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Abstract

:

Cultural ecosystem services (CES) are a significant part of the ecosystem and are considered to be a core component of human welfare and ecosystem protection. CES have been historically difficult to quantitatively evaluate because of their subjectivity and intangibility. Additionally, their evolution over time has rarely been explored. Here, we quantitatively evaluated various CES and generated corresponding value index (VI) maps. We then further explored the evolution of CES characteristics over space and time. We selected Xi’an as the study area and applied the Social Values of Ecosystem Services (SolVES) model to evaluate CES and generate three specific VI maps. A system dynamics model based on socioeconomic and survey data of CES for each administrative division was established. Finally, we simulated four developmental scenarios in order to predict potential developmental changes of CES in 2030 under these different scenarios. This study provides a method for evaluating CES and explores the application of system dynamics to different fields. Additionally, our findings may provide guidance for the formulation of regional policies and support missions to improve civilizations within ecological systems, coordinate future economic growth with ecosystem services, and achieve sustainable development.
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1. Introduction


Ecosystem services (ES) are the various benefits that human beings derive from ecosystems and can be seen as the contribution of natural capital to human well-being, including the supply of both tangible material products and the provision of intangible services [1,2,3,4]. The Millennium Ecosystem Assessment identifies four types of ES: provisioning, regulating, cultural, and supporting services. Cultural ecosystem services (CES) are a significant part of the human ecosystem and are defined as non-material benefits derived from the ecosystem through spiritual enrichment, cognitive improvement, ideological inspiration, entertainment, and aesthetic experience [5]. Additionally, CES are also considered a core component of human welfare and ecosystem protection [6]. Therefore, it is beneficial to evaluate CES and improve our understanding of the interaction between our ecosystem and society, as well as their impact on our potential happiness [7].



Scholars have recently begun to try to evaluate CES from the perspective of society and space [8]. Maria Johansson took a bottom-up approach to assess CES in peri-urban wetland areas [9]. Jared Retka used social media data to characterize CES for a large marine protected area (MPA) in northeast Brazil and outline management opportunities and implications [10]. Participatory approaches are helpful in assessing the social complexity of CES and are particularly useful in data-poor regions. Rémi Jaligot applied a Participatory Geographic Information System (PGIS) to assess the evolution of CES in peripheral areas in developing countries [11]. Geo-tagged photo data shared on social media networks makes it possible to assess CES and landscape features, and to inform urban planning [12,13,14,15]. Coupling current approaches for recreation management at country level with behavioral data derived from surveys and population distribution data. A method is proposed to map and evaluate outdoor recreation service. Considering that all ecosystems are potential providers of services, this is measured by the extent and quality of citizens’ access to nature [16,17]. There are indications that the type and level of stakeholder participation is important for the evaluation of CES [18]. It is significant to consider that CES should evolve over both space and time. CES research should consider not only the current CES but also predict the need for future CES in order to provide decision makers with needed information [19,20]. At present, the dynamic evolution of CES and the prediction under different scenarios need imperative further research.



System dynamic (SD) models are based on control theory, systems theory, and information theory and are used to study the structure, function, and development of a feedback system [21]. The main feature of the SD model is the ability to simulate complex systems dynamically, so as to examine the development and behavioral trends of complex systems under different scenarios (different parameters or different policy factors) and provide support to decision makers with different needs [22,23,24]. SD modelling has been applied to ecology, landscape ecology, and urban development research, and has become a new developmental trend [25,26,27]. Sarai Pouso modelled recreational fishing activity using a SD model in order to analyze the effects that future management decisions and unexpected environmental changes [28]. A modelling framework combined SD models with land-use change models to simulate landscape ecosystem service value (ESV), used to explore the potential impact of land-use changes on ESV [29]. The resource management of the Jiading Wetland was examined by applying group model building and SD [30]. The spatial and temporal differences of the forest ecological security early warning index values from 2009 to 2015 were analyzed using the SD model, and the evolution trend of forest ecological security was predicted from 2015 to 2030 [31]. An ecological-economic model was developed by integrating conventional economic input-output (IO) within SD [32]. Additionally, results showed that SD enabled for predictive forecasting at multiple geographic levels making use of spatially explicit information and landscape metrics. Yet there is still a gap in the simulations applied to CES [33]. Rita Lopes and Nuno Videira presented a structured methodology to conduct a collaborative process of deepening understanding of ES with a Participatory Systems Mapping (PSM) approach. Through stakeholders’ engagement it was possible to develop a collaborative construction of causal loop diagrams depicting understand feedback loops in ES simulations [34]. An assessment of provisioning services in Scotland from 1940–2016 using integrated accounting methods shows that fundamental changes in farming systems will occur over time. Relationships between landscape functions and ES changing over time [35]. The Multiscale Integrated Model of Ecosystem Services model is an SD framework that can be used to simulate future ES including CES by coupling human and natural systems [36]. Through the above scholars’ research on the application of SD model to ES, we choose SD model to realize the dynamic change simulation of CES.



Xi’an was known as Chang’an in the past and is the capital of Shaanxi Province. It was the starting point of the Silk Road, the core area of the Belt and Road construction, and an important central city in western China [37]. Xi’an has been voted one of China’s best tourist destinations and one of the best cities in China’s international image, with six heritage sites on the World Heritage List [38]. In 2017, Xi’an received 18,931,400 domestic and foreign tourists, with total tourism revenue of 163.330 billion RMB. In February 2018, the National Development and Reform Commission, the Ministry of Housing and Urban-Rural Development of the People’s Republic of China issued the “Guangzhong Plain Urban Agglomeration Development Planning” to support Xi’an in building a national central city, an international comprehensive transportation hub, and building an international metropolis with historical and cultural characteristics. CES of Xi’an play a profound role in both historical status and future construction, therefore, Xi’an is chosen as our research area.



In this study, we quantitatively and spatially evaluated the regional CES in 13 districts of Xi’an city and studied the dynamic changes of CES under different scenarios. We established a database of natural environmental data and social survey data, using the SolVES model to analyze the distribution and characteristics of CES factors. We then used SD software to establish a dynamic model of the CES of each administrative division of Xi’an city. We simulated different developmental scenarios in order to explore predicted impacts of different CES in 2030. Four scenarios were set up to simulate the future development of Xi’an. The results provide insights into future developmental models for each district of Xi’an city, and also help guide the sustainable development decision-making in government planning.




2. Materials and Methods


2.1. Study Area


Xi’an is located between 107.40°~109.49°E and 33.42°~34.45°N, which is in the central part of the Guanzhong Plain of China, as shown in Figure 1. The southern part of Xi’an is backed by the Qinling Mountains. This city has the Weihe River, the Jinghe River, the Heihe River, the Bahe River, and other rivers with abundant water resources and fine vegetation development conditions. It has 13 districts (Xincheng, Beilin, Lianhu, Yanta, Baqiao, Weiyang, Yanliang, Lintong, Chang’an, Gaoling, Huyi, Lantian, Zhouzhi), with a total area of 10752 km2. The profound history and culture provide a unique cultural foundation for Xi’an’s CES.




2.2. Available Data


We used 2017 social and economic data (annual statistics) from the Xi’an Bureau of Statistics. Social survey data were from a questionnaire survey of 13 districts. A total of 960 random sampling survey questionnaires were distributed to respondents in the study area, resulting in 839 valid cases and 87.4% questionnaire efficiency. Table 1 shows the characteristics of the sample.



The content of the questionnaire was divided into four parts. Part one included information about the social background of the respondents. Part two included information that affected the validity of the questionnaire, including whether the respondent was familiar with the area and whether any types of CES were obtained. Part three included attitude and preference information. Part four included VI information, which involved the respondents scoring the CES in this area. After an on-the-spot investigation of the natural and cultural environment of Xi’an, we selected three CES in this region for evaluation that included recreation, historical, aesthetic values. Table 2 illustrates the classification and connotation of the three CES. We have correspondingly localized the descriptions in the table for better expression.



In the process of modelling and quantifying CES, in addition to social survey data, the designated geographic database also requires multiple environmental index data representing the characteristics of the natural environment within the study area. The basic environmental index data were derived from Landsat 8 cloudless images and GDEMDEM 30-m resolution digital elevation model data (ELEV) from the Computer Network Information Center. Land use and land cover (LULC) data was obtained by interpreting remote sensing images using ENVI 5.1 through supervised classification. SLOPE and HILLSHADE Digital elevation model data was extracted using ArcGIS10.2 surface analysis tools. Distance from road (DTR) and water (DTW) was determined using a horizontal distance layer extracted from ArcGIS10.2 distance mapping tool and based on road networks and the nearest water feature (lake, pond, rivers, creek, spring point, etc.). The spatial resolution of each environmental index grid layer was 30 m.



The administrative boundaries of each district were obtained from the national basic information center. Basic vector data, such as roads and rivers, came from the Arceyes software. Detailed data sources are shown in Table 3.




2.3. Methodology


2.3.1. Quantification of CES


The SolVES model is a GIS application developed by the USGS Geosciences and Environmental Change Science Center (GECSC) and it can comprehensively evaluate, quantify, and map CES such as aesthetics, education, recreation, culture, and heritage. SolVES combines both natural and human factors for a comprehensive assessment that not only accounts for natural environmental impacts, but constraints from human factors as well. SolVES uses social-values mapping research to implement a methodology for integrating social values into the CES assessment process by quantifying and mapping these values through “ Value Index” (VI) (0–10), which provides a spatial, nonmonetary metric statistically related to the environmental characteristics of the study area itself. The greater VI, the higher value of the CES. The Maxent maximum entropy modelling software (Maxent) embedded in SolVES can explain the relationship between CES and environmental variables, which enables a complete visual mapping of the evaluation results [39,40,41].



Geospatial and social survey data are used in SolVES as inputs into three submodules: the ecosystem services social-values model, the value mapping model, and the value transfer mapping model. Each submodule has its own specific function and can simultaneously be associated with the other submodules and script data to perform additional calculations. In this study, we used SolVES (version 3.0) to study CES in Xi’an. The value mapping model was a key part and was used to generate the VI maps (Figure 2) with social survey data and related natural environmental index data.




2.3.2. SD Modelling


Each factor of CES has direct or indirect connections. Changes in one factor may influence the other factors, leading to changes throughout the whole system. SD can objectively and dynamically determine the developmental trends of different CES by mathematical modelling. Mathematical modelling can establish equations and functional relationships between factors in each subsystem of the CES. By studying the dynamic changes and developmental trends of CES, we can further understand the developmental tracks of regional CES. It is also an opportunity to explore the application of SD in different fields.



At present, the most commonly used modelling software for SD is STELLA, Vensim, Ithink, Powersim, etc. [42,43,44,45]. We chose to use Vensim DSS × 64 SD modelling software based on the research purpose and simulation requirements of this study. The Vensim SD model was used to construct a cause and effect diagram of CES in Xi’an. The variables impacting each system were determined through causality analysis. The dynamic model in this study was based on the impact strength of different variables related to CES. A system flow diagram and equation for each district were established, and a developmental track of CES in Xi’an was simulated. The developmental trends of ecosystem culture in Xi’an were used to predict and simulate future scenarios. The established subsystems included population, economics, and culture. Meanings of different variable names are shown in Table A1 of Appendix A. The various equations in SD model are shown in Table 4.



(1) Population influences the economics and environment of cities through aspects such as labor force, consumption of entertainment, and tourist recreation [46,47]. Population changes are also based on feedback principles and are influenced by economic development, environmental changes, and urban CES [48].



(2) Economic activity is a consequential part of daily human life. GDP is an important measure of economic development and can directly reflect the degree and level of economic development in a region [32]. When a regional cultural service is promoted, it develops regional tourism, the entertainment industry, and the catering and accommodation industries, thus feeding back into the economy and further promoting economic development [49].



(3) Based on Xi’an’s characteristics, aesthetics, history, and entertainment were selected as determinates of culture in our SD modelling. The CES subsystem mainly aims to show the relationship between various values and the corresponding main influencing factors. By analyzing the characteristics of the value distributions of these three CES, it was determined that the degree of urbanization has the greatest influence on historical value, the distance from roads and water have the greatest influence on aesthetic value, and the opportunities for recreational activities and area of green space have the greatest impact on the entertainment value. Pollution of the air and water causes a reduction in spontaneous recreational activities, and therefore should be included in the system variables [50]. Economic investment in different CES can also have a crucial impact on CES [47,51].



The study included a population subsystem, an economic subsystem, and a cultural services subsystem. The total system flow diagram of the entire SD model was formed by connecting subsystems with each other using a series of common variables, as shown in Figure 3.




2.3.3. Future Development Scenarios


Four scenarios for the future development of Xi’an were set up in order to simulate and predict dynamic changes to CES in 2030. The four scenarios were a natural development scenario (NAD), an environmental protection scenario (ENP), an economic priority scenario (ECP), and a coordinated development scenario (COD). In the NAD, we assumed that each region will continue to develop according to the existing trends, and the average values from 2014 to 2017 were used as variable parameters. In the ENP, we set the economic growth rate lower (a minimum value of about 2014 to 2017) and the developmental speed of regional green land and gardens higher (a maximum value of about 2014 to 2017), reflecting the impact of tertiary industry. The value added in the tertiary industry was set to average. In the ECP, we set the economic growth rate higher (maximum value of about 2014 to 2017) and the developmental speed of regional green land and gardens lower (minimum value of about 2014 to 2017). In the COD, we set each region’s economic growth rate and regional green land and garden development rate to more balanced levels; that is, the rate of increase of green space areas and other economic variable parameters were set to a higher value of 2014 to 2017. The parameter settings for different scenarios are shown in Table A2, Table A3, Table A4 and Table A5 of Appendix A.






3. Results


3.1. CES Distribution Status and Principle


The distributions of CES in Xi’an are shown in Figure 4. High recreation value areas were around the roads and radiated outward to the surrounding areas. Hot spots are formed in areas near rivers and green spaces. The radiation range of recreation value is less than aesthetic value but higher than historical value on the road and the surrounding area at the junction of Xi’an City and Qinling Mountains.



Areas with high historical value were more extensive and were distributed more densely in urban areas compared with areas of aesthetic value. Further, the ranges of historical value radiating from the roads and nearby areas were more extensive than aesthetic value. However, there were no high value points in some of the water and green areas.



Denser high-value areas of aesthetic value were concentrated in the main urban areas. The aesthetic value is high in the vicinity of roads, water and green areas. The southern part of Xi’an, a junction with the northern foot of the Qinling Mountains, was a cold spot for CES, with the only high value points distributed on roads and nearby small areas.




3.2. SD Model in Different Scenarios


After constructing a SD model of CES, set the start and end dates of the model as 2014 and 2030 respectively. The simulation step length was one year. After the model was run, the simulated values of each subsystem variable were obtained.



Under each different scenario setting, we predicted the economic, green space, and CES status in 2030. In order to better integrate the CES status of each division under different scenarios, the same weight value was given to recreation, historical, aesthetic and the total CES values were added to determine the CES development.



The economic development of each district achieved the fastest growth under the ECP. The predictions of 2030 GDP output for each administrative division were highest from the ECP, then the COD, and then the NAD, and lowest from the ENP. The changes in green space area in each district achieved the fastest increase under the ENP. The green space area values in each administrative division were predicted, by 2030, to increase the most in the ENP, then the COD, then the NAD, and least in the ECP. The predicted values of CES in 2030 are shown in Figure 5.



We predicted the 2030 average values of CES, including COD, ENP, ECP, and NAD in all districts. The average values of CES in the Baqiao, Yanliang, and Huyi districts were highest for the ENP and lowest in the NAD. The average values of CES in the Lantian district was highest in the ECP and lowest in the NAD. The average values for CES in the Yanta district was highest in the COD and lowest in the ECP. The average values of CES in the Xincheng district was highest in the COD and lowest in the ENP. The average values of CES in the Zhouzhi, Lintong, Gaoling, Lianhu, Changan, Weiyang, and Beilin districts were highest in the COD and lowest in the NAD.



We found that in different districts, the COD and ENP generally predicted higher CES values, while CES values were lower under the NAD. CES values predicted by the ECP showed larger changes in different districts.




3.3. Performance of ECP in Different Districts


In order to further analyze the CES in different districts and under different scenarios, we calculated the difference between the ECP and other scenarios of CES, and then added the absolute values to get the CES gap between different scenarios. The CES gap is sorted from high to low in terms of GDP in Figure 6. From the Yanta district to the Zhouzhi district, predicted GDP output gradually decreased.



As seen in Figure 6, as the regional GDP output value decreased, the differences in various scenarios showed a narrowing trend. In regions with high levels of regional economic development, different scenarios have a large impact on CES. However, when the level of economic development in a region is low, the differences in CES under different scenarios are small; the differences between the COD and the ECP, as well as the differences between ENP and the ECP, were significantly reduced compared with regions that have high economic development. In other words, choosing the ECP in regions with low economic development may produce similar CES results as that of the COD or ENP, while also maintaining relatively high economic growth.





4. Discussion


4.1. Environmental Index Impact Analysis


In addition to producing a VI map, the SolVES model output was also used to generate mathematical statistics comparing the relationships of CES and environmental indexes. The statistics are presented in Figure 7.



Recreation value is negatively correlated with DTR, DTW, ELEV, SLOPE, and other environmental indexes. As the distance from roads and water increases, the elevation and slope increase, which cause a downward trend in recreation value. Forest land and cultivated land can provide recreation value. Water and urban land can provide higher recreation value.



Historical value is negatively correlated with environmental indexes such as DTR, DTW, and ELEV. As the distance from roads and water increases, the elevation causes the historical value to display a downward trend. The slope statistics first decline and then increase. This may be due to the fact that some temples, including Taoist temples, are located near the foot of Qinling Mountains, thus increasing historical value in some areas with higher slopes. Forest land and cultivated land can both provide historical value. Cultivated land provides higher historical value than forest land. Urban land can also provide high historical value.



Aesthetic value is negatively correlated with DTR, DTW, ELEV, SLOPE, and other environmental indexes. As the distance from the road or water increased, the elevation and slope of the elevation caused a downward trend in the aesthetic value. There is some fluctuation in the slope statistics, but the overall trend is downward. This may be due to the green space and woodlands located on both sides of the river and in front of the mountain, which can provide higher aesthetic value. Forest land and cultivated land can provide aesthetic value, while urban land can provide higher aesthetic value.




4.2. Analysis of CES Distribution Characteristics


Places that have more opportunities for recreational activities, such as areas near water bodies and green spaces in city parks will form hot spots, which are areas that people think have high recreation value. Some indoor entertainment facilities and places in the city center also provide a lot of entertainment opportunities, so they are also considered to be of high recreation value. Although the southern area near the Qinling Mountains has been gradually developed in recent years, such as a series of summer resorts, there are still relatively few opportunities and places for recreation activities and high transportation costs, so it has not been considered to have entertainment value.



The high value areas of historical value are widely distributed because Xi’an has thousands of years of capital history, and there are countless places of interest, tombs, and so on. Some of these have become well-known historical tourist attractions in China and abroad. Some newly built water bodies and green spaces will not be considered as having historical value. In areas with frequent human activities, the urban areas where the urban settlements originated earlier will be considered to have high historical value.



The locations of hot spots with aesthetic value formed in urban areas are mostly consistent with tourist attractions, forest parks and urban green space parks, such as Daming Palace National Heritage Park and Weiyang Lake in Weiyang; Qujiangchi Heritage Park and Tang Paradise in Yanta; Zhongnan Mountain Ancient Building in Zhouzhi; Lishan Mountain in Lintong; Cuihua Mountain Forest Park and Xi’an Qinling Wilding Zoo in Chang’an—these areas have high aesthetic value. There are many famous tourist attractions in the inner city of Xi’an, such as the Bell Tower, the Drum Tower, the Forest of Steles, and the Muslim’s Quarter, etc., which correspond to the large range of high-value areas within the city wall area.



There are many forest parks in Zhouzhi, Chang’an, Wuyi, Lantian, and other areas near the northern of Qinling Mountains, such as Heihe National Forest Park, Zhuque National Forest Park, Golden monkey nature reserve, etc. Although these areas have beautiful scenery and high forest coverage, the terrain near the Qinling Mountains is relatively steep, the distance relatively far from urban areas, and the elevation increases significantly. Only high value points will be formed on roads and nearby areas. Its own aesthetic value has not been fully detected and well known to the public. In summary, the areas with convenient transportation, more well-known scenic spots and covered by green land and water will be considered to have high aesthetic value. However, some areas far away from people’s living areas with steep terrain and less convenient transportation cannot be considered to have corresponding aesthetic value.



A research found that most of the respondents in Gaoqu Town, Shaanxi Province acknowledged the aesthetic services of woodlands and grasslands. They consider aesthetic service is of the highest value in the Town [52]. In Guyuan, Ningxia Hui Autonomous Region, northern China, scholars have found that cultivated land is regarded as a significant land-use provider for CES [53]. Forests and large parks play major roles in providing CES [54]. These services of aesthetic beauty, the opportunity for leisure activities are mainly attributed to the intensive use of meadows and forests. In contrast, cultural heritage is primarily perceived in landscapes with strong man-made influences, such as villages [55]. SolVES has been applied to conduct CES assessment of a wetland forest park in Shanghai and the results showed that the field of view was broad and that the area adjacent to the water source had higher cultural service values [56]. Those results of other scholars’ research on CES are consistent with the results obtained in this study.




4.3. Limitations


This research still has some limitations. Many factors in the SolVES model, such as investigation time and manpower, may have various biases caused by the composition of the respondent population, the number of regional survey respondents, and other factors. To improve the accuracy of the survey data, studies should be run over a longer time, include a larger area, and collect multiple samples to investigate and prevent deviations. Furthermore, the SolVES model uses the same environmental index for different landscape types, which can cause errors.



Our dynamic model of CES was based on the available data sources and we selected the relevant variables to use in the model. However, in fact, our research is limited by data collection and quantification methods and cannot be modeled and considered for all variables because the factors affecting CES are diverse and interact with each other. For example, there are other factors such as inflation and industrial growth rate that can affect GDP. The model could be improved by future insights into how to accurately select the most suitable influencing factors and determine the relationships between the different factors. Secondly, the future simulation research requires to be corrected for a long time with the actual situation. With the development of Xi’an’s tourism industry, the ratio of economic benefits of tourism industry to GDP is gradually increasing. At present, it is showing a trend of growth, so the future simulation research still requires to be corrected by observing the actual GDP ratio year by year for a long time.




4.4. Future Development Management


With the decline of regional economic level, the differences in CES between various scenarios are shrinking. In areas with high levels of economic development, the impact on different scenarios of CES is quite different. However, when the economic development level of a region is low, the differences in CES in various scenarios are smaller. Other studies found that when people face more survival risks, their perception of the surrounding CES will be reduced [57]. People’s direct experience plays an important role in shaping their perception of the surrounding CES [58]. CES can be evaluated after they are perceived. For the local residents, regional economic development is backward, people may be more focused on raising a family, and when the regional economy is further developed, people no longer have great pressure to live, and may enjoy the surrounding scenery more. For tourists, when the regional economy is relatively backward, the infrastructure is not perfect, tourism publicity is not strong enough to attract tourists [59]. As economic development brings increased publicity, more CES are bound to be perceived by tourists.



Based on this, different administrative divisions should have their own positions in the future development and they should be comprehensively considered according to their own development priorities and characteristics to choose a development strategy suitable for the region. In regions with low economic development level, priority can be given to economic development and people’s living standards can be improved. Attention also should be paid to the protection of ecological environment, so as to improve the economic level and CES at the same time. In order to realize the sustainable development in the future, the regions with more developed economy should devote themselves to the protection and construction of ecological environment and accelerate the transformation of traditional industries.





5. Conclusions


In this paper, social survey data and environmental index data were obtained through field investigation and used to calculate VI maps for recreation, historical, and aesthetic services in Xi’an using the SolVES model. Based on our analysis of the factors associated with various CES values, the components and boundaries of each CES subsystem were defined and a system flow diagram between each of the factors were plotted. We used the Vensim DSS x 64 model to establish a SD model of the CES system in various districts in Xi’an. Four different development scenarios (natural development, environmental protection, economic priority, and coordinated development) were used to predict the dynamic changes of CES in 2030. When the level of economic development in a region is low, the differences in CES under different scenarios are small; the differences between scenarios were significantly reduced compared with regions that have high economic development. We found that different development scenarios were most applicable to different regions and that each region needs to choose according to their future developmental directions to achieve their corresponding developmental needs.
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Table A1. Meaning of Variable name in SD.






Table A1. Meaning of Variable name in SD.





	Variable Name
	Meaning





	GDP 1 rate
	Growth rate of value added in primary industry



	GDP 1 increase
	Increase in value added in primary industry



	GDP 1
	Value added in primary industry



	GDP 2 rate
	Growth rate of value added in secondary industry



	GDP 2 increase
	Increase in value added in secondary industry



	GDP 2
	Value added in the secondary industry



	GDP 3 rate
	Growth rate of value added in the tertiary industry



	GDP 3 increase
	Value added growth in the tertiary industry



	GDP 3
	Value added in the tertiary industry



	Industrial output
	Industrial output



	GDP
	GDP



	GDP per
	GDP per capita



	Population
	Population



	births
	Number of births in the year



	Fertility factor
	Fertility factor



	Birth rate
	Birth rate



	moving out
	Number of moving out in the year



	Moving out rate
	Moving out rate



	deaths
	Number of deaths in the year



	Mortality
	Mortality



	moving in
	Number of moving in in the year



	Occupancy rate
	Occupancy rate



	PIEP
	Percentage of investment in environmental protection



	IEP
	Investment in environmental protection



	Water
	Water



	Road
	Road



	Aesthetic Value
	Aesthetic Value



	PIR
	Percentage of investment in Recreation



	IR
	Investment in Recreation



	IWP
	Increase in water pollution



	WP
	Water pollution



	IAEP
	Increase in atmospheric environmental pollution



	AEP
	atmospheric environmental pollution



	STTF
	Sewage treatment technology factors



	GPTTF
	Gas pollution treatment technology factors



	Environmental pollution
	Environmental pollution



	Pollution impact
	Pollution impact



	Recreation Value
	Recreation Value



	GIR
	Greenfield increase rate



	IG
	Increase in Greenfield



	AUG
	Area of urban Greenfield



	RG
	Reduction in Greenfield



	GRR
	Greenfield reduction rate



	PGPT
	Public Greenfield per capita in towns



	Urban population
	Urban population



	Urbanization rate
	Urbanization rate



	HPI
	Heritage protection investment



	PICRP
	Percentage of investment in cultural relics protection



	Historical Value
	Historical Value
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Table A2. Parameter setting of natural development scenario.






Table A2. Parameter setting of natural development scenario.





	Districts
	GDP 1 Rate
	GDP 2 Rate
	GDP 3 Rate
	GIR





	Xincheng
	0
	0.04
	0.12
	0.0238



	Beilin
	0
	0.17
	0.12
	0.03



	Lianhu
	0
	0.1
	0.135
	0.03



	Baqiao
	0.0669
	0.007
	0.198
	0.033



	Weiyang
	−0.143
	0.072
	0.104
	0.0668



	Yanta
	0
	−0.008
	0.171
	0.0315



	Yanliang
	0.045
	0.06
	0.19
	0.0279



	Lintong
	0.0132
	−0.127
	0.164
	0.0267



	Changan
	0.02
	0.265
	0.2
	0.04



	Zhouzhi
	0.066
	0.058
	0.156
	0.04



	Huyi
	0.024
	0.052
	0.145
	0.2



	Lantian
	0.0543
	0.0375
	0.145
	0.253



	Gaoling
	0.103
	0.045
	0.197
	0.14










[image: Table] 





Table A3. Parameter setting of environmental protection scenario.






Table A3. Parameter setting of environmental protection scenario.





	Districts
	GDP 1 Rate
	GDP 2 Rate
	GDP 3 Rate
	GIR





	Xincheng
	0
	0.08
	0.08
	0.06



	Beilin
	0
	0.1
	0.12
	0.05



	Lianhu
	0
	0.03
	0.135
	0.04



	Baqiao
	0.005
	0.001
	0.15
	0.04



	Weiyang
	−0.3
	0.04
	0.1
	0.2



	Yanta
	0
	−0.07
	0.1
	0.04



	Yanliang
	0.003
	0.01
	0.14
	0.04



	Lintong
	0.01
	−0.3
	0.1
	0.04



	Changan
	0.01
	0.2
	0.2
	0.06



	Zhouzhi
	0.02
	0.03
	0.1
	0.2



	Huyi
	0.01
	0.02
	0.1
	0.4



	Lantian
	0.004
	0.01
	0.14
	0.4



	Gaoling
	0.03
	0.02
	0.1
	0.3
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Table A4. Parameter setting of economic priority scenario.






Table A4. Parameter setting of economic priority scenario.





	Districts
	GDP 1 Rate
	GDP 2 Rate
	GDP 3 Rate
	GIR





	Xincheng
	0
	0.18
	0.28
	0.002



	Beilin
	0
	0.3
	0.2
	0.015



	Lianhu
	0
	0.23
	0.3
	0.01



	Baqiao
	0.1
	0.2
	0.41
	0.01



	Weiyang
	−0.1
	0.2
	0.2
	0.03



	Yanta
	0
	−0.004
	0.35
	0.01



	Yanliang
	0.1
	0.2
	0.43
	0.02



	Lintong
	0.04
	−0.06
	0.32
	0.01



	Changan
	0.1
	0.4
	0.5
	0.01



	Zhouzhi
	0.2
	0.2
	0.3
	0.007



	Huyi
	0.07
	0.3
	0.25
	0.08



	Lantian
	0.1
	0.15
	0.25
	0.1



	Gaoling
	0.2
	0.22
	0.45
	0.08
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Table A5. Parameter setting of coordinated development scenario.






Table A5. Parameter setting of coordinated development scenario.





	Districts
	GDP 1 Rate
	GDP 2 Rate
	GDP 3 Rate
	GIR





	Xincheng
	0
	0.12
	0.21
	0.04



	Beilin
	0
	0.2
	0.16
	0.04



	Lianhu
	0
	0.15
	0.17
	0.035



	Baqiao
	0.08
	0.15
	0.3
	0.035



	Weiyang
	−0.15
	0.15
	0.15
	0.15



	Yanta
	0
	−0.006
	0.25
	0.035



	Yanliang
	0.075
	0.15
	0.3
	0.035



	Lintong
	0.03
	−0.12
	0.25
	0.034



	Changan
	0.08
	0.35
	0.4
	0.05



	Zhouzhi
	0.15
	0.15
	0.2
	0.15



	Huyi
	0.06
	0.15
	0.2
	0.3



	Lantian
	0.08
	0.1
	0.2
	0.3



	Gaoling
	0.1
	0.1
	0.32
	0.25
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Figure 1. The location map of study area. 






Figure 1. The location map of study area.
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Figure 2. The value index (VI) maps generalized key process flow. 
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Figure 3. Flow chat of the total system. 
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Figure 4. The VI map of CES. (a) Recreation VI map. (b) Historical VI map. (c) Aesthetic VI map. 
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Figure 5. The predicted values of CES in 2030. 
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Figure 6. The impact of the economy on different administration district. 
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Figure 7. The relationship between CES value and environmental index. Among the types of LULC, 1 represents grassland, 2 represents forest land, 3 represents cultivated land, 4 represents water body, 5 represents unused land, and 6 represents urban land. 
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Table 1. Respondent’s characteristics.






Table 1. Respondent’s characteristics.










	Item
	Class
	Total Number of People





	Sex
	Male
	419



	
	Female
	420



	Age
	<18 years
	97



	
	18–30 years
	392



	
	31–40 years
	144



	
	41–50 years
	100



	
	51–60 years
	49



	
	>60 years
	57



	Education
	Junior high school
	179



	
	Senior high school
	201



	
	University
	449



	Aborigines
	Yes
	395



	
	No
	444
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Table 2. The descriptions of cultural ecosystem services (CES) types.
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	CES Types
	CES Description





	Recreation
	I value this area because it provides a place for my favorite outdoor recreation activities.



	Historical
	I value this area because it has historical events recorded by the ecosystem; folk customs of the reservation; and historical tradition.



	Aesthetic
	I value this area because I enjoy the scenery, sights, sounds, smells, etc.
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Table 3. Data sources.






Table 3. Data sources.





	Data
	Source
	Resolution





	Statistic data
	Statistical Yearbook
	counties



	Digital elevation model data (ELEV)
	Computer Neatwork Information Center, Chinese Academy of Science
	30 m



	SLOPE
	ArcGIS10.2 Spatial Analyst Tools
	30 m



	Land use and land cover data (LULC)
	ENVI5.1 Supervised Classification
	30 m



	HILLSHADE
	ArcGIS10.2 Spatial Analyst Tools
	30 m



	Distance from road (DTR)
	ArcGIS10.2 Spatial Analyst Tools
	30 m



	Distance from water (DTW)
	ArcGIS10.2 Spatial Analyst Tools
	30 m



	Social survey data
	Survey questionnaires
	counties



	Vector data of Xi’an
	RIVERMAP.CN Maps Downloader
	counties
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Table 4. Key equations in SD Model.






Table 4. Key equations in SD Model.





	
Subsystem

	
Key Equation






	
Population

	
Population = INTEG(births-deaths + moving in-moving out, Initial Value of Population)




	
Births = Population × birth rate × fertility factor




	
Deaths = Population × Mortality




	
Moving in = Population × Occupancy rate




	
Moving out = Population × Moving out rate




	
Urban Population = Population × Urbanization Rate




	
Economic

	
GDP = GDP 1 + GDP 2 + GDP 3




	
GDP 1 = INTEG (GDP 1, Initial Value of GDP 1)




	
GDP 2 = INTEG (GDP 2, Initial Value of GDP 2)




	
GDP 3 = INTEG (GDP 3, Initial Value of GDP 3)




	
Industrial output = GDP 2 × The proportion of industrial output value to GDP 2




	
Cultural Services

	
AUG = INTEG (IG − RG, Initial Value of AUG)




	
IG = AUG × GIR




	
RG = AUG × GRR




	
PGPT = AUG ÷ Urban population




	
Historical Value = Historical Table Function (HPI, Urbanization Rate)




	
Aesthetic Value = Aesthetic table function (AUG, water, road, IEP




	
Recreation Value = Recreation Table Function (AUG, Pollution, IR)




	
HPI = GDP × PICRP




	
IEP = GDP × PIEP




	
IR = GDP × PIR




	
Environmental Pollution = AEP + WP




	
WP = INTEG (IWP, Initial Value of IWP)




	
AEP = INTEG (AEP, Initial Value of AEP)
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