

  Integrated Evaluation and Scenario Simulation for Forest Ecological Security of Beijing Based on System Dynamics Model




Integrated Evaluation and Scenario Simulation for Forest Ecological Security of Beijing Based on System Dynamics Model







Sustainability 2015, 7(10), 13631-13659; doi:10.3390/su71013631




Article



Integrated Evaluation and Scenario Simulation for Forest Ecological Security of Beijing Based on System Dynamics Model



Fangzheng Li 1, Shasha Lu 2,*, Yinan Sun 1, Xiong Li 1, Benye Xi 3 and Weiqi Liu 1





1



School of Landscape Architecture, Beijing Forestry University, Beijing 100083, China






2



School of Economics and Management, Beijing Forestry University, Beijing 100083, China






3



Ministry of Education Key Laboratory of Silviculture and Conservation, Beijing Forestry University, Beijing 100083, China









*



Author to whom correspondence should be addressed; Tel.: +86-10-62-337-196; Fax: +86-10-64-928-482.







Academic Editor: Marc A. Rosen



Received: 10 July 2015 / Accepted: 2 October 2015 / Published: 7 October 2015



Abstract:

 Forest Ecological Security (FES) means coordinated development of forest ecosystems, social economies, and the forest environment. In this paper, we evaluate FES in Beijing under different designed scenarios using a dynamic systems model and find that first, the initial FES index value (in Scenario 0) increased to its highest level of 0.529 in 2012, but declined slightly to 0.485 by 2020. Second, in Scenarios 1–4, the FES index value reached 0.545, 0.516, 0.585 and 0.637 respectively in 2020, which was enhanced in varying degrees when compared with Scenario 0. The simulation shows the implementation of forest management policies, socioeconomic development and environmental management combine to affect the FES in Beijing. The FES could develop into a good state when the productivity of forest resources, the stability of forest environments and the orderly development of the social economy are carefully maintained (in Scenario 4). This research could provide decision-making in support of the overall improvement of forest conditions while promoting sustainable forestry in Beijing.
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1. Introduction

Socio-economic development and population growth have resulted in increased energy demands and resource consumption, creating an environmental crisis, ecological degradation, and other serious problems in China [1,2]. Extreme meteorological events and disasters, such as droughts, floods, and high temperatures have frequently occurred worldwide [3]. Maintaining ecological security has become an inevitable problem for humans in their attempts to achieve sustainable development in the 21st century [2]. Forest ecosystems, which account for 31% of the earth’s total land area, comprise the earth’s largest ecosystem, and also contain the majority of earth’s biomass [4]. Forests provide energy to other ecosystems for material cycling and also clean some of the waste generated by other ecosystems [5,6]. Maintaining the security of forest ecosystems is therefore essential to improving the global environment, protecting global biodiversity, and achieving sustainable socio-economic development [7].

In China, a one-sided pursuit of profits has created a growing impact on forest environments. Over the past thirty years, fragmentation of China’s forest ecosystems has degraded habitat quality. The deteriorating forest environment will threaten the quality of human life and health directly [8,9]. Recently, the Chinese government has begun to attach more importance to Forest Ecological Security (FES). Forest Ecological Security (FES) means the coordinated development of forest ecosystems, social economies, and the forest environment. Currently, China’s central government has stimulated and improved FES along with ecologically sound development. The Eighteenth National Congress of the Communist Party of China first proposed an overall scheme for developing an ecologically sound and socialistic civilization with Chinese characteristics. In 2015, “opinions on promoting the development of an ecologically sound civilization” issued by the State Council has pushed the development of an ecologically sound civilization to the height of reviving “the Chinese dream” [10].

Because ecological conditions have begun to deteriorate globally, a large amount of research has begun to focus on the evaluation and forecasting of ecological security [11]. Ecological security means there is no threat to human life, health and happiness; that is the ecosystem prevents potential risks caused by natural and human activities or a combination thereof [12,13]. Many researchers have gained a common interest in the evaluation of global and regional ecosystems, mainly in the fields of landscape-scale ecological security [14], land ecological security [15], water resource security [16], and food security [17]. Forecasting ecological security has also attracted the attention of researchers in different fields. Researchers have produced fruitful achievements in the fields of forecasting urban ecological security [13], monitoring and early warnings related to the ecological carrying capacity of water resources [18], early warnings related to land ecological security issues [19], analysis and forecasting of wetland system conditions [20] and early warnings of urban traffic problems and related issues [21]. However, from the forest ecosystem perspective, research on the evaluation of FES is still in its relative infancy. Little research has been conducted related to the mechanisms used to forecast FES. Therefore, the evaluation and forecasting of FES research should be strengthened.

The concept of forecasting ecological security refers to forecasting any ecosystem crisis caused by resource exploitation, human activities, and environmental pollution. This type of forecasting is based on the evaluation of an ecosystem, with the goal of taking effective measures to control any such forecasted crisis. This important field of research that evaluates and forecasts ecological security is relatively mature [22]. Currently, the forecasting and evaluation methods related to ecological security include principal component analysis [23], the grey relationship [24], system cluster [25], ecological footprint [26], aggregate indicator [27], and the fuzzy comprehensive evaluation [28] methods, as well as the use of neural network models [29]. Notably, these methods all employ static evaluation. However, ecological security is a dynamic process, while the factors influencing ecological security are complex and dynamic. Forecasting that is based on past history alone cannot instruct future practices and will overlook studies on the coupling analysis of changeable factors related to ecological security.

A system dynamics model was used to simulate the complex system to describe and understand the structure and behavior of FES in Beijing [30]. Forrester of the Massachusetts Institute of Technology initially proposed the use of a system dynamics (SD) model in the early 1960’s. This model has been used widely in solving critical problems and improving decision making in the fields of engineering, economics, and in social and environmental sciences [31,32]. An SD model analyzes all elements of a system as a whole and represents the dynamics of a system through the interactions of variables and actors inside the structure [33]. This model accommodates characteristics such as non-linear relationships, causal loops, information feedback, and time delays in complex and dynamic problems. These features allow SD to become an especially powerful and appropriate tool for the present case study. Additionally, the SD model could better simulate and analyze the post effects under various control schemes, seeking the best way to improve the system function. In short, an SD model conceptualizes a comprehensive understanding and complicated phenomena that can combine quantitative and qualitative analysis [34,35]. Based on an SD model, this paper consequently conducts an integrated evaluation and scenario simulation for FES in Beijing.

The forest ecosystem of Beijing provides important ecosystem services supporting economic and social development, and ensures regional eco-environmental security [36]. Recently, Beijing’s economy has increased rapidly, maintaining a growth rate of more than 9.5% for nine years since 2001 [37]. As a result, the demands placed on Beijing’s forest resources are increasing. The production of forestry products has increased with high growth rates of 12.5%, 189.4% and 38.4% in 2012, 2013, and 2014, respectively, and is expected to maintain a high rate for the foreseeable future [37]. The increasing consumption of forest resources will cause a major threat to FES. The future outlook for FES conditions in Beijing is not optimistic. Therefore, analyzing the FES conditions in this city is of theoretical and practical significance. This article investigated the following three aspects:


	i)

	Based on the definition of FES, an FES index system for Beijing was established and calculated.



	ii)

	Based on the feedback loops of the combined forest resource socioeconomic environment system, a scenario simulation and optimizing control model (SSOCM) was established to forecast and evaluate the level of FES for Beijing from 2000 to 2020.





Four dynamic control scenario types were proposed. That is individual scenarios were oriented towards: (a) medium-speed socioeconomic development; (b) strengthening environmental management; (c) developing reasonable forest management policies; and (d) a scenario combining all three by coordinating forest resource management, the social economy, and other environmental issues. Basically we tried to select the most reasonable and effective control schemes for FES in Beijing. This paper could provide decision makers with an optimal control scheme for the comprehensive improvement of forest security and for promoting sustainable forest management.



2. Study Area

Located in the northwest edge of North China Plain (39°28ʹ–41°05ʹN, 115°25ʹ–117°30ʹE), Beijing is the political, economic, and cultural center of China (Figure 1). Beijing extends approximately 176 km from north to south and 160 km from east to west, with a total area of 16,410 km2. Forest ecosystems comprise 35% of the area administered by Beijing. These forests have become an important asset that helps to maintain the urban ecosystem [25]. Data from the seventh forest resources inventory show that the forest area in Beijing reached 5.20 × 105 ha with forests covering 37% of the city. The timber volume was 1.85 × 104 m3 [38].

Figure 1. Study area.
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Beijing’s rapidly developing economy has maintained a growth rate of more than 7% in recent years, while the GDP has reached 2.13× 1012 Yuan [39]. With recent growth, at the end of 2014 2.15 × 107 permanent residents lived in Beijing. Socio-economic development has caused deforestation and an excessive loss of forest resources. 1.23 × 105 m3 of timber were harvested in Beijing by 2013 [38]. Meanwhile, automobile exhaust and the burning of fossil fuels have led to increasingly serious air pollution in Beijing, with the annual average density of the city’s airborne sulfur dioxide, nitrogen dioxide, and fine particulate matter reaching 26.5 μg/m3, 56 μg/m3 and 89.5 μg/m3 [39] respectively. Air pollution could cause changes related to hydrology, nutrient cycling, erosion, microclimate and overall stability that could seriously threaten Beijing’s forest ecosystems [40].

Beijing has reinforced the protection and development of FES since 2000. Special funding for FES has been established to improve the forest conditions as well as to encourage ecologically sound development. Authorities have taken advantage of city events to promote forest and ecologically sound development in Beijing. The green ratio reached 50% during the preparations for the 2008 Beijing Olympic Games [38,41] (In China, “green ratio” = [(woodland area + all shrub forest area + four side tree planting area)/land area] × 100% [42]). Beijing’s “12th 5-Year Plan” included an afforestation of barren hills project (2012–2015), and Beijing has committed to completing afforestation of 2.67 × 104 ha. Since 2012, the Beijing city government has implemented an afforestation project for the plains of Beijing and has laid plans to afforest 6.67 × 104 ha within 5 years [43].



3. Methods


3.1. Integrated Evaluation for FES


3.1.1. FES Conceptualization

Researchers worldwide are focusing on finding ways to guarantee the healthy and sustainable development of regional ecosystems [44]. Currently, research studies have addressed forest ecosystems through forest ecological monitoring [45], forest management [46], forest ecological services and forest health evaluation [8,9,47]. Few studies have been conducted on an integrated evaluation of FES and the development of scenario simulations related to FES. Many researchers have addressed the concept of forest health [9,48]. A healthy forest is usually envisioned as a balanced ecosystem including a community of animals, plants and their physical environment [49]. However, forest health is normally considered from the forest's perspective and focuses on the internal forest ecosystem (e.g., maintenance of the productive capacity of forest, conservation of biological diversity and conservation and maintenance of soil and water resources in the forest [50,51,52], etc.). This method ignores the relationship between the forest ecosystem and its surroundings as well as the feedback from external disturbances. Therefore, the concept of forest health is unsuitable for use in assessing the sustainability of the forest ecosystem. Therefore, this article defined FES as that in a particular time and space, a forest ecosystem can achieve self-regulation, sustain the livelihoods and maintain the ability to recover from natural and human-caused stressors. In addition, FES provides the service functions to protect the environment for the survival of biological species and resources as well as meeting the needs of sustainable development of society and economy. The goal of FES is to develop a forest ecosystem that can facilitate the coordinated development of forest ecosystem, the social economy and the forest environment [53,54].



3.1.2. Index System and Weight

An index system was established to judge FES status as good or bad [55]. A high number for the FES index value (closer to 1.0) indicates healthy ecological forest conditions, orderly development of social economy and stable environment conditions. According to the literature and our definition of FES as a state achieving the coordinated development of forest ecosystems, the social economy and the forest environment, we composed an FES index comprising three sub-indices on the forest resource, social economy, and environment. More detailed indices that had been highlighted by previous researchers are included in the FES index system as third-tier indicator [56,57,58,59,60,61,62,63,64,65,66,67,68,69,70]. Because of the lack of suitable data for these indices, an FES index system was established consisting of 18 indices (Table 1).


Table 1. Forest ecological security index system table.



	
First Level Indicator

	
Second Level Indicators

	
Index Name (Unit)

	
Explanation

	
Formula

	
Direction

	
Weight






	
FES assessment in Beijing (A1)

	
Forest resource (B1)

	
C1 Forest tourism development intensity index (%)

	
Forest tourism affects conservation of natural forest vegetation [56]. Developing tourism becomes the main way of human occupation of forest resources.

	
Forest park area/forest area in research region × 100%

	
−

	
0.0621




	
C2 Forest harvesting intensity index (%)

	
Harvests of high intensity make forest populations declined [57]. The larger the forest harvesting intensity is, the greater the pressure on forest ecosystem will be.

	
Harvesting quota/forest volume × 100%

	
−

	
0.0354




	
C3 The forest coverage rate (%)

	
The forest coverage rate is an important index to reflect the occupancy of forest area. In addition, changes in forest cover affect the delivery of important ecosystem services [58].

	
Forest area/land survey area × 100%

	
+

	
0.0684




	
C4 Forest stock volume per unit land area(ten thousands m3/Ha)

	
Forest stock volume per unit land area quantifies the sources of change of forests as an important indicator reflecting the quality of forest resources [59].

	
Total forest stock volume/land survey area

	
+

	
0.0682




	
C5 The public welfare forest proportion (%)

	
The larger the proportion is, the more effectively forests can be used to reinforce ecological function [60].

	
Public welfare forest area/total forest area × 100%

	
+

	
0.0500




	
C6 Investment in forest resources (ten thousands Yuan/Ha)

	
Forest investment can intensify timber management and therefore increase the timber volume [61].

	
Investment in forest resources/forest area

	
+

	
0.0903




	
Social economy (B2)

	
C7 Human engineering occupation of land index (%)

	
Human engineering occupation of land is the main driver for flows of forest biomass acquisition that can transform forest ecosystem [62].

	
(construction land/land survey area) × (forest area/land survey area) × 100%

	
−

	
0.0282




	
C8 Population density (/Ha)

	
Population growth causes the landscape change including forests [63]. The larger population density is, and the greater the pressure on forest ecosystem will be.

	
(population at the end of each area/land survey area) × (forest area/land survey area)

	
−

	
0.0427




	
C9 GDP per unit area (ten thousands Yuan/Ha)

	
There is a strong interaction between economic development and forest cover [64]. The ultimate pursuit of forest product and other economic behavior destabilize forest ecosystem.

	
(GDP/land survey area) × (forest area/land survey area)

	
−

	
0.0253




	
C10 Industrial structure index (%)

	
Industry structure affects long term forest harvesting [65]. The development of the second industry brings the utilization of resources and creates threat to forest ecosystem.

	
(secondary industry GDP/GDP) × (forest area/land survey area) × 100%

	
−

	
0.0261




	
C11 Population per unit forest area (/Ha)

	
The larger the population is, the larger the consumption on forest resources will be [66].

	
Area population quantity/forest area

	
−

	
0.0400




	
C12 Investment rate of industrial pollution control per unit GDP (%)

	
Investment of industrial pollution control promotes the air pollution control, thus benefiting forest ecosystem [40,66].

	
Investment of industrial pollution control completed/GDP × 100%

	
+

	
0.1133




	

	
Environment (B3)

	
C13 Carbon dioxide emissions index (t/ha)

	
Fertility can restrain the carbon sequestration to increased atmospheric CO2, thus bringing harm to forest ecosystem [67].

	
Fossil fuel consumption × carbon dioxide emission coefficient/land survey area

	
−

	
0.0979




	
C14 Sulfur dioxide emission index (t/ha)

	
Air pollution by SO2 affects PH value and therefore creating threat to the forest ecosystem [68].

	
Exhaust emissions of sulfur dioxide/land survey area

	
−

	
0.0400




	
C15 Annual average daily particulate matter (mg/m3)

	
The health of forest ecosystem is associated with particulate matter [69]. The larger the annual average daily particulate matter is, the greater the pressure on forest ecosystem will be.

	
Obtained directly

	
−

	
0.0551




	
C16 Days of air quality above grade II rate (%)

	
Days of air quality above grade II rate represent the ability to purify air in forest ecosystem [40].

	
Days of air quality above grade II/days

	
+

	
0.0482




	
C17 Annual rainfall (hundred mm)

	
Annual rainfall is associated with soil water storage in forest ecosystem and the soil water balance is an important criterion for the evaluation of forest ecosystems [69].

	
Obtained directly

	
+

	
0.0449




	
C18 Investment of environmental protection completed index (ten thousands Yuan/ha)

	
Investment of environmental protection promotes the urban environment, thus benefiting forest ecosystem.

	
Investment of environmental protection completed/GDP

	
+

	
0.0641






Note: Variables in the system have different effect on FES. When the index has positive or negative effect on FES, we use “+” i or “−” to indicate the direction respectively.




Various indices are in the system, which have different effects on FES. Therefore, entropy weight theory is also used to determine evaluation index weights to represent the effect of each index on FES, which was an objective weighting method [71]. Finally, the relative weight of each index was obtained based on Equations (1) and (2) [71,72]. If there are m indices and n evaluation objects, Equation (1) was used to calculate the entropy of ith index:
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(1)




when i = 1, 2, 3,….m, j = 1, 2, 3, …. n, [image: there is no content], and [image: there is no content]. When [image: there is no content] = 0, [image: there is no content] = 0. where [image: there is no content] is the proportion of the ith index and jth evaluation object and [image: there is no content] is the entropy of the ith index.
Equation (2) was used to calculate the weight of ith index:
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(2)




where 0 ≥ [image: there is no content] ≥ 1, [image: there is no content], while [image: there is no content] is the weight of ith index. Table 1 presents the weight, explanation, formula and direction of each index.


3.1.3. Calculation of the FES Index Value

An FES index value was calculated based on index data which were mainly from two different sources: the forest resources inventory and the Beijing Area Statistical Yearbook (2000–2013) [38,39]. An SD model was used to simulate various future FES indices as described below.


(1) Data Standardization 

The selected indices employed different units and magnitudes, which is inconvenient for FES calculation. Thus, all of the evaluation indices needed to be standardized [18]. After the maximum and minimum values were selected from the annual statistical data, the corresponding original data was standardized using Equation (3). The standardization of positive and inverse indices required different equations. For a negative or positive index, Equations (3) or (4) were used to standardize the data:
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(3)
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(4)






(2) Calculation of the FES Index Value 

After data standardization, the scores of all the indices were summed to reflect the overall performance of the FES index value in Beijing. The FES index value could be calculated using Equation (5) [18]. The FES index value of forecast years also could be calculated based on the forecasted results below to assess the overall performance of the FES index value in Beijing,
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(5)




where Vij is the standardized score of ith-index in jth-year; Wi is the weight of the ith-index determined by Table 1; and Ej is the FES index value in jth-year.






3.2. The Establishment of the Scenario Simulation and Optimizing Control Model

SD depicts the interactions between the elements of the system through causal loops providing a holistic approach for analyzing the management of complex systems [73]. The SD framework is described in five steps.

(i) Observe and analyze the system studied and then identify the objectives and proper variables.

(ii) Determine the flowchart of the system and establish a series of causal feedback relationships to show interactions between variables and build a feedback structure [18,74]. In actuality, the flowchart depicts the feedback structure via graphics, creating a visual approach to show the interactions between all variables in the system. In addition, we use the flow direction to represent positive or negative effects on certain variables in a causal feedback loop. Variables are increased or decreased accumulations via flows. Meanwhile, auxiliary variables can affect the rate of a flow [75].

(iii) Establish a group of mathematical equations to describe the relationships between the variables in the system quantitatively [74]. All the mathematical equations will be created by Vensim PLE software combined with the flowchart. SD equations are differential equations which can describe a recursive relationship from a known initial state to the next state that we determine [18].

(iv) Test and verify the model. The test is to check whether the model can depict the behavior of the system. Testing must be done by comparing the values and trends of variables with historical data [55,75].

(v) Establish a simulation platform to forecast the trends of the system and design different policies and plans which simulate different state of the system [18].


3.2.1. Methods Used to Establish the SSOCM

Based on the system dynamics, the methods used to establish the SSOCM for FES follow:

(i) An essential aim of this paper is gaining a better understanding of the dynamic interactions between forest resources, the social economy, and the environment. Therefore, an SD model was used as a simulation platform of the SSOCM, which could represent the interactions within the forest’s resource–social, economy–environment, compound system through causal feedback. Therefore, the SSOCM would realize the geared control of FES using the mathematical relationship between factors within the system.

(ii) The SSOCM simulated system performance from 2000 to 2020 by appropriately altering the variables in relation to forest policies, the social economy, and environment all of which could influence FES. Considering the current situation discussed in the introduction, strategies and plans need to be considered to improve the FES of Beijing. We therefore formulated four dynamic control scenarios to test their performance in the SD model. Individual scenarios were oriented towards: (a) medium-speed socioeconomic development; (b) strengthening environmental management; (c) developing reasonable forest management policies; and (d) a scenario combining all three by coordinating forest resource management, the social economy, and other environmental issues. Then the development trend of FES was analyzed under each different control scheme.

(iii) From the perspective of coordinated development of a forest resource-social economy-environment system, we chose the optimal control scheme and proposed a sustainable development mode of FES in Beijing.



3.2.2. Establishment of the SSOCM Flowchart

To simulate the dynamic control schemes, an SSOCM was developed using Vensim PLE software. Based on the concept of FES in this article and the FES index system described above, we divided the SSOCM of FES into three subsystems: (a) forest resource; (b) socioeconomic; and (c) environment subsystems. These subsystems posit specific causal relationships among variables that affected FES, which guided the behavior of the overall system and could be used to diagnose phenomena, explain processes and predict outcomes [70]. First, we must clarify the relationships between the variables which are the initial indices constituting FES. A constitutive relationship can be identified when a variable is a constituent of the subsystem [55]. For instance, total forest area, public welfare forest area, forestry completed investment, and forest park area are constituents of a forest resource subsystem. These variables can be included into the forest resource subsystem. The other relationship called an influential relationship can be identified when the variables cannot be included into the same subsystem, but a variable influences another variable’s state [55]. For instance, GDP is not a constituent of a forest resource subsystem, but it could influence forestry completed investment. Thus, GDP has an influential relationship with forestry completed investment. Thus, the flowchart of SSOCM (Figure 2) could be developed based on the relationships between variables. Both constitutive and influential relationships should be included in the flowchart. The initial values of the main variables in the model were based on data collected from 2000 to 2013 [37,38]. Moreover, parts of main constants and the value of table functions were based on the target of the 11th and 12th 5-Year Plans of Beijing for economic and social development on a national level.

Figure 2. System dynamics flowchart of forest ecological security of Beijing.
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3.2.3. Establishment of the SSOCM Subsystems


(1) Forest Resource Subsystem 

The forest resource subsystem supplies resources for the socioeconomic subsystem and ecological services function for the environment subsystem [76]. Therefore, the health condition and development potential of the forest resource subsystem is a significant foundation of FES. Also, this subsystem is the core component of FES, which is mainly affected by forest resource conditions (e.g., quantity and quality of forest resources and the forest resource management policies). Thus, we defined total forest stock volume as a state variable to represent the forest resources, thereby reflecting the security level of the FES. This subsystem mainly simulates the interactive relationship between forest stock volume and forest disaster area, forest harvesting quota, investment in forest resources, forest park area, public welfare forest area, commodity forest area or total forest area. Two main factors affect total forest stock volume. First, we defined the fluctuation of forest resources as intrinsic factors, which caused the growth or decline of the forest stock volume. Second, extrinsic factors (e.g., disasters, anthropogenic deforestation or conservation) also affected total forest stock volume. Implementation of beneficial forestry policies and the development of forestry projects increased the total forest area, which caused forest stock volume to increase [77]. Meanwhile, human production activities (e.g., deforestation) caused forest stock volume to decline by consuming forest resources. Moreover, when people become aware of fluctuations in forest stock volume and then take action to improve the development of the city’s forest and to conduct afforestation, this increases the forest area and thereby increasing total forest stock volume. Figure 3 shows the forest resource subsystem flowchart.

Figure 3. Flowchart of system dynamics of the forest resource subsystem of Beijing.
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Causal feedback relationships:


	(1)

	Total forest stock volume→+ forest stock volume annual increment→+ total forest stock volume



	(2)

	Total forest stock volume→+ forest stock consumption→− total forest stock volume



	(3)

	Total forest stock volume→+ forest harvesting quota→+ forest stock consumption→− total forest stock volume



	(4)

	Total forest stock volume→+ total forest area→+ forest disaster area→+ forest stock consumption→− total forest stock volume



	(5)

	Total forest area→+ forest disaster area→+ forest stock consumption→+ social attention→+ investment in forest resources→+ commodity forest area→+ total forest area



	(6)

	Total forest area→+ forest disaster area→+ forest stock consumption→+ social attention→+ investment in forest resources→+ forest park area→+ the public welfare forest area→+ total forest area





Equations expressing the forest resource subsystem are available as Appendix A.



(2) Socioeconomic Subsystem 

The socioeconomic subsystem affects forest resources and regulates the effects on the environment. However, this subsystem restricts the development of the forest resource subsystem when forest resource consumption is unrestrained. Therefore, a complex and dynamic relationship exists between natural resources, the social economy, and the environment [78]. The interactive relationship between total population and socioeconomic activities is mainly simulated in the socioeconomic subsystem. First, people pursue many activities (e.g., engaging in primary, secondary and tertiary industry production activities) for economic benefits by occupying land and consuming resources [63]. In turn, people, as the subject of production activities, supply labor and techniques for promoting social and economic development, thus creating higher GDP. Meanwhile, the development of GDP improves public infrastructure, thereby encouraging more people to immigrate to the city. This immigration then leads to a lower GDP per capita and creates greater pressure on FES. Figure 4 shows the socioeconomic subsystem flowchart.

Figure 4. Flowchart of system dynamics of the socioeconomic subsystem of Beijing.



[image: Sustainability 07 13631 g004 1024]







Causal feedback relationships:


	(1)

	Year-end population→− GDP per capita→+ net population per year→+ year-end population



	(2)

	Year-end population→+ secondary industry output→+ construction land area→+ net population per year→+ year-end population



	(3)

	Year-end population→+ secondary industry output→+total energy consumption→+GDP→+ GDP per capita→+net population per year→+ year-end population



	(4)

	Year-end population→+ primary industry output→+GDP→+ GDP per capita→+ net population per year→+ year-end population



	(5)

	Year-end population→+ tertiary industry output→+GDP→+ GDP per capita→+ net population per year→+ year-end population





Equations expressing the socioeconomic subsystem are available as Appendix B.



(3) Environment Subsystem 

The environment subsystem affects the state of forest resources, which significantly influences social development [79]. Meanwhile, the environment subsystem connects the socioeconomic and forest resource subsystems, thereby making this subsystem an important factor in the overall system. The environment subsystem mainly simulates how people affect the environment. Therefore, we selected days of air quality above grade II as a state variable in this subsystem, and simulated the interactive relationship between days of air quality above grade II and carbon dioxide emissions, sulfur dioxide emissions, annual average daily particulate matter, annual rainfall, or social attention. Directly or indirectly, once the air quality is influenced by particulate matter, carbon dioxide, and sulfur dioxide emitted during industrial production, people will pay more attention to the environment, thereby taking measures to control the emissions of pollutants with the goal of improving air quality. Figure 5 shows the environment subsystem flowchart.

Figure 5. Flowchart of system dynamics of the environment subsystem of Beijing.
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Causal feedback relationships:


	(1)

	Days of air quality above grade II→+ social attention→+ investment of environmental protection completed→-SO2 emissions→− days of air quality above grade II



	(2)

	Days of air quality above grade II→+ social attention→+ investment of environmental protection completed→-CO2 emissions→− days of air quality above grade II



	(3)

	Days of air quality above grade II→+ social attention→+ investment of environmental protection completed→+ annual average daily particulate matter→- annual rainfall→+ days of air quality above grade II



	(4)

	Days of air quality above grade II→+ social attention→+ investment of environmental protection completed→+ annual average daily particulate matter→− days of air quality above grade II





Equations expressing the environment subsystem are available as Appendix C.




3.2.4. Testing the Effectiveness of the Model

To verify the degree of error among the simulated and actual values in the model, this paper used the historical data from 2000 to 2010 to simulate the main variables from 2011 to 2013, taking 2000 as the base year and using a time step of one year. The relative error was calculated by contrasting the simulated and actual values. We selected three state variables of subsystems as test variables: (a) year-end population; (b) total forest stock volume; and (c) days of air quality above grade II. The results indicated that the average relative error was 2.6% in the model, peaking at 6.6%, with less than 10% model error, which was within the allowable range (Figure 6a–c). Therefore, the simulation time from 2014 to 2020 for FES in Beijing was reasonable.

Figure 6. Error testing based on (a) the year-end population, (b) the total forest stock volume and (c) the days of air quality above grade II in Beijing for 2000–2013.
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3.3. Design of Dynamic Control Scenarios

Numerous scenarios can be applied to the SSOCM. However, to facilitate the coordinated development of FES while improving the social economy and environment in Beijing, we proposed four dynamic control scenarios that are relevant to Beijing’s current situation: (a) medium-speed socioeconomic development, (b) strengthening environmental management, (c) developing reasonable forest management policies and (d) a scenario combining all three by coordinating forest resource management, the social economy, and other environmental issues (Table 2). Scenarios were developed by manipulating the relevant parameters to reflect the effects of certain situations on the FES performance. Based on the causal feedback in Figure 2, parameters in the intersection of subsystem models which could regulate the entire system were selected as control parameters to simulate the four proposed scenarios. The parameters’ value settings are entirely dependent on forestry, socioeconomic and environmental development policies, and plans in Beijing.

Table 2. Forecast scenarios for forest ecological security in Beijing.


	Scenario
	Key Strategies
	Detailed Procedure





	Scenario 0
	Initial state
	Maintain current socioeconomic, environment and forest resource development trend, and regard this as the reference for the other 4 scenarios.



	Scenario 1
	Medium-speed socioeconomic development
	① Propose macroeconomic regulation to control economic growth rate. Set the GDP growth rate to 7%. ② Reduce population growth rate to below 3.5% by controlling migrants to alleviating pressure on FES caused by population growth.



	Scenario 2
	Strengthening environmental management
	Reduce carbon dioxide (an annual decrease of 1.115 × 107 tons) and sulfur dioxide emissions (an annual decrease of 2.0 × 104 tons) as well as reducing annual average daily particulate matter (an annual decrease of 5 mg/m3) by the implementation of environmental control measures to increase investment of environmental protection, ensuring innovation of environmental protection technology.



	Scenario 3
	Developing reasonable forest management policies
	Implement forest policy to encourage the Beijing government to increase investment in forest resources. ① Enhance forestry investment increased by an annual of 3 billion Yuan, aiming to promote the forestation; ② Implement the Limitation of Forest Deforestation Policy to force the reduction of forest harvesting to a quota of 8.0 × 104 m3 annually



	Scenario 4
	Combining all three by coordinating forest resource management, the social economy, and other environmental issues
	Incorporate Scenarios 1-3. Update the structure of socioeconomic development and achieve the overall development of urban and rural areas; Maintain technological innovation and improve environmental quality Enhance the forestry attention and lead FES to a sustainable development











3.3.1. Scenario 1—Medium-Speed Socioeconomic Development

Scenario 1 aims to simulate the control of both population and economic growth with the goal of alleviating pressure on FES by slowing economic growth and controlling immigration into Beijing.


	(a)

	Macroeconomic regulation is proposed to ensure the steady growth of the regional economy in Beijing. However, the economic growth rate needs to be controlled to a certain degree to alleviate any negative effects caused by economic development. In the period of strategic opportunities, the national government proposed a normal rate of new economic development, which was a mid-range rate of growth of 7%–8% annually [80]. Therefore, in Scenario 1, the GDP growth rate is set to decline to 7%.



	(b)

	An increasing number of immigrants are attracted to Beijing because of the abundant employment opportunities. Population aggregation has a negative effect on forest resource consumption. Therefore, in Scenario 1, immigrants to Beijing are controlled by adjusting the household registration policy to reduce population growth to below 3.5% annually, and to alleviate the consequent pressure on FES.







3.3.2. Scenario 2—Strengthening Environmental Management

Scenario 2 implemented environmental regulations and control measures to provide a stable environment for the forest ecosystem, aiming to reduce carbon dioxide and sulfur dioxide emissions as well as reducing the concentration of annual average daily particulate matter. Beijing has developed rapidly with the expansion of global urbanization. The carbon dioxide and sulfur dioxide emissions have risen annually because of the development of secondary industries in Beijing. Rapid development of the transportation industry made the situation worse; car ownership was high with 5.47 × 106 cars in Beijing in 2014 [39]. Considering the above issues, Scenario 2 simulates the encouragement of local government and enterprises to increase investment in environmental protection through the implementation of environmental regulations and control measures, ensuring innovation of environmental protection technology and promoting social attention to the environment. Based on the environmental index provided by the Beijing Municipal Environmental Protection Bureau and Municipal Commission Development and Reform, the Government of Beijing proposed the goal of decreasing carbon dioxide emissions by 2.5% per year and the average daily particulate matter index by 5% per year in the Report on the Work of the Government [81]. Therefore, Scenario 2 sets the parameters as follows: reducing carbon dioxide emissions by 1.115 × 107 tons per year; limiting average daily particulate matter and sulfur dioxide emissions by 5 mg/m3 per year; and 2.0 × 104 tons per year, respectively.



3.3.3. Scenario 3—Developing Reasonable Forest Management Policies

Based on the the long-term goal proposed by Beijing Forestry Development Strategy, Scenario 3 emphasizes the implementation of forest policy control measures which aim to increase investment in forest resources and to control harvesting [82]. Scenario 3 encourages the Beijing government to enhance forestry investment and increasing it by three billion Yuan annually, aiming to promote afforestation in each district and county. In addition, this scenario implements the Limitation of Forest Deforestation Policy to control illegal logging and deforestation and force the reduction of forest harvesting to a quota of 8.0 × 104 m3 annually.



3.3.4. Scenario 4—Combining All Three by Coordinating Forest Resource Management, the Social Economy, and Other Environmental Issues

Scenario 4 incorporates Scenario 1–3, and implements a comprehensive development plan of reducing the growth rate in GDP to 7%, maintaining a population growth rate below 3.5%, as well as limiting carbon dioxide, sulfur dioxide and particulate matter emissions to 1.115 × 107 tons per year, 2.0 × 104 tons per year and annual average daily particulate matter 5 mg/m3 per year, respectively. In addition, Scenario 4 calls for reducing the forest harvesting quota by an additional 8.0 × 104 m3 every year and increasing forestry investment by three billion Yuan annually.





4. Results

Based on the proposed scenarios, the development trends of FES were assessed using the SD model and the FES index value. A reasonable method of coordinated development could then be selected based on the simulation results. Forest resources provide the foundation of supporting a forest ecosystem. Providing abundant forest resources is a main focus in promoting the ability of the forest to resist external pressures and assure regional FES. Meanwhile, total forest stock volume and forest stock volume per unit land area or forest coverage rate are important parameters that can be used to measure the quality and quantity of forest resources. Therefore, these parameters were simulated for comparative analysis.


4.1. Performance for the Three Key Stocks

In the following section, the performance of three key stocks is analyzed. Figure 7 presents the simulation results.

Figure 7. Development trend for: (a) the total forest stock volume; (b) the forest stock volume per unit of forest land; and (c) the forest coverage rate with different scenarios for Beijing for 2000–2020.
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According to the simulation, the total forest stock volume increased together with forest stock volume per unit land area. The performance of the total forest stock volume and forest stock volume per unit land area are projected to exhibit a continuous increasing trend from 2000 to 2020 in every scenario. The total forest stock volume and forest stock volume per unit land area in Scenarios 1, 2, 3 and 4 were higher than Scenario 0 by 2020. The designed scenarios were determined to affect the improvement of forest stock volume. Of these, Scenario 3 would represent the greatest improvement. In Scenario 3, the total forest stock volume will reach 3.78 × 107 m3 by 2020 compared with 1.93 × 106 m3 in Scenario 0 (Figure 7a); forest stock volume per unit land area will rise to 2.306 × 105 m3/ha compared with 1.152 × 105 m3/ha in Scenario 0 (Figure 7b). The total forest stock volume and forest stock volume per unit land area exhibited the highest improvement under the forest policy control when compared to other scenarios. Obviously managing forest policies is the most effective way to promote the forest stock volume. According to Figure 7c, Scenarios 1, 2 and 3 would slightly enhance the performance of the forest coverage over a long-term period. Scenario 4 influences the forest coverage greatly. The forest coverage will reach 74.3% by 2020 compared with 21.1% in the base year in Scenario 4. Combining all three scenarios by coordinating forest resource management, the social economy, and other environmental issues is the best way to improve the forest coverage.



4.2. Performance for the FES

Figure 8 presents the overall performance of FES in Beijing. All the scenarios in 2020 will provide better conditions than in 2000. From these results, it can be determined that designed scenarios all effectively improve the FES in Beijing.

Figure 8. Development trend for the forest ecological security index value with different scenarios for Beijing for 2000–2020.



[image: Sustainability 07 13631 g008 1024]







The FES index value in Scenario 0 exhibited a fluctuating and increasing trend, which reached the best state (FES index value 0.5741) in 2012 during the study period; however, it deteriorated in 2014 (FES index value 0.4124), while improving slightly after 2015 (Figure 8).

In Scenario 1, the FES index value increased to a certain degree compared with Scenario 0 (Figure 8). The FES index value in Scenario 1 will reach 0.545 by 2020 compared with 0.485 in Scenario 0. The reason why the FES index increases in Scenario 1 is that a slowdown of economic growth and alleviation of population pressure resulted in an improved FES. However, forestry investment would be reduced accordingly because of the slowdown in the economy. Meanwhile, environment and forest policy control are ignored in this scenario. As a result, the overall improvement of the FES index under socioeconomic control is not obvious.

By 2020, the FES index in Scenario 2 exhibits no obvious change (Figure 8). The main reason is that socioeconomic control and forest policy control are ignored in Scenario 2.

In Scenario 3, up to 2020, the FES index value will increase to 0.585, obviously higher than 0.485 in Scenario 0 (Figure 8), which indicates that the increased investment in forestry resources and reduction in the forest harvesting quota are important ways to promote FES in the long term.

In Scenario 4, the FES index value reached 0.637 in 2020, which was higher than 0.485, 0.545, 0.516 and 0.585 in Scenarios 0, 1, 2 and 3, respectively (Figure 8). This scenario indicates that the FES index value will exhibit the greatest improvement when it is under comprehensive control.




5. Discussion

The historical trends of the FES index value exhibited an increasing trend from 2000 to 2012, but declined in 2013. The main reasons are as follows: (i) In 2000, the State Forestry Bureau in China established six major forestry projects [83]. Consequently, the investment in forestry in Beijing expanded rapidly with the backing of the Beijing government and peaked at 2.49 × 104 Yuan per ha, which guaranteed the development of ecologically sound habitat protection work in Beijing [38]. In addition, with investment backing, the afforestation area reached 3.19 × 105 ha from 2000 to 2012 and the forest coverage increased annually [37]. A fume discharge problem was resolved when the Capital Steel Plant (CS) was relocated in 2008. Thus, the quality of the environment improved markedly. Overall, the FES index value exhibited an increasing trend from 2000 to 2012 in Beijing. (ii) The GDP per unit of forestland rose in 2013 [37]. Thus, the harvest and consumption of forest resources and occupation of previously forested land surged because of rapid economic growth. Moreover, the sulfur dioxide and carbon dioxide emissions index increased rapidly in 2013 [38,40], which led to a decrease in environmental quality. Therefore, the FES index value tumbled in 2013.

The simulation results of the FES index value (Scenarios 0–4) from 2014 to 2020 indicate that FES in Beijing is positively affected by improving forest management policies, improving the state of forest resources, managing socioeconomic development and actively improving environmental management techniques. In the future, the stability and health of the forest environment can only be safeguarded when the productivity and sustainable activity of forest resource management is actively maintained, and orderly socioeconomic development is taken into consideration. This will allow the dynamic and cooperative development of the internal and external forest resource–social, economy–environment, compound system to be realized and the FES in Beijing to be comprehensively improved.

During the periods of the 12th and 13th 5-Year Plans in China, the national government should seize the opportunity to initiate a new round of forest development, formulate scientific and reasonable forestry policies and accelerate forestry development based on the results of the FES issues in the 12th 5-year period. Also, the Beijing government and related forestry organizations should enhance the development of forest resources, alleviate the pressure on FES caused by the increase in population, and strengthen cooperation with related environmental organizations, thus improving the forest environment through technological innovation. In addition, the development of agencies designed to assess ecological security and the related ecological protection mechanisms should be strengthened. An FES and a real-time monitoring platform should be established to more effectively obtain forest-related ecological data. Furthermore, Statistical Yearbook data related to early warning simulations should be established for continuous and in depth forecasting and scenario simulation for FES in Beijing.



6. Conclusions

This paper defined the concept of FES and established a system dynamics model for the analysis of scenarios and a control model of FES to generate and select the most reasonable and effective control model for FES in Beijing. Accordingly, a sustainable development mode in support of FES in Beijing is summarized. The main conclusions follow:


	(i)

	The initial FES index value (in Scenario 0) increased to its highest level of 0.529 in 2012, but declined slightly to 0.485 by 2020.



	(ii)

	In Scenarios 1–3, the FES levels are respectively enhanced in varying degrees when compared with Scenario 0; however, these scenarios cannot meet the requirements for sustainable development of FES in Beijing. Only when forest policy, socioeconomic and environment control (Scenario 4) are simultaneously executed for some time, could the FES in Beijing be significantly improved.



	(iii)

	The improvement of forest management policies, socioeconomic development and environmental management comprehensively affected FES in Beijing. The optimal mode involves maintaining forest productivity and managing forest resources sustainably, guarding the stability and health of the forest environment and taking the concept of orderly socioeconomic development into consideration.



	(iv)

	Because limited data was available, data from 2000 to 2013 were used to forecast the FES in Beijing from 2014 to 2020. The FES index system needs further improvement. If the forecast period can be extended, the effects will have greater macro-control significance. In addition, this paper evaluated and forecasted FES in a temporal dimension. Comparative analysis of evaluating and forecasting FES in different counties within Beijing in a spatial–temporal dimension will become an important topic of future research.
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Appendix A


	(1)

	total forest stock volume (TFSV): L TFSV = INTEG (FSVAI.JK − FSC.JK, 1.1552)



	(2)

	forest stock volume annual increment (FSVAI): R FSVAI.KL = 0.011 × AF.K + 0.040 × TFA.K + MFR × TFSV.K



	(3)

	forest stock consumption (FSC): R FSC.KL = FHQ.K + (TFSV/TFA) × TFA.K



	(4)

	total forest area (TFA): L TFA.K = DT × (PWFA.JK + CFA.JK)



	(5)

	forest park area (FPA): A FPA.KL = SAT × FCI.K



	(6)

	commodity forest area (CFA): R CFA.KL = TFA.K − PWFA.K



	(7)

	public welfare forest area (PWFA): L PWFA.JK = PWFA.JK + DT × FPA.JK



	(8)

	forest harvesting quota (FHQ): R FHQ.KL = WCPUG × PIO.K+ MFR × TFSV.K



	(9)

	investment in forest resources (FCI): A FCI.KL = FCII × SAT × GDP.K





Where TFSV is total forest stock volume, FDA is forest disaster area, FHA is forest harvesting quota, FCI is investment in forest resources, FPA is forest park area, PWFA is public welfare forest area, CFA is commodity forest area, TFA is total forest area, MFR is mature forest rate, SAT is social attention, FPAI is forest park area increment, FCII is investment in forest resources index and WCPUG is wood consumption per unit GDP.



Appendix B


	(1)

	population (POP): L POP.K = INTEG (NPPY.JK, 1.3636)



	(2)

	net population per year (NPPY): R NPPY.KL = IPOP.K − EPOP.K



	(3)

	GDP: A GDP.KL=GPA.K × POP.K



	(4)

	total energy consumption (TEC): A TEC.KL = ECPC × POP.K + ECPUG × (PIO + SIO).K



	(5)

	construction land area (CLA): A CLA.KL = OAPUG1 × PIO.K + OAPUG 2 × SIO.K + OAPUG 3 × TIO.K



	(6)

	tertiary industry output (TIO): A TIO.KL = ISI × POP × GPC.K



	(7)

	secondary industry output (SIO): A SIO.KL = ISI × POP × GPC.K



	(8)

	primary industry output (PIO): A PIO.KL = ISI × POP × GPC.K



	(9)

	investment of industrial pollution control completed (IIPCC): A IIPCC.KL = PCPUG × (PIO.K + SIO.K)



	(10)

	investment of environmental protection completed (IEPC): A IEPC.KL = 0.014 × IIPCC.K



	(11)

	GDP per capita (GPC): T GPC = WITH LOOKUP (Time, ([(2000, 0) − (2020, 20)], (2000, 2.4127), (2001, 2.698), (2002, 3.073), (2003, 3.4777), (2004, 4.0916), (2005, 4.5993), (2006, 5.1722), (2007, 6.0096), (2008, 6.4491), (2009, 6.694), (2010, 7.3856), (2011, 8.1658), (2012, 8.7475), (2013, 9.3213), (2014, 9.724), (2015, 9.84912), (2016, 10.137), (2017, 10.3877), (2018, 10.26), (2019, 10.7018), (2020, 11.1404)))





Where TPOP is total population, PIO is primary industry output, SIO is secondary industry output, TIO is tertiary industry output, CLA is economic benefits by occupying land, TEC is total energy consumption, GPC is GDP per capita, OAPUG is occupied area per unit GDP, POPUG is pollution output per unit GDP, ISI is industrial structure index, ECPC is energy consumption per capita, ECPUG is energy consumption per unit GDP, PCPUG is pollution control per unit GDP, PERPUG is pollution control per unit GDP, IPOP is immigration population and EPOP is emigration population.



Appendix C


	(1)

	days of air quality above grade II (DAQAG): L DAQAG.K = DAQAG.JK + DT × (−COE.JK − SOE.JK − AADPM.JK)



	(2)

	CO2 emissions (COE): R COE.KL = COA × TFSV.K + ECBR × TEC.K + GOE × IEPC.K



	(3)

	SO2 emissions (SOE): R SOE.KL = SOA × T FSV.K + ECBR × TEC.K + GOE × IEPC.K



	(4)

	annual rainfall (AR): R AR.KL = IFR × (TFSV.K + AADPM.K)



	(5)

	annual average daily particulate matter (AADPM): A AADPM.KL = DPR × CLA.K + DUA × TFSV.K + (1 − ECBR) × TEC.K



	(6)

	investment of environmental protection completed (IEPC): A IEPC.KL = 0.014 × IIPCC.K





Where DAQAG is days of air quality above grade II, COE is carbon dioxide emissions, SOE is sulfur dioxide emissions, AADPM is annual average daily particulate matter, AR is annual rainfall, SAT is social attention, COA is CO2 absorptivity, ECBR is energy complete burning rate, GOE is governance efficiency, SOA is SO2 absorptivity, DPR is dust production rate, DUA is dust absorptivity, IFR is impact factor of rainfall and TEC is total energy consumption.
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