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Abstract: Ecological compensation provides innovative ecological solutions for addressing land
degradation and guaranteeing the sustainable provision of essential ecosystem services. This study
estimated the ecosystem service value and the opportunity cost of land use in the Poverty Belt of
China—around Beijing and Tianjin—from 1980 to 2015 on the small watershed scale, and thereafter
estimated the rational range of ecological compensation in this ecologically fragile zone. Results
showed that the total ecosystem service value in the study area gradually decreased from CNY
54.198 billion in 1980 to CNY 53.912 billion in 2015. Moreover, the annual total ecological compensation
of the whole study area ranged between CNY 2.67 billion and 2.83 billion. More specifically, areas
with higher ecological compensation standards are mainly concentrated in the northwestern and
northern parts of the study area, with a lower economic development level, while areas with lower
ecological compensation standards are mainly located in areas with a relatively high level of economic
development, e.g., the southern and southeastern parts of the study area. These results can provide
valuable decision-support information for the design and optimization of ecological compensation to
address land degradation along with rapid urbanization in the Beijing–Tianjin–Hebei region.

Keywords: ecological compensation; ecosystem services; opportunity cost; ecological compensation
priority; land degradation

1. Introduction

Ecological compensation (i.e., payments for ecosystem services or payments for en-
vironmental services) is one of the important factors of the construction of ecological
civilization in China, and plays a fundamental role in addressing land degradation along
with rapid urbanization [1,2]. As an innovative form of ecological solution, ecological
compensation can effectively arouse the enthusiasm of ecosystem service providers to
alleviate land degradation and guarantee the sustainable provision of essential ecosystem
services [3,4], the effectiveness of which has been validated in a number of programs,
such as the ecological compensation program in the Catskill Basin in the United States,
or the PSA Project in Costa Rica [5–7]. There has also been remarkable achievement in
some ecological compensation projects in China, e.g., the Beijing–Tianjin Sandstorm Source
Control Project and the “Three North” shelterbelt project [8,9]. However, the theoretical
research on ecological compensation in China is still in its initial stages, and is far behind
the project practice, which is one of the most important reasons why some ecological
compensation projects in China have not achieved their expected effects [10,11]. It is there-
fore of great practical significance to carry out more in-depth theoretical exploration of
ecological compensation for the design and perfection of ecological compensation projects
in China [11,12].
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Rational ecological compensation standards are key to ensuring the effects of ecological
compensation, but there is still a lack of universal methods for estimating ecological com-
pensation standards [4,11,13]. In fact, scholars around the world have explored a variety of
methods for estimating ecological compensation standards [14,15]. The current methods
generally first use a certain method to estimate the upper and lower limits of the ecological
compensation standard, and then determine the acceptable ones by making appropriate
dynamic adjustments according to the actual situation of the study area and the economic
conditions of stakeholders [11,13,16]. For example, the ecosystem service value and oppor-
tunity cost have been widely used as the upper and lower limits of ecological compensation
standards [13,16]. The opportunity cost measures the opportunity cost of economic devel-
opment for protecting the ecological environment in the compensated areas, which can be
generally estimated via questionnaire surveys, empirical investigation, and indirect calcu-
lation [11,17]. However, the opportunity cost method takes less consideration of the spatial
heterogeneity within the compensated areas, which often results in insufficient compensa-
tion and, consequently, limits the accuracy and applicability of the ecological compensation
standard [6,18]. Nevertheless, the opportunity cost method is still the mainstream method
for determining ecological compensation standards in developing countries, since it is easy
to operate and relatively fair [18]. By contrast, the ecosystem service value, which can be
estimated in a direct or indirect way, can provide a reliable scientific basis for determining
the ecological compensation standards [13,19]. Ecosystem service value is one of the main
bases for determining ecological compensation standards; however, the ecosystem service
value estimated with existing methods far exceeds the actual compensation capacity of
ecosystem service consumers, and can serve as the theoretical upper limit of the ecological
compensation standards [11,20].

The Poverty Belt around Beijing and Tianjin provides an ideal site for the research
on ecological compensation, as it is a typical contiguous poverty zone and an ecologically
fragile area, but serves as an important ecological barrier in the Beijing–Tianjin–Hebei
region [20,21]. The Poverty Belt around Beijing and Tianjin is located in Hebei Province—
a coastal province that contains the largest number of national-level poverty-stricken
counties in China, including 25 of the 39 national-level poverty-stricken counties. The
coordinated development of the Beijing–Tianjin–Hebei region is one of the major national
development strategies of China, while the construction of the ecological environment is
one of the key fields in which prior breakthroughs should be achieved according to the
“Beijing–Tianjin–Hebei Coordinated Development Plan Outline” [22,23]. Establishment of
a diversified ecological compensation mechanism so as to increase the provision of essential
ecosystem services is a major strategic demand for the coordinated development of the
Beijing–Tianjin–Hebei region, and can provide an important means of realizing regional
sustainable development in the new era [22,24]. It is therefore of extremely important
practical significance to promote coordinated development, ensuring ecological safety and
promoting the construction of ecological civilization in the Beijing–Tianjin–Hebei region in
order to carry out in-depth exploration of the ecological compensation in the Poverty Belt
around Beijing and Tianjin in this macro background [25,26].

2. Materials and Methods
2.1. Study Area

The Poverty Belt around Beijing and Tianjin expands across Zhangjiakou City, Chengde
City, and Baoding City in Hebei Province (Figure 1), with a total area of 82,893.55 km2

(113◦51′47′′–113◦51′47′′ E, 39◦1′55′′–42◦38′7′′ N); it serves as a key ecological barrier in the
Beijing–Tianjin–Hebei region, and plays a dominant role in ensuring national ecological
safety [26]. For example, it provides approximately 81% and 93% of the water resources
in Beijing City and Tianjin City, respectively [24,27]. More specifically, the forests and
wetlands in Zhangjiakou City contribute ecosystem services worth CNY ~15 billion to
Beijing every year [20]. However, there are widespread ecologically fragile areas in this
region, where the impacts of climate change and increased human activities along with
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rapid urbanization have led to serious land degradation and greatly threatened the sus-
tainable provision of a number of essential ecosystem services [20,26]. Even worse, this
region has not received sufficient ecological compensation even though it has paid a huge
opportunity cost of economic development in order to ensure the ecological safety of
the Beijing–Tianjin–Hebei region [23,28]. This has led to a sharp contradiction between
socioeconomic development and ecological protection in this region, which has seriously
threatened the national ecological safety and restrained the high-quality development of
the Beijing–Tianjin–Hebei region [22,26].
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2.2. Estimation of the Ecosystem Service Value

This study estimated the ecosystem service value of the study area from 1980 to 2015
using the equivalent factor method at a 1 km grid scale, and thereafter summarized it
on the small watershed scale, since there is generally a homogeneous internal ecological
environment in a small watershed [29,30]. First, this study classified the local ecosystems
into five types (Table 1), and determined the main ecosystem service types according to
previous research [1,26] and the specific situation of the study area. Then, the ecosystem
service value was further categorized into market and non-market value according to
the supply–demand relationship between the ecosystem and human society, based on
previous studies [19,31,32]. Thereafter, the ecosystem service indicators of most concern to
stakeholders in the study area and related regions were determined (Table 1). Finally, this
study estimated the ecosystem service value of the study area via the ecosystem service
value coefficient per unit land area in 2010 (Table 2), based on the previous studies [32,33],
as follows:

ESV =
n

∑
i=1

m

∑
j=1

Aj × Eij(i = 1 . . . . . . n, j = 1 . . . . . . m) (1)

where ESV is the total ecosystem service value of a certain spatial unit, and this study
chose the 1 km grid and small watershed with a generally homogeneous internal ecological
environment as the basic spatial units. More specifically, the small watershed boundary
data were extracted from the dataset of river basins and networks of China, based on the
DEM (https://www.resdc.cn/DOI/doi.aspx?DOIid=44, accessed on 31 October 2021). Eij

https://www.resdc.cn/DOI/doi.aspx?DOIid=44
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is the equivalent factor of the ith ecosystem service of the jth ecosystem (Table 2). Aj is the
area of the jth ecosystem, which is obtained from the Land Use Remote Sensing Monitoring
Data of China provided by the Resource and Environmental Science and Data Center, CAS
(https://www.resdc.cn/Default.aspx, accessed on 31 October 2021).

Table 1. Classification of the ecosystem service value in the Poverty Belt around Beijing and Tianjin.

Value Types Ecosystem Service Types Ecosystem Types Land Use Types

Market value Production of food, forest products, raw
material, fishery products, tourism

Cropland ecosystem,
forest ecosystem, wetland ecosystem

Cropland, garden plot, forestland,
water body

Non-market value

Gas regulation,
climate regulation,
water conservation,

soil formation and conservation,
waste disposal,

biodiversity protection,
entertainment and culture

Forest ecosystem, grassland ecosystem,
wetland ecosystem, other ecosystems

Forestland, grassland, water body,
unused land

Table 2. Coefficients of ecosystem service value per unit of land area in the Poverty Belt around Beijing and Tianjin, based
on previous studies [19,31,32] (unit: CNY/hm2).

Ecosystem Service Types Cropland Forestland Garden Plot Grassland Water Body Unused Land

Gas regulation 501.58 1438.97 970.27 328.91 0.00 0.00
Climate regulation 892.16 1110.06 1001.11 370.02 189.12 0.00
Water conservation 600.26 1315.63 957.93 328.91 8378.11 12.34

Soil formation and conservation 1463.63 1603.41 1533.52 801.71 4.11 8.23
Waste disposal 1644.53 538.58 1091.56 538.58 7474.39 4.11

Biodiversity protection 711.26 1340.29 1025.78 448.14 1023.72 139.78
Food production 1003.16 41.11 522.14 123.34 41.11 4.11

Raw material production 98.67 1068.95 583.80 20.55 4.11 0.00
Entertainment and culture 8.23 526.25 267.23 16.44 1784.31 4.11

Total 6923.48 8983.25 7953.34 2976.60 18,898.98 172.68

2.3. Estimation of the Range of Ecological Compensation

This study separately estimated the ecological compensation standards based on
the ecosystem service value and the opportunity cost on the small watershed scale, and
thereafter determined the rational range of the ecological compensation standard and total
ecological compensation value in the study area. This study first estimated the ecological
compensation standards based on the ecosystem service value and gross domestic product
(GDP) in the study area. On the one hand, the ecosystem service value can generally only
serve as the upper limit of ecological compensation, since it far exceeds the payment ability
of ecosystem service consumers, and a conversion coefficient has been widely used to
make ecological compensation based on the ecosystem service value more practical and
acceptable [11,20]. Meanwhile, this study took into account only the non-market ecosystem
service value, since the market value of ecosystem services can contribute to regional
economic development through market mechanisms [11,34,35]. On the other hand, the
more heavily the economic development in a certain area depends on natural resources,
the higher the opportunity cost to protect the ecological environment in that area, which
can be represented by the degree of priority for ecological compensation [32]. This study
accordingly represents the degree of priority for ecological compensation in a certain area
with the ratio of the non-market value of ecosystem services to GDP per unit of area, based
on existing studies [8,32], and estimates it in a spatially explicit way in order to further
improve the practicability of ecological compensation. The ecological compensation based
on the ecosystem service value was finally estimated as follows:

RTesv_i = ESVT_i × k× p_i (2)

https://www.resdc.cn/Default.aspx
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p_i = 2arctan(
ESVT_i

GT_i
)/π (3)

where RTesv_i is the ecological compensation value in the ith area based on the ecosystem
service value; ESVT_i is the total non-market value of ecosystem services in the ith area per
unit of area; k is the conversion coefficient of the ecosystem service value, which is set to
15% based on previous studies [32]; p_i is the degree of priority for ecological compensation
of the ith area, and the higher p_i is, the more urgently the ecological compensation of the ith

area is needed; GT_i is the total GDP per unit of area of the ith area, which is extracted from
the Spatialized GDP Dataset of China provided by the Resource and Environmental Sci-
ence and Data Center, CAS (https://www.resdc.cn/DOI/doi.aspx?DOIid=33, accessed on
31 October 2021); and π is pi.

This study further estimated the ecological compensation based on the opportu-
nity cost of land use. Farmers in the study area play an important role in protect-
ing the ecological environment, for which they sacrifice their economic development
rights [24,27]. The loss of economic development due to ecological protection can be
reflected in the opportunity cost, while the latter can be measured by the land rent per
unit of area [36]. This study obtained the data on the land rent per unit of area of vari-
ous land types in the study area by carrying out some field surveys and using querying
websites (e.g., https://www.tuliu.com/, accessed on 20 October 2021). The total ecological
compensation based on the opportunity cost was finally estimated as follows:

RToc_i = OC_i × λ (4)

where RToc_i is the ecological compensation value in the ith area based on the opportunity
cost; OC_i is the opportunity cost of land use in the ith area based on the land rent, which is
estimated based on the land rent price; and λ is the opportunity cost conversion coefficient,
which is also set to 15% based on the results of field surveys and the ratio of the transac-
tion price to the listing price on the websites (e.g., https://www.tuliu.com/, accessed on
20 October 2021).

3. Results
3.1. Dynamics of the Ecosystem Service Value

The results suggested that the total ecosystem service value in the Poverty Belt around
Beijing and Tianjin showed an overall downward trend between 1980 and 2015 (Figure 2).
Specifically, the total ecosystem service value declined most obviously between 1980 and
1990, and it recovered to a certain degree from 1990 to 1995, but thereafter showed a further
gradual declining trend. In 2015, the total ecosystem service value of the study area reached
CNY 53.912 billion, with a decrease of CNY 286 million compared to that in 1980. More
specifically, the total ecosystem service value of forestland decreased by CNY 292 million,
while that of the water body decreased by CNY 81 million, which was primarily due to the
conversion of the forestland and water body with higher equivalent factors to cropland
and grassland with lower equivalent factors. By contrast, the total ecosystem service value
of cropland, garden plots, and grassland increased slightly between 1980 and 2015, with
increases of CNY 29 million, 29 million, and 31 million, respectively.

3.2. Spatial Heterogeneity of Ecological Compensation

The results suggested that the ecological compensation standards based on the ecosys-
tem service value in the study area showed significant spatial heterogeneity, ranging from
CNY 0.47/hm2 to CNY 910.73/hm2, with an average of about CNY ~341.75/hm2 (Figure 3).
The areas with low ecological compensation standards are widespread in the southern,
central, and northeastern parts of the study area; for example, areas with ecological compen-
sation standards of CNY < 150/hm2 and CNY 150–250/hm2 are contiguously distributed
in most parts of Laiyuan County, Yi County, and Laishui County in the southern part of
the study area, and almost all of the northeastern part of the study area. By contrast, the

https://www.resdc.cn/DOI/doi.aspx?DOIid=33
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areas with the ecological compensation standard of CNY > 600/hm2 are mainly located
in the western and northern parts of the study area, e.g., most parts of Kangbao County,
the northern part of Shangyi County, most parts of Guyuan County in Zhangjiakou City,
and a few parts of Fengning County and Weichang County in Chengde City. The areas
with the ecological compensation standard of CNY 450–600/hm2 are generally adjacent
to these areas with the ecological compensation standard of CNY > 600/hm2, e.g., most
parts of Zhangbei County, the southwest part of Shangyi County, the middle part of
Guyuan County, and most parts of Weichang County. The level of economic development
is generally very low in these areas with low ecological compensation standards, and the
ecological compensation is overall attractive to most of the local farmers in these areas.
For example, the statistical data suggest that the average rural per capita income from
property in Zhangjiakou City was CNY 103 in 2010. Meanwhile the cropland area per
capital in Zhangjiakou City was generally 0.2133–0.2667 hm2, and the ecological com-
pensation of CNY 600/hm2 means that the income from ecological compensation is CNY
128~160 per capita, which can generally effectively motivate the local farmers to participate
in ecological conservation.
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The spatial pattern of ecological compensation standards based on the opportunity
cost was overall consistent with that based on the ecosystem service value, with some
remarkable differences in a few areas. For example, the ecological compensation standard
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based on the opportunity cost was generally CNY > 500/hm2 in Shangyi County, Zhangbei
County, and Kangbao County in the northwest of the study area, while it was generally
below CNY 400/hm2 in Weichang County and Fengning County in the northern part of
the study area. By contrast, the areas with lower ecological compensation standards were
concentrated in the southeastern and southern parts of the study area, where the ecological
compensation standards were generally CNY 200–300/hm2 or below CNY 200/hm2. In
general, the ecological compensation standards based on the ecosystem service value and
opportunity cost were consistent overall, i.e., the areas with higher ecological compensation
standards were mainly concentrated in the northwestern and northern parts of the study
area, while areas with lower ecological compensation standards were mainly located in the
southern and southeastern parts of the study area.

The results of this study showed that the total ecological compensation value based
on the ecosystem service value and the opportunity cost in the whole study area was
approximately CNY 2.83 billion and CNY 2.67 billion per year, respectively—very close
to and overall consistent with the results of Xu et al. [37], i.e., CNY 3.45 billion per year.
The total ecological compensation value based on the ecosystem service value on the
small watershed scale ranged between CNY 2.40 thousand and 52.98 million per year,
showing conspicuous spatial heterogeneity. Specifically, areas with a total ecological
compensation value based on the ecosystem service value below CNY 5.00 million per year
were continuously distributed in the southern, middle, and northeastern parts of the study
area, where there is a relatively better ecological environment and a higher level of economic
development, jointly resulting in a weak demand for ecological compensation (Figure 4).
By contrast, areas with a total ecological compensation value exceeding CNY 5.00 million
per year were mainly scattered in a few regions in the northern, northwestern, and central
parts of the study area. More specifically, areas with a total ecological compensation value
exceeding CNY 25.00 million per year were mainly located in Zhangbei County, Guyuan
County, Fengning County, and Weichang County in the northwestern and northern parts
of the study area, as well as in Chicheng County in the middle part of the study area. The
level of economic development is very low in in these areas, where there are widespread
key ecological function zones and, consequently, there is very strong demand for ecological
compensation in these areas.
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The spatial pattern of the total ecological compensation value based on the opportunity
cost was generally consistent with that based on the ecosystem service value, but with
significant differences in a few areas. For example, the total ecological compensation value
based on the opportunity cost was generally consistent with that based on the ecosystem
service value in the northern and northwestern parts of the study area, all exceeding
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CNY 20.00 million per year. However, there are also areas where the total ecological
compensation value based on the opportunity cost exceeds CNY 20.00 million per year
in Yangyuan County and Huailai County in the middle part of the study area, as well
as in Longhua County, Luanping County, and Xinglong County in the southeastern part
of the study area (Figure 4). This may be because there is more cropland with a higher
opportunity cost but relatively lower ecosystem service value in these areas, leading to
a higher total ecological compensation value based on the opportunity cost. In general, this
study showed that the total ecological compensation value of the whole study area ranged
between CNY 2.67 billion and 2.83 billion per year, and that there were generally consistent
spatial patterns of the total ecological compensation value based on the ecosystem service
value and the opportunity cost, indicating that the ecological compensation in this study is
overall reliable.

3.3. Spatial Pattern of the Ecological Compensation Priority

The results of this study showed that the ecological compensation priority in the
study area ranged between 0.002593 and 0.6269, with an average value of 0.3165. This
study further classified the ecological compensation priority into five levels using the Jenks
natural break method, with the breakpoints of 0.1372, 0.2646, 0.3943, 0.4922, and 0.6269
(Figure 5). There was remarkable spatial heterogeneity of the ecological compensation
priority in the study area, where areas with high or very high ecological compensation
priority were concentrated in the Bashang region in the northern and northwestern parts
of the study area (Figure 5). Specifically, areas with very high ecological compensation
priority were concentrated in the northern part of the study area, e.g., most parts of Shangyi
County, almost all of Kangbao County and Guyuan County, the central and northern parts
of Fengning County, and most of Weichang County. Meanwhile, areas with high ecological
compensation priority were concentrated in most parts of Zhangbei County and parts of
adjacent Chongli County, most parts of Chicheng County and part of adjacent Fengning
County, and a few parts of Shangyi County and Weichang County. There are widespread
important ecological function zones with enormous ecosystem service value in these areas,
all of which play an important role in guaranteeing the ecological safety of the Beijing–
Tianjin–Hebei region by providing a number of essential ecosystem services, such as wind
prevention and sand fixation, water conservation, and biodiversity protection. Meanwhile,
these inland “ecological export” areas with a low level of economic development have paid
a huge development opportunity cost for a long period in order to guarantee the ecological
safety of the Beijing–Tianjin–Hebei region.

It is an arduous task to implement further ecological environmental protection by
relying on the local resources in areas with high or very high ecological compensation
priority, where there is an urgent need for the provision of ecological compensation by other
areas [23]. On the one hand, there is generally a relatively higher level of economic devel-
opment in areas with low or very low ecological compensation priority, which are generally
located in the southern, central, and northeastern parts of the study area, e.g., Xuanhua
District, Xuanhua County, and Huailai County in the southern part of Zhangjiakou City,
and Kuancheng County and Luanping County in the southern part of Chengde City. These
areas generally have a relatively greater ability to implement ecological conservation,
with significant geographical advantages, and taking considerable advantage of the cheap
agricultural and forestry products from those areas with high or very high ecological
compensation priority. Nevertheless, these areas still need some external financial support
in order to establish a more eco-friendly economic system, and cannot provide sufficient
support for ecological conservation in areas with high or very high ecological compensation
priority. On the other hand, some economically developed areas—e.g., Beijing City and
Tianjin City—have taken enormous advantage of the ecosystem services from the study
area and, therefore, should provide some ecological compensation in order to promote the
ecological conservation of the study area [26,28,32]. For example, the areas with high or
very high priority have provided a large amount of water resources to Beijing City and
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Tianjin City, while the areas with low or very low priority have also paid considerable
opportunity costs of industrial development and agricultural production in order to ensure
the supply of water resources to Beijing City and Tianjin City [24,27]. There is an urgent
need for ecological compensation from Beijing City and Tianjin City, which can play an
important role in ameliorating the standard of living in the study area and avoiding a more
intensive manner of land use with serious biodiversity degradation [23,26,32]. Overall,
there is an urgent need for more ecological compensation in the study area, especially in
those areas with high or very high ecological compensation priority, which should be met
with financial support from areas outside the study area.
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4. Discussion

The results of this study can provide valuable spatially explicit reference information
for the design and improvement of ecological compensation projects, but it is still necessary
to carry out some more in-depth research. For example, this study clearly revealed the
spatial heterogeneity of the ecological compensation in the study area using the small
watershed scale rather than the county-level scale, which may contribute to formulating
more specifically targeted policy measures and improving the feasibility of ecological
compensation policies. However, this study estimated the ecosystem service value with
some static parameter values, which cannot accurately reflect the time-series dynamics of
the ecosystem service value. Moreover, this study considered the inflation factors, but still
cannot accurately reflect the dynamic changes in the ecological compensation standard,
since the latter was estimated based on the Spatialized GDP Dataset of China in 2010,
which is a static dataset even though it can more accurately reveal the spatial heterogeneity
of the ecological compensation. It is still necessary to reveal the time-series dynamics
of the ecosystem service value and ecological compensation standards more accurately
using more dynamic parameter values. Overall, this study accurately revealed the rational
range of ecological compensation in the study area in a spatially explicit way, but it is
still necessary to carry out further research in order to provide more reliable reference
information for the design and improvement of ecological compensation projects.
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5. Conclusions

This study revealed the rational range of the ecological compensation in the Poverty
Belt around Beijing and Tianjin based on the ecosystem service value and the opportunity
cost, in a spatially explicit manner. The following conclusions were finally drawn: (1) The
total ecosystem service value in the study area showed an overall downward trend be-
tween 1980 and 2015, decreasing from CNY 54.198 billion in 1980 to CNY 53.912 billion in
2015. (2) The total ecological compensation value of the whole study area ranged between
CNY 2.67 billion and 2.83 billion per year, and it is feasible to estimate the ecological
compensation based on the ecosystem service value and the opportunity cost. (3) Areas
with a higher ecological compensation value and priority level are mainly located in areas
with lower levels of economic development in the northwestern and northern parts of
the study area, while areas with a lower ecological compensation value and priority level
are mainly located in areas with relatively high levels of economic development in the
southern and southeastern parts of the study area, but both of these areas are in urgent
need of ecological compensation from other areas, e.g., Beijing City and Tianjin City. (4) It
is still necessary to carry out further research on the time-series dynamics of the ecological
compensation in order to provide more reliable reference information for the design and
improvement of ecological compensation projects. Overall, this study accurately reveals
the rational range of the ecological compensation in the study area in a spatially explicit
manner, and can provide valuable information for addressing land degradation along with
the rapid urbanization in the Beijing–Tianjin–Hebei region.
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