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Abstract: Exploring the dynamic changes and trade-offs/synergies among ecosystem services is
essential to urban ecological protection and sustainable development. In this study, we quantified
the spatio-temporal changes in nine ecosystem service values in Beijing from 2000 to 2020 based on
land-use data and the equivalent factor method. Correlation analysis and geographically weighted
regression were combined to explore the trade-offs and synergies between ecosystem services. The
results show that (1) the total ecosystem service value of Beijing increased from CNY 15 billion to
52 billion from 2000 to 2020, and the value was mainly contributed to by forest, cropland, and water.
The regulating services covered the largest proportion of the total ecosystem service value, followed
by the supporting services; (2) the high-ESV area was mainly located in the mountainous area with
abundant forest resources, and the low values were mainly concentrated in central urban areas;
(3) most of the ecosystem service pairs had synergies, while the trade-offs mainly existed between
food supply services and other services. Measures, such as controlling built-up areas, increasing
the area of green space and enhancing vegetation protection, as well as implementing high-quality
agriculture, should be taken in order to balance the relationship between ESs and improve ecosystem
management in Beijing.

Keywords: ecosystem service; trade-off/synergy; land use change; GWR model; China

1. Introduction

Ecosystem service (ES) refers to all kinds of benefits directly and indirectly obtained
by humans from ecosystems, which are the basic conditions for maintaining human sur-
vival and development in the natural environment [1]. However, due to rapid economic
development, unlimited human exploitation activities have seriously impacted the natural
ecosystem, such as soil erosion, biodiversity loss, and habitat degradation [2]. According to
the Millennium Ecosystem Assessment (MEA) report, more than half of the world’ s ESs
are at risk of degradation, with human activities being the most important contributing fac-
tor [3]. The ecosystem services were classified into four categories, including provisioning,
regulating, supporting, and cultural services, in the MEA [3]. In 1997, the ecosystem service
value (ESV) assessment system proposed by Costanza et al. [1] provided an effective way to
assess ecosystem services quantitatively. The accounting techniques of ESV mainly include
monetary [4] and non-monetary methods [5]. The monetary methods assess the economic
value of ESV from the consumer side, while the non-monetary methods evaluate ESV from
the production or supply perspective [6]. Monetization of the ESV is an effective way to
measure an ecosystem’ s ability to support economic and social development [7], which can
be divided into direct and indirect analyses. Direct calculation methods include the market
price method, productivity method, travel cost method, replacement cost method, and
willingness survey, which are mainly focused on a specific ES [8]. However, it is difficult to
obtain data and make a horizontal comparison of the direct methods. In contrast, indirect
analyses, such as the equivalent value factor method based on land use/land cover data,
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received more attention due to the relatively easy access to data and low cost [9]. Based on
the evaluation model proposed by Costanza, Xie et al. proposed an equivalent scale of ESV
per unit area of different terrestrial ecosystems in China [10,11], which has been widely
used because of its simplicity and reliability, especially for the ESV evaluation results from
land use changes. In recent years, the research direction has gradually turned to the impact
of ESs on human well-being, and exploring the complex interaction relationship behind
ecosystem services has become an important research field.

The complex interaction and mutual restriction among ESs are specifically manifested
as trade-offs and synergies; that is, an increase in one ES will inhibit or promote another or
more ESs [7]. In urban areas, the fragmented distribution of vegetation and water leads to an
unbalanced supply of ESs, while the high population density and social-economic activities
make it difficult to match the demand and supply of ecological services in space [11,12]. A
correct understanding of the trade-offs and synergies among ESs is the premise of managing
these relationships and is also essential to achieving a balance between the supply and
demand of ESs. The existing studies have used various methods, such as correlation
analysis [13], spatial autocorrelation and principal component analysis (PCA) [14], and
the multi-scenario simulation method [15], to analyze the trade-offs and synergies, among
which most studies were conducted on the scale of countries [16], watersheds [17,18],
regions [19,20], and urban agglomeration [21]. There are few studies at the urban scale,
and estimations of ESV are mainly made using static assessments, which lack a dynamic
nature in time and space. Beijing, the capital city of China, has been the focus of urban
ecosystem research. Some studies have evaluated the ESs [22] and the trade-off/synergy
across a transitional area in Beijing [23]. However, the analyses of the spatial-temporal
characteristics of trade-off and synergy among the ESs in Beijing are still insufficient. The
main objectives of this study are (1) to explore the spatio-temporal variations in total ESV
and the values of different ESs in Beijing, China, and (2) to analyze the relationship among
different ESs qualitatively and quantitatively. We used ArcGIS 10.8 to quantify the spatio-
temporal evolution of ESV based on the equivalent factor method and land-use data in
Beijing from 2000 to 2020 and then combined correlation analysis and the geographically
weighted regression (GWR) method to explore the trade-off and synergy among nine ESs.
The research results are expected to improve understanding of the interaction between the
ESs and provide a reference for ecological protection in Beijing, China.

2. Materials and Methods
2.1. Study Area

As China’ s political and cultural center, Beijing has 16 districts with a total land area
of 16,410.54 km2. The population of Beijing reached 21.843 million in 2022. Beijing is
located in the northwestern part of the North China Plain, surrounded by mountains on the
western, northern, and northeastern sides (Figure 1). It has a typical temperate monsoon
climate, with an average annual temperature of 12.77 ◦C, an average annual precipitation
of 548.86 mm, and an average annual evaporation of 1785 mm. The Yongding River, the
Chaobai River, the North Canal, the Daqing River, and the Jihe Canal form the major
river system in Beijing. Forest and cropland are the most typical ecosystems in Beijing.
The forest coverage rate reached 44.8% in 2022, and the typical vegetation is deciduous
broadleaf forest and warm coniferous forest [24]. In recent years, the contrast between rapid
social-economic development and the decline in ecological and environmental quality has
become increasingly severe.

2.2. Data Source and Pre-Processing

In this study, the land-use data from 2000, 2010, and 2020 were derived from the China
Land Cover Dataset (CLCD) with a spatial resolution of 30 m × 30 m. CLCD was developed
by Yang and Huang [25] based on 335,709 Landsat images and contains annual land cover
information of China from 1985 to 2020. There are eight land-use types, including cropland,
forest, shrub, grassland, water, barren land, built-up area, and wetland, in the study area.
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The social and economic data, such as national average grain price (CNY/t), planting
area (ha), and annual yield of each grain type (t), were derived from the Beijing Statistical
Yearbook and the Data Collection of Cost and Income of National Agricultural Products in
corresponding years [26–31]. We used ArGIS 10.8 to extract the land-use data within the
administrative boundary of Beijing, created a fishnet with a grid unit of 1 km × 1 km, and
obtained 16,958 grid units. The area of various land-use types in each grid was counted,
and we calculated the ESV of each grid unit.
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2.3. Methods
2.3.1. Estimation of the ESVs

Costanza et al. [1] proposed the method of equivalent value factor per unit ecosystem
area at the global scale, which set the unit ecosystem as the standard functional unit at a
large scale that provided ecological service products. The formula for calculating the ESV
derived from the model proposed by Costanza et al. [1] is as follows:

ESV = ∑n
i=1(Ak × VCk) (1)

ESVf = ∑n
i=1(Ak × VCfk) (2)

where ESV and ESVf represent the total ESV and the value of the fth ES, respectively. Ak
represents the area of land-use type k. VCk and VCfk are the value coefficients of the ES
type f and land-use type k, respectively.

The equivalent factor method developed by Xie et al. [10] belongs to the unit-value-
based approach developed by Constanza [1]. Based on the framework of Costanza et al. [1]
and data from MEA [2], Xie et al. [32] grouped the ESs into four types and nine sub-types for
China. In the equivalent factor method, the economic value of each ES from an ecosystem
is estimated as the product of equivalent coefficients (dimensionless) and the economic
value represented by one standard equivalence factor (CNY·ha−1·a−1). The idea is to
establish unified evaluation factors to evaluate the value of ecosystem services. Once the
value of any one of the ESVs can be calculated, the other types of ESVs can be calculated
accordingly. The equivalent coefficient reflects the relative weight of ESV for a certain
ecosystem compared to the standard ecosystem (e.g., cropland) [10,32]. Then, the total
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ESV is summed with the value of different ecosystem services. The overall calculation is
as follows:

ESVj = ∑k
n=1 EafjkSk (3)

where ESVj indicates the ecosystem service value of ES type j; fjk stands for the ESV
equivalent coefficients; Sk is the area of land-use type k; Ea represents the value of the
standard equivalent factor, that is, the economic value of the average annual natural grain
yield per hectare of cropland (CNY/ha).

To obtain the equivalent coefficients, Xie et al. [32] conducted a questionnaire survey of
more than 700 professionals with an ecological background in China in 2003 and 2008. They
developed the table named ‘Ecosystem service value per unit area for Chinese terrestrial
ecosystems’, which shows the equivalent coefficients of all ESs [32]. According to the
previous study in Beijing [33], we selected nine ESs, including food supply (FS), raw
material supply (RMS), air-quality regulation (AQR), climate regulation (CR), regulation
of water flows (WFR), soil conservation (SC), nutrient cycling (NC), habitat quality (HQ),
and landscape aesthetics (LA), from the four ES groups. The equivalent coefficients for the
ecosystem services and land-use types in this study are shown in Table 1.

Table 1. The equivalent coefficients table of corresponding ESs and ecosystems by Xie [22].

Ecosystem Type
Provisioning

Services Regulating Services Supporting Services Cultural
Services

FS RMS AQR CR WFR SC NC HQ LA

cropland 0.85 0.40 0.67 0.36 0.27 1.03 0.12 0.13 0.06
forest 0.31 0.71 2.35 7.03 3.51 2.86 0.22 2.60 1.14
shrub 0.19 0.43 1.41 4.32 3.35 1.72 0.13 1.57 0.69

grassland 0.38 0.56 1.97 5.21 3.82 2.40 0.18 2.18 0.96
water 0.80 0.23 0.77 2.29 102.24 0.93 0.07 2.55 1.89

barren land 0.00 0.00 0.02 0.00 0.03 0.02 0.00 0.02 0.01
wetland 0.51 0.50 1.90 3.60 24.23 2.31 0.18 7.87 4.73

However, this table only concerns the equivalent coefficients at the average level in
China, and the ESV is closely related to biomass. When the biomass is greater, the ecological
service is stronger. Therefore, we modified the table using the biomass-based regional
correction coefficients. According to the regional correction coefficient table by Xie [34]
(Table 2), the biomass factor of the cropland ecosystem in Beijing is 1.04. Therefore, the
equivalent factor of ecosystem services in Beijing is 1.04 times that of the national level
in China.

Table 2. The regional correction coefficients of the equivalent coefficients based on biomass factor in
China [34].

Region Biomass
Factor Region Biomass Factor Region Biomass

Factor

Beijing 1.04 Anhui Province 1.17 Sichuan Province 1.35
Tianjin 0.85 Fujian Province 1.56 Guizhou Province 0.63

Heibei Province 1.02 Jiangxi Province 1.51 Yunnan Province 0.64
Shanxi Province 0.46 Shandong Province 1.38 Tibet 0.75
Inner Mongolia 0.44 Henan Province 1.39 Shaanxi Province 0.51

Liaoning Province 0.90 Hubei Province 1.27 Gansu Province 0.42
Jilin Province 0.96 Hunan Province 1.95 Qinghai Province 0.40

Heilongjiang Province 0.66 Guangdong Province 1.40 Ningxia 0.61
Shanghai 1.44 Guangxi 0.98 Xinjiang 0.58

Jiangsu Province 1.74 Hainan Province 0.72 National average level 1.00
Zhejiang Province 1.76 Chongqing 1.21
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The standard equivalent factor serves as the benchmark for other ESs. The value of the
standard equivalent factor of the unit ESV is defined as the economic value of the annual
natural grain yield of the national average yield of 1 ha. However, because it is difficult to
completely eliminate human interference and accurately measure the food value provided
by cropland ecosystems only by natural processes, Xie [10] regards the net profit of grain
production per unit area of cropland ecosystems as a standard equivalent factor value,
which is equal to 1/7 of the market value of the national per-unit grain yield that year [10].
The formula is as follows:

Ea =
1
7∑n

i=1
mipiqi

M
(4)

Ea represents the value of the standard equivalent factor, that is, the economic value
of the average annual natural grain yield per hectare of cropland (CNY/ha); i refers to the
grain type, pi stands for the national average price of grain type i in a certain year (CNY/t);
qi is the yield per unit area of grain type i (t/ha); mi represents the planting area (ha) of
grain type i; M stands for the total planting area (ha) for all grain types.

In this study, we used the planting area, annual yield, and national average price of
the three main crops of rice, wheat, and maize in Beijing to calculate the economic value.
The planting area and annual yield of each grain type (i.e., rice, wheat, and maize) were
collected from the Beijing Statistical Yearbook in 2000, 2010, and 2020 [26–28]. The national
average price of each grain type in the study period was obtained from the Data Collection
of Cost and Income of National Agricultural Products [29–31]. Based on the statistical
data and Formula (4), we obtained the value of the standard equivalent factor in Beijing
(Table 3).

Table 3. Statistical data used for calculation of the value of the standard equivalent factor [26–31].

Grain Type

2010 2010 2020

Planting
Area (ha)

Annual
Yield (t/a)

National
Average Price

(CNY/t)

Planting
Area (ha)

Annual
Yield (t/a)

National
Average Price

(CNY/t)

Planting
Area (ha)

Annual
Yield (t/a)

National
Average Price

(CNY/t)

Rice 14,062.9 93,575 1034.8 299.1 1892.3 2360 203.2 1361.5 2750.8
Wheat 121,686.7 668,508 1008.6 61,566.1 283,835.3 1980.2 8201.8 45,221.9 2283.6
Maize 135,808 587,098 856.2 14,970.5 841,674 1872.4 35,646 241,861.9 2311.2

Ea (CNY·ha−1·a−1) 670.1 3983.4 2159.9

The value coefficient of the ES type and the land-use type per unit area in Beijing were
obtained based on the equivalent coefficients, regional correction coefficient, and value
of the standard equivalent factor (Table 4). Then, the total ESVs in 2000, 2010, and 2020
were estimated based on the value coefficient and area of each land-use type according to
Formula (3).

2.3.2. Ecological Services Change Index (ESCI)

The ESCI describes the change in ES to indicate the relative gain or loss of each
ESV [35]. The calculation formula is as follows:

ESCIx =
ESVCURx − ESVHISx

ESVHISx

(5)

where ESCIx represents a single ecosystem service change index; ESCURx stands for the ESV
in the final state; ESHISx stands for the ESV in the initial state. An ESCI value of 0 indicates
there is no change in the ESV; that is, no gain or loss. A negative ESCI value indicates the
loss of ESV, whereas a positive value indicates the gain in ESV.
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Table 4. The value coefficient of the ES type and the land use type per unit area in Beijing from 2000
to 2020 (unit: CNY·ha−1·a−1).

Land-Use
Type Year

Provisioning
Services Regulating Services Supporting Services Cultural

Services

FS RMS AQR CR WFR SC NC HQ LA

Cropland
2000 592.4 278.8 13.9 466.9 250.9 69.7 188.2 717.8 83.6
2010 3521.3 1657.1 82.9 2775.6 1491.4 414.3 1118.5 4267.0 497.1
2020 1909.3 898.5 44.9 1505.0 808.6 224.6 606.5 2313.6 269.6

Forest
2000 216.0 494.8 257.9 1637.7 4899.1 1386.8 2446.1 1993.1 153.3
2010 1284.2 2941.3 1532.8 9735.4 29,123.4 8244.0 14,541.0 11,848.2 911.4
2020 696.3 1594.8 831.1 5278.7 15,791.0 4470.0 7884.3 6424.2 494.2

Shrub
2000 132.4 299.7 153.3 982.6 3010.5 892.0 2334.6 1198.6 90.6
2010 787.1 1781.4 911.4 5841.2 17,896.6 5302.7 13,878.1 7125.5 538.6
2020 426.8 965.9 494.2 3167.2 9703.7 2875.2 7524.9 3863.5 292.0

Grassland
2000 264.8 390.3 216.0 1372.9 3630.8 1198.6 2662.1 1672.5 125.4
2010 1574.2 2319.9 1284.2 8161.2 21,583.6 7125.5 15,825.2 9942.5 745.7
2020 853.6 1257.9 696.3 4425.1 11,702.9 3863.5 8580.6 5391.0 404.3

Water
2000 557.5 160.3 5777.2 536.6 1595.9 3867.7 71,249.3 648.1 48.8
2010 3314.2 952.8 34,343.2 3189.9 9486.8 22,992.1 423,552.3 3852.7 290.0
2020 1797.0 516.6 18,621.3 1729.6 5143.9 12,466.6 229,654.9 2089.0 157.2

Barren land
2000 0 0 0 13.9 0.0 69.7 20.9 13.9 0
2010 0 0 0 82.9 0.0 414.3 124.3 82.9 0
2020 0 0 309.1 0 1545.5 463.6 309.1 0.0 309.1

Wetland
2000 35.2 182.4 133.8 253.6 253.6 1706.8 162.7 12.7 554.4
2010 2112.8 2071.4 10,729.7 7871.2 14,913.8 14,913.8 100,378.2 9569.7 745.7
2020 1145.6 1123.1 5817.8 4267.8 8086.4 8086.4 54,426.2 5188.8 404.3

2.3.3. Trade-Offs and Synergies among the ESs

• Static Correlation Analysis

Since the distribution of the geospatial data has non-linear and non-normal char-
acteristics, it is preferred to use non-parametric correlation analysis [36]. We used the
Spearman correlation analysis to quantify the trade-offs and synergies among nine ESVs.
Firstly, the min–max normalization was carried out for nine ESVs, and then sample points
were collected based on the 1 km × 1 km fishnet. We used the ‘corrplot’ package in R
4.2 [37] to conduct the Spearman correlation analysis, which can effectively measure the
monotonic relationship between data pairs and capture the non-linear correlation without
being sensitive to outliers [38]. When the correlation coefficient is positive and passes the
significance test, it indicates that the ES pair has significant synergy; when the correlation
coefficient is negative and passes the significance test, it indicates that they have a signifi-
cant trade-off. The greater the absolute value of the correlation coefficient, the higher the
degree of trade-off or synergy [39].

• GWR Model

The GWR model was modified based on the traditional regression framework and can
test spatial instability [40]. In order to quantify the spatial differentiation of the relationship
between the ESs, we used the “GWModel” package in R 4.2 [41]. Since the ESs are spatially
non-stationary and affected by spatial heterogeneity, we used ESVs as the independent and
dependent variables in this study. The formula is as follows:

yi = β0(ui, vi) + ∑k
j=1 βj(ui, vi)xij + εi (6)

where xij and yi refer to the regression independent variable and the dependent variable;
β0(ui, vi) is the intercept constant at point i; βj(ui, vi) refers to the regression coefficient
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of the jth parameter of point i, reflecting the spatial differentiation of the influence of
different parameters. The positive and negative signs of the coefficients represent the
positive and negative correlations, and the magnitude shows the correlation degree; (ui, vi)
refers to the spatial location of point i; εi represents the random error; k is the number of
independent variables.

3. Results
3.1. Land-Use Change

Table 5 shows that forest covers the largest area in Beijing, followed by cropland,
built-up area, grassland, water, and shrub. The cropland area decreased by 8.4% from 2000
to 2020, while the built-up area increased by 7.9%. The land-use map shows the expansion
of the built-up area from 2000 to 2020 (Figure 2). The forest and shrub areas had a minor
increase of 1.3% and 0.2%, respectively. The grassland increased by 0.1 from 2000 to 2010
and decreased by 1.2% from 2010 to 2020. The water area decreased by 0.3% and then
increased by 0.43% in the second period. The barren land and wetland covered a very small
proportion of the study area, and their changes can be disregarded.

Table 5. Area and proportion of land-use types in Beijing from 2000 to 2020.

Year Cropland Forest Shrub Grassland Water Barren
Land

Built-Up
Area Wetland

2000
Area (ha) 558,338.2 778,504.1 3499.7 50,517.8 20,319.0 98.7 229,247.3 0

Proportion (%) 34.0 47.5 0.2 3.1 1.2 0.0 14.0 0

2010
Area (ha) 470,421.7 783,092.5 5170.8 53,215.1 15,495.9 93.1 313,035.8 0

Proportion (%) 28.7 47.7 0.3 3.2 0.9 0 19.1 0

2020
Area (ha) 420,407.3 800,054.7 6726.1 32,475.2 22,435.7 55.1 358,550.6 0.5

Proportion (%) 25.6 48.8 0.4 2.0 1.4 0 21.9 0
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Figure 2. Land-use distribution in Beijing from 2000 to 2020 (a) 2000, (b) 2010, (c) 2020.

According to the Sankey diagram (Figure 3), the transformation directions of the
land-use types were similar in the two periods. The decrease in cropland resulted from the
conversion into the built-up area (126,671.2 ha) and forest (23,265.72 ha). The transforma-
tion from cropland into built-up area was the land-use conversion with the largest area
proportion, which indicates that a large amount of cropland was occupied in the urbaniza-
tion process. The increase in forest was mainly due to conversion from the cropland and
grassland. Grassland was mainly converted from cropland and forest.
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3.2. Temporal Change in the ESVs

From 2000 to 2020, the total ESV in Beijing increased from CNY 15.0 billion to 52.0 billion,
with an increase rate of 246.48%, which was mainly contributed by forest, crop, and water
(Table A1, Figure 4). Among all the land-use types, forest provided the highest ESV (>70%),
followed by water and cropland. The total ESV and the ESVs provided by all land-use types
increased from 2000 to 2010. During this period, the ESVs of forest, water, and grassland
increased by CNY 56.0 billion, 5.6 billion, and 3.3 billion, respectively. However, the total ESV
and the ESVs provided by forest, grassland, water, and shrub decreased during the second
period. All the ESVs in 2020 were higher than the values in 2000.

Forests 2023, 14, x FOR PEER REVIEW 9 of 18 
 

 

 
Figure 4. The percentage of ESVs of each land-use type in Beijing from 2000 to 2020 (FS: food supply, 
RMS: raw material supply, AQR: air-quality regulation, CR: climate regulation, WFR: regulation of 
water flows, SC: soil conservation, NC: nutrient cycling, HQ: habitat quality, LA: landscape aesthet-
ics). 

According to the ESV results (Table A2, Figure 4), the regulating services covered the 
largest proportion of the total ESV, more than 60%. This was followed by the supporting 
services (about 25%), while the values of provisioning services and cultural services were 
relatively low. For the individual ESs, the values of CR, WFR, and SC were higher than 
the other values. The values of all ESs increased from 2000 to 2010; however, only the value 
of FS increased from 2010 to 2020. Despite the decrease in most ESVs during the second 
period, the values of all ESs had an overall increase from 2000 to 2020. 

3.3. Spatial Change in the Total ESV 
3.3.1. Spatial Distribution of the total ESV 

The spatial distribution result of the total ESV on the 1 km x 1 km grid (Figure 5 and 
Table 6) shows that the total ESV in Beijing changed significantly from 2000 to 2020. Each 
year, the low ESV was mainly located within the urban built-up area, while the high ESV 
was mostly distributed in the forest, grassland, and water areas. As for the spatial changes 
in the ESV distribution from 2000 to 2020 (Table 3), the area proportion with the low ESV 
(<CNY 1000 million) decreased from 54.6% in 2000 to 39.2% in 2020. The area with a rela-
tively low ESV (CNY 1000~3000 million) decreased continuously from 44.4% to 12.5%. The 
medium ESV (CNY 3000~5000 million) area increased from 0.4% to 46.4%. The area with 
a relatively high ESV (CNY 5000~7000 million) increased by 14.5% from 2000 to 2010 and 
then decreased by 14.6% during the second period. There was almost no area with a high 
ESV (>CNY 7000 million) in 2000. The proportion increased to 35% in 2010 and then de-
creased to 1.5% in 2020. 

 

Figure 4. The percentage of ESVs of each land-use type in Beijing from 2000 to 2020 (FS: food supply,
RMS: raw material supply, AQR: air-quality regulation, CR: climate regulation, WFR: regulation of water
flows, SC: soil conservation, NC: nutrient cycling, HQ: habitat quality, LA: landscape aesthetics).

According to the ESV results (Table A2, Figure 4), the regulating services covered the
largest proportion of the total ESV, more than 60%. This was followed by the supporting
services (about 25%), while the values of provisioning services and cultural services were
relatively low. For the individual ESs, the values of CR, WFR, and SC were higher than the
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other values. The values of all ESs increased from 2000 to 2010; however, only the value
of FS increased from 2010 to 2020. Despite the decrease in most ESVs during the second
period, the values of all ESs had an overall increase from 2000 to 2020.

3.3. Spatial Change in the Total ESV
3.3.1. Spatial Distribution of the Total ESV

The spatial distribution result of the total ESV on the 1 km x 1 km grid (Figure 5
and Table 6) shows that the total ESV in Beijing changed significantly from 2000 to 2020.
Each year, the low ESV was mainly located within the urban built-up area, while the high
ESV was mostly distributed in the forest, grassland, and water areas. As for the spatial
changes in the ESV distribution from 2000 to 2020 (Table 3), the area proportion with the
low ESV (<CNY 1000 million) decreased from 54.6% in 2000 to 39.2% in 2020. The area with
a relatively low ESV (CNY 1000~3000 million) decreased continuously from 44.4% to 12.5%.
The medium ESV (CNY 3000~5000 million) area increased from 0.4% to 46.4%. The area
with a relatively high ESV (CNY 5000~7000 million) increased by 14.5% from 2000 to 2010
and then decreased by 14.6% during the second period. There was almost no area with a
high ESV (>CNY 7000 million) in 2000. The proportion increased to 35% in 2010 and then
decreased to 1.5% in 2020.
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Table 6. Changes in ESV area at different grades from 2000 to 2020.

Year
ESV (Million CNY)

0 < ESV ≤ 1000 1000 < ESV ≤ 3000 3000 < ESV ≤ 5000 5000 < ESV ≤ 7000 ESV > 7000

2000
Area (km2) 9252 7535 73 91 1

Proportion (%) 54.6 44.4 0.4 0.5 0

2010
Area (km2) 3673 3771 1056 2540 5949

Proportion (%) 21.6 22.2 6.2 15 35

2020
Area (km2) 6670 2116 7890 68 250

Proportion (%) 39.2 12.5 46.4 0.4 1.5

3.3.2. Distribution of the ESCI

The ESCI distribution in three periods (2000–2010, 2010–2020, 2000–2020) shows the
spatial characteristics of gain (ESCI > 0) and loss (ESCI < 0) of the total ESV (Figure 6).
During the first period, the ESCI values in 99.2% of the study area were greater than 0,
indicating that the total ESV increased in almost all areas. However, the ESCI values in
98.2% of Beijing were lower than 0 from 2010 to 2020, which indicates the general loss of
the total ESV. The area where ESV significantly decreased was the built-up area with high
expansion intensity. The area with the gain of ESV from 2000 to 2020 covered 95.4% of
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the study area, and the loss of ESV was mainly distributed in the central urban area and
southern part of Beijing.
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3.4. Trade-Offs and Synergies among the ESVs
3.4.1. Spearman Correlation of the ES Pairs

The Spearman correlation analysis was conducted to quantify the degree and direction
of interaction among nine ESs from a static point of view. A total of 36 ES pairs passed
the significance test (p < 0.01); that is, all the ESs were significantly correlated. In 2000
and 2010, 28 ES pairs were positively correlated, which indicated that 77.8% of them
showed a synergistic relationship (Figure 7). The eight ES pairs related to FS had a trade-off
relationship in 2000 and 2010. In 2020, only four pairs were negatively correlated: FS-CR,
FS-WFR, FS-HQ, and FS-LA. This indicated that the relationship between FS-RMS, FS-SC,
and FS-NC changed from a trade-off to synergy. Among the ES pairs with a trade-off
relationship, the correlation coefficients of FS-CR, FS-WFR, FS-HQ, and FS-LA continuously
increased, which shows a weaker degree of interaction during the study period. The
coefficients of 22 ES pairs with a synergistic relationship increased from 2000 to 2020,
indicating a stronger degree of synergy. The coefficients of 10 ES pairs, including RM-AQR,
RMS-NC, AQR-CR, AQR-SC, AQR-NC, AQR-LA, CR-HQ, CR-LA, SC-HQ, and HQ-LA,
stayed the same, indicating relatively stable synergies.

3.4.2. Spatial Distribution of Trade-Offs and Synergies

The GWR results show the dynamic trade-offs and synergies among the ESs from 2000
to 2020 (Figure 8). Comparing the proportion of grids with the trade-off and synergistic
relationships, the proportion of synergies was higher than trade-offs for most ES pairs
except the food supply-related pairs, indicating that most pairs were dominated by the
synergistic relationship in space. On the contrary, the ES pairs, including FS-CR, FS-HQ,
FS-WFR (in 2000), and FS-LA (in 2000 and 2010), were dominated by the trade-offs, which
was consistent with the result of the correlation analysis. The high degree of trade-off
grids was mainly distributed in the northern and western mountainous areas of Beijing.
As for the ES pairs dominated by trade-offs (e.g., FS-CR, FS-HQ, FS-WFR, and FS-LA), the
proportion of trade-offs decreased during the study period, which indicates weaker trade-
offs in 2020. For the ES pairs dominated by synergies, the proportion of synergies increased
continuously from 2000 to 2020 (e.g., RMS-AQR, RMS-CR, RMS-WFR, RMS-SC, RMS-NC,
AQR-CR, AQR-SC, AQR-NC, CR-WFR, CR-SC, CR-NC, WFR-SC, WFR-NC, WFR-LA,
SC-NC, and HQ-LA), indicating that the synergies gradually strengthened. The proportion
of synergies for the ES pairs, including RMS-HQ, RMS-LA, AQR-HQ, AQR-LA, CR-HQ,
CR-LA, WFR-HQ, SC-HQ, SC-LA, NC-HQ, and NC-LA, increased from 2000 to 2010 and
then decreased in the second period although synergies still covered a large proportion.
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(a) 2000, (b) 2010, (c) 2020, FS: food supply, RMS: raw material supply, AQR: air-quality regulation,
CR: climate regulation, WFR: regulation of water flows, SC: soil conservation, NC: nutrient cycling,
HQ: habitat quality, LA: landscape aesthetics).
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4. Discussion
4.1. Spatio-Temporal Changes in the ESVs

The total ESV increased from CNY 15.0 billion to 82.3 billion from 2000 to 2010 and
decreased to CNY 52.0 billion in 2020 (Tables A1 and A2). For the change in a single ESV
(Table A2), only the value of food supply service underwent a continuous increase from
2000 to 2020. Although the cropland area was smaller in 2020 than in 2000, the value of the
food supply service showed an increasing trend between the years. This agrees well with
previous findings of increasing food yield in north China in recent decades [42]. Changes
in the area of cropland are usually the main factor explaining the change in food supply
service values [43]. However, other important factors also influence food supply service,
such as planting density, crop varieties, sowing mechanization, fertilizer application, and
so on [44]. With limited cropland area, the fertilizer amount in north China increased to
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support the high grain yields [45], which could explain the increase in the food supply
service value despite the decrease in cropland in the study area. The values of other ESs,
including raw material supply, air quality regulation, climate regulation, regulation of
water flows, soil conservation, nutrient cycling, habitat quality, and landscape aesthetics,
experienced a fluctuation; that is, they increased from 2000 to 2010 and then decreased,
which was in line with the change in the total ESV.

The change in ESV might be partly due to the change in the value of the standard
equivalent factor, which increased in the first period and decreased from 2010 to 2020
(Table 3). From 2000 to 2010, the areas of forest, grassland, and shrub increased by 0.2%,
0.1%, and 0.1%, respectively, while the built-up area expanded by 5.1%. The large increase
in the total ESV might result from the increase in the value of the standard equivalent
factor rather than the slight increase in natural ecosystem areas. The decrease in ESV in the
second period might result from the growth in built-up areas, largely driven by cropland
decline. This is demonstrated by many relevant studies. For example, Zhou et al. [46]
found continuous expansion of urban built-up areas in cities of the Beijing–Tianjin–Hebei
Region from 2000 to 2020, and economic growth promoted urban expansion, especially
after the Beijing Olympic Games in 2008.

The spatial distribution of ESV (Figure 5) shows a similar pattern in 2000, 2010, and
2020; that is, high ESVs are mainly concentrated in mountainous and hilly areas in the
north and southwest of Beijing, while the low-value areas were located in the central urban
area. Xu et al. [47] quantified the habitat quality, water yield, and carbon storage values in
Beijing, and the spatial distribution pattern of ESV was similar to that of this study. The
high ESV in the mountainous areas might be related to the rich forest resources in these
areas. According to the previous study by Chen [48], forest resources show a pattern of
more forest in mountainous areas and less forest in plains, as well as more forest outside
urban areas and less forest in urban areas. Zhu [49] estimated the forest biomass in Beijing
and found that the areas with high biomass were mainly distributed in the north and
southwest of Beijing, while the areas with low biomass were mainly distributed in the
southeast and central areas of Beijing. Although forests provide more than 70% of the total
ecosystem value (Table A1), the forest area remained about 47% of the total area, which
did not change much over the study period. The low ESV in the central area might result
from the large built-up area and high population density. It has been demonstrated that the
specific degree of ESV loss due to the expansion of built-up land is related to the expansion
degree of built-up area and the land-use transformation process [50].

4.2. Trade-Off and Synergy among the ESs

According to the correlation analysis (Figure 7), there are synergistic relationships
among most of the ESs, except the food supply service. Schmalz et al. [51] regard ecosys-
tem services, including water yield, soil retention, water purification, climate regulation,
and biodiversity, as water-related ecosystem services (WESs), i.e., products of interactions
between water ecosystems and their surrounding terrestrial ecosystems. Food supply is im-
portant for food security. It has been found that, when combined with fertilizer application,
food production can directly lead to water quality pollution and soil fertility degradation,
which can cause permanent damage to WESs [52]. The analysis of the relationship between
water-related ecosystem services and food supply [53] shows an increasingly prominent
trade-off between food supply services and water-related ecosystem services: the food
supply caused water pollution and declining soil retention. The balance between food
supply and other ESs is an essential prerequisite for achieving both ecological protection
and agricultural sustainability. Measures such as the construction of shelterbelts on crop-
land could be used to reduce the impacts on the other ESs [54]. It is also important to
increase the level of forest coverage in plains areas in Beijing and use a combination of
needle/broadleaf trees and shrubs to improve the ecological benefits.

In all ES pairs with synergies, the correlation coefficient of ES pairs, including the
regulation of water flows (WFR), was slightly lower than the coefficients of other ES pairs.
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The regulation service of water flow is closely related to the vegetation type, climate
(e.g., precipitation, temperature), and transpiration [55]. The water capture and through-
flow control components of flow regulation can be maintained when land cover is modified,
provided sufficient vegetation canopy or basal cover is retained. The scarcity of water
resources in Beijing could also be a reason for the limitation of water-regulation services.
Therefore, increasing precipitation resources, water body area, and vegetation cover can
enhance the synergies between regulating water flows and other ESs.

Different ES pairs have different synergies and trade-offs at the grid level (Figure 8). In
this study, the type and intensity of relationships among ESs showed spatial heterogeneity
(Figure 8). In previous studies, it was found that human activities and ecosystem conditions
are the main factors that determine where trade-offs or synergies may occur [56,57]. For
example, Figure 8 shows a strong trade-off between food supply services and the regulation
of water flows, as well as nutrient cycling services in the north and west of Beijing, which
is mostly a mountainous area with forests. It has been found that ESs such as food supply,
raw material supply, regulation of water flows, and nutrient cycling in suburban areas
are influenced by demands for food, recreation, and housing [58]. In recent years, many
ecological projects, such as the Beijing Plains Afforestation Project [59], the Beijing–Tianjin
Sand Source Control Project [60], and the ecological restoration projects on groundwater
in the Yongding River Basin [61], have been implemented in Beijing and surrounding
cities. However, the trade-offs between ecosystem services were not fully considered
in these projects, which caused the incomplete improvement of ESs in some places. In
addition to the ecological projects, it is essential to conduct sustainable land-use practices to
maximize the benefit of ESs [62]. Policymakers should take measures such as controlling the
urban built-up area, increasing the green space area and enhancing vegetation protection,
implementing high-quality eco-agriculture, and reducing pollutant emissions to balance
the relationship between ESs. In areas with ES synergies, policymakers should focus on
ecological protection and natural restoration to strengthen the synergy intensity.

4.3. Future Outlook

There are still uncertainties concerning the results of this study due to certain limita-
tions. Firstly, the complexity, dynamics, and non-linear characteristics of the ecosystem may
introduce defects into the equivalent factor method. Although we used the biomass factor
to modify the equivalent coefficient, the local differences should be quantified using more
specific parameters. Therefore, a more accurate evaluation model should be developed to
improve the comprehensiveness and scientific nature of ESV evaluation in further research.
Secondly, this study shows the spatial heterogeneity of trade-offs and synergy. In future
research, we will evaluate the ESs through a more comprehensive index system and explore
the influencing factors and driving mechanism of the trade-offs and synergies from the
perspective of economic, social, and ecological coupling systems.

5. Conclusions

In this study, we explored the spatial and temporal changes in the ESVs, as well as
their trade-offs and synergies, in Beijing from 2000 to 2020. The results show the following:

(1) The total ESV in Beijing increased from CNY 15.0 billion to 52.0 billion during the
study period, experiencing the process of first rising and then falling. Among all the
land-use types, forest provides the highest ESV, followed by water and cropland. The
regulating services covered the largest proportion of the total ESV, followed by the
supporting services;

(2) The spatial distribution of the ESVs in the study area was closely related to land-use
types. The highest ESV was distributed in areas with abundant forest resources, and
the low ESV was mainly concentrated in urban built-up areas. The area where the
total ESV significantly decreased from 2010 to 2020 was the built-up area with high
expansion intensity;
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(3) The static correlation analysis and GWR model indicate that synergy was the dominant
relationship between the ESs during the study period, and trade-offs mainly existed
between FS and other services. Local food production activities should pay attention to
the protection and restoration of the other ESs. The degree and direction of interaction
between various ESs changed from 2000 to 2020, and the synergistic degree of most
ES pairs strengthened.

These results can help to identify the changing characteristics of various ESs, clarify
the interaction process of different ecosystems at the city scale, and provide a reference for
targeted policies and measures, such as ecological space regulation, in order to promote
ecological protection in Beijing.
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Appendix A

Table A1. The ESVs of land-use types in Beijing from 2000 to 2020.

Land-Use Type

2000 2010 2020 Change Rate (%)

ESV
(Million

CNY)

Proportion
(%)

ESV
(Million

CNY)

Proportion
(%)

ESV
(Million

CNY)

Proportion
(%) 2000–2010 2010–2020 2000–2020

Cropland 1513.6 10.1 3676.1 4.5 7580.9 14.6 142.9 106.2 400.9
Forest 11,246.6 75.0 67,250.9 81.7 37,254.3 71.7 498.0 −44.6 231.2
Shrub 33.7 0.2 295.8 0.4 208.7 0.4 778.3 −29.5 519.6

Grassland 621.7 4.1 3893.2 4.7 1288.2 2.5 526.2 −66.9 107.2
Water 1582.7 10.6 7174.7 8.7 5632.8 10.8 353.3 −21.5 255.9

Barren land 0.007 0 0.04 0 0.8 0 459.4 1901. 11,094.2
Wetland 0 0 0 0 0.05 0 - - -

Total ESV 14,998.2 82,290.8 51,965.6 448.7 −36.9 246.5

Table A2. The values of a single ecosystem service in Beijing from 2000 to 2020 (FS: food supply, RMS:
raw material supply, AQR: air-quality regulation, CR: climate regulation, WFR: regulation of water
flows, SC: soil conservation, NC: nutrient cycling, HQ: habitat quality, LA: landscape aesthetics).

Ecosystem
Type

2000 2010 2020

ESV (Million CNY) Proportion (%) ESV (Million CNY) Proportion (%) ESV (Million CNY) Proportion (%)

FS 524.1 3.5 1948.1 2.4 2285.3 4.4
RMS 564.9 3.8 2828.8 3.4 2114.4 4.1
AQR 1619.3 10.8 8770.8 10.7 5732.8 11.0
CR 4180.4 27.9 24,534.6 29.8 13,896.1 26.7

WFR 3599.7 24.0 19,118.9 23.2 12,315.8 23.7
SC 2054.3 13.7 10,877.2 13.2 7395.0 14.2
NC 173.7 1.2 874.1 1.1 647.8 1.2
HQ 1577.8 10.5 9235.5 11.2 5237.1 10.1
LA 704.1 4.7 4102.8 5.0 2341.4 4.5

Total ESV 14,998.2 82,290.8 51,965.6
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