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Abstract

Poyang Lake is the largest freshwater lake in China and is an important wetland in the world. The scientific assessment of
ecosystem service trade-offs in Poyang Lake Basin is of great significance for maintaining regional ecological balance and global
biodiversity. This study uses land use as the main data source and the “equivalent factor method” to estimate the ecosystem
service value of the Poyang Lake Basin from 1990 to 2015; the study also analyzes the trade-off synergy among ecosystem
services. On this basis, land use information was simulated under three scenarios: planning scenario (government policy-
oriented), development scenario (economic benefit-oriented), and protection scenario (ecological protection-oriented). The
trade-offs and synergies among ecosystem services under different scenarios were evaluated. The results demonstrate that the
ecosystem service value for the entire basin steadily increased from 1990 to 2015. The relationships among ecosystem services in
the basin were mainly synergistic, and there were few trade-offs. Among the three simulation scenarios, the ecosystem service
value was the highest and the trade-offs among ecosystem services were the lowest under the protection scenario, the ecosystem
service value was the lowest and the trade-offs among ecosystem services were the highest under the development scenario, and
the trade-offs under the planning scenario were between the values of the protection scenario and the development scenario. From
the perspective of maximizing the value of ecosystem services and minimizing trade-offs in ecosystem services, the protection
scenario is the optimal scenario among the three scenarios.

Keywords Ecosystem services - Trade-off synergy - Scenario simulation - Poyang Lake Basin

Introduction

Ecosystem services refer to the natural environmental condi-
tions and effects that human beings rely on to survive and
sustain and all the benefits that humans receive directly or
indirectly from ecosystems (Daily et al. 2009). This concept
was first proposed by Wilson (Wilson and Matthews 1970) in
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1970. Thereafter, in 1997, Daily, the Editor-in-Chief of
Nature’s Services: Societal Dependence on Natural
Ecosystems (Daily 1997), and the Value of the World’s
Ecosystem Services and Natural Capital (Costanza et al.
1997), published in Nature by Costanza et al., made the study
of ecosystem services’ value a hot topic in International
Ecology and Eco-economics. In 2000, the United Nations
launched the Millennium Ecosystem Assessment project
(MA) (Millennium Ecosystem Assessment 2005), which led
to the development of integrated ecosystem assessments. Due
to the limitations of the MA in value assessment and practical
application, some scholars have begun to re-examine the eco-
system services classification system in recent years (Pandeya
et al. 2016; Mcdonough et al. 2017; Costanza et al. 2017). At
present, the classification system of the MA is the most influ-
ential in the study of ecosystem services classification
(Brauman et al. 2007; Haines-Young and Potschin 2009). In
this study, the value of ecosystem services is divided into four
categories, namely, supply, regulation, culture, and support
functions. A paradigm for evaluating the value of ecosystem
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services is proposed, and the interdependence between eco-
system services and human well-being is pointed out. With the
deepening of research on ecosystem services, the importance
of conducting coordinated research on ecosystem service
trade-offs has become increasingly prominent.

The relationships among ecosystem services include
trade-offs, synergies, and compatibilities (Willemen et al.
2010). Due to the diversity of ecosystem services, the
imbalance of spatial distribution, and the selectivity of
human use, the relationships among ecosystem services
have changed dynamically, which is expressed in the form
of trade-offs and synergies of mutual gains (Barbier et al.
2008). Among them, “trade-offs” refer to the situation in
which the supply of one type of ecosystem services de-
creases due to the increase in the use of other types of
ecosystem services, which generally exists between sup-
port services and regulatory services (Rodriguez et al.
2006). “Synergy” refers to the situation in which two or
more types of ecosystem services increase or decrease
simultaneously, mainly in support services and text. It
also regulates the relationship between ecosystem services
and cultural services (Fu and Yu 2016). The growth of
ecosystem services is related to the diversity of ecosystem
services, the imbalance of spatial distribution, and the
selectivity of human use. To reduce the negative effects
of trade-offs, it is necessary to conduct a trade-off analysis
of ecosystem services before making decisions (Naidoo
et al. 2008). Synergy is the internal way to maximize
the benefits of ecosystem services and the ultimate goal
of human social development (Li et al. 2012).
Recognizing the interrelationship among ecosystem ser-
vices and clarifying their spatial and temporal character-
istics and driving mechanisms can coordinate and opti-
mize multiple services and avoid harming other services
while improving one service. It is of great significance for
promoting the sustainable management of regional eco-
systems, guiding the rational development of natural re-
sources and improving human well-being. It is also the
key link for ecosystem services between theoretical re-
search and management practices (Peng et al. 2017). At
present, the relationship between ecosystem services has
become a hot topic in the study of ecosystem services.
Many scholars have conducted in-depth studies on the
trade-offs and synergies of ecosystem services, including
the definition, types, temporal changes and spatial scale
effects, research methods, driving mechanisms, research
significance, and corresponding measures (Peng et al.
2017) (Bennett and Balvanera 2007; Bennett et al. 2009;
Cord et al. 2017). Under the background of the deterio-
rating ecological environments in Poyang Lake Basin, it is
necessary to correctly understand the multiple nonlinear
relationships, characteristics, response rates, driving
mechanisms, and scale effects between ecosystem
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services (Dai et al. 2016) to determine the ecological sta-
tuses of different ecosystem types, regions, and levels.
In recent years, research on the trade-offs and synergies
of ecosystem services has increased. From qualitative re-
search to quantitative analyses, the research mainly in-
cludes the identification and expression of trade-offs and
synergies. The commonly used analytical methods in re-
lated research include the following: statistical analyses
(Kain et al. 2016), spatial analyses (Sun and Li 2017),
model simulations (Byron et al. 2015), and scenario anal-
yses (Butler et al. 2013). Among these four methods, the
data for statistical analyses are generally from government
departments and observation stations. This method can
simply and quickly analyze the correlation of ecosystem
services, but cannot better express the spatial differences
and connections of ecosystem services. Spatial analyses
have advantages of analyzing the spatial distribution of
ecosystem services, which is helpful for analyzing their
trade-offs and synergies. Based on geography and ecology
theories, model simulations can establish an integrated
eco-economic model (Byron et al. 2015), which ultimate-
ly puts forward a planning plan that meets the objective
requirements through multi-objective optimization.
Higgins et al. (1997) analyzed the impact of alien species
invading shrub communities on ecosystem services based
on this model. Chisholm et al. (Chisholm 2010) dynami-
cally analyzed the relationship among water supply, car-
bon sequestration, and wood production of Pinus radiata.
Hussain et al. (Hussain and Tschirhart 2013) analyzed the
trade-offs among biodiversity, grazing, and hunting, and
pointed out that if spatial-temporal heterogeneity is taken
into account, the results of the model analysis will be
closer to the reality. Due to its mature development, this
model has been widely used in research. However, this
method is mostly used to analyze the trade-offs among
market-oriented ecosystem services and has obvious dis-
advantages when it comes to the study of trade-offs and
synergies among ecosystem services that focus on “public
goods.” In addition, the method produces a large amount
of data, and the research scale is usually small (Ziv et al.
2012). Scenario analyses are based on certain land use
patterns, combined with relevant ecological and economic
policies, to simulate a variety of scenarios in order to
understand the trade-offs and synergies between services
under the corresponding scenarios (Alcamo et al. 2005).
However, this method is not mature, the accuracy of the
research results need to be verified, and it is not widely
used for guiding policy-making (Tallis and Polasky 2009).
In addition, the method is limited by data acquisition, the
calculation model, index construction, and other factors,
and the number of ecosystem services selected is also
limited. Therefore, quantitative and evaluation research
on the dynamic relationship between the overall benefits
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of ecosystem services and the benefits of a single service
is insufficient (Li et al. 2012).

Ecosystem service trade-offs are generally related to chang-
es in landscape patterns, and regional landscape patterns are
closely related to regional policies and natural factors. The
scenario simulation method can help decision-makers create
regional development plans to maximize the benefits of eco-
system services by establishing a set socioeconomic condi-
tions and ecological protection scenarios and analyzing the
impact mechanisms of government policies, human activities,
and landscape pattern changes on the relationship between
ecosystem services (Haase et al. 2012). Therefore, this study
uses a scenario simulation method to analyze the trade-offs
and synergies among regions.

Poyang Lake is the largest freshwater lake in China, an
internationally important wetland, the largest migratory bird
habitat in Asia, rich in biodiversity and species resources, and
one of the key areas for global water security and biodiversity
conservation. It is of great significance for maintaining region-
al ecological balance and maintaining global biodiversity (Liu
et al. 2017a, b; Shankman et al. 2006). However, in recent
years, due to changes in water storage in upstream reservoirs
and climate change (Tu and Long 2015), the ecological envi-
ronment of Poyang Lake Basin has faced several crises, the
wetland vegetation has been seriously degraded and the eco-
system services and biodiversity of the river basins have be-
come seriously threatened (Hua et al. 2016). Therefore, scien-
tific evaluation of the ecosystem service value and its dynamic
relationship in the Poyang Lake Basin is of great significance
to the ecological protection of the basin. At present, research
on ecosystem services in Poyang Lake Basin is mainly fo-
cused on value assessments (Wang et al. 2007; Liu et al.
2017a, b), while research on trade-off coordination is relative-
ly limited. Therefore, this paper takes Poyang Lake as the
research area and uses land use as the main data source. The
“equivalent factor method” is used to analyze the dynamic
changes in the service values of different ecosystems over a
continuous time series from 1990 to 2015 and the trade-off
synergies in these ecosystems. On this basis, the land use
under three different scenarios (plan, protection, and develop-
ment scenarios) is simulated using the 2015 land use data as
the base period data and the relevant policies in the Poyang
Lake Basin, and the ecosystems under different scenarios are
simulated. The ecosystem services and their trade-offs are
evaluated and analyzed. Finally, the measures required for
maximizing the benefits of ecosystem services in the Poyang
Lake Basin are proposed.

Materials and data

Poyang Lake is located in southern China on the south bank of
the middle and lower reaches of the Yangtze River. Poyang

Lake is connected to the Lancang, Xiushui, Raohe, Xinjiang,
and Fuhe Rivers. It is an important reservoir lake in the
Yangtze River and plays a tremendous role in flood regulation
and the protection of biodiversity in the Yangtze River Basin
of China. At the same time, Poyang Lake is also one of the
most important ecological zones designated by the World
Wide Fund for Nature (Finlayson et al. 2010). This lake has
an irreplaceable ecological status in the global ecological pat-
tern. In addition, the Poyang Lake Basin (24° 24’ N-29° 46’
N, 113°23" E-118° 46’ E) has a total area of 162,000 km>. The
Poyang Lake Basin is located within the boundaries of Jiangxi
Province, accounting for 97% of the total area of the lake. This
area is an ideal place to conduct research on the relationship
between river basins and people. The basin belongs to the
subtropical humid monsoon climate. The annual average tem-
perature is 17.9 °C, the annual average rainfall is 1642 mm,
the basin is surrounded by mountains on three sides, the mid-
dle of the terrain is low, and the surrounding terrain is high
(Zhao et al. 2017). With the approval of the “Poyang Lake
Ecological Economic Zone Plan” by the State Council of
China on December 12, 2010, the ecological construction in
the basin has risen to China’s national standards (Xie et al.
2018) (Fig. 1).

The main data used in this study include land use data from
1990 to 2015 and net primary productivity (NPP) simulation
data for Poyang Lake Basin (Field et al. 1998), which were
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Fig. 1 Land use types of the Poyang Lake Basin in 2015
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acquired from the China National Earth System Science Data
Sharing Platform (www.geodata.cn). The national planting
areas of rice, wheat, and corn and the income and
expenditure per unit area were derived from the China
Statistical Yearbook (National Statistical Burecau of the
People’s Republic of China) and the National Agricultural
Products Cost-benefit Data Collection (National
Development Planning Commission). The national and farm-
land grain output per unit area was acquired from the China
Statistical Yearbook (National Statistical Bureau of the
People’s Republic of China) and Jiangxi Provincial
Statistical Yearbook (Statistical Bureau of Jiangxi Province,
China).

Methods
Land use scenario simulation
Markov model

The Markov model (Guan et al. 2008) is a stochastic model
that is mainly used to model land use change. In the Markov
process, the state of the system is related to only the current
state. The Markov model describes the land use change from
one period to another. Based on this, future trends in land use
change are predicted (Hua et al. 2016). The formula is as
follows:

S =""P;S, (1)

S;and S, are the states of the land use system at time # and
t+ 1, respectively; P is the state transition matrix.

The cellular automaton (CA) model has powerful spatial
computing power (Saeed 1986), which is a grid dynamics
model with discrete times, spaces, and states as well as spatial
interaction and time causality. The CA model has the ability to
simulate the spatiotemporal evolution process of complex sys-
tems (Wang et al. 2007) and is as follows:

St+1:t+1f(SIaN) (2)

S 1is a finite and discrete set of states of the cell; N is the
neighborhood of the cell; #and 7+ 1 are different moments; fis
the cell transformation rule of the local space.

In this paper, the Markov model is combined with the CA
model, and the spatial weighting factor is added to the Markov
model, which can simulate complex spatial and temporal
changes as well as provide long-term predictions of land use
(Wang et al. 2017). First, by calculating the transfer matrix of
land use in multiple periods, the probability of a land use type
occurring in each grid unit is determined, and the spatial dis-
tribution of the probability of land use types is obtained. Then,
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according to different scenario setting requirements, the trans-
fer matrix is modified to obtain the transfer matrix under dif-
ferent scenarios. The land use raster data of the Poyang Lake
Basin in 2015 and the transfer matrix of different scenarios are
input into the CA-Markov model to obtain different land use
data prediction for the Poyang Lake Basin in 2030.

Different land use simulation scenarios

The scenario analysis method assumes that a certain phenom-
enon can continue into the future and uses this information to
predict the future situation and consequences. The land use
scenario simulation in this study was conducted to determine
the socioeconomic development status and ecological protec-
tion objectives in certain periods of time (history, current
stage, or future), simulate the corresponding land use
scenarios as background variables, and evaluate the
changes in ecosystem services and the mutual relation-
ship changes (Xie et al. 2015).

By integrating the various policy measures currently for-
mulated for the land use requirements in Poyang Lake Basin,
the scenario plan is created by correcting the transfer proba-
bility and related parameters between different land use types.
This paper sets three land use scenarios: protection, planning,
and development scenarios (Nelson et al. 2009). The mean-
ings of the different scenarios are as follows:

Protection scenario: This scenario has the primary goal of
protecting the ecological security and biodiversity of the
Poyang Lake Basin. Referring to relevant research results
(Hua et al. 2016), the probability of transfer from cultivated
land to construction land is reduced by 25%, the probability of
transfer from forestland, wetland, and water area to construc-
tion land is reduced by 90%, and the probability of transfer
from forestland to cultivated land is reduced by 50% (Saeed
1986). At the same time, to enhance the availability of eco-
system services by restoring the lost ecological potential, cul-
tivated land with a slope of 25° or more is converted into forest
and grassland to strengthen the ecological construction of the
wetlands and ecological reserves to ensure biodiversity in the
basin (Table 1).

Planning scenario: The land use forecast under this scenar-
io is mainly based on government documents such as the
Jiangxi Population Development Plan (2016-2030), the
Jiangxi Provincial Land Use Master Plan (2006-2020), and
the National Land Plan (2016-2030). According to the targets
for cultivated land and construction land, the areas of cultivat-
ed land and construction land in the Poyang Lake Basin in
2030 are derived. The Markov transition probability matrix is
then modified to obtain the land use data for the 2030 planning
scenario (Table 2).

Development scenario: Under this scenario, the land use
demands in Poyang Lake Basin are basically not affected by
policy regulation, and the land use patterns and quantities
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Table 1 Land transfer matrix under the protection scenario

Area Farmland Forestland Grassland Lake Wetland Construction land Unutilized land
Farmland 37,642 3293 1103 2102 694 30 0

Forestland 34 105,097 83 4 124 0 0

Grassland 45 1028 6441 44 0 0 0

Lake 290 76 48 5790 180 601 0

Wetland 435 210 0 45 3570 0 0

Construction land 9 0 133 0 509 0

Unutilized land 0 0 0 0 0 17

change according to the trends before 2015. Among these
changes, the cultivated land, forestland, and water areas
showed a trend of continuous decline, the wetland areas
showed a trend of increasing slowly, and the construction land
showed a rapid growth trend (Table 3).

Estimation of ecosystem services
Ecosystem service classification

In this paper, the classification of ecosystem services is based
on the classification method of the MA (Millennium
Ecosystem Assessment), which divides ecosystem services
into supply services, regulation services, and cultural services.
In addition, considering that the water supply of Poyang Lake
is an important function, the supply of water resources is
added as a supply service, and on this basis, the ecosystem
services are further divided into eight subcategories (Table 4).

Ecosystem service value assessment method

The spatial distributions of ecosystems and ecosystem service
types are heterogeneous. Costanza (Costanza et al. 1997) es-
timated the value of global ecosystem services as only a global
average, which when applied to regional scales, can lead to
large errors. For that reason, Xie Gaidi and colleagues at the
Institute of Geographic Science and Natural Resources
Research CAS revised the ecosystem services equivalent val-
ue per unit area based on a questionnaire survey of 700

professional personnel with ecology backgrounds and accord-
ing to China’s ecological systems and social-economic devel-
opment. Based on the output and area of farmland grain per
unit area in 2010, they calculated the Chinese standard unit
equivalent factor for the current year, determining that the
ecosystem service value of China’s standard unit equiv-
alent factor was 481.19 yuan/ha. Based on the calcula-
tion results of Xie et al. in 2010, this study revised the
ecological service value per unit area for the Poyang
Lake Basin (Xie et al. 2008).

Correction of the value of ecosystem services per unit area

Both the temporal and spatial components of the calculation
results of Xie Gaodi et al. (2010) were revised. For the spatial
component, this paper uses the ratio of the grain yield per unit
area of the study area to the yield per unit area of grain farm-
land in China as the revised coefficient and revises the eco-
system service value per unit area to the ecosystem service
value per unit area of the Poyang Lake Basin. For the temporal
component, the service value per unit area of the Poyang Lake
Basin is revised each year using the grain yield data per unit
area of the corresponding year (Table 5).

In addition, considering the close relationship between bio-
mass and ecosystem services, this paper uses NPP to modify
the ecosystem service value of Poyang Lake Basin on the
basis of regional correction and evaluates certain pixels in
the study area. The NPP value (NPP;) is compared with the
NPP average of the type of ecosystem to which the pixel

Table 2 Land transfer matrix under the planning scenario

Area Farmland Forestland Grassland Lake Wetland Construction land Unutilized land
Farmland 38,053 3293 760 1302 1426 30 0

Forestland 1920 100,334 2426 338 324 0 0

Grassland 45 1028 6184 44 257 0 0

Lake 290 76 98 5940 180 401 0

Wetland 435 210 0 45 3570 0 0

Construction land 9 0 133 0 509 0

Unutilized land 0 0 0 0 0 17
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Table 3  Land transfer matrix under the development scenario

Area Farmland Forestland Grassland Lake Wetland Construction land Unutilized land
Farmland 37,722 893 91 1002 5226 30 0

Forestland 1920 90,358 6426 338 6300 0 0

Grassland 45 1028 6184 44 257 0 0

Lake 290 76 48 5790 180 601 0

Wetland 435 210 0 45 3570 0 0

Construction land 9 0 133 0 509 0

Unutilized land 0 0 0 0 0 17

belongs, and the ratio is used as a functional factor to dynam-
ically adjust the element based on the function factor (Xie
et al. 2015).

pi = NPP; /NPPjjnean (i = 1995--2015)(j = 1,2:+)  (3)

p; represents the functional adjustment factor for the i-th year;
NPP;; represents the NPP value of a certain pixel in the i-th
year; NPPj;can represents the average value of the NPP of the
Jj-th ecosystem in the i-th year.

Ecosystem service value calculation model

After the correction of the ecosystem service value per
unit area, combined with the basic equivalent tables of
different types of ecosystems and different types of eco-
system service functions, the ecosystem service values per
unit area for the different land types are obtained for the

Table 4 Classification of ecosystem services

different years in the study area. The land use data, the
total value of ecosystem services in the study area, and
the calculation model are as follows:

ESV = ¥ S, x VC, (4)

i=1

ESV is the total ecosystem service value, S; is the area of
the i-th land use type in the study area, VC; is the ecosys-
tem service value per unit area of the i-th land use type, and
i is the land use type.

Research methods for trade-off and synergy

Spatially, the pixel-by-pixel correlation of temporal and
spatial statistical mapping methods is used to quantitative-
ly assess the interreclationships between ecosystem

Classification of ecosystems

Definition/use of the services

Supply service Food production

Raw material production

Food products from plants, animals, and microorganisms.

Raw production (for example, wood, jute, hemp, silk, and other products)

from plants, animals, and microorganisms.

Water supply

Refers to the water resources provided by the ecosystems and used for

residential life, agriculture (irrigation), and industrial processes.

Adjustment service Gas regulation

Ecosystems release chemicals into the atmosphere and also absorb chemicals

from the atmosphere, which can have multifaceted effects on gas.

Climate regulation

The ecosystem has an impact on both the local climate and the global climate.

For example, on the local scale, the change of land use can affect the temperature
and precipitation. On the global scale, ecosystems play an important role in the
climate through the absorption and emission of greenhouse gases.

Environment purification

The vegetation and organisms in ecosystems to degrade excess nutrients and

compounds, the retention of dust, decontamination, and other functions.

Hydrological regulation

The timing and size of runoffs and floods and the recharging of aquifers are

strongly influenced by changes in land cover, especially activities that alter
the water storage potential of the system, such as the conversion of wetlands,
the conversion of forests to farmland, or the conversion of farmland to city.

Cultural service Esthetic landscape

People can find esthetic value in many aspects of ecosystems, which is already
reflected in their love of parks, boulevards, and their choices of housing locations.

@ Springer
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Table 5 Different equivalent values in different years for the Poyang
Lake Basin (unit: yuan/ha)

Equivalent factor China Poyang Lake Basin
1990 356.74 406.42

1995 383.24 414.39

2000 404.80 461.72

2005 449.10 509.69

2010 481.19 519.68

2015 530.46 561.03

2030 575.28 614.93

services. The correlation is calculated as follows (Wang
et al. 2017; Xu 1996):

n

» (ESI

r= n=l R
\/Z (ESI z/ ESl(ll) (Esz’l(i/)_Esz(i/)z)

ES1 and ES2 represent two different ecosystem services;
is the correlation coefficient between ES1 and ES2; i and j
represent the row and column numbers of specific pixels in
the raster data, respectively; n is the grid time series of the
data. The correlation coefficient between ES1 and ES2 was
calculated, and a ¢ test was used to evaluate the significance of
the relationship between ecosystem services; single asterisk
(*) indicates that ES1 is significantly correlated with ES2 at
the 0.05 level, and double asterisk (**) indicates that ES1 is
significantly correlated with ES2 at the 0.01 level. The corre-
lation coefficients between — 0.2 and 0.2 are not considered to
be correlated.

ESI(U’)) (Eszn@)—Esz(U-))

Results

Changes in the value of ecosystem services and their
relationship in Poyang Lake Basin

Changes in the value of ecosystem services in the Poyang
Lake Basin

The value of ecosystem services in the Poyang Lake Basin
from 1990 to 2015 showed a significant increasing trend, from
144.341 billion yuan to 1990.77 billion yuan, a total increase
of 54.736 billion yuan. The largest increase occurred from
1995 to 2000, and the second highest increases occurred from
2000 to 2005. The smallest annual increase occurred from
1990 to 1995. The dominant ecosystem services are regulating
and supply services, accounting for approximately 85% and
9% of the ecosystem service values, respectively. The lowest

ecosystem services are cultural services, accounting for only
approximately 6% of the ecosystem service values (Table 6).

The values of ecosystem services in the Poyang Lake Basin
in 1990, 1995, 2000, 2005, 2010, and 2015 were calculated
according to the values of the six categories, and a distribution
map of the ecosystem service values was obtained. This figure
shows that except for Poyang Lake, the value of ecosystem
services in the basin is low in the middle and high in the
surrounding areas. The areas with high ecosystem service
values are distributed in Poyang Lake and parts of the north-
west. Areas with low ecosystem service values are more con-
sistent with farmland and construction land, which are mainly
located in the central and southern parts of the country. The
median ecosystem service values are mainly distributed in
parts of the central and western regions (Fig. 2).

Watershed ecosystem service trade-off synergy from 1990
to 2015

Based on the values of various types of ecosystem services in
the Poyang Lake Basin in different periods, the correlation
between the eight ecosystem services was obtained through
correlation analysis. The results show that the synergistic re-
lationship is the dominant relationship between the ecosystem
services in the Poyang Lake Basin, accounting for 59.37%.
Collaborative relationships are mainly found in supply and
cultural services and in regulating relationships with other
types of ecosystem services (Table 7).

In terms of supply services, there is a significant positive
correlation between food production and raw material produc-
tion among three different types of supply services, while
there is no significant negative correlation between food pro-
duction and water supply, or between raw material production
and water supply. The relationship between supply services
and other services is as follows: food production is negatively
correlated with environment purification and hydrological
regulation, and positively correlated with other services.
There is a negative correlation between raw material produc-
tion and hydrological regulation, and a positive correlation
with other services. Water supply is positively correlated with
environment purification and hydrological regulation, and
negatively correlated with other services.

Among the four different types of regulation services, cli-
mate regulation and gas regulation are positively correlated,
while they are negatively correlated with environmental puri-
fication and hydrological regulation. The relationship between
regulation services and other services is as follows: both gas
regulation and climate regulation are negatively correlated
with the water resources supply and positively correlated with
other services. There is a negative correlation between envi-
ronmental purification and food production, and a positive
correlation with other services. Hydrological regulation is
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Table 6  Ecosystem service values in the Poyang Lake Basin (100 million yuan)

Year 1990 1995 2000 2005 2010 2015
Supply service FP 38.40 39.21 43.54 47.92 48.77 52.32
RP 33.26 33.98 37.76 41.57 4243 45.59
WS 3.35 1.59 3.94 4.87 5.02 6.02
Regulation service GR 117.68 120.36 133.57 146.98 149.98 161.13
CR 303.75 310.53 344.93 379.93 387.91 416.88
ED 105.29 106.71 119.58 131.83 134.51 144.86
HA 539.06 532.63 613.28 681.77 693.44 749.98
Cultural service AL 55.60 56.50 63.09 69.03 70.56 75.89
Total 1443.41 1453.55 1640.05 1811.80 1847.13 1990.77
The rate of change from the previous period to the later period (%) - 0.70 12.83 10.47 1.95 7.71
N N N
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Table 7  Trade-offs and synergies among ecosystem services in the Poyang Lake Basin

Related FP RP WS GR CR ED HA AL
FP 1 0.966%** —0.677 0.970%* 0.940%* -0.017 -0.516 0.815%*
RP 0.966%** 1 —0.66 0.985%* 0.993#* 0.017 —0.511 0.844*
WS —0.677 —0.66 1 -0.772 —0.691 0.736 0.978%* —0.369
GR 0.970%* 0.985%* —0.772 1 0.9807%* —-0.139 —0.64 0.81
CR 0.940%* 0.993%* —0.691 0.980%* 1 —0.041 —0.551 0.791
ED —-0.017 0.017 0.736 —0.139 —0.041 1 0.842* 0.303
HA —-0.516 —0.511 0.978%* —0.64 —0.551 0.842* 1 —0.238
AL 0.815% 0.844* —0.369 0.81 0.791 0.303 —0.238 1

** indicates that the two ecosystem services are significantly correlated at the 0.01 level; * indicates that the two ecosystem services are significantly

correlated at the 0.05 level

positively correlated with water resources supply, and nega-
tively correlated with other services.

The esthetic landscape in cultural services is negatively corre-
lated with water supply and hydrological regulation. There is a
positive correlation with other services, among which there is a
significantly positive correlation with supply services (Fig. 3).

Changes in ecosystem services and their relationship
in the Poyang Lake Basin under scenario simulations
Value of ecosystem services in different scenarios

Using the CA-Markov model, based on the land use information

of 1995, 2005, and 2015, the land use information of the three
scenarios (protection, planning, and development scenarios) in

the Poyang Lake Basin in 2030 was simulated. The land use and
its changes in different situations are shown in Table 8.

Figure 4 shows the spatial distribution of the ecosystem
services value per unit area under different scenarios in
2030. In the three scenarios, the areas with high ecosys-
tem service values in the Poyang Lake ecosystem are dis-
tributed in Poyang Lake and parts of the northern part of
the basin. The areas with low ecosystem service value are
more consistent with the distribution of farmland and con-
struction land and are mainly distributed in the basin area
and parts of the southwest. The median ecosystem service
values are distributed in parts of the western part of the
basin. The comparison of the protection, planning, and
development scenarios indicates that as the development
intensity increases, the ecosystem service value is re-
duced, and the medium- and low-value regions are
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Table 8  Proportion of land use types and their changes under different scenarios compared with 2015

Protection scenario

Planning scenario

Development scenario

Farmland 22.66% (—3.82%)
Forestland 64.65% (+2.61%)
Grassland 4.52% (+0.07%)
Lake 4.78% (+0.67%)
Wetland 0.67% (+0.29%)
Construction land 2.69% (+0.18%)
Unutilized land 0.01% (+0.00%)

24.02% (— 2.47%)
61.85% (— 0.20%)

5.58% (+1.13%)
4.60% (+0.48%)
0.55% (+0.17%)
3.39% (+0.88%)
0.01% (+0.00%)

23.82% (~2.66%)
54.50% (—7.55%)
7.51% (+3.06%)
4.33% (+0.22%)
0.67% (+0.29%)
9.15% (+ 6.65%)
0.01% (+0.00%)

w_»

compared to that in 2015

expanded, mainly in the western and northern parts of the
basin. The high-value areas are mainly expanding in the
central region, and the scope of new construction land is
roughly the same (Table 9).

Trade-off synergy between ecosystem services in different
scenarios

Based on the simulated ecosystem service value of the Poyang
Lake Basin in 2030, the relationships between ecosystem ser-
vices under three scenarios were analyzed. The results show
that there are differences in the trade-off synergies between
various ecosystems under different scenarios, and the degree
of trade-offs also changes.

indicates that the area of the land category is decreasing compared to that in 2015; “+” indicates that the area of the land category is increasing

Under the protection scenario (Table 10), among the differ-
ent ecosystem service values in the Poyang Lake Basin, 18
groups showed negative correlation and 46 groups showed
positive correlation. Compared with 2015 (Table 7), the de-
gree of synergy between ecosystem services increased from
59.3 to 71.9%. Among them, the synergy between 18 groups
of ecosystem services increased, the trade-off between 2
groups of ecosystem services decreased, 12 groups of ecosys-
tem services changed from trade-off to synergy, and 6 groups
of ecosystem services changed from synergy to trade-off. For
example, there is a significant negative correlation between
food production and other ecosystem services. Compared with
2015, the correlation coefficient increases, so the trade-off
degree increases. Besides the significant negative correlation
between purified environment and food production, there is a
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Fig. 4 Ecosystem service value under different scenarios (unit: yuan/ha)
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Table 9  Ecosystem service values of the Poyang Lake Basin under
simulated scenarios (unit: 100 million yuan)

Protection scenario  Planning scenario Development scenario

FP 54.83 55.50 52.96
RP  51.36 50.31 46.61
WS 19.72 16.99 13.05
GR  180.04 176.65 164.28
CR  474.64 461.53 424.89
ED  169.97 163.72 151.25
HA  903.63 885.28 811.52
AL 8823 85.64 78.30
Total 2130.37 2080.17 1912.14

positive correlation between purified environment and other
ecosystem services, compared with 2015, the correlation co-
efficient increases, so the degree of synergy increases.

Under the planning scenario (Table 11), 27 groups showed
negative correlation and 37 groups showed positive correla-
tion among different ecosystem service values in Poyang Lake
Basin. Compared with 2015 (Table 7), there was no signifi-
cant change in the degree of synergy between ecosystem ser-
vices. Among them, the degree of synergy among eight
groups of ecosystem services increased, and the trade-off
among eight groups of ecosystem services increased. For ex-
ample: water supply and a negative correlation relationship of
ecosystem services system, compared to 2015, the correlation
coefficient increases, so increasing the degree of trade-off;
climate regulation and a negative correlation with the ecolog-
ical system service relationship, the correlation coefficient is
reduced; therefore, the degree of trade-off is reduced.

Under the development scenario (Table 12), among the
different ecosystem service values in the Poyang Lake
Basin, there was a negative correlation between the 28 groups
and a positive correlation between the 36 groups. Compared

with 2015 (Table 7), the synergy between ecosystem services
decreased from 59.3 to 56.3%. Among them, the trade-off
between 18 groups of ecosystem services increased, the syn-
ergy between 16 groups of ecosystem services decreased, and
the synergy between the four groups of ecosystem services
became a trade-off relationship. For example, in the ecosys-
tem service relationship which is negatively correlated with
raw material production, the correlation coefficient increases
compared with that in 2015, so the trade-off degree increases.
In the ecosystem service relationship, which is positively cor-
related with water resources supply, the correlation coefficient
increases, so the degree of synergy increases.

In regional land planning, policy-makers often need to
make predictions about ecosystem services and trade-offs
through land use changes to provide scientific support for
regional development (Cowling et al. 2008; Haines-Young
2009). In the research on trade-off relationships, the manage-
ment of regional ecosystem services and the maximization of
the synergy relationship of regional ecosystems are the ulti-
mate goals. Figure 5 shows a comparison of ecosystem ser-
vices and their trade-offs under different scenarios. We divid-
ed the simulation scenario into four scenarios: (1) the ES total
and trade-offs exceeded 2015; (2) the ES exceeded 2015, and
the trade-offs were lower than 2015; (3) the ES and trade-offs
were lower than 2015; and (4) the ES is lower than 2015, and
the trade-offs were higher than 2015. The second of these four
cases 1s a better case than the other three, and the fourth is the
worst case (Yang et al. 2018). As can be seen from Fig. 5, the
total ES under the protection scenario is the highest and the
trade-offs are the lowest. Under the development scenario, the
total ES is the lowest, and the trade-offs are the highest.
Between the planning scenario and the protection scenar-
io, the total ES differs slightly, but the trade-offs differ
greatly. Consequently, the protection scenario is better
than the development scenario and the planning scenario,
while the development scenario is worse than the other
two scenarios.

Table 10  Trade-off synergy between ecosystem services in the Poyang Lake Basin under the protection scenario

Related FP RP WS GR CR ED HA AL

FP 1 —0.883%* —-0.739 —0.902%* —0.958%* —0.921%* —0.913%* 0.916%*
RP —0.883%%* 1 0.428 0.997%* 0.890%* 0.761 —0.498 0.947%*
WS —0.739 0.428 1 0.202 —0.735 0.776 0.937** —0.678
GR —0.902%* 0.997** 0.202 1 0.988** 0.716 0.71 0.944%*
CR —0.958%%* 0.890** —0.735 0.988** 1 0.777* 0.662 0.920%*
ED —0.921%* 0.761 0.776* 0.716 0.777* 1 0.978** 0.775*

HA — .913%* —0.498 0.937** 0.71 0.662 0.978%** 1 —-0418
AL 0.916%* 0.947+* —0.678 0.944** 0.920%* 0.775* —0.418 1

** indicates that the two ecosystem services are significantly correlated at the 0.01 level; * indicates that the two ecosystem services are significantly

correlated at the 0.05 level
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Table 11 Trade-off synergy between ecosystem services in the Poyang Lake Basin under the planning scenario

Related FP RP WS GR CR ED HA AL

FP 1 0.171 —0.428 0.837* —0.467 —0.924%* — .928%* —0.502
RP 0.171 1 —0.611 0.67 0.789* —0.088 —0.143 0.673
WS —0.428 —-0.611 1 -0.73 -0313 0.459 0.648 —-0.078
GR 0.837* 0.67 -0.73 1 0.085 -0.671 —0.810%* —-0.019
CR —0.467 0.789* -0313 0.085 1 0.636 0.43 0.887%*
ED —0.924** —0.088 0.459 —0.671 0.636 1 0.968** 0.719
HA —0.928%* —0.143 0.648 —0.810* 0.43 0.968** 1 0.54
AL —0.502 0.673 —0.078 —0.019 0.887%* 0.719 0.54 1

** indicates that the two ecosystem services are significantly correlated at the 0.01 level; * indicates that the two ecosystem services are significantly

correlated at the 0.05 level

Analysis

Changes in the values of ecosystem services and their
drivers

The value of ecosystem services in the Poyang Lake
Basin from 1990 to 2015 showed an overall increasing
trend. On the one hand, this trend was related to the an-
nual increase in the equivalent factor, and on the other
hand, it was related to the special ecological environment
and human activities in the basin. The Poyang Lake Basin
is one of the most important storage lakes for the Yangtze
River. The ecological environment of the basin is related
to the ecological security of the middle and lower reaches
of the Yangtze River. Therefore, the ecological security of
the basin has always been a concern for many people
(Vorosmarty et al. 2010). Over the past 20 years, the
“Mountain River and Lake Project” has been effectively
implemented in the basin. The vegetation coverage of the
basin has increased each year, and soil erosion control has
also been effective, with an area of nearly 53,000 ha per
year. On December 12, 2010, with the official approval of

the “Poyang Lake Ecological Economic Zone Planning”
by the State Council, the ecological construction in the
basin increased to the national standards, which deepened
the people’s understanding of ecological environment pro-
tection and the various measures necessary to improve
and protect the ecological environment, such as
“Administrative Measures for Compensation Funds for
Ecological Public Welfare Forests in Jiangxi Province,”
“Public Functional Area Planning in Jiangxi Province”
and “Jiangxi Provincial Watershed” Ecological
Compensation Measures (Trial), and “Establishment
Implementation Plan for the Pioneering Zone of
Ecological Civilization in Jiangxi Province.” The imple-
mentation of these policies has greatly promoted the sus-
tainable development of the ecological environment of the
river basin, and the value of ecosystem services in the
river basin has increased each year (Zhao et al. 2017;
Liu et al. 2017a, b). The ecosystem service value of the
Poyang Lake Basin is characterized by values that are low
in the middle and high in the surrounding areas. From a
regional perspective, the central region is the Poyang
Lake Plain, which is active in social and economic

Table 12 Trade-off synergy between ecosystem services in the Poyang Lake Basin under the development scenario

Related FP RP WS GR CR ED HA AL

FP 1 0.910%* 0.181 0.699 —0.598 -0.46 -0.713 0.608
RP 0.910%* 1 —0.741 0.564 0.894%* —0.261 —0.635 0.792%
WS 0.181 —0.741 1 —0.839* -0.629 0.839% 0.980%* —0.336
GR 0.699 0.564 —0.839* 1 0.147 —0.409 —0.748 0.737
CR —0.598 0.894%* —0.629 0.147 1 —0.144 —0.549 0.791%*
ED —0.46 —0.261 0.839* —0.497 —0.144 1 0.897%* 0.184
HA -0.713 —0.635 0.980%* —0.748 —0.549 0.897%* 1 —0.248
AL 0.608 0.792% —0.336 0.737 0.791* 0.184 —0.248 1

** indicates that the two ecosystem services are significantly correlated at the 0.01 level; * indicates that the two ecosystem services are significantly

correlated at the 0.05 level
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activities. The proportions of agricultural land and con-
struction land are higher than those in other regions, while
the proportions of forestland and grassland are lower than
those in other regions, and agricultural use is low. The
proportion of construction land continues to increase,
and the proportions of forestland and grassland continue
to decrease; thus, the value of ecosystem services is low.
The mountainous and hilly areas outside the lake area
have better ecological environments and high vegetation
coverage. Therefore, the related adjustment services, high
cultural service values, and high total ecosystem service
values are also available (Zhu et al. 2017).

Analysis of the causes of ecosystem trade-off
coordination relationships

The three types of ecosystem services in the basin are mainly
coordinated. For the relationship between supply service and
regulation service, the Poyang Lake Basin exhibits a signifi-
cant synergy, which is due to the vast water surface of Poyang
Lake, the dense vegetation of the wetlands, and the frequent
exchange of heat between the lake and the surrounding water;
thus, the ability to regulate the ecosystem is high (Cui 2004).
At the same time, as the largest freshwater lake in China,
Poyang Lake has a strong water storage function and a high
water supply capacity. The wetland flora and fauna products
in the lake are rich, and the raw material supply capacity is
also strong. The two services promote each other, so the syn-
ergy is high. There is a significant synergy between the west-
ern and northeastern regions. These areas are mountainous
and hilly areas. Forests are widely distributed throughout
these areas and have high carbon storage. Forests play an
active role in regulating the climate and simultaneously pro-
vide the raw materials needed by humans, such as wood and
various precious herbs. The central part of the Poyang Lake
Plain exhibits a strong trade-off relationship. The main agri-
cultural land in this area is highly disturbed by humans.

Overall ES — Trade-offs

Although the food supply capacity is high, the ecosystem
adjustment ability is poor due to poor human farming prac-
tices; this is consistent with the findings of Zhang et al. and
Zhao et al. (Zhang et al. 2018; Zhao et al. 2017). For the
supply service and cultural service, except for the balance in
the central area of the Poyang Lake Plain, the rest of the area
exhibits a synergistic relationship. The trade-off area is more
consistent with the distribution of agricultural land and con-
struction land. These areas have strong supply capacity, but
the esthetic landscape value is low. However, the mountainous
and hilly areas have strong supplies of raw materials and high
esthetic landscape values, so the synergistic relationship is
significant in these areas. For the regulation service and cul-
tural service, all areas in the river basin except for the central
part exhibit a synergistic relationship. This pattern occurs be-
cause most of the areas with high regulation capacity are for-
est, grassland, and water areas, and the esthetic landscape
values of these areas are high.

Comparative analysis of the trade-off relationship
of ecosystem services under different scenarios

Under the protection scenario, the correlation between the
ecosystem services value of the Poyang Lake Basin is in-
creased compared with that 0of 2015, and the degree of synergy
among the ecosystem services is also increased. This finding
indicates that the future ecological environment of the study
area is gradually improved, the policy of returning farmland to
forests and grassland is significant, the total value of the eco-
system services is increased, the degree of synergy of the
system is also increased, the functions of the ecological envi-
ronment are gradually enhanced, and the environmental ef-
fects tend to develop in a favorable direction.

Under the planning scenario, the relationship between the
ecosystem services value and the degree of synergy and trade-
offs among ecosystem services in the Poyang Lake Basin did
not change significantly compared with that in 2015. Under
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this scenario, population and urban land use increased steadi-
ly, and ecosystem services also increased steadily. This shows
that according to the current economic development and ur-
banization speed, environmental protection pressure still ex-
ists, but the expansion of construction land has been con-
trolled, ecological land such as forests, grassland, and unused
land has been continuously restored and increased, and culti-
vated land has gradually become balanced. The district has
taken into account environmental improvements and ecologi-
cal protection measures while developing the economy.

Under the development scenario, the trade-offs among eco-
system services in Poyang Lake Basin increased and the syn-
ergies decreased compared with those in 2015. Under the
development scenario, human beings pursue the maximiza-
tion of economic benefits and the rapid expansion of construc-
tion land, resulting in increasing conflicts among ecosystem
services. This shows that a one-sided pursuit of high-speed
economic development and the continuous compression of
living space toward cultivated land, grassland, and unused
land further intensifies the contradiction between humans
and land, and promotes the protection of cultivated land.
The doubling of pressure also led to environmental deteriora-
tion in the study area, threatening ecological security.

Discussion

In this study, the “equivalent factor method” was used to esti-
mate the value of ecosystem services in the Poyang Lake
Basin from 1990 to 2015. The trade-offs and synergies among
ecosystem services in the study period were also analyzed,
and the 2030 trends were simulated under three scenarios.
The study used a more conventional model to measure the
ecosystem services functions and found similar trends in the
temporal and spatial distribution characteristics of ecosystem
services in the Poyang Lake region during the study period
[Liu et al. 2017a, b; Zhang et al. 2018; Zhao et al. 2017]; the
results were highly consistent, indicating that the model used
is highly scientific and applicable. Based on remote sensing
and geographic information technology, this study analyzes
the evolution characteristics and mechanisms of ecological
land use from the perspective of the ecological services value,
and combines a scenario analysis with a CA-Markov model
for future land use change scenario simulation. It enriches the
theory and practice of scenario analysis, and on the other hand
broadens the application scenario of CA-Markov model. The
study not only analyzed the past land use changes in
the study area but also simulated the future land use
patterns and ecosystem services trade-offs and synergies
under different scenarios in order to reveal the ecologi-
cal environmental response of future land use changes
and promote the sustainable development of future re-
gional ecosystem services.

@ Springer

In view of the key factors affecting the system, scenario
analyses analyze the temporal and spatial dynamics of various
ecosystem services by formulating a number of future
scenarios that give priority to ecological protection or
socioeconomic development, or both, to provide reference
for formulating relevant ecological protection policies.
Butler et al. (2013) assessed the trade-offs and synergies be-
tween water quality regulation services and 10 other services
under four land use scenarios in the Great Barrier Reef region
of Australia. Bai et al. (2011), based on the InVEST model,
determined the trade-offs among agricultural production, hy-
dropower production and water quality maintenance under
five scenarios in the Baiyangdian area, Hebei Province,
China, analyzing their land use optimization schemes. Yang
et al. (2016) used the CA-Markov model to simulate three
land use patterns, the planning scenario, the protection scenar-
i0, and the development scenario, for China’s Guanzhong-
Tianshui Economic Zone in 2030, analyzing the trade-offs
under the different scenarios. The authors concluded that the
ecosystem services provided under the protection scenario
were the highest. Based on land use, this study sets three
scenarios: the planning scenario, protection scenario, and de-
velopment scenario, to study the dynamic changes in the eco-
system services value in the Poyang Lake Basin. On this basis,
a quantitative analysis of the trade-offs and synergies among
different ecosystem services was carried out using a correla-
tion analysis. Finally, we showed that the protection scenarios
could increase the value of ecosystem services and reduce the
trade-off effects. From the perspective of maximizing the val-
ue of ecosystem services and minimizing the trade-offs among
ecosystem services, the protection scenario was better than the
other two scenarios. Therefore, for regional ecological envi-
ronmental protection, the protection scenario should be used
as an important guide to further implement policies for
returning farmland to forests and grassland, increase the pro-
tection of forest land resources in the eastern and western
mountainous hilly areas, and restore the lost ecological poten-
tial. At the same time, a farmland protection red line should be
demarcated to ensure regional food security. In addition, in-
creased investment should be made toward environmental
protection, based on resource advantages, developing a green
economy, and achieving sustainable regional development.

There are also some limitations to this study. For example,
ecosystem services trade-offs and synergies were analyzed for
the whole region, but ecosystem services trade-offs and syn-
ergies have scale effects. From the perspective of the supply
side, the scale-dependent nature of ecosystem services comes
from the scale effect of ecosystem function (Zhang et al.
2018). Some ecosystem services only play a role at the local
scale, while others have a large spatial scope. From the de-
mand side, the scale-dependent nature of ecosystem services
is caused by the differences in service needs between different
levels of consumers at different stages. Because the supply
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and demand of different ecosystem services are spatially in-
consistent, the spatial transfer of ecosystem services will lead
to different understandings of the trade-offs and synergies be-
tween different levels of stakeholders (Bohensky et al. 2006).
Therefore, the trade-off and synergy relationship must also be
scale dependent due to these regional differences (Li et al.
2013). From the point of view of scenario model construction,
this study only constructs three scenarios to study ecosystem
services, and the optimal scenario is limited to these three
scenarios. With future developments, it will be necessary to
build a large number of schemes to analyze the trade-offs and
synergies among ecosystem services under different future
scenarios in order to select the most appropriate scenario ac-
cording to the regional development, which will provide a
solid basis for future planning. Scenario simulation of the
ecosystem services value and its relationship is mainly based
on relevant government policies, without considering the im-
pact of changes in other factors on ecosystems (Lautenbach
et al. 2019), such as climate change (Prather et al. 2013),
demographic changes (shrinking/growing population, aging
of population), behavioral changes (Tscharntke et al. 2012),
and economic development (Banse et al. 2011; Campbell and
Doswald 2009). Therefore, in future research, more reliable
land use simulations should be combined with more factors to
further study the evolution of trade-offs and synergies in the
basin combined with ecosystem services.
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