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Abstract: Massive growth is posing threat to the ecological security and sustainability of cities. Eco-
system service value (ESV) and ecological risk index (ERI) assessment can be conducted to enhance
urban ecosystem management through the enhanced recognition of these values and risks in deci-
sion-making. This paper aimed to measure spatiotemporal ESV and ERI for Shizuishan City located
in central China, and, based on this, how to zone urban ecological space using land cover data (for
the years 2010, 2015, and 2020). The management options of different zones were suggested to mit-
igate and manage any potential negative impacts on urban ecological security. Results show that:
(1) The spatial distribution characteristic of ESV is “high in the south and low in the north”. The
total ESV exhibited an upward tendency from 2010 to 2020. (2) The high-ERI areas were distributed
in the peripheral region, while the low-ERI areas were concentrated in the central region. The ERI
of water was in decline continuously, whereas the ERI of wetland maintained a high level. (3) The
zoning approach integrating ESV and ERI assessment can truly reflect the status of the environment
and better clarify the direction of ecological development for different areas. Among four different
ecological zones, the high-ESV and low-ERI areas (I) have abundant ecological resources, and they
are set as “Priority Development Areas”. The low-ESV and low-ERI areas (II) are set as “Ecological
Improvement Areas” because the area of ecological lands are confined. The low-ESV and high-ERI
areas (III) have a fragile ecological environment, and they are set as “Exploitation-Prohibited Ar-
eas”. The high-ESV and high-ERI areas (IV) are mainly distributed near water and wetland, and
they are set as “Research-focused Areas”.

Keywords: urban planning; ecological planning; urban sustainability; China

1. Introduction

Natural ecosystems perform fundamental life-support services upon which human
civilization depends. A robust ecosystem can contribute to social and economic well-be-
ing by providing a stable base for a diverse set of urban activities. The spatial prioritiza-
tion and optimization of urban ecological space is a nature-based solution to promote
ecosystem services and maintain urban ecological security [1,2]. Urban ecological plan-
ning is the process of facilitating decision-making to carry out the spatial arrangements of
urban ecological space with consideration given to the ecosystem service and ecological
risk. Sustainable management aims to control urban development and improve the frame-
work of life in the cities. To avoid putting unnecessary strain on the supporting ecosystem
constitute the major objective of sustainable management [3]. It is about creating an equi-
librium between consumerist human culture and the living world. In simple terms, sus-
tainable management is the practice of interacting with the planet [4]. Sustainable man-
agement is essential because ecosystem services and their ecological process provide
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goods and services to human well-being and subsistence [5]. Nevertheless, these goods
and services were once mistakenly regarded as abundant and inexhaustible, which di-
rectly accelerated excessive consumption of their supply and increased their scarcity [6],
ultimately resulting in the degradation of the ecosystem and the increased ecological risk.
So, it is urgent to implement sustainable management to legitimately control the con-
sumption of ecological resources by human activities and minimize the damage to the
biodiverse ecosystem [7]. Meanwhile, there are spatio-temporal interactions between eco-
system service value and ecological risk. Thus, analyzing the ecological risk based on eco-
system service value, and then constructing ecological zones of different levels and man-
aging them rationally will be an inevitable requirement for ecological civilization con-
struction and sustainable management in the new era.

Human activities usually affect the process, structure, and functions of the ecological
environment by altering land cover types [8], and these changes in the ecosystem can be
reflected by ecosystem service value (ESV) changes [9]. Thus, ESV can be used to evaluate
the potential of the regional ecosystem for human services and explore the changing im-
pacts of human disturbances on the ecological environment [10]. According to the con-
struction of the evaluation framework and pricing method, the approaches in ESV assess-
ments can be roughly divided into two types. One is based on the unit service function
price [11] (hereinafter referred to as the functional value method), and the other is based
on the equivalent value factor per unit ecosystem area [12] (hereinafter referred to as the
equivalent factor method). The functional value method is primarily employed in small-
scale regions. Meanwhile, this approach requires multiple input parameters, and the cal-
culation process is extremely cumbersome, which leads to difficulty in unifying the eval-
uation processes and parameter thresholds [13]. Therefore, this approach is not applicable
for the assessment of ESV on a large scale. The equivalent factor method is an alternative
market method, which is mainly built on the area of different landscape types and their
corresponding value equivalents [14]. This method is intuitive and easy to use, requires
relatively little data, and is highly comparable and comprehensive, making it a pervasive
approach for evaluating ESV at regional and global scales [15]. The prototype of this
method was proposed by Costanza et al. and was used to estimate the value of 17 ecosys-
tem services by 16 land resources [16]. However, this prototype method had high require-
ments for data collection and processing, and the calculation is relatively complicated and
is not generalized [17]. Hence, taking the findings of Constanza et al. as a reference, Xie et
al. established a table of China’s equivalents of ecosystem service value supplied per unit
area of ecosystem grounded on the ecological questionnaire survey conducted by Chinese
professionals and finally calculated the 11 types of ecosystem service value [5]. Compared
with other methods, this method is considered more practical and has the advantages of
low data requirements, high comparability of results, and the ability for comprehensive
evaluation [18]. Subsequently, extensive studies on ecosystem service valuation have been
carried out in terms of the pattern [19], process [20], and function [21]. Most recent atten-
tion has focused on the relationship between ESV and urbanization, and studies were per-
formed on the changing trend of ESV in rapid urbanization areas [22], the synergies be-
tween ESV and economic development [23], and the driving mechanism of changes in
ESV [24]. Moreover, a number of studies have directly focused on the changes in ESV of
ecological lands, such as the spatial autocorrelation in land use type and ESV in rainforest
national parks [15], and the effect of biological invasion on ESV [25]. Overall, these studies
highlight the impact of human activities on regional ESV.

Ecological risk represents the likelihood of adverse ecological effects occurring as a
consequence of anthropogenic activities and natural hazards [26], which reveals the abil-
ity of an ecosystem to maintain its self-stability under specific environmental pressures
[27]. As an important means of ecological and environmental management [28], an eco-
logical risk assessment is performed to evaluate the likelihood of adverse ecological effects
occurring as a result of exposure to physical or chemical stressors. This helps us appreciate
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the fact that anthropogenic activities and natural environmental changes may be detri-
mental to regional ecosystems [29]. There are two chief approaches to ecological risk as-
sessment. One is based on the risk source-risk receptors—exposure and hazard assessment
model [30]. The most original approach of ecological risk assessments focused on the en-
vironmental impacts of chemical contaminants or pollution events on ecosystems, mostly
emphasizing a single risk source or a single risk receptor [31]. Risk assessment that follows
this method has been carried out by taking water contaminants [32], toxic metal [33], land-
slides [34], and other sudden environmental events or specific objects as the risk sources.
Currently, this approach is still used for analyzing particular site-specific hazards in small
geographic areas, such as monitoring the impact of toxic chemicals on local human health
[35]. Thus, this approach is susceptible to subjective factors in that it focuses on identifying
the risk sources and receptors, while different scholars will have different views on their
determination of them. The other group of literature mostly depends on RS, GIS, and
Landscape metrics to construct the landscape ecological risk index (ERI) which combines
multiple sources of risk generated by natural or human disturbances [36] to evaluate the
ecological risk from the perspective of the land-cover change. River basins [37], protected
areas [38], administrative districts [39], urban agglomerations [40], etc., are extensively
examined. This approach takes account of scale effects, temporal changes, and regional
spatial heterogeneity, which contributes to the spatial visualization of regional ecological
management. Meanwhile, with the advancement of global change and ecological risk
studies, this approach has become mainstream research and is widely applied. Most re-
cent studies have focused on analyzing the spatiotemporal distribution of ecological risk,
and the study areas were selected areas with intensive human activities, mainly in water-
sheds, urban territories [41], mining areas [42], and coastal areas [43]. Moreover, some
studies have been conducted on exploring the driving forces of ecological risk [44] or con-
structing the ecological risk projection model [45]. In conclusion, the ecological risk as-
sessment has changed dramatically, such as the evaluation elements have developed from
single-risk source and single-risk receptor to multi-risk source and multi-risk receptors
[46], and the evaluation scope has expanded from small-scale areas to the regional land-
scape [47], and the evaluation unit has been transformed from an administrative region to
risk communities.

There is a growing body of research on ecosystem service evaluation and ecological
risk evaluation. However, gaps remain: (1) the ESV and ERI remain relatively independ-
ent, and there have been infrequent studies that would combine these two assessment
approaches and ecological zone to identify the priority of urban ecological area protection
and propose targeted ecological management measures. (2) The study areas were mostly
economically prosperous areas such as the Beijing-Tianjin-Hebei urban agglomeration
and Yangtze River Delta in China and areas with special geomorphological characteristics
in the southwest of China, while the northwest area of China has not received much at-
tention.

Therefore, unlike previous studies, this research took Shizuishan City in northwest
China as an illustration, based on land cover data in 2010, 2015, and 2020, and not only
analyzed the temporal and spatial distribution of ESV and ERI in the study area but also
established a zoning approach integrated the ESV and ERI to facilitate the proposal of
targeted ecological management measures. To the best of our knowledge, few studies
have comprehensively evaluated the regional ecological environment from human well-
being and potential risks perspectives. Meanwhile, compared with previous work that
applies a single ESV or ERI assessment, this zoning approach emphasizes the integrity of
the ecosystem, which can reflect the ecological environment security status from positive
and negative sides. Then the decision-making basis and theoretical guidance will be pre-
cisely provided for the ecological environment construction of the study area.
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2. Materials and Methods
2.1. Study Area

The area of the study is Shizuishan City, which is located in the north of Ningxia Hui
Autonomous Region, China (Figure 1). It extends over an area of about 5309.5 km? with a
population of 805,000 and encompasses two districts and one county: Dawukou, Hui-
nong, and Pingluo. Topographically, the altitude ranges from 940-3411 m, and there exist
diversified landforms including mountains, alluvial plain, and platforms. It has a conti-
nental climate characterized by hot summers and cold winters and is a typical arid and
semi-arid region with an annual average temperature of 8.4-9.9 °C and annual precipita-
tion of 167.5-188.8 mm on average. As the most important river systems in Shizuishan
City, Xinghai Lake, Sha Lake, and Yellow River play an irreplaceable role in regulating
climate, purifying the environment, and preserving biodiversity.

This region was selected for two reasons: (1) Shizuishan City is one of the representa-
tive resource-based cities in Northwest China, which heavily depends on mineral exploi-
tation and is vulnerable to the deterioration of the ecological environment. Some devel-
oping countries are also facing such urban development dilemma. Therefore, identifying
the priority areas of ecological space in Shizuishan City will contribute to the scientific
management and control of ecological lands, and research results will provide sugges-
tions for the policy on green transformation development of resource-based cities in
Northwest China. Meanwhile, it also has general value for the management of urban eco-
logical space beyond China; (2) Shizuishan City is a typical arid and semi-arid region in
the upper reaches of the Yellow River, where water bodies are particularly important for
the improvement of the ecological environment in this region. Thus, carrying out ecolog-
ical space research is effective in identifying the priority water protection zones, and the
research results are excepted to provide a valuable reference for the preservation and res-
toration of watersheds in the arid and semi-arid regions of China and some desert cities
around the world.
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Figure 1. Overview of the study area.

2.2. Data

The data involved in this study include land use and statistical data. The land use
grids of 2010, 2015, and 2020 with a spatial resolution of 30 m x 30 m were derived from
GLC_FCS30-1985_2020 which is developed by the Aerospace Information Research Insti-
tute of the Chinese Academy of Science [48] (http://www.aircas.ac.cn/, accessed on 18 May
2022). Produced from Landsat-TM, Landsat-ETM+, and OLI sensors, it covers 29 land-use
types. The data were reclassified into eight types-: dry land, paddy field, forestland, grass-
land, water, wetland, bare land, and impervious surface (Table 1). The statistical data of
main grain market price and grain yield per unit of farmland area (The statistical data
were obtained to calculate the Ecosystem Service Value Index) were obtained from the
Bureau of Statistics of Ningxia Hui Autonomous Region (http://tj.nx.gov.cn/, accessed on
20 April 2022), and the Food and Strategic Reserves Administration of Ningxia Hui Au-

tonomous Region (http://lswz.nx.gov.cn/, accessed on 20 April 2022).

Table 1. Reclassified land-use types.

o ae .. g ae Area (Km?)
Reclassification System Original Classification System 2010 2015 2020
Dry land Rainfed cropland 1090.82 1104.95 1147.04
Paddy field Irrigated cropland 502.49 518.56 539.64
Open deciduous broadleaved forest
Forest land Closed deciduous broadleaved forest 239 87 234,60 221.98

Open evergreen needle-leaved forest
Closed evergreen needle-leaved forest

Grassland Shrubland 797.04 764.10 668.61
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Grassland
Sparse vegetation
Herbaceous cover
Wetland Wetland 44.10 57.86 83.35
Impervious Surface Impervious Surface 154.53 166.71 221.52
Bare areas
Bare Land 1192.12 1161.72 1111.02
are Lan Unconsolidated bare areas 0
Water Water body 60.23 72.70 88.04

2.3. Methods
2.3.1. Ecological Zones

The zonation of urban ecological space is constructed on the basis of assessing eco-
system service value and ecological risk. To spatialize the ecosystem service value and
ecological risk, the evaluation units were established. Building on the relevant studies, the
area of landscape samples is supposed to reach 2-5 times the average, thus comprehen-
sively reflecting the landscape pattern information around the sampling site [49]. The
northwest of the study area is a mountainous region and the northeast is a plain region.
The landscape features, such as forest land, grassland, and cultivated land, in this area,
are relatively broken. Therefore, the study area was divided into plenty of 3 km x 3 km
grids by comprehensively considering the calculation intensity, calculation accuracy, and
the actual situation in the study area. Then a total of 516 evaluation units were obtained.
What is more, the geometric center of the grid was taken as a sampling point of the eco-
system service value index and ecological risk index as calculated by Fragstats.

These indices of the 516 evaluation units were standardized by using the Z-score
standardization method to build a scatter plot with ecosystem service value on X-axis and
ecological risk on Y-axis. Finally, the four quadrants of the scatter plot were divided to
represent different types of ecological zones. Among them, quadrant I represents a high
value-low risk, quadrant II represents a low-ESV and low-ERI, quadrant III represents a
low-ESV and high-ERI, and quadrant IV represents a high-ESV and low-ERI [50].

2.3.2. Ecosystem Service Value Index

According to the ecosystem service value equivalence coefficients as proposed by
Costanza et al. (1997) [16] and “China’s equivalents of ecosystem service value supplied
by per unit area of an ecosystem (Table 2)” by Xie et al. (2015) [5], the calculation equation
of ecosystem service value (ESVk) is expressed as follows:

ESV, =Y 4,xVC, 6))

J=

where ESVi represents the ecosystem service value of sample k (RMB/ha), Ay indicates the
area of landscape j in sample k (ha), VCjrefers to the ecosystem service value per unit area
of landscape j (RMB/ha), and its calculation equation is expressed as follows:

1< mpg,
Ve, =— N it 2
! 7; M / @)

where mi represents the average crop area of grain i in the study area from 2010 to 2020
(ha), pi denotes the average price of grain i in the study area from 2010 to 2020 (RMB), gi
refers to the average yield per unit area of grain i in the study area from 2010 to 2020, M
stands for the total crop area of all kinds of grain (ha) [51], and Vj means the ESV equiva-
lents of different landscape types, which can be obtained from Table 2.
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Table 2. China’s equivalents of ecosystem service value supplied by per unit area of ecosystem.

D Padd Forest Bare Impervious
Landscape Type La;}:i Fiel dy Land Grassland Wetland Land Water SII“ face
Provisioning services
Food production 0.85 1.36 0.23 0.24 0.51 0.00 0.80 0.00
Raw material production 0.40 0.09 0.54 0.35 0.50 0.00 0.23 0.00
Regulating services
Water supply 0.02 2.63 0.28 0.20 2.59 0.00 8.29 0.00
Climate regulation 0.67 1.11 1.76 1.24 1.90 0.02 0.77 0.00
Gas regulation 0.36 0.57 5.27 3.28 3.60 0.00 2.29 0.00
Purify environment 0.10 0.17 1.57 1.08 3.60 0.00 2.29 0.00
Hydrological regulation 0.27 2.72 3.81 2.40 24.23 0.03 102.24 0.00
Supporting services
Soil retention 1.03 0.01 2.14 1.51 2.31 0.02 0.93 0.00
Nutrient cycling 0.12 0.19 0.16 0.12 0.18 0.00 0.07 0.00
Biodiversity conservation 0.13 0.21 1.95 0.37 7.87 0.02 2.55 0.00
Cultural services
Aesthetic landscape 0.06 0.09 3.86 0.61 4.73 0.01 1.89 0.00

2.3.3. Ecological Risk Index

The landscape ecological risk refers to the possible adverse consequences of the in-
teractions between the landscape pattern and ecological processes under the influences of
natural and or human factors, and it can be defined as the combined result of the different
probabilities of the risk probability and landscape loss degree. The magnitude of regional
ecological risk is related to the intensity of the external disturbance to which the local eco-
system is exposed and the internal resistance capacity of different landscape types within
the ecosystem [52]. Different landscape types play different roles in protecting species,
preserving biodiversity, and promoting ecosystem succession. Thus, based on previous
research results and the practicalities in the study area, the spatial pattern characteristics
of each landscape are converted into a composite representation of the relative scale of
ecological risk and the degree of the potential loss. Then an evaluation model of the eco-
logical risk (ERIx) was constructed by using the landscape disturbance degree index (Ui),
landscape vulnerability index (Fi), and the area of different landscape types [53], which
can be expressed as follows:

n A
ERI, =) ~"U,xF, 3)

i=1 k

where 1 represents the number of landscape types, Ax indicates the area of landscape i in
sample area k, Aris the total area of sample k, Ui refers to the landscape disturbance degree
index, and Fi stands for the landscape vulnerability index.

The landscape disturbance degree index can be adopted to measure the external dis-
turbance caused to the urban ecosystem by the changes in resources and environment as
a result of the changes in the population size and composition in the process of rapid
urbanization [54]. To be specific, the activities that can disrupt the urban ecosystem in-
clude the expansion of construction land, the destruction of ecological lands, and the con-
struction of urban roads [55]. Thus, the landscape disturbance degree index was con-
structed by integrating the landscape fragmentation degree index, landscape separation
degree index, and landscape dominance degree index [56], which is expressed as follows:

U,=aC,+bN, +cD, 4)
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where C;, Ni, and Direpresent the landscape fragmentation index, landscape separation
index, and landscape dominance index, respectively. Table 3 shows the formula used to
calculate these indices and the ecological meaning. a, b, and c refer to the weights of the
corresponding landscape indices. According to the previous research results and the char-
acteristics of the study area, « =0.5, b=0.3, and ¢ = 0.2 were assigned as weights [57].

Table 3. Ecological meaning and expression of the landscape pattern index.

Index

Calculation Ecological Meaning

" Represents the fragmentation of the landscape, the

Landscape fragmentation degree index C=— higher the value, the lower the stability of the landscape

A

i

ecosystem [58].

4 I Represents the separation of patches in the landscape,

Landscape separation degree index N, — the higher the value, the more complex the landscape

“24\ 4
! spatial distribution [59].

Represents the significance of patches in the landscape,

Landscape dominance degree index D, =dL,+eb, which directly reflects the influence of patches on the

formation and change in landscape patterns [60].

Note: ni is the number of patches in the i the landscape type; Aiis the area of the ith landscape type,
A is the total area; Li is the landscape relative density; Pi is the landscape relative coverage; d and e
are the weights of the corresponding indices, which are 0.6 and 0.4 respectively.

The landscape vulnerable index is an effective indicator that is applied to denote the
resistance and the degree of loss of the stability of different landscape types due to exter-
nal disturbance. The eight landscape types, including bare land, wetland, water area,
paddy field, dry land, grassland, forest land, and impervious surface were assigned the
values of 8-1, respectively. Then, they were normalized to obtain Fi [61].

3. Results
3.1. Spatiotemporal Analysis of ESV
3.1.1. Distribution Characteristics of ESV

Kriging interpolation [62] was performed on the ecosystem service value index [63].
The spatial distribution of the ecosystem service value in the study area in 2020 was
mapped (Figure 2). In previous studies, it was indicated that the natural breakpoint
method achieves high grading accuracy by taking into account the balance of extreme
differences in index intensity at all levels [64]. In this way, better-integrated mapping re-
sults can be achieved [65]. Therefore, this method was applied to classify ESV into five
levels: low value, medium-low value, medium value, medium-high value, and high value.

In general, the ecosystem service value in the study area was high in the south but
low in the north. The high-value areas were distributed mainly in the south of Dawukou
District and the south of Pingluo County, where Xinghai Lake and Sha Lake were located,
respectively. These areas featured high vegetation coverage, favorable hydrothermal con-
ditions, and strong adjustment capabilities. Therefore, these areas could provide various
ecosystem services, creating a high ecosystem value. The medium-high-value areas were
concentrated around the high-value areas, with a small number of them distributed near
the Yellow River Basin in the east of Pingluo County. The medium-value areas included
the south of Dawukou District, the east and west of Pingluo County, and the south of
Huinong District. Notably, the medium-value areas in the east of Pingluo County were
integrally and continuously distributed. These areas were found in the middle and upper
reaches of the Shizuishan section of the Yellow River Basin, which suggests the increasing
efforts made in Shizuishan City over recent years to preserve the Yellow River Basin. The
medium-low-value areas were extensively distributed in Dawukou District, Huinong Dis-
trict, and Pingluo County. The landscape types in these areas were dominated by forest
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land and grassland. However, these areas were also interspersed with some bare land,
which led to a highly fragmented landscape. Thus, the corresponding ecosystem service
value was relatively low. The low-value areas accounted for the largest proportion and
were distributed throughout the study area. They featured either dense population or low
vegetation coverage. The disruption caused by human activities impeded vegetation
growth. As a result, the ecosystem service value was the lowest in these areas [66].

N

ESV
B Low value

[0 Medium-low value
[ Medium value
Medium-high value 0 15 30 Km
W High value L : I

Figure 2. Distribution of ecosystem service value in Shizuishan City, 2020.

The total ESV of Shizuishan City in 2020 amounted to RMB 8.550 billion. Concerning
landscape types, water had the largest ESV of RMB 2.479 billion, accounting for 28.99% of
the whole. Water provides a major driving force for the evolution of the ecosystem [67],
which deserves effective preservation. The ESV of grassland was lower than that of water,
accounting for 20.48% of the total. The value of paddy fields, forest land, and arid land
accounted for a similar proportion, reaching 13.29%, 12.89%, and 12.36%, respectively.
Despite a confined area of wetland, its ESV accounted for 11.67%. Therefore, enhancing
the protection and restoration of wetlands is considered effective in improving ESV for
Shizuishan City [68]. The ESV of bare land was the lowest, accounting for barely 0.3% of
the total. In terms of ecosystem services types, the ESV of regulating services reached RMB
6.227 billion. As the highest amount, it accouned for more than half of the total. Thus,
water is essential for regulating the circulation of the ecosystem. The ESV of provisioning
services was significantly lower than that of regulating services, accounting for only
13.97% of the total. The ESV of supporting services and cultural services was the lowest,
accounting for 7.96% and 5.25%, respectively (Table 4).

Table 4. Ecosystem service value (%) of landscape types and services types in Shizuishan City, 2020.

ESV Proportion
(RMB, Billion) (%)
Landscape Type
Arid Land 1.059 12.38
Paddy Field 1.136 13.29
Forest Land 1.102 12.89

Grassland 1.751 20.48



Land 2022, 11, 1220

10 of 21

Wetland 0.997 11.67
Bare Land 0.026 0.30
Water 2.479 28.99
Impervious surface 0.000 0.00
Services Type
Provisioning Services 0.680 7.96
Regulating Services 6.227 72.83
Supporting Services 1.194 13.97
Cultural Services 0.449 5.25

3.1.2. Variation among Landscape Types and Services Types in ESV

The total ESV in the study area exhibited an upward tendency from 2010 to 2020,
amounting to RMB 7.594 billion in 2010, RMB 8.043 billion in 2015, and RMB 8.550 billion
in 2020, respectively. It suggests that a satisfactory performance has been achieved over
recent years in enforcing environmental protection policies in Shizuishan City, with the
ecological environment considerably improved. As for landscape types, the ESV increased
slightly for both arid land and paddy field, despite an insignificant decrease in their pro-
portion. On the one hand, it demonstrates that the protection of cultivated land attracted
close attention during urban development, as a result of which the expansion of construc-
tion land did not occupy a large amount of them. On the other hand, it also revealed the
limited role of cultivated land in improving total ESV in the study area. There was a slight
decrease in the ESV and the proportion of ESV of forest land, indicating the lack of effort
in preserving and restoring forest land and the grain for the green project in the recent ten
years. Consequently, the area of forest land was reduced. Due to the large area of grass-
land, its ESV was proportionately high. Nevertheless, its ESV declined continuously dur-
ing the study period. On the one hand, the rapid urbanization process drove the expan-
sion of construction land, which eroded the grassland. On the other hand, grassland was
not preserved effectively, which led to serious degradation. Consequently, its ESV
showed a downward trend [69]. Wetland displayed a massive potential to deliver high
ESV. Due to its relatively minor area, however, it was not comparable to the ESV provided
by other landscape types in the study area. However, in the past ten years, the ESV of
wetland showed an increasing trend, from RMB 0.528 billion to RMB 0.997 billion. It sug-
gests that Shuizuishan City stuck to the red line of wetland protection throughout devel-
opment, which improved the system of wetland preservation. As a result, the area of wet-
land was expanded continuously. During the study period, the ESV of water increased by
RMB 0.783 billion, reaching the highest level in 2020. It is because the construction of eco-
logical civilization was carried out effectively in the study area. This is conducive to pre-
serving important water bodies such as Xinghai Lake, Sha Lake, and the Yellow River
Basin. Moreover, the conversion of farmland to lake can be promoted. Therefore, the eco-
logical environment of water was improved (Figure 3a).

As a crucial region for water replenishment in the upper-middle reach of the Yellow
River, the study area played a significant regulatory role. Therefore, among the four types
of ecosystem services, the ESV of regulating services accounted for the largest proportion,
exceeding 70% in all three periods. The ESV of provisioning services was considerably
lower than that of regulating services, accounting for about 10%. Moreover, it diminished
over time, which is attributable to the reduction in grassland and forest land [70]. Provid-
ing a stable operating environment for the ecosystem, these two types of the landscape
should be prioritized for protection in the follow-up ecological environment management.
The ESV of both supporting services and cultural services accounted for less than 10%,
with cultivated land as the main landscape type to provide supporting services. Although
its area accounted for more than 40% of the total, the output of its service value was insig-
nificant, which led to a tiny proportion of supporting services value across the study area.
Meanwhile, the utilization of cultural tourism resources in the study area was relatively
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limited. As a result, the proportion of cultural services value was extremely low (Figure
3b).
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Figure 3. Ecosystem service value of different landscape types and services types in Shizuishan City,
2010-2020.

3.2. Spatiotemporal Analysis of ERI

To reveal the spatial and temporal characteristics of ERI in the study area, the Ordi-
nary Kriging Method was used to map the distribution of ecological risk during the three
phases of the study area. This is based on the level of ERI for each evaluation unit (Figure
4). According to the interpolation results, the ecological risk values were divided into five
levels using the same method: low risk (0.20 < ERI), medium-low risk (0.20 < ERI < 0.26),
medium risk (0.26 < ERI < 0.34), medium-high risk (0.34 < ERI < 0.52), and high risk (ERI
>0.52). Then, the area and proportion of different risk levels were calculated (Table 5).

(b) 2015 {¢) 2020

o]
B Low pisk B Medium-low risk = Medium risk B8 Medim-high risk W High risk S T

Figure 4. Distribution of ecological risk in Shizuishan City from 2000 to 2020.

Table 5. Area (%) of ecological risk classes in Shizuishan City, 2010-2020.

2010 2015 2020
Risk Level Area Proportion Area Proportion Area Proportion
(km?) (%) (km?) (%) (km?) (%)
Low Risk 223.69 5.48 368.97 9.04 1110.03 27.19
Medium-Low Risk 1744.86 42.74 2074.07 50.83 1631.94 39.98
Medium Risk 1213.99 29.74 1059.22 25.96 1046.34 25.63
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Medium-High Risk 836.15 20.48 529.23 12.97 273.41 6.70
High Risk 63.68 1.56 48.80 1.20 20.61 0.50

In general, the ecological risk in the study area was high in the periphery but low in
the middle, with the ecological risk showing a downward trend from 2010 to 2020. Among
them, the medium-low-risk areas and medium-risk areas accounted for a relatively high
proportion. Accounting for a relatively low proportion, both the medium-high-risk area
and the high-risk area were in decline gradually. The environmental risk was mitigated
by the government incorporating the construction of ecological civilization into the Five-
Sphere Integrated Plan in 2012 (The Five-sphere Integrated Plan —the development of so-
cialism with Chinese characteristics encompassing economic, political, cultural, social,
and ecological development-was proposed on November 8, 2012 at the 18th National Con-
gress of the CPC). Due to various policies implemented, a remarkable achievement was
made in environmental protection.

In 2010, the low-risk areas accounted for a proportion of 5.48%, concentrating in the
south of Dawukou District, the southeast of Huinong District, and the northeast of
Pingluo County. Mainly distributed around the low-risk areas, the medium-low-risk ar-
eas were commonly found in the Helan Mountain area and along the Yellow River. These
areas were dominated by paddy fields, arid land, forest land, and grassland, showing sta-
ble land-use trends. Additionally, the local landscape types were less affected by the ex-
terior environment, thus maintaining a medium-low risk level. The medium-risk areas
accounted for 29.74% of the study area. Moreover, except for the center of Dawukou Dis-
trict and the west and north of Huinong District were continuous, the rest were scattered.
Most of these areas were located in the transitional belt between bare land and forest land,
showing high fragmentation degrees and high disturbance degrees. Consequently, the
risk level increased [71]. The medium-high-risk areas accounted for 20.48%, with apparent
region heterogeneity. The distribution states in the south and north of Dawukou District
were clustered, with the southern part located in Xinghai Lake, and the Northern part was
distributed across a large area of bare land. The distributed state in the west of Pingluo
County was also clustered, with bare land and cultivated land in dominance. The distri-
bution state in the east of Pingluo County was banded, covering the upper reaches of the
Shizuishan section of the Yellow River. Accounting for a proportion of 1.56%, high-risk
areas were distributed in the east and west of Pingluo County and east of Huinong Dis-
trict. They were located in upstream of the Shizuishan section of the Yellow River, Sha
Lake, and downstream of the Shizuishan section of the Yellow River, respectively. The
landscape types of this area were water and wetland, and the ecosystem was highly brit-
tle. Meanwhile, this area was experiencing environmental deterioration, due to urbaniza-
tion construction, population growth, and growing demand for cultivated land.

Compared with 2010, the changes in the distribution of ecological risk in 2015 were
less significant. Among them, the low-risk areas and the medium-low-risk areas emerged
in the expansion trend, with the proportion improving from 5.48% to 9.04% and from
42.74% to 50.83%, respectively. The medium-risk areas decreased slightly, with only a few
of them transformed into low-risk areas. The transformed areas were located in the mid-
dle of Dawukou District and Huiinong District and in the east of Pingluo County. Due to
the increased efforts on land reclamation in these areas, some bare land was transformed
into forest land, which improved the fragile environment [72]. The medium-high-risk ar-
eas were significantly reduced by 7.51%, concentrating in the north of Dawukou District.
Furthermore, the south of Dawukou District, the southwest of Huinong District, and the
east of Pingluo County were all reduced but to varying degrees. The changes in Dawukou
District and Huinong District resulted from land reclamation and the discontinuation of
mine treatment. Thus, the bare land with high risk and the abandoned land that collapsed
due to mining were reclaimed into grassland and forest land. The changes in Pingluo
County resulted from the protection and restoration of the Yellow River, showing a de-
cline in the fragmentation degree of the water landscape. This improved the resilience of
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the ecosystem [73]. The high-risk areas exhibited a slight decrease, concentrating in the
south of Dawukou District and the east and west of Pingluo County.

Compared with 2015, the distribution of ecological risk changed significantly in 2020.
To be specific, the proportion of low-risk areas increased by 18.15%. The increased areas
were concentrated in the west, east, and north of Pingluo County, the south of Dawukou
District, and the south of Huinong District. A vast majority of the increased areas were
converted from medium-low-risk areas. The proportion of medium-low-risk areas was
reduced by 10.58%, while that of the medium-risk areas remained unchanged, despite a
significant change in the distribution of these areas. The medium-risk areas showed a re-
duction in Dawukou District and Huinong District, but an expansion in Pingluo County.
The expansion areas were located in Sha Lake and the Yellow River. The proportion of the
medium-high-risk areas and the high-risk areas declined by 3.27% and 0.7%, respectively,
but the medium-high-risk areas remained in Sha Lake and the Yellow River Basin. A series
of protection and restoration policies were enforced in Shizuishan City to reduce the eco-
system risk facing the environment of the water landscape. However, the restoration of
the ecosystem was a lengthy process [74]. Thus, a high-risk level persisted in these areas.
The high-risk areas were located the upstream of Shizuishan section of the Yellow River
and the wetland in the east of Huinong District. The wetland in this area confronted a
high-risk level for years. On the one hand, the landscape of the wetland was highly vul-
nerable. On the other hand, the disturbance of human activities was severe in this area.
Therefore, it is indispensable to designate this wetland as a priority region of ecological
management in the future. Meanwhile, supervision should be strengthened in this area to
hinder further ecological degradation [75].

3.3. Construction of Ecological Zone Based on Value-Risk

The ESV and the ERI of all evaluation units were standardized to obtain the quadrant
distribution of the ecological zone in Shizuishan City from 2010 to 2020, where the X-axis
indicates the ESV and the Y-axis represents the ERI (Figure 5). On this basis, the study
area could be divided into four different ecological zones (Figure 6). Zone I and Zone III
represent the high-ESV and low-ERI areas and the low-ESV and high-ERI areas, respec-
tively, with these two areas being opposed to each other. Zone II and Zone IV represent
the low-ESV and low-ERI areas and high-ESV and high-ERI areas, respectively, with these
two regions corresponding to each other.
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Figure 5. Quadrant distribution of ecological zones in Shizuishan.
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Figure 6. Spatial distribution of ecological zones in Shizuishan City.

Accounting for a relatively small proportion, the high-ESV and low-ERI areas (I)
were mainly distributed in the west of Pingluo County, the northeast of Dawukou District,
and the west of Huinong District. These areas were all located in the Helan Mountain and
were dominated by forest land and grassland. Moreover, they feature high vegetation
coverage and plentiful ecological resources. Therefore, these areas appeared a high level
of ESV. Meanwhile, these areas were distant from the city center, which exposed them to
solely limited disturbance from human activities. As a result, the ecosystem here could
maintain a low level of ecosystem risk. The high-ESV and low-ERI areas (I) were also
widely distributed along the Yellow River Basin in the east of Pingluo County, where hy-
drological resources were abundant to promote the vigorous growth of vegetation along
the coast. Moreover, the long distance from the city center resulted in the low intensity
and scale of human activities. Therefore, there was a high level of ESV but a low level of
ERI in these areas.

Accounting for the largest proportion, the low-ESV and low-ERI areas (II) were
mainly distributed in the north of Pingluo County, the south of Dawukou District, and
Huinong District. The landscape type in these areas was dominated by paddy fields and
arid land. Due to the strict regulation on preserving cultivated land in the study area, the
intensity of urban development was relatively low, and the reduction in cultivated land
did not reach a significant level. However, the dilemma is that the area of ecological lands
were excessively small. Given the low level of ecosystem risk, it is difficult to achieve high
ESV in these areas due to the lack of ecological lands such as grassland, forest land, and
water. Therefore, boosting the Grain for Green Project would be a major task for ecological
construction in these areas [76].

The low-ESV and high-ERI areas (IlI) were concentrated in the north of Dawukou
District and the north of Huinong District. Although these areas were located in the Helan
Mountain, the area of forest land was overwhelmingly limited. Virtually, the area of bare
land here accounted for a larger proportion. In this case, despite these areas covering an
amount of vegetation to achieve a small ESV, the intrusion of bare land caused the eco-
logical environment to be very fragile. At the same time, these areas used to be the key
region for mineral resources exploitation, which resulted in a significant reduction in eco-
logical lands. Accordingly, the ERI of these areas was extremely high. The low-ESV and
high-ERI areas (IIT) were also extensively distributed in the east of Pingluo County, with
bare land as the dominant landscape type.

Accounting for the lowest proportion, the high-ESV and high-ERI areas (IV) were
concentrated in the southwest and the southeast of Pingluo County, where Sha Lake and
the Yellow River Basin were located. Due to the abundant hydrological resources in Sha
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Lake, the ESV was relatively high in these areas. However, there were also some impervi-
ous surfaces and cultivated land discovered here. Therefore, the water was severely dis-
turbed by human activities, and the distribution of impervious surfaces was extensive. As
a result, there were high ESV and high ERI in this region. With a tremendous amount of
cultivated land distributed along the Yellow River Basin, the ecological environment was
prone to the damage caused by human activities, such as “reclaiming land from lakes”.
Meanwhile, studies revealed that the reclamation of cultivated and the construction of
water conservancy projects contributed to the drying of lakes. In this case, they were trans-
formed into secondary salinization land. Therefore, the ERI was relatively high in this
region. Moreover, distributed in the south of Dawukou District and the east of Huinong
District, the high-ESV and high-ERI areas (IV) were dominated by water and wetland.
Both of them were located in densely populated regions with a large area of impervious
surfaces.

4. Discussion
4.1. Policy and Planning Implications

Environmental problems are common problems of urban development and need tar-
geted management measures to solve. At present, the environmental problems of Shi-
zuishan City have constrained the regional development, and the current eco-manage-
ment pattern conducted by this city is insufficient. It is urgent to reinforce the integration
of identification, resolution, and management of environmental issues. In this context, the
zonation of ecological space provides a path to identify the barriers and clarify the direc-
tions of ecological conservation to realize sustainable development. Management
measures and policy recommendations of different zones are provided according to the
specific characteristics (Table 6).

Although this study focused mainly on the conservation of the ecological environ-
ment in Shizuishan, China, it has general value for the sustainable management of urban
ecological space beyond China. First, the rapidly urbanizing global was faced with prev-
alent environmental issues. Meanwhile, the environmental issues in different countries
and regions have similarities, such as climate change, water resources shortage, and bio-
diversity loss. Thus, the exploration of an ecological spatial zoning approach on a large
scale not only shows the way for promoting sustainable development in China but also
provides useful references for other developing countries. Second, depending on exces-
sive resource exploitation to promote economic development is the current urbanization
model of many developing countries. The instance of Shizuishan is not unique, but a mi-
crocosm of quite a few regions in developing countries. Thus, assessing the status of the
ecological environment, identifying ecological problems, and proposing targeted man-
agement methods in Shizuishan should, therefore, provide useful references for other de-
veloping countries in optimizing the management of the ecological environment. Third,
by zoning the urban ecological space, this paper reminds us that the ecosystem service
value and ecological risk should be placed in the same important position to assess the
regional ecological environment quality. The fact that spatio-temporal interactions be-
tween ESV and ERI deserve more scholarly attention in future studies. Given the differ-
entiated institutional and social environment, adopting a more localized approach to
studies and policies in this field will be a better choice.
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Table 6. Management measures of different ecological zones in Shizuishan City.

Areas

Criteria Barriers Countermeasures

Prioritized Devel-
opment Areas

(1) In these areas, the theory of sustainable development must be adhered to. It is
better to strengthen the protection of ecological lands such as water and soil con-
servation forests and sand-fixing forests, ensuring the delivery of ESV to the sur-
rounding areas.
High-ESV
and Low-
ERI

(2) It is requisite to promote the coordinated development of economic growth
and ecological conservation by giving full play to the advantages of natural condi-
tions in these areas.

None

(3) Through sensible land use planning, eco-tourism projects should be under-
taken on the basis of preserving the ecological environment, thus manifesting the
value of ecosystem service and implementing the ecological civilization construc-

tion conviction of “Lucid waters and lush mountains are invaluable assets”.

Improvement Ar-
eas

(1) The foremost task in these areas is to improve ESV. Therefore, it will be a good
choice to carry out ecological reconstruction of bare land here to expand the eco-
logical lands on the premise of preventing the decline in the total area of perma-

nent basic farmland and the erosion of cultivated land.

(2) Apart from improving the quality of the ecological environment and optimiz-

ing the layout of the ecological structure [77], it is also essential to prevent the rise
of ERI So, it is better to strengthen the supervision of the ecological environment

Low-ESV
and Low-
ERI

Lack of Ecolog-
ical Lands

in these areas to prevent environmental vandalism such as deforestation, mining,
and river pollution.

Exploitation-
Prohibited
Areas

(1) The primary objective is to reduce the level of ERI, which can be achieved by
giving priority to strengthening the management and restoration of bare land, re-
claiming the bare land caused by coal mining, the bare land concentrated in a
large area, and the bare land mixed in grassland into arbor land, shrub land, and
grassland through engineering and biological measures. Meanwhile, gradually
discontinuing mining activities and liquidating the existing mining enterprises are
also good choices.

(2) The secondary aim is to improve the level of ESV, by implementing the protec-
tion and restoration of grassland on the premise of “natural restoration is the
mainstay and artificial restoration is the supplementary” [78]. For the salted grass-
land, it is essential to prevent the irreversible damage caused by excessive grazing
by taking such measures as grassland sealing and breeding and seasonal grazing
[79].

Low-ESV
and High-
ERI

Fragile Envi-
ronment

Research-focused
Areas

(1) First of all, it is necessary to establish the ecological protection areas for im-
portant water bodies and wetlands such as Xinghai Lake, Sha Lake, and the Yel-
low River Basin, with the responsibilities for ecological protection allocated to
each town and subdistrict offices in line with the principle of proximity, thus put-
ting an end to the phenomenon of “reclaiming farmlands from lakes”.
(2) Secondly, it is essential to reduce soil erosion and the impact of the disturbance
Strong Human caused by humans by strengthening the maintenance of forest land and grassland
Disturbance projects along the river.
(3) Finally, to deal with the strong human interference, the number of tourists on
every scenic spot must be limited. Meanwhile, through cooperation with colleges

High-ESV
and High-
ERI

or scientific research institutions in setting up scientific investigation stations or
scenery sketching bases and prohibiting irrelevant personnel from entering, the
flow of people can be controlled, while the scientific and aesthetic value of the

ecosystem can be fully demonstrated.

4.2. Contributions and Limitations

This study depicts the spatial-temporal variation of Shizuishan City based on ESV
and ERI, which have been widely used, and proved to be reasonable and applicable, and
the evaluation results can provide a reference for the spatial zonation of the regional eco-
logical space and formulating the corresponding countermeasures. We found that the ar-
eas with high ESV were mainly distributed in the places with high vegetation coverage
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and benign hydrothermal conditions, and covered by the typical ecological land uses in-
corporating water, wetland, forest land, and grassland, which is consistent with previous
studies. The areas with high ERI were distributed in places with strong human disturb-
ance, dominated by water, wetland, and bare land.

However, the study is unable to provide scientific support for planning and reorgan-
izing ecological space through the approach that merely depends on ESV or ERI. An inte-
grated methodology is required to prioritize the urban ecological space and serves as the
policy design and the overall arrangements of urban ecological protection. Therefore, we
established a zoning approach that integrated ESV and ERI to identify four different types
of ecological zones, and comprehensively evaluated the ecological conditions of the study
area. This approach can not only take into account a variety of living objects in the ecosys-
tem but also consider regional development in terms of human well-being, and potential
risks, which enhances the practicability and utility. In addition, this approach emphasizes
the integrity and uniqueness of the ecosystem, which can reflect the ecological environ-
ment security status from positive and negative sides, enabling managers to measure the
economic, ecological, and social factors more accurately. Thereafter targeted ecological
environment management plan and future development plan will be put forward, to fur-
ther promote a virtuous circle of the regional ecosystem. Finally, this approach provides
an innovative research view for ecological security construction, that is, to evaluate the
regional ecological environment from multiple perspectives and aspects.

This research attaches importance to establishing a zoning approach to construct eco-
logical zones and reflect the status of the ecological environment. However, ecological
zones should be considered as the result of the interaction between the ESV and ERI, but
in this study, the mechanism between these two was not discussed clearly, and also the
dominant driving forces affecting the construction of ecological zones are still unknown.
Moreover, the evaluation models of ESV and ERI still need to be improved, only from the
landscape pattern to consider the ecological risk or only from the equivalents to evaluate
the ecosystem service value limiting the precision of our study. In the future, research
should further explore the precise quantification of ESV and ERI, comprehensively con-
sider the interaction between the ESV and ERI to establish a more thorough zoning ap-
proach, and improve the accuracy and scientificity of the assessment of ecological envi-
ronment status and the ecological management measures.

5. Conclusions

In this study, a spatial zoning approach that integrates ESV and ERI is developed to
assess the state of the urban ecological environment from 2010 to 2020, with the targeted
management measures put forward. The main conclusions are outlined as follows:

Firstly, the spatial distribution of ESV presents a trend of high in the south but low
in the north. The total ESV exhibited an upward trend from 2010 to 2020. Among diverse
landscape types, the ESV of water was the highest, mainly due to the lush vegetation along
its shores and favorable hydrothermal conditions. The ESV of bare land was close to zero.
In this case, it will show a state of low-ESV once invaded by several bare land. Moreover,
some low-ESV areas resulted from population aggregation and impervious surfaces ex-
pansion. Among the entire ecosystems, the proportion of ESV of services types was un-
balanced, with regulating services accounting for over 70%, and provisioning services and
cultural services accounting for merely about 5%.

Secondly, the distribution characteristic of ERI is that it was high in the urban fringe
but low in the center. The total ERI exhibited a downward trend from 2010 to 2020 due to
the reclamation, protection, and restoration work. More specifically, the low-ERI areas
expanded constantly, while the high-ERI areas kept shrinking. Among them, the land-
scape types in low-ERI areas include paddy fields, dry land, forest land, grassland, and
bare land, which were concentrated, showing a strong anti-interference capability. Dom-
inated by water and wetland, the high-ERI areas had a fragile ecological environment and
were vulnerable to destruction.
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Finally, among the four types of ecological zones, the high-ESV and low-ERI areas (I)
accounted for a relatively low proportion. Dominated by forest land and grassland, these
areas had abundant natural resources and were set as “Priority Development Areas”. The
low-ESV and low-ERI areas (II) accounted for the largest proportion, with paddy fields
and dry land as the dominant landscape. Therefore, the ecological lands here were con-
fined, and these areas were set as “Ecological Improvement Areas”. Previously, the low-
ESV and high-ERI areas (III) presented an important region of mineral resources exploita-
tion, showing a staggered distribution of grassland and bare land. Consequently, the local
ecological environment was exceedingly fragile, and they were set as “Exploitation-Pro-
hibited Areas”. Accounting for the lowest proportion, the high ESV and high-ERI areas
(IV) were mainly distributed near Sha Lake, Xinghai Lake, and the Yellow River. Given
the strong disturbance from human activities, they were set as “Research-focused Areas”.

The study provided a deeper insight into comprehensively evaluating the ecological
conditions and putting forward targeted management measures. However, the limitation
of this study is that the evaluation models of ESV and ERI still need to be improved in
terms of the indicator selection. Meanwhile, it will be a better choice to further explore the
ecological effects behind the zoning approach. For future work, we plan to establish a
more thorough zoning approach in order to improve the accuracy of the assessment of the
ecological conditions.
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