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Abstract: The assessment of ecosystem services provides an intuitive source of information on the
benefits humans derive from ecosystems. The equivalent factor method was applied to calculate the
ecosystem service value (ESV) in combination with net primary productivity (NPP) calculated by the
process-based Carnegie–Ames–Stanford approach (CASA) model. This study evaluated grassland
ESV and its spatial evolution characteristics in China from 2001 to 2020 and revealed the impact of
climate factors. For 2001–2020, the annual grassland ESV ranged from 1.17 × 1012 to 1.51 × 1012 yuan
(renminbi, China yuan—the same below; $0.15 × 1012–$0.20 × 1012, US dollar), with an average of
1.37 × 1012 yuan ($0.18 × 1012). The spatial pattern of ESV per unit area of grassland was notably
characterized by an increase from northwest to southeast. However, the value of grassland ecosystem
services was relatively large (exceeding 10× 106 yuan; $1.30× 106) in northern and western provinces
and was the lowest (less than 0.2 × 106 yuan; $0.03 × 106) in eastern and southern provinces. In the
last 20 years, grassland ESV has increased in most areas of China and has decreased only in some
western and northern areas. Compared with the first 10 years, the average ESV of grassland in most
areas increased in the last 10 years, usually by less than 20%. However, it decreased in the western
and northern parts of China, mainly concentrated in the alpine meadow and alpine grassland of the
Qinghai–Tibet Plateau and the grassland around the Yili region of Xinjiang. Precipitation was the
main regulating factor of grassland ESV and had a positive impact in 79% grassland areas, especially
in northern China. Evapotranspiration and sunshine hours exhibited a marginal impact on ESV,
but temperature and relative humidity had no significant effect. Overall, this study contributes to
exploring the spatiotemporal patterns of grassland ecosystem service value and the impact of climate
factors in China, thereby providing reliable guidance for grassland ecosystem management.

Keywords: ecosystem service value (ESV); grassland; regulator; CASA model; equivalent factor

1. Introduction

Ecosystem services are the benefits human populations derive, directly or indirectly,
from ecosystem functions [1], including provision, regulating, supporting, and cultural ser-
vices [2], or supply, regulation and cultural services [3,4], or other categories from different
classification systems. These services can support human survival and development and
play an irreplaceable role in maintaining the dynamic balance of the earth’s life support
system and environment. However, in recent decades, due to the influence of human
activities and natural factors, nearly 60% of global ecosystem services have degraded to
varying degrees [2,5–8], which seriously threatens human security and health and has
become one of the main problems affecting human sustainable development.

As the world’s population increases, the demand for ecosystem supply services and
other services is increasing [9]. At the same time, governments and managers always
expect the maximization of ecosystem service value [10]. The ecological environment
has deteriorated seriously. The interweaving of these factors means that the evaluation of
ecosystem services ought to be paid increasing attention and become a research priority [11].
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In particular, since the launch of the Millennium Ecosystem Assessment Project in 2001,
many countries have assessed ecosystem services at various scales. At the end of the 20th
century, some Chinese ecology and eco-economics scholars made a preliminary exploration
on the theory, method, and practical application of ecosystem service evaluation. Especially
since entering the 21st century, a large number of relative studies have emerged and some
valuable research results have been obtained [12]. This has greatly promoted the correct
understanding of ecological assets and the active implementation of ecological protection
measures. However, these studies have many deficiencies. For example, although many
studies focused on the effects of land use (e.g., Han et al., 2021 [13]) or the combined effects
of land use and climate change on ecosystem services (e.g., Schirpke et al., 2017 [14]), few
studies have addressed the specific effects of climate change or climate factors. In addition,
almost all existing studies were based on separate years and rarely involved continuous
time series.

Grassland is the production base of animal husbandry and the basis of herdsmen’s
life and cultural inheritance. On the one hand, grasslands provide multiple ecological
services, such as climate regulation, soil and water conservation, wind prevention and
sand fixation, soil improvement, and biodiversity maintenance [1,15]. On the other hand,
grasslands also have the ability to purify air, water, and soil pollutants through various
physical, chemical, and biological processes, which is conducive to ecosystem quality and
human health [16]. However, the long-term interference of human activities, coupled with
the influence of natural factors, such as climate change, have resulted in a decline in the
carrying capacity (e.g., the ability to support grazing) and the ability to resist natural risks
(e.g., drought) [17] of grassland ecosystems. As reported, about 50% of global grasslands
have been degraded [18–21], and temperate grasslands had lost more than 70% of their
natural cover by 1950 [2]. About 22% of China’s grassland was degraded before 2000 [22],
especially in the grassland of North China [23], while the degraded areas are still increasing
year by year [24]. As a result, the sustainable development of regional ecology, economy,
and society are directly affected. To some extent, this reflects the lack of understanding
of grassland ecosystem service status and function and potential economic value. Under
such a severe situation, it is of great practical significance to evaluate the economic value
of grassland ecosystem services in China for protecting and restoring the effectiveness of
grassland resources and making reasonable decisions for regional ecological protection and
economic development.

Over the past century, the earth’s climate has undergone significant changes character-
ized by global warming, which has had a significant impact on global ecosystems and their
important services [9]. Studies have shown that climate change has a negative impact on
59% of ecosystem services [25] and this impact is expected to increase rapidly around the
world in the future [26–29]. Climate change may profoundly affect the behavior patterns
and sensitivities of biotic/abiotic organisms, thereby promoting regulation, support, and
cultural services [29] or modifying the relationships and benefits related to ecosystem ser-
vices [30]. For grassland ecosystems, climate-induced changes had a significant impact on
the regulation and cultural services of grasslands in the French Alps, which even exceeded
the impact of grassland management decisions [31]. Drought and warming combined with
overgrazing led to desertification in some grassland areas in China [32]. The projected
future climate scenarios will also have a significant impact on grassland ecosystem services,
such as carbon stocks, in northern China [33]. For forest and other ecosystems, climate
change has also exhibited a profound impact on ecosystem services there (e.g., Gong et al.,
2017; Cui et al., 2021 [34,35]). Although it is well known that climate change is an important
cause of ecosystem service change [2,34,36], the exact influencing factors and driving effects
remain largely unclear. Therefore, studying the relationship between ecosystem services
and climate variation will help to better understand the driving mechanism of ecosystem
services change and lay a foundation for adaptation to climate change.

In view of this, this study constructed the index system and method of ESV evaluation
and comprehensively assessed the grassland ESV in China for 20 consecutive years. The
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main objectives of this research were to find out (1) how the value of grassland ecosystem
services has evolved over time and space; (2) the long-term economic benefits and ecological
conditions of grassland in China; and (3) whether the climatic variation is a potential
regulator of ESV change and which variable is the dominant factor involved.

2. Materials and Methods
2.1. Study Area

China is located in the east of Eurasia and on the west coast of the Pacific Ocean. The
latitude is 3◦51′–53◦33′ N, longitude is 73◦33′–135◦05′ E, and the elevation is −100–8000 m.
It crosses five climatic and thermal zones of tropical, subtropical, warm temperate, middle
temperate, and cold temperate zones. The annual precipitation ranges from 50–2000 m.

China’s grassland area is approximately 4 million km2, ranking second in the world,
and accounting for more than 40% of the national territory [37]. Grassland in China
is mainly distributed in the northeast, northwest, and the Qinghai–Tibet Plateau. The
grassland is divided into high, medium, and low coverage grassland (Figure 1; [38]). High
coverage grassland refers to natural grassland, improved grassland, and mowed grassland
covering >50%. This kind of grassland generally has good water conditions and dense grass
cover. Medium coverage grassland refers to natural grassland and improved grassland
with coverage of 20–50%. Generally, this kind of grassland has insufficient water and sparse
grass cover. Low coverage grassland refers to the natural grassland with coverage of 5–20%.
This kind of grassland is characterized by a lack of water, sparse grass cover, and poor
animal husbandry utilization conditions.

Diversity 2022, 14, x FOR PEER REVIEW 3 of 18 
 

 

driving mechanism of ecosystem services change and lay a foundation for adaptation to 
climate change.  

In view of this, this study constructed the index system and method of ESV evalua-
tion and comprehensively assessed the grassland ESV in China for 20 consecutive years. 
The main objectives of this research were to find out (1) how the value of grassland eco-
system services has evolved over time and space; (2) the long-term economic benefits and 
ecological conditions of grassland in China; and (3) whether the climatic variation is a 
potential regulator of ESV change and which variable is the dominant factor involved. 

2. Materials and Methods 
2.1. Study Area 

China is located in the east of Eurasia and on the west coast of the Pacific Ocean. The 
latitude is 3°51′–53°33′ N, longitude is 73°33′–135°05′ E, and the elevation is −100–8000 m. 
It crosses five climatic and thermal zones of tropical, subtropical, warm temperate, middle 
temperate, and cold temperate zones. The annual precipitation ranges from 50–2000 m. 

China’s grassland area is approximately 4 million km2, ranking second in the world, 
and accounting for more than 40% of the national territory [37]. Grassland in China is 
mainly distributed in the northeast, northwest, and the Qinghai–Tibet Plateau. The grass-
land is divided into high, medium, and low coverage grassland (Figure 1; [38]). High cov-
erage grassland refers to natural grassland, improved grassland, and mowed grassland 
covering >50%. This kind of grassland generally has good water conditions and dense 
grass cover. Medium coverage grassland refers to natural grassland and improved grass-
land with coverage of 20–50%. Generally, this kind of grassland has insufficient water and 
sparse grass cover. Low coverage grassland refers to the natural grassland with coverage 
of 5–20%. This kind of grassland is characterized by a lack of water, sparse grass cover, 
and poor animal husbandry utilization conditions. 

 
Figure 1. The distribution of the study area. 

2.2. ESV Evaluation Method 
Xie et al., (2008) [39] showed that, since ecosystem services give different subjective 

satisfaction to people in different social geographical environments, it will lead to 

Figure 1. The distribution of the study area.

2.2. ESV Evaluation Method

Xie et al. (2008) [39] showed that, since ecosystem services give different subjective
satisfaction to people in different social geographical environments, it will lead to different
marginal utility unit values. Therefore, based on Costanza et al. (1997) [1], Xie et al.
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(2003, 2008) [39,40] modified the value of each type of ecosystem service by extracting the
equivalent weight factors of ecosystem services in China according to a survey of 700 of
Chinese ecological experts. Meanwhile, after comparing a large number of results, Xie et al.
(2008) [39] confirmed that the unit prices of ecosystem services determined by him were
close to those estimated based on material quality, and the two were well comparable.
Subsequently, Xie’s method was widely used in China. Here, the equivalent factor method
modified by Xie et al. (2003) [40] based on Costanza et al. (1997) [1] was applied to
calculate the grassland ecosystem service value from 2001 to 2020 in China. The unit price
of ecosystem services determined by Xie et al. (2003) [40] is shown in Table 1.

Table 1. Ecosystem service value per unit area of grassland ecosystem type in China (yuan/hm2).

Categories Services Item (Sub-Categories) Unit Price/yuan (pi)

Regulating service Gas regulation 707.9
Climate regulation 796.4

Supporting service

Water conservation 707.9
Soil formation and protection 1725.5

Waste treatment 1159.2
Biodiversity protection 964.5

Provision service
Food production 265.5

Raw material production 44.3

Cultural service Recreation and culture 35.4

2.2.1. Model and Index System

The ESV evaluation equation [39,40], relevant indicators, and parameters are as follows:

ESV = ΣPi × A (1)

ESV is the total value of grassland ecosystem services in China. Pi is the revised unit
price of ecosystem services i of the grassland ecosystem. i = 1, 2, . . . , 9, respectively, repre-
senting nine ecosystem services: gas regulation, climate regulation, water conservation, soil
formation and protection, waste treatment, biodiversity protection, food production, raw
material production, recreation and culture; A is the area of grassland ecosystem in China.

The revised unit price of ecosystem services is adjusted by using biomass factors
as follows:

Pi = (b/B)pi (2)

where Pi is the revised unit price of ecosystem services i of the grassland ecosystem, the same
as above; B is the biomass per unit area of grassland in China, B = 1322 × 85% kg/(hm2·a); pi
is the unit price of ecosystem service i under the national average state in Table 1 put forward
by Xie et al. (2003) [40]; b is the biomass of the grassland ecosystem, b = NPP/(6 × 0.45).

The parameter setting and calculation process are as follows.
Biomass generally refers to the dry weight of all living biological organisms per

unit area, which is the dry matter accumulated by net productivity. At present, there
is no report on the relationship between grassland vegetation biomass and NPP at the
national scale of long time series in China. Grassland NPP is actually the biomass of
vegetation in a year. Therefore, the dry matter weight of grassland NPP was determined
as the annual biomass. According to Fang et al. (2010) [41], the average total biomass
of grassland in China was 479.56–773 g/m2. Piao et al. (2001) [42] obtained the average
aboveground and underground biomass of 98.0 and 602.5 g/m2, respectively (under-
ground/aboveground biomass was 6.14) using the model established by China Grassland
Resources Data in the 1990s. Yang et al. (2010) [43] calculated that the average aboveground
and underground biomass of grassland in China were 104.8 and 570.2 g/m2, respectively
(underground/aboveground biomass was 5.44). By integrating all of these multiple re-
search data, we calculated that the average aboveground and underground biomass were
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127.9 and 639.3 g/m2 (underground/aboveground biomass was 5.00). Therefore, the ratio
of underground/aboveground biomass is set as 5, that is, aboveground biomass accounts
for 1/6 of the total biomass.

The aboveground biomass of grassland vegetation is equal to the grass yield (air-dried
weight) minus the water content in air-dried grass. In this study, the moisture content of
the air-dried grass is 15% [44]. The yield of air-dried grass per unit area of grassland in
China is 1322 kg/(hm2·a) [44].

In addition, when the plant biomass (dry matter weight, unit: g) is converted to carbon
weight (unit: gC), the conversion coefficient is usually 0.45 [44]. The NPP unit in this
study is gC/m2. Therefore, when NPP is converted to dry matter mass, 0.45 is taken as the
conversion coefficient (divided by 0.45).

2.2.2. Assumptions

(1) Grassland area remained unchanged. Due to human disturbance and destruc-
tion, the area of major grassland pastoral areas has decreased by 0.4% in recent years in
China [45]. Meanwhile, due to the implementation of a large-scale ecological restoration
project—the Grain to Green Program (GTGP)—in the past 20 years, the area of artificial
grassland in China has been increasing. However, all of these changes in grassland area
caused by human activities constituted less than 1%. Therefore, in order to reveal the possi-
ble impact of climate change and eliminate the impact of land use type change induced
by human activities as much as possible, this study assumed that grassland area did not
change in different years, and therefore only 1-year land use type data were used.

(2) ESV based on biomass. Costanza et al. (1997) [1] showed that biomass not only
reflects the raw material production capacity of an ecosystem but also has an important
impact on other services of the ecosystem during the formation and accumulation of
biomass. Xie et al. (2003, 2008, 2015) [39,40,46] assumed that biomass can largely reflect the
differences in service capacity of different types of ecosystems. Therefore, it is assumed
that the intensity of an ecosystem service is linearly correlated with biomass, that is, the
greater the biomass, the stronger the ecosystem service capacity.

2.3. NPP Evaluation

The process-based Carnegie–Ames–Stanford approach (CASA) model, jointly devel-
oped by Stanford University, the Nature Conservation Society (TNC), and the World Wide
Fund for nature (WWF), is used to calculate vegetation NPP over 2001–2020. Compared
with the in situ NPP and MODIS-NPP, the performance of NPP according to the CASA
model was verified to be reliable. The CASA model is a satellite-based light use efficiency
model. The model expression and parameter setting were detailed in the work of Potter
et al. (1993), Luo et al. (2020), and Zhang et al. (2021) [47–49]. In brief, absorbed photosyn-
thetically active radiation (APAR) and actual light use efficiency (ε) are used to estimate
NPP; the equation is as follows:

NPP(x, t) = APAR(x, t) × ε(x, t) (3)

where NPP is the net primary productivity (gC/m2); APAR(x, t) represents the absorbed
photosynthetically effective radiation (MJ/m) absorbed by pixel x in the month t, which is
calculated from the normalized difference vegetation index (NDVI); and ε(x, t) represents
the actual light use efficiency of pixel x in the month t (gC/MJ).

Estimation of APAR
The effective solar radiation absorbed by vegetation and the absorption ratio of the

vegetation layer to the incident photosynthetically active radiation are used to estimate
APAR, using the following relation:

APAR(x, t) = SOL(x, t) × FPAR(x, t) × 0.5 (4)
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where SOL(x, t) represents the total solar radiation (Gc/m2·month) at pixel x in month
t and FPAR(x, t) represents the absorption ratio of the vegetation layer to the incident
photosynthetic effective radiation. The constant 0.5 represents the effective solar radiation
that the vegetation can use as a (wavelength is 0.4–0.7 µm) proportion of total solar radiation.
FPAR is derived based on NDVI; the calculations for FPAR were detailed in the work of
(Potter et al., 1993; Luo et al., 2020; Zhang et al., 2021) [47–49].

Estimation of light use efficiency
Light use efficiency refers to the ratio of the chemical potential of dry matter formed

per unit area in a given time to the photosynthetic effective radiant energy projected onto
the same area during the same period. Environmental factors affecting the photosyn-
thetic capacity of plants, viz., air temperature, soil moisture status, and the difference in
atmospheric water and vapor pressures, etc., can regulate the NPP of vegetation.

ε(x, t) × Tε1(x, t) × Tε2(x, t) ×Wε(x, t) × εmax (5)

where Tε1(x, t) and Tε2(x, t) indicate the stress effect of low temperatures and high tempera-
tures on light use efficiency; Wε(x, t) is the influence coefficient of water stress, reflecting
the influence of water conditions; and εmax is the maximum light use efficiency under ideal
conditions.

Tε1(x, t) = 0.8 + 0.02 × Topt(x) − 0.0005 × [Topt(x)]2 (6)

where Topt(x) is the optimum temperature for plant growth, representing the average
monthly temperature of a region measured in degrees Celsius when the NDVI values reach
the maximum in a given year.

Tε2(x, t) = 1.184/{1 + exp[0.2 × (Topt(x) − 10 − T(x))]} × 1/{1 + exp[0.3 × (−Topt(x) − 10 + T(x))]} (7)

When the average monthly temperature T(x, t) is 10 ◦C higher or 13 ◦C lower than
the optimum temperature Topt(x), then the monthly average temperature T(x, t) is equal to
2(x, t) and the optimum temperature Topt(x) is equal to half of 2(x, t).

W(x, t) = 0.5 + 0.5 × EET(x, t)/EPT(x, t) (8)

where EET is the actual regional evapotranspiration (mm) and EPT is the potential regional
evapotranspiration (mm).

2.4. Data Sources and Processing
2.4.1. Used Data

The data used for the NPP estimation by the CASA model include vegetation index,
land use/land cover, and climate (Table 2). Remote sensing data of mod17A3 annual NPP
and the monthly mod13A2 normalized vegetation index (NDVI) of global land vegetation
have been accessed for 20 years from 2001 to 2020 via the EOS/MODIS portal of NASA.
The land use type data for 2015 that were used were from the Data Center for Resources
and Environmental Sciences of the Chinese Academy of Sciences (RESDC) [38]. All the
climate data were from the high-resolution meteorological dataset downloaded from the
Chinese Meteorological Information Center (Table 2). GDP data came from the National
Bureau of Statistics. The data used for ESV calculations are shown in Table 2.

At present, both RMB yuan and US dollars were used in the research; RMB yuan was
usually used in domestic studies. In order to facilitate the comparison of domestic and
international research results, both the units of RMB yuan and US dollars were used in
this study. The 2007 benchmark price of 7.68 yuan/US $ was used according to Xie et al.
(2008) [39].
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Table 2. Input and output data of the model and data source.

Model/Output Input Data Data Source

ESV

Unit price Xie et al. (2003, 2008) [39,40]
Area RESDC (Xu et al., 2018) [39]

b Fang et al. (1996) [44]
B Fang et al. (1996) [44]

NPP CASA (as follows)

CASA/NPP
NDVI

The EOS/MODIS portal of NASA
(https://ladsweb.modaps.eosdis.nasa.gov,

accessed on 1 May 2021)

Climate data Chinese Meteorological Information Center
(http://cdc.cma.gov.cn, accessed on 1 July 2021)

Land use type RESDC (Xu et al., 2018) [38]

2.4.2. Data Analysis

All these spatial data were interpolated or resampled to a 1 km× 1 km resolution using
ArcGIS 10.0 (Esri, Redlands, CA, USA) before they were inputted into the models. The
spatial resolution of NPP and ESV values output by the model was 1 km× 1 km. According
to the test, the annual ESV and climate factor data conform to the normal distribution.
Therefore, Pearson’s rank correlation analysis was conducted to explore the relationship
between grassland ESV and climate factors across an annual range at the national scale.
p < 0.05 (i.e., 95% confidence level) was defined as the statistical significance level. All
statistical analyses were performed using the SPSS version 11.5 software package. All grid
data analysis and processing were carried out by ArcGIS10.0.

3. Results
3.1. The Temporal Distribution of Grassland ESV

The annual grassland ecosystem service values (ESVs) for the national total ranged
from 1.17 × 1012 to 1.51 × 1012 yuan ($0.15 × 1012–$0.20 × 1012), with an average of
1.37 × 1012 yuan ($0.18 × 1012) from 2001 to 2020 (Figure 2), accounting for 4.42% of GDP
(48.7 × 1012 yuan; $6.34 × 1012) (Figure 3). The grassland ESV has increased significantly
(p < 0.001, R = 0.892) over the last 20 years at the rate of 122 × 108 yuan ($15.89 × 108)
per year, with a peak occurring in 2020. In general, the mean annual grassland ESV was
substantially higher in the last 10 years (2011–2020, 1.44 × 1012 yuan; $0.19 × 1012) than in
the first 10 years (2001–2010, 1.30 × 1012 yuan; $0.17 × 1012), indicating that the grassland
ecological environment and service capacity have been generally improved over recent years.
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In terms of the four major ecosystem services, regulating service accounted for the
largest proportion of 52.6% (0.721 × 1012 yuan; $938.80 × 108), followed by supporting
service (42%, 0.575 × 1012 yuan; $748.70 × 108), provision service (4.8%, 0.066 × 1012 yuan;
$85.94 × 108), and cultural service (0.6%, 0.008 × 1012 yuan; $10.42 × 108) (Figure 4).
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Figure 4. Contribution rate of the four grassland ecosystem services in China.

3.2. The Spatial Distribution of Grassland ESV

Spatially, the value of grassland ecosystem service per unit area in China increased from
northwest to southeast. The lowest values were less than 0.6 × 106 yuan ($7.81 × 104) per
square kilometer, mainly distributed in the desert steppe, alpine meadow, and alpine grass-
land of western and northern China. The relatively high values of more than 1.5 × 106 yuan
($19.53× 104) per square kilometer were mostly observed in the savannas of southern China,
mainly distributed in Yunnan, Guangxi, Guangdong, and Fujian provinces (Figure 5).
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However, the value of grassland ecosystem services in the northern and western
provinces of China was relatively greater. Inner Mongolia Province in North China, Qinghai
Province in Northwest China, and Tibet and Sichuan provinces in Southwest China had the
highest values of more than 10 × 106 yuan ($130 × 104). Eastern and southern provinces,
such as Zhejiang, Jiangsu, and Hainan, had the lowest ecosystem service values of less than
0.2 × 106 yuan ($2.60 × 104) (Table 3).

Table 3. The mean annual grassland ecosystem service value (ESV) during 2001–2020 in provinces
and cities of China.

Province/City ESV/104 yuan Province/City ESV/104 yuan

Hong Kong 1 Ningxia 44
Shanghai 0 Qinghai 1369
Hainan 12 Shaanxi 561

Guangxi 203 Henan 60
Guangdong 74 Shandong 77

Yunnan 824 Gansu 555
Guizhou 259 Shanxi 247

Fujian 194 Beijing 10
Hunan 68 Tianjin 1
Jiangxi 63 Hebei 231

Zhejiang 19 Liaoning 62
Chongqing 65 Jilin 48

Sichuan 1284 Inner Mongolia 1847
Hubei 68 Heilongjiang 271
Anhui 81 Xinjiang 857
Jiangsu 6 Taiwan 13

Tibet 1303

Over the past 20 years, the service values of the majority of grassland ecosystems in
China have shown an increasing trend (p < 0.05, or R > 0.445), especially in the warm shrub



Diversity 2022, 14, 160 10 of 17

grass and alpine meadows to the south of Inner Mongolia. The values have decreased
only in very few grassland areas, mainly in the alpine meadow and alpine grassland of
Tibet Province and the alpine meadow and desert grassland around Ili in Xinjiang Province
(Figure 6).
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The mean annual grassland ESV was mostly higher in the last 10 years than in the first
10 years of the 21st century, and the growth rate was usually less than 20%. The growth
rate of more than 80% was mainly distributed in such mountain areas as Kunlun Mountain,
Qilian Mountain, and Tianshan Mountain. However, compared with the first 10 years of
the 21st century, the mean annual grassland ESV in the last 10 years decreased in some
western and northern areas, mainly in the alpine meadow and alpine grassland of the
Tibetan Plateau and the surrounding grasslands of Ili areas in Xinjiang Province (Figure 7).

3.3. The Relationship of Ecosystem Service Value and Climatic Factors

As shown in Figure 8, over the past 20 years, precipitation (p = 0.030) and evapotran-
spiration (p = 0.004) in the grassland of China have shown significant increasing trends;
the temperature has exhibited a marginal increase (p = 0.062), confirming the background
of climate warming in recent decades; and the sunshine hours (p = 0.002) and relative
humidity (p = 0.014) have shown a significant decreasing trend.

In order to examine whether the grassland ESV is related to climatic factors, we plotted
variations in grassland ESV and temperature, precipitation, evapotranspiration, sunshine
hours, and relative humidity over 20 years. The results showed that grassland ESV was
significantly positively correlated with precipitation (p = 0.021), marginally positively
correlated with evapotranspiration (p = 0.082), and marginally negatively correlated with
sunshine hours (p = 0.091), but not significantly correlated with temperature (p = 0.189) and
relative humidity (p = 0.166).
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As shown in Figure 9, the area with a significant correlation between grassland ESV
and precipitation (p < 0.05) was the largest (31%, 30% positive and 1% negative), followed by
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sunshine hours (17%, 7% positive and 10% negative), relative humidity (15%, 13% positive
and 2% negative), evapotranspiration (12%, 5% positive and 7% negative), and temperature
(10%, 7% positive and 3% negative). Precipitation exhibited a positive impact on ESV in
79% of the grassland areas, especially in the semi-arid grassland areas of central and eastern
Inner Mongolia Province, central and northern Qinhai Province, southern Gansu Province,
and western Xinjiang Province. Sunshine hours had a negative impact on ESV in 57% of the
grassland areas, especially in the desert areas of the Qinghai–Tibet Plateau, the semi-arid
area of Loess Plateau, and the mountainous grassland area of Xinjiang Province.
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4. Discussion
4.1. Quantity and Evolution Characteristics of ESVs

Grassland ecosystems can provide abundant benefits for human beings. In our study,
the mean annual grassland ESV of 1.37 × 1012 yuan ($0.18 × 1012) accounted for 4.42% of
GDP from 2001 to 2020, which is a huge contribution of spiritual and material wealth. This
result is somewhat inconsistent with some previous findings (see Table 4). However, our
result does fall within the surveyed and estimated range of 0.87 × 1012–7.5 × 1012 yuan
that is considered more reliable for accounting [50]. The difference in results is mainly
attributed to the inconsistency of methods, the evaluation index system, and the research
period [51]. Different evaluation objects may also be another reason for inconsistent results
(see Table 4).

Table 4. Comparison of grassland ecosystem service value in different studies (i = 1, 2, . . . , n,
respectively, representing n ecosystem services).

Studies
Currency Used for ESV Evaluation Object

Calculation Method/Cited
yuan/1012 US $/1012 Value Grassland

Our study 1.37 0.18 Total Total Σ(ESVi per area × area)/Xie et al., 2008 [39]
Zhao et al., 2004 [52] 0.88 Indirect Total Σ(ESi × pricei)/a method cited for Each ES
Xie et al., 2001 [53] 0.15 Total Natural Σ(ESVi per area × area)/Xie et al., 2001 [53]

Chen et al., 2000 [54] 0.87 Total Total Σ(ESVi per area × area)/Costanza et al., 1997 [1]

Wang et al., 2007 [55] 0.03 Total Total Σ(ESVi per area × area)/Revised from Xie et al.,
2001 [53]

Jiang et al., 2007 [56] 1.7 Total Total Σ(ESi × pricei)/a method cited for Each ES
Xie et al., 2010 [50] (0.87–7.5) Total Total Survey and estimation
Liu et al., 2021 [51] 1.38 Total Total Σ(ESi × pricei)/a method cited for Each ES

In our study, the linear regression coefficient R2 of the annual average ESV is about 0.8,
indicating that the simulation results of the model are reliable, that is, the increasing trend
of ESV in the last 20 years is credible. However, the grassland ESV significantly decreased
in some areas. The decline may be directly related to the incomplete matching and uneven
distribution of hydrothermal conditions in these areas. All these results indicate that the
grassland ecological environment and its quality in China have generally been improved
and stabilized in recent years, but the regional development is unbalanced. Grassland
ecosystems have stronger potential restoration capacities than forests and other ecosystems,
whereas it is difficult to recover if damaged to some extent [57]. Therefore, we should
try our best to avoid the destruction of grassland and take measures of protection and
reconstruction for some key areas where the value of ecosystem services has declined.

4.2. Key Climatic Controlling Factors

In our study, precipitation significantly affected ESV and exhibited a positive effect
in 79% of grassland areas. Meanwhile, in 57% of grassland areas, the ESV was negatively
correlated with sunshine hours, especially in desert, semi-arid, and mountain grasslands.
These results indicate that precipitation is definitely the most important regulating and
stress factor of grassland ecosystems in China. This is mainly due to the fact that about 78%
of grassland in China is located in arid and semi-arid areas [58].

The temperature change in grasslands in China confirms that the climate has been
warming in recent decades. With the background of climate warming, grassland ESV in
China has been increasing significantly over the last 20 years. Even though the significant
correlation between grassland ESV and temperature only existed in northwestern alpine
grassland and southern tropical–subtropical grassland, and did not exist in some northern
grassland, this does not mean that climate change has no effect on northern grassland ESVs.
The northern grasslands are relatively drier and water is a more important limiting factor,
which may override the influence of temperature, since the effects of temperature and
water on vegetation growth in nature may be interactive or fluctuating [59]. Meanwhile,
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given that the data used were only 20 years old, climate change may influence grassland
ESV in the future, as projected by some studies [12,26–29,33].

4.3. Limitations

Our study has some limitations in the quantification of ESV. In terms of the equivalence
factor, on the one hand, it was mainly based on biomass [12,60–63], but biomass was not
always positively correlated with ecosystem services [64]; on the other hand, it mainly
depended on the cognitive level of ecological experts, without considering the spatial
heterogeneity of ecosystem services; therefore, the equivalent factor method has certain
subjective limitations. Moreover, the unit price of different types of ecosystem services was
constant, which does not reflect real life. Furthermore, some anthropogenic activity factors
affecting ESV other than climate factors were not considered, and the impact of extreme
weather events has not yet been reflected separately in this study. These limitations have
introduced greater or lesser amounts of uncertainty into the research results.

Land use change caused by human activities has a significant impact on ecosystem
service value [65,66]. Not accounting for the influence of human factors is indeed a
limitation of our study. However, changes in grassland area caused by human activities
were usually less than 1% in the last 20 years [45], which will not compromise the accuracy
of this study. At the same time, the reliability of NPP as determined by the CASA model
and the price of ESV in our study were verified, which ensures the correctness of our results.

In addition, this study has some advantages in quantifying the impact of climate
change and can achieve the purpose of determining the impact of key climate factors
on ESV change. Furthermore, our study can quantitatively demonstrate the long-term
evolutionary trends and regional differences in grassland ecosystem service value. These
can provide a good decision-making basis for the sustainable utilization of grassland
resources and climate change adaptation strategies.

5. Conclusions

(1) From 2001 to 2020, the average annual grassland ESV in China was 1.37 × 1012 yuan
($0.18 × 1012). The ESV per unit area of grassland increased from northwest to south-
east. However, the grassland ESV in northern and western provinces of China was
relatively higher and the highest values were more than 10 × 106 yuan ($1.30 × 106).

(2) In most grassland areas, ESV has shown an increasing trend in the past 20 years. At
the same time, the mean annual ESV was higher (usually less than 20%) in the last
10 years than in the first 10 years. By contrast, ESV has decreased in some grassland
areas of Tibet Province and Xinjiang Province.

(3) With regard to the four major ecosystem services, regulation service accounted for
the largest proportion of 52.6% (0.721 × 1012 yuan; $938.80 × 108), followed by sup-
porting (42%, 0.575 × 1012 yuan; $748.70 × 108), provision (4.8%, 0.066 × 1012 yuan;
$85.94 × 108), and cultural (0.6%, 0.008 × 1012 yuan; $10.42 × 108) services.

(4) Precipitation was the main regulator of grassland ESV across the 20-year period. It
had a positive effect on ESV in 79% of grassland areas. The ESV of grassland was
affected by evapotranspiration and sunshine hours to a certain extent, but not by
temperature and relative humidity.

All these results indicate that China’s grassland ecosystem service has provided a
huge amount of spiritual and material wealth for human beings. In general, the grassland
ecosystem has been improved on the whole and is in a stable state, while regional devel-
opment is unbalanced. Particular attention should be given to the areas with declining
ESVs. Climatic factors should be considered in the decisions about adaptation plans. These
results can not only provide an important reference for eco-environmental protection and
sustainable development policies, but also provide an inclusive and in-depth perspective
on the complex socio-ecological relationship between ecosystem management decisions
and human development.
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