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Abstract

Terrestrial ecosystem services have experienced evident decline in the past decades. Trade-offs and synergies in ecosystem
services have been widely studied to understand the disturbance of human activities on ecosystems. However, the method
for ecosystem services assessment remains incomplete, and a few studies of the trade-off analysis of ecosystem services have
been conducted at the national scale. In this study, we conducted trade-off analysis of China’s ecosystem services—including
supplying, regulating, supporting, and cultural services—using a newly revised benefit transfer method and the bivariate
Moran’s I method during 2000-2015. We found an overall increasing tendency in ecosystem services value when comparing
to the findings from previous studies. Synergy was the dominant relationship among the ecosystem services in China, but
it varied spatially. The findings in this study have important implications for ecosystem services management in China and

for ecosystem services value assessment in other regions.

Keywords Ecosystem services value - Benefit transfer method - Hotspots analysis - Bivariate spatial autocorrelation

model - Trade-off - Synergy - China

Introduction

As an important linkage between natural environment and
human well-being, ecosystem services (ESs) have been
studied globally (Costanza et al. 1997; Costanza et al.
2014; MEA 2005; Wu, 2013). The evaluation of ESs pro-
vides important information about the goods and services
that humans gain from ecosystems, either directly or indi-
rectly (Cetin et al. 2021; de Groot et al. 2012; Troy and
Wilson, 2006). An analysis of the trade-offs and synergies
of ESs provides the basis for national territorial planning,
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biodiversity conservation, and ecological compensation
(Asadolahi et al. 2018; Hatton MacDonald et al. 2014; Tur-
kelboom et al. 2018; Obiang Ndong et al. 2020). However,
the existing assessment method of ESs is still incomplete,
and a few studies have examined the trade-off and synergistic
relationships between different ESs—including supplying,
regulating, supporting, and cultural services—at the national
scale. That said, the diversity of ESs and imbalance of spa-
tial distribution have led to a change in the relationships
between ESs, revealing the trade-offs or synergies phenom-
enon (Himes et al. 2020; Hou et al. 2018; Lin et al. 2018;
Shen et al. 2020). In this context, identifying the trade-offs
and synergistic relationships between different ESs based on
an accurate assessment is necessary for the optimal manage-
ment of these vital services.

In this study, we examined ecosystem values (ESVs) in
China using the revised benefit transfer method. We used
the hotspot analysis method to identify the hotspots of ESV
changes in China. We then employed correlation analysis
and bivariate spatial autocorrelation analysis to analyze the
trade-off and synergistic relationships among supplying, reg-
ulating, supporting, and cultural services in China. To this
end, our study aims to address the following three questions:
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What were the spatial patterns of ESVs in China from
2000 to 2015?

What were the hotspot patterns of the changes of ESVs
in China?

What were the spatial trade-off and synergistic relation-
ships among different ESs in China?

Background

China is a fast-growing country, with a vast area of land,
massive economic output, large population, and complex
physical and socioeconomic circumstances. China has 1.4
billion people as of 2021 and about 7% of world farmland,
and it contributes about 16% of the world’s gross domestic
product (NBSC 2021). The pressure of feeding such a large
population demands more attention be paid to food produc-
tion, which in part leads to a decrease in other ecosystem
functions (e.g., soil quality degradation and a decrease in
soil conservation functions) (Yu et al. 2012). A significant
increase in urban built-up land area and urban population
has been occurring over recent past decades, especially since
the beginning of the twenty-first century (Bai et al. 2014;
Chi and Ho 2018). This situation greatly increased land-use
change and profoundly interfered with ecosystem synergies
and trade-offs. That said, a number of ESs-related programs,
including the Key Shelterbelt Construction Program (ini-
tiated in 1978), the Natural Forest Conservation Program
(started in 1998), and the Grain to Green Program (GTGP,
started in 1999), have greatly improved the ecosystem in
China (Bryan et al. 2018; Ouyang et al. 2016). Addition-
ally, national development strategies and land-use policies
have intensified ecosystem evolution. Identifying the effects
of policy-driven and urbanization-driven land-use change
on ecosystem trade-offs and synergies remains critical to
achieve the goal of land-use sustainability in China.

Prior research

The monetary, material, and energy evaluation methods
have commonly been used to measure ESs (Cao et al. 2020;
Cetin et al. 2021; Daily, 1997; Ma et al. 2015). The global
ESV assessment conducted by Costanza et al. (1997) greatly
promoted the valuation of ESs, and a substantial number of
studies of ESV assessment have been conducted based on
that method (Chen et al. 2019a, b; Costanza et al. 2014; Yi
et al. 2017; Hasan et al. 2020). The benefit transfer method—
incorporating the monetary value yielded in a specific area
to another—has been criticized for bias because of the lack
of consideration to the spatial heterogeneity of ecosystems
(Plummer 2009). The diversity of ecosystems and physical
conditions determine the spatial diversity of the category
and intensity of ESs (Cetin et al. 2019; Fei et al. 2018). Thus,
an increasing number of studies have revised the benefit
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transfer method on the basis of local ecosystem conditions
(Fei et al. 2018; Li et al. 2017; Xie et al. 2017; Xing et al.
2018; Xu and Ding 2018; Zhang et al. 2021). Most of these
studies revised the benefit transfer method by focusing on
regional biomass and assuming that ESs are closely related
to the biomass of an ecosystem (Wang et al. 2018; Xie et al.
2008). However, the value of ESs is not proportionally
related to biomass. For example, water areas and wetlands
contain little biomass, but water areas and wetlands play an
important role in climate regulation, hydrological regulation,
and biodiversity regulation (Chen et al. 2020). This means
that revisions to ESVs based on total regional biomass may
lead to the deviation of the assessment result. Chen et al.
(2020) argued that it is more reasonable to spatially cor-
rect for ESs based on the biomass provided by farmland.
Using the biomass of farmland to revise ESs is simple, with
relatively easy data collection and high accuracy of results,
especially in the large-scale study area.

These ESs assessments provide information to under-
stand overall changes in ESVs, but they fail to reveal the
internal changes, such as trade-offs and synergies between
ESs. Analyzing the trade-offs and synergies of ESs can lead
to an understanding of the multiple nonlinear relationships,
driving mechanisms, and scale effects among different ESs
(Rodriguez et al. 2006; Sil et al. 2016; Shoemaker et al.
2019; Stosch et al. 2019). Existing literature has shown sig-
nificant increases in the supplying services of ecosystems
(e.g., food production and raw material production) over
the past few decades, but this has led to a decline in soil
conservation and a loss of biodiversity (Bennett et al. 2009;
Haase et al. 2012; Pergams and Zaradic 2008). ESs’ trade-off
relationships have been proven to exist between supporting
and regulating services, while ecosystem synergies exist
primarily between supporting and cultural services, as well
as between regulating and cultural services (Accatino et al.
2019; Asadolahi et al. 2018; Gissi et al. 2018; Qiao et al.
2019). However, the trade-off and synergistic relationships
between ESs are spatially heterogeneous and temporally
dynamic, and they vary greatly across space and over time
(Su and Fu 2013; Qiao et al. 2019). In prior research, the
analysis of ESs trade-offs and synergies has been achieved
primarily through spatial mapping and statistical analysis,
such as correlation analysis of ESs (Sun and Li 2017; Yang
et al. 2018; Felipe-Lucia et al. 2018), the root-mean-square
deviation method (Bradford and D'Amato 2012), produc-
tion possibility frontiers (Yang et al. 2016), multivariate
regression tree (Obiang Ndong et al. 2020), and bivariate
spatial autocorrelation (Liu et al. 2018a, b; Qiu and Turner
2013; Zhou et al. 2019). Bivariate spatial autocorrelation
model can effectively reveal the spatial heterogeneity of
ESs trade-offs and synergies due to the heterogenous spatial
distribution of physical and socioeconomic factors (Cetin
2020; Qian et al. 2018; Zhou et al. 2019). An analysis of the
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trade-offs and synergies of ESs not only helps us understand
the interrelated factors and mechanisms of different ESs,
but it also helps accurately analyze the relationships among
them and provides guidance to develop and utilize natural
resources more rationally (Naidoo et al. 2008; Shen et al.
2020; Stosch et al. 2019). ESs trade-off and synergy analysis
has widely been conducted at different units (e.g., admin-
istrative, watershed) (Yang et al. 2018; Zheng et al. 2018;
Obiang Ndong et al. 2020); however, a few studies have
been conducted at the national scale. This study attempts
to analyze ecosystem service trade-offs and synergies at the
county level in China. China is one of the largest countries
in the world and has a diverse and uneven spatial distribution
of its ESs. Identifying the trade-off and synergistic relation-
ships among different ESs is necessary to achieve win—win
outcomes in China.

Materials and methods
Data sources

Remotely sensed land-use data used in this study were pro-
vided by the Data Center for Resources and Environmental
Sciences, Chinese Academy of Sciences (RESDC) (http://
www.resdc.cn). Using Landsat TM/ETM +remote sensing
image data, Liu et al. (2014) constructed a multi-temporal
land-use database going back to the late 1970s, with manual
visual interpretation at a 1 km spatial resolution. This is
currently the most accurate land -use data product in China
(Liu et al. 2014; Ning et al. 2018). We classified the land-
use data into seven land-use types: farmland, forestland,
grassland, water area, construction land, unused land, and
wetlands. The Normalized Differential Vegetation Index
(NDVI) datasets in China for 2000, 2005, 2010, and 2015,
used for determining the equivalent value of farmland were
sourced from RESDC.

Methods
Calculation of ESVs

Globally, the benefit transfer method has been used widely
in ESV assessment (Costanza et al. 1997, 2014; Xie et al.
2017). Xie et al. (2008) reclassified ESs according to China’s
specific conditions and modified the ESV equivalent table
based on the knowledge of more than 700 experts (Xie et al.
2008; Song and Deng 2017). ESs were reclassified into four
categories and nine subcategories. The ESV equivalent value
of per-unit area of food production of farmland is set to 1,
and the ESV equivalent values of other ecosystems are iden-
tified by their relative importance to the food production of
farmland (Song and Deng 2017). Previous studies generally

showed that biomass and ESs supply capacity were posi-
tively correlated (Xie et al. 2008, 2017; Wang et al. 2018).
Chen et al. (2020) argued that a correction based on the bio-
mass of farmland was more accurate, because the equivalent
value of ESs was determined according to the economic out-
put value of farmland. In addition, the value of ESs provided
by water bodies and wetlands is generally not in direct pro-
portion to their biomass. Therefore, in our study, we revised
the ESV equivalent table proposed by Xie et al. (2008) by
the biomass of the farmland due to the fact that ESVs were
not proportionally related to biomass in this study. Based on
the biomass of farmland, we obtained a correction factor in
every county in different years. The equations are as follows:

NDVI — NDVI_._
VCI = x 100% (1)
NDVI_. — NDVI_.
ver, I
ESV, —corrected — _—] X (LUCl X VC’) 2
P yer, Z‘ Py ! @
VCI, -
ESVc—corrected = :l X Z (LUCI X VCii)’ (3)
VCI, =1 = ‘

where ESV,, o recieq 18 the ESV from the previous studies
after correction, and ESV,_ ., ..cieq 15 the ESV after correc-
tion in this study. VC;; is the jth ESV equivalent factor of ith
land-use type, LUC; indicates the area of ith land-use type,
n indicates the number of land-use types in this study, and m
indicates the number of ESs categories. NDVI is the annual
average NDVI value for the local unit. NDVI,, . and NDVI, ;,
are the maximum and minimum, respectively, of the annual
average NDVI values across China. VCI is the vegetation
condition index calculated by NDVI. VCI; and VCI, are the
average annual VCIs of in the ith county and China, respec-
tively. VCI; and Flf are the average annual VCIs of the

farmland in the ith county and China, respectively.

Hotspot analysis

Hotspot analysis is commonly used to identify spatial clus-
ters of hotspots and coldspots, and has been widely used in
socioeconomic and ecological analysis (Cetin 2019; Tim-
ilsina et al. 2013; Wang et al. 2019). Hotspots (or coldspots)
represent statistically significant high-value (or low-value)
spatial aggregation. This study used the hotspot analysis
method to measure spatial distribution of statistically sig-
nificant hotspots and coldspots using ArcGIS 10.3 (Esri,
USA) software. The new output feature class provided by
the Getis-Ord Gi* statistic contains a z score, p value, and
confidence level bin (Gi_Bin) for each feature in the input
feature class. The features with a high z score and small p
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value represent the spatial clustering of hotspots, and the
features with a high but negative z score and small p value
represent the spatial clustering of coldspots.

Trade-off and synergy analysis

ESs trade-offs refer to two types of ESs changing in oppo-
site directions, while ESs synergy refers to two types of ESs
changing in the same direction (Bennett et al. 2009; Cord et al.
2017; Xu et al. 2018; Deng et al. 2016). Correlation analysis
of two specific ESs can identify the degree of linear correla-
tion and clarify the relative direction between the two (Felipe-
Lucia et al. 2018; Sun and Li, 2017; Yang et al. 2018). The
larger the absolute value of the coefficient, the stronger the
correlation. A positive value indicates ESs synergy, while a
negative value indicates a trade-off in ESs (Felipe-Lucia et al.
2018). Owing to the impacts of socioeconomic and natural
factors, the trade-offs and synergies of ESs may change with
different spatial locations (Qian et al. 2018). We employed
the bivariate spatial autocorrelation model to further study the
spatial distribution of trade-offs and synergies between two
specific ESs (Anselin and Rey 2014; Anselin 1995; Liu et al.
2018a, b; Zhou et al. 2019). In our bivariate local Moran’s
I analysis results, high—high and low—low clusters indicate
synergy, while high—low and low-high clusters indicate trade-
offs. The equations were as follows:

nyy WijESl.ESj
i=1j#i
Moran’lglobal = d n n (4)
n=1 Y XW,;
i=1 i
Moran'l,, = ES; ) W;ES,, )

J=1

where Moran’ 1, and Moran’ 1,,..,, are the bivariate global
Moran’s [ index and local Moran’s  index, respectively; ES;
and ES; are the ith and jth ecosystem functions, respectively;
W;; is the spatial weight matrix; n is the number of units in
this study.

Results and discussion

Results

ESVs in China, 2000-2015

We examined the terrestrial ESVs by multiplying the
area of each land-use type by the unit value after cor-

rection. The terrestrial ESVs in China were $723.88 bil-
lion, $717.43 billion, $718.93 billion, and $727.65 billion
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(based on the 2007 value of the USD) in the years of
2000, 2005, 2010, and 2015, respectively (Table 1). Over-
all, we found that the China's ecosystem supply capacity
increased slightly during the study period ($3.77 billion),
with a decrease of 6.45 billion during 2000-2005 and a
continual increase in the following periods. During the
study period, over 54% of the ESVs were provided by
forestland, while a decreasing trend was found in forest-
land ESV provision, from 55.36% in 2000 to 55.12%
in 2015, followed by the ESVs provided by farmland
(>11%) and grassland (>19%). Unused land provided
the smallest proportion of ESV (about 1%). During the
period 2000-2005, ESVs decreased 0.89% by $6.45 bil-
lion, and the supplying, regulating, supporting, and cul-
tural services decreased by $0.71 billion, $3.13 billion,
$2.15 billion, and $0.46 billion, respectively. In the fol-
lowing decades, ESVs in China increased. Total ESVs in
China during 2005-2010 and 2010-2015 increased by
$1.50 billion and $8.72 billion. Similar increases were
found in other ESs, with supporting and regulating ser-
vices increasing the most significantly.

The change in the spatial pattern of ESs in China during
2000-2015 was not significant, and similar spatial distri-
bution patterns can be found in the four categories of ESs
(Fig. 1). In general, ESs in southeastern China are higher
than those in northwestern China. However, counties with
low-value ESs can be found in southwestern China, and
counties with high-value ESs still exist in northwestern
China. ESVs in the mountainous areas in southeastern
China are significantly higher in value than those in the
plains areas. The high-valued counties in southeastern
China are distributed primarily along the Greater Khingan
Mountains, Lesser Khingan Mountains, Changbai Moun-
tains, Taihang Mountains, Xuefeng Mountains, Nanling
Mountains, Wuyi Mountains, Dabie Mountains, Qinling
Mountains, and Hengduan Mountains. The counties having
low-value ESs in southeastern China were mainly concen-
trated in the plains areas, including the Northeast Plain
(e.g., eastern Inner Mongolia, southwestern Heilongji-
ang, western Jilin, and Liaoning Province), North China
Plain (e.g., Beijing, Hebei, Tianjin, Shandong, Jiangsu,
eastern Henan, and northern Anhui Province), Sichuan
Basin, Jianghan Plain in Hubei, Poyang Lake Plain in
Jiangxi, Dongting Lake Plain in Hunan Province, major
urban agglomerations, and the surrounding counties of
major capital cities. The counties with high-value ESs in
northwestern China are distributed mainly in southeastern
Qinghai, southeastern Tibet, and the northwestern border
counties of Xinjiang. The spatial distribution patterns of
supplying service, regulating service, supporting service,
and cultural service are similar to that of average ESV in
China (Fig. 2).
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(a) 2000

(c) 2010

Fig. 1 Spatial distribution of total ESVs in China, 2000-2015

clusters and low—low clusters represent a synergistic rela-
tionship, and high-low types and low—high types represent
a trade-off relationship. The LISA cluster maps between
two typical ESs are presented in Figs. 5, 6, and 7. A sig-
nificantly similar clustering pattern was found among these
ESs during 2000-2005 (Fig. 5). Specifically, statistically
significant high—high clusters were distributed primarily in
northeast Qinghai, southeast Gansu, northern Shaanxi, and
the border areas of Liaoning, Inner Mongolia, and Hebei.
There were also some high—high areas randomly distributed
in western Xinjiang, eastern Hubei, central Anhui, south-
eastern Sichuan, and the Pearl River Delta. The statistically
significant low—low clusters were distributed mainly in the
central part of Inner Mongolia, the Yangtze River Delta,
Zhejiang Province, Fujian Province, Jiangxi Province, west-
ern Guangxi, southern Yunnan, and most of Hainan Prov-
ince. During 2005-2010, statistically significant high—high
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(b) 2005

(d). 2015
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clusters were located chiefly in northwestern Xinjiang, the
Loess Plateau (Shaanxi, Shanxi, and Ningxia), central Qing-
hai, western Guangxi, and western Guizhou (Fig. 6). The
statistically significant low—low clusters were distributed
mainly in central Sichuan, northeast Inner Mongolia, cen-
tral and eastern Heilongjiang, central Shandong, the Yangtze
River Delta, and the Pearl River Delta.

We found significant synergistic relationships among the
ESs in the Loess Plateau during 2000-2005 and 2005-2010.
The spatial clustering pattern of trade-offs and synergies
among ESs changed significantly over those two periods.
The statistically significant high—high clusters were distrib-
uted primarily in western Tibet, central and northeast Inner
Mongolia, northern Heilongjiang, northern Zhejiang, south-
ern Gansu, central Sichuan, western Hubei, western Hunan,
the border of Guizhou and Guangxi, and most of Yunnan.
The low-low clusters were concentrated in southeastern
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Fig.2 Spatial distribution of different ecosystem functions in China in 2015
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Fig.3 Hotspots of ESVs’ changes with different confidence levels during 2000-2015
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Regulating services

& & & &
N

&

0.6
0.4
Cultural services 0.2
0
—0.2
Supplying services
—0.4
—0.6
Supporting services —08
(a) 2000-2004 (b) 2005-2009 1
Fig.4 Correlation matrixes of ESs during 2000-2005, 2005-2010, and 2010-2015
Table 2 B.ivariate Moran’s I ESs Moran’s I
between different ESs
2000-2005 2005-2010 2010-2015
Supplying services—regulating services 0.536%** 0.559%** 0.521%#%%*
Supplying services—cultural services 0.528%%** 0.547%** 0.506%%%*
Supplying services—supporting services 0.628%** 0.619%** 0.559%**
Regulating services—cultural services 0.526%** 0.563%** 0.494%**
Regulating services—supporting services 0.551%#** 0.571%** 0.524%**
Cultural services—supporting services 0.550%%** 0.563%** 0.515%**

The study uses the queen’s contiguity weight matrix. ***p <0.0001

Qinghai, the Bohai Rim Economic Zone, the Yangtze River
Delta urban agglomeration, and northern Taiwan during
2010-2015 (Fig. 7). A few statistically significant high-low
clusters and low-high clusters were distributed randomly
across China during those periods.

Discussion
Interpretation of findings

Based on the newly revised benefit transfer method, we per-
formed an empirical study of ESV re-evaluation in China
during 2000-2015. Generally, we found that supply capac-
ity of ESs in China increased during 2000-2015, with a
decrease during 2000-2005 and a continual increase in the
following periods. Since the 21th century, China has adopted
a series of ecological protection policies with effective
outcomes (Li et al. 2016a, b). For example, China's forest
coverage rate increased from 16.55% in 2000 to 21.66% in
2015 due to national ecological programs. Hotspot analysis
results showed that obvious cold spots of ESs can be found
in southeast coastal regions of China, which is consistent
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with the findings of Li et al. (2016a, b). The expansion of
construction land in the southeast coastal regions may be
the dominant reason for the degradation of ESs in rapid
urbanization. And we also found significant hot spots on
the Loess Plateau; we believe that this is primarily due to
the widely implemented Grain for Green Program in those
areas (Li et al. 2016a, b). Finally, the trade-offs and syner-
gies between ESs were analyzed using bivariate spatial auto-
correlation model, we found that synergic relationships were
the dominant relationship between ESs, with only a small
proportion of units exhibiting trade-offs relationship. We can
find significant spatial heterogeneity of ESs trade-offs and
synergies. This is mainly due to the unbalanced natural back-
ground factors and socioeconomic factors in China, which
leads to the significant spatial differences of ESs in different
places (Li et al. 2018a, b).

Comparison with ESV changes found in other
studies

County-level ESV assessment was conducted in only a
small number of previous studies, and most of them were
conducted with the benefit transfer method (Table 3). To
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Fig. 7 LISA cluster map between two typical ESs in China during 2010-2015

compare our results with the results in other studies, we sum-
marized the results of ESV evaluation in China. The results
of Xie et al. (2017) were the highest ($5630 billion US$),
followed by the results of Ouyang et al. (1999) ($4894.99
billion US$ in 2010), Xing et al. (2021) ($4675.36 billion
US$ in 2015), and Li et al. (2016a, b) ($2347.56 billion
US$ in 2010). The lowest result was from Bi and Ge (2004)
($529.95 billion US$ in 2000). In addition, Li et al. (2016a,
b) and Song et al. (2017) found that ESVs in China con-
tinue to deteriorate. Conversely, the ESV results in our study
exhibited an overall increasing trend in ESVs from 2000 to
2015. The results in our study are consistent with those of
Chen et al. (2019a, b) and Xing et al. (2021). Recent MODIS
satellite data clearly show that the vegetation leaf area index
increased in China from 2000 to 2017 (Chen et al. 2019a, b).
Moreover, Ouyang et al. (2016) found that food production,
carbon sequestration, soil retention, sandstorm prevention,
water retention, and the flood mitigation capacity of ecosys-
tems in China increased, with a decrease only in the provi-
sion of habitat for biodiversity in China during 2000-2010.
Xie et al. (2015) argue that the main reasons for the differ-
ent results of ESVs in China include different agricultural
product prices, different ESVs per-unit area, and increased
awareness of the value of ESs. Over time, commodity prices
increased significantly, which created an increase in ESVs.
In addition, the ESV equivalent table based on expert knowl-
edge is subjective; therefore, using both expert knowledge

* @ Springer

and physical features in ESV can provide a more accurate
assessment. The value of the various services provided by
ecosystems is receiving increasing attention, which also
greatly improves ESVs. However, it is undeniable that rapid
urbanization in China has also severely damaged the provi-
sion capacity of ESs.

In this study, we adopted the improved benefit transfer
method to measure the value of ESs in China. Unlike the
previous studies that used the biomass of the whole unit,
we used the biomass of farmland to correct the value of
ESs. The results of our study show that the overall value of
ESs in China improved during the study period. To com-
pare the differences with the previous studies, we also used
the biomass of the whole unit to correct ESVs in China in
this study. The results show that from 2000 to 2015, ESVs
were $715.61 billion, $704.69 billion, $703.35 billion, and
$714.06 billion. We also found that ESs in China decreased
during the study period.

Scale effect of ES trade-offs and synergies

We found significant synergistic relationships among supply-
ing services, regulating, supporting, and cultural services at
the national scale. At the local scale, trade-off relationships
still exist. Trade-off and synergistic relationships between
ESs were significantly different at different scales (Hein
et al. 2006). For example, Fu (2010) found that supplying
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and regulating services are mutually inhibiting factors in a
trade-off relationship. To protect the ecosystem, a number
of land-use policies were implemented in China, such as
the Grain for Green and Grain for Blue policies (Song et al.
2015). These policies improved the provision capacity of the
ecosystem, but led to decreases in food production (Fu et al.
2015). Li et al. (2012) believe that synergistic effects can be
found in all four ESs, but that mutual enhancement among
regulating, supporting, and cultural services was more com-
mon (Li et al. 2012). Li et al. (2016a, b) found a trade-off
between ecosystem regulating and supplying services in the
Guanzhong—Tianshui Economic Zone in China (Li et al.
2016a, b); Yu et al. (2020) found that ESs trade-offs and
synergies changed significantly at different scales in Qinba
Mountains, and the reasons for these changes include cli-
mate, vegetation, and geomorphic features. In addition, the
synergies and trade-offs relationships of ESs did not stay
the same; rather, they may change in different periods of
time (Rodriguez et al. 2006; Yu et al. 2020). For example,
Liu et al. (2018a, b) found that the trade-off relationships
between ESs such as environmental purification, hydrolog-
ical regulation, and water resource supply increased after
2005 in the Danjiangkou area in China, while the units of
trade-offs among other ESs decreased after 2005 (Liu et al.
2018a, b). Zhang et al. (2020) found significant differences
in the trade-offs and synergies between forest ESs on differ-
ent slopes and altitudinal zones in the Funiu Mountains in
China (Zhang et al. 2020).

Many researchers have examined the trade-offs and syner-
gies of ESs at the national, regional, and watershed scales
(Asadolahi et al. 2018; Haines-Young et al. 2012; Hu et al.
2018; Obiang Ndong et al. 2020). Previous studies have
found differences in trade-offs and synergies between the
same pair of ESs at different research scales or in different
regions (Accatino et al. 2019; Gong et al. 2019; Li et al.
2018a, b; Obiang Ndong et al. 2020; Wang and Dai 2020).
Studies have shown that water conservation, carbon fixation,
and oxygen release are mainly synergistic at large spatial
scales (Jopke et al. 2015), while they are trade-offs at small
and medium scales (Qiao et al. 2019; Wang and Dai 2020).
This is due mainly to the significant difference in the demand
for ESs and the supply capacity of ESs at different scales and
the significant mismatch in the spatial characteristics of ESs
(Onaindia et al. 2013; Turner et al. 2014; Peng et al. 2017).
In addition, various stakeholders and interest groups place
their emphases at different spatial scales and place different
emphases on the products and services provided by differ-
ent ecosystems. For example, regulating services are given
more attention in large-scale ecosystems, while supplying
services are given more attention in smaller scale ecosys-
tems (Fu et al. 2011). Likewise, flood control and disaster
reduction, supply of agricultural products, and wood produc-
tion and water conservation are important at the regional
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scale, while urban environment, biodiversity conservation,
climate regulation, carbon sequestration, and oxygen release
are important primarily at the global scale (Li et al. 2012).
This division inevitably leads to the varying emphases of
different stakeholders on different types of ESs and trade-
offs among management strategies (Deng et al. 2016; Peng
et al. 2017; Zhang et al. 2020; Zheng et al. 2019).

Policy implications

The ESs’ assessment that we conducted in this study shows
that the supply capacity of China’s ESs improved from 2000
to 2015, indicating that China’s land-use policies and eco-
logical engineering projects have played a positive role in the
improvement of ESs (Chen et al. 2019a, b). Most notably on
the Loess Plateau, we found a significant synergistic relation-
ship between various ESs, indicating a substantial improve-
ment of their ecosystem (Deng et al. 2019; Jiang et al. 2018).
The spatial difference of the land-use modes may lead to dif-
ferences in the provision capacity of ESs, which in turn may
lead to the spatial heterogeneity of ESs trade-offs and syner-
gies. Therefore, we believe that ESs can best be managed by
zoning based on the actual ecological functions of different
regions. Zoning management is an effective means to improve
the supply capacity of ESs and construct a pattern of national
ecological security based on the actual ecological function
of different regions and to delimit and strictly observe the
“red line” of ecological protection. In fact, China has set forth
several policies to determine ecological function goals such as
water and soil conservation, biodiversity maintenance, wind
prevention, and sand fixation, as well as to protect sensitive
and fragile ecological environment areas from soil erosion,
land desertification, rocky desertification, and salinization.
These ESs management policies also identify the spatial dis-
tribution of important ecological function areas and sensi-
tive and fragile ecological environment areas (Hu et al. 2020;
CPC and SC 2017). We recommend that the major ecological
improvement programs should continue to be carried out in
order to protect virgin forests, return farmland to forestlands
and grasslands, prevent and control desertification and shel-
terbelts in the three Northern regions of China, and launch
major projects to protect and restore the territorial ecosystem.

Because of regional differences in ESs relationships and
the fact that different services have different trade-offs and
synergies in various research regions, studying the trade-offs
and synergies between ESs cannot be confined to a single
scale. The actual needs of stakeholders at different spatiotem-
poral scales should be considered comprehensively (Onaindia
et al. 2013; Turner et al. 2014). Clarifying the trade-off and
synergistic relationships among various services, as well as
the characteristics of scale dependence and spatial differences,
is a prerequisite for the formulation of effective ESs’ manage-
ment policies (Qiao et al. 2019; Yu et al. 2020; Zhang et al.
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2020). It is especially challenging in the process of ecosys-
tem management to avoid ESs trade-offs as much as possible
and to strengthen ESs’ synergies. At different scales, ESs for
stakeholders vary greatly. ESs supply capacity in different
scales, different cultural background, different effects on the
economic activity, and the utilization of ESs differs signifi-
cantly in ways and degrees (Hein et al. 2006). Therefore, fully
understanding the relationship of ESs at different scales would
contribute to solving the conflicts between different interest
groups (Li et al. 2012).

Limitations and future directions

This study has several limitations and future research direc-
tions that are worth noting. First, the ESV assessment in this
study considered only the biomass of farmland. However,
other factors (e.g., precipitation, erosion prevention, the Con-
sumer Price Index accumulation coefficient, and the marginal
value coefficient) also have important influence in localizing
equivalent values (Li et al. 2017; Xie et al. 2017). We argue
that additional factors should be taken into consideration in
modifying the benefit transfer method in future research. Sec-
ond, the synergy and trade-off relationships among the four
ESs (supplying, regulating, supporting, and cultural services)
were identified at the national scale for the years 2000-2005,
2005-2010, and 2010-2015 using bivariate spatial autocor-
relation analysis. The correlation analysis method can directly
reveal the numerical relationship of ESs trade-offs and syner-
gies. The bivariate spatial autocorrelation model can capture
the spatial relationship of trade-offs and synergies of ESs,
but the model cannot fully reflect the internal mechanism of
ESs evolution. Further exploration and in-depth analysis are
needed by means of other methods. Third, when examining
the synergy and trade-off relationships among these four ESs,
it is difficult to identify the relationship between specific ESs,
such as the synergy and trade-off relationships between food
production services and soil conservation services. A future
study may choose specific ESs for targeted specific ecologi-
cal issues at the national scale. Fourth, the trade-off relation-
ship of ESs varies greatly over time and space because of
the existing scale effects of ESs. The trade-off relationship
between a specific pair of ESs in different regions and at dif-
ferent research scales would not be consistent. Future research
should comprehensively explore ESs at multiple scales to sys-
tematically understand the internal mechanism of the forma-
tion of trade-off relationships.

Conclusion

In this study, we revised the benefit transfer method based
on the biomass on farmland and conducted an empirical
analysis of ESV assessment in China. From the results of the

evaluation, we found an overall increase in ESVs with fluc-
tuations from 2000 to 2015, providing strong evidence that
land-use activities in China improved ESVs. Our hotspot
analysis revealed that ESVs in the southern and southeastern
regions China have severely deteriorated and the national
ecological programs have obvious effect in protecting eco-
systems from degradation. Both the correlation analysis
and global spatial autocorrelation showed that a synergistic
relationship existed among the ESs in China during the peri-
ods of 2000-2005, 2005-2010, and 2010-2015. The spatial
distribution of synergies and trade-offs among the four ESs
exhibited a similar clustering pattern during each period. We
found that the high—high clusters and low—low clusters rep-
resenting a synergistic relationship were the dominant rela-
tionship types, while the high—low types and low—high types
representing a trade-off relationship were scattered through-
out the country. Our study provides important implications
for understanding the trade-offs and synergies of ESs in
China and for conducting ESV assessment in other regions.
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