use data with a resolution of 1 × 1 km for five periods of 2000,
2005, 2010, 2015, and 2020 were obtained from the Resource and Environment Science
and Data Center (RESDC, http://www.resdc.cn, (accessed on 27 July 2021)). According
to pre-processing, each land area was extracted and the land, of which was proportional
to less than 2%, was merged into the corresponding primary land category to facilitate
the statistical analysis; thus, the land-use data were reclassified into nine types, including
paddy field, dry land, forest land, shrubbery, sparse wood, grassland, water area, building
land, and barren land. Meanwhile, based on previous studies and by combining the
regional characteristics of Guizhou with the available data, we preset nine main indicators,
including precipitation, temperature, normalized difference vegetation index (NDVI),
elevation, slope, lithology, cultivation, population density (PopDensity), and per capita
GDP (PerGDP), to comprehensively study the effects of natural factors and human activity
on the spatial differentiation of ESV. Among them, elevation and slope were extracted
through the DEM data with a resolution of 30 × 30 m, which were obtained from the
Geospatial Data Cloud (http://www.gscloud.cn, (accessed on 27 July 2021)). Cultivation
was represented by the proportion of farmland per unit area. The rest of the information for
the precipitation, temperature, NDVI, lithology, PopDensity, and PerGDP spatialized data,
and the administrative boundary vector data, were collected from RESDC. The data above
were mainly pre-processed in the ArcGIS 10.7 platform. A fishnet with a grid resolution of
3 × 3 km was created to cut each attribute layer in the study area, and a total of 20,095 grid
cells were obtained. The attribute values of every grid corresponding to all layers were
measured and extracted to facilitate a subsequent spatial analysis.

In addition, the other relevant socioeconomic development statistics were collected
from the Guizhou Provincial Statistical Yearbook, China Agricultural Statistical Yearbook,
and China Agricultural Price Survey Yearbook. In order to eliminate the influence of
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inflation factors on the results, all economic data were revised using the purchasing power
index to be comparable to the price in 2000.

2.3. Methods

The framework and procedure adopted in this study are presented in Figure 2. The
first step was model selection and data processing. The equivalent factor method was
selected based on the available data in Guizhou to assess the ESV, and the equivalent
coefficients were revised according to the regional productive and economic factors to get
more accurate evaluation results. Thereafter, the land uses were extracted and reclassified
based on remote sensing images to suit the selected method, and to highlight the changes in
major land uses in Guizhou and their impact on the ESV. The second step was to calculate
the ESV, investigate the temporal changes of the ESV, and adopt a sensitivity analysis to
verify the applicability of the revised equivalent coefficients. The third step was to match
the ESV to the space based on the land-use data and ESV calculation results, reveal its
distribution characteristics, and explore the ESV spatial clustering through the spatial
autocorrelation analysis. The fourth step was based on the analysis results of the ESV and
the selected influencing factors to identify the importance of different natural conditions
and human effects. From these steps, the evolution and determinants of ecosystem services
in Guizhou could be obtained. The main methods of each step are detailed as below.

 

Figure 2. Framework and procedure adopted in this study.

160



Land 2022, 11, 1164

2.3.1. Assessment of Ecosystem Service Value

The equivalent factor method originated from Costanza et al.’s [1] evaluation of the
global ESV in 1997, which was adapted for research in China. Xie et al. [20] modified the
equivalent value coefficients based on the questionnaire survey results of 200 ecologists,
and obtained the ecological service value per unit area of terrestrial ecosystems in China,
which include forestland, grassland, cropland, wetland, waterbodies, and bare land. Since
this method requires few data and adopts relatively uniform standard parameters, the
calculation is easy to operate and the results are intuitive and comparable. It is more
conducive to analyze the impact of the macro-scale land-use change on ESV evolution.
Therefore, the ESV was assessed using the equivalent factor method in this study. Based on
the previous studies and combined with the land-use features in Guizhou, nine ecosystems
were identified based on land reclassification, merging the land with area that was propor-
tional to less than 2% into a corresponding primary category. Since the ecosystem service of
building land is weak, the relevant ESV was considered as 0. The equivalent coefficients of
ESV for the rest of the ecosystem and each ecosystem service was decided upon according
to previous studies [41,48] and presented in Table 1.

Table 1. The equivalent coefficients of the ecosystem service value for different land uses.

Ecosystem Service Farmland Woodland

Grassland
Water
Area

Barren
LandPrimary

Type
Secondary Type

Paddy
Field

Dry
Land

Forest
Land

Shrubbery
Sparse
Wood

Provisioning
service

Food 1.36 0.85 0.29 0.19 0.38 0.22 0.80 0.01
Materials 0.09 0.40 0.66 0.43 0.56 0.33 0.23 0.03

Water −2.63 0.02 0.34 0.22 0.31 0.18 8.29 0.02

Regulating
service

Air quality regulation 1.11 0.67 2.17 1.41 1.97 1.14 0.77 0.11
Climate regulation 0.57 0.36 6.50 4.23 5.21 3.02 2.29 0.10

Waste treatment 0.17 0.10 1.93 1.28 1.72 1.00 5.55 0.31
Regulation of water flows 2.72 0.27 4.74 3.35 3.82 2.21 102.24 0.21

Erosion prevention 0.01 1.03 2.65 1.72 2.40 1.39 0.93 0.13
Maintenance of soil fertility 0.19 0.12 0.20 0.13 0.18 0.11 0.07 0.01

Habitat Service 0.21 0.13 2.41 1.57 2.18 1.27 2.55 0.12
Cultural and amenity service 0.09 0.06 1.06 0.69 0.96 0.56 1.89 0.05

Total 3.89 4.01 22.95 15.22 19.69 11.43 125.61 1.10

Specifically, one equivalent coefficient of ESV is defined as 1/7 of the economic value
of farmland’s grain per unit area yield, i.e., the monetary embodiment of the equivalent
ecological services. According to previous studies [20,41,48], it is generally average data
that originates from the national scale over a certain time. For different regions and periods,
the variations in productive and economic factors, such as grain types, sown area, yield
and prices, etc., could lead to significant differences in the ESV. In order to improve the
accuracy of ESV evaluation, scholars modified the equivalent value of ecosystem services in
a variety of ways, e.g., comparing grain yield, net profit, normalized difference vegetation
index, net primary productivity, precipitation, soil conservation, willingness to pay [49],
and so on, making adjustments with global, national, and regional average levels—and
in correspondence with expert experience. Therefore, considering the differences in grain
products and yields as well as the changes in demand and grain price over time in Guizhou,
the equivalent economic value of ecosystem services, i.e., the economic value for one ESV
equivalent coefficient, was confirmed through the following formula and presented in
Table 2:

Ea = Pa
1
7 ∑t

mt ptqt

M
(1)

where Ea denotes the economic value of ecosystem services corresponding to one equivalent
coefficient in year a (CNY/ha); t is the type of grain in the research area (mainly rice, corn,
and wheat in Guizhou); mt, pt, and qt represent the sown area (ha), average price (CNY/t),
and per unit area yield (t/ha) of each type of grain, respectively; M is the total sown area of
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grain (ha); and Pa is the purchasing power index in year a based on 2000, which was used
to revise the current price to a comparable price.

Table 2. The equivalent economic value of ecosystem services revised by the purchasing power index.

Item 2000 2005 2010 2015 2020

Economic value of one
equivalent coefficient at current

price (CNY/ha)
651.32 1002.48 1282.88 1613.49 1864.55

Purchasing Power Index * 1.00 0.94 0.81 0.71 0.63
Economic value of one

equivalent coefficient of
comparable price (CNY/ha)

651.32 937.54 1038.31 1137.98 1178.38

* Purchasing Power Index = Reciprocal of the Consumer Price Index (CPI), based on 2000.

Combining Tables 1 and 2, the value coefficient per unit area for each service of
different ecosystems in different years as well as the corresponding ESV could be calculated
according to the following formulas:

ESVij = VCij Ai = eijEa Ai (2)

ESV = ∑i ∑j ESVij (3)

where ESV denotes the ecosystem service value (CNY); i and j refer to the type of ecosystems
and ecosystem services, respectively; VCij is the value coefficient per unit area for service j
in ecosystem i (CNY/ha); Ai is the area of ecosystem i (ha); eij is the equivalent coefficient
of ESV shown in Table 1; and Ea is the economic value for one ESV equivalent coefficient
shown in Table 2 (CNY/ha).

2.3.2. Sensitivity Analysis

It is indispensable to conduct a sensitivity analysis to verify the elasticity between the
equivalent value coefficient (VC) of different ecosystems and the total ESV, where the VC
was adjusted by increasing or reducing by 50%, respectively, to ascertain the corresponding
change in total ESV [50]. The calculation formula is:

CS =

∣∣∣∣∣ (ESV′ − ESV)/ESV(
VC′

i − VCi
)
/VCi

∣∣∣∣∣ (4)

where CS is the sensitivity coefficient; VC and VC’ represent the initial and adjusted value
coefficient, respectively; ESV and ESV’ denote the total ecosystem service value before and
after the adjustment; and i is the type of ecosystems. If CS < 1, indicating ESV is inelastic
for VC, the research results are credible.

2.3.3. Spatial Autocorrelation Analysis

A spatial autocorrelation analysis is generally used to explore the spatial distribution
characteristics and heterogeneity of the ESV, including global and local autocorrelations [51].
Specifically, the global autocorrelation is mainly used to measure the spatial correlation
and similarity of the attribute values of adjacent grids over an entire region, while the local
autocorrelation is used to reflect the local spatial association and identify the hot spots and
cold spots [52]. In this study, the Global Moran’s I and Univariate local Moran’s I were
applied to characterize the spatial aggregation or discrete distribution of ESV in Guizhou
using GeoDa software. Permutation tests (9999) were used for the statistical significance
assessment [53]. The calculation is as follows:

I =
∑n

i=1 ∑n
j=1 ωij(xi − x)

(
xj − x

)
S2
(

∑i ∑j ωij

) (5)

162



Land 2022, 11, 1164

Ii =
(xi − x)∑n

j=1 ωij(xi − x)

S2 (6)

S2 =
1
n ∑n

i=1(xi − x)2 (7)

where I and Ii denote the Global Moran’s I and univariate local Moran’s I; n is the number
of grid cells; xi and xj represent the measured values of grid i and j; x is the average value
of the grids; ωij is the standardized spatial weight matrix between grid i and j; and S2 is the
variance. The global Moran’s I ranges from −1 to 1. If I is positive, the ESVs tend to cluster
together spatially (high values cluster together or low values cluster near to each other),
while if I is negative, high values will repel other high values and tend to be near low
values; the spatial autocorrelation is more significant when the I absolute value is larger. If
I is near zero, the ESV is randomly distributed with no correlation in space.

2.3.4. Geographic Detection

Geographic detection can be used to detect the stratified heterogeneity of the subject
being studied or reveal the possible causality between two variables by analyzing the
coupling of their spatial distributions [54]. A Geodetector model [55] was applied to
explore the correlations between ESV (Y) and the potential driving factors (Xs, nine selected
indicators as mentioned above) in this study. Fishnet cutting and stratified sampling were
conducted by ArcGIS to extract the corresponding grid values of the ESV and that of the
various driving factors. A statistical analysis was then performed through the Geodetector
model to identify dominant factors and their interactions with the ESV. Specifically, the
factor detector was used to measure the contribution of factors to ESV spatial distribution,
while the interaction detector was applied to assess whether the interaction of pairwise
factors would weaken or enhance the explanatory power for the ESV spatial distribution.
The factor detector model can be expressed as follow:

q = 1 − 1
Nσ2 ∑L

h=1 Nhσ2
h (8)

where q is the explanatory power of factor X on ESV spatial distribution; h is the partition
of factor X; L is the number of partitions; N and σ2 represent the number of samples and
the discrete variance in the entire region; and Nh and σh

2 are the number of samples and
the discrete variance in h layer, respectively. The value range of q is [0,1]. If the stratification
is generated by factor X, the larger the q is, the stronger the impact of this factor on the ESV
spatial distribution. When q is 0, it means there is no spatial relationship between X and Y.

3. Results

3.1. Land-Use Changes in Guizhou Province from 2000 to 2020

For more specific studies, land-use data in Guizhou were extracted and reclassified into
nine types, including paddy field, dry land, forest land, shrubbery, sparse wood, grassland,
water area, building land, and barren land. Moreover, considering that carbonate rocks
are widely distributed in Guizhou and form the typical karst geological and geomorphic
features, which may have a significantly different impact on vegetation distribution and
land use compared with non-karst regions, we further divided the study area into karst and
non-karst regions (Figure 1b) for comparative analysis. The area and proportion of different
land uses as well as land-use changes from 2000 to 2020 are presented in Table 3 and
Figure 3. The dominant land uses in Guizhou were woodland, farmland, and grassland,
among which woodland (including forest, shrubbery, and sparse wood) was the most
widely distributed. Due to the positive ecological policies, woodland always represented
more than 1/2 of the total area, followed by farmland (including paddy field and dry land)
with a proportion of over 1/4. The water area and building land were very small, while
barren land was the smallest—with the proportion only being about 0.02%.
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Table 3. The area (km2) of each land use and its proportion (%) in different regions in
Guizhou province.

Year Region

Farmland Woodland

Grassland
Water
Area

Building
Land

Barren
LandPaddy Field Dry Land

Forest
Land

Shrubbery
Sparse
Wood

2000 Karst 9619 a(8.30) p 24,923
(21.50)

12,519
(10.80)

29,779
(25.69)

16,629
(14.35)

21,670
(18.70) 287 (0.25) 470 (0.41) 14 (0.01)

Non-karst 5141 (8.54) 9714
(16.14)

11,246
(18.69)

13,466
(22.38)

9994
(16.61)

10,375
(17.24) 125 (0.21) 92 (0.15) 30 (0.05)

All region 14,760 (8.38) 34,637
(19.67)

23,765
(13.50)

43,245
(24.56)

26,623
(15.12)

32,045
(18.20) 412 (0.23) 562 (0.32) 44 (0.02)

2005 Karst 9521 (8.21) 25,000
(21.57)

12,620
(10.89)

29,847
(25.75)

17,155
(14.80)

20,973
(18.09) 294 (0.25) 487 (0.42) 13 (0.01)

Non-karst 5085 (8.45) 9820
(16.32)

11,234
(18.67)

13,560
(22.53)

10,286
(17.09)

9958
(16.55) 124 (0.21) 92 (0.15) 24 (0.04)

All region 14,606 (8.29) 34,820
(19.77)

23,854
(13.55)

43,407
(24.65)

27,441
(15.58)

30,931
(17.57) 418 (0.24) 579 (0.33) 37 (0.02)

2010 Karst 9482 (8.18) 24,926
(21.50)

12,648
(10.91)

29,784
(25.70)

17,186
(14.83)

21,002
(18.12) 324 (0.28) 545 (0.47) 13 (0.01)

Non-karst 5082 (8.44) 9785
(16.26)

11,282
(18.75)

13,643
(22.67)

10,290
(17.10)

9819
(16.32) 161 (0.27) 97 (0.16) 24 (0.04)

All region 14,564 (8.27) 34,711
(19.71)

23,930
(13.59)

43,427
(24.66)

27,476
(15.60)

30,821
(17.50) 485 (0.28) 642 (0.36) 37 (0.02)

2015 Karst 9245 (7.98) 24,725
(21.33)

12,614
(10.88)

29,690
(25.61)

17,126
(14.78)

20,865
(18.00) 342 (0.30) 1291 (1.11) 12 (0.01)

Non-karst 5016 (8.33) 9720
(16.15)

11,273
(18.73)

13,604
(22.60)

10,272
(17.07)

9780
(16.25) 177 (0.29) 316 (0.53) 25 (0.04)

All region 14,261 (8.10) 34,445
(19.56)

23,887
(13.56)

43,294
(24.59)

27,398
(15.56)

30,645
(17.40) 519 (0.29) 1607 (0.91) 37 (0.02)

2020 Karst 8294 (7.16) 25,303
(21.83)

14,558
(12.56)

29,940
(25.83)

13,489
(11.64)

21,650
(18.68) 743 (0.64) 1925 (1.66) 8 (0.01)

Non-karst 4877 (8.10) 9810
(16.30)

12,125
(20.15)

13,408
(22.28)

9507
(15.80)

9534
(15.84) 446 (0.74) 453 (0.75) 23 (0.04)

All region 13,171 (7.48) 35,113
(19.94)

26,683
(15.15)

43,348
(24.62)

22,996
(13.06)

31,184
(17.71) 1189 (0.68) 2378 (1.35) 31 (0.02)

a Area of each land use (km2). p Area proportion of each land use (%).

In terms of temporal change, the area of woodland, farmland, grassland, and barren
land declined overall during the research period, decreasing by 2.24%, 0.65%, 2.69%, and
29.55%, respectively. Among them, farmland roughly declined period by period, with a
maximum decreasing rate of 1.15% from 2010 to 2015. Woodland increased in the early
stages and reached a maximum area proportion of 53.85% in 2010; after that, it gradually
reduced to a minimum area proportion of 52.83% in 2020, which was opposite to grassland.
The total decreasing rate of barren land was the highest, but the change amount was
less than 10 km2 due to the smallest total area. Contrarily, water area and building land
increased significantly, in which, building land presented the highest total change rate—over
300%—increasing from 562 km2 in 2000 to 2378 km2 in 2020, and growing the fastest from
2010 to 2015 with a rate of 150.31%. Water area exhibited a similar variation trend with
building land and had a maximum increasing rate of 129.09% during the last stage. The
continuous implementation of the Grain to Green Project in Guizhou is the main reason for
the decrease in farmland and the increase in woodland during the early stages, while the
rapid urbanization development in the last decade is the key factor that caused the rapid
increase in building land. Moreover, the increase in water area is mainly caused by the
water storage in reservoirs in the Central Guizhou Water Conservancy Project.

Given the unique karst mountain landform in Guizhou, the land surface is cut to
varying degrees and fluctuates greatly, thus forming an obviously fragmented distribution
of land use. According to Figure 3, woodland was mainly distributed in the north, east, and
south of Guizhou, including some contiguously-distributed forest in the natural reserves,
such as the Subtropical Evergreen Broad-leaved Forest National Nature Reserve in the
north, Anlong Xianheping National Forest Park in the southwest, and Fanjing Mountain
National Nature Reserve in the east. Grassland was more spread out in the western region
with higher altitudes, and this type was mostly alpine meadows. Farmland was scattered
in gentle slopes and low-lying areas and was closely related to the population distribution.
Bijie and Zunyi had the largest population as well as the top three land areas among the
nine cities in Guizhou and thus accounted for nearly 40% of the total farmland. Water
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area was concentrated in the rivers, lakes, and reservoirs of the Wujiang River system and
Hongshuihe River system, while building land was intensively distributed in each central
city area, especially within the Central Guizhou Cities Group.

Figure 3. The land-use changes in Guizhou province from 2000 to 2020.

Moreover, it is interesting that the land-use distribution had large differences between
karst and non-karst regions. For instance, the proportion of paddy fields in farmland
was lower in karst regions than in non-karst areas, while that of dry land was reversed.
This is because carbonate rock is resistant to physical weathering but easily dissolved and
lost through chemical erosion, thereby causing the slowness of the soil-forming process
and thus the shallow and discontinuous soil. In general, paddy fields require thicker
and relatively concentrated soil relative to dry land, thus representing the distribution
features as above. Similarly, in karst regions the proportion of grassland was higher but
that of woodland was lower compared to non-karst areas. Meanwhile, the proportion of
shrubbery in woodland was significantly higher in karst regions than in non-karst areas. In
addition to soil differences, these land-use distribution characteristics are also related to
the extensively developed fissures and pipes in karst regions, where rainfall tends to move
underground with less surface water storage and weak soil-water holding capacity, which
is more suitable for the development of low-water-demand grassland and shrubbery.

3.2. Temporal Variations of Ecosystem Service Value in Guizhou Province from 2000 to 2020
3.2.1. Variations of Ecosystem Service Value in Different Ecosystems

During the research period, the total ESV in Guizhou showed a significant increase
from 152.55 billion CNY in 2000 to 285.50 billion CNY in 2020 (Table 4), with an overall
growth rate of 87.15%. Among that, the ESV grew the fastest from 2000 to 2005 at an
increment of 67.86 billion CNY and a growth rate of 44.48% which was more than half of
the overall increase. Thereafter, the ESV growth gradually slowed down and reached a
minimum growth rate of 11.42% from 2015 to 2020. Since the economic value of farmland’s
grain per unit area yield determines the equivalent economic value of ecosystem services,
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the rise in grain unit price (comparable price) could be the key factor for the continuous
increase of ESV.

Table 4. The ecosystem service value (billion CNY) of each land use and its proportion (%) in
Guizhou province.

Land Use Type
2000 2005 2010 2015 2020

ESV % ESV % ESV % ESV % ESV %

Paddy field 3.74 2.45 5.33 2.42 5.88 2.40 6.31 2.35 6.04 2.11
Dry land 9.05 5.93 13.09 5.94 14.45 5.90 15.72 5.86 16.59 5.81

Forest land 35.52 23.29 51.33 23.29 57.02 23.27 62.39 23.27 72.16 25.28
Shrubbery 42.87 28.10 61.94 28.10 68.63 28.00 74.99 27.97 77.74 27.23

Sparse wood 34.14 22.38 50.66 22.98 56.17 22.92 61.39 22.90 53.36 18.69
Grassland 23.86 15.64 33.15 15.04 36.58 14.93 39.86 14.87 42.00 14.71
Water area 3.37 2.21 4.92 2.23 6.33 2.58 7.42 2.77 17.60 6.16
Barren land 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00

Total 152.55 100.00 220.41 100.00 245.07 100.00 268.08 100.00 285.50 100.00

Structurally, significant differences in the ESVs among different land uses appeared.
As mentioned above, the dominant types of land use in Guizhou were woodland, farm-
land, and grassland, with their ESV accounting for 93.83–97.79% of the total ESV, and thus
playing a decisive role in ecosystem services. In particular, woodland made the greatest
contribution, providing 71.20–74.37% of the total ESV (Table 4), while its area only ac-
counted for 52.83–53.85% of the total area (Table 3). Due to the increase in the equivalent
economic value of ecosystem services, the ESV of each land use always maintained a
rising trend during the study period, except for paddy fields and sparse woods during
2015–2020. However, the detailed contribution of each land use to the total ESV varied
differently over time. The area of farmland and grassland gradually decreased, causing its
ESV proportion in the total ESV to continuously decrease from 8.38% and 15.64% in 2000 to
7.92% and 14.71% in 2020, respectively. The area of woodland increased during the early
stages, leading its ESV proportion in the total ESV to increase from 73.77% in 2000 to 74.37%
in 2005, and then gradually decrease to 71.2% in 2020, which was accompanied by the
decrease of its area. The above reduced ESV was mainly replaced by the ESV provided from
water areas. Though its area was small, water area provided the highest growth rate of ESV,
with its proportion climbing from 2.21% up to 6.16% in the total ESV, which was close to
the ESV provided by farmland and even exceeded the ESV from paddy fields or dry land,
indicating that water area plays more and more of an important role in ecosystem services.

3.2.2. Sensitivity Analysis of the Variations of Ecosystem Service Value

The ranking of the ESV sensitivity index for each land use is woodland, grassland,
farmland, water area, and barren land (Table 5). In the subclass of land use, the highest ESV
sensitivity index appears in shrubbery as 0.2810, meaning that the shrubbery in woodland
is more sensitive to changes in the ESV equivalent coefficient than other land uses. This is
because of the large area of shrubbery in the study area as well as its higher ESV coefficient.
Overall, all the ESV sensitivity coefficients are much less than 1.00, indicating that changes
in the ESV equivalent coefficients have less impact on the total ESV. Therefore, the ESV
equivalent coefficients in this study are basically reliable and applicable, thus the results
are credible.
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Table 5. The sensitivity index resulting from adjustment of equivalent coefficient.

Ecosystem
Sensitivity Index

2000 2005 2010 2015 2020

Paddy field 0.0245 0.0242 0.0240 0.0235 0.0211
Dry land 0.0593 0.0594 0.0590 0.0586 0.0581

Forest land 0.2329 0.2329 0.2327 0.2327 0.2528
Shrubbery 0.2810 0.2810 0.2800 0.2797 0.2723

Sparse wood 0.2238 0.2298 0.2292 0.2290 0.1869
Grassland 0.1564 0.1504 0.1493 0.1487 0.1471
Water area 0.0221 0.0223 0.0258 0.0277 0.0616
Barren land 0.0000 0.0000 0.0000 0.0000 0.0000

3.2.3. Changes in the Value of Individual Ecosystem Services

From 2000 to 2020, the value of each ecosystem service always presented an upward
trend, however, the changes in their proportions in the total ESV showed great differences
(Table 6). In terms of the primary type, regulating services were dominant and continuously
increased, reaching the highest value of 226.79 billion CNY and the largest proportion
of 79.44% in the total ESV in 2020. The value of cultural and amenity services were the
lowest, with its maximum proportion being only about 4.39% in the total ESV. The change
in provisioning services was consistent with regulating services, where the value and
proportion increased simultaneously. However, in habitat services as well as cultural and
amenity services, the values gradually increased but their proportions showed an opposite
change, reducing by 0.34% and 0.13% in the total ESV during the study period.

Table 6. The value of individual ecosystem services (billion CNY) and its proportion (%) in
Guizhou province.

Ecosystem Service
2000 2005 2010 2015 2020

ESV % ESV % ESV % ESV % ESV %

Providing Food 5.35 3.51 7.71 3.50 8.53 3.48 9.26 3.46 9.46 3.31
Providing Materials 4.89 3.20 7.06 3.20 7.82 3.19 8.54 3.18 8.83 3.09

Providing Water −0.20 −0.13 −0.24 −0.11 −0.19 −0.08 −0.10 −0.04 0.86 0.30
Air quality regulation 15.73 10.31 22.70 10.30 25.15 10.26 27.44 10.23 28.16 9.86

Climate regulation 38.73 25.39 55.96 25.39 62.03 25.31 67.76 25.28 69.96 24.50
Waste treatment 12.20 8.00 17.63 8.00 19.57 7.99 21.40 7.98 22.40 7.85

Regulation of water flows 33.98 22.27 49.08 22.27 55.09 22.48 60.52 22.58 70.15 24.57
Erosion prevention 18.37 12.04 26.55 12.04 29.41 12.00 32.12 11.98 33.14 11.61

Maintenance of soil fertility 1.67 1.10 2.41 1.09 2.67 1.09 2.91 1.09 2.99 1.05
Habitat Services 15.15 9.93 21.88 9.93 24.27 9.90 26.51 9.89 27.39 9.59

Cultural and amenity
services 6.69 4.39 9.67 4.39 10.72 4.38 11.72 4.37 12.17 4.26

For the secondary type of ecosystem service, the ranking of value is as follows: Climate
regulation services > Regulation services of water flow > Erosion prevention services > Air
quality regulation services > Habitat services > Waste treatment services > Cultural and
amenity services > Providing food services > Providing materials services > Maintenance
services of soil fertility > Providing water services. Except for the regulation services of
water flow exceeding climate regulation services in 2020, the order of individual ecosystem
services during the whole period was exactly the same, indicating that the ecosystem
structure and function were relatively stable. Climate regulation services had the highest
value and were the most dominant ecosystem service, accounting for 47.66% of the total
ESV. The lowest value was found in providing water services, which were even negative
from 2000 to 2015, manifesting as the utilization and consumption of water resources. The
value of providing water services did not turn positive until the substantial increase of
water area in 2020, but still only provided 0.30% of the total ESV. Moreover, the value
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proportions of regulation services of water flow and providing water services gradually
increased, which mainly came from the contribution of the increased water area. Inversely,
the value proportions of the remaining ecosystem services all decreased from 2000 to 2020,
in which the value proportion of the climate regulation services decreased the most, while
that of maintenance services of soil fertility decreased the least.

3.3. Spatial Characteristics of Ecosystem Service Values in Guizhou Province from 2000 to 2020
3.3.1. Spatial Distribution and Variations of Ecosystem Service Values

Based on the data and methods above, the ESVs of Guizhou from 2000 to 2020 were
further assigned into grids with values of lowest, low, medium, high, and highest to express
the spatial distribution characteristics (Figure 4).

 

Figure 4. The spatiotemporal differentiation of ecosystem service values in Guizhou province from
2000 to 2020.

The ESVs in Guizhou were generally higher in the east and lower in the west. In
2000, it was dominated by medium and low values, accounting for 45.67% and 30.64% of
the total area, respectively, among which low values were mainly distributed in western
Guizhou. High values were scattered like plaques in the east and southeast, as well as
having a small distribution in the northern and southern edges, which accounted for about
17.79% of the total area. The lowest and highest values were few, while the former was
distributed as points near the downtown area and the latter was concentrated in the water
area in the central Guizhou reservoirs and the Wujiang River basin. In 2005 and 2010, the
medium and low value areas were significantly concentrated in the west; instead, high
value areas expanded rapidly on the original basis, and were concentrated and continuously
distributed in eastern, southeastern, and southern Guizhou with absolute dominance—and
gradually spread to the central and western regions. In 2015 and 2020, the medium and
low values were further reduced to 12.09–12.10% and 3.59–4.45% of the total area, and the
high values covered 67.33–71.17% of the total area, while the original high value areas in
2000 were gradually transformed into the highest value areas, which accounted for 13.64%
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of the total area in 2020. The lowest value areas showed little changes during the early
stages but increased slightly in 2020 and concentrated near the urban agglomeration of
central Guizhou due to urban development and building land expansion. Overall, the
spatial differentiation of ESV above is greatly correlated with the topography that is higher
in the west and lower in the east, as well as being correlated with the distribution of land
use in Guizhou. The temporal evolution of this spatial differentiation is largely affected by
the increased equivalent economic value of ecosystem services.

Furthermore, by comparing karst regions with non-karst areas, we found some special
and interesting results (Table 7). In karst regions, the total amount of ESV was higher
because of its larger area. However, the average ESV per unit area in karst regions was
always lower than in non-karst areas. Similarly, the annual change rate of the ESV was
lower in karst areas but higher in non-karst areas, meaning there was a slower growth of
the ESV in karst areas. This indicates that geological bases, such as lithology, may have
specific effects on the spatial differences and the evolution of ESVs.

Table 7. The ecosystem service values (billion CNY) and its annual change rate (%) of different
regions in Guizhou province.

Region

ESV Annual Change Rate

2000 2005 2010 2015 2020 2000–2005 2005–2010 2010–2015 2015–2020 2000–2020

Karst (total) 96.99 140.22 155.70 170.15 180.28 8.92% 2.21% 1.86% 1.19% 4.29%
Karst (CNY/ha) * 8367.40 12,097.49 13,433.09 14,679.14 15,553.61 - - - - -
Non-karst (total) 55.56 80.19 89.36 97.93 105.21 8.86% 2.29% 1.92% 1.49% 4.47%

Non-karst (CNY/ha) * 9232.49 13,324.27 14,848.69 16,272.06 17,482.15 - - - - -

* Average ecosystem service value per unit area in karst and non-karst regions.

3.3.2. Spatial Autocorrelation Analysis of Ecosystem Service Value

According to Geoda software, a global autocorrelation analysis was performed to
further explore the spatial distribution and agglomeration of ESVs in the study area.
As shown in Figure 5, Moran’s I during the study period was always greater than 0,
indicating a positive spatial autocorrelation and agglomeration in ESVs, with high values
being adjacent to each other and low values concentrated together. Meanwhile, Moran’s I
gradually decreased from 2000 to 2020, meaning that the spatial differences of the ESVs
were enhanced and the spatial heterogeneity became larger, especially at the end of the
study period, the value points are more scattered, corresponding to the lowest Moran’s I
on the scatter plot. Moreover, the value points are mainly distributed in the first and third
quadrants, and are more concentrated in the third quadrant, indicating smaller differences
between the grids in low value areas. Some of the value points extend along the trend line
to the first quadrant, especially in 2020, meaning that the value of some grids increased and
were obviously higher than other adjacent grids; this is just matching the rapid evolution
of the highest value areas in 2020, as mentioned above.

As can be seen from the cluster map (Figure 6), the difference in the ESV spatial ag-
glomeration in Guizhou was not significant from 2000 to 2015, indicating that the ecosystem
structure was relatively stable. ESV hot spots (high–high value areas) were mainly dis-
tributed in the east and southeast, and gradually extend along the northwest and southwest
directions, showing similarity with the “>” type distribution characteristics. Woodland in
these areas was widely distributed, with good ecological integrity and strong ecological
service function, which is extremely important for maintaining and improving the regional
ecological environment. ESV cold spots (low–low value areas) were mainly distributed
in central and northern Guizhou. The land uses in these areas were mainly farmland, ac-
companied by a large amount of building land with a large population density and strong
human disturbance. In addition to protecting basic farmland and ensuring ecological land,
the rational development and utilization of urban building land should not be neglected.
In 2020, the ESV spatial agglomeration evolved some differences, roughly showing a small
contraction of the distribution range of hot spots and cold spots. However, the cold spots
in central Guizhou appeared local expansion and connection, which were mainly caused
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by the rapid agglomeration and development of the cities in central Guizhou, and thus the
expanded building land. In future developments, special attention should be paid to the
conservation and restoration of ecosystem services in these regions.

 

Figure 5. The changes in Global Moran’s I of ecosystem service values in Guizhou province from
2000 to 2020.

3.3.3. Geographical Detection of Spatial Differentiation in Ecosystem Service Values

From the results above, it can be found that ESVs in Guizhou showed obvious spatial
differentiation, which is mostly formed under the combination of natural factors such as
climate, vegetation, topography, and geology, as well as human activities. On the basis of
this, nine potential driving factors were selected for “Factor detection” and “Interaction
detection” according to the Geodetector model to further clarify the contribution of these
factors to the ecosystem service spatial heterogeneity. The factor detection results (Table 8)
show that each factor has a significant correlation with the spatial distribution of the ESVs,
but the respective contribution varies greatly. The multi-year average q value is overall
ordered as Precipitation > Temperature > Cultivation > Elevation > PopDensity > NDVI >
Slope > Lithology > PerGDP. Among them, Precipitation has the strongest interpretation of
the ESV spatial distribution, with each q value exceeding 0.7, followed by Temperature, in
which the minimum q value also reaches above 0.6, indicating that climate plays a crucial
role in the ESV spatial distribution. In addition, the factors with q values that reach above
0.5 include Elevation, Cultivation, and PopDensity, implying that topography is also a key
control factor; furthermore, the influence of human tillage and population density, which
reflect the intensity of human activity, cannot be ignored.
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Figure 6. The local indicators of spatial association cluster maps of ecosystem service values in
Guizhou province from 2000 to 2020.

Table 8. The q statistic and p value of nine factors according to geographical detection.

Factor
2000 2005 2010 2015 2020

q Statistic p Value q Statistic p Value q Statistic p Value q Statistic p Value q Statistic p Value

Precipitation 0.7820 0.0000 0.7786 0.0000 0.7757 0.0000 0.7687 0.0000 0.7068 0.0000
Temperature 0.6892 0.0000 0.6894 0.0000 0.6831 0.0000 0.6742 0.0000 0.6153 0.0000

NDVI 0.2232 0.0000 0.2426 0.0000 0.2794 0.0000 0.2675 0.0000 0.2472 0.0000
Elevation 0.6363 0.0000 0.6356 0.0000 0.6299 0.0000 0.6243 0.0000 0.5838 0.0000

Slope 0.1617 0.0000 0.1619 0.0000 0.1605 0.0000 0.1584 0.0000 0.1439 0.0000
Lithology 0.1370 0.0000 0.1368 0.0000 0.1355 0.0000 0.1340 0.0000 0.1244 0.0000

Cultivation 0.6552 0.0000 0.6493 0.0000 0.6428 0.0000 0.6346 0.0000 0.5812 0.0000
PopDensity 0.6477 0.0000 0.5032 0.0000 0.6331 0.0000 0.6163 0.0000 0.3611 0.0000

PerGDP 0.1228 0.0000 0.1246 0.0000 0.1293 0.0000 0.0332 0.0000 0.1285 0.0000

Interaction detection is used to investigate whether the combination of any two factors
enhance or weaken the strength of the separate interpretation of the ESV spatial distri-
bution. It is shown that each interaction q value is greater than that of a single factor,
which further indicates that the spatial distribution of ESVs in Guizhou is the result of the
combination of multiple factors. Given the complexity of the data group, we only list the
strongest interaction factors in each period (Table 9). The interaction between Precipitation
and Lithology, Precipitation and NDVI, and Precipitation and Temperature showed the
strongest interpretation of the ESV spatial distribution, with interaction q values all above
0.72, indicating the basic role of natural factors on ESV spatial patterns. The interaction
of Precipitation ∩ Lithology is the most prominent, with the highest interaction q value of
0.7950, implying that the difference in lithology would have a great impact on the spatial
pattern of ESV under the same precipitation conditions.
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Table 9. The dominant interaction factors driving the spatial differentiation in ecosystem
service values.

Year Interaction Factors Interaction q Interaction Result

2000 Precipitation ∩ Lithology 0.7950 Enhance, bi-
2005 Precipitation ∩ NDVI 0.7937 Enhance, bi-
2010 Precipitation ∩ Lithology 0.7889 Enhance, bi-
2015 Precipitation ∩ Lithology 0.7820 Enhance, bi-
2020 Precipitation ∩ Temperature 0.7202 Enhance, bi-

4. Discussion

4.1. Mechanism of the Temporal Variation of Ecosystem Service Value
4.1.1. Social Demand

In the assessment of ESV, while the equivalent coefficient is determined, the change of
ESV per unit area under the same land use depends on the equivalent economic value of
ecosystem services, i.e., determined by the economic value of grain yield per unit area of
farmland [29]. In many studies [33,36,42], to focus more on the effect of land-use change
on the ESV, the multi-annual average grain price is usually used in the ESV calculation to
deduct the impact of price changes on ESV. According to the results of such studies, the
ESV variations are generally small, unless there is a large change in land use. Actually,
ESV is also the value expression of ecosystem services, which means that the temporal
changes and regional differences in grain prices may often bring about huge differences
in the ESV [56–58]; this cannot be ignored, especially in the ESV evaluation over long
timescales. In this study, ESV continuously increased mainly due to the rise of grain unit
prices (comparable price). Supposing there is no conversion among different land uses,
the increase of ESV caused by the increase of comparable grain unit prices from 2000
to 2020 could be 123.49 billion CNY, about 92.86% of the existing total increment. After
deducting the impact of the purchasing power index on prices, this change is largely the
value expression of social demand. That is to say, with the development of society and the
economy, the disposable personal income and living standards are gradually improved, so
thus the quantity and quality of consumer demand enhanced [59]. For ecosystem services,
people also potentially have a higher willingness and ability to pay, thus representing a
higher ESV.

4.1.2. Land-Use Change

There are significant differences in the ecosystem services under various land uses,
corresponding to different ESV equivalent coefficients [20], e.g., the equivalent coefficients
of forest land and dry land have a 5-fold gap, while that of water area is even 31-times
higher than dry land in this study. In addition, building land is mostly considered a none
ecosystem service, thus the ESV is zero [60–62]. It follows that, once land use changes, so
will ecosystem services and their corresponding value. The staged growth of ESV, where it
was faster earlier but slower later in Guizhou, is determined by both the rise of grain prices
and the change of land use together. From 2000 to 2010, the continuous afforestation and
the Grain to Green Project in Guizhou caused an increase of woodland and thus promoted
the growth of total ESV due to the higher ESV equivalent coefficient, which corresponded
to a faster growth rate. Obviously, the increase of woodland has a positive effect on ESV.
A similar change is particularly significant according to the study of Han et al. [52], in
which the land use transfer is dominated by vegetation restoration and has significantly
promoted the growth of ESV by nearly 20%. However, during 2010–2020, the development
of Guizhou was accelerated and the urbanization rate climbed up rapidly. A large area
of land was occupied by the exploitation of building land, offsetting some of the ESV
increment caused by rising grain prices, and thus showing a slower growth rate. While in
those studies that did not consider the price factors, the transfer of other land to building
land usually leads to a direct decline in ESV [34], or maintains a relatively stable ESV
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through the compensation of ecological land during urban construction [63]. In this study,
if the impact of price changes is excluded, the total ESV will increase by 5.25 billion CNY,
which is about 3.95% of the current increment. It shows that, despite the recent acceleration
of urban construction, the evolution of land use in Guizhou during the research period
has an overall positive role on ecosystem services. However, special attention should also
be paid to the rational exploitation and efficient utilization of building land to ensure the
coordinated and sustainable development of the economy and ecology.

4.2. Driving Factors for the Spatial Differentiation in Ecosystem Service Values
4.2.1. Climate and Vegetation

Climate and vegetation significantly influence ecosystem diversity. Precipitation and
temperature are the most intuitive and prominent features of climate, in which the dif-
ferences in precipitation and temperature among regions constitute an important basis
for the spatial differentiation of vegetation and ecosystems. Moreover, as the producer
of ecosystems, vegetation determines the complexity of ecosystem structure to a large
extent. In general, areas with abundant water and heat conditions are more suitable for
developing forest vegetation and forming more complex ecosystems. With the decrease
of water and heat, the natural vegetation gradually evolves to grassland and even desert,
the ecosystem structure tends to be simple [64], thus the ecosystem services are weakened
and the corresponding value is reduced. The precipitation and temperature in Guizhou
vary greatly in different regions and are characterized by the monsoon climate. The water
and heat are abundant in the east with an average annual rainfall and temperature of
900–1300 mm and 16–18 ◦C; while that of the western area are lower, about 800–1100 mm
and 10–14 ◦C, respectively. Therefore, the ESV is higher in the east and lower in the west,
and the high-value areas are mainly concentrated in the lush forest in eastern and southeast-
ern Guizhou, forming ESV hot spots. This is also well confirmed by the highest q-values of
precipitation and temperature according to the geographical detection in this study. The
ESV spatial differentiation driven by climate is particularly evident in large-scale studies.
According to Xie et al. [29], the ESV in China exhibits a distribution rule corresponding to
the zonal vegetation and climate, which gradually decreases from southeastern forest areas
with abundant rainfall to northwestern arid vegetation areas and desert, and the difference
is significant. Similar to this study, the spatial differentiation of ESV on a meso-scale [36]
and small-scale [65] also reflects the effects of topography and regional microclimate, but
this spatial difference is much smaller than that of large-scale studies.

4.2.2. Topography and Geology

Topographical and geological conditions have multiple effects on ecosystems. Com-
plex topography is an important factor in causing regional climate differences. The study of
Wu et al. [66] on the Qinghai–Tibet Plateau shows that the ESV decreased with an increase
in the elevation gradient, and the ESV decreased first and then increased based on the
gradient of the slope and terrain niche index, which indicates that the ESV has a signifi-
cant correlation with the topography. Generally, in the troposphere, air temperature will
gradually decrease with the rise of altitude, while the precipitation will increase slightly
within a certain elevation range but decrease rapidly thereafter. This is also an important
reason for the low average annual temperature and rainfall in the high-altitude area of
western Guizhou, which corresponds to the preponderant distribution of alpine meadows
and thus the lower ESV. The western mountain land extends along the Miaoling mountains
to central Guizhou and slopes to the north, east, and south, leading to gradually increases
in water and heat as well as the development of forests—so the ESV is generally higher. On
the other hand, the slope and lithology also affect the formation and development of soil
as well as the redistribution of surface water and groundwater. Through a study of ESV
in northern Guangxi, Zhang et al. [65] found that geology is fundamentally important for
ecosystem services and the special geological conditions of karst have different effects on
ESV compared to non-karst areas. In karst areas, carbonate rocks are easily dissolved by
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chemical weathering and transfer with water flow because of its rapid reaction kinetics,
leaving less soil parent material, and the soil formation process is slow [67]. Meanwhile,
soil particles are also prone to be eroded by water flow on steep mountains, resulting in
more debris from primary minerals but less secondary clay minerals in slope soil and the
corresponding weak soil water-holding capacity [68]. In addition, widely developed karst
fissures will further promote the transfer of surface water underground [69]. However,
in the intermountain depression, part of the flushed soil particles accumulate to form a
relatively thick soil layer. All the above-mentioned reasons significantly affect the regional
distribution of vegetation, thereby explaining the lower ESV per unit area in karst areas
than non-karst areas, and the lower ESV on high-slope areas than low-lying areas. To sum
up, due to the specific geological and hydrological conditions [70], karst regions are usually
characterized by a lack of surface runoff [71], thin soil layer [72], serious soil erosion [73],
and weak fertility [74], resulting in low environmental carrying capacity and weak anti-
interference ability, as well as poor ecosystem stability [74], with slow vegetation recovery
and development, thus showing lower ESV growth than that in non-karst areas.

4.2.3. Human Activities

In addition to the above natural conditions, human activities are also a key factor
for local spatial differences in ESV. Guo et al. [75] found that ESV is affected by a com-
bination of the natural environment and human activity, where population is the most
important influencing factor of ESV, and the influence of human activities on ESV may be
further strengthened through rapid economic development. In our research, the Geode-
tector results also indicate that there is a high spatial correlation between agricultural
activity and population density with ESV. In high altitude mountains and nature reserves,
e.g., Fanjing Mountain National Nature Reserve, it is less populated with no cultivation
and few disturbances to the ecosystem, natural vegetation such as alpine grassland and
native forests are widespread, and the ESV is relatively high. In the foothills with low
altitudes and slow slopes, as well as relatively flat areas, which are suitable for farming,
the population is concentrated and the vegetation is dominated by farmland as well as
sparse wood, shrubbery, and grassland, which are converted from farmland according to
the Grain to Green Project, showing relatively low ESV. Especially in Bijie City, which is
located in the west of Guizhou and has the largest population as well as the third largest
area in the province—most of which are high altitude mountains—the population and
farmland are mainly concentrated in the low terrain districts and counties, thus low value
areas of ESV are continuously distributed, thereby forming cold spots. In addition, in the
central city area of each administrative region, there is a dense population and intense
urban construction, and the land use is dominated by building land—except for a small
amount of park and greenbelt—thereby presenting the lowest ESV. This is also the main
reason for the continuous distribution of ESV cold spots in the Central Guizhou Cities
Group. It can be seen that in areas with complex terrain, human activity not only affects
ecosystem services but are also restricted by natural conditions. Especially under rapid
development, special attention should be paid to avoid irrational development and disor-
derly human disturbances, which could lead to ecological and environmental destruction
and degradation of similar karst mountain areas like Guizhou, and even induce natural
and socioeconomic problems such as disaster and poverty [76].

5. Conclusions

During the study period, ESV in Guizhou shows a continuous upward trend, and the
increase was faster during the early stages but slowed down during the later stages. Rising
social demand reflected by grain prices is the leading factor for ESV increase, contributing
to about 92.86% of increment. During the first decade, the continuous implementation of
the Grain to Green Project significantly promoted the growth of woodland, which even
reached 53.85% of total area, and thus accelerated the rise of ESV. Rapid social and economic
development during the latter decade increased the demand for building land, causing over
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a three-fold rise relative to that in 2000, offsetting some of the growth in ESV. Influenced
by natural conditions and human activities, ESV spatial differentiation is significant, with
a higher ESV in northern, eastern, and southern regions, and lower ESV in the west. The
highest value areas are concentrated in eastern and southeastern Guizhou, which have
abundant water and heat conditions and less human activity, thereby forming ESV hot
spots. The lowest value areas are continuously distributed in the western mountains
with poor water and heat conditions and densely-populated areas in central and western
Guizhou, forming cold spots.

Consequently, the spatial and temporal change of ESV is a combination of the results
of natural conditions, such as climate, topography, and geology, as well as human activities,
such as agricultural activities and urban construction. Natural conditions constitute the
basis of ecosystems and ensure the service ceiling they can provide, which is difficult to
intervene in. Human activities affect the stability of ecosystem services and determine its
lower limit. Positive ecological policies can improve the stability of ecosystem services, and
unreasonable development, especially in ecologically sensitive and fragile karst areas, will
significantly weaken ecosystem services, which are difficult to recovery. Considering the
limitation of land resources and the inevitability of social development, we should persevere
in the coordinated development of ecology, society, and the economy: consolidating the
achievements of afforestation and protecting ecological land to ensure ecological security,
strictly sticking to the farmland red line to ensure food security, and scientifically planning
of building land to improve comprehensive land-use efficiency, thereby to achieve high-
quality economic development.

This study comprehensively considers the limiting effects of natural conditions and
the effects of human activity. Moreover, social demands obviously influenced the value
embodiment of ecosystem services and was also taken into account. This could provide
methodological references for similar research. In this study, we only investigated the
temporal changes of social demands and the relevant impact on ESV; however, the spatial
differences of social demands also have significant implications for ecological compen-
sation and economic coordination between regions, which we will take into account in
further research.
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Abstract: Land-use change has a significant impact on the structure and function of ecosystems and
is an important reason for the imbalance between the supply and demand of ecosystem services.
Pollination services are indispensable functions of ecosystems. In recent years, land-use change has
caused a decline in the abundance of pollinators, thereby affecting the supply of pollination services,
which has been a major concern for governments and scholars. Currently, there is an insufficient
exploration of the impact mechanism of land-use change on pollination services. The application
of a pollination service evaluation model based on land-use data uses a large amount of empirical
data, which greatly affects the accuracy of regional evaluation results. This study uses Huizhou as
a representative example. Remote sensing images from 2015 and 2019 were used to interpret the
land-use data of the region, and the spatiotemporal changes in the land use were then analyzed. Due
to their high pollination dependence, litchi and longan were selected as the research objects. Basic
data such as the main pollinator species of litchi and longan and floral plant species were obtained
through field sampling surveys. The InVEST model was used to evaluate the abundance of pollinators
in litchi and longan orchards, and the abundance of pollinators was used to represent the value of
pollination services in litchi and longan orchards. Then, the Hotspot analysis method was used to
analyze the change in the spatial pattern of the pollinator abundance in litchi and longan orchards.
The main influencing factors of pollination service in litchi and longan orchards were analyzed by
a Geographical detector. Finally, we have explored the impact mechanism of land-use change on
pollination services. The following are the results of this research. The pollinator abundance in the
orchards of litchi and longan and their buffer zones in Huizhou decreased by 6.64% and 13.94% from
2015 to 2019, respectively. The wild bee abundance in forest land and rainfed cropland decreased
by varying degrees. The spatial aggregation characteristics of pollinator abundance in litchi and
longan orchards demonstrated an increase in cold spots, whereas the hot spots decreased and were
more dispersed. In the study area, the area change and land-use change of natural or semi-natural
habitats, such as forest land, rainfed cropland, and grassland, affected the pollination services for
litchi and longan orchards. Within the types of changing land-use, the change of forest land has the
greatest impact on litchi and longan pollination services. The impact degrees of Forest land area,
rainfed cropland area, area under litchi and longan orchards, and forest landscape fragmentation on
the pollination services for litchi and longan orchards were 0.20, 0.16, 0.21, and 0.26, respectively.

Keywords: land-use change; pollination service; InVEST model; litchi and longan

1. Introduction

Ecosystem services are the benefits obtained by human beings from ecosystems,
and they form the basis of human survival. They are also closely related to human
well-being [1–3]. The results of the Millennium Ecosystem Assessment [4] showed that the
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Earth’s natural ecosystems provide services worth approximately 15 trillion pounds per
year to humans. Pollination is a basic ecosystem service that plays an important role in crop
yields and food security [5]. Globally, 85% of flowering plants require animal pollination [6].
Pollinator-dependent crop production in global agriculture has increased by 300% in the
last 50 years, making human survival more reliant on the food supply brought about by
pollination [7].

In recent years, an increasing number of international organizations and scholars have
begun to study the impact of land use and its changes on pollination services. Globally,
numerous cases have demonstrated that land-use change, intensive agricultural man-
agement, pesticide use, environmental pollution, invasive alien species, pathogens, and
climate change have the most negative impacts on pollinators [8]. In response to the decline
in the number of pollinators and the loss of pollination services, the Intergovernmental
Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES), a follow-up to the
Millennium Ecosystem Assessment (MEA) and a policy driven by the United Nations Envi-
ronment Programme (UNEP), have taken up ‘pollinator, pollination, and food production
assessment’ as a top priority for rapid assessments in the program of work from 2014–2018,
with ‘multiple threats, drivers, and mitigation measures such as land-use change’ as the
main component in 2013.

Studies have found that the habitat loss and fragmentation caused by land-use change
are the most important factors driving the decline of pollinators [9–11]. In terms of the
impact of land-use change on pollination services, some scholars have emphasized habitat
factors and studied pollination services from the perspective of habitat isolation [12] and
habitat fragmentation [13]. For example, Ricketts et al. conducted a meta-analysis of
23 studies on 17 crops across five continents [12]. The results showed that habitat isolation
had a significantly negative impact on the abundance of wild bees. Tscharntke et al. found
that habitat allocation in broken landscapes only affected populations in simple landscapes,
but not those in complex landscapes [13]. Other scholars have studied the impacts of
landscape heterogeneity, habitat type, habitat loss, and different degrees of disturbance
on pollinators in forest land, and have proposed countermeasures such as improving
the diversity of the habitat types of pollinators, adopting low-intensity habitat manage-
ment methods, and planning the landscape heterogeneity of different geomorphologic
types [14–17].

Using the concept model of land-use and pollination service evaluation proposed
by Kremen et al. [18], the pollination module of the Integrated Valuation of Ecosystem
Services and Trade-offs (InVEST) model has been widely used. The research focus has
shifted from land-use change and the spatialization of pollination services to a quantitative
relationship between land-use change and pollination services [11,19–21]. Based on the
land-use map, this module derives an index of the abundance of wild bees in the region by
using the nesting preference of wild bees for different land-use types, the availability of
floral resources for different land-use types, and the foraging distances of wild bees. The
index of the abundance of wild bees was used to represent the value of pollination services
in litchi and longan orchards.

Currently, there are some shortcomings with respect to the impact of land-use changes
on pollination services. For example, when relevant data, such as the pollinator species
and floral plant species, are applied to different regions using large amounts of empirical
data, the accuracy of calculating the pollinator abundance index is reduced, which will
cause the evaluation results of land-use change on pollination service to be inconsistent
with reality. Additionally, research on the influence mechanism of land-use change on
pollination services is currently insufficient. Based on land-use and related biophysical
data, this study used the InVEST model to evaluate the regional pollination services
quantitatively and spatially. Furthermore, this study explored the influence mechanism of
land use and its change on the pollination services for longan and litchi. Through remote
sensing interpretation and field investigation, further basic data, such as litchi and longan
orchard patches, the pollinator species of litchi and longan, and the number of pollinators
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and flowering plants with different land-use types, were obtained to improve the accuracy
of the evaluation of the pollination services.

2. Materials and Methods

2.1. Study Area

Huizhou is located between 22◦24′–23◦57′ N and 113◦51′–115◦28′ E and belongs to the
subtropical monsoon humid climate zone in South China (Figure 1). The annual average
temperature is 22 ◦C, the annual average precipitation is 1770 mm, and the frost-free
period lasts up to 350 days. Forest land accounts for 63.67% of the area of Huizhou, with a
forest coverage rate of 90.4%, and is mainly distributed in the eastern and northwestern
regions. Irrigated cropland and rainfed cropland are more contiguous, accounting for
16.01% and 7.29% of the area, respectively. Construction land accounted for 7.5% and is
primarily distributed in the southwest and central areas. Various land types in the region
are conducive to the development of agriculture and forestry. Litchi and longan are highly
dependent on pollination. In this study, the relevant biophysical parameters of pollination
service evaluations of longan and litchi orchards in the villages, such as the species and
number of pollinators for litchi and longan as well as the species of flowering plants and
their vegetation coverage, were obtained from a field sampling survey of four typical
villages. The villages are located in the town of Jimei, Boluo County. The land-use types
and planting structure of the villages are consistent with the overall scenario of Huizhou.

Figure 1. Location of the study area.

2.2. Data Sources
2.2.1. Remote Sensing Interpretation of Longan and Litchi Orchards

According to the data released by Huizhou Natural Resources Department, litchi and
longan orchards accounted for 22.54% of all orchards in Huizhou in 2019. The dependence
of litchi and longan on insect pollination was 0.97 and 0.81, respectively [22]. Therefore, the
pollination services of insects have an important impact on the yield of litchi and longan.
We could more effectively study the impact of land-use change on pollination services
in litchi and longan orchards in across a large-scale area. Referring to Wang et al. [23],
this study used Sentinel-2A optical images to identify the samples of litchi and longan
orchards (Table S1) in Huizhou. Sentinel-1A radar images were used to calculate the
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backscattering and coherence coefficient of the land class to improve its classification
accuracy. Images were obtained from the Copernicus Open Access Hub (previously known
as Sentinel Scientific Data Hub) (https://scihub.copernicus.eu/, accessed from May to
December 2015 and from March to December 2019). The preprocessed images were first
fused, and the classification and information extraction of litchi and longan orchards in
Huizhou was realized using the support vector machine (SVM) classification according to
the number of samples and their attribute characteristics (Figure 2). The overall accuracy
of the classification in 2015 and 2019 was 92.61% and 93%, respectively, and the Kappa
coefficients were 0.88 and 0.89, respectively. The classification accuracies for the litchi and
longan orchards were 79.79% and 83.72%, respectively, and the classification accuracy for
other land types was more than 70%.

Figure 2. Spatial distribution of longan and litchi orchards in the study region in 2015–2019. (a) 2015;
(b) 2019.

2.2.2. Biophysical Data for the Evaluation of Pollination Services

The population data of pollinators for litchi and longan were obtained by field surveys
using the sweeping net method [24,25]. The biophysical parameters of wild bees, such
as the body length of wild bees, the activity of wild bees in different seasons, and the
preference of wild bees for nesting in different land-use types, come from the literature,
books [26,27], and the China Bee Database, Institute of Zoology, Chinese Academy of
Sciences (http://www.zoology.csdb.cn/dba/cnbee, accessed on 29 May 2022).

The nesting suitability of the land-use types was expressed by the diversity of polli-
nators within the land-use types. The diversity data of pollinators in the land-use types
were obtained using the trap method through field sampling surveys [28]. The data on
species and vegetation coverage of floral plants were obtained using the two-point sam-
pling method and five-point sampling method [29]. Data on the ability of the plants to
provide nectar and pollen were obtained from relevant books [30].

2.2.3. Land-Use Data

The data for remote sensing interpretation of the land use were obtained from the Re-
source and Environment Science and Data Center, Chinese Academy of Sciences
(http://www.resdc.cn/, accessed in 2015 and 2020), with an accuracy of 30 × 30 m. In this
study, five first-class classifications were reserved for forest land, grassland, water bodies,
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construction land, and unutilized land, and two second-class classifications for irrigated
cropland and rainfed cropland.

2.3. Methods
2.3.1. InVEST-Pollination Module

The Pollination module of the InVEST model first simulates the nesting suitability
and availability of floral resources of land-use types in the landscape by using the nesting
preference of wild bees, the abundance of flowering plants, and the biophysical parameters
of wild bees such as in different land uses. The biophysical parameters are the activity of
wild bees in different seasons, their foraging distance, and the relative abundance of wild
bees. The module then estimates the abundance index of wild bees. The abundance index
is between 0 and 1, and a higher value, which means closer to 1, indicated higher wild bee
abundance. The abundance index of wild bees is used to represent the value of pollination
services, to quantitatively evaluate the regional pollination service [31]. The abundance
index of wild bees is expressed by the following equation [32]:

Pxβ = Nj
∑M

m=1 Fjme
−Dmx

αβ

∑M
m=1 e

−Dmx
αβ

(1)

In this equation, Pxβ is the abundance index of wild bees; Nj is the nesting suitability
of land-use type j, and Fj is the availability of floral resources of land-use type j; Dmx is the
Euclidean distance between the grid unit m and x; and αβ is the expected foraging distance
of wild bee β.

In this study, the main pollinators of litchi and longan referred to the results of
field sampling surveys, as shown in Table S2 in the Supplementary Materials, including
16 pollinators. The Pollination module sets wild bees as important pollinators, without
considering cultivated bees. Therefore, this paper only studies the pollination services of
litchi and longan of six main wild bees.

Foraging distance, the seasonal activity of the six main wild bees, and the proportion
of wild bees are shown in Table S5 in the Supplementary Materials. The foraging distance
of the pollinators was calculated according to Gathmann [33]. The seasonal activity index of
wild bees was found to be between 0 and 1, and a higher value indicated stronger activity.
The proportion of wild bees was obtained from field sampling surveys.

Table S6 in the Supplementary Materials shows the nesting suitability and availability
of floral resources of land-use types. The nesting suitability index ranged from 0 to 1, and
the larger the value, the more suitable it was for wild bee nesting. The availability index of
floral resources ranges from 0 to 1, and the greater the value, the more floral resources.

2.3.2. Hotspot Analyses

Hotspot analyses are widely applied in ecological analyses, and they were used
to identify the locations of statistically significant hotspots and cold spots. Hotspots
and cold spots are statistically significant spatial clusters of high values and low values,
respectively [34]. The G∗

i index is the coefficient for Hotspot analyses. It is based on partial
spatial autocorrelation using a distance weighted matrix, which can detect aggregates of
high-value areas and low-value areas [20]. The G∗

i can be standardized to Z
(
G∗

i
)
. The G∗

i
and Z

(
G∗

i
)

index are expressed by the following equation [35]:

G∗
i =

∑n
j wijxj

∑n
j xj

(2)

Z(G∗
i ) =

G∗
i − E

(
G∗

i
)

√
VAR

(
G∗

i
) (3)
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In these two equations, n is the total amount of the spatial unit, xj is the attribute value
of the spatial unit in a partial spatial area, wij is the distance weight between units i and j,
E
(
G∗

i
)

is the mathematical expectation of G∗
i , and VAR

(
G∗

i
)

is the variance of G∗
i [20].

In addition, <−1.65 or >+1.65, <−1.96 or >+1.96, and <−2.58 or >+2.58 are critical
Z
(
G∗

i
)
-scores for 90, 95, and 99% confidence levels, respectively.

2.3.3. Geographical Detector (Geodetector)

Geodetector (http://www.geodetector.org/, accessed in 2015) was created by
Wang et al. [36] and used in this study to detect the main influencing factors of the pollina-
tion services for litchi and longan orchards and to reveal the underlying driving mechanism.
The Geodetector uses q-statistics to measure the impact degree of independent variable X
(influencing factors) on dependent variable Y (pollination service). Q-statistic was calcu-
lated as follows [37]:

q = 1 − ∑L
h=1 Nhσ2

h
Nσ2 (4)

where h = 1, 2, . . . , L is a given class (stratum) of an independent variable; L is the number of
classes; Nh and N are the numbers of samples in class h and entire study area, respectively;
and σ2

h and σ2 are the variance of dependent variable in class h and the entire study area,
respectively. Ranging from 0 to 1, the higher the q value is, the stronger the influence
of this factor on the dependent variable. Otherwise, the influence is weaker [38]. By
estimating the value of q-statistic corresponding to the interaction of two independent
variables, Geodetector can also quantify the degree of the interactive impact of each pair of
conditioning factors on the dependent variable [39]. As is shown in Table 1, based on the
comparison of this value with the individually estimated values, the type of interaction can
be then determined.

Table 1. Types of interaction between independent variables.

Description Interaction Type

q(X1∩X2) < Min[q(X1), q(X2)] Nonlinear-weaken
Min[q(X1), q(X2)] < q(X1∩X2) < Max[q(X1), q(X2)] Univariate-weaken

q(X1∩X2) > Max[q(X1), q(X2)] Bivariate-enhanced
q(X1∩X2) = q(X1) + q(X2) Independent
q(X1∩X2) > q(X1) + q(X2) Nonlinear-enhanced

3. Results

3.1. Land Use and Its Change in Huizhou
3.1.1. Characteristics of Land-Use Changes

During 2015–2019, the area of the land-use types suitable for nesting by pollinators
and that of the land-use types with floral resources demonstrated a downward trend.
Specifically, the irrigated cropland area decreased by 22.11 km2, and the forest land and
rainfed cropland decreased by 16.9 km2 and 15.42 km2, respectively (Table 2, Figure 3).
Forest land was still dominant in Huizhou, whereas the construction land area exceeded
that of rainfed cropland, increasing by 65.48 km2 (8.39%). The increased area of construction
land is primarily attributed to the transfer of forest land, irrigated cropland, and rained
cropland (the transferred areas are 25.20 km2, 24.35 km2, and 18.40 km2, respectively),
which are concentrated in the central and southwestern regions of the study area. The area
of the constructed land converted to forest land was 8.85 km2, which was distributed in the
central region. Due to the implementation of ecological restoration in large quarries, the
forest land resources have increased to some extent.

3.1.2. Longan and Litchi Orchards and Their Characteristics

Longan and litchi orchards in Huizhou are mainly distributed in the low-altitude
areas. Along with the rural residential areas and farming areas, they have a zonal distri-
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bution, which is widely dispersed and fragmented (Figure 4). The orchards are densely
distributed in the central, western, and southwestern regions, and are rarely distributed
in the northern Luofu and Nankun Mountains, the central Xiangtou Mountain, and the
eastern Lianhua Mountain.

Table 2. Land-use Areas and their Proportions in Huizhou, 2015–2019.

Land-Use Types
2015 2019 2015–2019

Area (km2) Proportion (%) Area (km2) Proportion (%) Changing Range (km2)

Irrigated cropland 1827.77 16.21 1805.66 16.01 −22.11
Rainfed cropland 837.41 7.43 821.99 7.29 −15.42

Forest land 7197.46 63.82 7180.56 63.67 −16.90
Grassland 265.45 2.35 263.74 2.34 −1.71

Water bodies 367.07 3.25 357.72 3.17 −9.35
Construction land 780.73 6.92 846.21 7.50 65.48

Unutilized land 1.51 0.01 1.52 0.01 0.01

Figure 3. Spatiotemporal distribution of the main land-use conversions in the study region from 2015
to 2019.

Figure 4. Spatiotemporal distribution of the main conversions of the longan and litchi orchards in
the study region from 2015 to 2019.
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In terms of quantity, during 2015–2019, the area of the orchards decreased by 31.72 km2,
which is a reduction of 12.22%. In terms of spatial distribution, the decreasing areas of
the orchards were concentrated in the central, western, and southwestern regions. The
overlap ratio of the reduction in the area of the orchards and that of rural expansion reached
33.86%, which was primarily distributed in the western and urban regions of the study
area, and adjacent to the economically developed areas. The overlap area between the
area of reduction of the orchards and the planting area of cultivated land was as high as
15.06 km2, and the scale ratio was as high as 47.48%. This is primarily distributed in the
agricultural counties of the study area.

3.2. Characteristics of the Spatiotemporal Change of Wild Bee Abundance of Litchi and Longan
in Huizhou
3.2.1. Characteristics of Quantitative Change of the Wild Bee Abundance of Litchi
and Longan

Since the foraging distance of wild bees is 1000 m, the research scope was set to litchi
and longan orchards and their outward extension area (buffer zone). Then, the abundance
of wild bees in litchi and longan orchards and their buffer zone was counted. As is shown
in Table 3, the results demonstrated that the total wild bee abundance in the buffer zone
decreased by 13.94% between 2015 and 2019, whereas the abundance decreased by 6.64% in
the litchi and longan orchards. The wild bee abundance in forest land or rainfed cropland
in the buffer zone and the entire region decreased by varying degrees. However, the rate of
change of wild bee abundance in forest land in the buffer zone was greater than that in the
whole region, and that in rainfed croplands in the whole region was greater than that in the
buffer zone.

Table 3. Abundance of wild bee in litchi and longan orchards and their buffer zones in Huizhou,
2015–2019.

2015 2019 Rate of Change

Total in the buffer zone 116,830.28 100,530.53 −13.94%
Total in litchi and longan orchards 442.33 412.93 −6.64%

Average in rainfed cropland of the buffer zone 0.0063 0.0057 −9.52%
Standard deviation in rainfed cropland of the buffer zone 0.0026 0.0024 −0.08%

Average in rainfed cropland of the whole region 0.0059 0.0053 −10.17%
Standard deviation in rainfed cropland of the whole region 0.0028 0.0026 −0.07%

Average in the forest land of the buffer zone 0.0214 0.0196 −8.41%
Standard deviation in the forest land of the buffer zone 0.0038 0.0036 −0.05%

Average in the forest land of the whole region 0.0218 0.0202 −7.34%
Standard deviation in the forest land of the whole region 0.0039 0.0037 −0.05%

Unit: pixel 900 m2.

3.2.2. Changes in the Spatial Pattern of Wild Bee Abundance for Litchi and Longan
Orchards in Huizhou

As is shown in Figure 5, the hotspots of wild bee abundance decreased significantly
from 2015 to 2019, whereas the cold spots increased slightly. From the perspective of spatial
distribution, the hotspots are closely related to the distribution of litchi and longan orchards.
These orchards were mostly located at the foot of the mountain and adjacent to the forest
land, which provided suitable nesting sites. The cold spot areas were mainly distributed
in farming and built-up areas. The hotspots of wild bee abundance become dispersed in
the midwestern and southwestern regions. In the central region, some cold spots were
converted to hot spots.

3.2.3. Influencing Factors Analysis of Pollination Service for Litchi and Longan Orchards

The results of the Geodetector analyses are shown in Table 4. The forest land area,
rainfed cropland area, litchi and longan orchards area, and forest landscape fragmentation
were the dominant influencing factors of the pollination services for litchi and longan
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orchards, whose impact degrees on the pollination services were 0.20, 0.16, 0.21, and 0.26,
respectively. Other Influencing factors did not have a significant effect on the pollination
services. Forest land area and litchi and longan orchards area jointly affected the pollination
services for litchi and longan orchards, and the degree of the interactive impact of these
two factors on the pollination services was 0.50, which was the maximum interactive
impact degree.

Figure 5. Spatial distribution of hotspots of the wild bees of longan and litchi in the study region in
2015–2019. (a) 2015; (b) 2019.

Table 4. Interaction between influencing factors on the pollination services for litchi and longan.

Influencing Factors
Forest Land

Area
Grassland

Area

Rainfed
Cropland

Area

Litchi and
Longan

Orchards Area

Forest
Fragmentation

Degree

Grass
Fragmentation

Degree

Rainfed
Cropland

Fragmentation
Degree

Forest land area 0.20
Grassland area 0.34 * 0.02

Rainfed cropland area 0.39 * 0.19 0.16
Litchi and longan

orchards area 0.50 * 0.25 * 0.27 0.21

Forest fragmentation degree 0.36 0.32 * 0.37 0.44 0.26
Grass fragmentation degree 0.29 * 0.05 0.19 0.23 0.30 0.03

Rainfed cropland
fragmentation degree 0.30 0.12 0.22 0.26 0.32 0.14 0.10

* indicates that the interaction between the factors is a nonlinear enhancement type, while the others are a
double-factor enhancement type.

3.3. Effects of Land-Use Change on the Pollination Services for Litchi and Longan Orchards

As shown in Table 5, the abundance index of wild bees in forest land decreased by 2.03
as the forest land area decreased by 16.90 km2. As shown in Table 6, the conversion of forest
land to irrigated cropland per 1 km2 reduced the abundance index of wild bees by 1.55.
The reasons for the decrease in wild bee abundance in the orchards may be summarized as
follows. First, the large-scale decrease in the litchi and longan orchards led to a reduction
in the nectar-pollen resources in the region. Second, a large amount of construction land
occupied suitable nesting sites for wild bees and floral resources. The superposition of
the two reasons resulted in a decrease in the wild bee abundance of litchi and longan
in forestland. Moreover, the litchi and longan orchards are primarily distributed along
the foot of the mountain, and the decrease in their area has a greater impact on the wild

187



Land 2022, 11, 1073

bee abundance in the adjacent forest land. Therefore, the rate of change in the wild bee
abundance of litchi and longan in the buffer zone was greater than that in the whole region
(Table 3).

Table 5. Land-use types and wild bee abundance index for litchi and longan in the buffer zone of
Huizhou, 2015–2019.

Land-Use Types
Area Change

2015–2019 (km2)

Wild Bee Abundance Index (sum) in Land-Use Types

2015 2019
Abundance Index

Change of Wild Bee

Irrigated cropland −22.11 0.00 0.00 0.00
Rainfed cropland −15.42 7.04 6.32 −0.72

Forest land −16.90 23.82 21.78 −2.03
Grassland −1.71 10.63 9.60 −1.03

Water bodies −9.35 0.00 0.00 0.00
Construction land 65.48 0.00 0.00 0.00

Unutilized land 0.01 0.00 0.00 0.00
Litchi and longan orchards 31.72 1.70 1.84 0.14

Table 6. Correlation between land-use conversion and the change in wild bee abundance index for
litchi and longan in the buffer zone from 2015 to 2019.

Types of Land-Use
Conversion

Area Change (km2)
Abundance

Index Change of
Wild Bee

Abundance
Index Change of Wild Bee

per Unit Area

Construction land to Rainfed cropland 14.68 11.93 0.81
Forest land to Construction land 20.95 −18.40 −0.88

Rainfed cropland to Construction land 16.94 −5.56 −0.33
Forest land to Irrigated cropland 3.19 −4.95 −1.55
Irrigated cropland to Forest land 3.08 2.92 0.95

Irrigated cropland to Construction land 19.29 −0.12 −0.01
Water bodies to Construction land 7.59 −0.08 −0.01

From the perspective of spatial distribution (Figure 5), the hotspots are closely related
to the distribution of litchi and longan orchards. These orchards were mostly located at
the foot of the mountain and adjacent to the forest land, which provided suitable nesting
sites. The abundance of wild bees was extremely high considering the large number of
nectar-pollen resources in the orchards. The cold spot areas were mainly distributed in
farming and built-up areas. Here, the wild bee abundance of the litchi and longan orchards
was low due to the flat terrain, the cross-distribution of cultivated and construction lands,
and the penetration of water areas. The hotspots of wild bee abundance become dispersed
in the midwestern and southwestern regions. These two regions were the main areas with
a reduction in the litchi and longan orchards, and the main areas where forestland and
rainfed cropland were converted to construction land. The primary reasons for this may be
a reduction in the nectar-pollen plant resources and habitat fragmentation. In the central
region, some cold spots were converted to hot spots because of the ecological restoration
carried out in this region. Construction land was converted to forest land, resulting in an
increased habitat for wild bees, thereby increasing the abundance of the wild bees of the
litchi and longan orchards.

A summary of this section is as follows: The areas where the pollination services de-
creased and increased significantly were mainly concentrated in the central, southwestern,
and southeastern parts of the study area. The reason for the decrease was that forest land
and rainfed cropland were converted to construction land, and the reason for the increase
was that construction land was converted to forestland and rainfed cropland. Among the
forest land, grassland, and rainfed cropland, the wild bee abundance for litchi and longan
orchards decreased in forest land and was the highest for every unit reduction.
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3.4. Influence Mechanism of Land-Use Change on the Pollination Services for Litchi and
Longan Orchards

The Pollination module of the InVEST model estimates the abundance index of wild
bees by using the nesting preference of wild bees, the abundance of flowering plants in
different land uses, and the foraging distances of wild bees. The abundance index of wild
bees was used to represent the value of pollination services for litchi and longan orchards.
Therefore, the change in land-use types will directly affect the results of the abundance
index of wild bees. In the study area, the land-use types with a high nesting suitability
and availability of floral resources are converted to the land-use types with low nesting
suitability and availability of floral resources, such as forest land converted to construction
land, which will reduce the nesting suitability and availability of floral resources. The
results will reduce the abundance of wild bees. In the study area, the area change and land-
use change of natural or semi-natural habitats, such as forest land, rainfed cropland, and
grassland, affected the pollination services for litchi and longan orchards. The reduction of
forest land area and the conversion of forest land to construction land have the greatest
impact on the pollination service of litchi and longan orchards (Tables 5 and 6). In the study
area, the impact degrees of forest land area and forest landscape fragmentation on the
pollination services of litchi and longan orchards were 0.20 and 0.26, respectively (Figure 6).
The degree of the interactive impact of forest land area and litchi and longan orchards
area on the pollination services was 0.50 and that of forest fragmentation degree and litchi
and longan orchards area on the pollination services was 0.44. It is again confirmed that
in the change of land-use types, the change of forest land had the greatest impact on the
pollination service of litchi and longan orchards in the study area.

Figure 6. Influence mechanism of land use and its change on the pollination services for litchi
and longan orchards. (Note: the influencing factors of the two types shown in the figure are the
area of land use type and the landscape fragmentation of land use type. Numbers indicate their
respective impact degrees on the pollination services of litchi and longan orchards, ranging from 0 to 1.
(+) indicates positive impact, and (−) indicates negative impact).

4. Discussion

4.1. Comparison of the Results with Other Studies

Our research shows that the change of forest land has the greatest impact on the
pollination service of litchi and longan orchards in the study area. However, Groff et al.
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suggested that the proportion of deciduous/mixed forest was positively correlated with
bee abundance, while the proportion of coniferous forest was negatively correlated with
bee abundance [40]. This paper did not consider that the effects of different types of forest
land on pollination services in litchi and longan orchards might be different. In future
studies, the assessment results of pollinator abundance can be more comprehensive by
refining the land classification.

This paper shows that area change and land-use change of natural or semi-natural
habitats affect the pollination services for litchi and longan orchards in the study area,
which is consistent with the research results of many scholars [18,21,41,42]. However,
our research does not consider the climatic factors. According to the research results of
Polce et al. [43], the climate is one of the most important factors affecting the distribution of
the pollinators. Therefore, the determination of a method for incorporating climate factors
into the assessment system based on the InVEST model is an important research direction.
Another analysis result of this paper is that landscape fragmentation has a great impact
on the pollination services in the study area, which is consistent with the research results
of Garibaldi et al. [44] and Tscharntke et al. [13]. However, Kennedy et al. found that
the effects of landscape configuration on bee abundance were weak [42]. The difference
between the results of this study and that of Kennedy et al. may be related to the scale of
the study area.

4.2. Methods Application and Improvement

In this study, further basic data for the pollination service evaluation were obtained
through remote sensing interpretation and field investigation, and the accuracy of the polli-
nation service evaluation was improved. This study used the InVEST model to evaluate the
regional pollination services quantitatively and spatially. Furthermore, the influence of land
use and its change on the pollination services for litchi and longan was discussed using the
Geodetector. However, a limitation of this study is that although some important parame-
ters (such as the population data of pollinators in litchi and longan orchards) were derived
from the survey, several parameters (such as the foraging distance of the pollinators) were
derived from empirical values, which require further validation. Groff et al. evaluated the
InVEST Crop Pollination model performance with parameters informed by four approaches
and found that uninformed optimization improved model performance by 29% compared
to an expert opinion-informed model, while a sensitivity-analysis informed optimization
improved model performance by 54% [40]. In future studies, we can learn from their
proposed methods to obtain these parameters and improve the credibility of pollination
service assessment results. Polce et al. integrated a species distribution model (SDM)
with a pollination service model (PSM) to derive the availability of pollinators for crop
pollination and combined the Lonsdorf model [32] to derive the pollination services [43].
One of the innovations in their approach was the application of pollinator records data
rather than expert knowledge to predict the pollinator occurrence [43], which can improve
the accuracy of pollination service evaluations. In this study, further basic data—such as
the pollinator species of litchi and longan, and the number of pollinators and flowering
plants with different land-use types—for the pollination service evaluation were obtained
through the field sampling survey, and the accuracy of the pollination service evaluation
was improved. When there is a lack of pollinator records, the field sampling survey method
used in this paper is of reference value for other studies. Another innovation in their
methods is their inclusion of the managed pollinator supply. In contrast, our study only
considers the pollination services of wild bees for litchi and longan orchards and not those
of domesticated bees, which will inevitably affect the authenticity of the pollination service
assessment results. The impact of managed honeybees on pollination services in litchi and
longan orchards should be considered in future research. Local farm management and
landscape structure are two drivers which influence wild bee abundance [18]. This paper
does not include agricultural management in the assessment of the pollination services for
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litchi and longan orchards. In the future, we must consider the influence of field type and
field diversity [42] on pollination services in litchi and longan orchards.

The InVEST-pollination module represents pollination services based on the abun-
dance of pollinators and has not yet been able to evaluate the quantity of the supply
capacity of pollination services. Future research may further realize the conversion from
assessments of pollinator abundance to assessments of the quantity of pollination services.
At the same time, due to the lack of influencing factors outside the study area on polli-
nation services, pollination services around the region may be underestimated. Future
research may address this issue by expanding the study area outward (buffer zone) and
incorporating it into the assessment.

5. Conclusions

(1) The area of land use types suitable for nesting by pollinators and the area of land-use
types with nectar-pollen plant resources demonstrated a downward trend from 2015
to 2019. Forest land and rainfed cropland were reduced by 16.9 km2 and 15.42 km2,
respectively, primarily due to the conversion of these lands to construction land.
The reduced area was concentrated in the central and southwest regions. Owing to
ecological restorations, 8.848 km2 of construction land was converted to forest land.
The area of litchi and longan orchards decreased by 31.72 km2, which is a reduction of
12.22%. The reduction areas were primarily concentrated in the central, western, and
southwestern regions.

(2) The pollinator abundance in the litchi and longan orchards and their buffer zones
decreased by 6.64% and 13.94%, respectively, between 2015 and 2019. The pollinator
abundance in forest land and rainfed cropland decreased to varying degrees. The
cold spots increased in space, whereas the hot spots decreased in size and became
more dispersed. The decrease in the pollinator abundance was mainly concentrated
in the midwestern and southwestern regions. The main reasons for this may be the
decrease in the area of litchi and longan orchards, forest lands, and rainfed croplands,
as well as landscape fragmentation.

(3) Forest land area, rainfed cropland area, litchi and longan orchards area, and forest
landscape fragmentation were the dominant Influencing factors of the pollination
services for litchi and longan orchards, whose impact degrees on the pollination
services were 0.20, 0.16, 0.21, and 0.26, respectively. Forest land area and litchi
and longan orchards area will jointly affect the pollination services for litchi and
longan orchards, and the degree of the interactive impact of these two factors on the
pollination services is 0.50, which is the maximum interactive impact degree. In the
study area, the area change and land-use change of natural or semi-natural habitats,
such as forest land, rainfed cropland, and grassland, affected the pollination services
for litchi and longan orchards. The reduction of forest land area and the conversion of
forest land to construction land have the greatest impact on the pollination services of
litchi and longan orchards.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/land11071073/s1, Table S1: Samples of litchi and longan orchards;
Table S2: Main pollinators species of litchi and longan; Table S3: The ability of plants to provide
pollen and nectar and Vegetation survey results in flowering period of litchi and longan; Table S4:
Richness of pollinators in land-use types; Table S5: Biophysical parameters and relative abundance of
wild bees in Huizhou, 2015–2019; Table S6: Nested suitability and availability of nectar-pollen plant
resources of the land-use types in Huizhou, 2015–2019.
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Abstract: Ecosystem services (ESs) are irreplaceable natural resources, and their value is closely
related to global change and to human well-being. Research on ecosystem services value (ESV) and
its influencing factors can help rationalize ecological regulatory policies, and is especially relevant in
such an ecologically significant region as the Yellow River Basin (YRB). In this study, the ecological
contribution model was used to measure the contribution of intrinsic land use change to ESV, the
bivariate spatial autocorrelation model was applied to investigate the relationship between land use
degree and ESV, and the geographical detector model (GDM) and geographically weighted regression
(GWR) were applied to reveal the impact of natural and socio-economic factors on ESV. Results
showed that: (1) The total ESV increased slightly, but there were notable changes in spatial patterns
of ESV in the YRB. (2) Land use changes can directly lead to ESV restoration or degradation, among
which, conversion from grassland to forest land and conversion from unused land to grassland
are vital for ESV restoration in the YRB, while degradation of grassland is the key factor for ESV
deterioration. (3) According to GDM, NDVI is the most influential factor affecting ESV spatial
heterogeneity, and the combined effect of multiple factors can exacerbate ESV spatial heterogeneity.
(4) GWR reveals that NDVI is always positively correlated with ESV, GDP is mainly positively
correlated with ESV, and population density is mainly negatively correlated with ESV, while positive
and negative correlation areas for other factors are roughly equal. The findings can provide theoretical
support and scientific guidance for ecological regulation in the YRB.

Keywords: ecosystem services value (ESV); natural and socio-economic factors; ecological contribu-
tion model; geographical detector model (GDM); geographically weighted regression (GWR); Yellow
River Basin (YRB)

1. Introduction

Ecosystem services (ESs) refer to all benefits obtained by humans from the natural
environment [1]. The ecosystem services value (ESV) is a measure of ESs and is an important
indicator of ecological health, which includes transfer of ESs into practical applications [2].
To ensure territorial ecological security, adapt to global climate change, and achieve high-
quality development, it is essential to monitor and maintain ESV [3]. However, with
socio-economic development and population growth, high-intensity human activities have
had a huge impact on ecosystems [4], resulting in a slew of global ecosystem deterioration
issues such as climate change [5], ozone layer destruction [6], biodiversity loss [7], water
pollution [8] and land desertification [9]. With the increasing prominence of environmental
issues, there exists an urgent need to investigate the spatiotemporal evolution of regional
ESV and its influencing factors, in order to achieve a balance between ecosystems and
socio-economic sustainable development.

Land 2022, 11, 863. https://doi.org/10.3390/land11060863 https://www.mdpi.com/journal/land
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Many studies have shown that ESV is vulnerable to multiple impacts from natural
changes and human activities, with land use and cover change (LUCC) being the most
important influencing factor on terrestrial ESV [10–12]. Changes in land use type cause
changes in basic ecological elements, hence influencing ESV directly, although the under-
lying relationships are complex [13]. Statistical analysis, correlation analysis, regression
analysis, redundancy analysis, principal component analysis, and other methods have been
employed to explore the relationship between LUCC and ESV [14–17]. Wang et al. [18],
for example, used a geographically weighted regression (GWR) model to investigate the
effect of LUCC on ESV, finding that forest land and grassland had the greatest effect on
ESV. Using bivariate spatial autocorrelation, Lei et al. [19] explored the link between land
use degree and ESV and discovered a negative correlation. However, most studies have
explored only the effect of area of different land use types on ESV, or the effect of land
use degree on overall ESV. Using an ecological contribution model of land use change,
we attempted to reveal the potential impact on ESV changes of transformation processes
of land use type. In addition, we employed a bivariate spatial autocorrelation model to
investigate the relationship between degree of land use and the value of each ES, in order
to uncover a more nuanced relationship between them.

Furthermore, a number of natural and socio-economic factors have a substantial
impact on overall ESV through exerting varied effects on the inherent aspects of ESs [20,21].
For example, Zhang et al. [22] found that an increase in average precipitation leads to
an increase in lake and wetland area, which in turn leads to an improvement in regional
ESV. Dai et al. [23] showed that when population density exceeds a threshold, there is a
risk of ecological undersupply, which has a negative impact on ESV. When studying the
effects of natural and socio-economic factors on ESV, it is necessary to consider a wide
range of factors and their interactions. The geographical detector model (GDM) is a new
statistical method for revealing the impact of multiple influencing factors and their linkages
on a geographical phenomenon [24]. It has two major advantages. First, it can identify
relationships between a complex set of factors and a wide range of geographical phenomena,
without any assumptions or restrictions regarding independent and dependent variables,
allowing it to be used without removing multi-collinear factors [24–26]. Second, it can
quantitatively extract the implicit interrelationships between pairs of factors and obtain
useful findings [27]. The GDM is now widely utilized in a variety of disciplines, and an
increasing number of researchers have employed it to investigate the factors that influence
ESV [28,29]. In this study, the GDM’s Factor Detector and Interaction Detector tools were
used to reveal the relative roles of the multiple natural and socio-economic factors, as well
as their interactions. However, the GDM can only quantify the effect magnitude of various
factors, and the directions of influence could not be determined [30]. To investigate the
direction and spatial variation of each factor’s effect on ESV, we further adopted the GWR,
which can capture the correlation between spatial objects themselves, as well as reflect the
spatial heterogeneity and direction of influence at different geographical locations through
the regression coefficient [31].

The Yellow River Basin (YRB) is a key ecological barrier and economic belt in China,
and plays a critical role in China’s socio-economic development and ecological security [32].
In recent years, the Chinese government has placed high priority on ecological conservation
and the green development of the YRB, implementing initiatives such as the Three-North
Shelterbelt Project, the “Grain-for-Green” and Natural Forest Protection programs, which
have begun to bear fruit [33–35]. However, some areas of ecological degradation still
exist in the YRB, where the ESs have been severely damaged. For example, the Shaanxi-
Gansu-Ningxia region, in the upper and middle of the YRB, suffers from severe soil erosion
and a fragile ecological environment [36]. Severe silt deposition frequently generates
river overhangs in the lower YRB, flooding is frequent, and ESs are grave danger [37].
To optimize the YRB’s ecological structure and promote high-quality development, it is
critical to identify the vulnerable ESV areas in the YRB and reveal their influencing factors.
Specifically, the objectives of our study are: (1) to map the spatial distribution of ESV and
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identify vulnerable areas of ESV in the YRB; (2) to quantify the impact of LUCC on ESV and
reveal the extent of that impact; (3) to investigate the impact of natural and socio-economic
factors on ESV, and reveal the interactions of multiple factors; and (4) to propose relevant
recommendations based on the findings.

2. Materials and Methods

2.1. Overview of the Study Area

The Yellow River is the second longest river in China, with a total length of 5464 km.
It is a major biodiversity gathering region as well as an ecological security barrier within
China. This study defines the provinces through which the Yellow River flows, viewing
the YRB in a broad sense, based on the Yellow River and physical geographic watersheds,
with the provincial administrative regions considered as the units. Since most of Sichuan
Province belongs to the Yangtze River Basin, the other eight provinces where the Yellow
River flows were used as research areas in this study (Figure 1). The terrain in the YRB
is complex. With an average altitude of around 4000 m, the western region is made up
of a succession of mountains with permanent snow and glacier landforms. The central
region has a loess landform with loose soil and considerable soil erosion, with an average
altitude of 1000 m to 2000 m. The Yellow River’s alluvial plain makes up the majority of
the eastern area. The overall ecological quality in the YRB is poor due to substantial land
degradation including soil erosion and desertification. It is critical to evaluate the YRB’s
ecological condition, identify its ecological weak spots, to provide scientific guidance for
ecological protection and spatial management, and build its ecological barrier status.

 

Figure 1. The location of the YRB.

2.2. Data Sources

This study used basic geographical data, such as LUCC, administrative boundaries,
grain yield per unit area and grain price, and data on natural and socio-economic factors
of ESV change (Table 1). The LUCC data of 1990, 2000, 2010 and 2018, with a spatial
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resolution of 30 m × 30 m, were obtained from the Resources and Environmental Sciences
and Data Center, Chinese Academy of Sciences (https://www.resdc.cn/ (accessed on
20 November 2021)). The original LUCC data contains 29 land use types, which we reclas-
sified into 6 categories (i.e., cropland, forest land, grassland, water bodies, and unused
land). The administrative boundary data of each administrative unit was taken from the
1:400,000 database of the National Geomatics Center of China (http://www.ngcc.cn/ngcc/
(accessed on 22 November 2021)). Using sown area and grain yield, grain yield per unit
area was estimated, with data coming from the statistical yearbook of each region. The
grain price data came from the China Agricultural Product Price Survey Yearbook.

Table 1. List of basic data information.

Type Name Source Year Precision

Statistics
Grain sown area

Statistical Yearbook 2018 ProvincialGrain yield
Grain price

Vectors

Administrative
boundary The 1:400,000 database of the

National Geomatics Center of China
(http://www.ngcc.cn/ngcc/

(accessed on 22 November 2021))

2017 -River map
Road map

City location

Rasters

LUCC
The Resources and Environmental
Sciences and Data Center, Chinese

Academy of Sciences
(https://www.resdc.cn/ (accessed

on 20 November 2021))

1990, 2000,
2010, 2018 30 m

DEM - 250 m
Precipitation 2015

1 km
NDVI 2018

Population density
2015GDP

The natural factors included elevation, slope, aspect, soil types, soil erosion, precipita-
tion, temperature, vegetation types, and NDVI. Socio-economic factors included population
density, GDP, road maps, river maps, railway maps, county location, city location, and
provincial capital location. The DEM was processed in ArcGIS 10.7 to produce the elevation,
slope, and aspect maps. The Euclidean Distance Tool of ArcGIS 10.7 was used to create
the distance maps. Data for other influencing factors were obtained from the Resources
and Environmental Sciences and Data Center, Chinese Academy of Sciences. Finally, using
the ArcGIS 10.7 software, all the data were converted to raster data with a resolution
of 1000 m × 1000 m, and the influencing factors data were discretized to type data sets
according to Jenks (Figure 2). In addition, the mapping and tabulation were processed at
the prefecture-level city scale.

2.3. Methods
2.3.1. LUCC Evolution Analysis Model

(1) Land use transfer matrix

The transfer matrix of land use can depict the changes in various land use types through
time and the amount of change from one land use type to another [38]. It is based on a
grid-by-grid description of the change from the initial state to the final state, reflecting the
transformation of land use from moment T to moment T + 1, which can reveal the spatial
and temporal evolution of land use patterns. The transfer matrix is described as follows:

Sij =

⎡
⎢⎢⎣

s11 s12
s21 s22

. . . s1n

. . . s2n
. . . . . .
sn1 sn2

. . . . . .

. . . snn

⎤
⎥⎥⎦ (1)
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where Sij represents the area of LUCC change from type i to type j, and snn denotes the
LUCC type before and after transfer.

Figure 2. Influencing factors of ESV change.

(2) Calculation of land use degree

The comprehensive index of land use degree is a metric for assessing the extent to
which land is used by humans. Different land use types were assigned to distinct values
to represent the level of human utilization [39]. Specifically, built-up land was graded 4,
cropland graded 3, forest land, grassland and water bodies were graded 2, and unused
land was graded 1. The formula is as follows:

L = ∑n
i=1 AiCi (2)

where L is the comprehensive index of land use degree; Ai is the grade of different land use
type, and Ci is the proportion of land use type i to the total area.
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2.3.2. ESV Evaluation Model

To evaluate ESV, this study adopted the value coefficient method modified by Xie
et al. [40]. Specifically, the economic value of food supply provided by cropland was
defined as the standard value, and the ESV of all other land use types was converted into
equivalent values corresponding to the standard value. The economic value of food supply
equals to 1/7 of the estimated value of grain yield in the YRB, which can be estimated
based on the grain yield per unit area of the YRB and the average grain price in 2018, which
is 2.08 × 105 CNY·km−2·a−1 (1 USD = 6.70 CNY). The value of each type of ESs provided
by different land use types is shown in Table 2. The ESV and its changes in the YRB can be
estimated with the following formulas:

ESV = ∑n
i=1(LUCi × VCi) (3)

AESV =
∑n

i=1(LUCi × VCi)

∑n
i=1 LUCi

(4)

C =
ESVt2 − ESVt1

ESVt1
× 100% (5)

where ESV is ecosystem services value (CNY), AESV is the average ESV (CNY·km−2), VCi
is the ESV coefficient from land use type i, and LUCi is the area of land use type i, C is the
rate of change of ESV, ESVt1 and ESVt2 represent ESV at t1 and t2, respectively (CNY).

Table 2. ESV coefficient of different land use type in the YRB (CNY·km−2·a−1).

Ecosystem Services Cropland Forest Land Grassland
Water
Bodies

Unused
Land

Supply services Food supply 2083.02 687.40 895.70 926.94 41.66
Raw material 812.38 6207.40 749.89 614.49 83.32

Regulation
services

Gas regulation 1499.77 8998.65 3124.53 3041.21 124.98
Climate regulation 2020.53 8477.90 3249.51 16,257.98 270.79

Hydrological
regulation 1603.92 8519.55 3166.19 33,547.05 145.81

Waste disposal 2895.40 3582.80 2749.59 30,464.18 541.59

Support services
Soil conservation 3062.04 8373.74 4665.97 2499.62 354.11

Biodiversity
maintenance 2124.68 9394.42 3895.25 7415.55 833.21

Cultural services Aesthetic landscape 354.11 4332.68 1812.23 9508.99 499.93

Total 16,455.86 58,574.54 24,308.85 104,276.02 2895.40

2.3.3. ESV Changes in Response to LUCC

(1) Ecological contribution model of land use change

To calculate how land use change contributes to ESV change, we used the ecological
contribution model of land use change. This method can clearly show the direction and extent
of the contribution of different land use changes to ESV change, and facilitate the identification
of the main types of land use change that affect ESV [41]. Its formula is as follows:

ELi−j =
(VCj − VCi)× LUCi−j

∑n
i=1 ∑n

j=1
[
(VCj − VCi)× LUCi−j

] (6)

where ELi−j is the contribution of land use change to ESV change, VCi and VCj is the
coefficient from ESs type i and type j, LUCi−j is the total area converted from land use type
i to type j.
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(2) Bivariate spatial autocorrelation model

LUCC can cause ESV variation. The local bivariate spatial autocorrelation proposed
by Anselin [42] was used to investigate the spatial correlation between land use degree and
ESV. Its formula is as follows:

Ii
kl = zi

k ∑j wijz
j
l (7)

where wij is the spatial weight matrix, Xi
k represents the value of attribute i of unit k, Xj

l
represents the value of attribute l to unit j, Xk and Xl are the average values of attributes k
and l, respectively, σk and σl are the variances of attributes k and l, respectively.

2.3.4. Geographical Detector Model (GDM)

In this study, the average ESV was taken as the dependent variable, 17 natural and
socio-economic factors were taken as independent variables, and the GDM was used to
investigate the individual impacts of each factor and their interactions, as well as the degree
of impact on spatial heterogeneity of the average ESV in the YRB.

The GDM is composed of Factor Detector, Interaction Detector, Risk Detector and
Ecological Detector, which can be used to detect spatial heterogeneity and its influencing
factors [24]. In this study, the Factor Detector and Interaction Detector tools were used to
explore the impact of natural and socio-economic factors on ESV.

(1) Factor Detector

The Factor Detector uses the relationship between the within-strata variance and
the variance of the entire region to measure the explanatory degrees of independent to
dependent variables. The formula is as follows:

q = 1 − 1
Nσ2 ∑L

h=1 Nhσ2
h (8)

where q measures the influence degree of each influencing factor on the dependent variable
ESV, and its value is within [0, 1]. The larger the q value, the stronger the influence of the
factor on ESV. h = 1, 2, . . . , L represents the strata of influencing factors. Nh and N are the
number of samples in strata h and the entire region, respectively. σ2

h and σ2 are the variance
of influencing factors in strata h and the entire region, respectively.

(2) Interaction Detector

The Interaction Detector is used to quantify the interaction between different factors,
i.e., wheter two factors have stronger or weaker effects on ESV when combined than when
considered separately. The interaction effects of influencing factors were judged by the
relationship between q(xi ∩ xj), q(xi), and q(xj) based on the following formulas:

If min (q(xi), q(xj)) < q(xi ∩ xj) < max (q(xi), q(xj)), it represents single-factor nonlinear weakening.
If q(xi ∩ xj) > max (q(xi), q(xj)), it represents two-factor enhancement.
If q(xi ∩ xj) > q(xi) + q(xj), it represents nonlinear enhancement.
If q(xi ∩ xj) = q(xi) + q(xj), it represents mutual independence.

2.3.5. Geographically Weighted Regression (GWR)

By establishing the local regression equation in each grid, GWR can be used to study
the correlation between multiple variables with spatial distribution characteristics to a
dependent variable. In this study, GWR described the correlation between ESV and natural
socio-economic factors, and reflected the spatial heterogeneity and direction of influence
through the regression coefficient within each grid [31]. Its formula is as follows:

yi = βo(ui, vi) + ∑p
k=1 βk(ui, vi)xik + ξi (9)

where: yi is the ESV in grid i, (ui, vi) is the space coordinates of grid i, βo and βk is the o and
k regression coefficient in the grid, xik is the kth independent variable for the ith site, ξi is
the residual value in the grid i.
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In this study, ten factors that passed the test for multi-collinearity were screened as
independent variables and regressed with average ESV as the dependent variable by the
GWR model. The results show an adjusted R2 value of 0.82, which indicates that the GWR
model fits well for exploration of the ESV and its influencing factors, and the results can be
used to explain the spatial heterogeneity of the influencing factors of ESV.

3. Results

3.1. Characteristics of LUCC Evolution in the YRB
3.1.1. Land Use Dynamics from 1990 to 2018 in the YRB

The land use transfer matrix (Figure 3) shows that the dominant land use types in
the YRB are grassland, cropland, and unused land, with these three types accounting
for over 80% of the total area during 1990–2018. The percentage of water bodies in the
study area is roughly 2%, with a modest increase every year. Built-up land has increased
substantially, nearly doubling from 1990 to 2018. Cropland area expanded greatly between
1990 and 2000, then declined, maintaining a marginal overall increase. Overall, the total
amount of forest land has fluctuated and increased. Between 1990 and 2010, the amount
of grassland declined significantly, especially between 2000 and 2010, when it decreased
by 44,325 km2. However, since 2010, the downward trend has reversed and its area has
gradually increased.

 
Figure 3. Land use transfer matrix in the YRB during 1990–2018 (km2).

3.1.2. Land Use Degree in the YRB

The land use degree of the YRB increased gradually over time, rising from 1.9650 to 1.9861.
Meanwhile, more than 90% of the cities studied exhibited a growing trend in land use during
the study period. After more than 20 years of development, only cities in the Inner Mongolia
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Autonomous Region and along the boundary between eastern Gansu Province and central
Shaanxi Province have seen a decline in land use. During 1990–2018, the Alxa League had
the lowest degree of land use, at around 1.1275. The cities with the highest degree of land
use changed over time, with Zhoukou City (3.1615), Shangqiu City (3.1697), Liaocheng City
(3.2066), and again Liaocheng City (3.2105) being the highest in 1990, 2000, 2010, and 2018,
respectively. These three cities are located in Henan or Shandong Provinces, near coastal areas
with developed agriculture or industry.

3.2. Temporal and Spatial Variations of ESV in the YRB

As shown in Figure 4, the lower ESV area in the YRB is concentrated in the northwest,
and the high value area is concentrated in the northeast. According to the calculation
results, the average ESV was 227.29 × 104, 226.35 × 104, 227.22 × 104, and 227.43 × 104

CNY·km−2 in 1990, 2000, 2010, and 2018, respectively. The regulation services had the
highest value, accounting for more than 50% of the total ESV, and that with cultural services
it followed a changing pattern of falling and growth over the study period. Eventually,
their values change from 356.81 × 1010 CNY and 49.03 × 1010 CNY to 359.01 × 1010 CNY
and 49.16 × 1010 CNY, respectively. Support services, on the other hand, steadily declined
from 211.68 × 1010 CNY to 209.77 × 1010 CNY. In addition, supply services fluctuated, but
their overall value remained consistent at roughly 62.51 × 1010 CNY.

Figure 4. Spatial distribution of ESV per unit area in the YRB during 1990–2018.

The ESV remained stable in most areas of the YRB during the study period, with only
a small number of areas improving or deteriorating (Figure 5). Specifically, the overall
changes from 1990 to 2000 were minor, dominated by ESV deterioration, and were sporadic
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across the region. From 2000 to 2010, nearly 10% of the regions changed in ESV, accounting
for more than 70% of the regional changes during the whole study period. The Central Inner
Mongolia Autonomous Region, and Shanxi and Henan Provinces were characterized by
deterioration, while Qinghai and Shaanxi Provinces were characterized by improvement.
The northeastern Inner Mongolia Autonomous Region showed mixed changes. From 2010 to
2018, ESV remained stable, with changes concentrated in south Gansu Province. In general,
the ESV of YRB fluctuated during the study period, with an overall increase of 0.06%.

Figure 5. ESV changes in different study periods.

3.3. Impact of LUCC on ESV
3.3.1. Ecological Contribution Rate of LUCC on ESV

ESV in the YRB was 680.03 × 1010 CNY, 677.22 × 1010 CNY, 678.91 × 1010 CNY, and
680.45 × 1010 CNY, respectively (Table 3). Grassland and forest land each contributed more
than 40% and 30% of ESV, respectively. The contribution of forest land increased, while
that of grassland decreased over time. The contribution of cropland remained consistent at
around 13%, while the contribution of unused land was the lowest.

Different land use activities lead to different changes in ESV. Conversion from land
use types with high value coefficients to those with low value coefficients will deteriorate
ESV, while the opposite will improve ESV. According to the calculation results of Formula
(6), a total of 30 pairs of land use type changes resulted in ESV variation (Table 4), of which
half improved ESV and the other half deteriorated ESV.
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Table 3. ESV coefficient of different land use type in the YRB (CNY·km−2·a−1).

Type

1990 2000 2010 2018

ESV Proportion ESV Proportion ESV Proportion ESV Proportion

108 CNY % 108 CNY % 108 CNY % 108 CNY %

Cropland 8846.56 13.01 9053.06 13.37 8969.53 13.19 8865.89 13.03
Forest land 21,233.50 31.22 20,990.48 31.00 22,040.78 32.42 21,843.85 32.10
Grassland 29,731.38 43.72 29,460.94 43.50 28,383.45 41.75 28,453.66 41.82

Water
bodies 6006.40 8.83 6035.81 8.91 6371.68 9.37 6689.31 9.83

Unused
land 2185.46 3.21 2181.44 3.22 2215.17 3.26 2192.11 3.22

Total 68,003.31 100.00 67,721.73 100.00 67,980.62 100.00 68,044.81 100.00

Table 4. Contribution rate of land use change to ESV in the YRB during 1990–2018.

Land Use
Change

1990–2000 2000–2010 2010–2018 1990–2018

Variation Improvement Deterioration Variation Improvement Deterioration Variation Improvement Deterioration Variation Improvement Deterioration

108 CNY % % 108 CNY % % 108 CNY % % 108 CNY % %

1→2 28.26 5.71 373.85 9.33 183.93 8.05 436.18 8.01
1→3 34.33 6.93 169.18 4.22 184.19 8.06 297.97 5.47
1→4 56.82 11.47 267.68 6.68 199.53 8.73 390.80 7.17
1→5 −54.68 7.04 −353.78 9.44 −192.99 8.69 −532.71 9.85
1→6 −6.21 0.80 −47.12 1.26 −27.89 1.26 −42.66 0.79
2→1 −124.08 15.97 −286.74 7.65 −198.63 8.94 −487.94 9.02
2→3 −128.05 16.48 −453.99 12.11 −463.44 20.86 −786.84 14.55
2→4 1.51 0.30 25.32 0.63 12.75 0.56 32.13 0.59
2→5 −2.69 0.35 −61.62 1.64 −46.86 2.11 −97.64 1.81
2→6 −5.68 0.73 −375.00 10.01 −173.83 7.82 −492.98 9.12
3→1 −128.39 16.52 −225.99 6.03 −182.79 8.23 −437.00 8.08
3→2 62.91 12.70 1209.61 30.19 416.77 18.23 1463.76 26.87
3→4 46.70 9.43 172.89 4.31 183.12 8.01 346.26 6.36
3→5 −7.34 0.94 −104.33 2.78 −109.24 4.92 −201.67 3.73
3→6 −110.00 14.16 −1176.80 31.40 −345.16 15.54 −1386.11 25.64
4→1 −112.94 14.54 −215.77 5.76 −122.51 5.51 −316.33 5.85
4→2 −2.15 0.28 −14.08 0.38 −10.37 0.47 −18.74 0.35
4→3 −31.99 4.12 −91.48 2.44 −139.78 6.29 −195.20 3.61
4→5 −3.02 0.39 −52.14 1.39 −49.64 2.23 −74.04 1.37
4→6 −59.21 7.62 −284.78 7.60 −153.69 6.92 −329.18 6.09
5→1 0.59 0.12 160.58 4.01 74.53 3.26 173.13 3.18
5→2 0.23 0.05 18.28 0.46 14.47 0.63 20.50 0.38
5→3 0.00 0.00 24.26 0.61 31.24 1.37 33.79 0.62
5→4 0.10 0.02 91.45 2.28 99.90 4.37 103.34 1.90
5→6 0.00 0.00 0.88 0.02 1.47 0.06 1.00 0.02
6→1 19.01 3.84 75.46 1.88 49.69 2.17 109.66 2.01
6→2 8.74 1.76 85.30 2.13 115.59 5.06 131.29 2.41
6→3 97.97 19.78 947.10 23.64 454.35 19.88 1251.04 22.96
6→4 138.18 27.90 385.04 9.61 264.50 11.57 657.45 12.07
6→5 −0.50 0.06 −4.35 0.12 −4.99 0.22 −7.75 0.14

Note: 1–6 represent cropland, forest land, grassland, water bodies, built-up land and unused land, respectively.
1→2 represents land use type change from cropland to forest land, and other conversion types follow the same pattern.

The value coefficients of land use types determine the direction of ecological contribu-
tion of land use change, while the conversion area dominates the magnitude of contribution.
Conversion from grassland to forest land and conversion from unused land to grassland
during 1990–2018 were the key causes of ecosystem improvement, with their contribution
rate more than 20%. Unused land converted into water bodies was a primary factor in ESV
improvement, with a contribution rate of more than 10%. The conversion from cropland
to forest land, grassland, and water bodies, as well as conversion from grassland to water
bodies were minor factors for ESV improvement, with a contribution of more than 5%.
Other land use change types contributed no more than 5% to ESV improvement and had
only a negligible effect.

Conversion from grassland to unused land was the key cause of ESV deterioration,
contributing more than 25%. Another primary factor for ESV degradation was the conver-
sion of forest land to grassland, with a contribution rate of more than 10%. Furthermore,
the occupation of cropland by expansion of built-up land, the conversion of forest land to
grassland and unused land, the conversion of grassland to cropland, and the conversion of
water bodies to cropland and unused land had less impact on ESV deterioration, with a
contribution of more than 5%. Other land use change types contributed no more than 5%
to the ESV deterioration.
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3.3.2. Bivariate Spatial Autocorrelation between Land Use Degree and ESV

Using the GeoDa spatial analysis tool, a Queen spatial connectivity matrix was gener-
ated to calculate the global spatial autocorrelation index for land use degree and the value
of each ESs in different years. As shown in Table 5, Moran’s I for all ESs and land use degree
was negative, except for supply services, indicating that there was a significant positive
spatial correlation between supply services and degree of land use. This is because supply
services are composed of food production and raw material, both of which are linked to
the extent of cropland reclamation and built-up land expansion. As a result, increasing
degree of land use results in improved supply services. Furthermore, there is a significant
negative spatial correlation between land use degree and support services and cultural
services, which are intimately linked to the natural ecosystem and its aesthetic landscape.
There is no doubt that human efforts to strengthen land use have a negative influence on
the natural environment, so the increase in degree of land use leads to a decrease in support
and cultural services. The relationship between land use degree and regulation services
was negative but not significant.

Table 5. Bivariate spatial autocorrelation between land use degree and ESV.

Index
Comprehensive Index of Land Use Degree

Moran’s I Z p-Value

1990

Supply services 0.4360 7.8729 0.0010
Regulation

services −0.0045 −0.1379 0.4640

Support services −0.1067 −2.0931 0.0200
Cultural services −0.3836 −6.8991 0.0010

2000

Supply services 0.4299 7.7624 0.0010
Regulation

services −0.0121 −0.2860 0.3870

Support services −0.1106 −2.1650 0.0150
Cultural services −0.3825 −6.8704 0.0010

2010

Supply services 0.3603 6.5781 0.0010
Regulation

services −0.046 −0.9580 0.1790

Support services −0.1821 −3.5213 0.0010
Cultural services −0.4051 −7.2955 0.0010

2018

Supply services 0.3333 6.1278 0.0010
Regulation

services −0.0545 −1.1116 0.1440

Support services −0.2004 −3.8674 0.0010
Cultural services −0.4081 −7.3436 0.0010

3.4. Impact of Natural and Socio-Economic Factors on ESV
3.4.1. Relative Effects and Interactions of Influencing Factors

Factor Detector results (Table 6) show that both natural and socio-economic factors
affected the spatial heterogeneity of average ESV in the YRB, and the impact size of
different factors changed slightly each year. NDVI had the greatest impact on the spatial
heterogeneity of average ESV, with q values of higher than 0.55 for each year. Meanwhile,
the q values of precipitation and population density were above 0.20, which were the
primarily reasons for spatial heterogeneity of average ESV. In contrast, the q values of
slope, distance to road, distance to railway and distance to city were less than 0.10, and had
smaller effects on the spatial heterogeneity of average ESV.

As revealed by the Interaction Detector (Table 7), the interaction effects between all
pairs of factors selected were greater than those of each factor separately. As a result, the
spatial heterogeneity of the average ESV in the YRB was caused by the mutual influence of
multiple factors, and their interactions exacerbated the spatial heterogeneity. Specifically,
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the interaction between NDVI and other factors had the strongest impact on average ESV.
The q values of NDVI ∩ population density were the highest (q = 0.6605), and thus had the
strongest impact on the spatial heterogeneity of ESV. Following that were NDVI ∩ GDP
(q = 0.6564) and NDVI ∩ elevation (q = 0.6302). There were 14 interaction combinations
with q values greater than 0.5, five were natural factor combinations, nine were natural and
socio-economic factor combinations, with no combinations between socio-economic factors.

Table 6. The results of Factor Detector for the spatial heterogeneity of average ESV in the YRB during
1990–2018.

Factors
1990 2000 2010 2018

q p-Value q p-Value q p-Value q p-Value

Elevation 0.1140 0.0000 0.1105 0.0000 0.0998 0.0000 0.0961 0.0000
Slope 0.0717 0.0000 0.0717 0.0000 0.0825 0.0000 0.0829 0.0000

Precipitation 0.3861 0.0000 0.3873 0.0000 0.4066 0.0000 0.4031 0.0000
NDVI 0.5511 0.0000 0.5522 0.0000 0.5590 0.0000 0.5562 0.0000

Population density 0.2785 0.0000 0.2810 0.0000 0.2630 0.0000 0.2591 0.0000
GDP 0.1496 0.0000 0.1520 0.0000 0.1494 0.0000 0.1459 0.0000

Distance to road 0.0900 0.0000 0.0912 0.0000 0.0936 0.0000 0.0927 0.0000
Distance to river 0.1470 0.0000 0.1471 0.0000 0.1663 0.0000 0.1637 0.0000

Distance to railway 0.0183 0.0000 0.0188 0.0000 0.0231 0.0000 0.0228 0.0000
Distance to city 0.0448 0.0000 0.0454 0.0000 0.0472 0.0000 0.0475 0.0000

Table 7. The results of Interaction Detector for the spatial heterogeneity of average ESV in the YRB.

Xi ∩ Xj q(Xi) q(Xj) q(Xi ∩ Xj) Interaction Types

X1 ∩ X3 0.0961 0.4033 0.5650 Nonlinear enhancement
X1 ∩ X4 0.0961 0.5560 0.6302 Two-factor enhancement
X1 ∩ X5 0.0961 0.2592 0.6024 Nonlinear enhancement
X1 ∩ X6 0.0961 0.1459 0.5750 Nonlinear enhancement
X2 ∩ X4 0.0829 0.5560 0.5829 Two-factor enhancement
X3 ∩ X4 0.4033 0.5560 0.5952 Two-factor enhancement
X3 ∩ X5 0.4033 0.2592 0.5251 Two-factor enhancement
X3 ∩ X6 0.4033 0.1459 0.5017 Two-factor enhancement
X4 ∩ X5 0.5560 0.2592 0.6605 Two-factor enhancement
X4 ∩ X6 0.5560 0.1459 0.6564 Two-factor enhancement
X4 ∩ X7 0.5560 0.0929 0.5758 Two-factor enhancement
X4 ∩ X8 0.5560 0.1638 0.5810 Two-factor enhancement
X4 ∩ X9 0.5560 0.0228 0.5852 Nonlinear enhancement
X4 ∩ X10 0.5560 0.0475 0.6174 Nonlinear enhancement

Note: X1—elevation, X2—slope, X3—precipitation, X4—NDVI, X5—population density, X6—GDP, X7—distance
to road, X8—distance to river, X9—distance to railway, and X10—distance to city.

3.4.2. Spatial Distribution of the Effects of Influencing Factors

Figure 6 depicts the spatial variation of the regression coefficients of each influence
factor based on GWR results. The regression coefficients of NDVI are all greater than zero,
meaning that NDVI is always positively correlated with ESV. Regression coefficients of
GDP are generally greater than zero, indicating that the influence of GDP on ESV is mainly
positive. In contrast, the regression coefficients of population density are generally less
than zero, indicating that the influence of population density on ESV is mainly negative.
In addition, other factors showed approximately equal areas of positive and negative
correlation with ESV. Among them, the effects of elevation, precipitation, distance to road
and distance to city on ESV were mainly positive in the west and negative in the east. The
effects of slope and distance to railway on ESV showed mainly negative correlations in
the west and positive correlations in the east, while the distance to river showed positive
correlation in the center and negative correlations in the east and west.
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Figure 6. Spatial distribution of regression coefficients of influencing factors.

4. Discussion

4.1. Temporal-Spatial Evolution of ESV and Its Determinants

The findings of this study show that the northeastern part of the YRB with high
vegetation cover had the highest average ESV, while the northwest part with scarce water
resources and three large deserts had the lowest average ESV, which is consistent with
the research of Cui et al. [43] and Zhang et al. [44]. Meanwhile, most scholars believe that
the conservation of ecological lands such as forest land, grassland and water bodies is
particularly important for the stability of ESV [34,35].

In terms of time, the ESV in the YRB clearly deteriorated from 1990 to 2000, owing to
people’s lack of awareness of the importance of their ecological environment and the failure
to take effective ecological protection measures, resulting in the disorderly expansion of
built-up land and the continuous degradation of forest land and grassland [45]. Since
2000, China has gradually strengthened ecological management, particularly through a
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series of afforestation and soil conservation projects, which have improved the ecological
environment of the YRB [46]. These ecological protection projects have shown preliminary
results, indicating the state’s important role in ecological regulation [47–49].

Overall, the total ESV of the YRB has remained stable, but the results show significant
spatial heterogeneity, with some parts improving and others deteriorating. It was the
balance of improvement and deterioration across the region that kept the ESV of the YRB
relatively stable [50]. Regions with improved ESV were scattered across the YRB, all
of them in areas showing an expansion of built-up land, and where at least one type of
ecological land use had also increased. This suggests that the expansion of built-up land has
been widespread, and that focusing on the cultivation of ecological land to allow orderly
expansion of construction land can help to achieve the goal of ESV improvement [51,52].
Socio-economic development is based on the consumption of various resources, and land
exploitation is inevitable. Our results show that any change in land use type resulted
in a moderate or substantial change in ESV, exerting a direct impact on ESV. Specifically,
the conversion of grassland to forest land was the major reason for ESV improvement in
YRB, accounting for more than 25% of the total increase (Table 4), due to the much higher
ESV per unit area of forest land than grassland (Table 2), and the large conversion areas
(Figure 3). This was made possible by the implementation of projects such as the Three-
North Shelterbelt Project, the “Grain-for-Green” and Natural Forest Protection programs,
which resulted in a net increase in the area of forest land [53]. In particular, the Three-North
Shelterbelt Project has been promoting large-scale afforestation since its implementation and
has contributed greatly to ESV growth [54]. Meanwhile, the areas with deteriorating ESV
were mainly concentrated in the eastern part of the YRB, and these areas showed a decline in
forest land and grassland, and a significant increase in built-up land. Grassland degradation
was the major factor in the deterioration of ESV in the YRB, accounting for more than 25%
of the reduction (Table 4). Because of the fragile ecological environment of the YRB, with the
frequent natural disasters such as floods and mudslides, grassland, a relatively ecologically
fragile area, is vulnerable to destruction [33]. Additionally, human activities such as
irrational use of water resources, overgrazing and overexploitation have exacerbated the
degradation of grassland [55]. Therefore, in future construction, it is necessary to continue to
supervise the implementation of these ecological projects, to strengthen the protection and
construction of ecological land, and to formulate protection policies tailored to ecological
degradation areas in order to ensure steady ecological improvement.

Research on ESV has become a hot topic in the process of building an ecological civi-
lization. Most recent studies have found that changes in ESV are the result of a combination
of natural and socio-economic factors [10,56]. Different factors can have varying impacts
on ESV, and the combination of multiple factors can produce more complex effects [20].
From the perspective of sustainable development, positive impacts should be promoted
and negative impacts should be suppressed [57]. Therefore, identifying the ways in which
different factors contribute to ESV is essential for precise policy-making and the formula-
tion of reasonable ecological regulatory measures. In this study, we used GDM and GWR
models to explore in depth the impacts on ESV of multiple natural socioeconomic factors.

The results revealed that NDVI was the relative strongest influencing factor for spatial
heterogeneity of ESV, which is consistent with the findings of Sun et al. [36]. Meanwhile,
NDVI is the only factor that positively affected ESV in all regions. Because NDVI is an
indicator of vegetation growth status [58], and abundant vegetation growth and cover
are beneficial to ESV [59], therefore, NDVI had a relatively strong effect on ESV with a
positive correlation across the whole area. Due to the different geographic conditions, there
was spatial variability in the effects on ESV of all other factors. Overall, compared with
socio-economic factors, natural factors dominated the influence on ESV. This is in line with
the findings of Han et al., who suggested that various types of natural factors influence the
structure, distribution, growth, and succession of biomes on a large scale, thus influencing
ESV at a macroscopic level [49]. Nevertheless, the impact of socio-economic factors on
ESV cannot be ignored, especially population density, which is the most influential of the
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socio-economic factors. Population growth will lead to an increased demand for built-up
land, food, and other necessities. In such a case, it will lead to LUCC and eventually
influence ESV [51]. Therefore, in the practice of enhancing ESV, human interference should
be minimized and the regulation of natural elements prioritized [60].

Furthermore, the results of the Interaction Detector revealed that the interaction ef-
fect of any two factors was greater than each factor alone, and the interaction type was
dominated by two-factor enhancement, indicating that spatial heterogeneity of ESV in
the YRB was the result of the combined effect of multiple factors. This is consistent with
previous studies, which showed that combining various variables increased their influence
on ESV [11,61,62]. It was noted that 9 of the 14 pairs of interaction combinations with q
values over 0.5 are interactions of nature and socio-economics, which means that in terms
of interaction, the joint effect of nature and socio-economic factors has a stronger influence
on ESV. Therefore, in ecological regulation, attention should be paid to the harmonious
coexistence of man and nature, and to the combined effect of different regulation meth-
ods in order to maximize overall benefits and thus increase the efficiency of ecological
improvement initiatives.

4.2. Policy Implication

Based on an in-depth analysis of the temporal-spatial evolution of ESV and its influenc-
ing factors, this study proposes three practical policy recommendations for the YRB. First,
our study indicated that both in ecological improvement or deterioration areas, built-up land
generally showed a trend for expansion, while the maintenance of ecological land such as
forest land and water bodies can keep ESV stable. Therefore, an ecological monitoring mech-
anism can be established in the YRB to dynamically monitor various types of ecological land.
The first priority is to monitor its area and limit the conversion of ecological land to other
land uses. Ecological quality monitoring should also be enhanced for areas with ecological
significance, and timely regulation should be carried out when their quality declines.

Second, the positive effect of the state as the main body to regulate ecology has already
been shown, and the implementation of ecological conservation or restoration programs,
such as the Three-North Shelterbelt Project, the “Grain-for-Green” Program and the Natural
Forest Protection Program should be strengthened. Aside from policies applied to the entire
region, specific programs should be designed and implemented in ecologically fragile areas
based on their type of ecological vulnerability. For example, in water-scarce areas, a system
of compensated use of water resources that matches socio-economic development should
be implemented to conserve and control water in a comprehensive manner. In areas with
severe land degradation, the local government should identify the type of land degradation,
and implement unified planning and treatment in a piecemeal manner according to the
classification results. In addition, areas prone to natural disasters should be designated
as disaster management zones, requiring strict environmental control to prevent human
activities from aggravating disasters.

Third, since natural ecosystems have the ability to self-heal, an ecological assessment
mechanism can be established in the YRB, and different measures can be taken based on
the assessment results to maintain or improve the ecological environment for different
ecological zones. For example, in ecologically sound areas, ESV can be stabilized by limiting
human activities, especially those that are polluting and destructive. In contrast, human
interventions such as afforestation and engineering restoration are needed to rehabilitate
the ecological environment in areas that have lost the ability to restore themselves.

4.3. Limitation

The YRB is an important ecological region within China. We investigated the temporal
and spatial heterogeneity of its ESV, identified the ecologically fragile areas of the basin,
evaluated the influencing factors, and proposed policy recommendations for improving the
ecosystems of the YRB. Our findings may provide a basis for decision-making for ecological
governance and regulation in the YRB.
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However, there were some limitations to our study. First, we only classified the land
use data into six primary categories without further subdividing it, which would tend
to make the results biased. In the future, a more detailed classification of land use types
should be performed to calculate ESV more accurately, such as dividing cropland into
paddy fields, dryland, and irrigated land, and dividing forest land into tree forest, bamboo
forest, shrub land, etc. Second, due to the limitation of data acquisition, the influencing
factors used may not have been comprehensive enough, and policy or institutional factors
were not taken into account. More data should be collected in the future to allow a more
thorough investigation of the factors influencing ESV.

5. Conclusions

In this study, we investigated the temporal–spatial evolution of ESV and its determi-
nants in the YRB, based on the ecological contribution, bivariate spatial autocorrelation,
and geographical detector models. We found that the ESV of the YRB fluctuated during
the study period, with an overall increase of 0.06%. Land use change exhibited a direct
and dominant effect on ESV, with conversion of grassland to forest land and conversion of
unused land to grassland being the dominant factors in ESV improvement, and conversion
of grassland to unused land being the main cause of ESV deterioration. In addition, natural
and socio-economic factors had a subtle influence on ecological elements, which gradually
affected ESV. Furthermore, the differences in geographical location made the effect of
natural socio-economic factors on ESV spatially heterogeneous. These results revealed
that the adjustment of land use types in ecological management practices is a dominant
factor in maintaining and improving ESV. At the same time, when formulating optimal
land management policies, practical and efficient policies should be developed according
to local conditions, to promote ESV improvement.
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Abstract: Guangdong Province is an important ecological barrier and the primary pillar of economic
development in China. Driven by high-speed urbanization and industrialization, unreasonable
land use change in Guangdong Province has exacerbated habitat degradation and loss, seriously
affecting habitat quality. Thus, taking Guangdong Province as the study area, this paper quantifies the
response of habitat quality on land use change using the Integrated Valuation of Ecosystem Services
and Tradeoffs (InVEST) model and constructs a contribution index (CI). The following conclusions
can be drawn from the results: (1) The habitat quality exhibits a spatial distribution pattern of low
quality in plain areas and high quality in hilly and mountainous areas. (2) The annual average habitat
quality gradually decreases from 1980 to 2020, with a total decrease of 0.0351 and a reduction rate of
4.83%; (3) The impact of land use change on habitat quality is mainly negative, and the habitat quality
mainly decreases by the conversion of forest land to orchards, paddy field to urban land, and forest
land to dry land, with CI values of −24.09, −11.67, and −8.04, respectively. Preventing the destruction
of natural forests, increasing the diversity of plantation orchards, and rationalizing and mitigating
the growth rate of construction land are key to maintaining and improving the habitat quality.

Keywords: land use change; habitat quality; habitat degradation; Guangdong Province

1. Introduction

Habitat denotes the natural environment that provides living space for human beings
and other species [1]. It is the guarantee and basic environment for biological survival and
reproduction and is the premise of all ecosystem functions and services [2,3]. Habitat quality
denotes the ability of a habitat to provide suitable and sustainable living conditions for
biological individuals or populations [4]. It reflects the regional biodiversity and ecological
service levels. Moreover, it is also an important representation of regional ecological
security and ecological health [5,6]. Habitat quality depends on natural and geographical
conditions as well as human activities. On the one hand, the natural and geographical
conditions determine the basis of habitats, such as the type of habitat, biodiversity, the
quality of the biological living environment, and the ability to provide the biological
survival and development requirements [7,8]. On the other hand, human activities change
the structure, nature, and ecological processes of a habitat [9]. Land is a carrier of human
activities that can directly record the patterns of land use change driven by the social
economy. On the premise that geographical conditions are not easy to change in the short
term, land use change alters the pattern and function of the regional habitat and affects
the material circulation and energy flow within the habitat, ultimately causing change to
habitat quality [10–14]. When land use type and structure changes are accelerated, habitat
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fragmentation, degradation, and even loss can occur, leading to the continuous decline of
habitat quality [15–18].

As an important ecological barrier and the primary pillar of economic development
in China, the northern Nanling Mountains and the southern coastal zone in Guangdong
province occupies an important position in China’s national ecological security strategic
pattern of “two screens and three belts” [19,20]. Moreover, Guangdong affords the highest
economic development and urbanization levels in China [21]. Recently, the contradiction
between economic development and ecological protection in Guangdong has become in-
creasingly prominent [22]. On the one hand, although Guangdong Province has the highest
level of economy and urbanization in China, the economic development of the province is
extremely uneven [23]. In 2020, the gross domestic product (GDP) of the Pearl River Delta
(PRD) region in Guangdong Province accounted for 85.17% of the total GDP of Guangdong
Province and gathered 62.15% of the province’s resident population, and these two figures
are on a gradual increase [24,25]. Driven by urbanization, industrialization, and population
agglomeration, construction land, industrial and mining land, and infrastructure land are
increasing, which not only destroys the integrity of land but also sequesters other land use
types [26–29], further intensifies the degradation and even habitat loss, which seriously
affects the habitat quality and hinders sustainable economic development and ecological
civilization construction [30]. On the other hand, the ecological environment in Guangdong
is relatively fragile due to its special geographical location. The hilly and mountainous
areas in northern Guangdong Province are prone to soil water erosion under typhoons
and rainstorms, and the simple forest structure in Guangdong Province leads to ecological
vulnerability [31]. Since 2000, a series of measures have been taken in Guangdong Province
to address the problem of soil erosion. Among them, the planting of economic forests
and soil conservation forests can effectively combat soil erosion [32], but the impact of
such measures on habitat quality is unknown. Therefore, the response mechanisms of
habitat quality under continuous land use change in Guangdong Province urgently need
to be clarified. Quantitative research on the response of habitat quality to land use and
exploration of the relationship between land use change and habitat quality in Guangdong
Province are helpful for figuring out the response mechanism of habitat quality to land
use change and can provide theoretical support and scientific reference for the rational
land-development and utilization as well as of habitat quality improvement, which is of
great significance to Maintaining the national ecological security pattern barrier system
and ensuring the coordinated and sustainable development of the ecological socioeco-
nomic system [12,33,34]. Currently, most quantitative studies focus on the PRD and the
Guangdong-Hong Kong-Macao Greater Bay Area [18,35], and less attention is paid to the
entire Guangdong.

Currently, the quantitative research on the response of global habitat quality to land
use change is mainly performed on the macro and micro levels.

At the micro-level, studies have revealed the responses of habitat quality to land use
change with measured data, such as species quantity, soil properties, and species types.
For example, through field investigation, Verheyen et al. [36] and Newbold et al. [16]
determined that land use change will affect the division and distribution of herb and wood
plant species. The measured data can accurately characterize the impact of land use change
on habitat quality. However, the acquisition of measured data is difficult and spatially
discontinuous, which is unsuitable for macro-scale promotion.

At the macro level, quantitative research is mainly divided into three aspects. The first
is correlation analysis, which mainly analyzes the relation between land use change (e.g.,
landscape index, land use change degree, pattern change index) and habitat quality change
(HQC) [37–40]. Studies showed that urban land expansion, agricultural land expansion, and
landscape fragmentation are significantly related to habitat quality reduction in Southwest
Ethiopia and the Baotou–Ordos–Yulin urban agglomeration in China [41,42]. The second is
evaluating the HQC caused by the land use changes. One way of determining this is by
assigning values to different land types to represent their habitat quality and then directly

215



Land 2022, 11, 817

comparing the differences before and after land use conversion [43,44]; Another way is
to evaluate the habitat quality in two or more years using an evaluation model and then
analyzing the change of habitat quality in the area with land use change [45,46]. Finally,
a prospective study can be performed to determine the future habitat quality. Evaluation
of the future habitat quality under different land use scenarios can help optimize the
land use scheme and provide the most appropriate land use scenarios for different goal
orientations [47–49]. Notably, among the latter two categories of research, the Integrated
Valuation of Ecosystem Services and Tradeoffs (InVEST) model is most commonly used due
to its convenience, pertinence, and applicability [11,38,50]. It can replace the exhaustive
methods and quickly test the habitat quality and quantity. The running data in the model
is mainly the land use data, which can better characterize the relation between land
use and habitat quality. The accuracy and effectiveness of this model have been widely
recognized, and it is deemed suitable for the study of the impact of land use change on
habitat quality [51–53].

Therefore, taking Guangdong Province as the study area, we conducted a quantitative
analysis of the response of habitat quality to land use change over a long time-span.
First, the habitat quality from 1980 to 2020 was determined using the InVEST model.
Then, the influence degree index (IDI) and contribution index (CI) were established to
quantitatively analyze the response of the habitat quality to land use change. The study
aims to: (1) analyze the temporal and spatial evolution characteristics of land use change
in Guangdong Province over the last 40 years; (2) determine the temporal and spatial
variation characteristics of habitat quality in the study area; and (3) quantitatively analyze
the response of habitat quality to land use change and reveal the patterns of land change
causing HQC.

2. Materials and Methods

2.1. Study Area

Guangdong Province is located in the southernmost part of the Chinese mainland
(Figure 1), between 20◦13′ N–25◦31′ N and 109◦45′ E–117◦20′ E. It is adjacent to Fujian
in the east, Jiangxi, Hunan in the north, Guangxi in the west, Hong Kong and Macao in
the south, and faces Hainan across the sea to the southwest [54]. The total land area of
the Guangdong Province is 179,800 km2. The terrain is high in the north and low in the
south. The landform types are complex and diverse. Moreover, hills and mountains are
common in the north, while plains and platforms are common in the south. The climate
conditions are complex, belonging to the middle subtropical monsoon climate zone, the
south subtropical monsoon climate zone, and the tropical monsoon climate zone, with
long summers and warm winters, abundant rainfall, large stream flows, and a long flood
season. The surface water resources are abundant, but the temporal and spatial distribution
is uneven [55]. Meteorological disasters such as rainstorms and floods, tropical cyclones,
strong convective weather, lightning strikes, and high temperatures, regularly occur. These
disasters have long periods, high frequencies, and can cause heavy damage. From north to
south, the soil type transitions from red to lateritic red soil to brick red soil. From north
to south, the vegetation is subtropical evergreen broad-leaved forest, subtropical seasonal
rain forest, and tropical seasonal rain forest from north to south.

Guangdong comprises 21 prefecture-level cities and is divided into four sub-regions,
including nine cities in PRD, including Guangzhou, Foshan, Zhaoqing, Shenzhen, Dong-
guan, Huizhou, Zhuhai, Zhongshan, and Jiangmen, three cities in western Guangdong
(WG), including Zhanjiang, Maoming, and Yangjiang, four cities in eastern Guangdong
(EG), including Shantou, Jieyang, Chaozhou and Shanwei, and five cities in northern
Guangdong (NG), including Shaoguan, Qingyuan, Yunfu, Meizhou, and Heyuan. In 2020,
the urbanization rate of Guangdong reached 74.15%, exhibiting the highest urbanization
rate except for Beijing, Tianjin, and Hebei [25]. Among the sub-regions, the population of
PRD is the largest, reaching 77.95 million, and the populations of EG, WG, and NG are 16.39,
15.76, and 15.92 million, respectively. The urbanization rate of Shenzhen, Foshan, Dong-
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guan, Zhuhai, Zhongshan, and Guangzhou exceeds 85%. Notably, the urbanization rate of
Shenzhen has reached 99.54%, thereby representing the city with the highest urbanization
rate in China [24]. In 2020, the GDP of the Guangdong Province was 11,076.094 billion
yuan, ranking first in China. Specifically, the GDPs of Shenzhen, Guangzhou, and Foshan
were more than 100 billion Yuan, respectively, and that of other cities ranged from 10 to
100 billion Yuan [24].

Figure 1. Geographical location of Guangdong province, China.

2.2. Data Sources

The used the following data sources were employed:
(1) Land use data. The land use data were obtained from the Resource and Environ-

mental Science and Data Center, Chinese Academy of Science (http://www.resdc.cn/,
accessed on 1 February 2022), with a time resolution of 10 years and a 1000-m spatial
resolution, including five years of data in 1980, 1990, 2000, 2010, and 2020. The dataset is
based on Landsat TM/ETM+ remote sensing image data, compliments of Liu’s and other
Chinese land use remote sensing cartographic classification systems, and was generated by
the human-computer interactive interpretation of land use change remote sensing informa-
tion [56,57]. Each phase of data was subject to a unified quality inspection. Ten percent of
the counties were randomly selected nationwide, and the data classification results were
verified through field investigation. The classification and total accuracies were evaluated
using a confusion matrix. The land use types were divided into six first-class types and
25 second-class types. Among them, the comprehensive evaluation accuracy of the first-
class types of land use was more than 93%, and the comprehensive classification accuracy
of the second-class types was more than 91% [57,58]. According to the data requirements
herein, the land use types were reclassified into ten categories: paddy field, dry land,
forest land, orchard, grassland, water and wetland, urban land, rural settlement, other
construction land, and idle land.
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2.3. Study Design

Herein, we analyzed the land use change and its effects on habitat quality from 1980
to 2020 in Guangdong Provence, China. First, we analyzed the long-time spatiotemporal
dynamic changes of land use using the atlas analysis method. Then, we assessed the habitat
quality in the corresponding year of land use using the Habitat Quality module (HQM) in
the InVEST model and clarified the habitat change and its degradation using the hotspots
analysis method (Getis-Ord G*index). Finally, we established IDI to represent the impact of
annual land use change per unit area on HQC and CI to denote the total contribution of
each land use type change on the HQC. Figure 2 shows the study design.

Figure 2. Illustration of the research design.

2.4. Methods
2.4.1. Atlas Analysis Method

The land use data used herein are raster data. Each land use type has a corresponding
unique code (paddy field, dry land, forest land, orchard, grassland, water and wetland,
urban land, rural settlement, other construction land, and idle land are sequentially num-
bered from 1 to 10). Thus, an atlas analysis method was used to calculate the land use
change; the specific formula is as follows:

M = 100A + B (1)

where A is the land use type code before converting, and B is the land use type code after
converting. M is the code of the land use change type. A = B denotes that the land use type
does not change; A 	= B denotes that land use type has changed.

The area of land use change is calculated in the formulas as follows:

Ai = Ci × 106 (2)

where Ai is the area of land use change type i, with unit m2, and Ci is the total count of land
use change type i, i.e., the raster count of M corresponding to the land use change type i.

2.4.2. Habitat Quality Assessment Model

The HQM in the InVEST model is selected to evaluate habitat quality. The module
suggests that the habitat quality depends on a habitat’s proximity to human land uses and
the intensity of these land uses. Habitat quality degrades with increasing intensity of nearby
land use. Thus, the more frequent the human activity, the higher the intensity of land use
and the worse the habitat quality [59,60]. This module, which produces a habitat quality
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map by combining the information of land use data and habitat threat factors, allows the
rapid assessment of the status of and change in a proxy for more detailed measures of the
biodiversity status.

The assessment principle of the HQM is as follows: First, habitat degradation is
calculated depending on the sensitivity of different land types to threat factors and the
intensity of external threats. The specific calculation formula is as follows:

Dxj = ∑r
r=1 ∑y

y=1

(
ωr

∑r
r=1 ωr

)
ryirxyβxSjr (3)

irxy = 1 −
(

dxy

drmax

)
if linear, or irxy = exp

[
−
(

2.99
drmax

)
dxy

]
if exponential (4)

where Dxj is the habitat degradation of the land use type j in a grid cell x ranging from 0
to 1. The larger the Dxj value, the higher the habitat degradation degree. ωr represents
the weight of each threat factor (ranging from 0 to 1); ry denotes the effect of threat r that
originates in grid cell y, essentially representing the intensity of threat factors. Additionally,
irxy represents the distance between the habitat and the threat source and the impact of
the threat across the space; βx is the factor that may mitigate the impact of threats on the
habitat through various protection policies; Sjr indicates the sensitivity of the land type j to
the threat factor r, where values closer to 1 indicate greater sensitivity; r is the habitat threat
factor; y indicates all grid cells on the raster map of r; dxy is the distance between grid cell x
and y; drmax is the influence range of the threat factors.

Then, the habitat quality based on the above-calculated habitat degradation and the
suitability of different habitat types to the threat factors can be calculated as follows:

Qxj = Hj

[
1 −

(
D2

xj

D2
xj + k2

)]
(5)

where Qxj is the habitat quality of the grid x in the land use type j, which ranges between 0
and 1, the higher the value, the higher the habitat quality; Hj denotes the habitat suitability
of the grid x in the land use type j, whose range is [0, 1] and k is the half-saturation constant.

According to the principle of the HQM: paddy fields, dry land, orchard, urban land,
rural settlement, other construction land, and idle land are considered threat factors. The
data involved in the model mainly include the maximum threat distance, weight and decay
of threat factors, habitat suitability, and the sensitivity of different habitat types to threat
factors. The above parameter data mainly refer to the model reference values in the InVEST
User’s Guide and the research results of relevant scholars in similar areas [35,46,53,61,62]
(Tables 1 and 2).

Table 1. Threat factor property sheet.

Threat Factor Maximum Threat Distance (km) Weight Decay

Paddy field 4 0.7 linear
Dry land 3 0.6 linear
Orchard 3 0.5 linear

Urban land 10 0.3 exponential
Rural settlements 5 0.2 exponential

Other construction land 4 0.6 exponential
Idle land 6 0.5 linear

Note: Maximum threat distance is the maximum distance over which each threat affects habitat quality (measured
in km). The impact of each degradation source will decline to zero at this maximum distance. Weight is the impact
of each threat on habitat quality, relative to other threats; Decay is the type of spatial decay for the threat and can
be either “linear” or “exponential” [60].
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Table 2. Habitat score of each land use type.

Habitat Type Habitat PF DL ORC UL RS OCL IL

PF 0.4 0 1 0.3 0.8 0.7 0.8 0.4
DL 0.2 1 0 0.2 0.8 0.6 0.9 0.5
FL 1 0.6 0.7 0.5 0.3 0.4 0.5 0.2

ORC 0.5 0.3 0.5 0 0.5 0.6 0.7 0.3
GL 1 0.6 0.7 0.5 0.6 0.5 0.4 0.6

W&W 1 0.7 0.5 0.3 0.5 0.4 0.4 0.3
UL 0 0.05 0.1 0.1 0 0 0.1 0.1
RS 0 0.7 0.7 0.5 0 0 0.9 0.1

OCL 0.3 0.2 0.2 0.3 0.4 0.5 0 0
IL 0.6 0.5 0.55 0.6 0.3 0.35 0.6 0

Note: PF is paddy field; DL is dry land; FL is forest land; ORC is orchard; GL is grassland; W&W is water and
wetland; UL is urban land; RS is rural settlement; OCL is other construction land; and IL is idle land; Habitat
refers to habitat suitability, and each land use type is assigned a relative habitat suitability score from 0 to 1.

2.4.3. Hotspots Analysis

The hotspots analysis method was used to illustrate the spatial clustering distribution
characteristics of the HQC. The Getis–Ord G* index was employed to identify statistically
significant spatial clusters of high values (hotspots) and low values (cold spots) of HQC:

G∗
i =

∑n
j=1 wijxj − x∑n

j=1 wij

S

√[
n∑n

j=1 w2
ij−

(
∑n

j=1 wij

)]2

n−1

(6)

where Gi* is the G* value of pixel i in the HQC raster data, and xj is the HQC value.
Additionally, wij is the spatial weight matrix of pixel i and pixel j defined by the distance
rules. If i and j are adjacent, their spatial weight is 1; otherwise is 0. x denotes the average
HQC value; S is the standard deviation of the HQC value, and n is the total count of the
pixel. The G* values are calculated using the ArcGIS 10.5 platform. When the G* value was
significantly positive, the HQC exhibited a high-value concentration, indicating a hotspot
area. In contrast, when the G* value was significantly negative, the HQC exhibited a low-
value aggregation, denoting a cold spot area. The significance level was used to identify
the hotspots and cold spots, and the areas corresponding to the G* value greater than or
equal to 90% of the significance level were regarded as the hotspots and the cold spots.

2.4.4. Assessment of the Contribution of Land Use Change to Habitat Quality

We tailored the CI proposed by Zhang et al. [46] and Wu et al. [63]: First, IDI was
established to represent the HQC caused by the annual land use change per unit. To more
accurately evaluate the impact of land use change on habitat quality, we divided 1980–2020
into four periods: 1980–1990, 1990–2000, 2000–2010, and 2010–2020. The HQC caused by
the unit land use change in the study area from 1980 to 2020 is obtained by calculating the
mean IDI of these four periods. The calculation formula is as follows:

IDIi =
1
4

4

∑
j=1

1
10
(
ΔQij/SAij

)
(7)

where IDIi denotes the HQC caused by the annual land use change type i per unit area,
ΔQij is the total HQC caused by land use change type i in period j, and SAij is the total area
of land use change type i in period j. When IDIi > 0, the land use change type i positively
impacts the HQC and improves habitat quality. The higher its value, the greater is its
positive impact and the more the improvement on the habitat quality. When IDIi < 0, the
land use change type i negatively impacts the habitat quality and reduces the habitat quality.
The greater its absolute value, the greater its negative impact, and the more habitat quality
is reduced. When IDIi = 0, the land use change type i has no impact on the habitat quality.
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Then, using IDIs, we calculated the CI of each land use change type to determine the
contribution of different land use change types to HQC. The specific calculation formula is
as follows:

CIi = IDIi × PAi ∗ 40 (8)

where CIi is the contribution of the land use change type i on the habitat quality from 1980
to 2020, and PAi is the percentage of land use change type i in the total area of the land
use change from 1980 to 2020. When CIi > 0, the land use change type i positively impacts
the habitat quality, plays a positive role on HQC, and improves the habitat quality of the
region. The larger its value, the more the habitat quality is improved. When CIi < 0, the
land use change type i negatively impacts the habitat quality; the greater its absolute value
is, the more the habitat quality is reduced. When CIi = 0, the contribution of the land use
change type i to HQC is 0.

3. Results

3.1. Land Use Change in Guangdong

Between 1980 and 2020, the main land use types were cultivated land (dry land and
paddy field) and woodland (forest land and orchard) (Figure 3). Specifically, the woodland
area and cultivated land annually accounted for more than 55% and 22%, respectively.
Spatially, woodland was mainly distributed in the hills and mountains in WG, EG, and NG,
while cultivated land was concentrated in the plain areas along PRD and was scattered in
other sub-regions.

Figure 3. Dynamic change of land use in Guangdong from 1980 to 2020. (Note: The percentage in the
figure indicates area proportion of each land use type).

Over the past 40 years, the area of each land use type has greatly varied with time
(Figure 3). Orchards, urban land, and other construction land showed a continuous growth
trend, with the area increasing by 2423, 4652, and 2779 km2, respectively, achieving corre-
sponding growth rates of 40.36%, 491.24%, and 506.19%, Urban land exhibited the largest
area increment. The areas of the remaining land use types decreased to varying degrees.
The largest reduction observed was in paddy fields, with a decrease of 4211 km2 (14.27%);
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followed by dry land, forest land, and grassland, with decreases of 1932 km2 (10.19%),
1884 km2 (1.89%), and 1358 km2 (14.88%), respectively. The water and wetland, rural
settlement, and idle land areas exhibited relatively small decreases of 391 km2 (5.20%),
53 km2 (1.24%), and 25 km2 (18.52%), respectively. Furthermore, the change of most land
use types after 2000 (later stage) was greater than that before 2000 (early stage), and the
land use change was more active in the later stage.

From 1980 to 2020, the spatiotemporal conversion of the land use in the study area
exhibited the following characteristics (Figures 3 and 4):

Figure 4. Land use spatial distribution in 1980 (a) and 2020 (b) and land use converted in (c) and out
(d) from 1980 to 2020.

(1) Large-scale construction land in the PRD continued to expand. This expansion
was mainly reflected in the conversion of a large area of paddy fields, dry land, and forest
land into urban land and other construction land. Specifically, 2075 and 964 km2 of paddy
fields were converted to urban land and other construction land, respectively, of which
1340 km2 was mainly distributed and concentrated in the plain area of PRD. Additionally,
863 km2 and 472 km2 of dry land have been converted to urban land and other construction
land, respectively; the former was concentrated in the PRD (670 km2), while the latter was
scattered throughout the whole region. Furthermore, 556 km2 and 873 km2 of forest lands
were converted to urban land and other construction land, respectively, which was mainly
distributed in the plain area of PRD (501 km2 and 2446 km2). Moreover, the rural settlement
area exhibited a net decrease, mainly due to the imbalance between the 1121 km2 of land
converted into rural settlements and the 1174 km2 that was converted out, among which
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487 km2 was converted to urban land, which was mainly distributed in the plain area
of PRD.

(2) Large-scale changes in woodland occurred in NG. These changes are mainly
manifested in the mutual conversion of forest land and orchard in hills and mountainous
areas where 3511 km2 of forest land was converted into orchards, of which 2054 km2 is
distributed in NG. In contrast, 1429 km2 of orchard land was converted to forest land, of
which 895 km2 is distributed in NG. Additionally, large areas of conversion into and out of
forest land and other land occurred. For example, 1040 km2 of paddy field and 901 km2 of
dry land were converted into forest land; the former is mainly distributed in NG (589 km2),
while the latter was mainly distributed in WG; 980 km2 of water and wetland area was
converted into forest land, among which, 861 km2 is distributed in NG. In addition, 964,
899, and 771 km2 of forest lands were converted to paddy fields, grassland, and dry land,
respectively, which is mainly distributed in NG (563, 527, and 264 km2).

(3) The mutual conversion of paddy fields to and from water and wetland occurred
along rivers and coastal areas. Among them, 1409 km2 of paddy field was converted to
water and wetland, including 1007 km2 distributed in the PRD, which is along the banks of
the Xijiang River, Dongjiang River, and Beijiang River, and the coastal areas of Jiangmen
and Zhuhai. Additionally, 210 and 102 km2 are distributed in the coastal areas of EG and
WG. Moreover, 594 km2 of water and wetland was converted to paddy fields, of which
470 km2 is distributed along the Xijiang River and Beijiang River.

3.2. Habitat Quality and Degradation
3.2.1. Variation in Habitat Quality

From 1980 to 2020, the annual average habitat quality of Guangdong was above 0.6
(Figure 4). Spatially, the habitat quality was between 0 and 1. The distribution pattern
exhibited a low habitat quality in plain areas and high habitat quality in the hilly and
mountainous areas. Higher habitat quality was observed in the Pearl River Estuary and
inland areas. Habitat quality was divided into five levels according to its value: level-1
(0–0.2), level-2 (0.2–0.4), level-3 (0.4–0.6), level-4 (0.6–0.8) and level-5 (0.8–1). The habitat
quality of the study area is mainly level-5 (the area for each year accounts for more than
55%), level-1 (the area for each year accounts for more than 14%), and level-2 (the area for
each year accounts for more than 15%).

The habitat quality of the four sub-regions in the study area (Figure 5) shows that
the annual average habitat quality in NG is the highest, above 0.7 in each year, and the
habitat quality in WG is the lowest, below 0.6 in each year. Additionally, the annual average
habitat quality in EG and PRD ranges between 0.6 and 0.7 in each year. Spatially, the
habitat quality of the four regions is mostly exhibits three levels: level-1, level-2, and level-5
(Figure 6). Over the past 40 years, the habitat quality in the Guangdong Province has
gradually decreased with time. The annual average habitat quality decreased by 0.0351,
which is equivalent to a reduction rate of 4.83%. The habitat quality of all sub-regions
decreased to varying degrees. Among them, the annual average habitat quality decreased
the most in PRD, which was –0.0549 (7.88%), and decreased by 0.0287 (3.46%), 0.0276
(4.34%), and 0.0205 (3.57%) in NG, EG, and WG, respectively.
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Figure 5. Annual average habitat quality of Guangdong and its sub-regions from 1980 to 2020. (Note:
GD refers to Guangdong; NG refers to northern Guangdong; EG refers to eastern Guangdong; PRD
refers to Pearl River Delta; WG refers to western Guangdong (WG)).

Spatially (Figure 7), from 1980 to 2020, the habitat quality of 80.33% of the regions in
the Guangdong Province decreased to varying degrees, with a reduction amount between
0 and 1, of which 70.99% of the regions decreased between 0 and 0.1, 4.53% of the regions
decreased between 0.1 and 0.2, and 1.85%, 2.24% and 1.03% of the regions decreased
between 0.4 and 0.5, 0.5 and 0.6, and 0.6 and 0.7, respectively. High of reduction values
were mainly distributed in southern Guangzhou, the eastern Foshan, Dongguan, and
Shenzhen with a flat terrain around the plain area of PRD, as well as Heyuan and Meizhou
in NG. High reduction values were also sporadically distributed in other areas, while low
reduction values were distributed throughout the entire region. The habitat quality in
16.39% of the regions increased to varying degrees, with the increment ranging from 0 to 1,
of which 12.33% of the regions increased between 0 and 0.1, 1.07% of the regions increment
between 0.4 and 0.5. The area for the other increments was small. High and low values
of the incremental increases are sporadically distributed in the whole region. Finally, the
habitat quality in 3.28% of the regions did not change, mainly in the areas with unchanged
land use.

3.2.2. Habitat Degradation

The annual average habitat degradation in the Guangdong Province was more than
0.02 (Figure 8). Specifically, the habitat degradation in WG was the highest, with a value
of more than 0.025 per year, while that in NG was the lowest, with a value of less than
0.02 per year. The habitat degradation in PRD was generally between 0.02–0.025. Spatially,
the habitat degradation is between 0 and 1. High-value areas were mainly distributed in
the low altitude and flat terrain in the PRD, WG, and EG. In contrast, low-value areas were
mainly distributed in areas with relatively high altitudes and large slopes (Figure 9).
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Figure 6. Spatial distribution of habitat quality levels in Guangdong: 1980 (a); 1990 (b); 2000 (c);
2010 (d); 2020 (e).
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Figure 7. The habitat quality change (a) and its hotspots distribution (b) from 1980 to 2020. (Note:
99% Confidence refers to at the 99% significant level; 95% Confidence refers to at the 95% significant
level; 90% Confidence refers to at the 90% significant level).

Figure 8. Annual average habitat degradation of Guangdong and its sub-regions from 1980 to 2020.
(Note: GD refers to Guangdong; NG refers to northern Guangdong; EG refers to eastern Guangdong;
PRD refers to Pearl River Delta; WG refers to western Guangdong).

From 1980 to 2020, the annual average habitat degradation of the Guangdong Province
first decreased and then increased (Figure 8). The overall change exhibited a “concave”
curve. The curve rebounded after reaching the lowest value in 2000. The habitat degrada-
tion decreased in the early stage and continued to increase in the later stage. The annual
average habitat degradation increased by 0.0006 (2.79%). The habitat degradation of EG
and the PRD decreased by 0.0003 (0.94%) and 0.0001 (0.57%), respectively, while that of NG
and WG increased by 0.0013 (7.58%) and 0.0006 (2.19%), respectively.

Spatially, from 1980 to 2020, habitat degradation in 33.75% of the regions decreased
(Figure 9f). The reduced high-value areas were mainly distributed in PRD, and the low-
value areas were scattered throughout the entire region; the habitat degradation in 66.21%
of the regions exhibited an increasing trend. The high-value areas are mainly distributed
along the periphery of the plain area of PRD, and Heyuan and Meizhou in NG, and were
scattered in other areas. Low-value areas were scattered throughout the entire region.
Furthermore, habitat degradation remained unchanged in 0.04% of the regions.
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Figure 9. Spatial distribution of habitat degradation in 1980 (a), 1990 (b), 2000 (c), 2010 (d), 2020 (e)
and habitat degradation change from 1980 to 2020 (f).

3.3. The Impact of Land Use Change on Habitat Quality
3.3.1. IDIs of Different Land Use Change Types

The depiction of the average habitat quality of different land use types in the selected
year (Figure 10), shows that the annual average habitat qualities of forest land, grassland,
water and wetland were larger, all above 0.8; while those of paddy field, orchard, idle
land, and other construction land is between 0.2 and 0.6, and those of dry land, urban
land, and rural settlement were the smallest, all below 0.2. From 1980 to 2020, the annual
average habitat quality for each land use type has decreased to varying degrees. The largest
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reduction was observed for water and wetland, with a decrease of 0.0519 and a decrease
rate of 5.99%, followed by forest land, grassland, and idle land, with decreases of 0.0186
(1.94%), 0.0296 (3.20%) and 0.0186 (3.39%), respectively. The HQC for other land use types
was relatively small, no more than 0.01.

Figure 10. Annual average habitat quality of different land use types from 1980 to 2020. (Note: the
annual average habitat quality of urban land and rural settlement is 0).

Land use change has both positive and negative impacts on habitat quality. Table 3
shows that the conversion of forest land, grassland, and water and wetland to dry land,
urban land, rural settlement, and other construction land negatively impact habitat quality.
The conversion of forest land to urban land afforded the most negative impact, with an IDI
value of −0.0903, followed by the conversion of grassland to urban land, with an IDI value
of −0.0858. The IDIs of other types were also below −0.05. Furthermore, the conversion
of forest land to dry land and idle land to rural settlement negatively affected the habitat
quality, with IDIs of less than −0.05.

Table 3. The IDIs of different land use change types.

After Convert

PF DL FL ORC GL W&W UL RS OCL IL

Before
convert

PF - −0.0158 0.0504 0.0101 0.0441 0.0396 −0.0378 −0.0380 −0.0091 0.0122
DL 0.0137 - 0.0670 0.0263 0.0621 0.0665 −0.0172 −0.0175 0.0120 0.0358
FL −0.0523 −0.0701 - −0.0461 −0.0007 0.0000 −0.0903 −0.0811 −0.0590 −0.0300

ORC −0.0126 −0.0251 0.0448 - 0.0413 0.0369 −0.0462 −0.0468 −0.0174 -
GL −0.0466 −0.0657 −0.0005 −0.0406 - −0.0011 −0.0858 −0.0808 −0.0542 −0.0355

W&W −0.0436 −0.0638 −0.0020 −0.0318 −0.0012 - −0.0870 −0.0833 −0.0555 −0.0392
UL 0.0375 0.0167 0.0924 0.0449 0.0949 0.0917 - 0.0000 0.0294 -
RS 0.0379 0.0178 0.0866 0.0452 0.0793 0.0770 0.0000 - 0.0290 0.0582

OCL 0.0093 −0.0111 0.0577 0.0181 0.0506 0.0556 −0.0294 −0.0292 - -
IL −0.0128 −0.0343 0.0252 −0.0063 0.0386 0.0386 - −0.0570 −0.0228 -

Note: PF is paddy field; DL is dry land; FL is forest land; ORC is orchard; GL is grassland; W&W is water and
wetland; UL is urban land; RS is rural settlement; OCL is other construction land; and IL is idle land.

The conversions of dry land, urban land, rural settlement, and other construction land
to forest land, grassland, and water and wetland positively impacted the habitat quality,
with IDIs all above 0.05. The conversion of urban land to forest land, grassland, water and
wetland afforded the greatest positive impact, with IDIs values of above 0.09. Additionally,
the conversions of paddy fields to forest land, and rural settlement to idle land have great
positive impacts on habitat quality, with IDIs of above 0.05. The absolute value of IDI for
other land use change types was below 0.05, which exerts a relatively small positive or
negative impact on the habitat quality.
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3.3.2. CIs of Different Land Use Change Types

From the perspective of CIs (Table 4), the contribution of land use change to habitat
quality is mainly negative. The total CI is −100.24, where −56.20 is attributed to the
conversion of forest land to other land use types, and −32.49 is caused by the conversion
of the other land use types (except for forest land) to construction land. Specifically, the CI
of the conversion of forest land to orchards is the most negative, with a CI value of −24.09,
accounting for 24.03% of the total negative CI, followed by the conversion of paddy fields
to urban land, and forest land to dry land, with CI values (percentage of total negative CI)
of −11.67 (11.64%) and −8.04 (8.02%), respectively. Additionally, the negative contributions
associated with the conversion of forest land to paddy fields, forest land to dry land, and
water and wetland to urban land are large, and their respective CIs are less than −1.

Table 4. The CIs of land use change to habitat quality from 1980 to 2020.

2020

PF DL FL ORC GL W&W UA RS OCL IL

1980

PF - −0.54 7.79 0.32 0.88 8.31 −11.67 −3.52 −1.31 0.00
DL 0.46 - 8.98 1.44 0.83 2.42 −2.21 −0.68 0.84 0.01
FL −7.50 −8.04 - −24.09 −0.09 0.00 −7.47 −1.33 −7.66 −0.03

ORC −0.26 −0.26 9.53 - 0.32 0.36 −1.50 −0.22 −0.34 -
GL −1.64 −1.43 −0.11 −1.76 - −0.01 −1.26 −0.29 −1.50 −0.01

W&W −3.85 −0.73 −0.29 −0.66 −0.01 - −4.45 −0.72 −2.33 −0.03
UA 0.05 0.02 0.29 0.03 0.00 0.20 - 0.00 0.09 -
RS 1.59 0.45 1.13 0.13 0.26 0.48 0.00 - 0.27 0.02

OCL 0.03 −0.03 0.16 0.02 0.02 0.40 −0.39 −0.06 - -
IL 0.00 −0.01 0.02 −0.01 0.05 0.02 - 0.00 −0.05 -

Note: PF is paddy field; DL is dry land; FL is forest land; ORC is orchard; GL is grassland; W&W is water and
wetland; UL is urban land; RS is rural settlement; OCL is other construction land; and IL is idle land.

The positive contribution of land use change to the habitat quality constitutes less than
half of the negative contribution, which is 48.24. Of this, 27.91 stems from the conversion of
other land types to forest land. The CI of converting orchard to forest land is the largest,
with a value of 9.53, followed by the conversions from paddy field to forest land, dry
land to forest land, and paddy field to water and wetland, with CIs of 7.79, 8.98, and 8.31,
respectively, The CI values of other land use change types do not exceed 1.

The CIs in each sub-region of the study area significantly differ. Table 5 shows that
positive contribution mainly occurs in NG and PRD. The contribution in these two sub-
regions accounts for more than 70% of the total positive contribution, while the positive
contribution in EG and WG is relatively small. Moreover, the CI value associated with the
conversion from orchard to forest land is the largest in NG, the conversion from paddy
field to water and wetland is the largest in EG and PRD, and that from dry land to forest
land is the largest in WG.

The negative contribution mainly occurs in NG and PRD, accounting for 32.6% and
49.15% of the total negative contribution, respectively. The negative contribution is rela-
tively small in EG and WG. The land use change types causing habitat quality reduction in
each sub-region are different. For example, the habitat quality reduction in NG is mainly
caused by the conversion of forest land to other land use types (with CI value of −24.27),
among which the CI value of forest land to orchard is −14.03. The degradation of the
habitat quality in EG is mainly caused by the conversion of paddy fields to construction
land, and the conversion of forest land into other land use types. The CI values of the
conversion of paddy fields to urban land and forest land to orchards are the smallest, which
are −1.30 and −1.25, respectively. The habitat quality reduction in PRD is mainly due to
the conversion of other land use types to construction land, among which the CI value
of paddy field to urban land is the smallest. The habitat quality reduction in WG mainly
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occurs due to the conversion of forest land into other land use types, among which the CI
value of forest land to dry land is the smallest.

Table 5. The CIs in four sub-regions of Guangdong from 1980 to 2020.

Sub-Region
Positive Contribution Negative Contribution

Total CI Main Converted Types and Their CIs Total CI Main Converted Types and Their CIs

NG 4.2326

PF ct FL 4.38

−8.1772

FL ct PF −4.38
PF ct W&W 0.53 FL ct DL −2.75

DL ct FL 2.55 FL ct ORC −14.03
ORC ct FL 5.97 FL ct OCL −2.54

EG 1.1185

PF ct FL 0.40

−1.8485

PF ct UL −1.30
PF ct W&W 1.24 PF ct RS −0.59

DL ct FL 1.07 FL ct DL −0.94
ORC ct FL 0.58 FL ct ORC −1.25

PRD 4.2622

PF ct FL 1.99

−12.3288

PF ct UL −9.02
PF ct W&W 5.94 FL ct ORC −6.23

DL ct FL 1.92 FL ct UL −6.73
ORC ct FL 2.29 W&W ct UL −4.22

WG 2.4460

PF ct FL 1.03

−2.7286

FL ct PF −1.02
DL ct FL 3.44 FL ct DL −2.50

DL ct ORC 1.06 FL ct ORC −2.58
DL ct W&W 0.80 FLct OCL −0.76

Note: GD refers to Guangdong; NG refers to northern Guangdong; EG refers to eastern Guangdong; PRD refers
to Pearl River Delta; WG refers to western Guangdong. PF is paddy field; DL is dry land; FL is forest land; ORC is
orchard; W&W is water and wetland; UL is urban land; RS is rural settlement; and OCL is other construction land.
“ct” refers to “convert to”, therefore, “PF ct FL” means “paddy field convert to forest land”.

4. Discussion

4.1. The Verification of Habitat Quality

The habitat quality value assessed herein is considered a continuous variable in HQM.
It is a dimensionless comprehensive indicator with a range of 0–1. The assessment values
of the habitat quality are not field observations, and the accuracy of the assessment results
cannot be verified by direct comparison with the actual observation values. Moreover,
field observations are used in the evaluation index systems to assess the habitat quality,
and systems that are too subjective will afford large differences in results and are therefore
less suitable for validating of the habitat quality assessed by HQM. Therefore, we cross-
validated our assessment results by comparing with the HQM-assessed results of other
scholars in the whole and part of the study area (Table 6).

The comparison results show that differences are present in the respective habitat
quality assessment values in the same areas, but the overall differences are not significant,
none of them exceeded ±0.1 compared with our study results. Additionally, the trends
of change over time are consistent. Therefore, it is reasonable to assume that the HQM
is applicable to the habitat quality assessment in the study area and that our assessment
results can effectively describe the status and changes in habitat quality in the study area.

The differences in the habitat quality assessment results mainly stem from the selection
of threat factors and the parameters settings. The threat factors selection and the parameter
settings, most of them refer to the InVEST User’s Guide and other scholars, and the
parameters and threat factors for the same study area exhibit little difference.
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Table 6. The assessment results of habitat quality within Guangdong Province of other scholars.

Region Threat Factors Results Comparison

Guangdong–Hong
Kong–Macao Greater
Bay Area (GBA)

Bare land, Built-up areas,
Cropland, Railway, Trunk
road, Primary road,
Secondary road, Industry
activity, Residential [35].

• The annual average habitat
quality was 0.61, 0.60, 0.59,
0.60 and 0.60 in 1995, 2000,
2005, 2010 and 2015,

• respectively;
• The high habitat quality was

mainly distributed in the
outer ring of the GBA, and
low habitat quality were
concentrated in the central
areas of the GBA.

• Their results in the GBA
lower 0.04–0.07 than ours
in PRD;

• The spatiotemporal change
trends were consistent.

Cultivate land, Construction
land, and Idle land [64].

• The annual average habitat
quality of the GBA in 1980,
1995, 2005 and 2015 was 0.79,
0.78, 0.76 and 0.74,
respectively;

• Low-values in the central
and south-central parts and
high-values in the
surrounding margins

• Their result higher 0.05–0.1
than our results;

• The spatiotemporal change
trends were consistent.

Paddy field, Upland field,
Urban land, Rural settlement,
Construction land, Sand, Bare
ground [65].

• The annual average habitat
quality in 2005, 2010, 2015
and 2018 was 0.613, 0.604,
0.600 and 0.595, respectively;

• The habitat quality of the
GBA shows a circular
distribution of low in the
central part and high in the
surrounding area.

• Their result higher 0.04–0.1
than our results;

• The spatiotemporal change
trends were consistent.

Pearl River Delta (PRD)

Construction land, Idle
land [66].

• The annual average habitat
quality was 0.6 in 2020;

• Habitat quality was
relatively high in the west
and northeast of PRD, while
low in the central.

• Similar to our results in
the PRD;

• Share the same
distribution characteristics

Cropland, City/town, Rural
settlements, Other
construction land, Unused
land, Land reclamation [63].

• From 1990–2018, the annual
average habitat quality
dropped from 0.7181
to 0.6672;

• High-values distributed in
the surrounding area, while
low-values distributed in the
central area.

• Close to our results;
• The spatiotemporal change

trends were consistent.
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Table 6. Cont.

Region Threat Factors Results Comparison

Guangdong Province Cultivate land, Construction
land, and Idle land [67].

• The area proportion of
low-level (0–0.33) increased
from 3.5–6.7% from
1980–2010, that of high-level
(0.34–0.66) increased from
69.4–69.3%, moderate-level
(0.66–1) decreased from 27.1
to 21.2%.

• Low-value areas were
clustered and distributed
mainly in the plain areas of
the PRD, with higher habitat
quality in western, northern,
and eastern Guangdong.

• Their results were higher
than our results. Our
results showed that the
area proportions of three
level were 15.14, 20.67 and
64.18% in 1980,
respectively, from
1980–2010, the area
proportion of low-level
area increased to 17.58%,
while that of high-level
and moderate-level
decreased to 20.04 and
62.38%, respectively;

• Share a same change trend
that the habitat quality
gradually decreases
with time.

4.2. Degradation of the Habitat Quality and the Policy Implications

Regarding the impact of land use change on habitat quality, land use change can either
improve or reduce habitat quality. In most cases, the positive impact of mutual conversion
between two land use types is less than the negative impact (Table 3), demonstrating
that restoring the habitat quality to its original state is difficult. Land use types with
high habitat quality (e.g., forest; grassland; and water and wetland) are mostly unspoiled
natural ecosystems, which are complete and stable, and they have a certain ability to restore
and maintain stability and are vulnerable to the negative impact of the land use change.
In contrast, land use types with low habitat quality (e.g., orchard; cultivated land; and
settlements) are mostly semi-natural and artificial ecosystems, which are greatly affected by
human activities. The conversion from a high-quality to low-quality land use type is very
destructive, and it directly changes the type, nature, and layout of ecosystems; a natural
ecosystem gradually becomes a semi-natural and an artificial ecosystem. Even if water
and soil conservation projects can promote the restoration of the ecosystem, man-made
selective planting causes the simple structure of the forest land and grassland to directly
affect the biodiversity, further demonstrating that the habitat quality cannot be restored to
its original state.

The regional HQC is related to not only IDIs but also the area of land use change type.
The three main land use change types that cause the decline of habitat quality are forest
land to orchards, paddy fields to urban land, and forest land to dry land. Among them,
the conversion of forest land to dry land affords the largest IDI and affords relatively large
conversion areas. Therefore, this land use change type significantly negatively impacts
the HQC. Notably, the IDIs of the conversion of forest land to orchard and paddy field
to urban land are relatively small, but due to the large conversion area, the CIs of these
two land use change types are very large. Therefore, two approaches are introduced to
better restore the ecosystem and improve the habitat quality. First, for land use types
with high habitat quality, the conversion to the known land use types with low habitat
quality should be slowed. For different land use types, measures to improve habitat quality
should be targeted. For example, for economic forests and water conservation forests,
not only their water and soil conservation and economic benefits but also the diversity of
species should be considered. Second, the habitat quality of land use types with low habitat
quality is easy to improve. Measures such as employing reasonable farming methods of
cultivated land and increasing the internal green areas within an urban land will improve
the habitat quality.
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4.3. The Merits and Limitations of This Study

This study quantitatively evaluates the response of habitat quality to land use change
in Guangdong Province over the past 40 years. Moreover, it analyzes the main land
use change types causing HQC and briefly analyzes the relation between land use and
habitat quality. The study results can serve as a reference for land use planning, ecosystem
restoration, and biodiversity protection in the Guangdong Province. The limitations of this
study are as follows. First, the regional scale research can only explain the relationship
between land use change and habitat quality change in the province. Although the research
results provide reference value, more specific response measures need to be carefully
studied from a finer scale. Second, the InVEST model itself has limitations. The model
evaluation only considers the direct relationship between natural factors and habitat quality,
while human factors, a known important factor affecting the regional habitat quality, do
not directly participate in the evaluation of the habitat quality.

5. Conclusions

Using the land use data from 1980 to 2020 and the InVEST model, we analyzed the
temporal and spatial evolution characteristics of land use in the Guangdong Province,
evaluated the regional habitat quality, and revealed its temporal and spatial change char-
acteristics. We established CI to reveal the response of habitat quality to land use change.
The results from 1980 to 2020 reveal the following. (1) The land use change in Guangdong
Province exhibited obvious temporal and spatial evolution characteristics, including large-
scale expansion of the construction land in plain areas, large-scale conversion into and out
of forest land in hilly and mountainous areas, and the mutual conversion of paddy field
and water and wetland in coastal and river areas; (2) The habitat quality of the Guangdong
Province presented a spatial distribution pattern of low quality in plain areas and high
quality in hilly and mountainous areas. The habitat quality gradually decreased with time,
and the decrease was larger in the later stage compared to the early stage, which decreased
by 0.0351, with a reduction rate of 4.83%; (3) The negative contribution of land use change
to HQC is about twice the positive contribution. The decline of the habitat quality in
Guangdong Province is mainly due to the conversion of forest land to orchards, paddy
fields to urban land and forest land to dry land, with CIs of −24.09, −11.67, and −8.04,
respectively. Analyzing the CIs and the relationship between land use and habitat quality,
this study presented targeted habitat quality restoration measures, providing a scientific
reference for land use management and habitat protection in the study area.
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Abstract: Artificial cultivation had been applied to recover the meadow suffering from serious
degradation in the Qinghai–Tibet Plateau. Studies focusing only on the changes in vegetation,
soil and microbes along the meadow degradation were insufficient, and artificial cultivation as an
important part of succession was always neglected. Here, the variables of vegetation, soil, and soil
bacteria are surveyed in four types of alpine meadow in the protected lands of the Qinghai–Tibet
Plateau: intact alpine meadow (IAM), moderate degradation alpine meadow (MDAM), extreme
degradation alpine meadow (black soil beach (BSB)), and artificial alpine grassland (AAG). The results
indicated that degradation and cultivation significantly changed the characteristics of the vegetation
community, physicochemical features of the soil, and soil bacterial community diversity. Soil bacteria
took a considerably longer time to adapt to degradation and cultivation than vegetation and soil.
Compared to IAM and BSB, ADAM and AAG had more specific bacteria identified by ANOVA and
LEfSe analysis, implying an unstable state. Combined with vegetation and soil variables, it was
speculated that the unstable AAG was not significantly improved from the degraded meadow, and
also lagged significantly compared to IAM. Correlation analysis revealed that aboveground biomass,
species richness, vegetation coverage, SOC, C/N, BD, WC, and pH were significantly associated with
bacterial diversity under community level. Aboveground biomass was an effective indicator for soil
bacterial gene copies. Redundancy analysis demonstrated that the soil bacterial community is mainly
regulated by the vegetation coverage, Gleason index, Simpson index, TN, TP, and pH under phylum
and genus level. Partial mantel test analysis indicated that the physicochemical features of the soil
were the most important factor correlating with the soil bacterial community along the degradation
and cultivation, compared to other environmental factors.

Keywords: alpine meadow; the Qinghai–Tibet Plateau; vegetation community characteristics; soil
physicochemical features; soil bacterial community; degradation; cultivation

1. Introduction

As the zonal vegetation types, alpine meadows and steppe cover more than 70% of
the total area of the Qinghai–Tibet Plateau (QTP) [1]. They not only support livelihoods for
the local people, but also provide a significant mass of ecosystem services, such as carbon
storage, erosion control, and climate regulation from local to regional scales [2]. Sustained
by global climate change and intense human activity, alpine meadows and steppe have
been subjected to severe soil degradation [1,3]. The alpine meadows accounting for 38%
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of the grassland area and covering more than 700,000 km2 in the QTP provide greater
biodiversity, productivity and are more sensitive to the soil degradation [4,5]. Therefore,
the degradation of the alpine meadow can cause a greater loss of biomass and productivity,
which will produce a profound effect on local livestock and the regional climate. It is worth
noting that more than 30% of alpine meadows have experienced degradation or severe
degradation in recent decades, which has been attracting a lot of interest [6].

The changes in vegetation community characteristics directly mirror the degradation
of the alpine meadow. Species composition changes, a decline in diversity, and biomass
decrease always accompany soil degradation [4,7]. Reduced vegetation coverage resulted
in increasing availability of light [8], which decreases soil moisture and causes a ripple
effect, such as increases in soil pH and bulk density [9,10], organic carbon and total nitro-
gen loss [1,11]. Soil microorganisms facilitate the release of nutrients, decomposition of
organic matter, and participation in the cycle of carbon and nitrogen [12]. Their short life
cycle produces extraordinary sensitivity to the microenvironment, which results in their
terrific response to environmental stress and ecological change, especially in the alpine
meadow [9,13]. Previous studies have proven that microbial community composition
changes accompany soil degradation or degraded patch formation [13,14].

The changes in vegetation community characteristics, soil properties and multifunc-
tionality with the degradation of the alpine meadow have been fully explored in recent
decades [5,7,15–20], while variations in soil microorganisms under soil degradation gained
preliminary recognition [21]. The extremely degraded alpine meadows, known as “black
beach” are always transformed into artificial grassland to improve grass productivity and
relieve the grazing pressure on the natural meadow [22,23]. However, as a significant
improvement for alpine meadow degradation artificial cultivation was always neglected
in previous studies [6,9]. This is not conducive to fully and accurately understanding
the changing rules of soil factors in the degradation and cultivation of alpine meadow.
Additionally, literature has emerged that offers contradictory findings about similar studies;
for example, Luo et al. [24] believed that meadow degradation had no effect on the alpha
diversity of soil bacteria, whereas Li et al. [13] found that there was significant change in
the alpha diversity during meadow degradation; it was suggested that both vegetation and
soil environmental factors affected the composition of the soil microbial community during
alpine meadow degradation [9], while vegetation factors were proven to have no effect
on the soil bacterial community in alpine meadow [13]. Furthermore, the relationships
between soil microbes and factors under different taxonomic levels were always neglected
in previous studies. Therefore, more research needs to be executed to thoroughly clarify
the change and coupling of environmental factors relating to alpine meadow degradation
and artificial cultivation.

This study aimed to determine the changes and paired relations of vegetation–soil–
microbes during the degradation and artificial cultivation of alpine meadow. Specifically,
we: (1) ascertained the variations in vegetation community characteristics and soil features
relating to alpine meadow degradation and artificial cultivation; (2) explored the changes
in composition, predicted function, and diversity of soil bacteria; (3) evaluated the paired
relations of vegetation–soil–microbes and compared the importance of different environ-
mental factors to regulate the bacterial community under different taxonomic levels. This
study provides an important opportunity to advance the understanding of vegetation–
soil–microbes relationships in the alpine meadow during degradation and cultivation, and
offers some insights for the restoration and management of degraded alpine meadow on
the QTP.

2. Materials and Methods

2.1. Sampling Area

The sampling sites were scattered in Dalag County (98◦15′29”~100◦32′41” E to
32◦36′42”~34◦15′20” N, 4200 m ASL), and situated on the southern part of the source
area of the Yellow River and the hinterland of the Qinghai–Tibet Plateau, China (Figure 1).
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The area is characteristic of the alpine sub-humid plateau climate, with an annual mean
precipitation and temperature of 540.6 mm and −1.3 ◦C, respectively. Dalag County is
one of the typical alpine meadow regions on the Qinghai–Tibet Plateau and is one of the
seriously degraded meadow areas on the Yellow River source [25]. Typical vegetation
types, including intact alpine meadow (IAM), moderately degraded meadow (MDAM),
extremely degraded meadow (black soil beach (BSB)), and artificial alpine grassland (AAG),
were adopted. According to the field conditions and previous study [1], the intact alpine
meadow (IAM) featured >90% vegetation coverage, averages 5 cm tall, and >80% edible
forage coverage; characteristics of approved MADM included 50–70% vegetation coverage
and 20–50% edible forage coverage; the vegetation and edible forage coverage of the BSB
were below 50% and 5%, respectively. Selected AAG was mainly covered by Elymus nutans,
and distributed flat land (Table S1).

 

Intact alpine meadow Moderately degraded alpine meadow Black soil beach Artificial alpine grassland 

Figure 1. Study sites in the three-river source area of the Qinghai–Tibet Plateau. The border of the
Qinghai–Tibet plateau quoted from Zhang et al. [26]; the border of the Three-River-Source National
Park quoted from Wei (2018) [27].

2.2. Vegetation Investigation and Soil Sampling

In August 2019, 6–11 typical plots (50 × 100 m) were applied to each style with different
degradation and cultivation levels, and three random quadrats (50 × 50 cm) (replicates)
about 20 m apart were arranged within each plot. Information including the slope and
altitude in each plot was also recorded. In addition, the vegetation coverage, species name,
coverage, richness, and height in each quadrat were investigated. Aboveground biomass
was also collected and weighted after drying at 65 ◦C for 24 h. Furthermore, the Shannon–
Wiener index, Simpson index, Gleason index, and Pielou index were calculated in terms
of the established protocol [28]. After the vegetation investigation, two steel cutting rings
(5 cm diameter, 100 cm3 volume) were employed to determine the soil bulk density and
moisture in each quadrat (0–10 cm). One homogenized soil sample from each quadrat
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was collected by soil anger with 3.5 cm diameter (0–10 cm). The homogenized samples
were sieved (<2 mm) to remove stones, roots and other materials. The sieved sample was
divided into two parts; one part was air-dried for physicochemical analysis, and the other
part was stored at −20 ◦C. Three soil samples from three quadrats in the same plot were
homogenized to one sample for DNA extraction.

2.3. Soil Physicochemical Analyses

The collected soil was air-dried and texture analyses (>63 mm (sand), 4–63 mm
(silt), <4 mm (clay)) were performed using a Mastersizer 2000 laser diffractometer that
was capable of analyzing particles with sizes between 0.02 and 2000 mm [29]; soil pH
and electrical conductivity (EC) were measured with a pH and conductivity meter in
a soil-to-water ratio of 1:2.5; soil organic carbon (SOC; g kg−1) was determined using
the dichromate oxidation method [30]; total nitrogen (TN, g kg−1) was measured by
the Kjeldahl method [31]; soil total phosphorus (TP) and potassium were determined
colorimetrically after wet digestion with H2SO4 and HClO4 [6]; soil total potassium (TK)
was determined by the flame emission method with a flame photometer [9].

2.4. Soil DNA Extraction and Sequencing

Total genomic DNA in the soil was extracted with the E.Z.N.A.® soil DNA Kit (Omega
Bio-tek, Norcross, GA, USA) following the manufacturer’s instructions. The metage-
nomic DNA was utilized as a template for quantitative PCR using the Applied Biosystems
7500 sequence detection equipment, in which SYBR green is used to identify the amplicons
quantitatively. To check DNA extract 1% agarose gel was used. The universal primers 338F
(5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′)
were adopted to amplify the hypervariable region V3-V4 of the bacterial 16S rRNA gene [32].
The PCR amplification was executed as follows: denaturizing for 3 min at 95 ◦C, followed
by 27 cycles of denaturing at 95 ◦C for 30 s, annealing 30 s at 55 ◦C, extension 45 s at 72 ◦C,
single extension for 10 min at 72 ◦C, and ending at 4 ◦C. After triplicate PCR reactions,
the product was extracted from 2% agarose gel, and purified with the AxyPrep DNA Gel
Extraction Kit (Axygen Biosciences, Union City, CA, USA). Purified amplicons were pooled
in equimolar and paired-end sequenced (2 × 300 bp) on an Illumina MiSeq platform (Illu-
mina, San Diego, CA, USA), and sequenced following the standard protocols by Majorbio
Bio-Pharm Technology Co., Ltd. (Shanghai, China). The raw reads were deposited into the
NMDC Sequence Read Archive (SRA) database (Accession Number: NMDC10017903).

2.5. MiSeq Processing and Bioinformatics Analysis

The original DNA fragments were demultiplexed, quality-filtered by Trimmomatic
and FLASH-merged as follows: reads less than 50 bp and containing ambiguous characters
were eliminated; reads that could not be assembled were also discarded. Operational
taxonomic units (OTUs) with ≥97% similarity were clustered using UPARSE version 7.1
software [33]. Each OTUs was examined by RDP Classifier according to the SSU-rRNA
SILVA database with a confidence threshold of 0.7 [9]. The samples were normalized by
standardizing with the least data. The QIIME program was used to calculate microbial
community diversity indices. Ultimately, a total of 1,530,555 high-quality, chimera-free 16S
gene sequences ranged from 41,054 to 61,867 per sample were obtained.

2.6. Statistical Analysis

The descriptive statistics were compiled to form a multi-element database using PASW
(IBM Inc., Armonk, NY, USA). A one-way analysis of variation (ANOVA) with Duncan’s
method was used to compare the data concerning the vegetation and soil bacterial com-
munity characteristics and soil physicochemical features among different degradations
and under cultivation. Analyses of paired relationships among vegetation community
characteristics, soil bacterial community characteristics, and soil physicochemical features
were performed using Pearson correlations, which were visualized by Originpro 21 (Origin-
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Lab Corporation, Northampton, MA, USA). A Soil Texture Triangle coordinate plot was
also performed in Originpro 21. The ANOVA with the least significant difference (LSD)
multiple comparisons post-hoc test was applied to characterize the differences in the
relative abundance of the same bacteria among different degradations and cultivation.
Bacterial data were analyzed by the principal coordinate analysis (PCoA) with Bray–Curtis
dissimilarity. Specific species among different groups were identified by using a linear
discriminant analysis effect size (LEfSe) method [9]. The effects of vegetation community
characteristics and soil physicochemical features on the soil bacterial composition based on
different ecological scales were tested by redundancy analysis (RDA) and the Monte Carlo
Permutation test, and executed in the vegan package of R [33]. Independent variables with
VIF < 10 were analyzed by RDA [11]. Furthermore, the correlations between soil bacterial
community Unweighted or Weighted uniFrac distance matrices and the environmental
variables distance matrices were measured by using a partial Mantel test in R (vegan pack-
age). The bacterial community functions were analyzed and predicted using FAPROTAX
(http://www.zoology.ubc.ca/louca/FAPROTAX (accessed on 5 November 2021).

3. Results

3.1. Variations in Vegetation and Soil Variables under Degradation and Cultivation

With the degree of meadow degradation increasing, the frequency and importance
value of Cyperaceae and Gramineae are decreasing, Asteraceae and other toxic and noxious
species are gradually occupying a principal position, and Gramineae plants such as Elymus
nutans Griseb, Poa pratensis L., and Puccinellia tenuiflora (Griseb.) Scribn. et Merr. are the
preferred species for artificial cultivation (Table S1). Specially, the vegetation characteristics
varied among different levels of degradation and cultivation (Table 1). The coverages are
significantly decreased from IAM to BSB, and the AAG coverage is equivalent to the MDAM
coverage. The Gleason index is gradually and significantly decreasing in the order of IAM
(2.01), MDAM (1.76), BSB (1.21), and AAG (0.89). In terms of Shannon–Wiener index,
there is no significant difference between IAM (1.90) and BSB (1.83), and it is significantly
higher in MDAM (2.10) and lower in AAG (1.56), while the opposite result is found for the
Simpson index. The Pielou indexes do not significantly differ among MDAM (0.80), BSB
(0.83), and AAG (0.83). The above-ground biomass of IAM is 253.02 g m−2, which is 3.80,
5.34, 2.87 times higher than that of MDAM (66.51 g m−2), BSB (47.38 g m−2), and AAG
(88.10 g m−2).

As for soil physiochemical features, what stands out in the table is the difference
between IAM and other types of meadow. The pH in IAM is significantly lower than
other types of meadow, while EC, BD, WC, TOC, TN, TP are significantly higher. As two
stages of degradation, the levels of all soil physicochemical features in MDAM and BSB
do not show significant differences. Closer inspection of the Table 1 shows that some soil
physicochemical features, such as EC, WC and TP in AAG, present certain advantages over
the degraded meadows (MDAM and BSB). In addition, although the content of TOC in
AAG does not show significant differences from the degraded meadows, its mean value
(4.09 g kg−1) is slightly higher. It is noteworthy that the content of TP (821.63 mg kg−1)
is comparable to the content of IAM (811.58 mg kg−1), and significantly higher than that
of MDAM (643.40 mg kg−1) and BSB (697.55 mg kg−1). The content of TK maintains
homogeneity among different degradations and cultivation. The results, as shown in
Figure S1, indicate that the soil particle size distributions of IAM and AAG are more
concentrated than those of MDAM and BSB, being imprisoned in the frames of sandy loam,
loam, and silty loam as classified by the international soil classification system.
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Table 1. Calculated statistics for vegetation–soil–bacteria variables of the alpine meadow under
degradation and cultivation (means ± the standard deviation).

Variables IAM MDAM BSB AAG

Vegetation

Coverage (%) 96.42 ± 2.34 a 44.21 ± 15.22 b 31.67 ± 12.13 c 55.56 ± 10.97 b
Gleason index 2.01 ± 0.31 a 1.76 ± 0.30 b 1.21 ± 0.29 c 0.89 ± 0.27 d

Shannon–Wiener index 1.90 ± 0.20 a 2.10 ± 0.17 b 1.83 ± 0.18 a 1.56 ± 0.16 c
Simpson index 0.16 ± 0.04 a 0.11 ± 0.02 b 0.17 ± 0.05 a 0.26 ± 0.05 c

Pielou index 0.74 ± 0.05 a 0.80 ± 0.03 b 0.83 ± 0.09 b 0.83 ± 0.08 b
Aboveground biomass (g m−2) 253.02 ± 53.80 a 66.51 ± 78.43 b 47.38 ± 30.93 c 88.10 ± 23.39 b

Soil

pH 5.65 ± 0.27 a 6.81 ± 0.58 b 6.67 ± 0.68 b 6.58 ± 0.66 b
EC (μS cm−1) 192.87 ± 112.48 a 100.03 ± 72.68 c 136.11 ± 55.72 bc 144.53 ± 79.13 abc
BD (g cm−3) 0.68 ± 0.20 a 1.20 ± 0.14 b 1.08 ± 0.16 b 1.13 ± 0.19 b

WC 0.86 ± 0.26 a 0.26 ± 0.09 c 0.37 ± 0.10 bc 0.43 ± 0.15 b
TOC (g kg−1) 9.12 ± 3.04 a 3.17 ± 0.70 b 3.74 ± 1.19 b 4.09 ± 1.04 b

TN (%) 0.74 ± 0.25 a 0.30 ± 0.06 b 0.40 ± 0.22 b 0.40 ± 0.07 b
TP (mg kg−1) 811.58 ± 147.31 a 643.40 ± 143.75 b 697.55 ± 130.62 b 821.63 ± 226.64 a

TK (%) 1.95 ± 0.22 a 2.24 ± 0.34 a 2.13 ± 0.34 a 2.08 ± 0.31 a

Soil Sobs (×10−3) 2.70 ± 0.20 a 2.77 ± 0.11 ab 3.07 ± 0.12 c 3.04 ± 0.21 bc

bacteria

Shannon 6.28 ± 0.22 a 6.50 ± 0.05 ab 6.62 ± 0.06 b 6.67 ± 1.15 b
Simpson (×10−3) 7.65 ± 6.09 a 3.87 ± 0.22 a 3.93 ± 0.35 a 3.49 ± 1.02 a

Ace (×103) 3.74 ± 0.30 a 3.87 ± 0.15 ab 4.24 ± 0.15 b 4.06 ± 0.26 ab
Chao (×103) 3.73 ± 0.29 a 3.87 ± 0.12 a 4.25 ± 0.11 b 4.04 ± 0.24 ab
Coverage (%) 97.40 ± 0.23 a 97.32 ± 0.11 ab 97.04 ± 0.09 b 97.27 ± 0.21 ab
Shannon even 0.79 ± 0.02 a 0.82 ± 0.00 b 0.82 ± 0.00 b 0.83 ± 0.01 b
Simpson even 0.06 ± 0.02 a 0.09 ± 0.01 ab 0.08 ± 0.01 ab 0.10 ± 0.03 b

Quantity (×109 copies g−1) 27.30 ± 8.02 a 17.58 ± 1.03 b 23.01 ± 10.17 b 4.32 ± 0.97 c

IAM, intact alpine meadow; MDAM, moderately degraded alpine meadow; BSB, black soil beach; AAG, artificial
grassland; EC, electrical conductivity; BD, bulk density; WC, water content; TOC, total organic carbon; TN, total
nitrogen; TP, total phosphorus; TK, total potassium. Different lowercase letters in the same row indicate significant
differences (p < 0.05).

3.2. Changes in Soil Bacterial Diversity, Composition, Structure, and Predicted Functions

In general, the response of soil bacterial alpha diversity indexes to degradation and
cultivation lags behind soil and vegetation variables. Most indexes, except for Simpson’s
diversity index in IAM, are significantly lower than those of other types of alpine meadow.
Similarly to the soil physicochemical features, most of the indexes, except for the Sobs and
Chao richness index between MDAM and BSB, do not show significant differences. Sobs
and Chao richness in MDAM is comparable to that in IAM, but significantly lower than that
in BSB. There is a remarkable result that the alpha diversity indexes in AAG have no signif-
icant difference from the degraded meadows (MDAM and BSB). The gene copy number
in IAM (2.73 × 1010 copies g−1) is observed to be significantly higher than other types of
alpine meadow, and the gene copy number in AAG is the lowest (4.32 × 1010 copies g−1).
The result, as presented in Figure 2, demonstrate that the four types of alpine meadow sig-
nificantly differed from each other based on PCoA with the Bray–Curtis distance (ANOSIM:
R = 0.670, p = 0.001; Adonis: R2 = 0.550, p = 0.001). It can also be seen that the bacterial
communities in MDAM and BSB have greater similarity, separately from AAG and IAM.

The bacterial composition and their significant differences at the phylum and genus
level (relative abundance > 0.01%) are visually presented in Figure 3. At the phylum level,
Proteobacteria is the most abundant in all samples, and the average abundance is not signifi-
cantly different among different degradations and cultivation, but its average abundance in
MDAM (21.38%) is significantly lower than that in IAM (29.10%), BSB (26.93%), and AAG
(34.93%). The other phyla with relative abundance >0.01% follow the order: Actinobac-
teria (10.30–30.47%), Acidobacteria (18.10–24.99%), Chloroflexi (7.72–12.59%), Gemmati-
monates (2.44–6.31%), Bacteroidetes (1.80–4.79%), Firmicutes (0.70–6.18%), Rolubacteria
(1.40–3.11%), Verrucomicrobia (1.13–2.14%), Nitrosporea (0.76–1.47%), and Patescibacteria
(0.27–1.47%). The abundance of some phyla such as Actinobacteria, Chloroflexi, Gem-
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matimonates, Bacteroidetes among different groups present significant differences, and
higher abundances are identified in AAG and MDAM (Figure 3c). At the genus level,
representatives of 44 common genera (56.89–64.71%) are ranked based on the average
abundance >0.01. The most interesting aspect is that most genera among the four groups
exhibit significant variability in their abundance (Figure 3b). In addition, genera abundance
in IAM and MDAM present more significant differences, whereas genera abundance in
BSB and MDAM demonstrate less significant variations (Figure 3d).

Figure 2. Principal coordinates analysis (PCoA) of bacterial communities in the alpine meadows
with different groups based on the Bray–Curtis distances. IAM, intact alpine meadow; MDAM,
moderately degraded alpine meadow; BSB, black soil beach; AAG, artificial grassland.

In terms of bacterial structure, IAM has more unique bacteria, followed by AAG, BSB,
and MDAM from OTU level to phylum level (Table 2). Moreover, IAM and AAG have
more common bacteria, accounting for 59.95%, 26.89%, 19.59%, 14.57%, 12.57%, 7.32, and
3.33% of the total common bacteria, respectively, from OTU level to phylum level. The
abundance of common bacteria in different groups is also different. The linear discriminant
analysis effect size (LEfSe) is applied to further identify the characterization of the different
abundances and their associated categories among different groups (Figure 4). Forty-five
bacteria are identified with LDA (linear discriminant analysis) scores over 4.0, exhibiting
significant differences among different groups. Most specialized bacteria are significantly
numerous in MDAM (15 bacteria) and AAG (17 bacteria), while the minority are numerous
in IAM (7 bacteria) and BSB (6 bacteria). More specifically, Gemmatimonadetes (phy-
lum, class, order, family), norank_f_Gemmatimonadaceae (genus), Bacteroidetes (phylum,
class), Solibacterales (order), Solibacterales_Subgroup_3 (family), Subgroup_7 (order), and
norank_o_Subgroup_7 (family, genus) are numerous in AAG; Gaiellales (order), norank
_o_Gaiellales (family, genus), norank_c_Actinobacteria (family, order, genus), Chloroflexi
(phylum, class), KD4-96 (class), norank_c_KD4-96 (order, family, genus) are abundant
in BSB; Bacilli (class), Bacillales (order), Bacillaceae (family), Bacillus (genus) have the
maximum abundance in IAM; Actinobacteria (phylum, class) concentrate in BSB.
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Figure 3. The relative abundance of the dominant bacterial (a,b) at the phyla and genus level and
their composition variations (c,d) in alpine meadows with different groups. Phyla or genera with
a relative abundance of less than 0.01 in all samples were classified as others. *** <0.001; ** <0.01;
* <0.05. IAM, intact alpine meadow; MDAM, oderately degraded alpine meadow; BSB, black soil
beach; AAG, artificial grassland.
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Table 2. Distribution of total bacteria, unique, and common in different groups.

Levels IAM MDAM BSB AAG Common AAG&IAM

Phylum 35 (2) 32 (0) 34 (0) 37 (1) 30 1
Class 98 (3) 88 (1) 94 (1) 104 (2) 82 6
Order 251 (16) 214 (2) 232 (4) 268 (11) 191 24
Family 429 (34) 347 (4) 379 (4) 439 (19) 302 44
Genus 748 (60) 589 (12) 654 (13) 773 (37) 485 95
Species 1643 (138) 1271 (26) 1408 (45) 1713 (89) 978 263

OTU 5477 (997) 4092 (254) 4567 (283) 6072 (636) 2070 1241
The number in brackets indicates the unique bacteria in different groups; IAM, intact alpine meadow; MDAM,
moderately degraded alpine meadow; BSB, black soil beach; AAG, artificial grassland.

 

Figure 4. Linear discriminant analysis effect size (LEfSe) analysis of microbial abundance in different
types of alpine meadow, identified with a threshold value of 4.0. The LDA scores are listed after the
legend. IAM, intact alpine meadow; MDAM, moderately degraded alpine meadow; BSB, black soil
beach; AAG, artificial grassland.

The function proportions of the bacteria in soils among different groups are predi-
cated based on the Functional Annotation of Prokaryotic Taxa (FAPROTAX 1.2.4) database.
The functions related to the carbon and nitrogen cycle, human pathogens, and plant
pathogens are main interests in this study. The proportions of all selected functions except
‘plant_pathogen’, ‘human_pathogens’, ‘nitrate_denitrification’ are significantly different
among different groups (Figure 5). With the degradation of the alpine meadow, chemo-
heterotrophy and aerobic chemoheterotrophy show a significant upward trend, and nitrate
reduction shows a trend of first increasing then decreasing. AAG shows more remarkable
advantages in nitrification and aerobic ammonia oxidation, and IAM exhibits great strength
in nitrogen fixation. AAG is roughly comparable to IAM in aerobic ammonia oxidation,
phototrophy, photoautotrophy, nitrate respiration, and methanotrophy, but has significant
advantages over degraded meadows.
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Figure 5. Comparison of the predicted microbial functions among different types of alpine meadows
based on the FAPROTAX database (*** p < 0.001; ** p < 0.01; * p < 0.05); IAM, intact alpine meadow;
MDAM, moderately degraded alpine meadow; BSB, black soil beach; AAG, artificial grassland.

3.3. Relationships between Microbial Community and Environmental Variables under Different
Taxonomic Level

The inter- and intra-relationships among vegetation–soil–bacteria variables are shown
in Figure 6. It is apparent that intra-group correlations are stronger than inter-group cor-
relations. The inter-relationships should be more concerned. The vegetation diversity
indexes do not show significant correlation with the corresponding microbial alpha diver-
sity indexes, except richness indexes. A significant negative correlation was found between
species richness, the Gleason index for vegetation community, and the Sobs and Chao
richness index for microbial communities. In addition, there is a significant correlation
between vegetation above-ground biomass, and most microbial alpha diversity indexes,
indicating that it is an important impact factor at the microbial community scale. Closer
inspection of the figure shows that gene copy number has a significant positive correlation
with vegetation above-ground biomass. Further analysis reveals that soil pH, WC, and
C/N are important factors significantly correlating with microbial alpha diversity indexes.
Meanwhile, the Shannon and Simpson diversity index and the Shannon evenness index are
the most sensitive factors significantly correlating with the soil physicochemical features.
Gene copy number has a significant positive correlation with TN, TOC and WC, and a
negative correlation with soil BD and pH. Vegetation coverage and above-ground biomass
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are closely related to the majority of soil physicochemical features. Together, these results
provide important insights that soil pH, WC, TN, TOC, C/N, BD, vegetation coverage, and
above-ground biomass are the important factors closely associated with microbial diversity
and biomass at the community level.

Figure 6. Correlation analysis among soil physicochemical features, vegetation community charac-
teristics, and microbial community characteristics of the alpine meadow. *** p < 0.001; ** p < 0.01;
* p < 0.05. IAM, intact alpine meadow; MDAM, moderately degraded alpine meadow; BSB, black soil
beach; AAG, artificial grassland; EC, electrical conductivity; BD, bulk density; WC, water content;
TOC, total organic carbon; TN, total nitrogen; TP, total phosphorus; TK, total potassium.

The effects of the environmental variables on the microbial community are explained
by a redundancy analysis (RDA) based on the phylum and genus level (Figure 7). At the
phylum level, two coordinate axes explain 47.12% and 18.70% of the variation, respectively.
Gleason and Simpson index of the vegetation community and TP are the key factors af-
fecting the composition of bacterial communities significantly. At the genus level, two
coordinate axes only represent 27.94% and 16.67% of the variation. Coverage and the
Simpson index of the vegetation community and TN, TP, and pH in soils were significantly
associated with bacterial communities. Furthermore, the partial Mental test was applied
to explore the relationships between environmental matrixes and bacterial communities
at the phylum and genus level (Table 3). Soil physicochemical features are significantly
associated with bacterial community composition across all samples. In contrast, bacterial
community distance is not significantly correlated with vegetation community character-
istics, topographic factors, and the combination of vegetation community characteristics
and topographic factors when soil physicochemical features are used as a control based on
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Weighted UniFrac distance. Therefore, minor differences in bacterial community composi-
tions are generally observed among pairs of samples with the close soil environment. It
is also apparent that vegetation community characteristics have closer relationships with
bacterial communities than the topographic factors (Table 3). Closer inspection of the table
shows that the correlations between soil physicochemical features, vegetation community
characteristics and bacterial community are more pronounced at the genus level than that
at the phylum level, but the opposite result is detected from the correlation between the
topographic factors and bacterial community.

Figure 7. Redundancy analysis (RDA) of soil microbial communities and environmental factors based
on phyla level (A) and genus level (B) in alpine meadow. The red arrows represent the direction
and significance of environmental factors with microbial community structures. IAM, intact alpine
meadow; MDAM, moderately degraded alpine meadow; BSB, black soil beach; AAG, artificial
grassland; EC, electrical conductivity; TN, total nitrogen; TP, total phosphorus; TK, total potassium.

Table 3. The results of correlation between soil bacterial community UniFrac distance and environ-
mental variables using partial Mantel test analysis under phyla level and genus level.

Control
Factor

Weighted UniFrac
Distance

Unweighted UniFrac
Distance

r p-Value r p-Value

phyla S V + T 0.4515 0.004 0.2910 0.011
V S + T 0.1339 0.144 0.2246 0.033
T S + V −0.0852 0.785 0.2543 0.008

V + T S −0.0335 0.592 0.3211 0.005
S + T V 0.3103 0.011 0.3504 0.004
S + V T 0.4664 0.001 0.3420 0.002

Genus S V + T 0.5464 0.001 0.4636 0.001
V S + T 0.2189 0.068 0.3664 0.003
T S + V −0.0567 0.654 −0.0186 0.531

V + T S 0.0403 0.334 0.2064 0.027
S + T V 0.4011 0.002 0.3781 0.003
S + V T 0.5826 0.001 0.5356 0.001

S, soil physicochemical features; V, vegetation community characteristics; T, topographic factors. p-values are
based on 9999 permutations.

4. Discussion

4.1. Degradation and Cultivation Significantly Changes the Biotic and Abiotic Components

Changes in the dominant species and vegetation coverage were the preferred evidence
for identifying vegetation degradation [1]. With the meadow degradation, the sedge was
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gradually replaced by miscellaneous and toxic grasses (Table S1) [4]. It was found that the
coverage, species richness, and aboveground biomass significantly decreased with meadow
degradation [34], which was verified in our study (Table 1). However, the Shannon–Wiener
index and Simpson index had the highest and lowest levels in MDAM. This result might be
explained by the fact that the importance value of each vegetation species was equivalent
and there was no absolute competitive ability of any vegetation species in the community.
It had been suggested that the moderate degradation stage was a transitional point for
meadow degradation, with this transition mainly mirrored in the soil physiochemical
features (Table 1) [35,36]. The level of all investigated physiochemical features dramatically
changed before the MDAM stage and remained stable after the MDAM, except TK (Table 1).
This result might be explained by the fact that the increased sand content and decreased
clay content in the soil reduced its moisture retention capacity and denitrification with the
onset of degradation, resulting in leaching losses of soil nutrition (Table 1) [21,37]. Artificial
cultivation was used as an available restoration strategy for improving plant and soil
resilience in degraded meadow and alleviating the conflict of grass storage on the Qinghai–
Tibet Plateau [38]. Xing et al. [39] showed that artificial cultivation significantly improved
the vegetation and soil environment compared to BSB. In this study, the improvement was
insignificant and mainly occurred in the soil environment. Gao et al. [40] believed that
highly degraded grassland could be restored by revegetated grassland through 16–18 years’
recovery. Moreover, the improvements were inconsistent between soil physicochemical fea-
tures, vegetation community characteristics, and soil quality lagged behind the vegetation
quality under restoration (Tables 2 and 3) [40].

Soil bacteria are important in the natural cycle of organic matter, soil formation,
and soil fertility [41]. The composition and structure of soil bacteria will ultimately af-
fect these functions [42]. In this study, similar dominant bacteria were also found as in
the previous studies, regardless of relative abundance discrepancies [9,13]. The relative
abundance of dominate soil bacteria including Proteobacteria, Actinobacteria, Chloroflexi,
Gemmatimonadetes, and Bacteroidetes significantly varied suffered from degradation and
cultivation. Proteobacteria, widely recognized as copiotrophic bacteria, had the lowest
abundance in MDAM possibly due to the low-fertility and alkaline soil in a cold environ-
ment (Figure 3c; Table 1) [14,43]. The relative abundance of Actinobacteria, which prefer
to survive and reproduce in a neutral or alkaline environment, decreased with degra-
dation and cultivation (Figure 3) [6,9,36]. The significant change in Chloroflexi mainly
occurred between MDAM and AAG (Figure 3c). The reason for this was not clear, but
it might have something to do with oxidation of inorganic carbon and degradation of
macromolecules such as cellulose [44]. The variation of Gemmatimonadetes was consistent
with Bacteroidetes and mainly concentrated in AAG (Figures 3 and 4). Deuruyn et al. [45]
believed that Gemmatimonadetes preferred environments with low soil moisture, while
Bacteroidetes preferred anaerobic environments with high moisture [46]. Therefore, we
deduced that these two bacteria concentrated in AAG were possibly related to the spe-
cific nitrogen utilization in artificial grassland independent of soil moisture [47,48]. Other
dominant bacteria such as Acidobacteria, Firmicutes, Rokubacteria, Verrucomicrobia, Ni-
trospire, and Patescibacteria, possibly characteristic of wider ecological amplitude and
higher interference resistance, were stable in the process of succession [6,11]. At the genus
level, the relative abundance of most of soil bacteria differed throughout the four alpine
grasslands, indicating a filtering effect of the environmental conditions (Figure 3b) [41].
This also suggested that bacteria at the genus level were more sensitive to the environ-
mental conditions compared to those at the phylum level. MDAM and AAG had more
significantly differentiated species, possibly due to the unstable environment in these stages
(Figures 3b and 4). Previous studies paid more attention to the differentiated species of
shared bacteria among different environments [9,13,41]. The unique bacteria were also
identified among different succession stages in our study. Although AAG had more differ-
entiated species, it also had more unique bacteria regardless of different taxonomic units
(Table 2). Epsilonbacteraeota was identified as a unique phylum in the AAG, which was
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characteristic of autotrophic, motile, thermophilic and possibly absorbed nitrogen from
ammonium taken up from the environment or created from ambient nitrate and nitrite by
utilizing a range of function redox modules [49]. In addition, AAG and IAM covered more
common bacteria regardless of taxonomic units, indicating a possibly improving microbial
environment in the AAG (Table 2). Microbial functional genes are more sensitive to envi-
ronmental disturbance [50,51]. Consistent with the previous studies, Chemoheterotrophy,
aerobic chemoheterotrophy, and nitrification were the dominant functional bacteria groups
under degradation and cultivation (Figure 5) [9,13]. With the degradation, the proportions
of chemoheterotrophy, aerobic chemoherotrophy, and methanotrophy increased and carbon
was reduced (Figure 6; Table 1). However, the drastic increase occurred between the IAM
and MDAM stages and moderately increased subsequently, consistent with the variations
in most of soil physicochemical features [13]. It was also found that IAM had the highest
nitrogen fixation capacity (Figure 5). These findings suggested the superiority of IAM in
carbon and nitrogen fixation [3,23,52]. The abundance of nitrification, aerobic ammonia
oxidation, and aerobic nitrite oxidation increased at AAG, which facilitated the formation
and accumulation of nitrogen assimilated by crops [52]. An implication of this was the pos-
sibility that artificial cultivation improved the geochemical cycling of nitrogen. Degradation
had potential effects on bacteria involved in nitrate reduction and MDAM was an inflection
point for this function (Figure 5). The high abundance of nitrogen reduction functional
bacteria suggested soil nitrogen emissions [53]. Therefore, MDAM was possibly the key
stage for nitrogen loss under meadow degradation and required more attention. Therefore,
the restoration of degraded meadows should be arranged before the MDAM stage.

4.2. The Relationships among the Biotic and Abiotic Factors under Different Taxonomic Level

The correlation analysis suggested interactions among soil physicochemical features,
vegetation community characteristics, and bacterial diversities at the community level
(Figure 6). TN, SOC, BD, and WC interacted with the vegetation coverage and above-
ground biomass. Degradation of vegetation coverage increased the loss of TN and SOC
stocks [23]. Grazing or rodent activity reduced aboveground biomass and impeded root
system growth, resulting in a reduction in SOM inputs [54]. BD was a necessary indicator
for predicting TN and SOC, and was affected by vegetation coverage and above-ground
biomass [23]. Degradation directly resulted in the synergistic variation of vegetation cover-
age and WC [55]. The above indicators, pH, and the Gleason index were also found to inter-
act with soil bacterial diversities and biomass (Figure 6). Previous studies had verified that
SOC, WC, BD, and pH had a high explanatory power for soil bacterial communities [33,41].
Above-ground biomass, species richness, and coverage of vegetation community also
significantly affected the soil bacterial community [5,56]. Gene copy numbers, widely used
to represent absolute microbial abundance, decreased accompanied by meadow degrada-
tion [57,58]. Interestingly, there was a positive correlation between the gene copy numbers
of soil bacterial communities and vegetation above-ground biomass (p < 0.05). Correlation
was also significantly positive between vegetation coverage, the Gleason index, TN, TOC,
WC, and negative with the Simpson index, pH, and BD.

Correlations between environmental factors and soil bacterial compositions were
changed at the phylum and genus level (Figure 7). This finding was also reported by
Zhou et al. [6]. It was found that only the Gleason index, Simpson index, and TP were
significantly related to the soil bacterial structure at the phylum level, while vegetation
coverage, Simpson index, TN, TP, and pH were closely associated with the soil bacterial
structure at the genus level (p < 0.05). Other environmental factors, such as SOC, BD, and
WC, were not key environmental factors for the soil bacterial structure [2]. In accordance
with the present results, previous studies have demonstrated that TP was the key factor
of microbial growth [59,60]. Another implication from our result was that the distribution
of plant species in different communities resulted in different soil bacterial compositions.
More pronounced environmental factors were detected at the genus level, possibly due
to greater variability of soil bacterial species among different habitats (Figure 5). These
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driving factors identified in this study were not exactly consistent with other studies.
This discrepancy might be due to the different study sites, sampling times, and study
areas with complex interactions of environmental factors [6,9]. The composition of the soil
microbial community was affected by vegetation, soil, and topographic characteristics [6,61].
Furthermore, the effect of soil physicochemical features on the soil microbial community
was always considered to outweigh the effect of vegetation community characteristics [5,9].
In this study, topographic factors were also considered due to sampling sites with varied
topographic factors. Soil physicochemical features had closer relations than vegetation
community characteristics on soil bacterial communities, regardless of the phylum or genus
level, which also broadly supported the work of other studies in this area [9,21]. Although
vegetation destruction was the initial symptom of meadow degradation, soil nutrients
varied more than other environmental variables and became the crucial driver of soil
microbial community composition change [9,13]. Zhang et al. [62] also concluded that
there was a lag effect of vegetation characteristics on soil bacterial communities. Moreover,
topographic factors had the least relation with soil bacterial communities in comparison to
soil and vegetation characteristics. The relationship between topographic factors and the
soil bacterial community was equivalent to an indirect interaction. Topography modified
soil bacterial communities predominantly through its effect on the soil’s physicochemical
features [63].

5. Conclusions

Meadow degradation and artificial cultivation greatly changed the vegetation, soil,
and microbe variables. Synchrony existed between the deterioration of soil vegetation
before the MDAM stage. Improved soil quality lagged behind the vegetation quality after
cultivation. Soil bacteria response to degradation and cultivation lagged behind soil and
vegetation variables. The soil bacterial community structures were altered dramatically
with the levels of degradation and cultivation. The dominant bacteria among different
degradation and cultivation levels were similar with significantly differentiated relative
abundance. A one-way analysis of variation (ANOVA) and linear discriminate analysis
(LDA) effect size (LEfSe) analysis indicated that MDAM and AAG were the transitional
and unstable stages for meadow reverse succession, and had more specific bacteria. One of
the more significant findings to emerge from this study was that AAG also had prominent
unique bacteria and more bacteria in common with IAM. FAPROTAX prediction analysis
suggested that bacterial function in MDAM had potential effects on nitrate reduction, while
bacteria function in AAG facilitated the formation of nitrate easily assimilated by plants.
The unstable AAG was not significantly improving from degraded meadow, and also
lagged a large gap to IAM. The relationships among the biotic and abiotic factors under
different taxonomic levels varied. Above-ground biomass, species richness, vegetation
coverage, SOC, C/N, BD, WC, and pH were significantly correlated with soil bacterial
diversities. Above-ground biomass was an effective indicator for predicting soil bacterial
biomass. The soil bacterial compositions were mostly connected to the TP and Simpson
index when both phylum and genus levels were considered. Moreover, soil factors had
closer relations with soil bacterial communities than vegetation and topographical factors
regardless of phylum or genus levels.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/land11030396/s1; Figure S1: Soil texture triangle coordinates of
different types of alpine meadow, based on the international soil classification system; Table S1: Basic
information of the alpine meadow under degradation and cultivation.
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