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Abstract: Ecosystem services are highly affected by human activities, especially in the fast-urbanizing
regions. It is important that the regional development or urbanization strategy be implemented by
maintaining or protecting the long-term provision ability of multiple ecosystem services. The spatial
pattern of ecosystem services and zoning for spatial conservation and restoration are the preconditions
of sustainable development. With the Beijing-Tianjin-Hebei (BTH) region as the research area, an
approach for spatial zoning was proposed on the basis of the modeling results of key ecosystem
services (water retention, soil retention, heat mitigation, and carbon storage). Our results show that
the hot spots of ecosystem services are mainly in the north and the west at high altitudes and with
large vegetation coverage, while the cold spots are mainly in the plain area of the southeast in the BTH
region. In addition, the whole region is divided into five ecological zones: the ecological restoration
zone, ecological transition zone, coastal ecological protection zone, soil and water retention zone,
and ecological security shelter. Each zone has applied different strategies for ecological restoration
and conservation. The results represent the spatial heterogeneity and major functions in different
zones, and they can provide planning guidance for supporting the coordinated development of the
BTH region.

Keywords: ecosystem services; hot spot analysis; ecological zoning; Beijing-Tianjin-Hebei region

1. Introduction

Rapid urbanization makes a significant contribution to social improvement and eco-
nomic development while posing a great threat to the health of natural ecosystems [1]. With
the expansion of cities and towns, the ecological space has continuously been shrunk, frag-
mented, and isolated. The structure and the function of ecosystems have also undergone
tremendous changes [2,3]. The concept of ecosystem services was proposed for under-
standing how ecosystem processes directly sustain or benefit human life [4–6]. According
to the 2019 Global Assessment of Biodiversity and Ecosystem Services, 75% of the global
terrestrial ecosystems had been significantly altered by human activities to date, resulting in
a rapid decline in most ecosystem services and biodiversity [7]. The degradation of ecosys-
tem services will in turn affect human well-being and socioeconomic development [8]. In
order to implement differentiated policies of ecosystem conservation and restoration in
their proper places, ecological zoning based on precise simulations of ecosystem services is
needed to clarify the regional functions and spatial heterogeneity [9,10]. With additional
consideration on social and economic conditions, strategies and suggestions can be pro-
posed to efficiently guide spatial planning and promote sustainable development in the
region [11–13].

Many scholars have conducted research related to ecosystem service assessment and
spatial zoning. Methods of quantitative analysis, e.g., statistical methods [14,15], empir-
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ical approaches [16,17], and ecological models [18–20], are adopted for evaluating the
spatial and temporal characteristics of ecosystem services. In terms of spatial zoning,
the frequently used methods include principal component analysis [21], clustering anal-
ysis [12,22], and self-organizing neural network analysis [23,24]. Previous studies have
made significant progress in the theory, method, and practice of ecosystem service simula-
tion and assessment and have featured in-depth discussions on the relationship between
ecosystem services [8,25–27]. However, most studies have been limited by the relatively
low resolution and accuracy of geospatial data, especially in study areas in China. As the
spatial distribution of ecosystem services are highly related to land covers [28,29], much
more detailed and fine-resolution land-cover data can help to reflect the impact of subtle
differences in land use on ecosystem service assessment. Therefore, it would be more
suitable for function-oriented zoning, which has been considered as an important planning
strategy in China.

In 2014, the coordinated development of the Beijing-Tianjin-Hebei (BTH) region has
been announced as a national development strategy of China. The subsequently released
“Outline of the Plan for Coordinated Development for the BTH Region” pointed out that
“without the integration of ecological and environmental protection, there would be no
integration of the BTH region” [30]. In 2019, the state council of the central government
recommended strengthening ecological environment protection and management through
spatial zoning and by optimizing the structure and layout of the territory for establishing
an integrated spatial planning system [31]. After a decade of rapid urbanization, the
BTH region is now facing serious environmental problems, such as water shortages, soil
erosion, and increasing carbon emissions year on year. Such issues have caused the level of
ecological conservation in the BTH region to lag behind the requirements of sustainable
development [32–34]. In this research, the administrative unit of county will be used for
spatial zoning since it has been regarded as an important carrier for implementing strategic
planning [35]. We adopt the latest and most-detailed land-cover data from the national
project Geographical Conditions Monitoring (GCM), which is more suitable for spatially
modeling ecosystem services [36]. Next, we used the InVEST (integrated valuation of
ecosystem services and tradeoffs) models [37] to spatially quantify and map four selected
ecosystem services (including water retention (WR), soil retention (SR), heat mitigation
(HM), and carbon storage (CS)) that are closely related to ecological conservation and
restoration in the BTH region. On this basis, function-oriented zoning is applied through
the aggregation of the hot spots/cold spots of various ecosystem services at the county
level. The results could better reflect the heterogeneity of the ecological pattern of the
BTH region. Our aim is to develop a spatial-zoning approach that is based on the major
functions provided in each zone and then to lay a solid foundation for guiding strategic
development and optimizing the spatial pattern for the coordinated development of the
BTH region.

2. Materials and Methods
2.1. Study Area and Data Sources

The BTH region is in the heart of the Bohai Sea in northern China, including two
municipalities, Beijing and Tianjin, and 11 other prefecture-level cities in the province
of Hebei (Figure 1). It has a temperate monsoon climate and covers about 216,900 km2,
accounting for 2.3% of the total land area of China [38]. In terms of topography, the
altitude gradually decreases from the northwest to the southeast in the BTH region, with
the Bashang Plateau in the north, the Yanshan-Taihang Mountains in the northwest, and
the coastal plain in the southeast. Important reservoirs such as Miyun and Huairou are in
the northeast of the BTH region. In 2018, the total GDP of the BTH region reached CNY 8.5
trillion, accounting for 9% of the national GDP [39–41]. Since the promotion of the national
strategy for the coordinated development of BTH, the regional linkages of the three places
have been strengthened, and the integrated spatial planning of ecological protection has
been emphasized. How to protect and restore the ecological environment and how to
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promote the harmonious coexistence of economy development and ecosystem protection
are the main challenges.
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Figure 1. Geographical location and land-cover types of BTH.

The main data sources used in this study include the detailed land-cover map, the
digital elevation model (DEM), meteorological data, soil data, and socioeconomic data on
the BTH region in 2018. The land-cover map of GCM (including 18 land-cover classes) was
interpreted by using a very high-resolution remote-sensing image (better than 1 m), which
allowed us to evaluate ecosystem service at a very detailed level (Figure 1). DEM data
were downloaded from the United States Geological Survey (USGS, https://earthexplorer.
usgs.gov/ (accessed on 4 March 2023)), with a resolution of 30 m (Figure 2a). Precipitation
data were from the China Meteorological Data Service Centre (CMDC, http://data.cma.
cn/ (accessed on 4 March 2023)) with a resolution of 1 km (Figure 2b). The potential
evapotranspiration was derived from the National Earth System Science Data Center
(http://www.geodata.cn/ (accessed on 4 March 2023)), with a resolution of 1 km (Figure 2c).
The soil map (with a resolution of 1 km) and its related attribute data came from the
Harmonized World Soil Database (HWSD, https://webarchive.iiasa.ac.at/Research/LUC/
External-World-soil-database/HTML/HWSD_Data.html (accessed on 4 March 2023); see
an example in Figure 2d). Other socioeconomic data, such as population size and GDP,
were obtained from the local Statistical Yearbook [39–41]. All spatial data were resampled
to a resolution of 30 m.

2.2. Ecosystem Services Modeling

The key ecosystem services are selected on the basis of the natural conditions and
the critical environmental issues in the BTH region. For example, the Yanshan-Taihang
Mountains, which are the source of the Haihe River, are important areas for water retention,
and the forest ecosystem in the mountainous area of north and northwest plays a crucial
role in carbon storage. The soil and rock surfaces and loess hills in this region are the key
control areas of soil and water loss [42]. The expansion of human construction has led to

https://earthexplorer.usgs.gov/
https://earthexplorer.usgs.gov/
http://data.cma.cn/
http://data.cma.cn/
http://www.geodata.cn/
https://webarchive.iiasa.ac.at/Research/LUC/External-World-soil-database/HTML/HWSD_Data.html
https://webarchive.iiasa.ac.at/Research/LUC/External-World-soil-database/HTML/HWSD_Data.html
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forest and wetland degradation and fragmentation [43,44], as well as water shortages in the
Miyun Reservoir and the Chaohe River Basin [45]. In general, intensified human activities
in BTH have exerted significant pressure on the environment and related risks of climate
change [46]. In view of this, four ecosystem services (i.e., water retention, soil retention, heat
mitigation, and carbon storage) were selected on the basis of the urgent needs of ecosystem
services and data availability and then spatially quantified by InVEST, a widely used tool.
This tool provides effective models for the quantitative analysis of ecosystem services. The
models and detailed parameters are provided in the Supplementary Document.
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2.3. Hot Spot Analysis

Hot spot analysis was frequently used to identify priority protection areas of ecosystem
services [47]. The Gi

* coefficient proposed by Getis and Ord is used to explore the location
of hot spots [48]. ArcGIS tool zonal statistics were used to calculate the average value of the
four services of each county in the BTH region. Next, Gi

* statistics were adopted to identify
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the spatial aggregation areas that can provide large amounts of ecosystem services. The hot
spot Gi

* calculation formula is as follows:

G∗
i =

n
∑
j

wijxj

n
∑
j

xj

(1)

The statistical significance of Gi
* is tested by standardized Z values:

Z(G∗
i ) =

n
∑
j

wijxj − x
n
∑

j=1
wij

S

√
[n

n
∑
j

w2
ij−(

n
∑

j=1
wij)]

2

n−1

(2)

where wij is the spatial weight between county i and j; xj is the ecosystem service value of
county j; x is the average value of ecosystem services in the BTH region; S is the standard
deviation of the ecosystem services of the BTH region; and n is the total number of counties.
The Gi

* statistic distinguishes between hot spots and cold spots with the varying significance
of clustering [49]: when Z > 2.58, it is a hot spot; when 1.65 < Z ≤ 2.58, it is a sub-hot spot;
when −1.65 ≤ Z ≤ 1.65, it is not significant; when −2.58 < Z ≤ −1.56, it is a sub-cold spot;
when Z ≤ −2.58, it is a cold spot. The hot spots represent aggregated pixels with higher
values of ecosystem services compared with the surrounding area. On the contrary, the
cold spots represent aggregated pixels with lower values.

2.4. Correlation Analysis and Functional Zoning

Spatial correlation is usually used to evaluate and describe whether there is spatial
correlation and a degree of correlation between spatial objects [50]. Moran’s I index is a kind
of spatial autocorrelation coefficient, and it can be used to explore the spatial relationship
between the four ecosystem services in the BTH region. The Moran’s I index ranges
from −1 to 1. If the index value is greater than 0, the two types of service are positively
correlated; if the index value is less than 0, the two types of service are negatively correlated.
Additionally, the correlation significance can be quantified by using the p-value, which
stands for the probability [51]. If the p-value is very small, it means that it is very unlikely
(small probability) that the observed spatial pattern is the result of random processes. For
example, when the p-value equals to 0.01, this indicates that the elements are a concentrated
distribution at a 99% confidence level [52].

Cluster analysis is a comprehensive analysis of the characteristics of the data. K-
means clustering is an unsupervised classification method for achieving the maximum
dissimilarity among the clusters and has been widely used in the study of geographical
spatial patterns [53]. In this study, we adopted Geoda software [54] for spatial zonation
at the county level in the BTH region. The K-means algorithm supplied by Geoda was
applied to the results of the hot spot analysis for various ecosystem services, to identify the
zones with the distinct spatial patterns of the four ecosystem services through the iteration
process. The number of clusters was decided by considering the average variances of
ecosystem services in each zone as a minimum.

3. Results
3.1. Spatial Pattern of Ecosystem Services

In 2018, four ecosystem services, namely WR, SR, HM, and CS, were calculated at
the pixel level and then aggregated for each county in the BTH region (Figure 3). The
overall provisions of the ecosystem services in the BTH region were 97.4 × 108 m3 (WR),
5.53 × 108 t (SR), and 2673 tg (CS), respectively, and the mean value of the HM index (HMI)
was 0.57 (Table 1). The high-value areas of WR were distributed mainly in the counties
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in the northern region. The spatial distribution patterns of SR, HM, and CS were similar,
where the high-value areas were mainly in the northern and western mountainous areas
with large vegetation coverage and fewer human disturbances, and the low-value areas
were mainly in the plain areas with intensive human activities and high urbanization levels.
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Table 1. Statistics of the modeling results of ecosystem services in the BTH region.

Region
WR SR HMI CS

Value
(1 × 108 m3)

Ratio 1

(%)
Value

(1 × 108 t)
Ratio
(%)

Mean
Value

Ratio
(%)

Value
(1 × 102 tg)

Ratio
(%)

Beijing 10.90 11.18 1.07 19.32 0.77 135.88 2.36 8.84
Tianjin 6.50 6.66 0.06 1.17 0.45 79.41 1.00 3.73
Hebei 80.00 82.16 4.40 79.51 0.48 84.71 23.37 87.43
BTH 97.40 100 5.53 100 0.57 - 26.73 100

1 Ratio represents the ecosystem service value of a region to total value (or mean value for HMI) of BTH.
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3.2. Hot Spots of Ecosystem Services

The spatial patterns of the hot spots of different ecosystem services were distinct in
the BTH region (Figure 4). The area of the WR hot spots was 42,011.68 km2, accounting for
19.46% of the study area (Table 2). They were mainly in the central and western regions,
covering the counties of western Beijing, northern Tianjin, and western Hebei. The spatial
locations of the SR hot spots were situated in the northern mountainous areas. The total
area of the SR hot spots accounted for 23.22% of the BTH region. Additionally, the hot spots
of CS and HM accounted for 29.54% and 38.15% of the region, respectively. Their spatial
patterns were similar, and hot spots were mainly in the north of Hebei. In general, the
spatial distributions of the four ecosystem services were mainly in the north and west of
the BTH region at high altitudes and with large vegetation coverage, while the cold spots
were mainly in the plain areas of the southeast of the BTH region.
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Table 2. Statistics of hot spots and cold spots of ecosystem services.

Type
Hot Spots Sub-Hot Spots Cold Spots Sub-Cold Spots

Area
(km2)

Proportion
(%)

Area
(km2)

Proportion
(%)

Area
(km2)

Proportion
(%)

Area
(km2)

Proportion
(%)

WR 42,011.68 19.46 10,226.48 4.74 29,738.66 13.77 31,743.87 14.70
SR 50,146.63 23.22 19,479.60 9.02 27,998.22 12.97 32,201.35 14.91
HM 82,381.41 38.15 16,142.63 7.48 46,118.88 21.36 18,447.28 8.54
CS 63,793.91 29.54 14,517.87 6.72 24,277.37 11.24 29,021.51 13.44

3.3. Spatial Correlation and Zoning
3.3.1. Spatial Correlation

The Moran’s I index calculated for each pair of ecosystem services is shown in Table 3.
Our results demonstrated that any two ecosystem services were spatial correlated as all
indexes were greater than 0 and pass the significance test (p < 0.01), with the confidence of
99%. The Moran’s I index values for the SR-HM, SR-CS, and HM-CS were greater than 0.5,
which means that their correlations were extremely significant, followed by the correlations
of WR-SR and WR-HM. Overall, the correlations between WR and the three ecosystem
services were relatively weak compared with the others.

Table 3. Moran’s I index of ecosystem services in the BTH region.

Ecosystem Services Moran’s I p-Value

WR-SR 0.2451 0.0010
WR-HM 0.1416 0.0010
WR-CS 0.0732 0.0080
SR-HM 0.5581 0.0010
SR-CS 0.5409 0.0010

HM-CS 0.5635 0.0010

3.3.2. Spatial Zoning in the BTH Region

Only the hot spots of ecosystem services were used in spatial clustering because
the cold spots were not significantly related to function-oriented zoning. According to
the characteristics of ecosystem services supplied in each cluster, five functional zones
were identified, namely the ecological restoration zone (ERZ), ecological transition zone
(ETZ), coastal ecological protection zone (CPZ), soil and water retention zone (SWRZ), and
ecological security shelter (ESS) (Figure 5). The pie chart in Figure 5 represents the area
ratio of hot spots and sub-hot spots of ecosystem services in different zones to the total area
of the zone, which can reflect the contribution of different services to the zone.

The ecological restoration zone was mainly in the southeastern plain area of BTH,
including 65 counties with a total area of 41,319 km2, accounting for 19.13% of the study
area. The provision ability of the four ecosystem services in this zone is very low. Hot spots
and sub-hot spots for water retention accounted for 3% of the ecological restoration zone,
while the other three services accounted for 0%. The ecological transition zone was mainly
in the southwestern mountainous area and the foothills, including 46 counties with a total
area of 50,809 km2, accounting for 23.53% of the study area. Of the four ecosystem services,
hot spot and sub-hot spot areas for heat mitigation accounted for the most, reaching 27%.
The coastal protection zone was in the eastern part of the study area around the Bohai Sea,
including 34 counties with a total area of 25,684 km2, accounting for 11.89%. The tradeoff
between water retention and the other three services was particularly prominent. Soil and
water retention zone was mainly in the foothills of the northern part of the BTH including
31 counties with a total area of 23,458 km2, accounting for 10.86% of the study area. The
supply of water retention in this zone was the highest, followed by soil retention, indicating
that the area had a strong ability to retain runoff and prevent soil erosion. The ecological
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security shelter was mainly in the northwestern mountainous area with high vegetation
coverage and low impact from human activities, including 28 counties with a total area of
74,670 km2, accounting for 34.58% of the study area. In this zone, the supply of various
ecosystem services was high. The hot spots for carbon storage, heat mitigation, and soil
retention spatially overlapped, while the hot spots for water retention were lower than
the others.
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sub-hot spots of ecosystem services in each zone.

Figure 6 shows the statistics of ecosystem services in different ecological zones. The
value of the WR in the ecological restoration zone was the lowest among all ecological
zones. Counties distributed in the Yanshan-Taihang Mountains at high altitudes and with
rich vegetation types showed high average water retention values. In terms of the SR
and CS, their mean values in the zone of the ecological security shelter were the highest,
indicating the high conservation priority in this zone. These services in other regions were
significantly lower, which means that certain ecological restoration measures are needed
to improve their provision capacity of the services. With regard to the HM, the service
provision in the zone of the ecological security shelter was also the highest and relatively
high in the ecological transition zone and the soil and water retention zone. On the whole,
the average values of ecosystem services in the ecological restoration zone were much
lower than those of other ecological zones. Therefore, future developments in the counties
in this zone should focus on ecological restoration and proper planning to improve their
environments. According to the normalized mean value of ecosystem services in each
zone (Figure 6e), the carbon storage values within the five zones were higher than the
other ecosystem services, indicating the importance of the CS service to the sustainable
development of the region. Except for the zone of ecological security shelter, the SR values
were low in other four zones, indicating that soil conservation services in the BTH region
were the keys to ecological restoration.
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4. Discussion
4.1. Conservation and Restoration Strategies of Different Ecological Zones

The landscape pattern of the BTH region is diverse, with vegetation covers mostly
in the northwest and built-up areas in the southeast. Such a pattern is reflected in the
findings of our ecosystem service assessment. To further analyze the natural and social
conditions of different ecological zones, we calculated the average values of six factors
(precipitation, DEM, temperature, population, proportion of construction land area, and
GDP) that can affect the provision ability of ecosystem services [55]. Next, the statistics (see
Table 4) were combined with the major functions (the hot spots of ecosystem services) in
five zones, where the development strategy for each zone is proposed in a targeted manner
to achieve proper conservation and restoration.

Table 4. Mean statistics of natural and artificial factors in different zones.

Ecological
Zones

Natural Factors Artificial Factors

Precipitation
(m3)

DEM
(m)

Temperature
(◦ C)

Population Density
(People/km2)

Proportion of
Built-Up Area (%)

GDP
(CNY 100 Million)

ERZ 413.82 36.86 27.40 1319.79 0.21 146.97
ETZ 440.73 382.42 25.30 1187.09 0.20 209.99
CPZ 532.66 10.59 27.52 5237.58 0.31 474.01

SWRZ 590.44 78.92 26.83 4787.91 0.34 1325.76
ESS 439.21 811.91 22.43 275.27 0.06 170.12

The ecological restoration zone was mainly in the plain area at a low altitude, and
the precipitation was lower here than in the other four zones. However, the average
temperature was relatively high compared with the whole region. There was almost no hot
spot of ecosystem services in this zone. Although the proportion of built-up area reached
21%, the GDP was smaller than other zones. Under the premise of satisfying economic
development, this zone should promote urban structures by improving the green spaces
within built-up areas, such as the construction of more urban parks, country-level nature
reserves, and green corridors [33]. The aim is to optimize the layout of urban patterns and
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the distribution of industries in order to increase the number of ecosystem services and
continuously improve the well-being of human life.

The ecological transition zone was mainly in the western region at a high altitude. Its
population density and its proportion of built-up area were similar to those of the ERZ, but
the average GDP was higher than that of the ERZ. The average temperature was relatively
low in this zone. This may be related to the high altitude. Most ecosystem services (except
HM) in this zone were not sufficient. The local authorities should pay more attention to
retaining the original natural ecosystem to improve the provision of ecosystem services by
implementing a reclamation strategy of returning farmland to forest and grass to form a
mixed vegetation structure [56].

The coastal protection zone was located in the eastern coastal area at the lowest av-
erage altitude. The population density was highest among the five ecological zones, and
the proportion of built-up area was also relatively high (31%). At the same time, the
precipitation in 2018 was also higher than that of the ETZ and that of the ERZ. The area
proportion of the WR hot spots in this zone was about 60%, and other services were almost
0%, indicating that the main function of this zone was water conservation. The devel-
opment strategy should focus on restoring and expanding coastal wetlands, improving
the ecological environment of estuaries, strengthening the role of coastal shelterbelts, and
increasing the naturalness of shorelines. In addition, this zone can become an important
carbon pool by promoting wetland restoration projects in sea islands and coastal zones [57],
as the coast wetland can absorb large amounts of carbon dioxide from the atmosphere and
store it for the long term.

The soil and water retention zone was mainly in northern Beijing and Tianjin and in
northeastern Hebei. This zone had the highest yearly precipitation (590.44 m3), a relatively
low altitude (78.92 m), and a high population density. The proportion of built-up area and
the GDP were the highest among the five zones. In terms of ecosystem service provision,
the hot spots of most ecosystem services (e.g., WR, SR, and HM) accounted for a relatively
high proportion in this zone. In particular, the water conservation service had an absolute
advantage in that there were several important water reservoirs in this zone, such as the
Miyun Reservoir in Beijing, the Yuqiao Reservoir in Tianjin, the Douhe Reservoir, the
Daheting Reservoir, and the Panjiakou Reservoir in Hebei. At the same time, this zone
was also an important economic development area with an adequate water supply [58].
The local governments should continue to take soil and water conservation as the basis
to ensure the sustainable provision of the existing ecosystem services while increasing
the local green spaces to improve the ability of carbon storage to balance the relationship
between economic development and ecological protection.

The ecological security shelter had the best ecological condition in the BTH region.
It was distributed mainly in the northern mountains at the highest average altitude and
with large vegetation coverage and the lowest average temperature. This zone was less
affected by human activities, as its population density and its proportion of built-up area
were the lowest. Its natural landscape was better maintained than that of the other zones.
The distribution of hot spots of each ecosystem service were relatively balanced. However,
the ecological vulnerability of this zone has been increasing because of urbanization pro-
cess [46]. Therefore, it is important to avoid excessive population growth, urban sprawl,
and the implementation of new pollution-generating industries in this zone. An optimized
development strategy should be adopted to adjust the industrial structure and strictly
control the scale of construction. The reasonable development and protection of natural
ecosystems should be emphasized in this zone to ensure high-quality ecosystem services.
Ecological restoration should focus on the enhancement of water retention.

4.2. Limitations and Future Perspectives

In this study, we focus on the regulation and maintenance services that are generally
considered for ecological compensation and conservation. The key ecosystem services
were selected based on the urgent needs for the ecosystem services of the BTH region,
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as well as the available data. Other important regulation services, i.e., windbreak and
sand fixation, can be further integrated for spatial zoning that is based on a cumulative
analysis with other ecosystem services. Although we have used the best available data for
modeling ecosystem services, the resolution of the spatial data is not unified, and other
coarse data (e.g., the soil map) may result in ambiguity when matching the spatial data
at a high resolution. Furthermore, this research lacks long-term observation results. The
ecosystem service of WR can be affected by the climatic factors of the research period
and shows slightly different patterns in other years. In order to ensure sustainable urban
planning, more models of ecosystem services should be applied for spatial optimization at
a much more detailed grid scale to meet the local demands of various ecosystem services.

5. Conclusions

In this study, four ecosystem services (water conservation, soil retention, urban heat
mitigation, and carbon storage) were spatially quantified and mapped in the BTH region.
The hot spots of each service and the spatial correlation between ecosystem services were
analyzed. The results showed that the provision of ecosystem services in the northwestern
and northern mountainous areas of the BTH region was better than that in the southern
plain area. The hot spots of the ecosystem services were concentrated in the northwest
region, which features less human disturbance. On this basis, the BTH region was divided
into five ecological zones through spatial clustering. Different development strategies are
given for each zone on the basis of their respective spatial patterns of the hot spots of
ecosystem services and their respective socioeconomic backgrounds.

Ecological zoning is a key step in implementing differentiated policies in the process
of ecosystem protection and restoration because it helps to clarify the difference in eco-
logical functions and create suitable compensation rules for the ecological benefits [59].
According to the characteristics of different ecological zones, the government can propose
corresponding strategies and suggestions for resource distribution [60]. However, the exist-
ing “National Ecological Function Zoning” (NEFZ) in China was applied to the large and
important ecological sites at the national level. It is of certain significance to the protection
of ecological space, while because of the lack of division in each district or county, the
guidance for the future development of cities is still insufficient [61]. Our result can be
regarded as a reference guiding spatial planning and ecological conservation at the county
scale, and it gives insights into other highly urbanized regions.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/land12040733/s1. The used models and detailed parameters can be
found in the Supplementary Document. References [62–68] are cited in the Supplementary Materials.

Author Contributions: Conceptualization, W.H. and W.Z.; methodology, W.Z. and W.H.; validation,
W.Z., L.Z., Y.X., and C.L.; formal analysis, J.L.; investigation, J.L.; data curation, L.Z.; writing—
original draft preparation, W.Z.; writing—review and editing, W.H.; supervision, Y.X. and W.H.;
project administration, L.Z.; funding acquisition, W.H. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Fundamental Research Funds for Central Public-Interest
Scientific Institution, grant number AR2113.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data used for the research reported in this paper is available from
the corresponding author upon reasonable request.

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

https://www.mdpi.com/article/10.3390/land12040733/s1
https://www.mdpi.com/article/10.3390/land12040733/s1


Land 2023, 12, 733 13 of 15

References
1. Liu, J.; Li, j.; Qin, K.; Zhou, Z.; Yang, X.; Li, T. Changes in land-uses and ecosystem services under multi-scenarios simulation. Sci.

Total Environ. 2017, 586, 522–526. [PubMed]
2. Liu, W.; Zhan, J.; Zhao, F.; Wang, C.; Zhang, F.; Teng, Y.; Chu, X.; Kumi, M.A. Spatio-temporal variations of ecosystem services

and their drivers in the Pearl River Delta, China. J. Clean. Prod. 2022, 337, 130446.
3. Kusi, K.K.; Khattabi, A.; Mhammdi, N.; Lahssini, S. Prospective evaluation of the impact of land use change on ecosystem services

in the Ourika watershed, Morocco. Land Use Policy 2020, 97, 104796.
4. Alexander, H. Nature’s services: Societal dependence on natural ecosystems. Corp. Environ. Strategy 1999, 6, 219.
5. Costanza, R. Ecosystem services: Multiple classification systems are needed. Biol. Conserv. 2007, 141, 350–352.
6. Costanza, R.; d’Arge, R.; De Groot, R.; Farber, S.; Grasso, M.; Hannon, B.; Limburg, K.; Naeem, S.; O’Neill, V.R.; Paruelo, J.; et al.

The value of the world’s ecosystem services and natural capital. Ecol. Econ. 1998, 25, 3–15.
7. Diaz, S.; Seltele, J.; Brondizio, E.S.; Ngo, H.T.; Guèze, M.; Agard, J.; Ameth, A.; Balvanera, P.; Brauman, K.A.; ButchartS, H.M.;

et al. Summary for Polieymakers of the Global Assessment Report on Biodiversitvand Ecosvstem Services of the Intereovemmental Seience
Poliey Platformon Biodiversity and Ecosystem Services; IPBES Secretariat: Bonn, Germany, 2019.

8. Karimi, A.; Yazdandad, H.; Fagerholm, N. Evaluating social perceptions of ecosystem services, biodiversity, and land management:
Trade-offs, synergies and implications for landscape planning and management. Ecosyst. Serv. 2020, 45, 101188.

9. Xu, K.; Wang, J.; Wang, J.; Wang, X.; Chi, Y.; Zhang, X. Environmental function zoning for spatially differentiated environmental
policies in China. J. Environ. Manag. 2020, 255, 109485.

10. Afriyanie, D.; Julian, M.M.; Riqqi, A.; Akbar, R.; Suroso, D.S.A.; Kustiwan, I. Re-framing urban green spaces planning for flood
protection through socio-ecological resilience in Bandung City, Indonesia. Cities 2020, 101, 102710.

11. Huang, L.; Cao, W.; Xu, X.; Fan, J.; Wang, J. Linking the benefits of ecosystem services to sustainable spatial planning of ecological
conservation strategies. J. Environ. Manag. 2018, 222, 385–395.

12. Gong, J.; Jin, T.; Liu, D.; Zhu, Y.; Yan, L. Are ecosystem service bundles useful for mountainous landscape function zoning and
management? A case study of Bailongjiang watershed in western China. Ecol. Indic. 2022, 134, 108495.

13. Li, X.; Yu, X.; Wu, K.; Feng, Z.; Liu, Y.; Li, X. Land-use zoning management to protecting the Regional Key Ecosystem Services: A
case study in the city belt along the Chaobai River, China. Sci. Total Environ. 2020, 762, 143167. [PubMed]

14. Strand, J.; Soares-Filho, B.; Heil, C.M.; Oliveira, U.; Carvalho, R.S.; Ferreira, P.G.; Oliveira, A.; Rajão, R.; May, P.; Van, D.H.R.; et al.
Spatially explicit valuation of the Brazilian Amazon Forest’s Ecosystem Services. Nat. Sustain. 2018, 1, 657–664.

15. Felipe-Lucia, M.; Soliveres, S.; Penone, C.; Manning, P.; Plas, F.V.D.; Boch, S.; Prati, D.; Ammer, C.; Peter, S.; Gossner, M.M.; et al.
Multiple forest attributes underpin the supply of multiple ecosystem services. Nat. Commun. 2018, 9, 4839. [PubMed]

16. Burkhard, B.; Kroll, F.; Nedkov, S.; Müller, F. Mapping ecosystem service supply, demand and budgets. Ecol. Indic. 2012, 21, 17–29.
17. Wang, J.F.; Li, X.H.; Christakos, G.; Liao, Y.L.; Zhang, T.; Gu, X.; Zheng, X.Y. Geographical Detectors-Based Health Risk Assessment

and its Application in the Neural Tube Defects Study of the Heshun Region, China. Int. J. Geogr. Inf. Sci. 2010, 24, 101–127.
18. Benra, F.; De Frutos, A.; Gaglio, M.; Álvarez-Garretón, C.; Felipe-Lucia, M.; Bonn, A. Mapping water ecosystem services:

Evaluating InVEST model predictions in data scarce regions. Environ. Model. Softw. 2021, 138, 104982.
19. Wendy, F.; Raghavan, S.; Elena, P.M.; Simon, P.W.; Marcela, Q. Using the Soil and Water Assessment Tool (SWAT) to model

ecosystem services: A systematic review. J. Hydrol. 2016, 535, 625–636.
20. Sherrouse, B.C.; Semmens, D.J.; Ancona, Z.H. Social Values for Ecosystem Services (SolVES): Open-source spatial modeling of

cultural services. Environ. Model. Softw. 2022, 148, 105259.
21. Queiroz, C.; Meacham, M.; Richter, K.; Norström, A.V.; Andersson, E.; Norberg, J.; Peterson, G. Mapping bundles of ecosystem

services reveals distinct types of multifunctionality within a Swedish landscape. Ambio 2015, 44, 89–101.
22. Zhao, W.; Ma, J.; Liu, Q.; Song, J.; Tysklind, M.; Liu, C.; Wang, D.; Qu, Y.; Wu, Y.; Wu, F. Comparison and application of SOFM,

fuzzy c-means and k-means clustering algorithms for natural soil environment regionalization in China. Environ. Res. 2023,
216, 114519. [PubMed]

23. Andreas, D.; Ralf, S.; Tomáš, F.V.; Anna, C. Integrating ecosystem service bundles and socio-environmental conditions –A national
scale analysis from Germany. Ecosyst. Serv. 2017, 28, 273–282.

24. Mouchet, M.A.; Lamarque, P.; Martín, L.B.; Crouzat, E.; Gos, P.; Byczek, C.; Lavorel, S. An interdisciplinary methodological guide
for quantifying associations between ecosystem services. Glob. Environ. Change 2014, 28, 298–308.

25. Johnson, K.A.; Polasky, S.; Nelson, E.; Derric, P. Uncertainty in ecosystem services valuation and implications for assessing land
use tradeoffs: An agricultural case study in the Minnesota River Basin. Ecol. Econ. 2012, 79, 71–79.

26. Jafarzadeh, A.K.; Mahdavi, A.; Shamsi, S.R.F.; Yousefpour, R. Assessing synergies and trade-offs between ecosystem services in
forest landscape management. Land Use Policy 2021, 111, 105741.

27. Katrine, G.T.; Odgaard, M.V.; Bøcher, P.K.; Dalgaard, T.; Svenning, J.-C. Bundling ecosystem services in Denmark: Trade-offs and
synergies in a cultural landscape. Landsc. Urban Plan. 2014, 125, 89–104.

28. Rotich, B.; Kindu, M.; Kipkulei, H.; Kibet, S.; Ojwang, D. Impact of land use/land cover changes on ecosystem service values in
the cherangany hills water tower, Kenya. Environ. Chall. 2022, 8, 100576.

29. Ge, G.; Zhang, J.; Chen, X.; Liu, X.; Hao, Y.; Yang, X.; Kwon, S. Effects of land use and land cover change on ecosystem services in
an arid desert-oasis ecotone along the Yellow River of China. Ecol. Eng. 2022, 176, 106512.

http://www.ncbi.nlm.nih.gov/pubmed/28202244
http://www.ncbi.nlm.nih.gov/pubmed/33213907
http://www.ncbi.nlm.nih.gov/pubmed/30446752
http://www.ncbi.nlm.nih.gov/pubmed/36252833


Land 2023, 12, 733 14 of 15

30. Zhang, D.; Huang, Q.; He, C.; Wu, J. Impacts of urban expansion on ecosystem services in the Beijing-Tianjin-Hebei urban
agglomeration, China: A scenario analysis based on the Shared Socioeconomic Pathways. Resour. Conserv. Recycl. 2017,
125, 115–130.

31. Zhao, L.; Zhang, G. Evaluation and welfare effect of coordinated ecological development of the Beijing–Tianjin–Hebei region.
Chin. J. Popul. Resour. Environ. 2021, 19, 283–290.

32. Zhang, Y.; Lu, X.; Liu, B.; Wu, D. Impacts of Urbanization and Associated Factors on Ecosystem Services in the Beijing-Tianjin-
Hebei Urban Agglomeration, China: Implications for Land Use Policy. Sustainability 2018, 10, 4434. [CrossRef]

33. Li, Q.; Li, W.; Wang, S.; Wang, J. Assessing heterogeneity of trade-offs/synergies and values among ecosystem services in
Beijing-Tianjin-Hebei urban agglomeration. Ecol. Indic. 2022, 140, 109026. [CrossRef]

34. Wang, J.; Zhou, W.; Pickett, S.T.; Yu, W.; Li, W. A multiscale analysis of urbanization effects on ecosystem services supply in an
urban megaregion. Sci. Total Environ. 2019, 662, 824–833. [CrossRef]

35. Pan, Y.; Dong, F.; Du, C. Is China approaching the inflection point of the ecological Kuznets curve? Analysis based on ecosystem
service value at the county level. J. Environ. Manag. 2023, 326, 116629. [CrossRef] [PubMed]

36. Zhang, J.; Liu, J.; Zhai, L.; Hou, W. Implementation of Geographical Conditions Monitoring in Beijing-Tianjin-Hebei, China.
ISPRS Int. J. Geo-Inf. 2016, 5, 89. [CrossRef]

37. Sharp, R.; Douglass, J.; Wolny, S.; Arkema, K.; Bernhardt, J.; Bierbower, W.; Chaumont, N.; Denu, D.; Fisher, D.; Glowinski, K.; et al.
InVEST 3.12.0 User’s Guide; The Natural Capital Project; Stanford University, University of Minnesota, The Nature Conservancy,
and World Wildlife Fund: Stanford, CA, USA, 2022.

38. Li, D.; Wu, S.; Liu, L.; Liang, Z.; Li, S. Evaluating regional water security through a freshwater ecosystem service flow model: A
case study in Beijing-Tianjian-Hebei region, China. Ecol. Indic. 2017, 81, 159–170. [CrossRef]

39. BSB (Bureau of Statistics of Beijing). Beijing Statistical Yearbook; Chinese Statistics Press: Beijing, China, 2019.
40. BST (Bureau of Statistics of Tianjin). Tianjin Statistical Yearbook; Chinese Statistics Press: Tianjin, China, 2019.
41. BSH (Bureau of Statistics of Hebei). Hebei Statistical Yearbook; Chinese Statistics Press: Shijiazhuang, China, 2019.
42. Li, W.; Hai, X.; Han, L.; Mao, J.; Tian, M. Does urbanization intensify regional water scarcity? Evidence and implications from a

megaregion of China. J. Clean. Prod. 2020, 244, 118592. [CrossRef]
43. Chu, M.; Lu, J.; Sun, D. Influence of Urban Agglomeration Expansion on Fragmentation of Green Space: A Case Study of

Beijing-Tianjin-Hebei Urban Agglomeration. Land 2022, 11, 275. [CrossRef]
44. Zhou, Y.; Chen, M.; Tang, Z.; Mei, Z. Urbanization, land use change, and carbon emissions: Quantitative assessments for city-level

carbon emissions in Beijing-Tianjin-Hebei region. Sustain. Cities Soc. 2021, 66, 102701. [CrossRef]
45. Guo, L.; Liu, R.; Men, C.; Wang, Q.; Miao, Y.; Shoaib, M.; Wang, Y.; Jiao, L.; Zhang, Y. Multiscale spatiotemporal characteristics of

landscape patterns, hotspots, and influencing factors for soil erosion. Sci. Total Environ. 2021, 779, 146474. [CrossRef] [PubMed]
46. Bao, C.; Wang, H.; Sun, S. Comprehensive simulation of resources and environment carrying capacity for urban agglomeration: A

system dynamics approach. Ecol. Indic. 2022, 138, 108874.
47. Lourdes, K.T.; Hamel, P.; Gibbins, C.N.; Sanusi, R.; Azhar, B.; Lechner, A.M. Planning for green infrastructure using multiple

urban ecosystem service models and multicriteria analysis. Landsc. Urban Plan. 2022, 226, 104500.
48. Getis, A.; Ord, J.K. The Analysis of Spatial Association by Use of Distance Statistics. Geogr. Anal. 1992, 24, 189–206.
49. Tran, D.X.; Pla, F.; Latorre-Carmona, P.; Myint, S.W.; Caetano, M.; Kieu, H.V. Characterizing the relationship between land use

land cover change and land surface temperature. ISPRS J. Photogramm. Remote Sens. 2017, 124, 119–132.
50. Moran, P.A.P. The Interpretation of Statistical Maps. J. R. Stat. Soc. Ser. B (Methodol.) 1948, 10, 243–251.
51. Kumari, M.; Sarma, K.; Sharma, R. Using Moran’s I and GIS to study the spatial pattern of land surface temperature in relation to

land use/cover around a thermal power plant in Singrauli district, Madhya Pradesh, India. Remote Sens. Appl. 2019, 15, 100239.
52. Tepanosyan, G.; Sahakyan, L.; Zhang, C.; Saghatelyan, A. The application of Local Moran’s I to identify spatial clusters and hot

spots of Pb, Mo and Ti in urban soils of Yerevan. Appl. Geochem. 2019, 104, 116–123.
53. Wu, L.; Sun, C.; Fan, F. Multi-criteria framework for identifying the trade-offs and synergies relationship of ecosystem services

based on ecosystem services bundles. Ecol. Indic. 2022, 144, 109453.
54. Wu, Z.; Zhang, F.; Di, D.; Wang, H. Study of spatial distribution characteristics of river eco-environmental values based on

emergy-GeoDa method. Sci. Total Environ. 2022, 802, 149679. [PubMed]
55. Hu, X.; Hou, Y.; Li, D.; Hua, T.; Marchi, M.; Urrego, J.P.F.; Bo, H.; Zhao, W.; Cherubini, F. Changes in multiple ecosystem services

and their influencing factors in Nordic countries. Ecol. Indic. 2023, 146, 109847.
56. Wu, F.; Wang, X.; Ren, Y. Urbanization’s Impacts on Ecosystem Health Dynamics in the Beijing-Tianjin-Hebei Region, China. Int.

J. Environ. Res. Public Health 2021, 18, 918. [PubMed]
57. Zhang, Y.; Wu, Q.; Zhao, X.; Hao, Y.; Liu, R.; Yang, Z.; Lu, Z. Study of carbon metabolic processes and their spatial distribution in

the Beijing-Tianjin-Hebei urban agglomeration. Sci. Total Environ. 2018, 645, 1630–1642. [PubMed]
58. Zhang, L.; Zhen, Q.; Cheng, M.; Ouyang, Z. The Main Drivers of Wetland Changes in the Beijing-Tianjin-Hebei Region. Int. J.

Environ. Res. Public Health 2019, 16, 2619.
59. Yu, H.; Chen, C.; Shao, C. Spatial and temporal changes in ecosystem service driven by ecological compensation in the Xin’an

River Basin, China. Ecol. Indic. 2023, 146, 109798.
60. Jiang, H.; Peng, J.; Zhao, Y.; Xu, D.; Dong, J. Zoning for ecosystem restoration based on ecological network in mountainous region.

Ecol. Indic. 2022, 142, 109138.

http://doi.org/10.3390/su10114334
http://doi.org/10.1016/j.ecolind.2022.109026
http://doi.org/10.1016/j.scitotenv.2019.01.260
http://doi.org/10.1016/j.jenvman.2022.116629
http://www.ncbi.nlm.nih.gov/pubmed/36347217
http://doi.org/10.3390/ijgi5060089
http://doi.org/10.1016/j.ecolind.2017.05.034
http://doi.org/10.1016/j.jclepro.2019.118592
http://doi.org/10.3390/land11020275
http://doi.org/10.1016/j.scs.2020.102701
http://doi.org/10.1016/j.scitotenv.2021.146474
http://www.ncbi.nlm.nih.gov/pubmed/34030279
http://www.ncbi.nlm.nih.gov/pubmed/34454146
http://www.ncbi.nlm.nih.gov/pubmed/33494446
http://www.ncbi.nlm.nih.gov/pubmed/30248880


Land 2023, 12, 733 15 of 15

61. Li, Z.; Zhong, J.; Yang, J.; Zhang, D.; He, S. Assessment framework and empirical analysis of the ecological protection importance
for key town agglomerations in China. J. Clean. Prod. 2022, 372, 133682.

62. Canadell, J.; Jackson, R.B.; Ehleringer, J.B.; Mooney, H.A.; Sala, O.E.; Schulze, E.D. Maximum rooting depth of vegetation types at
the global scale. Oecologia 1996, 108, 583–595. [PubMed]

63. Schenk, H.J.; Jackson, R.B. Rooting Depths, Lateral Root Spreads and Below-Ground/Above-Ground Allometries of Plants in
Water-Limited Ecosystems. J. Ecol. 2002, 90, 480–494.

64. Allen, R.G.; Pruitt, W.O.; Raes, D.; Martin, S.S.; Luis, P. Estimating Evaporation from Bare Soil and the Crop Coefficient for the
Initial Period Using Common Soils Information. J. Irrig. Drain. Eng. 2005, 131, 14–23.

65. Quinn, P.; Beven, K.; Chevallier, P.; Planchon, O. The prediction of hillslope flow paths for distributed hydrological modelling
using digital terrain models. Hydrol. Process. 1991, 5, 59–79.

66. Wu, J.; Feng, Z.; Gao, Y.; Peng, J. Hotspot and relationship identification in multiple landscape services: A case study on an area
with intensive human activities. Ecol. Indic. 2013, 29, 529–537.

67. Wang, X.; Li, Y.; Gong, X.; Niu, Y.; Chen, Y.; Shi, X.; Li, W. Storage, pattern and driving factors of soil organic carbon in an
ecologically fragile zone of northern China. Geoderma 2019, 343, 155–165.

68. Zawadzka, J.E.; Harris, J.A.; Corstanje, R. Assessment of heat mitigation capacity of urban greenspaces with the use of InVEST
urban cooling model, verified with day-time land surface temperature data. Landsc. Urban Plan. 2021, 214, 104163.

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

http://www.ncbi.nlm.nih.gov/pubmed/28307789

	Introduction 
	Materials and Methods 
	Study Area and Data Sources 
	Ecosystem Services Modeling 
	Hot Spot Analysis 
	Correlation Analysis and Functional Zoning 

	Results 
	Spatial Pattern of Ecosystem Services 
	Hot Spots of Ecosystem Services 
	Spatial Correlation and Zoning 
	Spatial Correlation 
	Spatial Zoning in the BTH Region 


	Discussion 
	Conservation and Restoration Strategies of Different Ecological Zones 
	Limitations and Future Perspectives 

	Conclusions 
	References

