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Abstract: Terrestrial ecosystems provide a variety of benefits for human life and production, and
are a key link for achieving sustainable development goals (SDGs). The basin ecosystem is one type
of terrestrial ecosystem. Ecological security (ES) assessments are an important component of the
overall strategy to achieve regional sustainable development. The Huaihe River Basin (HRB) has
the common characteristics of most basins, such as high population density, a rapidly developing
economy, and many environmental problems. This study constructed an ES evaluation system
by applying a pressure-state-response framework as an assessment method for the sustainable
development of basins. Taking the HRB as an example, this study determined the ES status of the
region from 2001 to 2019 and analyzed crucial factors for any variation observed by combining
remote sensing and climate data, relevant policies, and spatial information technology. The results
highlight the importance of reserves and the negative impact of urban expansion on ES. Additionally,
the enactment of policies had a positive impact on ES, whereas precipitation had a negative effect on
ES in most areas of the HRB. Based on these results, the government should strengthen the protection
of forests, grasslands, and wetlands and improve water conservation facilities. This study provides
guidance for the subsequent economic development, environmental protection, and the achievements
of SDG 15 in the HRB.

Keywords: SDGs; ecological safety; pressure-state-response; remote sensing; Huaihe River Basin

1. Introduction

The 193 member states of the United Nations adopted the 2030 Agenda for Sustainable
Development and its 17 Sustainable Development Goals (SDGs) in August 2015 [1]. The
17 SDGs aim to protect the Earth and ensuring peace and prosperity for humankind [2],
and provide all countries with a common approach and an agenda to address the serious
challenges facing the world today, such as poverty, climate change, and conflicts [3]. SDG
15 is focused on the terrestrial ecosystem, which is the basis of human development,
and provides various benefits for human production and life. The aim of SDG 15 is to
protect, restore, and promote sustainable use of land; sustainably manage forests; combat
desertification; halt land degradation; and prevent biodiversity loss [4].

The basin ecosystem is considered an important component of the terrestrial ecosystem. It
is a reasonably closed system with clear boundaries that are involved with material and energy
exchange with the external environment [5]. The basin ecosystem provides multiple ecosystem
goods and services to residents, including freshwater and oxygen, supplies, purified water,
and carbon fixation [6]. With rapid urbanization, extensive economic development, and
explosive population growth, basins currently face several environmental problems, such as
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water pollution, reduced species diversity, and ecosystem degradation [7]. As a vital part
of the terrestrial ecosystem, the protection and restoration of basin ecosystems are crucial
to achieving SDG 15. Existing studies on SDG 15 have quantitatively monitored a specific
indicator, such as land degradation [8], forest management [9], or vegetation in mountainous
areas [10]. There are a few articles on the comprehensive evaluation model of the SDG 15.

Ecological security (ES) assessments play an important role in determining the im-
provement needs of a specific basin and the sustainable development capacity of the
region [11]. ES broadly refers to the maintenance of survival and development involving
humans and other organisms; it includes natural, economic, and socioecological secu-
rity [12]. ES evaluation results are used to analyze the effects of processes related to human
development and construction activities on the environment over a specific period of
time [13], to support the achievement of SDG 15. Many models for evaluating ES have
been established, such as the pressure-state-response (PSR) [14], driver-state-response [15],
driver-pressure-state-impact-response (DPSIR) [16], and ecosystem-based-management-
driver-pressure-state-exposure-response models [17]. For example, Tang, et al. [18] ana-
lyzed the effects of implementing the River Chief System using an ES evaluation system
based on the PSR framework. Hua et al. [19] developed an ES indicator system to assess
the Dali Bai Autonomous Prefecture based on the PSR model. They showed that the region
was in a good environmental condition, in terms of ES status. Shao et al. [20] adopted the
DPSIR model to assess the state of coastal ecological environmental security.

The PSR model was jointly proposed by the Organization for Economic Cooperation and
Development and the United Nations Environment Program in the late 1980s [21]. It classifies
ecological indicators according to interactions between humans and ecosystems, as well as
factors influencing such interactions, thereby allowing systematic evaluations [22]. The pressure
is the ecological stress, reflecting direct pressures faced by a natural ecosystem from natural
disasters and human socioeconomic activities. The state refers to the current health status of the
ecosystem. The response refers to the policies, regulations, and other measures taken by human
beings to ensure ecological sustainability in the context of ecological degradation [18]. The PSR
identifies clear causal relationships and emphasizes the interactions between human activities
and the environment [22]. It is applied most widely to evaluate the ES in different regions [23],
such as the Tibetan Plateau [24], the Shiyang River Basin [25], and Kunming [26]. Because
the PSR model is highly systematic and operable, this study selected an appropriate indicator
system after considering the actual study area and the difficulty acquiring data. Therefore,
the PSR was chosen as the basic framework for constructing the ES indicator system. The
analytic hierarchy process (AHP) is a multi-objective decision analysis method that combines
qualitative and quantitative criteria [27], and was introduced by Saaty [28] first and widely used
to determine weights in ES studies. For example, Zheng and Li [29] used the AHP to determine
the weights to set up the ES indicator system for a mineral-resource enterprise. Gao et al. [30]
constructed an indicator system using the AHP to assess the ES of Pingtan Island.

With the development of remote sensing (RS) and geographic information system
(GIS) technologies, ES assessment has evolved from analyses of single time series to visual
analyses of spatiotemporal changes. The development of spatial information technologies
provides abundant data for studying ES and enables more obvious and accurate spatiotem-
poral characteristics. For instance, Hazbavi, et al. [31] constructed an ES evaluation system
to dynamically monitor the health of the Shazand watershed using Landsat5 TM and
Landsat 8 OLI data. Wei et al. [32] used HJ1 satellite Charge Coupled Device images to
determine the distribution of the landscape ES pattern for Ganzhou.

The Huaihe River Basin (HRB) is characterized by high population density, rapid eco-
nomic development, a high land utilization rate, and numerous ecological problems [33].
These features are the same as most basins, so it is well suited as a typical case. This study
aimed to: (1) construct an ES evaluation system applicable to most basins based on the PSR
framework and AHP method, and provide an assessment method for the sustainable develop-
ment of basins; (2) identify the driving factors affecting sustainable development of the basin;
and (3) offer guidance for the realization of SDG 15 in the HRB. Considering the focus of SDG
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15, and combined with literature on the actual HRB situation, this study selected indicators
based on the PSR framework. Then, the weights of the indicators were determined using the
AHP and an ES indicator assessment system was established. By combining of satellite data
and GIS technology, this study revealed the spatiotemporal variation characteristics of ES in
the basin. Finally, this study analyzed the spatiotemporal changes in ES and explained the
changes using climate and policy data. The results will be useful to determine the causes of
eco-environment degradation and provide guidance for implementing SDG 15.

2. Materials and Methods
2.1. Study Area

The HRB is located in the eastern part of China and covers an area of approximately
2.7 × 105 km2 crossing Jiangsu, Anhui, Shandong, and Henan Provinces [34]. The main
stream of the Huaihe River originates from Tongbai Mountain in Henan and flows into the
sea at Yangzhou and Yancheng in Jiangsu [35]. There are many tributaries in the middle
and upper reaches of the Huaihe River. The Dabie Mountains and hills in the Jiang-Huaihe
region are the sources of the southern tributaries. Tributaries are typically characterized
by a rushing current and are close to the source [36]. Plains comprise the main landform
type in the basin, and the elevation in the western region is higher than the elevation in the
eastern region (Figure 1a). The basin is situated in a climate transition zone, with a humid
southern region and a semi-humid northern region [35]. The mean annual precipitation
and temperature are approximately 883 mm and 11–16 ◦C, respectively [37].

Remote Sens. 2021, 13, 3942 3 of 21

15, and combined with literature on the actual HRB situation, this study selected indicators
based on the PSR framework. Then, the weights of the indicators were determined using the
AHP and an ES indicator assessment system was established. By combining of satellite data
and GIS technology, this study revealed the spatiotemporal variation characteristics of ES in
the basin. Finally, this study analyzed the spatiotemporal changes in ES and explained the
changes using climate and policy data. The results will be useful to determine the causes of
eco-environment degradation and provide guidance for implementing SDG 15.

2. Materials and Methods
2.1. Study Area

The HRB is located in the eastern part of China and covers an area of approximately
2.7 × 105 km2 crossing Jiangsu, Anhui, Shandong, and Henan Provinces [34]. The main
stream of the Huaihe River originates from Tongbai Mountain in Henan and flows into the
sea at Yangzhou and Yancheng in Jiangsu [35]. There are many tributaries in the middle
and upper reaches of the Huaihe River. The Dabie Mountains and hills in the Jiang-Huaihe
region are the sources of the southern tributaries. Tributaries are typically characterized
by a rushing current and are close to the source [36]. Plains comprise the main landform
type in the basin, and the elevation in the western region is higher than the elevation in the
eastern region (Figure 1a). The basin is situated in a climate transition zone, with a humid
southern region and a semi-humid northern region [35]. The mean annual precipitation
and temperature are approximately 883 mm and 11–16 ◦C, respectively [37].

Remote Sens. 2021, 13, 3942  4  of  22 
 

 

 

Figure 1. Location of the HRB. (a) Digital elevation model‐derived map (from ASTER GDEM data) of the HRB showing 

Jiangsu, Anhui, Shandong, and Henan provinces and three main lakes (Nansihu Lake, Hongze Lake, and Gaoyou Lake). 

(b) Land use map (from MOD12Q1 data) of the HRB in 2001. 

The HRB is densely populated with 611 people/km2 [38] and has experienced a high 

rate of population growth  in  recent decades. The utilization  rate of  land  is very high; 

cropland accounts for the largest proportion of the total area (Figure 1b). The HRB is an 

important grain, cotton, and oilseed production region  in China  [39], resulting  in high 

land utilization. The industries mainly consist of coal, power, and light textile industries, 

which have developed rapidly in recent years. Hence, several industrial cities (e.g., Zheng‐

zhou, Xuzhou, and Lianyungang) have emerged. 

2.2. Workflow 

The study selected indicators from ecological conditions and the literature, and de‐

termined the weights of the  indicators using the AHP and expert  judgment. After con‐

structing the indicator evaluation system, the value of each indicator was calculated using 

satellite, statistical, and geospatial data. Then, the spatial distribution of ES was obtained 

in each year from 2001 to 2019 by normalizing the results. Finally, combining the precipi‐

tation,  land use, and policy  information, the spatiotemporal variations of ES were ana‐

lyzed (Figure 2). 

Figure 1. Location of the HRB. (a) Digital elevation model-derived map (from ASTER GDEM data) of the HRB showing
Jiangsu, Anhui, Shandong, and Henan provinces and three main lakes (Nansihu Lake, Hongze Lake, and Gaoyou Lake). (b)
Land use map (from MOD12Q1 data) of the HRB in 2001.

Figure 1. Location of the HRB. (a) Digital elevation model-derived map (from ASTER GDEM data) of the HRB showing
Jiangsu, Anhui, Shandong, and Henan provinces and three main lakes (Nansihu Lake, Hongze Lake, and Gaoyou Lake). (b)
Land use map (from MOD12Q1 data) of the HRB in 2001.
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The HRB is densely populated with 611 people/km2 [38] and has experienced a high
rate of population growth in recent decades. The utilization rate of land is very high;
cropland accounts for the largest proportion of the total area (Figure 1b). The HRB is an
important grain, cotton, and oilseed production region in China [39], resulting in high land
utilization. The industries mainly consist of coal, power, and light textile industries, which
have developed rapidly in recent years. Hence, several industrial cities (e.g., Zhengzhou,
Xuzhou, and Lianyungang) have emerged.

2.2. Workflow

The study selected indicators from ecological conditions and the literature, and deter-
mined the weights of the indicators using the AHP and expert judgment. After constructing
the indicator evaluation system, the value of each indicator was calculated using satellite,
statistical, and geospatial data. Then, the spatial distribution of ES was obtained in each
year from 2001 to 2019 by normalizing the results. Finally, combining the precipitation, land
use, and policy information, the spatiotemporal variations of ES were analyzed (Figure 2).
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2.3. Establishment of the ES Assessment System
2.3.1. Indicator Calculation

(1) Development intensity refers to the intensity of human construction activities. The
overall economy of the HRB has been growing, but economic development does not always
occur in a balanced manner [40]; excessive development and urbanization have harmed
the environment [41].

Development intensity was calculated as follows:

DI = B/SG × PCC, (1)
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PCC = (Lave − Lmin)/(Lmax − Lmin), (2)

where DI is the development intensity in the grid, the size of the grids used in the study was
1 km × 1 km, B is the built-up area in the grid, SG is the grid area, PCC is the population
concentration coefficient of the grid, Lave is the average light brightness in the grid, Lmin is
the minimum light brightness in the grid, and Lmax is the maximum light brightness in the
grid. The formula was improved based on the method proposed by Li et al. [42].

(2) The development speed is the area of building land expansion in the region
each year. Rapid economic development in the HRB has resulted in damage to the eco-
environment [41].

The development speed was calculated as follows:

DS = By − By−1, (3)

where DS is the development speed in the grid, By is the developed area in the grid in year
y, and By−1 is the developed area in the grid in year y− 1.

(3) The pollution load is the total amount of point-source pollution from industries
and urban residential areas and non-point-source pollution from pesticides and fertilizers
into the water body in 1 year [43]; water pollution in the HRB is very serious [41].

The pollution load was calculated as follows:

PL = ∑6
i=1 Ei × Ci + PV, (4)

where PL is the pollutant source concentration in the grid, Ei is the output coefficient of
the pollutant for land use type i, Ci is the area of land use type i, and PV is the pollutant
point-source concentration. The validity of the calculation method and Ci were confirmed
by Chen et al. [44].

(4) The gradient difference is caused by the topography, as significant regional differ-
ences in elevation affects the precipitation, temperature, and other natural factors [45]; they
have substantial impacts on human socioeconomic activities.

The gradient difference index was calculated as follows:

GDI = Gvar/Gave, (5)

where GDI is the gradient difference index for the grid, Gvar is the gradient variance in the
grid, and Gave is the average gradient in the grid. The gradient was calculated using the
DEM data.

(5) The frequency of disasters refers to the number of disasters occurring in 1 year.
Drought and flood disasters in the HRB strongly influence the local socioeconomic land-
scape and environment [46].

The frequency of disasters was calculated as follows:

FOD = Ty, (6)

where FOD is the frequency of disasters occurring in the basin and Ty is the number of
disasters that occurred in year y.

(6) Landscape fragmentation, in which habitats or areas of specific land use types
are broken down into smaller plots, represents human disturbance of the landscape [47].
The extent of fragmentation can be preliminarily assessed by the number of patches in a
particular landscape [47].

Landscape fragmentation was calculated as follows [42]:

LF = ∑6
I=1 Ni/SG, (7)

where LF is the extent of landscape fragmentation in the grid, Ni is the number of land
patches in the grid, and SG is the grid area.
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(7) Ecological vitality refers to the integrity and health of the ecosystem supporting its
ability to flourish and develop [48]. The quality of vegetation growth is a sign of ecosystem
vitality [49].

Ecosystem vitality was calculated as follows:

EV = NAy, (8)

where EV is the ecosystem vitality of the grid, and NAy is the average NDVI in the grid.
(8) Ecological elasticity refers to the ability of an ecosystem to maintain and adjust

itself, while resisting various external pressures and disturbances [50].
Ecosystem elasticity was calculated as follows:

EEC = ∑6
i=1 fi × Ci/SG, (9)

where EEC is the ecosystem elasticity for the grid, fi is the ecosystem elasticity weight
for land use i, Ci is the area of land use type i, and SG is the grid area. The validity of the
formula was confirmed by Li, Sun, Zhu, and Cao [42], and the ecosystem elasticity weight
for each land use type was determined based on expert consultation as follows: forest, 1;
grassland, 0.8; cropland, 0.6; building, 0.2; water and wetland, 1; and bare land, 0.4.

(9) Reserves are established to conserve biodiversity and prevent habitat fragmenta-
tion. The area of reserves in the region indicates the importance of ecological protection by
the local government [51].

The reserve area index was calculated as follows:

RI = SR/SG, (10)

where RI is the reserve area index of the grid, SR is the area of reserve in the grid, and SG
is the grid area.

2.3.2. Determination of Weights

This study combined the AHP and the expert’s judgment to determine the weights of
the indicators (Table 1). The AHP divides complex problems into a target layer, a criterion
layer, and a parameter layer according to the relationship between internal factors, and
forms a judgment matrix according to the importance of each factor in the same layer. The
maximum eigenvector and random consistency ratio (CR) of the judgment matrix were
calculated. The judgment matrix is effective when CR < 0.1. The weight is obtained by
normalizing the maximum eigenvector [52].

Table 1. Indicators used in the ES assessment system.

Target Layer Criterion Layer (Weight) Parameter Layer (Weight ±)

Ecological safety (ES)

Pressure (P) (0.3)

Development intensity (0.2−)
Development speed (0.2−)

Pollution load (0.3−)
Gradient difference index (0.1−)

Frequency of disaster (0.2−)

State (S) (0.5)
Landscape fragmentation (0.3−)

Ecosystem vitality (0.3+)
Ecosystem elasticity (0.4+)

Response (R) (0.2) Reserve area index (1+)

The CR of the judgement matrix in the pressure layer was 0.0022, the CR of the
judgement matrix in the state layer was 0.0462, and the CR of the judgement matrix in the
target layer was 0.0079. All weights were obtained when CR values met the requirements.

The indicators were divided into two types: positive (+) and negative (−) depending
on their effect on the environment.
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The ES value was calculated using the following formula:

VES = 0.3×Vp + 0.5×VS + 0.2×VR, (11)

where VES is the ES value, VP is the pressure value, VS is the state value, and VR is the
response value. The range of possible ES values (0–1) can be divided into five equal
intervals, such that each interval represents a different ES level (Table 2).

Table 2. Classification of ES assessment results.

Value Level Description

0~0.2 1 Lower ES, worse sustainable development ability
0.2~0.4 2 Low ES, poor sustainable development ability
0.4~0.6 3 Medium ES, medium sustainable development ability
0.6~0.8 4 High ES, good sustainable development ability
0.8~1 5 Higher ES, better sustainable development ability

2.4. Data Sources and Processing

The data used in this study were mainly satellite data. They were processed using
GIS and RS-related software (e.g., ArcGIS and ENVI); data analysis was carried out using
MATLAB software. All satellite data were processed by mosaic, clipping, projection, and
format conversion, including nighttime light data, precipitation, surface temperature,
digital elevation model (DEM), and MODIS product (i.e., MODIS/Terra Vegetation Indices
16-Day L3 Global 250 m SIN Grid (MOD13Q1 NDVI) and MODIS/Terra + Aqua Land Cover
Type Yearly L3 Global 500 m SIN Grid (MCD12Q1 Land Cover Type)). The MOD13Q1
NDVI data was processed by S-G filtering and the maximum value composites (MVC) to
eliminate the influence of noise and clouds. Nighttime light data were obtained from the
Defense Meteorological Satellite Program Operational Linescan System and the National
Polar Partnership’s Visible Infrared Imaging Radiometer Suite (NPP/VIIRS). NPP/VIIRS
data were derived from the Flint Earth Luminous product, which was provided by the
Chinese Academy of Sciences and removed abnormal values. The nighttime light data
also underwent supersaturation correction and continuity correction, in accordance with
the methods used by Cao et al. [53] and Liang et al. [54]. Considering the difference in the
spatial resolution of the data, the regional statistics tool in ArcGIS was used to calculate the
mean value of each indicator data in 1 × 1 km grids and assigned the value to grids for
subsequent normalization and the weighted calculation. The nighttime light data was used
for calculating the development intensity. The MOD13Q1 NDVI data was used to calculate
the ecosystem vitality. The DEM data was used for calculating the gradient difference
index. The reserve area data was used to calculate the reserve area index. The statistical
data was used for calculating the pollution load and frequency of disaster. The MCD12Q1
Land Cover Type was used to calculate the development intensity, development speed,
pollution load, landscape fragmentation, and ecosystem elasticity.

2.4.1. Data Sources

This study combined satellite data from different sources and vector data to determine
the ES status of the HRB, whereas climate data and policy information were used to analyze
variations in the ES (Table 3).
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Table 3. Data source information.

Data Type Attributes Acquisition
Dates Sources

Nighttime light data satellite data 2001–2019

https://www.ngdc.noaa.gov/eog/dmsp/downloadV4
composites.html

http://satsee.radi.ac.cn/cfimage/nightlight/ (accessed on
2 January 2021)

Precipitation satellite data 2001–2019 National Earth System Science Data Center
(http://www.geodata.cn (accessed on 10 November 2020))Surface temperature satellite data 2001–2019

Digital elevation model (DEM) satellite data - Geospatial Data Cloud (http://www.gscloud.cn/ (accessed on
10 November 2020))

MOD13Q1 NDVI satellite data 2001–2019
NASA LAADS DAAC

(https://ladsweb.modaps.eosdis.nasa.gov/search (accessed on
30 November 2020))

MCD12Q1Land Cover Type satellite data 2001–2019
NASA LAADS DAAC

(https://ladsweb.modaps.eosdis.nasa.gov/search (accessed on
30 November 2020))

Basin boundary geospatial data -
Resource and Environment Data Cloud Platform
(http://www.resdc.cn/Default.aspx (accessed on

1 November 2020))

Country boundary geospatial data -
Resource and Environment Data Cloud Platform
(http://www.resdc.cn/Default.aspx (accessed on

10 November 2020))

Reserve area geospatial data -
World Database on Protected Areas (https://www.

protectedplanet.net/?from=singlemessage&isappinstalled=0
(accessed on 10 November 2020))

Statistical data other 2001–2019

Information Center of the Ministry of Water Resources of
Chinahttp://xxzx.mwr.gov.cn/xxgk/gbjb/sqnb/ (accessed on 10

November 2020)
Hydrology Bureau of the Huaihe River Water Conservancy

Committee
http://www.hrc.gov.cn/swj/szygb/24350.jhtml (accessed on

10 December 2020)

Policy information other 2001–2019

The People’s Government of Jiangsu Province
(http://en.jiangsu.gov.cn/ (accessed on 10 March 2021))

The People’s Government of Anhui Province
(http://english.ah.gov.cn/ (accessed on 10 March 2021))

The People’s Government of Henan Province
(http://english.henan.gov.cn/ (accessed on 10 March 2021))

The People’s Government of Shandong Province
(http://www.shandong.gov.cn/index.html (accessed on

10 March 2021))

2.4.2. Data Normalization

To eliminate differences (e.g., in terms of magnitude and units) among the indicators,
the indicator values were transformed, such that all indicators were dimensionless with
values that ranged between 0 and 1 [55]. The transformation formulas used were as follows:

Xs =
x−min(x)

max(x)−min(x)
, (12)

X′s= 1− x−min(x)
max(x)−min(x)

, (13)

where x is the original value; max(x) and min(x) are the maximum and minimum values
of indicator x, respectively; Xs is the standard value of a positive indicator; and X′s is the
standard value of a negative indicator.

https://www.ngdc.noaa.gov/eog/dmsp/downloadV4composites.html
https://www.ngdc.noaa.gov/eog/dmsp/downloadV4composites.html
http://satsee.radi.ac.cn/cfimage/nightlight/
http://www.geodata.cn
http://www.gscloud.cn/
https://ladsweb.modaps.eosdis.nasa.gov/search
https://ladsweb.modaps.eosdis.nasa.gov/search
http://www.resdc.cn/Default.aspx
http://www.resdc.cn/Default.aspx
https://www.protectedplanet.net/?from=singlemessage&isappinstalled=0
https://www.protectedplanet.net/?from=singlemessage&isappinstalled=0
http://xxzx.mwr.gov.cn/xxgk/gbjb/sqnb/
http://www.hrc.gov.cn/swj/szygb/24350.jhtml
http://en.jiangsu.gov.cn/
http://english.ah.gov.cn/
http://english.henan.gov.cn/
http://www.shandong.gov.cn/index.html
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2.4.3. Land Change Analysis

The land-use transfer matrix is the main method used for investigating conversion
among different land-use types and is written mathematically as follows [56]:

Pij =


P11 P12 · · · P1n
P21 P22 · · · P2n

...
...

...
...

Pn1 Pn2 · · · Pnn

, (14)

where P represents the area of interest; n represents the number of land-use types; and i and
j represent the land use types at the beginning and end of the study period, respectively.

2.4.4. Trend Analysis

Sen’s slope estimator Qi can be used to assess trends in time series. This method
was used to obtain the trends of changes in ES and annual average precipitation. Qi was
calculated as follows [57]:

N = n(n + 1)/2, (15)

Qi =
xj−xk

j− k
( f or i = 1, 2, . . . , N), (16)

Qmed =

{
Q(N+1)/2 N is odd
1
2 (QN/2+QN+2/2) N is even

, (17)

where n is the number of datapoints in the time series; xj and xk are the data observed in
year j and k (j > k), respectively; and Qmed is the median of Qi.

2.4.5. Correlation Analysis

The Pearson’s correlation coefficient is used to measure the strength of the correlation
between two variables. Here, we calculated correlation coefficients using the following
formula to assess the correlation between precipitation and the degree of ES [58]:

rx,y =
∑n

i=1(xi − x)(yi − y)√
∑n

i=1(xi − x)2
√

∑n
i=1(yi − y)2

, (18)

where n is the number of time series datapoints; xi and yi are the precipitation amount
and ES value, respectively; x and y are the average precipitation amount and ES value,
respectively; and rx,y is the correlation coefficient.

3. ES Assessment Results for the HRB
3.1. Overall Spatiotemporal Variations in ES of the HRB

To more clearly observe the variations in the ES of the HRB, 1 km × 1 km grids were
set up within the HRB area. Each grid contained the result of indicator normalization and
weighting, which facilitated intuitive visualization of spatial variation across the region
(Figure 3). Then, proportions of areas with different levels of ES in the HRB were calculated
(Figure 4).
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Figure 4. Proportions of areas with different ES levels in the HRB.

Areas with a low ES level were rare in the HRB, and most areas had a high ES level.
Areas of low ES were mainly distributed over built-up areas, whereas areas of medium
ES were generally scattered and located near built-up areas. Areas of higher ES were
located in the southwestern and eastern parts of the basin, as well as a southeastern area
near Hongze Lake. These areas coincide with the distribution of reserves and comprise
grassland and forest areas. Over the 2001–2019 period, the spatial distribution of ES levels
did not change greatly. In 2005, the total area with a medium ES level appeared to increase,
mainly caused by the degradation of areas of high ES. The degraded regions were mostly
located in the northeastern and western parts of the basin. In 2010, the areas where the ES
rating decreased in 2005 exhibited improvement, such that they had a medium ES level. In
2015, there was little change in the spatial distribution of ES levels from 2010. In 2019, areas
in Shandong and Henan provinces exhibited obvious changes in their ES ratings, whereas
no clear changes were observed in the other two provinces.

The proportion of area with low ES remained low and did not extensively change
during the 2001–2019 period. The maximum value of 2.33% was reached in 2019. The
maximum proportion of area with medium ES (17.34%) was observed in 2005, and the
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proportion decreased to its minimum value (11.31%) in 2010. A large proportion of the
basin had a high ES level each year. In 2001, the proportion of area with high ES reached
its maximum value of 75.81%. After that, it decreased sharply to its minimum value of
69.95% in 2005 (decrease of 5.86%). Subsequently, it increased again in 2010 and 2015, then
decreased to 71.98% in 2019. From 2001 to 2015, the proportion of area with higher ES first
decreased, then increased. The minimum value of 10.83% was reached in 2005, and the
peak value of 11.89% was attained in 2015. The proportion then decreased slightly by 0.57%
in 2019.

In summary, most areas of the HRB had good sustainable development ability. The
better and poor sustainable development ability were associated with reserves and built-up
areas, respectively. Shandong had a comparatively worse sustainable development ability,
relative to the other provinces. Using 2001 as the starting point, the HRB exhibited its
worst sustainable development ability in 2005 and its best sustainable development ability
in 2015.

3.2. Variations of ES in the Four Provinces

The HRB area was divided into four province areas (Jiangsu, Anhui, Shandong, and
Henan) based on provincial boundaries. The proportions of areas with different ES levels
in each province were then calculated (Figure 5).

1 
 

 

Figure 5. Proportions of areas with different ES levels in four provinces: (a) Jiangsu, (b) Anhui,
(c) Shandong, and (d) Henan.

In Jiangsu, the proportions of areas with low and higher ES did not extensively
fluctuate. The proportion of area with low ES reached its maximum value of 3.25% in 2019,
and the proportion of area with higher ES reached its maximum value of 12.74% in both
2001 and 2015. The proportions of areas with medium and high ES exhibited opposite
change trends. In 2005, the proportion of area with medium ES increased to a maximum of
16.05%, then fell by 6.5%, whereas the proportion of area with high ES decreased by 6.59%.
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Between 2010 and 2019, the proportion of area with medium ES continued to increase,
whereas the proportion of area with high ES continually decreased until its minimum value
of 70.08%.

In Anhui, the proportions of areas for all ES levels did not extensively fluctuate. The
proportion of area with low ES was close to 1% throughout 2001–2019. Similar to Jiangsu,
the proportion of area with medium ES followed a trend opposite to the trend involving
the proportion of area with high ES. In 2005, the proportion of area of medium ES reached
its maximum value of 11.07%, then decreased to the minimum value of 7.94% in 2010, and
increased again by 2.48% in 2019.

In Shandong, there were only a few areas with higher ES, and the corresponding
proportion of area was close to 0. In 2019, the proportion of area with low ES reached its
maximum value of 3.36%. The proportions of areas with medium and high ES followed
opposite trends. The proportion of area with high ES decreased to its minimum value of
62.14% in 2005, then increased to its maximum value of 80.62% in 2015.

In Henan, the spatial distribution of ES levels fluctuated slightly from 2001 to 2019. The
maximum proportion of area with low ES (1.97%) was observed in 2019. The proportion
of area with medium ES increased to its maximum value of 14.79% in 2005, then fell to
its minimum value of 11.17% in 2015 (decrease of 3.62%). The proportion of area with
high ES decreased to 69.54% in 2005, then increased to its maximum value of 72.1% in
2015, and decreased again to its minimum value of 69.21% in 2019 (decrease of 2.71%). The
proportion of area with higher ES reached its minimum value of 14.05% in 2005 and its
maximum value of 15.40% in 2015.

Overall, the sustainable development ability varied spatiotemporally across the four
provinces. On a provincial level, Shandong had worse sustainable development ability,
while Anhui had better sustainable development ability. The temporal variations in ES level
according to the province were consistent with temporal variations for the whole basin.

3.3. Trends in ES value of the HRB

The ES ratings for all grids were calculated each year, and Sen’s slope estimator was
used to assess trends in the ES status across the basin from 2001 to 2019 (Figure 6). Five
trends were distinguished based on the natural points of discontinuity method using
ArcGIS: significant decreasing trend, slight decreasing trend, inapparent change, slight
increasing trend, and significant increasing trend (Table 4). Then, the proportion of area
associated with each trend was calculated for the HRB and Jiangsu, Anhui, Shandong, and
Henan provinces.

From 2001 to 2019, 16.33% of the HRB area exhibited an inapparent change trend.
These areas were concentrated in the eastern part of the basin. Areas exhibiting significant
and slight increasing trends comprised 5.66% and 74.86% of the basin area, respectively.
Areas associated with a significant increasing trend were dispersed over the western,
southwestern, and southeastern parts of the HRB, whereas areas associated with a slightly
increasing trend were distributed across most of the basin. Areas exhibiting significant and
slight decreasing trends comprised 0.59% and 2.56% of the total basin area, respectively.
When the land use map was overlaid on the trend map, these regions were mainly located
in and around built-up areas (Figure 1b).

In Jiangsu, 7.34% of the province’s area was associated with a significant increas-
ing trend, more than the proportions in the other provinces. In contrast, 57.23% of the
province’s area was associated with a slightly increasing trend, the lowest proportion
among the four provinces. The proportions of areas associated with inapparent change
and decreasing trends were 29.57% and 5.86%, respectively, both higher than the values
for the other three provinces. In Anhui, 2.03% of the province’s area was associated with
decreasing trends, the lowest proportion among the four provinces. Shandong had the
lowest proportion of area associated with a significant increasing trend (4.05%). In Henan,
areas associated with increasing trends comprised 87.11% of the province’s area, the largest
proportion of the four provinces.
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Table 4. Classification of the ES variation trend.

Value Description

−0.0191 to −0.0069 Significant Decrease
−0.0069 to −0.0022 Slight Decrease
−0.0022 to 0.0004 Inapparent Change
0.0004 to 0.0011 Slight Increase
0.0011 to 0.0124 Significant Increase

In conclusion, the ES of the HRB exhibited an improving trend, namely the sustainable
development ability of the HRB was getting better. Based on the proportion of area
associated with increasing trends, the ES was mostly likely to improve in Henan. The ES
variation trend in Jiangsu exhibited the largest regional variation.

4. Discussion

The achievement of SDG 15 is essential for human development. There is a lack of
models for analyzing the sustainable development of basins. This study established an
indicator evaluation system that makes ES analysis more convenient and offers a method to
assess sustainable development. By analyzing the spatiotemporal variations in the ES of the
HRB, this study contributes to a better understanding of the reasons for eco-environmental
degeneration in the HRB, thus facilitating its ecological restoration and achievement of
SDG 15.

4.1. The Indicator System to Evaluate Sustainable Development of Basins

The HRB has the commonalities of most basins. Industrial and agricultural devel-
opment and accelerated urbanization have resulted in substantial pressure on the eco-
environment in the HRB, and many ecological problems, such as water pollution, land
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degradation, and soil erosion, have been reported [59]. Thus, the HRB is well suited to be
chosen as the case.

ES refers to the health and integrity of the ecosystem, and is the cornerstone of regional
sustainable development [32]. ES assessment is usually carried out by selecting relevant
indicators based on a specific framework. Indicators are selected from nature, society,
and the economy (e.g., vegetation quality, land-use situation, and distribution of reserves)
that inform ES consistent with the United Nations SDGs. Analysis of ES spatiotemporal
variation helps to identify issues that need to be prioritized and the causes of ecological
problems; thus, it promotes regional sustainable development. Therefore, this study
selected ES as the basis for assessing the eco-environmental status of basins. The PSR
model is more convenient and applicable than other models [60,61]; thus, this study chose
evaluation indices and constructed an ES assessment system based on the PSR framework.

Due to the regional spatiotemporal heterogeneity of ES status, the importance of
analyzing differences in spatial distribution is comparable with the importance of analyzing
time-series changes. Combining temporal and spatial analyses allows clear and accurate
assessment of the evolving regional ecological situation and the causes of such changes.
With advancements in spatial information and RS technologies, the assessment of ES can
currently include spatial characteristics, such as the combination of various spatial data
to analyze changes in ES [26]. Therefore, based on the RS data and GIS techniques, this
study determined the ecological situation and its spatiotemporal variations. The HRB
covers a wide area, and considering the difficulty of data acquisition and the suitability of
temporal and spatial resolution, the study mainly used MODIS data to calculate indicators.
Additionally, MODIS products are widely used in ecological research [62] and they are
reliable.

Therefore, a comprehensive ES evaluation system based on carefully selected indices
from sufficient investigation of the HRB and SDG 15 clearly and precisely reflects the
ecological situation and its spatiotemporal variations, hence facilitating follow-up analyses
to elucidate the causes of the identified variations.

4.2. Analysis of the Factors Influencing Sustainable Development in the HRB

The results showed that the overall ES of the HRB exhibited an improving trend over
time. In 2005, the ES level in most areas declined; most of these areas were concentrated
in Shandong. However, the best overall ES was attained in 2015 in the HRB. There were
obvious differences in the ES level and its change trend among the four provinces in the
basin. Overall, the ES was better in Anhui and Henan.

In the 2001–2019 period, the average annual temperature did not extensively change,
and ecological factors, such as streamflow and the frequency of natural disasters, did not
appear to affect the temperature [63,64], while precipitation has more of an influence on
ecological factors. Thus, Sen’s slope estimator was used to calculate the change trends
of average annual precipitation over 19 years (Figure 7b). The strength of the correlation
between the ES level and the average annual precipitation in the HRB was assessed using
Pearson correlation coefficients (Figure 7a). The results showed a negative correlation be-
tween the ES level and the average annual precipitation in most areas of the HRB, whereas
a positive correlation was only observed in a few areas in the southern part of the basin.
From 2001 to 2019, the average annual precipitation in most parts of the HRB exhibited a
decreasing trend; an increasing trend was only observed in the eastern and southeastern
parts of the basin. When these findings were compared with the change trends in the ES
level over the same 19 years (Figure 6a), the change trends of ES levels were revealed to be
roughly consistent with the change trends of precipitation. Precipitation in almost all areas
in the northern, southwestern, and western parts of the HRB exhibited a decreasing trend.
In those areas, the ES level was negatively correlated with precipitation; thus, the ES level
exhibited an increasing trend. In eastern and southeastern areas, precipitation exhibited an
increasing trend and was negatively correlated with the ES level. Therefore, the ES level
mainly exhibited a decreasing trend in those areas.
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smaller change in precipitation. (c) Average annual precipitation and temperature in the HRB from 2001 to 2019.

Using a matrix of land use transfer between 2001 and 2005, spatial distribution maps
of the losses (Figure 8a) and gains (Figure 8b) in land-use types between 2001 and 2005
were obtained. Combining these maps with the spatial distribution map of ES levels in
2005 (Figure 3), it is clear that areas in which the ES rating decreased sharply in 2005 were
located in Shandong in the northeastern part of the HRB, where a large area of water
bodies and wetlands was lost, while the built-up area increased (box 1 in Figure 8a,b).
In the eastern HRB, some areas with a decreased ES rating were distributed in a band.
Here, grassland was lost and cropland was gained between 2001 and 2005 (i.e., grassland
was transformed into cropland; box 2 in Figure 8a,b). These changes in land use types
likely caused the decrease in the ES rating for the HRB in 2005. Additionally, from 2001 to
2005, the precipitation level in the HRB was high and fluctuated greatly, which might have
adversely impacted the environment.
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Based on the change trends of ES (Figure 6a) and the proportion gains/losses in land
use types between 2001 and 2019 (Figure 8c,d), the areas exhibiting a decreasing trend
in ES roughly corresponded to areas that converted to built-up areas. Therefore, urban
expansion is presumably a main cause of environmental degradation in the HRB. The
largest increase in built-up area was observed between 2015 and 2019 (Figure 8f), which
likely led to the increase in areas with a poor ES status. From 2005 to 2015, the annual
precipitation did not extensively change (Figure 7c), the increase in built-up area was
small, the area of grassland gained was enhanced, and the area of grassland lost was
reduced (Figure 8e). During this period, the environmental status was steadily improving.
In 2001–2019, areas exhibiting a significant increase in the ES were concentrated in the
western and southeastern parts of the HRB. The land use transfer maps for the 2001–2019
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period show that the cropland area in the southeast decreased, while grassland in the same
area increased (box 4 in Figure 8c,d). The forest area in the west also increased (box 3 in
Figure 8c,d) because of aerial seeding afforestation in Henan [65], thus improving the ES of
this region. Furthermore, the waterbody and wetland area increased in 2019, compared
with 2001, proving that the “Construction and management of key plains and depressions
in the HRB” project was effectively implemented (Figure 9).
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At the national level, comprehensive management of the HRB has been underway
for a few decades (Figure 9). In 1950, the Government of China promulgated its decision
to harness the Huaihe River and clearly defined guidelines for regulating the use of the
river; the goals were holding back flood waters and ensuring water conservation. By 2018,
the Government of China had issued five major documents; the focus had shifted from
flood storage to pollution control, ecological restoration, and sustainable development,
consistent with changes in socioeconomic development. Each province issued a different
number of documents emphasizing various aspects of Huaihe River management between
2001 and 2018 (Figure 9), which may explain the differences in ES status among the four
provinces.

4.3. Moving toward Achieving SDGs of the HRB

The results of our analyses showed that overall, the ES status of the HRB is good and
exhibits an improving trend. The ES of areas that underwent urban expansion declined;
thus, although the overall environmental status of the HRB is good, socioeconomic devel-
opment has exerted negative impacts in specific areas. Areas with improved ecological
conditions in the basin experienced increases in forest, grassland, waterbody, and wetland
areas, indicating that the measures taken by the government for ecological restoration
had positive effects. The afforestation activities in Henan Province have been of help in
improving the eco-environment. Simultaneously, in most regions, there was a negative
correlation between the change in annual precipitation and the ES value, indicating that
the increase in precipitation may destroy the eco-environment.

The Government of China and the provinces within the basin have established gov-
ernance policies focusing on pollution control and protection against disasters (Figure 9).
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Although policies related to these areas are important and should be implemented, gov-
ernment departments should also carefully consider the rational utilization and saving of
precipitation and river dredging. It is important to protect and restore land types with high
ecosystem value (e.g., forests, grasslands, and wetlands) [66,67], thus improving overall
ecosystem function in the HRB.

5. Conclusions

This study established a universal ES evaluation system based on the ecological
characteristics of the HRB using the PSR model. The indicators are related to the SDG 15,
to provide a method to evaluate the sustainable development of basins.

Combining GIS and RS technology, the ES of the HRB was calculated and factors
affecting the sustainable development were determined. The results reveal that the spa-
tiotemporal regional distribution of ES differed. Regions near the reserves and buildings
are the areas with the best and worst ecological conditions, respectively. The annual precip-
itation had a negative impact on ES in most areas of the HRB. The addition of grasslands,
forests, and wetlands would improve the eco-environment.

The results of these analyses can be used to guide future ecological restoration in
the HRB, contributing to the realization of SDG 15. The government needs to focus on
water conservancy and vegetation restoration. Some measures, such as aerial afforestation,
should be implemented.

Author Contributions: Conceptualization, S.S. and T.W.; methodology, S.S.; software, S.S.; valida-
tion, T.W., S.W. and S.S.; formal analysis, Y.Y.; investigation, S.S.; resources, T.W. and S.W.; data
curation, Y.L.; writing—original draft preparation, S.S.; writing—review and editing, S.S. and T.W.;
visualization, S.S.; supervision, M.L.; project administration, Y.Z.; funding acquisition, T.W. and S.S.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Specially-Appointed Professor program of Jiangsu
province; National Natural Science Foundation of China, grant number 41671362, 41371359 and the
Fundamental Research Funds for the Central Universities, grant number B210203053.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: Acknowledge the data support from “National Earth System Science Data
Center, National Science & Technology Infrastructure of China. (http://www.geodata.cn (accessed
on 10 November 2020))”.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Nations, U. Transforming Our World: The 2030 Agenda for Sustainable Development. 2015. Available online: https://

sustainabledevelopment.un.org/post2015/transformingourworld/publication (accessed on 10 October 2020).
2. Rosati, F.; Faria, L.G. Addressing the SDGs in sustainability reports: The relationship with institutional factors. J. Clean. Prod.

2019, 215, 1312–1326. [CrossRef]
3. Allen, C.; Metternicht, G.; Wiedmann, T. Initial progress in implementing the Sustainable Development Goals (SDGs): A review

of evidence from countries. Sustain. Sci. 2018, 13, 1453–1467. [CrossRef]
4. Peng, K.; Jiang, W.; Ling, Z.; Hou, P.; Deng, Y. Evaluating the potential impacts of land use changes on ecosystem service value

under multiple scenarios in support of SDG reporting: A case study of the Wuhan urban agglomeration. J. Clean. Prod. 2021,
127321. [CrossRef]

5. Cheng, G.; Li, X. Integrated research methods in watershed science. Sci. China Earth Sci. 2015, 58, 1159. [CrossRef]
6. Postel, S.L.; Thompson, B.H., Jr. Watershed protection: Capturing the benefits of nature’s water supply services. Nat. Resour.

Forum 2005, 29, 98–108. [CrossRef]
7. Wang, H.; Meijerink, S.; van der Krabben, E. Institutional Design and Performance of Markets for Watershed Ecosystem Services:

A Systematic Literature Review. Sustainability 2020, 12, 6382. [CrossRef]
8. Reith, J.; Ghazaryan, G.; Muthoni, F.; Dubovyk, O. Assessment of Land Degradation in Semiarid Tanzania—Using Multiscale

Remote Sensing Datasets to Support Sustainable Development Goal 15.3. Remote Sens. 2021, 13, 1754. [CrossRef]

http://www.geodata.cn
https://sustainabledevelopment.un.org/post2015/transformingourworld/publication
https://sustainabledevelopment.un.org/post2015/transformingourworld/publication
http://doi.org/10.1016/j.jclepro.2018.12.107
http://doi.org/10.1007/s11625-018-0572-3
http://doi.org/10.1016/j.jclepro.2021.127321
http://doi.org/10.1007/s11430-015-5074-x
http://doi.org/10.1111/j.1477-8947.2005.00119.x
http://doi.org/10.3390/su12166382
http://doi.org/10.3390/rs13091754


Remote Sens. 2021, 13, 3942 19 of 21

9. Cherrington, E.A.; Griffin, R.E.; Anderson, E.R.; Sandoval, B.E.H.; Flores-Anderson, A.I.; Muench, R.E.; Markert, K.N.; Adams,
E.C.; Limaye, A.S.; Irwin, D.E. Use of public Earth observation data for tracking progress in sustainable management of coastal
forest ecosystems in Belize, Central America. Remote Sens. Environ. 2020, 245, 111798. [CrossRef]

10. Bian, J.; Li, A.; Nan, X.; Lei, G.; Zhang, Z. Dataset of the mountain green cover index (SDG15.4.2) over the economic corridors of
the Belt and Road Initiative for 2010–2019. Big Earth Data 2021, 1–13. [CrossRef]

11. Wang, H.; Long, H.; Li, X.; Yu, F. Evaluation of changes in ecological security in China’s Qinghai Lake Basin from 2000 to 2013
and the relationship to land use and climate change. Environ. Earth Sci. 2014, 72, 341–354. [CrossRef]

12. Wen, M.; Zhang, T.; Li, L.; Chen, L.; Hu, S.; Wang, J.; Liu, W.; Zhang, Y.; Yuan, L. Assessment of Land Ecological Security and
Analysis of Influencing Factors in Chaohu Lake Basin, China from 1998–2018. Sustainability 2021, 13, 358. [CrossRef]

13. Liu, D.; Chang, Q. Ecological security research progress in China. Acta Ecol. Sin. 2015, 35, 111–121. [CrossRef]
14. Linster, M.; Fletcher, J. Using the Pressure-State-Response Model to Develop Indicators of Sustainability: OECD Framework for

Environmental Indicators. Organ. Econ. Co Oper. Dev. Paris 2001, 11.
15. UN. United Nations Indicators of Sustainable Development; Framework and Methodologies; UNCSD: Rio de Janeiro, Brazil, 1996.
16. OECD. Environment Indicators—Development, Measurement and Use; Organisation of Economic Co-operation and Development;

OECD: Paris, France, 2003.
17. Kelble, C.R.; Loomis, D.K.; Lovelace, S.; Nuttle, W.K.; Ortner, P.B.; Fletcher, P.; Cook, G.S.; Lorenz, J.J.; Boyer, J.N. The EBM-DPSER

conceptual model: Integrating ecosystem services into the DPSIR framework. PLoS ONE 2013, 8, e70766. [CrossRef]
18. Tang, Y.; Zhao, X.; Jiao, J. Ecological security assessment of Chaohu Lake Basin of China in the context of River Chief System

reform. Environ. Sci. Pollut. Res. 2020, 27, 2773–2785. [CrossRef] [PubMed]
19. Hua, Y.; Yan, M.; Limin, D. Land ecological security assessment for Bai autonomous prefecture of Dali based using PSR

model–with data in 2009 as case. Energy Procedia 2011, 5, 2172–2177. [CrossRef]
20. Shao, C.; Guan, Y.; Chu, C.; Shi, R.; Ju, M.; Shi, J. Trends analysis of ecological environment security based on DPSIR model in the

coastal zone: A survey study in Tianjin, China. Int. J. Environ. Res. 2014, 8, 765–778. [CrossRef]
21. Bai, X.; Tang, J. Ecological security assessment of Tianjin by PSR model. Procedia Environ. Sci. 2010, 2, 881–887. [CrossRef]
22. Ma, L.; Bo, J.; Li, X.; Fang, F.; Cheng, W. Identifying key landscape pattern indices influencing the ecological security of inland

river basin: The middle and lower reaches of Shule River Basin as an example. Sci. Total Environ. 2019, 674, 424–438. [CrossRef]
23. Du, P.; Xia, J.; Du, Q.; Luo, Y.; Tan, K. Evaluation of the spatio-temporal pattern of urban ecological security using remote sensing

and GIS. Int. J. Remote Sens. 2013, 34, 848–863. [CrossRef]
24. Zhao, Y.-Z.; Zou, X.-Y.; Cheng, H.; Jia, H.-K.; Wu, Y.-Q.; Wang, G.-Y.; Zhang, C.-L.; Gao, S.-Y. Assessing the ecological security of

the Tibetan plateau: Methodology and a case study for Lhaze County. J. Environ. Manag. 2006, 80, 120–131. [CrossRef] [PubMed]
25. Wei, W.; Xie, B.B. Evaluation of the ecological security in Shiyang River Basin based on Grid GIS and PSR model. Adv. Mater. Res.

2014, 80, 1042–1046. [CrossRef]
26. Wu, X.; Liu, S.; Sun, Y.; An, Y.; Dong, S.; Liu, G. Ecological security evaluation based on entropy matter-element model: A case

study of Kunming city, southwest China. Ecol. Indic. 2019, 102, 469–478. [CrossRef]
27. Saaty, T.L. How to make a decision: The analytic hierarchy process. Eur. J. Oper. Res. 1990, 48, 9–26. [CrossRef]
28. Saaty, T.L. A scaling method for priorities in hierarchical structures. J. Math. Psychol. 1977, 15, 234–281. [CrossRef]
29. Zheng, Y.-h.; Li, K. The research of ecological security evaluation for mineral-resource enterprises-a case of China. Fuzzy Inf. Eng.

2009, 1, 329–341. [CrossRef]
30. Gao, S.; Sun, H.; Cao, G.; Zhao, L.; Wang, R.; Xu, M. Dynamic assessment of island ecological security under urbanization: A case

study of Pingtan Island in the Southeast Coast of China. Environ. Earth Sci. 2018, 77, 1–8. [CrossRef]
31. Hazbavi, Z.; Sadeghi, S.H.; Gholamalifard, M.; Davudirad, A.A. Watershed health assessment using the pressure–state–response

(PSR) framework. Land Degrad. Dev. 2020, 31, 3–19. [CrossRef]
32. Wei, S.; Pan, J.; Liu, X. Landscape ecological safety assessment and landscape pattern optimization in arid inland river basin:

Take Ganzhou District as an example. Hum. Ecol. Risk Assess. Int. J. 2020, 26, 782–806. [CrossRef]
33. Xia, H.; Zhao, J.; Qin, Y.; Yang, J.; Cui, Y.; Song, H.; Ma, L.; Jin, N.; Meng, Q. Changes in water surface area during 1989–2017 in

the Huai River Basin using Landsat data and Google earth engine. Remote Sens. 2019, 11, 1824. [CrossRef]
34. Zhou, Y.; Ma, Z.; Wang, L. Chaotic dynamics of the flood series in the Huaihe River Basin for the last 500 years. J. Hydrol. 2002,

258, 100–110. [CrossRef]
35. Sun, R.; Yuan, H.; Liu, X.; Jiang, X. Evaluation of the latest satellite–gauge precipitation products and their hydrologic applications

over the Huaihe River basin. J. Hydrol. 2016, 536, 302–319. [CrossRef]
36. Hai, R.; Shi, H.; Zhang, B.; Zhai, Y.; Li, Y.; Wang, W. An ecological information analysis-based approach for assessing the

sustainability of water use systems: A case study of the Huaihe River Basin, China. Clean Technol. Environ. Policy 2015, 17,
2197–2211. [CrossRef]

37. Yang, M.; Chen, X.; Cheng, C.S. Hydrological impacts of precipitation extremes in the Huaihe River Basin, China. SpringerPlus
2016, 5, 1731. [CrossRef] [PubMed]

38. Fan, Y.; Guo, R.; He, Z.; Li, M.; He, B.; Yang, H.; Wen, N. Spatio–Temporal Pattern of the Urban System Network in the Huaihe
River Basin Based on Entropy Theory. Entropy 2019, 21, 20. [CrossRef] [PubMed]

http://doi.org/10.1016/j.rse.2020.111798
http://doi.org/10.1080/20964471.2021.1941571
http://doi.org/10.1007/s12665-013-2955-1
http://doi.org/10.3390/su13010358
http://doi.org/10.1016/j.chnaes.2015.07.001
http://doi.org/10.1371/journal.pone.0070766
http://doi.org/10.1007/s11356-019-07241-0
http://www.ncbi.nlm.nih.gov/pubmed/31836980
http://doi.org/10.1016/j.egypro.2011.03.375
http://doi.org/10.1038/oby.2000.79
http://doi.org/10.1016/j.proenv.2010.10.099
http://doi.org/10.1016/j.scitotenv.2019.04.107
http://doi.org/10.1080/01431161.2012.714503
http://doi.org/10.1016/j.jenvman.2005.08.019
http://www.ncbi.nlm.nih.gov/pubmed/16338056
http://doi.org/10.4028/www.scientific.net/AMR.1049-1050.1042
http://doi.org/10.1016/j.ecolind.2019.02.057
http://doi.org/10.1016/0377-2217(90)90057-I
http://doi.org/10.1016/0022-2496(77)90033-5
http://doi.org/10.1007/s12543-009-0025-x
http://doi.org/10.1007/s12665-018-7706-x
http://doi.org/10.1002/ldr.3420
http://doi.org/10.1080/10807039.2018.1536521
http://doi.org/10.3390/rs11151824
http://doi.org/10.1016/S0022-1694(01)00561-3
http://doi.org/10.1016/j.jhydrol.2016.02.054
http://doi.org/10.1007/s10098-015-0944-7
http://doi.org/10.1186/s40064-016-3429-1
http://www.ncbi.nlm.nih.gov/pubmed/27777866
http://doi.org/10.3390/e21010020
http://www.ncbi.nlm.nih.gov/pubmed/33266736


Remote Sens. 2021, 13, 3942 20 of 21

39. Xu, J.; Jin, G.; Tang, H.; Zhang, P.; Wang, S.; Wang, Y.-G.; Li, L. Assessing temporal variations of Ammonia Nitrogen concentrations
and loads in the Huaihe River Basin in relation to policies on pollution source control. Sci. Total Environ. 2018, 642, 1386–1395.
[CrossRef]

40. Song, M.; Xie, Q. Evaluation of urban competitiveness of the Huaihe River eco-economic belt based on dynamic factor analysis.
Comput. Econ. 2019, 1–25. [CrossRef]

41. Jiang, Y. GIS stream network analysis for Huaihe River basin of China. Procedia Environ. Sci. 2011, 10, 1553–1558. [CrossRef]
42. Li, Y.; Sun, X.; Zhu, X.; Cao, H. An early warning method of landscape ecological security in rapid urbanizing coastal areas and

its application in Xiamen, China. Ecol. Model. 2010, 221, 2251–2260. [CrossRef]
43. Jiake, L.; Huaien, L.; Bing, S.; Yajiao, L. Effect of non-point source pollution on water quality of the Weihe River. Int. J. Sediment.

Res. 2011, 26, 50–61. [CrossRef]
44. Chen, Y.; Yuan, Q.; Han, F.; Zhou, L.; Hong, S. Estimation of non-point source pollution load of Yangtze watershed based on

improved export coefficient model. J. Geomat. 2017, 42, 96–99. [CrossRef]
45. An, S.; Zhu, X.; Shen, M.; Wang, Y.; Cao, R.; Chen, X.; Yang, W.; Chen, J.; Tang, Y. Mismatch in elevational shifts between satellite

observed vegetation greenness and temperature isolines during 2000–2016 on the Tibetan Plateau. Glob. Chang. Biol. 2018, 24,
5411–5425. [CrossRef] [PubMed]

46. Zheng, W.; Liu, C.; Xin, Z.; Wang, Z. Flood and waterlogging monitoring over Huaihe River Basin by AMSR-E data analysis.
Chin. Geogr. Sci. 2008, 18, 262–267. [CrossRef]

47. Llausàs, A.; Nogué, J. Indicators of landscape fragmentation: The case for combining ecological indices and the perceptive
approach. Ecol. Indic. 2012, 15, 85–91. [CrossRef]

48. Naiman, R.J.; Latterell, J.J.; Pettit, N.E.; Olden, J.D. Flow variability and the biophysical vitality of river systems. Comptes Rendus
Geosci. 2008, 340, 629–643. [CrossRef]

49. Yang, J.; Weisberg, P.J.; Bristow, N.A. Landsat remote sensing approaches for monitoring long-term tree cover dynamics in
semi-arid woodlands: Comparison of vegetation indices and spectral mixture analysis. Remote Sens. Environ. 2012, 119, 62–71.
[CrossRef]

50. Daw, T.M.; Hicks, C.C.; Brown, K.; Chaigneau, T.; Januchowski-Hartley, F.A.; Cheung, W.W.; Rosendo, S.; Crona, B.; Coulthard, S.;
Sandbrook, C. Elasticity in ecosystem services: Exploring the variable relationship between ecosystems and human well-being.
Ecol. Soc. 2016, 21. [CrossRef]

51. Sannigrahi, S.; Chakraborti, S.; Joshi, P.K.; Keesstra, S.; Sen, S.; Paul, S.K.; Kreuter, U.; Sutton, P.C.; Jha, S.; Dang, K.B. Ecosystem
service value assessment of a natural reserve region for strengthening protection and conservation. J. Environ. Manag. 2019, 244,
208–227. [CrossRef]

52. Hu, X.; Ma, C.; Huang, P.; Guo, X. Ecological vulnerability assessment based on AHP-PSR method and analysis of its single
parameter sensitivity and spatial autocorrelation for ecological protection–A case of Weifang City, China. Ecol. Indic. 2021, 125,
107464. [CrossRef]

53. Cao, Z.; Wu, Z.; Kuang, Y.; Huang, N. Correction of DMSP/OLS night-time light images and its application in China. J. Geo-Inf.
Sci 2015, 17, 1092–1102. [CrossRef]

54. Liang, L.; Bian, J.; Li, A.; Feng, W.; Lei, G.; Zhang, Z.; Zuo, J. Consistent inter-calibration of Nighttime Light Data between
DMSP/OLS and NPP/VIIRS in the ChinaPakistan Economic Corridor. J. Remote Sens 2020, 2, 149–160. [CrossRef]

55. Yu, L.; Wu, X.; Zheng, X.; Zheng, T.; Xin, J.; Walther, M. An index system constructed for ecological stress assessment of the
coastal zone: A case study of Shandong, China. J. Environ. Manag. 2019, 232, 499–504. [CrossRef]

56. Zhao, L.; Fan, X. Effects of Land Use Changes on Ecosystem Service Values: A Case Study in Guilin, China. Pol. J. Environ. Stud.
2020, 29, 1483–1492. [CrossRef]

57. Zewdie, W.; Csaplovics, E.; Inostroza, L. Monitoring ecosystem dynamics in northwestern Ethiopia using NDVI and climate
variables to assess long term trends in dryland vegetation variability. Appl. Geogr. 2017, 79, 167–178. [CrossRef]

58. Mo, K.; Chen, Q.; Chen, C.; Zhang, J.; Wang, L.; Bao, Z. Spatiotemporal variation of correlation between vegetation cover and
precipitation in an arid mountain-oasis river basin in northwest China. J. Hydrol. 2019, 574, 138–147. [CrossRef]

59. Li, N.; Yang, H.; Wang, L.; Huang, X.; Zeng, C.; Wu, H.; Ma, X.; Song, X.; Wei, Y. Optimization of industry structure based on
water environmental carrying capacity under uncertainty of the Huai River Basin within Shandong Province, China. J. Clean.
Prod. 2016, 112, 4594–4604. [CrossRef]

60. Whitall, D.; Bricker, S.; Ferreira, J.; Nobre, A.M.; Simas, T.; Silva, M. Assessment of eutrophication in estuaries: Pressure–state–
response and nitrogen source apportionment. Environ. Manag. 2007, 40, 678–690. [CrossRef]

61. Wolfslehner, B.; Vacik, H. Evaluating sustainable forest management strategies with the analytic network process in a pressure-
state-response framework. J. Environ. Manag. 2008, 88, 1–10. [CrossRef]

62. Liu, Z.; Wang, H.; Li, N.; Zhu, J.; Pan, Z.; Qin, F. Spatial and Temporal Characteristics and Driving Forces of Vegetation Changes
in the Huaihe River Basin from 2003 to 2018. Sustainability 2020, 12, 2198. [CrossRef]

63. Gao, C.; Ruan, T. The influence of climate change and human activities on runoff in the middle reaches of the Huaihe River Basin,
China. J. Geogr. Sci. 2018, 28, 79–92. [CrossRef]

64. Yan-Jun, L.; Xiao-dong, Z.; Fan, L.; Jing, M. Analysis of drought evolvement characteristics based on standardized precipitation
index in the Huaihe River basin. Procedia Eng. 2012, 28, 434–437. [CrossRef]

http://doi.org/10.1016/j.scitotenv.2018.05.395
http://doi.org/10.1007/s10614-019-09952-5
http://doi.org/10.1016/j.proenv.2011.09.247
http://doi.org/10.1016/j.ecolmodel.2010.04.016
http://doi.org/10.1016/S1001-6279(11)60075-9
http://doi.org/10.14188/j.2095-6045.2017.01.024
http://doi.org/10.1111/gcb.14432
http://www.ncbi.nlm.nih.gov/pubmed/30156039
http://doi.org/10.1007/s11769-008-0262-7
http://doi.org/10.1016/j.ecolind.2011.08.016
http://doi.org/10.1016/j.crte.2008.01.002
http://doi.org/10.1016/j.rse.2011.12.004
http://doi.org/10.5751/ES-08173-210211
http://doi.org/10.1016/j.jenvman.2019.04.095
http://doi.org/10.1016/j.ecolind.2021.107464
http://doi.org/10.3724/SP.J.1047.2015.01092
http://doi.org/10.11834/jrs.20208241
http://doi.org/10.1016/j.jenvman.2018.11.084
http://doi.org/10.15244/pjoes/108511
http://doi.org/10.1016/j.apgeog.2016.12.019
http://doi.org/10.1016/j.jhydrol.2019.04.044
http://doi.org/10.1016/j.jclepro.2015.08.074
http://doi.org/10.1007/s00267-005-0344-6
http://doi.org/10.1016/j.jenvman.2007.01.027
http://doi.org/10.3390/su12062198
http://doi.org/10.1007/s11442-018-1460-6
http://doi.org/10.1016/j.proeng.2012.01.746


Remote Sens. 2021, 13, 3942 21 of 21

65. Henan Forestry Survey and Planning Institute. Air sowing and afforestation in Henan for 30 years. 2009. Available online:
http://lyj.henan.gov.cn/2019/07-29/979454.html (accessed on 3 March 2021).

66. Gashaw, T.; Tulu, T.; Argaw, M.; Worqlul, A.W.; Tolessa, T.; Kindu, M. Estimating the impacts of land use/land cover changes on
Ecosystem Service Values: The case of the Andassa watershed in the Upper Blue Nile basin of Ethiopia. Ecosyst. Serv. 2018, 31,
219–228. [CrossRef]

67. Lin, W.; Xu, D.; Guo, P.; Wang, D.; Li, L.; Gao, J. Exploring variations of ecosystem service value in Hangzhou Bay Wetland,
Eastern China. Ecosyst. Serv. 2019, 37, 100944. [CrossRef]

http://lyj.henan.gov.cn/2019/07-29/979454.html
http://doi.org/10.1016/j.ecoser.2018.05.001
http://doi.org/10.1016/j.ecoser.2019.100944

	Introduction 
	Materials and Methods 
	Study Area 
	Workflow 
	Establishment of the ES Assessment System 
	Indicator Calculation 
	Determination of Weights 

	Data Sources and Processing 
	Data Sources 
	Data Normalization 
	Land Change Analysis 
	Trend Analysis 
	Correlation Analysis 


	ES Assessment Results for the HRB 
	Overall Spatiotemporal Variations in ES of the HRB 
	Variations of ES in the Four Provinces 
	Trends in ES value of the HRB 

	Discussion 
	The Indicator System to Evaluate Sustainable Development of Basins 
	Analysis of the Factors Influencing Sustainable Development in the HRB 
	Moving toward Achieving SDGs of the HRB 

	Conclusions 
	References

