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ABSTRACT
Ecosystem services (ESs) synergies have been broadly studied,
whose synergy control areas and driving mechanisms were still
not fully understood. Here, We analyzed soil conservation (SC),
water yield (WY), net primary productivity (NPP) and food supply
(FS) on the basis of geospatial analysis techniques from 1992 to
2015. The results showed that the SW karst areas contributed
23.7% of SC and 14.56% of NPP with only 8.4% of China’s contin-
ent. 49.28% of China’s land was synergy control areas, while
accounted for 82.23% in the SW karst areas. The cause of this
phenomenon was twofold, one was the significant increase in
NDVI was mainly due to human activities (HA), and the coinci-
dence rates between the HA dominated areas and the synergies
control areas up to 90.7%. These results emphasized that eco-
logical engineering was a key factor of the synergy among multi-
ESs, the synergy control areas should be priority for ecological
restoration.
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1 Introduction

Ecosystem services (ESs) were defined as the benefits people receive from ecosystems
(Guerry 2015), it directly or indirectly affects human well-being and ecological security
(Costanza et al. 1997). It was reported that classification of ESs was proposed by The
Millennium Ecosystem Assessment (MA 2005), which was classified into four types: pro-
duction services, regulation services, cultural services, and support services. This classifica-
tion had spawned extensive research on developing a classification scheme for ES
(Ouyang et al. 1999). The contribution of the degradation of natural resources to human
well-being had not been fully understood and underestimated, and it will lead to
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ecosystem change and a decline in the material basis for human survival (Lele et al.
2013), Therefore, the ES assessment was an important scientific topic for sustainable
development (Bai et al. 2018). One ES change will be accompanied by another ESs
change, the trade-offs and synergies of ES are formed (Howe et al. 2014; Qin et al. 2015;
Ran et al. 2019). If the government focuses on the restoration of single ES and ignores
the trade-offs and synergies among ES, it may lead to deterioration of the ecological
environment (Diaz and Rosenberg 2008). With the rapid development of society and the
economy, the ecological environment is facing great challenges. Research on trade-offs
and synergies of ESs and the factors clarifying was the basis and prerequisites for achiev-
ing sustainable development (Goldstein et al. 2012; Pan et al. 2013; Peng et al. 2019;
Zheng et al. 2019; Sun et al. 2019).

In recent years, research on the trade-offs and synergy of ESs had become the focus of
research in related disciplines. The recent literature and comprehensive methodological
guidelines for assessing the trade-offs between each of ESs were first proposed by
Mouchet et al. (2014) and others. Howe conducted a comprehensive analysis of ESs rela-
tionships (Howe et al. 2014), reveals how environmental or social conditions produced
tradeoffs between each of ESs; the trade-offs and the spatial distribution of ecosystem
services were determined by historical and socio-ecological in Danish (Turner et al. 2014);
There was a clear interaction between FS and local climate in sub-Saharan Africa (Palm
et al. 2010); a study on Beijing of China, predicted the potential changes in future ESs
(Bai et al. 2012). At the same time, more and more research on ESs changes with land
use changes (Barbier et al. 2008); land use types were considered as aggregations includ-
ing different physicochemical conditions and geochemical processes (Liu and Han 2020).
Land use change was considered to be the main influencing factor to change ES which
could affect the ES by regulating land policies to achieve the purpose of regional develop-
ment (Simonit and Perrings 2013; Tian et al. 2016; Xu et al. 2018; Santiago and Jos�e Luis
2019), and reduce the impact of trade-offs between ESs (Yang et al. 2018), even be trans-
formed into synergies (Bennet et al. 2009; Renard et al. 2015; Wu et al. 2017). On the
other hand, the results of assessment the ES could conducive to land use planning (Bai
et al. 2018). The large-scale conversion of land use mostly comes from the role of eco-
logical engineering. Sone studies have quantified the impact of environmental engineering
on the local ecological environment (L€u et al. 2012; Li et al. 2016; Tong et al. 2017;
Zhang et al. 2018; Chen et al. 2019; Liu et al. 2020). Due to population growth and eco-
nomic activity, 60% of the global ESs had been degraded (Joppa et al. 2016), and eco-
logical engineering had a positive impact on improving ESs (Zhang et al. 2018).

Although significant progress on ES had been made, there were still present some limi-
tations to be resolved. Previous research was limited to a local scale, the research in differ-
ent geographical divisions was unclear from the perspective of regional differences; lacked
spatial expression of intra-regional spatiotemporal differences; lacked exploration of the
trade-offs and synergies among multiple ESs, hard to identify key and efficient restoration
areas and its driving mechanism. The impact of environmental engineering on the trade-
offs and synergies of ecosystem services was also unclear.

Above question greatly hinders to understanding of the trade off and synergy of eco-
system services in China. So, this study analyzed the spatiotemporal characteristics and
trade off and synergy of SC, WY, NPP, and FS from 1992 to 2015 in China. We have
addressed the following scientific issues: (1) The change trend and spatial pattern of four
ecosystem services in China were analyzed. (2) The interaction of multiple ESs in China
was determined By superimposing the correlations of ESs, and considering the regional
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differences, We analyzed the strength of ES relationship in nine agricultural divisions of
China. (3) Clarified the role of climate change and human activities on vegetation restor-
ation and the synergy among multiple ESs in the southwest karst region. The main influ-
encing factors of the synergy among multiple ESs in karst area of Southwest China were
confirmed by exploring the test of mutation year and the spatial coincidence rate of vege-
tation restoration area and multi-ESs synergy areas controlled by human activities.

In summary, Our research revealed the changes of ES in China and clarified future
ecological development strategies, and identified the strength of ES relations and correl-
ation levels in nine agricultural divisions of China. Linking ecosystem services synergies,
hotspot identification with Human activity dominated vegetation restoration areas in
China. This finding will help to identify areas with efficient ecological restoration. This is
what other articles lack. The multi-ESs ascending and degrading areas and their driving
mechanisms have been identified from regional scale, accurately identify and control key
sensitive links of ecosystem services to promote overall collaborative improvement
(Goldstein et al. 2012).

2 Materials and methods

2.1. Data source

GIMMS NDVI, which was obtained by NOAA’s high resolution radiometric sensor, was
widely used to study large-scale vegetation phenological changes (Zhou et al. 2001;
Slayback et al. 2003; Zeng et al. 2017; Yang et al. 2019).

Meteorological data on precipitation and temperature were obtained from more than
2400 weather stations daily observation data, which was produced by the China meteoro-
logical science data sharing network. ANUSPLIN interpolation software was used for stat-
istical analysis and data diagnosis, and the spatial distribution of data was analyzed to
achieve spatial interpolation. Sun radiation and drought index were came from Terrestrial
Hydrology Research Group of Princeton University. Calculation of the evapotranspiration
potential in the Standardized Precipitation-Evapotranspiration Index (SPEI) was based on
the FAO-56 Penman-Monteith method. The SPEI base, offers long-time, robust informa-
tion on the drought conditions at the global scale. It providing SPEI time-scales between
1 and 48months. This article uses data processing based on 12months.

Soil data was constructed by the Food and Agriculture Organization of the United
Nations (FAO) and the Vienna International Institute for Applied Systems (IIASA, 1.1),
the data source in China was 1: 1 million soil data provided by Nanjing Soil of the
Second National Land Survey. The projection format was WGS84 and the soil classifica-
tion system used was mainly FAO-90 (Tifafi et al. 2017).

Land use data derived from the European Space Agency Climate Change Initiative
dataset. The NPP was produced by the Chinese land-based monthly meteorological data,
national soil texture data, and land cover and vegetation index data based on MODIS and
AVHRR remote sensing images through the CASA model. Relevant research results based
on this data set have been published in ‘Remote sensing’ (Chen 2019). In this article, all
method was conducted at the pixel level (0.05� � 0.05�) to detected the spatiotemporal
evolution of ES in order to ensure data matching and operation. The vector boundaries of
nine agricultural subregions in China used in this article were from the Resource and
Environment Science and Data Center, and the SW Karst region boundary were consid-
ered by the regional boundary of Tong (Tong et al. 2017, 2018), and this boundary was
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consistent with The Yunnan-Guizhou Plateau in the nine major agricultural areas, so we
usually call it the ‘Southwest Karst Region’ in the research (Table 1).

2.2. Analysis method

The framework and structure used in this research were shown in Figure 1, and various
methods were also described in detail.

2.2.1. Soil conservation model
The model of RUSLE (Renard et al. 1997) had a wide range of uses and strong operability
in estimated soil retention.

Am ¼ R� K � L� S� C � P (1)

Ap ¼ LS� K � R (2)

Ac ¼ Ap�Am (3)

R ¼
X12
i¼1

�1:5527þ 0:1792Pið Þ (4)

C ¼
1 b ¼ 0ð Þ

0:6508�0:3436� b 0 < b � 78:3%ð Þ
0 b > 78:3%ð Þ

8<
: (5)

b ¼ NDVI � NDVIminð Þ
NDVImax � NDVIminð Þ (6)

LS ¼ k
22:13

� �n

65:41 sin 2hþ 4:56 sin hþ 0:065ð Þ (7)

K ¼ 0:2þ 0:3 exp �0:0256Sd 1� Si
100

� �� �� �
Si

CiþSi

� 	0:3

1� 0:25Cor

Cor þ exp 3:72� 2:95Corð Þ
� �

1� 0:7 1� Sdð Þ
1� Sd þ exp �5:51þ 22:9 1� Sdð Þð Þ

� � (8)

Am was the average actual soil loss (t�hm�2�a�1), Ap was the average potential soil loss,
and Ac was the average soil retention, R was the precipitation erosivity factor

Table 1. Data sources and description of this study.

Date name Date description Date source

DEM Raster; 1 km � 1 km http://www.gscloud.cn
GIMMS NDVI Raster; 8 km � 8 km https://www.noaa.gov/
Socio-economic data Statistics http://www.stats.gov.cn
Meteorological data Raster; 1 km � 1 km http://data.cma.cn
Soil data Raster; 1 km � 1 km http://www.fao.org/

https://www.omicsonline.org/
http://data.tpdc.ac.cn

land use data Raster; 0.3 km � 0.3 km https://www.esa-landcover-cci.org/
NPP Monthly continental http://www.resdc.cn/
Sun radiation 1 km � 1 km http://hydrology.princeton.edu/home.php
Standardized Precipitation-Evapotranspiration

Index
1 km � 1 km http://digital.csic.es/handle/10261/153475

China’s nine major agricultural divisions Vector border http://www.resdc.cn/
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(Wischmeier 1971; Pan et al. 2010), K was the soil erodibility factor, L was the slope
length, S was the factor of slope (McCool et al. 1989; Liu et al. 2000), C was the factor of
crop cover and management (Cai 2000), P was the factor of soil conservation measure
(Sun et al. 2014, Zeng et al. 2017). Pi was the precipitation in the ith month, b was the
vegetation coverage, Sd was sand content (%), Si was powder content (%), Ci was clay
content, Cor was surface soil organic carbon content(%) (Williams and Arnold 1997).

2.2.2. Water yield model
The evaluation of the water yield was based on the InVEST model (Wang et al. 2016)
and Budyko curve, This method considers the influence of rainfall and evapotranspiration
on water yield (Gong et al. 2017). The equation was:

TQ ¼ 1� P
ET

� �
� P � Ai (9)

AETðxÞ
PðxÞ ¼ 1þ PETðxÞ

PðxÞ � 1þ PETðxÞ
PðxÞ

� �w
" #1=w

(10)

Figure 1. Framework and program diagram.
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PETðxÞ ¼ KcðxÞ � EToðxÞ (11)

wðxÞ ¼ AWCðxÞ � Z
PðxÞ þ 1:25 (12)

TQ was the total water source conservation (m3), P was the annual rainfall (mm), ET
was the evapotranspiration, and Ai was the area of a single pixel. PET(x) was the potential
evapotranspiration of grid unit x; ETO(x) was the reference vegetation evapotranspiration;
KC(x) was the crop evapotranspiration coefficient; AWC(x) was the available water con-
tent of plants; w(x) was the Empirical parameter; Z was the Zhang coefficient (Zhang
et al. 2004).

2.2.3. NPP model
This article used the CASA mode to estimate the value of NPP (Potter et al. 1993),The
equation was:

NPPðx, tÞ ¼ APARðx, tÞ � eðx, tÞ (13)

APAR(x,t) represents the photosynthetically active radiation (MJ�m�2) absorbed by the
spatial position x in time t; e(x, t) represents the actual light energy utilization of the pixel
x in time t (g�C/MJ).

2.2.4. Food supply model
Analyzed the spatial distribution of FS combined the land use cover and statistical year-
book data (Sun et al. 2020). Calculated as follows:

Gi＝Ai � Ni (14)

Ni＝Fi=Si (15)

where Gi was the amount of ith food for each pixel (t/ha), Ai was the area of the land use
type corresponding to various foods ith (km2), Ni was the supply of ith food for the unit
area (t/km2) , Fi was the total supply (t/yr), and Si was the total areas of ith food (km2).
In general, we correspond agricultural products belong to the cultivated field, forest prod-
ucts belong to the woodland, the output of meat and milk belong to the grassland, and
aquatic products belong to the waters.

2.2.5. Trade-off and synergistic correlation analysis statistical methods
ES was complex. In the same region, changes in one ES will inevitably lead to changes in
another ES or even multi-ESs (Bennett et al. 2009; Li et al. 2013; Sun et al,2019).
Therefore, it was necessary to eliminate the influence of unrelated factors. Analyze the
relationship between the each ESs, namely the correlation analysis. Calculated as follows:

r12 ijð Þ ¼
Pn

n¼1 ES1n ijð Þ � ES1 ijð Þ
� 	

ES2n ijð Þ � ES2 ijð Þ
� 	

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
n¼1 ES1n ijð Þ � ES1 ijð Þ

� 	2Pn
n¼1 ES2n ijð Þ � ES2 ijð Þ

� 	2
r (16)

where r12 was the spatial correlation coefficient whose values ranged from –1 to 1. The
region with r12 > 0 indicates that the two ES were collaborative, that was the positive cor-
relation between two variables, and vice versa. The higher the value of r12, the stronger
the relationship between them.
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2.2.6. The synergy level of ESs
We performed spatial overlay operations for ESs layers with Geospatial Techniques, and
recognized the interactions among multiple ESs by interpreting the codes in the pixels of
the output layers of overlay analysis. For example, code 1 and 2 indicates that synergy
and trade-off, code ‘112121’ indicates that synergy area for four ecosystem services and
trade-offs with the two services. Code ‘111111’ indicates that all ESs were synergies, and
the regions as extreme synergy areas. We summarize all the cases and obtained seven dif-
ferent grades.

2.2.7. Sensitivity of vegetation restoration on climate changes
The sensitivity of NDVI to changes in Climate change was computed for the whole
1992–2015 period. It was expressed as the partial derivative that results from a multiple
linear regression, where DNDVI, DT, DP, DSR and DSPEI represent the linear trend of
the NDVI, annually averaged temperature, precipitation, solar radiation and drought
index variations, respectively (Forzieri et al. 2020).

DNDVI ¼
Pn

i¼1ði�NDVIiÞ � 1
n

Pn
i¼1i�

Pn
i¼1NDVIiPn

i¼1j
2 � 1

n

Pn
i¼1j

� �2 (17)

DNDVI ¼ HAcon þ CCcon ¼ HAcon þ dPNDVI þ dTNDVI þ dSRNDVI þ dSPEINDVI (18)

dPNDVI ¼ @NDVI
@P

DP (19)

DNDVI ¼ b0 þ
@NDVI
@P

DP þ @NDVI
@T

DT þ @NDVI
@SR

DSR þ @NDVI
@SPEI

DSPEI (20)

where n represents the 24-year time span from 1992–2015, NDVIi was the annual NDVI
value of year i. At the same time, we used the same method to analyze the trends of T, P,
SR, and SPEI. The derived signal oNDVI

oP integrates the bidirectional interactions between P
and the NDVI term, the oNDVI

oT integrates between T and the NDVI term, the oNDVI
oSR inte-

grates between T and the NDVI term, the oNDVI
oSPEI integrates between T and the NDVI

term, all predictors in Eq. (20) were quantified for each pixel over a centered 1 km �
1 km spatial window.

In order to further distinguish the influence of climate and human activities on NPP
trends, the relative effects of ecological restoration projects are calculated according to the
formula in Table 2 (divided into four scenarios).

Table 2. Four scenarios for quantitatively assessing the contribution proportions of climate-and human-controlled
NDVI increasing.

Scenario CC_con HA_con Contribution proportion of CC(%) Contribution proportion of HA(%)

NDVI increasing 1 >0 >0 jCCcon j
jCCcon jþjHAcon j � 100 jHAcon j

jCCcon jþjHAcon j � 100
2 >0 <0 100 0
3 <0 >0 0 100
4 <0 <0 Error Error
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3 Results

3.1. Spatial distribution and changes in ESs

According to the spatial change of ES in China from 1992 to 2015 (Figure 2), all ESs
increased during the evaluation period, and the result was consistent with Ouyang
(Ouyang et al. 2016). Among them, The WY, SC, and NPP increased by 33.46%, 24.13%,
and 18.63%, respectively. We separately counted the growth rates of FS in four land types,
and found that the FS of waters increased by 263.68%, the FS of grassland increased by
142%, the FS of cultivated field increased by 44%, and the FS of woodland increased by

Figure 2. The synergy level of ESs diagram. This region was the extreme synergy if all ESs in a region were synergis-
tic, otherwise, it was the extreme trade-off. The pie chart is the areas ratio of 7 levels. The 1, 2, 3, 4, 5, 6 in (a–i) cor-
respond to the legend in the main picture; (a) Northern arid and semiarid region; (b) Northeast China Plain; (c)
Qinghai Tibet Plateau; (d) Sichuan Basin and surrounding regions; (e) Loess Plateau; (f) Huang-Huai-Hai Plain; (g)
Middle-lower Yangtze Plain; (h) Karst areas in southwest China; (i) Southern China.

8 M. LIU ET AL.



35%. The southwestern karst areas contributed 23.7% of SC (Figure 2(a)), 14.56% of NPP
(Figure 2(c)) and 14% of WY (Figure 2(b)) with only 8.4% of China’s total land areas. All
ESs had increased in the karst areas of southwest China. In addition, the average of NPP
and WY increased most rapidly (Table A1). For WY, the karst areas in southwest of
China showed the fastest rate of increased (1.37� 104m3/km2/yr) among nine agricultural
divisions, but the increase of total WY in SW karst areas was the second largest after the
middle-lower Yangtze Plain (total WY increased by 2.86� 1011m3).

3.2. The synergy and trade-offs among the ESs

As shown in Figure 3, the spatial distribution characteristics of trade-offs and synergies of ES in
China was revealed. There was basically a synergy between the ESs in SW karst areas (Figure
3). The synergy areas between SC and WY accounted for 73.21% of China’s total land area
(Figure 3(b)), especially concentrated in the karst areas of southwest China (0.42���, p< 0.01),
Loess Plateau (0.6���, p< 0.01) and the middle-lower Yangtze plain (0.36���, p< 0.01), the
synergies areas accounted for 90.77%, 94.12%, and 74.51% of their land area, respectively.

3.3. Temporal analysis of trade-offs and synergies

The trade-offs and synergies between ES vary greatly over time. Overall, the synergy of
SC, NPP, and WY were stronger in the nine agricultural divisions, while the correlation
coefficient between FS and other ESs was weak. The ESs correlation coefficient increased
the most in the Loess Plateau (Figure 4(e)) and Northern arid and semiarid region
(Figure 4(a)). Among them, the synergy between SC and NPP had grown the most signifi-
cantly in the Loess Plateau (increased of 2.91 times compared with 1992). At the same
time, the synergy between SC, NPP and WY both increased suddenly after 2000, the same
was true for the synergies between SC and NPP in Northern arid and semiarid region. It
can be seen that the increased in woodland brought about by the ecological restoration
projects had significantly increased the SC and achieved great effects in these regions.
Although the correlation coefficient of ESs was not large in SW Karst areas, but the
implementation of the ecological project promoted the synergies relationship between SC
and NPP, NPP and WY in the southwest karst area (combined with Figure 5).

3.4. The synergy level of ESs in different regions

According to formula (6), the interaction between multiple ESs is identified according to
the number of trade-offs and collaboration relationships, which are divided into seven lev-
els (Figure 5). It could be seen that 49.28% of China’s total land areas was synergy control
areas (synergy area for more than three ecosystem services in Figure 5) of muti-ESs, and
the areas of synergies main control of muti-ESs accounted for 82.23% in SW karst areas
(Figure 5(h)). The synergy control areas in SW karst areas was much higher than other
areas. The greater the area ratio with higher synergy level of ESs, while the areas with a
higher synergy level had a small proportion in other regions (Figure 5(h)). The synergy
control areas were regarded as an area where ecological restoration projects could achieve
significant results, and it could promote the common improvement of multiple ESs. The
synergy control areas should become a key areas for ecological construction. The key sen-
sitive links should be accurately identified and controlled as early as possible to promoted

GEOCARTO INTERNATIONAL 9



the synergy of ES improvement. This was followed by 63.98% in the middle-lower
Yangtze Plain and 63.08% in southern China. In contrast, the Loess Plateau (Figure 5(d))
had stronger trade-off relationship, with the synergy control areas, accounted for only
22.81% of the areas.

Figure 3. Spatial change map of Soil conservation in 1992 (a), 2015 (b) and changed (c), the Net Primary Productivity
in 1992 (d), 2015 (e) and changed (f), the Water yield in 1992 (g), 2015 (h) and changed (i), the Food supply in 1992
(j), 2015(k) and changed (l).
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3.5. Main control factors of ES synergy in different regions

Previous scholars had confirmed that the increase of NDVI could promote the SC and
NPP (Peng et al. 2011; Cai et al. 2014; Xiao 2014; Li et al. 2016; Zhang et al. 2016). So, to
further identify the dominant areas of each influencing factor, the contribution propor-
tions of climate change (CC) and human activity (HA) for NDVI increased were calcu-
lated according to the four designed scenarios in Table 2. For China, the percentages of
CC and HA controlled accounted for 61.99% and 38% for NPP increasing (Figure 6(a,b)),
respectively. The vegetation restoration trend was mainly controlled by climatic factors in
the Northeast Plain, Qinghai-Tibet Plateau, Sichuan Basin, Huanghuaihai Plain, and
South China. In contrast, vegetation restoration was controlled by human activities in the
Chinese shelterbelt program, such as the Northern arid and semiarid region, the Loess
Plateau, the lower reaches of the Yangtze River, and the karst areas in SW China (Figure
6(b)). Figure 4 shown that the synergistic relationship between SC and NPP the Loess

Figure 4. The correlation space map of SC and NPP (a), SC and WY (b), SC and FS (c), NPP and WY (d), NPP and FS
(e), WY and FS (f), and correlation level of ES (g).

GEOCARTO INTERNATIONAL 11



Plateau and the arid and semi-arid regions has increased after 2000. Combined with the
Figure 6(e), it can be found that the mutation years of NDVI in the Loess Plateau were
concentrated in 2000, and the arid and semi-arid areas in the north were in 2003, due to
the positive impact caused by human activities (Figure 6(d)), it can be seen that the

Figure 5. Line chart of correlation coefficients among ESs in nine major agricultural districts. (a) Northern arid and
semiarid region; (b) Northeast China Plain; (c) Qinghai Tibet Plateau; (d) Sichuan Basin and surrounding regions; (e)
Loess Plateau; (f) Huang-Huai-Hai Plain; (g) Middle-lower Yangtze Plain; (h) Karst areas in southwest China; (i)
Southern China.
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Figure 6. The impact of CC and HA on NPP changes. (a) Trend of NDVI from 1992–2015; (b) Spatial distributions of the cli-
mate- and human-dominated NPP increase areas. The contribution proportions that CC (Con_clim) (c) and HA (Con_hum)
(d) contributed to NPP increasing; (e) NDVI turning point year spatial distribution map; (f) the average annual temperature
line among the nine major divisions; (g) the average annual precipitation line chart among the nine major divisions.
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vegetation restoration caused by the implementation of the ecological project had pro-
moted the cooperative relationship between SC and NPP in the two places.

Among all the areas where human activities dominate vegetation restoration, HA
dominated the NDVI increased 57.48% in the southwest karst areas(the percentages of
HA was highest), which were mainly located in GX, the southern GZ, and the eastern
YN. Indeed, We found that NDVI mutation occurred after the implementation of eco-
logical projects (Figure 6(e)). The coverage of NDVI experienced low before the mutation
year (Figure A1(a)) and obviously increased after the mutation year (Figure A1(b)), and it
was mainly due to human activities. Most important of all, Surprisingly, we found that
the overlap rate between the HA dominated areas(Figure 7(b)) and the synergies among
ESs areas (Figure 7(a)) was as high as 90.7% (Figure 7(c)), these proved that ecological
engineering had played a key role for synergies among multi-ESs synergy in SW karst
areas. In addition, Previous research had been confirmed that precipitation showed a posi-
tive contribution in NDVI coverage in the karst region of China (Wu et al. 2020), precipi-
tation and temperature were increased trend before and after the mutation year, but the
growth rate of precipitation faster than the temperature (Figure 6(f,g)), these promoted
the rise of WY. Therefore, SC, NPP, and WY showed synergies in SW karst areas.

4. Discussion

4.1. Trade-off relationships in various land use types

The relationship between ES trade-off and synergy was spatially heterogeneous, which
depends to the spatial pattern of land use (Xu et al. 2018). Land use change can cause
changes in ES and even ESV (Yang et al. 2018; Hu et al. 2020). The urban land area
actively expanded 253%, and wetlands increased by 6.9%. The reduced in unutilized was
most pronounced from 1992 to 2015. Cultivated field increased by 5.24� 104km2 from
1992 to 2000, and decreased by 2.96� 104km2 from 2000 to 2015. The woodland
decreased before 2000 and then increased (Table 3). It can be found that China’s eco-
logical engineering had achieved corresponding results (Lai et al. 2016).

We found that all ES showed an increasing trend in cultivated field and woodland by
exploring the dynamic changes of ES under different land use types (Figure 8). The
decreased in cultivated field area and the increased in FS output were still may due to the
increase in the yield of crops by fertilization, the rapid development of hybrid varieties(Jain
2010; Chen et al. 2019). Nearly three quarters (72.88%) of the synergy came from cultivated
field and grassland (37.06% of cultivated land, 35.08% of woodland, Figure 9; Table A2).

Taking the karst area as an example, since the implementation of ecological projects,
soil accumulation quickly recovered after abandoned farmland evolved into grassland and
shrubland (Liu et al. 2020). Therefore, scholars believed that increasing vegetation cover-
age could play a key role in reducing nitrogen deposition in local ecosystems (Han et al.
2015). The research results were consistent with them. Improved the quality of cultivated
field and grassland may greatly improve the synergy relationship of ES and promote the
well development of the ecological environment.

4.2. Comparisons of the results with that in previous studies

We compared our results with previous researches. In terms of ecosystem service, The
Ordos City had a total area of 8.68� 104 km2, the average value of SC was 47.79
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t�hm�2yr�1 and 59.04 t�hm�2yr�1 in 2000 and 2010, respectively (Wu et al. 2017). The
Jiajiu city of Gansu Province had a total area of 1.94� 105 km2. The average value of SC
increased from 24.14 t�hm�2yr�1 in 2000 to 44.42 t�hm�2yr�1 in 2010, and the total
amount had increased from 6524.59 tons to 11,988.57 tons (Pan and Li 2017). Taihu Lake
Basin covers an area over 3.69� 104 km2, the SC was 3.38� 103 t�km�2yr�1 in 2000
(Qiao et al. 2019). Relevant scholars had conducted geographic statistical analysis on a
large number of field sample data and found that the soil and water conservation and
water transfer capabilities had gradually increased in karst areas (Nie et al. 2012). Our
research results were consistent with it. However, some researchers had reached different
conclusions, for example, the areas of the trade-offs between SC and NPP was larger than
synergies in the Han River Basin of China (Wang et al. 2017). In this research, the overall
SC and NPP showed synergies in the Loess Plateau (Figure 5), but there were still trade-
offs in some areas from the spatial map (Figure 4). Previous scholars had found that
84.4% of the SC occurred on the slopes between 8� and 35�after the restoration of vegeta-
tion on the Loess Plateau (L€u et al. 2012). the average erosion rate in areas with slopes

Figure 7. The synergy level of ESs in karst areas. (a) The synergy level of ESs diagram in karst areas; (b) vegetation
restoration contributed by human activities; (c) the overlapping space between the human activities control areas and
the multi-ESs synergy area.

Table 3. Changes in areas of land use types from 1992 to 2015 (104 km2).

Land use type

Area

Before
returning

farmland to
forests

After
returning
farmland
to forests

Total area
transformation Total rate

of change1992 1995 2000 2005 2010 2015 1992–2000 2000–2015 1992–2015

Cultivated field 270.58 271.73 275.82 274.63 274.48 272.86 5.24 –2.96 2.28 0.8%
Woodland 183.55 182.79 181.68 182.75 182.33 182.27 –1.87 0.59 –1.28 –0.7%
Grassland 299.43 298.52 296.86 296.34 296.22 296.61 –2.56 –0.26 –2.82 –0.9%
Wetlands 3.44 3.44 3.49 3.59 3.66 3.68 0.05 0.19 0.24 6.9%
Urban land 3.49 3.81 4.37 7.01 9.62 12.31 0.88 7.94 8.83 253%
Unutilized land 190.32 190.53 188.53 186.41 184.39 182.87 –1.80 –5.66 –7.45 –3.9%
Waters 12.64 12.61 12.68 12.70 12.74 12.85 0.04 0.17 0.21 1.7%
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exceeding 8� was far exceeded the allowable erosion rate (Cai 2001). Our results were
consistent with it. These require us to clarify specific spatial scales when studying the rela-
tionship of ESs in order to make scientific and reasonable ecological manage-
ment decisions.

Figure 8. Rose chart of the dynamic change of ES mean in different land types from 1992 to 2015.

16 M. LIU ET AL.



4.3. Ecological engineering promotes multi-ESs synergy in SW karst areas

The ecological environment in Karst areas is fragile, with serious land degradation (Yuan
1993), the impact on NPP is mainly reflected in the lack of soil, insufficient soil nutrients,
and low soil surface water, which is not conducive to vegetation growth. In terms of climate,
the SW karst region is affected by the confluence of the southeast monsoon and northwest
cold wind, with large cloud cover and insufficient solar radiation, which is also unfavorable
to local vegetation growth. In recent years, the growth of NPP has mainly relied on the posi-
tive impact of human activities (mainly ecological engineering) on it. The implementation
of the ‘Return farmland to forest’ project and the comprehensive control of rocky desertifi-
cation in Southwest China have caused tremendous changes in land types (Geng et al. 2006;
Liu et al. 2018). The vegetation cover rapidly increased 7% over the karst areas from 1999
to 2012 (Brandt et al. 2018a), By the end of 2016, the area of rocky desertification land will
be reduced by an average of 3864 km2 per year compared with 2011. These results clearly
indicated that the ecological environment had improved in SW karst areas (Mu 2019).

In this article, we through trend analysis and abrupt year test (Figure 6(e)) to con-
firmed that NDVI (Normalized Vegetation Index) showed an upward trend in SW karst
areas(Figure 6(a)). Second, we further determined the main influencing factors affecting
vegetation restoration in the Southwest Karst region, calculated according to the four
designed scenarios in Table 2, which confirms that the vegetation restoration in southwest
karst area was mainly contributed by HA. Third, we proved that the vegetation restor-
ation by HA (mainly ecological engineering) plays a key role for synergies among multi-
ESs synergy in SW karst areas. The above is the main impact of HA on the growth of
NPP. In terms of climate factors, precipitation showed a positive contribution in NDVI
coverage in the karst region of China (Wu et al. 2020). Temperature variation is positively
correlated with NPP (Ran et al. 2020), the raised temperature increases NPP by enhancing
photosynthesis. In this study, precipitation and temperature were in increased trend
before and after the mutation year, but the growth rate of precipitation was faster than
the temperature (Figure 6(f,g)), and these promoted the rise of WY and NPP.

Figure 9. Histogram of the proportion of trade-offs and synergies of ESs in different land types.
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In terms of SC, the increase in rainfall in the SW will lead to an increase in rainfall
erosivity, which will have a negative impact on the soil conservation. However, the vegeta-
tion coverage maintains the local soil conservation to a certain extent due to the role of
ecological protection projects. WY is mainly related to rainfall and evapotranspiration.
Studies have confirmed that the varied precipitation and temperature play an important
role during the process of soil conservation, water yield, and NPP changes (Ran et al.
2020). Temperature will affect the rate of vegetation transpiration and water evaporation
to a certain extent, the growth rate of precipitation faster than the temperature in SW
karst areas (Figure 6(f,g)), so the WY was also an upward trend. For FS, economic back-
wardness directly or indirectly causes farmers to reclaim slopes to grow crops in Karst
mountain areas and destroy considerable forest resources, An increase in grain yield is
often at the cost of soil erosion intensification and runoff increase (Tian et al. 2016). The
output of agricultural products and forest products has continued to rise. With the con-
trol of rocky desertification of cultivated land, regional vegetation coverage has increased
in the SW karst areas in recent years. According to the data obtained in the China
Statistical Yearbook, the food production and food value of the SW Karst region
(Guizhou, Yunnan and Guangxi provinces) were obtained, as shown in Table A3. That is,
all ESs showed a synergy upward trend.

Previous scholars had confirmed that the increase of NDVI could promote the SC and
NPP (Peng et al. 2011; Cai et al. 2014; Xiao 2014; Zhang et al. 2016; Li et al. 2016). HA
plays an important role in vegetation restoration by changing land use structure (Piao
et al. 2009). Chang et al. (2012) speculated that a high SC amount indicates minimal free
water flow, good water conservation, and high vegetation carbon fixation. In this study,
SC and NPP showed a synergistic relationship, which was inseparable from the growth of
vegetation coverage. The increase in WY was due to the combined effect of vegetation
coverage and rainfall conditions. The increase of FS was mainly related to the manage-
ment of environmental problems and the increase in vegetation coverage. All in all, the
four ESs all present a synergistic relationship of the SW karst area, which was directly
related to the driving factor of vegetation coverage. Finally, we also corroborated our
research results through the research and reports of other scholars, ecological restoration
measures implemented were the main influencing factors for synergies of ESs in SW karst
areas. Our results were consistent with the findings of related studies (Hou et al. 2015;
Zhang et al. 2018). Therefore, the areas of synergies among multi-ESs should become the
key areas for ecological restoration, so as to promote the synergy of ESs.

4.4. Limitations and future study directions

This article separately discusses the correlation of ES in the nine agricultural areas taking
into the heterogeneity of geographic space. In addition, it must be noted that in order to
unify the resolution of the four ESs after analyzing the spatial distribution, 0.05� raster
data was used for evaluation, which leads to the study of FS was 30.25 times larger com-
pared to other 1 km � 1 km resolution studies, due to the difference in cultivated field,
woodland, grassland and water, it will also cause a large difference in the amount of FS
per unit area of water and cultivated field in China’s provinces and cities. If we want to
provide better ecological guidance for the future, this article should make progress in the
following aspects: collect data sources with finer resolution; explore the dynamic changes
and influencing factors of ESs trade-offs and synergies based on different scales, and
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provide scientific decision-making references based on ESs interrelationships in different
regions; Consider the multiple interactions between human society and ecosystems (Ellis
and Ramankutty 2008), such as accumulation of organic pollutants (Renard et al. 2015).
These studies will improve human well-being and our ability to adapt to changes in the
ecological environment in a more comprehensive and credible way. In the future, we will
further consider what is the most effective way to weaken or reverse trade-offs and
enhance synergy of ESs, and whether the correlation between ESs is strong, and how the
strength of this relationship changes over time, management and scale, and the flow of
ecosystem services and the relationship between supply and demand.

5 Conclusion

The study evaluated ES trade-offs and synergies in China, revealed its spatiotemporal evolu-
tion as well as spatial heterogeneity, and identified the synergies among multi-ESs areas.
Besides, We explored the impact of human activities on vegetation restoration and eco-
logical engineering on trade-offs and synergies, the following conclusions were got after
studying: (1) All ESs had increased in China, the SW karst areas contributed 23.7% of SC,
14.56% of NPP and 14% of WY with only 8.4% of China’s continent; (2) SC and WY
showed a synergy in 73.21% of China’s areas, the SW karst areas, Sichuan Basin, and south-
ern China showed synergistic of all ESs, but the synergy of ESs was the strongest in SW
karst areas; (3) 49.28% of China’s continent was synergy control areas of muti-ESs, while
accounted for 82.23% in SW karst areas, the synergy control areas were regarded as areas
where ecological restoration projects could achieve significant benefits; (4) The synergy
among multi-ESs in SW karst areas was the result of joint efforts of precipitation, tempera-
ture, and ecological restoration projects, but the ecological restoration project was the main
reason. The coverage of NDVI was obviously increased after the mutation year, and it was
mainly due to human activities (HA). Most importantly, the coincidence rate between the
HA dominated areas and the synergies among multi-ESs areas was as high as 90.7%, these
proved that ecological engineering had played a key role for synergies among multi-ESs in
SW karst areas; (5) The synergy of ESs areas was concentrated in cultivated field and grass-
land, all ESs have increased in cultivated field and woodland. Woodland was the main pro-
vider of ES, and its contribution to SC, NPP, and WY reached 54%, 40%, and 37%,
respectively. It was crucial to identify the priority areas that lead to synergies among mul-
tiple ESs, to promote the healthy development of the ecological environment.
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Appendix A

Table A1. The average of ES in nine agricultural divisions from 1992 to 2015.

SC (t�hm–2yr–1) NPP (g�C m–2yr–1) WY (106m3) FS (107t ha–1)

1992 2015 Changed 1992 2015 Changed 1992 2015 Changed 1992 2015 Changed

Northeast China Plain 63.38 62.61 –0.77 245.41307.11 61.7 1.89 1.67–0.23 0.56 0.59 0.032
Northern arid and

semiarid region
14.53 15.45 0.92 131.89111.25–20.64 1.02 0.89–0.12 0.012 0.02 0.007

Huang-Huai-Hai Plain 60.62 61.23 0.61 201.1 288.38 87.28 2.06 2.48 0.43 704.51 796.43 91.91
Loess Plateau 117.1676.72 –40.44 241.65289.71 48.06 2.78 1.29–1.49 0.016 0.043 0.026
Qinghai Tibet Plateau 89.71 131.0541.34 127.93126.08–1.85 3.31 3.52 0.21 0.0004 0.0009 0.0005
Middle-lower

Yangtze Plain
245.07271.4826.41 267.41360.23 92.82 11.1619 7.84 3368 3420 51.48

Sichuan Basin and
surrounding regions

309.12442.09132.97 277.22341.99 64.77 4.90 5.88 0.98 7.29 7.33 0.036

Karst areas in
southwest China

387.24457.0669.82 294.76449.55 154.79 4.5313.31 8.78 0.36 0.37 0.01

Southern China 521.79741.69219.9 339.64481.25 141.61 27.0726.61–0.46 116.87 108.07 –8.80

Figure A1. The spatial distribution of NDVI in first stage trend (a) and second stage trend (b). Division of the counties
into four groups according to their total area of conservation projects.

Table A2. The proportion of ES synergy in various categories from 1992 to 2015.

Land use type, ES SC & NPP SC & WY SC & FS NPP & WY NPP & FS WY & FS

Cultivated field 18.08% 26.44% 13.69% 21.94% 30.37% 22.77%
Woodland 11.46% 18.30% 8.88% 13.99% 20.51% 14.49%
Grassland 22.58% 27.16% 15.97% 21.52% 21.44% 20.18%
Wetlands 0.21% 0.29% 0.14% 0.24% 0.20% 0.15%
Urban land 0.75% 1.07% 0.47% 0.80% 0.93% 0.74%
Waters 0.47% 0.81% 0.48% 0.59% 0.71% 0.89%
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TABLE A3. The food production and food value of the SW Karst region in 1992 and 2015.

Year
1992 1992 (100 million yuan)

Areas

Agricultural
output

(10,000 tons)

Forestry
output

(10,000 m3)

Animal
husbandry
output

(10,000 tons)
Fishery

(10,000 tons)

Agricultural
output
value

Forestry
output value

Animal
husbandry
output
value

Fishery
output
value

Guizhou788.9 136 85.5 2.36 116.03 12.22 47.18 1.3
Yunnan 1070.4 745 92.2 5.37 163.93 22.84 61.56 2.02
Guangxi1418.9 328 136.2 44.57 188.65 26.77 100.72 16.99
Total 3278.2 1209 313.9 52.3 468.61 61.83 209.46 20.31
Year 2015 2015 (100 million yuan)
Areas Agricultural

output
(10,000 tons)

Forestry
output
(10,000 m3)

Animal
husbandry
output
(10,000 tons)

Fishery
(10,000 tons)

Agricultural
output
value

Forestry
output
value

Animal
husbandry
output
value

Fishery
output
value

Guizhou1210.57 175 201.94 24.98 1773.72 137.7 667.14 55.06
Yunnan 1791.27 348 378.31 69.71 1794.65 317.12 1147.53 67.62
Guangxi1433.15 2106 417.27 345.92 2146.37 313.9 1140.3 429.82
Total 4434.99 2629 997.52 440.61 5714.74 768.72 2954.97 552.5
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