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Abstract: Understanding the complex interactions (i.e., trade-offs and synergies) among ecosystem
services (ESs) and exploring land use optimisation are important to realize regional ecological gover-
nance and sustainable development. This study examined Guanzhong Region, Shaanxi Province, as
the research object. We established 12 future land use scenarios and projected the future land use
patterns under the future climate change scenarios and local development policies. Next, we assessed
the four main ecosystem services—carbon sequestration (CS), habitat quality (HQ), soil conservation
(SC), and food supply (FS) by using related formulas and the InVEST model. Furthermore, the
production possibility frontier (PPF) was used to measure trade-offs and synergistic relationships
among ESs, and extract the optimal ES group under the different target needs. The results are as
follows: (1) In the future 12 land use scenarios of 2050 in Guanzhong Region, forested land increased
evidently in the RCP2.6 ecological protection scenario (18,483.64 km). In the RCP6.0 rapid urban
development scenario, construction land showed evident expansion in the central and northeastern
areas (4764.52 km2). (2) Compared with the ESs under the future multiple scenarios, CS and HQ
achieved the maximum value in the RCP8.5 ecological protection scenario. In the RCP2.6 ecological
protection scenario, the amount of SC was the largest (3.81 × 106 t). FS in the RCP2.6 business as
usual scenario got the maximum value (18.53 × 106 t). (3) By drawing the optimal PPF curve of
multiple scenarios in 2050, trade-off relationships were found between FS and CS, HQ, and SC, and
synergistic relationships were found between CS, HQ, and SC. Next, the optimal ES groups under
the fitted curve were selected by comparing with the ESs of 2018, and adjusting the land use areas
and spatial pattern to finally optimise the relationships between ES and achieve the best land use
spatial pattern.

Keywords: ecosystem services; scenario analysis; production possibility frontier; spatial pattern
optimisation; Guanzhong Region

1. Introduction

Ecosystem services (ESs) are defined as “the direct and indirect people obtain from
ecosystems” [1], with different types of such services distinguished: provisioning services,
supporting services, regulating services, and culture services [2]. With the dramatic expan-
sion of society’s needs, the ability of the natural ecosystem to provide food, fresh water,
regulate the climate, and purify water has gradually decreased. Thus, balancing material
needs and sustainable ecosystem provision is a big challenge for human society [3,4]. Ad-
ditionally, ecosystem service is a dynamic process characterised by diversity, complexity,
and spatio-temporal heterogeneity [5,6]. Because the supply values of ESs are strongly
affected by natural ecological factors and socioeconomic factors, the spatial and temporal
differentiation of ESs and their interaction occur [7]. Research on ESs has increasingly
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focused on exploring the complex interactions between ESs and attempting to optimise
trade-off relationships, contributing to the sustainable development of society [8].

The complex relationship between ESs mainly depends on the interdependence of
ecosystem function. Moreover, multiple services often interact showing interrelation
or nonlinear relations. Research on interactions among ESs has been increasing [9–11],
and the methods used are mainly statistical methods, spatial mapping, and scenario
analysis [12–14]. The statistical method analyses the quantitative relationship among
ESs [15]. Spatial mapping uses GIS or other tools for spatial analysis, such as spatial
overlay and map operation [10]. Scenario analysis is used to construct climate change,
ecological protection, and social development scenarios, to analyse the future dynamic
changes in the interactions between multiple ESs [11]. The research on the relationship
between ESs is mature and standardised, but problems remain. For example, relatively few
suitable methods are available for trade-off and synergistic analysis, the spatio-temporal
heterogeneity of trade-offs and synergistic relationships requires further research, and the
relationships between future services based on scenario analysis have not been identified,
and how to balance ESs quantitatively to maximise the ecological benefits remains unclear.

Research has also highlighted the need to consider the impact of land use change on
ESs [16]. Constructing land use scenarios has been used to simulate temporal and spatial
changes in ecosystem services [17,18]. Researchers have attempted to reveal the potential
differences in the trade-offs between ESs [19] and determine which scenarios achieve
the optimal ESs value, then the results of further research on these topics might provide
a theoretical basis for decision-making regarding regional land use management [20].
Therefore, exploring the relationships between ESs based on land use scenarios facilitates
local ecological civilisation construction [21]. However, some research has focused on the
relationship between ESs or the influence of land use change on ES solely [22], without
exploring the spatial structure optimisation of ESs or how to reasonably allocate land use
resources to optimise ESs within a certain area. Therefore, this study focuses on how to
select natural or human factors to construct land use scenarios and explore the influence on
ESs and offers suggestions for optimising the land use spatial pattern are given.

Guanzhong Region, Shaanxi Province, is the research object. The land use scenarios
for 2050 are constructed in combination with global climate change and local government
development decisions, the spatial patterns of ESs under different scenarios are simulated,
and the impacts of land use change on ESs are analysed based on future climate change
and social development policy. Next, the maximum value of ESs in each scenario is ex-
tracted to draw the production possibility frontier curve and find the correlation between
two ESs. Finally, the best land use pattern is obtained by adjusting recent land use ar-
eas and spatial patterns by using the optimal efficiency curve. To explore the balance
between ecological protection and socioeconomic development and realise the optimal util-
isation of regional resources, this study provides the theoretical and decision-making basis
for weighting the increasing demand for ecosystem services and ameliorating ecological
environment degradation.

2. Study Area and Data Sources
2.1. Study Area

Guanzhong Region is in Central Shaanxi Province, China, and Qinling Mountain
traverses east–west in the south, and the Loess Plateau lies to the north. Guanzhong Region
includes six city-level administrative divisions: Xi’an, Weinan, Tongchuan, Xiangyang, Baoji
Cities, and Yangling. The total area is approximately 55,392.37 km2, and the total population
is approximately 25.89 million (until 2020). Guanzhong Region has a semi-humid warm
temperate continental monsoon climate. The annual average temperature ranges from
12 ◦C to 14 ◦C, the average annual precipitation ranges from 550 to 700 mm, and ap-
proximately 60% of the annual precipitation falls between June and September [23,24].
Guanzhong Region is an important grain and cotton base and abounds with walnuts,
apples, grapes, and other warm temperate fruits. The land use structure is mainly
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cultivated land (45.17%), followed by forested land and grassland (23.79% and 23.8%,
respectively; Figure 1).

Because of implemented strategies, namely, the Western Region Development of
China, The Guanzhong Plain Urban Agglomeration (GPUA), “One Belt and One Road,”
and other national policies, Guanzhong Region becomes the political, economic, and
cultural centre of Western China. Moreover, the GDP showes 62.41% increase from 2010
to 2020. However, because of the rapid economic development, Gaunzhong Region has
wasted a substantial amount of its natural resources, and the excessive consumption of
ecosystem services has caused irreversible damage. For example, there is a shortage and
imbalance of water resources: its total amount accounts for 19% of the entire province,
but per capita ownership is 15.4%, and the agricultural irrigation rate accounts for 54%.
Regarding energy consumption, coal consumption was 67.46 million tons in 2019, which is
35.5% that of the province and 5.5% more than last year.
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Figure 1. Geographical location and land over types of study areas in 2018.

2.2. Data Sources

The basic data used in this study are as follows: (1) the land use dataset in 2018 was
provided by the Resource and Environment Data Cloud Platform (http://www.resdc.cn/),
accessed on 23 July 2019; (2) meteorological data, (i.e., average temperature, daily pre-
cipitation, maximum daily temperature, minimum daily temperature, sunshine duration,
solar radiation) was provided by National Meteorological Information Center of China
Meteorological Data Service Center (http://data.cma.cn/en), accessed on 3 September 2019;
(3) the soil type map of Guanzhong Region was extracted from a 1:1,000,000 soil dataset
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of China, and a digital elevation model with a resolution of 30 m was downloaded from
Geospatial Data Cloud (http://www.gscloud.cn/), accessed on 29 November 2019; (4) the
grain yield and economic statistics of Xi’an City, Tongchuan City, Baoji City, Xianyang City,
Weinan City, and 53 counties were from the Statistics Yearbook; and (5) field investigation
data and other basic geographic datasets were used. The data sources and preprocessing
procedures are listed in Table S1.

3. Methods
3.1. Ecosystem Services Estimation

In this research, considering the regional natural characters and the data availability,
methodological capability, etc, we just selected four typical services, such as carbon seques-
tration, habitat quality as supporting services, soil conservation as regulating services, food
supply as provisioning services.

3.1.1. Carbon Sequestration (CS)

CS is the process by which carbon dioxide (CO2) is emitted and stored safely to replace
the direct emission of CO2 into the atmosphere [25]. By using the photosynthesis equation,
the amount of CS can be calculated using the net primary productivity (NPP) to produce
every kilogram of organic matter, that is, 1.63 kg of CO2 can be fixed. The Carnegie Ames
Stanford Approach (CASA) model is used to simulate the values of NPP. In the CASA
model, two factors are used to represent NPP, the absorbed photosynthetically active
radiation (APAR) and the actual solar energy utilisation efficiency (ε) [26]. The equation is
as follows:

NPP(x,t) = APAR(x,t) × ε(x,t) (1)

3.1.2. Habitat Quality (HQ)

HQ refers to the ability of ecosystems to provide sustainable survival and development
conditions for individuals’ and populations’ persistence [27]. Generally, habitat quality
depends on human activity and land use intensity. The Integrated Valuation of Environment
Services and Trade-offs model (InVEST) is widely used to assess habitat quality. Habitat
quality and rarity are used as proxies for biodiversity, ultimately estimating the extent
of vegetation types across the landscape scale and the state of degradation [28,29]. The
formula is as follows:

Qxj = Hj

(
1−

(
Dz

xj

Dz
xj + k2

))
(2)

where Qxj represents the quality of habitat quality in parcel x within the LUCC j, Dxj is the
total threat level in grid cell x with LULC j, Hj indicates the habitat suitability of LULC type
j, z (z = 2.5) and k are scaling parameters, and the k constant is half of maximum Dxj.

3.1.3. Soil Conservation (SC)

Soil erosion directly affects land degradation, agricultural production, ecological
degradation, and forest conservation [30,31]. The Revised Universal Soil Loss Equation
(RUSLE) is the most empirical model for SC [32]. The RUSLE model is applied to calculate
the mean annual SC, which requires land use data, meteorological data, vegetation cover
data, soil types and properties, and topographic maps. The RUSLE model is as follows:

Am = R × K × C × LS × P (3)

Ap = R × K × C × LS (4)

Am = Ap − Am (5)

where Am is the mean annual actual soil erosion (t·ha−1·yr−1), Ap is the potential soil
erosion (t·ha−1·yr−1), Ac is the mean annual SC (t·ha−1·yr−1), R is the rainfall erosivity
factor (MJ·mm·ha−1·h−1·yr−1), K is the soil erodibility factor (t·h·MJ−1·mm−1), C is the

http://www.gscloud.cn/
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vegetation cover and management factor, LS includes the slope length factor (L) and the
slope steepness factor (S), P is the soil and water conservation measure factor. The C, LS,
and P values are dimensionless.

3.1.4. Food Supply (FS)

Provisioning services are the products directly obtained from ecosystems (e.g., food,
fresh water, fibre, timber, herb) [33]. The FS is an important provisioning service in the
agricultural ecosystem and is a basic material condition for human existence and social
development [34]. In this study, land use data and statistical data are used to simulate the
FS for each county. The formula is as follows:

Gi = Ni × fi (6)

fi =
Fi
Si

(7)

where Gi indicates the amount of the ith FS in each grid; Ni is the ith FS area (km2), divided
into the unit grid of 1 km × 1 km; fi represents the yield of the ith food for the unit area
(t/km2); Fi indicates total food yield (t·year−1); and Si represents the total area of the
ith food (km2). The source of the FS is obtained from the agricultural yield, containing
grain, oil-bearing, vegetable, meat, milk, and aquatic products. Additionally, according to
different land use types, grain, oil-bearing, and vegetables belong to the cultivated land,
meat and milk belong to the grassland, and aquatic products belong to the water areas.

3.2. Dynamic Changes and Simulation of Land Use Changes
3.2.1. Settings for Land Use Scenarios

Various land use scenarios are established under the global climate change and gov-
ernment policy (e.g., the rapid urban development policy and the ecological protection
policy). First, it is based on the four types of atmospheric radiation intensity in the Repre-
sentative Concentration Pathways (RCPs) proposed in the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change (IPCC), and uses the corresponding land use
demand scenarios in four scenarios [35]. Next, considering the human influence of land
use change, policy scenarios are produced that balance the benefits of ecological protection
and economic development.

(1) Climate change scenarios

The IPCC Fifth Assessment Report (AR5) introduced a new method for developing
scenarios. These scenarios span the range of plausible radiative forcing scenarios and
are called RCPs. RCPs are characterised by radiative forcing, prescribed pathways for
greenhouse gas and aerosol concentrations, and land use change. RCPs scenarios estimate
the concentration of greenhouse gases at least 100 years from now and convert it to increased
radiation force. Next, four representative climate scenarios are selected: one lower forcing
level (RCP2.6), two medium stable scenarios (RCP4.5 and RCP 6.0), and one very high
baseline emission scenario (RCP8.5).

(2) Policy scenarios

The policy scenarios can be regarded as land use policies formulated by the local gov-
ernment, which might balance the interests of regional ecological protection and economic
development. Therefore, two policy scenarios are set up. First, according to the policy
of grain for green, combined with the characteristics of vegetation slope distribution, the
ecological protection scenarios are proposed. Next, considering economic development
policies, urban areas are sprawled out, and other factors remain unchanged, and rapid
urban development scenarios are formulated. The detailed description is as follows:
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1© Ecological protection scenarios
Protecting the ecological environment is the primary task. Combined with the policy

of returning farmland to forested land and grassland, this scenario reduces cultivated land
areas and increases forested land and grassland areas. Thus, high-slope areas are suitable
for planting forested land and grassland instead of cultivated land. Combined with the
characteristics of the slope distribution of vegetation, the land use types with slopes above
15◦ will be changed. Therefore, land use conversion from cropland to forestland in the
shady slope areas (north, northeast, and northwest) and the eastern slope, the sunny slope
(south, southwest, and south), and the western slope would be returned to grassland.

2© Rapid urban development scenarios
In the future, urban expansion is projected to accelerate. People will gradually con-

verge in city central areas, resulting in the occupation of marginal land and increases in
construction land. Therefore, assumpting that based on the baseline scenario, urban land
is gradually expanded to the slower slope areas. That is, land use types with 1 km flat
areas (slope less than 5◦) adjacent to residential areas are more likely to be transformed into
cultivated land.

Based on climate change, ecological protection, and rapid urban development policy,
the construction of 12 land use scenarios for 2050 was performed: four climate change
scenarios, namely, business-as-usual (BAU) Scenarios 1, 2, 3, 4; four ecological protection
(ELP) scenarios, Scenarios 5, 6, 7, 8; and four rapid urban development (RUD) scenarios,
Scenarios 9, 10, 11, 12. The detailed parameters of the 12 scenarios are presented in Table
S1. The main flowchart is shown in Figure 2.
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3.2.2. Land Use Simulation

The Land Change Modeler (LCM) in IDRISI Terrset software was applied to simulate
future land use change and mainly contains Multi-Layer Perceptron (MLP), the Markov
Chain, and the Soft and Hard Prediction Model. It is used to analyse historical land
use to predict future land use change by establishing the spatial variable’s nonlinear
relationship [36]. In addition, the major components of the LCM model include land use
change analysis, transition modelling, change prediction, and the validation test. The LCM
model is easy to operate and provides a better environment for land use change analysis
and prediction [37].

We used the land use data under the future climate pattern in IPCC as the baseline
scenarios. Next, the future land use in 2050 and the present land use in 2010 were compared
and coordinated, the space scale was transformed as 1 km × 1 km, and the land use
types were divided into six types (cultivated land, forested land, grassland, water area,
construction land, and unused land). Next, the existing land use of 2000 and 2005 was used
to predict the land use spatial pattern in 2010, and the predicted land use was compared
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with the actual land use in 2010. The validation of simulating land use change was provided
by the IDRISI model. The standard Kappa coefficient was 0.8814, larger than 0.75, indicating
little difference between the results and the actual land use data, and the prediction was
relatively reliable. Furthermore, the DEM, slope, distance from settlements, distance
from main roads, and distance from major water systems were selected as the drivers,
and climate change, ecological protection, and rapid urban development were used as
limiting factors.

3.3. Ecosystem Services Relationship Analysis and Spatial Optimisation
3.3.1. Production Possibility Frontier (PPF)

Ecosystem service optimisation is based on the PPF and is also known as the optimal
Pareto efficiency curve. The PPF curve indicates the quantities of one or more products in
the given conditions and reflects the potential or excessive problems [38]. In this research,
each point on the curve represents the maximum ES values chosen by each scenario. By
selecting the optimal ES group on the curve, which means the optimised relationship is
exited between two ESs, the optimal land use allocation is achieved. That is, any change in
one land use unit will not increase the quantity of one service at the expense of another [39].
The main flowchart is shown in Figure S1.

3.3.2. Measurement of Relationship between ESs

According to the PPF curve, a commonly used method that measures the trade-off and
synergy between ESs. We assessed the relationship between ES by comparing the changes
in the two services [5]. If the slope of the variation is greater than 0, both represent the
same increasing or decreasing trend, and it is synergistic; otherwise, it is a trade-off.

4. Results
4.1. Land Use Changes under Different Future Scenarios in 2050

Combined with future climate change and local development policies, the future land
use changes in 2050 were simulated (detailed results are shown in Table S1 and Figure
S2). Next, we compared the land use changes under 12 different future scenarios: first,
the transverse comparisons that are mainly in climate change scenarios, and next, vertical
comparisons that concentrated on the policy development scenarios.

Horizontally, under the same government policy, the four climate change scenarios
were compared. We found evident distinctions: Under RCP2.6 climate change scenarios,
forested land has the largest increase, followed by cultivated land. For space, forested land
shows a significant expansion in the areas of steeper slopes and higher elevation in the
southwest of Guanzhong Region, and cultivated land is concentrated in the central areas.
In the RCP4.5 climate change scenarios, forested land areas are transformed into cultivated
land and grassland and cultivated land accounts for a large proportion. In the RCP6.0
climate change scenarios, the areas of construction land are significantly larger than those
in other climate change scenarios. In the RCP8.5 climate change scenarios, grassland areas
are relatively larger. This finding showed that much of the cultivated land is converted into
grassland and construction land in the central areas, and some forestland is changed to
grassland in the northern areas.

Vertically, under the same climate change scenarios, we compared the effects of eco-
logical protection policies and rapid urban development policies. In the ELP scenarios
cultivated areas are significantly reduced, and forested land and grassland show a signifi-
cant increasing trend. In detail, the forested land has the maximum value, accounting for
18,483.64 km2 in the RCP2.6 ELP (Scenario 5). The grassland areas have the greatest value,
approximately 18,990.81 km2 in the RCP8.5 ELP scenario (Scenario 8). The aforementioned
results indicate that the policy of returning farmland to forested land and grassland, in
which cultivated land with steep slopes is transformed into forested land and grassland,
would improve the regional ecological environment level. Compared with the RUD scenar-
ios, the proportion of construction land areas increases significantly. However, the areas
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of other land use types, such as cultivated land, forested land, grassland, and water areas,
show a downward trend. Among them, the maximum area of construction land is in the
RCP6.0 RUD scenarios (Scenario 11), which is 4771.88 km2. Therefore, the acceleration of
urbanisation and population growth result in city areas expanding to the marginal region,
and much of the cultivated land, forested land, grassland, and other land use types are
occupied by urban land.

4.2. Ecosystem Services Changed under Different Scenarios in 2050

Based on the future land use changes in various scenarios, we simulated the spatial
pattern of CS, HQ, SC, and FS in 2050. Because of the lack of temperature, precipitation,
sunshine, food yield and other basic data in 2050, we assumed that the changes in ESs are
mainly caused by land use changes. So, estimating the ESs in various scenarios, except
for the land use changes, the other factors remain unchanged. We took the data of 2018
as the baseline, and the grain yield of 2018 is used in calculating the food supply in 2050.
The results of ESs in various scenarios are shown in Table S4 and Figures S3–S6. The
results show that changes in ESs under multiple scenarios are closely related to land use
changes. For CS, the maximum value of 7.96 × 107 t is in Scenario 8, and the lowest value
is in Scenario 11. Thus, the increase in forested land and grassland effectively improves
vegetation CS in the ecological protection scenarios. For HQ, the value is larger in the
RCP8.5 climate change scenarios but lower in the RCP6.0 climate change scenarios. The
maximum value is also obtained in the ELP scenarios, that is, 0.62 in Scenario 8. In the
RUD scenarios, the minimum value is 0.57 in Scenario 11. For the amount of SC, the total
amount is larger in the RCP2.6 climate change scenarios because the increasing forested
land areas can promote soil conservation and water conservation. However, in the RCP8.5
climate change scenarios, construction land areas increase, and some forested land areas
are changed into grassland and cultivated land, reducing the capacity of water and soil
conservation. For the FS, in the RCP2.6 and RCP4.5 climate change scenarios, the amount
of the FS is relatively large because the cultivated land areas are expanded significantly and
mainly concentrated in the central areas. The maximum value is 18.53 × 106 t, obtained in
Scenario 1. However, when that value is compared with the total amount of 19.89 × 106 t
in 2018, a decrease is observed.

For the four climate change scenarios, the most notable results are as follows: in
the RCP2.6 climate change scenarios, the values of CS, SC, and FS are much larger. The
increase in the proportion of forested land and cultivated land promotes the development
of supporting services and regulation services. In the RCP6.0 climate change scenarios,
the quantity of CS and HQ is low. In the RCP8.5 climate change scenarios, the amount of
FS and SC is low. Almost invariably, the construction land in the two scenarios increases
significantly, and the forested land and cultivated land are occupied by urban land. Thus,
the abilities of ESs are reduced. On the other hand, the spatial distribution differences
of the four ESs are compared in the BAU scenarios, ELP scenarios, and RUD scenarios.
The ELP scenarios are conducive to improving the ecological environment and providing
supporting services and regulation services. However, because of population growth and
urban expansion, the local natural environment has been destroyed, and the value of ESs
declined in the RUD scenarios.

4.3. Spatial Pattern Optimisation of Ecosystem Services
4.3.1. Optimisation of Trade-Off between HQ and FS

There are evident trade-off relationships between HQ and FS, which represents a
convex curve (Figure 3). It shows that as FS increases or decreases, HQ decreases or
increases, indicating a reverse trend. Details are as follows: The average slope from point
“h” to point “c” is k = (2.3 − 2.8)/(1500 − 1000)= −0.5/500, indicating that reducing FS by
500 × 106 t would increase HQ by 0.5 × 106. Moreover, the average slope from point “c”
to point “a” is k = (2.8 − 3.32)/(1000 − 500)= −0.52/500, showing that reducing FS with
500 × 106 t will increase HQ to 0.52 × 106.
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Figure 4 point “d” (1522.65, 1.50) represents that the amount of FS and HQ is within
a certain range of Guanzhong Region. For space, those areas are mainly concentrated
in the northern region: cultivated land, 20,682.89 km2; forested land, 5966.30 km2; grass-
land, 8532.01 km2; water, 353.94 km2; construction land, 2454.43 km2; and unused land,
94.08 km2. The land use patterns of point “d” can be optimised by making it fall on the
optimal curve. Two extreme methods can be adopted. The first method is to improve the
HQ values while not changing the FS values, that is, moving point “d” to point “e” (1522.65,
2.22), which could increase the values of HQ by 0.72 × 106. At this time, the land use
pattern of point “d” should be optimised to the land use pattern of point “e”. Specifically,
in space, land use areas are expanded to the southwestern region, and some cultivated land
areas are removed. The cultivated land areas are 20,422.13 km2, forested land areas are
10,342.64 km2, grassland areas are 11,006.05 km2, water areas are 364.12 km2, construction
land areas are 2584.02 km2, and unused land areas are 84.14 km2. The results show that
increasing the quality of HQ could decrease the areas of cultivated land and unused land
but increase the areas of forested land, grassland, water area, and construction land.
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The second method is not changing the amount of HQ and increasing the total amount
of FS. Thus, point “d” is moved right to point “f” (1948.98, 1.50) on the curve, and the
total amount of FS must be increased by 426.30 × 106 t. Compared with the land use
pattern of point “d”, the land use spatial pattern is expanded in the southeastern areas
in point “f”, and the construction land is reduced in the central region. The areas of the
land use types are as follows: cultivated land, 23,994.27 km2; forested land, 9464.86 km2;
grassland, 11,001.91 km2; water, 411.73 km2; construction land, 3002.92 km2; and unused
land, 99.09 km2. The results show that the areas of cultivated land and grassland increased
distinctly by 16.01% and 28.94%, respectively. In conclusion, the PPF curve can be used
by changing the land use areas and spatial distribution in combination with the needs of
regional ecological and economic development or government policy, and then optimising
the spatial pattern of ESs and their relationships quantitatively to achieve the maximum
benefits of ESs.

4.3.2. Optimisation of Synergy between HQ and CS

The synergy relationship between HQ and CS indicates a concave curve (Figure 5). As
CS increases, HQ increases. On the curve, the average slope from point “g” to point “h” is
k = (1.32 − 0.75)/(35 − 20) = 0.57/15, indicating that increasing CS by 15 × 106 t would
increase HQ by 0.57 × 106. Additionally, the average slope from point “f” to point “a” is k
= (3.0 − 2.4)/(75 − 60) = −0.6/15, showing that increasing CS by 15 × 106 t would increase
HQ by 0.6 × 106. From “h”→”c” to “c”→”a”, the average slope will increase. Thus, as CS
increases, the value of HQ increases, and both show the same development tendency.
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Figure 6 shows that the optimal PPF curve is exited between HQ and CS, representing
that the future land use spatial pattern can provide the greatest amount of ESs. It can be
seen the values of ESs in 2018 are below the curve, indicating that it exists the potential
values. In Figure 6, point “b” is selected as the potential optimisation point to explore the
best land use patterns between HQ and CS on the optimal Pareto curve. On the curve,
point “b” (57.87, 1.65) represents the amount of CS and HQ within a certain area. The
areas are mainly in the north-central and southeastern areas: cultivated land, 21,774.57 km2;
forested land, 6725.41 km2; grassland, 9439.48 km2; water, 374.91 km2; construction land,
2696.35 km2; and unused land, 94.08 km2. Point “b” can be optimised by two methods.
The first method is the total amount of CS remains unchanged, and the values of HQ are
increased by moving point “b” to point “c” (57.87, 2.28); HQ is improved by 0.63 × 106.
Next, the land use pattern of point “d” can be transferred to point “c”, and the results
for the areas are as follows: cultivated land, 20,459.57 km2; forested land, 9286.92 km2;
grassland, 10,266.11 km2; water, 381.78 km2; construction land, 2853.91 km2; and unused
land, 92.72 km2. Therefore, the ESs value of point “b” is optimised to point “c”, and land
use patterns would be changed, decreasing cultivated land and unused land but increasing
forested land, grassland, water areas, and construction land. Moreover, in the space, it
expands to the southwestern and south-central areas.
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In the second method, the amount of HQ remains unchanged, and CS is reduced,
namely, point “b” moves to the right to point “d” and falls on the optimal PPF, leading
to CS decreasing by 14.87 × 106 t. The land use spatial pattern of point “d” shows the
areas as follows: cultivated land, 12,410.36 km2; forested land, 9338.86 km2; grassland,
8328.03 km2; water, 272.52 km2; construction land, 1881.53 km2, and unused land, 75.13 km2.
Thus, the land use spatial changes represent that the central and eastern areas are removed,
and the southwestern areas are filled. Moreover, the areas of cultivated land, grassland,
water, construction land, and unused land decrease as the forested land increases.

Furthermore, the amount of CS and HQ in the Guanzhong Region is optimised.
When CS reaches its maximum value in 2018, this phenomenon corresponds to the land
use spatial pattern of point “e” (Figure 5). According to the optimal PPF, changing the
land use pattern to obtain the optimal ESs combination is possible, that is, point “a” is
the best on the optimal Pareto curve. Therefore, point “e” is optimised to point “a”:
the method is that CS remains unchanged, HQ is adjusted, and the land use pattern of
point “e” should be transferred to point “a”. As shown in Figure 7, the land use types of
point “e” in 2018 show the areas as follows: cultivated land, 24,879.51 km2; forested land,
13,280.33 km2; grassland, 13,270.86 km2; water, 612.53 km2; construction land, 3171.22 km2;
and unused land, 169.60 km2. For land use spatial distribution of point “a” in 2050, the
areas are as follows: cultivated land, 17,417.38 km2; forested land, 18,867.97 km2; grassland,
14,672.57 km2; water, 467.99 km2; construction land, 2373.53 km2; and unused land,
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15.54 km2. For optimising the synergistic relationship between CS and HQ in the whole
region, a necessary step is to increase the areas of forested land and grassland and reduce
cultivated land, water area, construction land, and unused land, resulting in the total
amount of CS remaining unchanged and the values of HQ increasing.

Land 2023, 12, x FOR PEER REVIEW  12  of  18 
 

 

Figure 7. Land use patterns under optimal PPF curves of Guanzhong Region. 

4.3.3. Relationships between Ecosystem Services 

As shown in Figure 8, the PPF curve of soil conservation and food supply, and carbon 

sequestration and food supply, show convex curves, indicating that SC and FS, CS and 

FS, present trade‐off relationships. In the slope of the curve between SC and FS (Figure 8 

top), the average slope is from point “f” to point “c” and point “c” to point “b”, that is, k 

= −382.98/100 and k = −108.62/100, respectively. Using point “d” as an example, the total 

amount of SC and FS reaches 300 × 106 t and 1400 × 106 t within a certain in 2018. Based on 

the PPF curve, by increasing FS to point “f” to 1817.02 × 106 t or increasing SC to point “a” 

reached 343.08 × 106 t. Thus, it depends on different stakeholder needs, and the best land 

use spatial pattern can be achieved. 

Additionally, there is a trade‐off relationship between CS and FS (Figure 8 bottom). 

The average slope  indicates  that  the change rate  from point “c”  to point “b” and  from 

point “b” to point “f” is −566.27/20 and −320.45/20, respectively. Next, point “a” is selected, 

which indicates that the total amount of FS and CS is 1312.44 × 106 t and 40 × 106 t, respec‐

tively, within a certain range in 2018. Similarly, according to local development objectives, 

the land use spatial pattern can be optimised by moving point “a” to point “b” or point 

“c”. 

 

Figure 7. Land use patterns under optimal PPF curves of Guanzhong Region.

4.3.3. Relationships between Ecosystem Services

As shown in Figure 8, the PPF curve of soil conservation and food supply, and carbon
sequestration and food supply, show convex curves, indicating that SC and FS, CS and
FS, present trade-off relationships. In the slope of the curve between SC and FS (Figure 8
top), the average slope is from point “f” to point “c” and point “c” to point “b”, that is,
k = −382.98/100 and k = −108.62/100, respectively. Using point “d” as an example, the
total amount of SC and FS reaches 300 × 106 t and 1400 × 106 t within a certain in 2018.
Based on the PPF curve, by increasing FS to point “f” to 1817.02 × 106 t or increasing SC to
point “a” reached 343.08 × 106 t. Thus, it depends on different stakeholder needs, and the
best land use spatial pattern can be achieved.

Additionally, there is a trade-off relationship between CS and FS (Figure 8 bottom). The
average slope indicates that the change rate from point “c” to point “b” and from point “b”
to point “f” is −566.27/20 and −320.45/20, respectively. Next, point “a” is selected, which
indicates that the total amount of FS and CS is 1312.44 × 106 t and 40 × 106 t, respectively,
within a certain range in 2018. Similarly, according to local development objectives, the
land use spatial pattern can be optimised by moving point “a” to point “b” or point “c”.

In addition, there are synergy relationships between SC and HQ. In Figure 9 top,
the average slope from point “e” to point “d” and from point “c” is 0.26/45 and 0.77/45,
respectively. Moreover, from e→d and c→b, SC increases by 45 × 106 t, and HQ increases
by 0.26 × 106 and 0.77 × 106, respectively. Therefore, in the same condition, it could receive
more benefits from c→b, indicating that as the amount of SC increases, the increment of
HQ will increase. Additionally, the RCP 6.0 ELP scenario is close to the optimal Pareto
curve, showing that the relationship between SC and HQ is much better. Furthermore,
based on the PPF curve, by changing the land use spatial pattern, point “a” (the amount
of SC is 350 × 106 t, HQ is 1.5 × 106) can be optimised to point “b”, by increasing HQ to
2.27 × 106 with the same amount of SC, or to point “c” by reducing SC to 305 × 106 t with
the same amount of HQ.
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Additionally, it represents a synergy relationship between SC and CS. In Figure 9
bottom, the average slope from point “d” to point “e” and from point “b” to point “c” is
5.70/20 and 14.5/20, respectively, indicating that the cumulative increase in SC is more
beneficial to CS. Moreover, the RCP8.5 ELP scenario is close to the optimal Pareto curve,
showing that land use pattern is more optimised. The total amount of SC and CS in 2018
of the whole region is below the curve, indicating that the land use resource has great
potential. Thus, based on the aforementioned research, SC and CS of point “a” can be
optimised to point “c” or point “b” by changing the land use areas or space allocation.
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5. Discussion and Conclusions
5.1. Ecosystem Services Trade-Offs and Spatial Optimisation

Understanding the interaction among ESs could promote the reasonable development
and utilisation of natural resources from the social ecological system [40]. In this study,
we quantitatively analysed the relationships among CS, HQ, SC, and FS using future
scenario analysis and PPF. The results show synergistic relationships between CS, HQ,
and SC, and the trade-offs between FS and CS, HQ, and SC, which is consistent with the
previous research [41]. We also found that on a certain spatial scale, there are evident
conflict relationships between provisioning services and regulation services in agricultural
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ecosystems, and regulation services are the material basis for the sustainable development.
For example, the reliable and sufficient supply of fresh water resources is an unavoidable
key ecosystem service for the sustainable development of the Guanzhong Region, water
conservation play an important part of the local environment protection. Moreover, the
growing population lead to the increasing amount of FS, which at the expense of regulation
services such as erosion regulation and water purification. Then the trade-offs relationships
could occur between the two services. However, considering the regional situation and
lack of necessary and sufficient data, and the methodological limitations, we just selected
four typical services, but out of cultural services and water conservation service. In the
next study, we will break through method limitations, and pick up more indispensable ESs,
then explore the complex relationships among multiple services.

Additionally, scenario simulation depends on the current situation to describe the
future development trend. Considering uncertainty in the future inevitably affects the
simulation accuracy of ESs and increases the uncertainty of trade-off and synergy analy-
sis [42]. This research is based on the global climate change scenario pattern, and the ELP
scenarios focus on alleviating the degradation of the ecological environment, and the RUD
scenarios enlarge the urban expansion trend. Aiming to assess ecological environment
degradation and unreasonable land management, we targeted future scenario analysis and
trade-off optimisation to propose reasonable solutions and effective management measures
to provide references for regional land use planning, biodiversity protection, and ecological
compensation [43]. From the perspective of future scenarios, we explored the relationships
between ESs trade-off relationships and land use changes, such as those of cultivated land,
forested land, and grassland, respectively, and they play the important role of promoting
the increase in FS, SC, and HQ. On the other hand, the increase in construction land could
reduce the values of ESs and produce the conflict relationships between ESs. Therefore,
human activities, such as afforestation, agricultural activities and urbanisation, could affect
the balanced development of ESs [8]. In addition, government decisions comprehensively
consider stakeholders’ preferences for different ES benefits or the protection degree, for
example, the policy of converting farmland into forested land, nature reserve planning,
and ecological compensation mechanism. In further research, establishing many scenar-
ios by comprehensively considering natural or social economic factors would reduce the
uncertainty of ES assessment and improve the spatial optimal allocations [44]. Thus, the
ESs trade-off relationships should be balanced, and the fragile ecological environment
improved to maximise the benefits of regional values of ESs [18,45].

5.2. Limitation and Outlook

This study assessed whether there were trade-offs and synergistic relationships be-
tween two services and then explored spatial optimisation by using future various scenarios.
Previous studies have mainly used static spatial correlation coefficients to analyse the trade-
offs and synergistic relationships among ESs [46]. However, static spatial correlation
coefficients ignore the change process of land use patterns and cannot accurately indicate
the process and interaction between ESs. Our study used PPF to measure the trade-offs
and synergistic relationships and based on the differentiated management policies to estab-
lish various land use scenarios, deeply understand the cause of the complex interactions.
Notably, this paper analysed the interrelation between two services but did not explore the
relationships among multiple services. Moreover, because of the limitation on data sources,
the spatial resolution of land use data is 1 km × 1 km, which might cause uncertainty in
the spatial interaction between ESs. Future research will further discuss the relationships
among multiple services in different spatial–temporal scales and clarify the mechanism
of interactions among various ESs. Additionally, there are complicated trade-offs and
synergistic relationships among multiple ESs, when the two ESs are optimised and realise
the best land use spatial distribution, the third service will be affected. Therefore, to achieve
the optimal protection efficiency of ESs and land use spatial optimisation, further research
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could use multi-objective planning, consider the constraints among various ESs, select
priorities based on local development goals, and achieve the optimal pattern.

5.3. Conclusions

Considering future climate change, ecological protection, and government policy
factors, this study constructed 12 future land use scenarios in Guanzhong Region. Based
on the InVEST model and related equations, future ESs values were simulated under the
different land use scenarios. Additionally, with the help of the optimal PPF curves, the
maximum values of each ESs were chosen under the various scenarios, and we obtained
the optimal ES combinations under the different demands. Finally, the best land use spatial
pattern was achieved.

The results showed evident land use spatial pattern changes in different scenarios.
Notably, under the RCP2.6 ELP scenario, forested land areas increase significantly, and the
southwestern and northern areas with high altitudes and rugged terrain have an evident
expansion trend. Under the RCP4.5 BAU scenario, cultivated land areas accounted for
more than 38%, and in the RCP6.0 RUD scenario, construction land areas increase evidently
and are mainly concentrated in the central and eastern areas. Regarding future ESs, the
maximum values of CS and HQ appear in the RCP8.5 ELP scenario because of the better
vegetation coverage. Under the RCP4.5 BAU scenario, the amount of SC reaches the
maximum value, and in the RCP2.6 BAU scenario FS reaches the maximum value of 18.53
× 106 t. Additionally, the trade-off and synergistic relationships are observed among
various ES. We also compare the ESs values of 2018 with the future ES values, the amount
of two services within a certain range is below the PPF curve, indicating exist optimisation
potential. With the help of the optimal PPF curves, the relationships between ESs can be
optimised by adjusting the values of ES, and the best land use spatial structure can be
achieved. This study contributes a new idea to measure the trade-offs and synergistic
relationships among ESs. This can act as a reference for studies on the optimisation of ES
relationships in other regions and provide guidelines for local governments to distribute
land use resources rationally.
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