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Abstract

:

Under the background of China’s proposal to achieve “carbon neutralization and carbon peak”, it is an important task for each province to clarify their forest ecological security (FES) status. However, there is little understanding of the temporal and spatial evolution of forest ecological security and its influencing factors. Based on the Pressure-State-Response (PSR) model, this paper constructed a comprehensive evaluation index system for forest ecological security and used the CRITIC method and panel data to estimate the dynamic changes in FES for 31 provinces in China (excluding Hong Kong, Macao, and Taiwan) between 2009 and 2018. Furthermore, the obstacle degree model was used to determine the important obstacle factors affecting FES. The results showed that: (1) The comprehensive indices of FES of most provinces in mainland China were increasing, showing a good development trend during the study period; (2) subject to the limitations of resources and economic conditions, the FES at the provincial level showed significant spatial heterogeneity, which generally presents a distribution characteristic of “low in the western region and high in the central and eastern regions”; and (3) the primary obstacles restricting the improvement of FES level in most provinces of China were forest state indicators or input response indicators, followed by pressure indicators. Therefore, it is recommended to take targeted measures to reduce the intensity of forest cutting and the incidence of forest disasters, improve the utilization efficiency of forest resources, the productivity of forestland and the input-output level of forestry industry, and strengthen the training of professional talents and technical input according to the resource endowment condition of each province so as to improve the level of forest ecological security.
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1. Introduction


China aims to reach a carbon peak by 2030 and achieve carbon neutrality by 2060. Forest resources have played a positive role in protecting biodiversity and reducing carbon emissions. Ensuring forest ecological security (FES) is a prerequisite for maintaining national ecological security, promoting green development, and effectively responding to climate change [1]. In the process of human economic development, forest resources continue to provide raw materials for forestry-related industries, which has increased the pressure on FES [2]. In addition, the increase of human industrial occupation and unplanned deforestation has continuously reduced forest area and stock [3], resulting in soil erosion, abnormal climate, frequent disasters, and other consequences [4], which adversely affect the sustainable development of human beings [1]. In order to alleviate the environmental problems and promote the harmonious coexistence of man and nature, the Chinese government has implemented ecological projects such as the Natural Forest Protection Program, the Conversion of Cropland into Forests Program, and the Key Shelterbelt Development Programs in the Three-North Region [5]. In these endeavors, the development of FES measurement and the diagnosis of obstacle factors are helpful for the government to formulate forest ecological security monitoring and early warning standards so as to provide decision-making references for the realization of sustainable economic and social development.



The term ecological security first appeared in the 1970s [6] and has since attracted the attention of domestic and foreign scientists. As a cross-discipline of natural and social sciences, ecological security has not yet come by a unified definition. However, scientists generally agree that it can be understood either broadly or narrowly. In a broad sense, ecological security includes natural, economic, and social ecological security [7]. In a narrower sense, ecological security refers to the security of natural and semi-natural ecosystems, which is the overall level of ecosystem integrity and health [8,9]. Most evaluations of ecological security are aimed at a particular ecosystem either at the country level [10], at the administrative regional level [11,12,13], or at a certain field level, involving land [14,15,16], forest [17], forestry [18], wood [19], etc., as the target ecosystem category. As the largest ecosystem on land, the forest has been evaluated extensively by scientists. In particular, since China’s reform and opening up in 1978, the speed of economic development and urbanization has accelerated [20], which has had a serious negative impact on the ecological environment [21], resulting in the degradation of the forest ecosystem services [22]. Under this background, how to scientifically and reasonably evaluate FES in China has become a research hotspot in the academic circle.



FES includes not only the state that the forest ecosystem can generate ecological benefits, improve the human living environment, and support economic and social development through self-regulation and recovery, but also the state under which mankind can take active measures to make the forest ecosystem provide continuous and stable ecological and forest resources to support sustainable development of the human society [23,24]. The current FES assessment studies mainly are based on regions [25], specific areas [26], or counties [27,28]. Scientists generally select three or four sets of forest ecology-related data with a time interval of five years to study the dynamic changes [29], but due to the relatively long selected time interval these studies cannot accurately determine the detailed change process of FES. In terms of research content, scientists have quantitatively analyzed the important influencing factors based on certain comprehensive index of FES. For example, Cai et al. introduced the obstacle degree model to quantitatively calculate the influencing factors of FES in China [30], but they failed to further analyze the specific influencing factors of FES in each province.



The establishment of an FES evaluation index system is a complex task, with the central idea being to clarify the relationship between the forest ecological environment and human society [31]. At this stage, there is no unified standard for the index system construction of FES. Scientists mainly establish an evaluation index system based on the pressure-state-response (PSR) theoretical framework [12,32,33]. However, most of these index systems selected forest disasters and resource endowment as indicators [34], largely ignoring the impact of the forestry industrial development on FES. For the response aspect, the existing literature mainly considers capital investment responses [23], largely ignoring the human resource and technological development responses.



Based on the review of the existing literature, we propose the following research hypotheses: firstly, there is obvious heterogeneity of FES in various provinces; secondly, the level of FES is gradually improving; thirdly, the spatial distribution of FES level in China exhibits dynamic changes over time; and finally, there are certain differences in the important factors that hinder the improvement of FES levels in each province.



The main goal of this paper is to construct an FES evaluation index system based on the traditional definition of FES and the PSR framework that also takes into account the impact of the forestry industry and the support responses from talents and technology development on the FES. Using the constructed index, we compared and analyzed the FES status of 31 provinces in China (excluding Hong Kong, Macao, and Taiwan) from 2009 to 2018, and explored the changes and spatial distribution of FES in different provinces. Furthermore, the obstacle degree model was used to analyze the key factors affecting FES in China’s provinces. We believe that the results herein provide an important reference for the formulation of forest ecological strategic planning in related areas.




2. Research Methods


2.1. The Forest Ecological Security Evaluation Index System


Canadian statisticians David J. Rapport and Tony Friend first proposed the framework of pressure-state-response (later referred to as the PSR model) to analyze the interactions between environmental pressures, the state of the environment, and environmental responses. The PSR model is based on an intuitive notion of causality and response: mankind’s economic and social activities exert pressure on the environment, thus influencing the quantity and quality of natural resources (i.e., the state, and hence the society takes actions in response to these environmental changes). It was further developed by the Organization for Economic Cooperation and Development (OECD) and the United Nations Environment Program (UNEP) in the 1980s to study environmental issues and evaluate the health of ecosystems [35]. Based on the PSR model, this paper constructed a forest ecological security evaluation indicator system, which draws on the relevant research results [19,26,36,37,38,39], and takes into account the consulting opinions of experts in forestry and ecology.



The forest ecological pressure indicators reflect the effects of human behavior on the forest ecological quality in the process of economic and social development, including mainly three types of indicators covering the social pressure, economic pressure, and ecological pressure, respectively. The social pressure indicator was measured by the urbanization ratio which represents the urbanization level of a region. The higher the urbanization rate of a region, the higher social pressure it imposes on the FES. The process of economic development requires consumption of forest resources, which has a negative impact on the FES. The amount of wood consumed per unit of GDP was used to indicate the economic pressure faced by the forest ecosystem. At the same time, the high wood consumption and overharvesting of forests engenders increasingly higher ecological pressure. The above indicators were all negative indicators.



The forest ecological state indicators reflect the health of the forest and the development progress of related forestry industries. They were mainly composed of resource indicators, disaster indicators, and industrial status indicators. Resource indicators reflect the quantity and quality of forest resources, including the forest coverage and forest stock volume per unit area. The former reflects the number of forests, and the latter reflects the quality of the forest. The above two indicators are positive measurement of the forest ecological security. In the process of growth, forests may suffer from man-made or natural disasters such as fire, pests and rodents. If it cannot be controlled in time, it may reduce forest area and have a negative impact on the FES. Therefore, the disaster rate of forest fires and the rate of forest pests and rodents were selected as the disaster indicators. In addition, mankind uses forest resources to develop the forestry industry. How to use limited resources to create more benefits is the goal pursued by mankind. For this respect, the forestry output value per unit forest area and tourism income index per unit forest park area were selected to evaluate the efficiency of forest resource utilization.



With the development of human economy and society, forest resources have been drastically reduced and natural disasters have occurred frequently. In order to maintain the stability and safety of the forest ecosystem, mankind has adopted a series of measures or programs to alleviate the conflict between the forest ecological construction and economic development. To reflect these responses, the forest ecological response indicators were constructed to measure human maintenance actions from the three aspects of talents, technology, and funds, respectively. Among these, the response intensity of talents was measured by the proportion of the number of forestry science and technology exchange and promotion personnel in the total personnel of forestry units. Forest product technology progress index and forestry pest control rate were used to measure the degree of technical response. The degree of input response was reflected by the intensity of forestry investment and the proportion of new afforestation.




2.2. The CRITIC Method


The existing literature has used both subjective and objective weighting methods to determine the index weight. The subjective weighting method is based on the analytic hierarchy process (AHP) [40,41], which requires highly the experience background of experts but at the same time entails strong subjectivity of results. Objective weighting methods include the entropy weight method [42] and the principal component analysis method [43], which determine the weight of indicators from the objective relationship between variables and consider the degree of correlation among indicators, but these methods ignore the influence of the difference of each indicator on the weight. In this paper, the CRITIC (criteria importance though inter-criteria correlation) method was used to determine the weights of FES evaluation indicators (Table 1). CRITIC, as a method to determine the weight of an indicator, has the advantage that it not only explores the variability within the indicator, but also considers the conflict between the indicators [44]. The variability within an indicator represents the difference between the same indicator in different evaluation objects, which is expressed by the standard deviation (the smaller the standard deviation is, the smaller the contrast intensity of different evaluation objects is). The conflict between indicators represents the difference between different indicators (the smaller the conflict is, the smaller the difference between the indicators is). The calculation processes of the CRITIC method are as follows.



(1) Standardization of the original data. To account for the different nature of the selected indicators, we adopted different processing methods for the positive and negative indicators.


  positive   indicators   ( + ) :    X  i j   =    x  i j   − m i n   (  x j  )   m a x (  x j  ) − m i n    x j       



(1)






  negative   indicators   ( − ) :    X  i j   =   m a x    x j    −  x  i j     m a x (  x j  ) − m i n    x j       



(2)




where xij is the original value of the jth index of the ith province, and Xij is the standardized value.



(2) The degree of variation of each indicator is calculated as follows:


   σ j  =       ∑   i = 1  n       X  i j   −    X j   ¯     2   n     



(3)




where    σ j    represents the standard deviation of the jth index, ands      X j   ¯    represents the average value of the jth index.



(3) The conflict between each indicator is calculated as follows:


   R j  =   ∑   t = 1  m    1 −   c o v   j , t      σ j   σ t       



(4)




where   c o v   j , t     represents the covariance of the jth index and the tth index.



(4) The amount of information that comprehensively incorporates the standard deviation and conflict between the indicators is computed as follows:


   C j  =  σ j  ×  R j   



(5)







(5) The weight of each indicator is calculated as follows:


   w j  =    C j      ∑   j = 1  m   C j     



(6)




where    w j    represents the weight of the jth index.




2.3. The Levels of FES


Based on the existing studies [45,46] and the analysis of the historical statistical data of FES evaluation indicators of 31 provinces in China from 2009 to 2018, this paper divided the FES level of 31 provinces into five categories by combining the non-equal spacing method and the natural breakpoint method in ArcMap, including the unsafe state, critically safe state, comparatively safe state, safe state, and ideal state (Table 2). The closer the FES index is to 1, the higher the forest ecological security level is, the better the regional forest ecological security status is. In particular, this paper selected the years 2009, 2012, 2015, and 2018 as the time nodes, and used the ArcGIS 10.7 software to visualize the comprehensive index of China’s FES (in Section 3.2 below).




2.4. The Obstacle Degree Model


Based on the assessment of the level of FES, the determination of obstacle factors is conducive to diagnosing the restrictive factors of FES in various provinces. Referring to Cai’s results [30], the diagnosis of obstacle factors is carried out by utilizing three indicators: factor contribution, index deviation and obstacle degree. The obstacle model is as follows:


   M  i j   =    R j  ×   1 −  x  i j         ∑   j = 1  n     R j  ×   1 −  x  i j         ,  



(7)




where Mij is the obstacle degree of the jth index to forest ecological security in the ith year, Rj is the weight of the jth index, xij is the normalized value of the original data.




2.5. Data Sources


Data used in this study were obtained from China Forestry and Grassland Statistical Yearbook (2009–2018) and China Statistical Yearbook (2010–2019). Some missing data were calculated by using the interpolation method. Among them, the data of Shanghai’s timber production have been missing too much in the past ten years, so the arithmetic average of the existing data was calculated as the used statistics. In addition, China conducts a forest resource census every five years, so the data of forest coverage, forestland area, and forest area in the statistical yearbook are updated every five years. In order to better compare and analyze the changes in FES in different years, this paper calculated the arithmetic averages of the changes in forest coverage, forestland area, forest area and other data every five years to keep the dynamic changes of the annual data.





3. Results and Discussions


3.1. Time-Series Change Characteristics of Regional FES Levels


According to administrative divisions, China’s 31 provinces are divided into 7 areas: the north area, northeast area, east area, central area, south area, southwest area, and northwest area. The FES status and dynamic changes in China and its seven areas during 2009–2018 were depicted in Table 3 and Figure 1 below.



As can be seen from the last row of Table 3, the comprehensive index of China’s FES has increased from 0.431 to 0.472 from 2009 to 2018 (i.e., has improved from a critically safe state to a comparatively safe state), indicating that the FES index in China shows a slow upward trend but there is still a large room for progress. The improvement of the comprehensive FES index was mainly due to the improvement in the FES state index and response index. This shows that people have been increasingly aware of the importance of protecting forest ecology and that they have gradually increased investment in human resource, financial, and material input to rectify the ecological environmental problems, thus further improving the state index and response index of FES. At the current stage of economic development, it is difficult to reduce the ecological pressure by reducing the speed of economic development. At the same time, technological bottlenecks also limit the further improvement of the utilization efficiency of forest resources. Therefore, the change range of the FES pressure index has been small (Figure 1A).



The overall FES index in the north area had been slowly increasing. The FES level of Beijing, Hebei, and Shanxi provinces upgraded from a critically safe state to a comparatively safe state, but Tianjin and Inner Mongolia’s FES levels fluctuated slightly during the observation period and were still in a critically safe state (Figure 1B).



The FES situation in the northeast area, which is rich in forest resources, is generally good. The comprehensive FES indexes of Jilin and Heilongjiang were slightly higher than that of Liaoning, most of which were at the comparatively safe level. The FES level of Liaoning was basically at the critical safety level, but it also reached a comparatively safe level in 2018 (Figure 1C).



The comprehensive index of FES in the east area shows an overall upward trend, indicating that the FES status in the east area greatly improves during the study period. The comprehensive index of Shanghai’s FES was much higher than that of other provinces in the east area, with its FES level rising from a critically safe state to a safe state due to the fact that Shanghai’s response index scores were higher than other regions. With relatively better economic development, Shanghai invested a lot in human resources, capital, and technology, which made up for Shanghai’s deficiency in forest resources. However, it should be noted that the man-made ecosystem built with heavy investment in Shanghai has a certain vulnerability. In addition, the comprehensive indexes of FES in Zhejiang, Fujian, and Jiangxi are generally higher than that in Jiangsu and Shandong. This is due to the fact that the former are all provinces with large forest resources that also attach higher importance to forest ecological protection (Figure 1D).



The overall change of FES index in Hubei and Henan are similar, showing a slow growth trend. The FES situation in Henan was better than that in Hubei in the early stage, but it turned around in 2015 and after due to the improvement of the quality of forest resources and the rapid increase of FES state index in Hubei. The provinces in Central area were basically in a comparatively safe state during the study period (Figure 1E).



The comprehensive index of FES in Guangxi decreases year by year and remains in a critically safe state. With the acceleration of the urbanization level in Guangxi, forest cutting and wood consumption increases year by year, and the disturbance of economic development to forest ecology intensifies continuously, resulting in the decrease of FES index. In addition, the comprehensive index of FES in Guangdong and Hainan are generally on the rise. Guangdong and Hainan revised the Regulations of Guangdong Province on Forestland Protection and Management and the Regulations of Hainan Special Economic Zone on Forestland Management respectively in 2014, gradually paying attention to forestland protection. Their state of ecological security gradually has improved (Figure 1F).



The comprehensive index of FES in Yunnan is relatively high due to the rich virgin forest resources and natural forest protection measures, being improved from a comparatively safe level to a safe level. The FES index of Tibet and Guizhou have increased greatly. Guizhou has carried out a lot of work in improving forest resources and increasing forestry investment to increase the FES index. They had actively implemented ecological projects such as afforestation and forest tending, as well as constructed forestry industrial bases such as industrial raw material forest and national reserve forest, leading to the improvement of Guizhou’s FES index year by year. In recent years, Tibet has concentrated on the development of eco-tourism, characteristic animal husbandry, and processing industries of agricultural and pastoral products. The forest resources are therefore occupied less, and the pressure on the FES is gradually reduced, further improving its FES status. The FES levels of Chongqing and Sichuan have always been in a comparatively safe state, due to the rich forest resources in the two provinces. However, the rapid development of high-tech industries, service industries, characteristic agriculture, and other industries in Chongqing and Chengdu have put much pressure on their FES. At the same time, the inclination of funds in related industries has led to reduced intensity of forestry investment, resulting in greater changes in the comprehensive index of FES in Chongqing and Sichuan, indicating that the policy has great impact on the FES (Figure 1G).



The comprehensive index of FES in the northwest area was in a downward trend from 2009 to 2011, and began to rise gradually in 2012, indicating that the overall FES situation has been gradually improving recently. Among them, Shaanxi has always been in a comparatively safe state, and its comprehensive index of FES is far higher than that of other provinces in the region, largely due to the fact that Shaanxi has accelerated the construction of forest ecology through implementation of national forestry projects such as the natural forest resource protection project, the three north Yangtze River shelterbelt project, and the Returning farmland to forest (grassland) projects. The FES index of Gansu is slightly higher than that of Qinghai, Ningxia, and Xinjiang, due to the fact that Gansu’s investment in forestry science and technology talents and afforestation is much higher than other provinces in the region, which also testifies that it is necessary for regions to take active measures to improve the ecosystem (Figure 1H).




3.2. Spatial Differences of FES in Provinces


Our results also showed that China’s FES levels exhibited a spatial distribution pattern of low in the western region and high in the middle and east (Figure 2). In 2009, the (FES) comparatively safe provinces were mainly distributed in the central region, as well as parts of southwest and east China. By 2018, comparatively safe levels were basically spread over the central and eastern regions, showing an overall trend of expansion and evolution from the inland to the surrounding areas. However, some provinces at comparatively safe levels are still confronted with some problems such as the reduction of forest resources and the deterioration of the ecological environment, and some provinces still have a high risk of degrading into a critical safety level. Therefore, such areas should increase investment in ecological protection and increase resource utilization to maintain and improve their FES levels.



During the observation period, the regions at a critical safety level of FES have gradually reduced from the zonal distribution in the western area and the patchy distribution in the northeast, southwest and east area to the northwest area, showing that the improvement of FES levels in the northwest area is relatively low, which may be related to the level of local economic development. Restricted by their economic resources, the forest ecological maintenance in the northwest area has been inadequate. Thus, relevant government agencies should attach importance to the sustainable development of forests, so as to control and reduce the pressure that human activities put on the forest ecosystem. At the same time, according to the characteristics of the large area and sparse population in the northwest area, the planting area of artificial forests should be increased to improve the richness of forest resources. It is worth noting that, as the province with the highest forest coverage rate in China, Tibet’s FES level entered a critically safe level again from the comparatively safe level in 2015. This was due to the reduction of its response index, which indicated that Tibet’s forest ecological system maintenance work still needed to be further strengthened.



The FES levels of Yunnan, Fujian, and Zhejiang began to reach the safe level in 2015, and Jiangxi was added to that list in 2018. The above-mentioned provinces are scattered in southwest and east areas. In general, with the passage of time, the levels of FES in China have improved significantly, but there still is some regional polarization.




3.3. Diagnosis of Barrier Factor


Considering the large number of obstacle factors, this paper sorted out the top five indicators in each province as the main obstacle factors according to the ranking of obstacles. At the same time, due to the large sample size, the data in 2018 were selected for the analysis (Table 4). In order to analyze the obstacles of FES of the 31 provinces in China, this paper analyzed the situation of each province according to the administrative division. In North China, as the economic, political and cultural center of China, Beijing’s urbanization rate is the primary obstacle factor that affects its FES. The reduction of the proportion of new afforestation has a strong hindering effect on FES in Tianjin, Hebei, Shanxi, and Inner Mongolia. Among them, the proportion of new afforestation has a stronger hindering effect on FES in Tianjin, Hebei, and Shanxi than that in Inner Mongolia due to the more abundant forest resources in the latter. The decreased indicators including forest stock volume per unit area, the forestry output value per unit forest area, and the proportion of the number of forestry technological exchange personnel to the total number of forestry units are the main factors hindering the improvement of FES levels in north area. Although restricted by economic and resource conditions, achieving high quality development of forest-related industries and increasing forestry science and technology talents could effectively improve their forest ecological security status.



The low proportion of new afforestation is the main obstacle factor of FES in the northeast area, showing that the decrease of new afforestation area in the northeast area is not conducive to the improvement of its FES level. Although forest resources are relatively abundant in the region, the high rate of deforestation in the northeast area threatens the local FES. In addition, the low level of the proportion of forestry science and technological exchange personnel to the total number of forestry units and the low intensity of forestry investment are important factors restricting the improvement of the FES level in Jilin and Heilongjiang. Therefore, to improve the forestry scientific and technological personnel and increase investment in ecological construction funds would be effective ways to improve the FES situation in Jilin and Heilongjiang.



In the east area, the forest coverage rate is the top obstacle factor of FES in Shanghai, Jiangsu, Anhui, and Shandong, indicating that the low forest coverage rate has the greatest impact on FES in these regions. Due to the limited forest resources, it is not in line with reality to significantly increase the forest coverage rate in the short term. Therefore, FES levels could be effectively advanced by increasing the proportion of new afforestation and forest stock per unit area and slowing down the urbanization process. The proportion of newly increased afforestation is the primary obstacle factor of FES in Zhejiang, Fujian, and Jiangxi, which indicates that the low level of the proportion of new afforestation is the primary factor restricting the improvement of their FES levels. The low level of the stock volume per forest area, forestry output value per forest area, and forestry investment intensity are all important factors restricting the improvement of FES in the above-mentioned areas. In general, Zhejiang, Fujian, and Jiangxi are rich in forest resources, especially some areas are the pilot provinces for China’s forestry policy reform. By increasing the afforestation area, enhancing forest management and protection level, changing industrial development mode, and increasing capital investment, forest ecological benefits could be effectively improved and the FES levels could be further enhanced.



In the central area, the main obstacle factors affecting FES in Henan are the forest coverage rate, the proportion of new afforestation and the volume of forest per unit area. Henan, as a large food production province with a long history, has few forest resources, so insufficient investment in forest resources could easily have an adverse impact on its FES. The low level of the proportion of new afforestation, forest stock per unit area and forestry investment intensity are the main factors that hinder the improvement of FES in Hubei and Hunan, indicating that the maintenance and improvement of FES response indexes in Hubei and Hunan has not been in place.



The proportion of newly increased afforestation is the primary obstacle factor in South area, showing that the overall afforestation area in the South area needs to be further strengthened. Guangdong’s economy has developed rapidly over years, with urbanization being an important factor that hinders the improvement of its FES. The important obstacle factors of FES in Guangxi and Hainan include the rate of pest control in forestry and the proportion of the number of scientific and technological exchange personnel to the total number of forestry units. Those two provinces have abundant forest resources, but their economic development speeds are slightly backward compared with other provinces, resulting in insufficient technology and talent responses in these two provinces.



In the southwest area, the primary obstacle factor of FES in Chongqing is the ratio of urbanization, indicating that the acceleration of the urbanization process is not conducive to the maintenance of FES. In addition, the decline of forest stock per unit area and forestry investment intensity also restricts the improvement of FES level in Chongqing.



The primary obstacle factor of FES in Sichuan, Guizhou, and Yunnan is the proportion of new afforestation, showing that the reduction of afforestation restricts the improvement of their FES levels. The decline of the intensity of forestry investment, the value of forestry output per unit of forest area, and the proportion of forestry science and technological exchange personnel to the total number of forestry units are also important factors hindering the improvement of FES levels in these provinces. The above-mentioned areas are rich in forest resources, but it is necessary to maintain forest resources and develop forestry industries. The low forest coverage rate is the most important factor restricting the FES in Tibet, the largest forest area in China, indicating that the quality of Tibet’s forests needs to be further improved. At the same time, the reduction of the proportion of new afforestation and the intensity of forestry investment are also the main factors affecting Tibet’s FES, indicating that the response level of FES in Tibet still needs to be further strengthened.



The indicators including forest coverage rate, new afforestation proportion, forest stock per unit area, forestry investment intensity, and forestry output value per unit area are the main factors affecting the FES level in northwest area. The forest resources in the Northwest area are relatively small and the ecology there is relatively fragile. The obstacle factors all involve forest ecological state and response indicators, indicating that it is necessary for northwest area to expand the area of artificial forests, improve the level of forest management and protection, and further enhance the forest quality, so as to alleviate the conflict between forest ecology and economic development in the region.



In general, from our results the primary obstacle factor limiting the improvement of FES level in most provinces is the forest state indicator, which is consistent with the conclusion of Cai [30].




3.4. Discussions


Based on the above research results, this paper puts forward different suggestions about how to improve the FES levels in different regions with different resource endowment conditions and economic levels. The FES levels of provinces with abundant forest resources, such as Jilin, Heilongjiang, Fujian, Zhejiang, Yunnan, Sichuan, etc., are mostly at the comparatively safe level, with some provinces having entered into a safe level. Such areas need to protect their existing forest resources, control forest fires, plagues and other natural disasters, and improve the utilization rate of forest resources, increase output value of forestry, and pay attention to both development and protection of forest resources so as to enhance the ecological carrying capacity of forests. Some provinces with insufficient forest resources and relatively high levels of economic development, such as Shanghai, Jiangsu, Hebei, Hubei and so on, should embrace the notion that green waters and green mountains are golden mountains and silver mountains, and strategically utilize their own capital, technology, labor, and other advantages to create greater economic value and ecological value of forests, thereby alleviating their artificial ecosystem’s vulnerability. They should also actively develop new energy and strengthen industrial emission management in order to reduce the environmental pressure in the region. For regions with scarce forest resources and relatively backward levels of economic development, such as the Northwest area, they should make full use of advantages of large areas and sparse population to increase afforestation efforts and increase forest coverage at the same time as focusing economic development. Moreover, they should also strengthen the cultivation of farmers’ forest management and protection level to ameliorate the quality of forest resources, so as to steadily enhance their FES level. In general, all provinces still need to further strengthen the construction of ecological risk prevention systems to improve FES response capabilities.



It is worth noting that different evaluation index systems and different weight determination methods would affect the difference in the analytical results [47,48]. Based on the connotation of FES, this paper constructed a forest ecological security evaluation index system from the perspective of the internal mechanism of the interactions between human society and forest ecosystems. However, the evaluation index system established in this article is more suitable for the evaluation and comparison of large-scale provincial FES, and it is less targeted toward the evaluation of the FES level within each province. In addition, the weight determination method adopted in this paper not only avoids the subjectivity of experts’ scoring, but also considers the difference between and within indicators [44]. The evaluation results are basically consistent with the actual situation, indicating that the method we adopted to determine the weight of FES evaluation index is scientific and feasible. With that being said, other research methods such as GIS and ecological footprint methods are worth exploring for comparative analysis in the future to supplement the research on the scope of application of various evaluation methods and the causes of differences in the results.





4. Conclusions


Our results of forest ecological security assessment and obstacle factor analysis in various provinces showed the following: (1) during the study period, the comprehensive index of FES in China’s 31 provinces basically showed an increasing trend, from a critically safe state to a comparatively safe state, indicating that the overall FES level in China continued to improve and showed a positive trend. However, there were large differences in the comprehensive indexes of FES in various provinces. There were more provinces at a comparatively safe level than the provinces at a critical safety level, and the number of provinces in the safe level was small, indicating that the vast majority of provinces still needed to further improve their FES level; (2) there was obvious spatial heterogeneity of FES in China during the observation period. The critical safety level was mainly concentrated in northwest area, the comparatively safe level gradually expanded from the central inland region to the eastern coastal region, and the safe level areas were scattered in the southwest and east area with rich forest resources; and (3) different factors had different constraints on the improvement of FES levels in China. For most provinces, the reduction of the forest coverage rate, and the proportion of new afforestation were the primary factors affecting the levels of FES, which indicated that the quantity and quality of forest resources were the basis of maintaining FES. For some provinces, the urbanization ratio, forest stock per unit area, and forestry investment intensity were also important factors affecting the improvement of FES levels, indicating that each area should increase capital investment and pay attention to improving the quality of forest growth so as to alleviate the negative impact of economic development on the FES.
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Figure 1. The changes of FES index in China and various regions. (A) The changes of FES index in China; (B) the changes of FES index in the north area; (C) the changes of FES index in the northeast area; (D) the changes of FES index in the east area; (E) the changes of FES index in the central area; (F) the changes of FES index in the south area; (G) the changes of FES index in the southwest area; (H) the changes of FES index in the northwest area. 






Figure 1. The changes of FES index in China and various regions. (A) The changes of FES index in China; (B) the changes of FES index in the north area; (C) the changes of FES index in the northeast area; (D) the changes of FES index in the east area; (E) the changes of FES index in the central area; (F) the changes of FES index in the south area; (G) the changes of FES index in the southwest area; (H) the changes of FES index in the northwest area.



[image: Forests 12 01526 g001]







[image: Forests 12 01526 g002a 550][image: Forests 12 01526 g002b 550] 





Figure 2. The spatial layout of China’s FES levels. 
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Table 1. The evaluation index system of Forest Ecological Security (FES).
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Target Layer

	
Level

Indicators

	
Factor Layers

	
Specific Indicators (Unit)

	
Formula

	
Direction

	
Weight






	
Evaluation of forest ecological

security

	
Pressure

	
Social pressure

	
Urbanization ratio X1

	
Urban population/total population

	
-

	
0.100




	
Economic pressure

	
Wood consumption per unit of GDP X2

	
Timber consumption/GDP

	
-

	
0.073




	
Ecological pressure

	
Forest harvesting intensity X3

	
Timber production/forest volume*100%

	
-

	
0.053




	
State

	
Resource indicators

	
Forest cover rate X4

	
Forest area/land area

	
+

	
0.128




	
Forest stock volume per unit area X5

	
Forest stock/forest area

	
+

	
0.091




	
Disaster indicators

	
Forest fire damage rate X6

	
Forest fire-affected area/forest area

	
-

	
0.041




	
Damage rate of forest pests and rodents X7

	
Forest pests and rodents occurrence area/forest area

	
-

	
0.064




	
Industry status indicators

	
Forestry output value per unit forest area X8

	
Forestry output value/forest area

	
+

	
0.060




	
Forest park tourism income per unit of forest park area X9

	
Forest park tourism income/forest park area

	
+

	
0.039




	
Response

	
Talent response

	
The proportion of forestry science and technology exchange and extension personnel in the total personnel of forestry units X10

	
Number of forestry science and technology exchange and popularization personnel/total number of forestry units

	
+

	
0.065




	
Technical response

	
Forestry Technology Progress Index X11

	
Forestry output value/timber production

	
+

	
0.048




	
Forest pest control rate X12

	
Forestry pest control area/forest area

	
+

	
0.088




	
Input response

	
Forestry investment intensity x13

	
Forestry completed investment/forest land area

	
+

	
0.064




	
New afforestation area per unit forest

area X14

	
Afforestation area/forest area

	
+

	
0.087
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Table 2. The classification standards of FES levels.
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	Level
	Feature
	Forest Ecological Security Index





	unsafe state I
	The forest ecosystem is extremely insecure. The forest ecosystem is close to the edge of collapse and cannot guarantee the basic ecological security of the forest.
	[0, 0.300]



	critically safe state II
	The forest ecosystem is unstable and the ecological function is beginning to degrade.
	(0.300, 0.450]



	comparatively safe state III
	The forest ecosystem is still stable and can play the basic functions of the forest ecosystem.
	(0.450–0.520]



	safe state IV
	The forest ecosystem is in a relatively stable state.
	(0.520–0.800]



	ideal state V
	The forest ecosystem is in a stable state.
	(0.800–1.000]
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Table 3. The calculated results of FES indices of 31 provinces in China, 2009–2018.
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Area

	
Province

	
2009

	
2010

	
2011

	
2012

	
2013

	
2014

	
2015

	
2016

	
2017

	
2018






	
North area

	
Beijing

	
0.406

	
0.401

	
0.437

	
0.462

	
0.495

	
0.474

	
0.446

	
0.459

	
0.489

	
0.495




	
Tianjin

	
0.381

	
0.322

	
0.351

	
0.334

	
0.337

	
0.365

	
0.379

	
0.377

	
0.428

	
0.373




	
Hebei

	
0.459

	
0.453

	
0.438

	
0.437

	
0.448

	
0.453

	
0.445

	
0.485

	
0.477

	
0.491




	
Shanxi

	
0.456

	
0.440

	
0.421

	
0.440

	
0.429

	
0.427

	
0.414

	
0.436

	
0.452

	
0.458




	
Inner Mongolia

	
0.374

	
0.369

	
0.377

	
0.391

	
0.391

	
0.377

	
0.382

	
0.392

	
0.384

	
0.392




	
Northeast area

	
Liaoning

	
0.425

	
0.435

	
0.449

	
0.452

	
0.456

	
0.452

	
0.438

	
0.437

	
0.443

	
0.463




	
Jilin

	
0.431

	
0.443

	
0.493

	
0.492

	
0.496

	
0.481

	
0.493

	
0.437

	
0.517

	
0.519




	
Heilongjiang

	
0.458

	
0.436

	
0.473

	
0.479

	
0.474

	
0.483

	
0.478

	
0.475

	
0.481

	
0.476




	
East area

	
Shanghai

	
0.386

	
0.484

	
0.465

	
0.499

	
0.537

	
0.563

	
0.596

	
0.621

	
0.566

	
0.558




	
Jiangsu

	
0.440

	
0.410

	
0.418

	
0.415

	
0.448

	
0.460

	
0.451

	
0.446

	
0.454

	
0.443




	
Zhejiang

	
0.485

	
0.488

	
0.494

	
0.491

	
0.511

	
0.510

	
0.521

	
0.528

	
0.529

	
0.531




	
Anhui

	
0.403

	
0.406

	
0.409

	
0.416

	
0.446

	
0.449

	
0.455

	
0.445

	
0.463

	
0.466




	
Fujian

	
0.426

	
0.457

	
0.504

	
0.483

	
0.517

	
0.523

	
0.523

	
0.538

	
0.537

	
0.537




	
Jiangxi

	
0.489

	
0.485

	
0.457

	
0.501

	
0.487

	
0.483

	
0.481

	
0.505

	
0.522

	
0.528




	
Shandong

	
0.419

	
0.416

	
0.433

	
0.435

	
0.455

	
0.500

	
0.495

	
0.475

	
0.463

	
0.459




	
Central area

	
Henan

	
0.476

	
0.445

	
0.449

	
0.448

	
0.464

	
0.466

	
0.454

	
0.451

	
0.459

	
0.463




	
Hubei

	
0.450

	
0.481

	
0.429

	
0.440

	
0.449

	
0.447

	
0.459

	
0.466

	
0.490

	
0.473




	
Hunan

	
0.398

	
0.425

	
0.426

	
0.443

	
0.489

	
0.496

	
0.485

	
0.427

	
0.479

	
0.489




	
South area

	
Guangdong

	
0.399

	
0.401

	
0.404

	
0.419

	
0.423

	
0.427

	
0.433

	
0.454

	
0.456

	
0.460




	
Guangxi

	
0.389

	
0.385

	
0.384

	
0.385

	
0.371

	
0.391

	
0.391

	
0.366

	
0.369

	
0.379




	
Hainan

	
0.433

	
0.457

	
0.401

	
0.457

	
0.422

	
0.444

	
0.435

	
0.442

	
0.452

	
0.442




	
Southwest area

	
Chongqing

	
0.473

	
0.499

	
0.475

	
0.468

	
0.462

	
0.455

	
0.468

	
0.445

	
0.504

	
0.512




	
Sichuan

	
0.498

	
0.497

	
0.463

	
0.485

	
0.458

	
0.485

	
0.497

	
0.500

	
0.500

	
0.488




	
Guizhou

	
0.449

	
0.416

	
0.426

	
0.448

	
0.480

	
0.489

	
0.501

	
0.490

	
0.529

	
0.515




	
Yunnan

	
0.511

	
0.508

	
0.511

	
0.517

	
0.529

	
0.529

	
0.533

	
0.535

	
0.533

	
0.535




	
Tibet

	
0.378

	
0.407

	
0.418

	
0.439

	
0.507

	
0.492

	
0.481

	
0.480

	
0.479

	
0.444




	
Northwest area

	
Shaanxi

	
0.470

	
0.465

	
0.455

	
0.467

	
0.489

	
0.498

	
0.490

	
0.485

	
0.495

	
0.496




	
Gansu

	
0.445

	
0.438

	
0.404

	
0.402

	
0.422

	
0.419

	
0.421

	
0.427

	
0.441

	
0.446




	
Qinghai

	
0.383

	
0.371

	
0.366

	
0.359

	
0.370

	
0.378

	
0.375

	
0.394

	
0.424

	
0.439




	
Ningxia

	
0.387

	
0.396

	
0.392

	
0.373

	
0.405

	
0.404

	
0.389

	
0.416

	
0.408

	
0.448




	
Xinjiang

	
0.391

	
0.374

	
0.375

	
0.374

	
0.354

	
0.356

	
0.383

	
0.382

	
0.391

	
0.401




	
China

	
China

	
0.431

	
0.433

	
0.432

	
0.440

	
0.452

	
0.457

	
0.458

	
0.459

	
0.471

	
0.472
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Table 4. The obstacle factors and obstacle degrees of FES of the 31 provinces (2018).
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Province

	
Index Ranking (Obstacle Factor/Obstacle Degree)

	
Province

	
Index Ranking (Obstacle Factor/Obstacle Degree)




	
1

	
2

	
3

	
4

	
5

	
1

	
2

	
3

	
4

	
5






	
Beijing

	
X1

	
X5

	
X14

	
X10

	
X8

	
Hubei

	
X14

	
X5

	
X13

	
X1

	
X4




	
18.88

	
14.93

	
13.32

	
12.41

	
11.23

	
12.46

	
12.44

	
11.11

	
10.67

	
10.52




	
Tianjin

	
X4

	
X1

	
X5

	
X8

	
X14

	
Hunan

	
X5

	
X14

	
X13

	
X10

	
X8




	
17.80

	
14.41

	
12.05

	
9.10

	
8.99

	
14.17

	
11.81

	
11.29

	
10.88

	
10.74




	
Hebei

	
X4

	
X5

	
X13

	
X8

	
X10

	
Guang-dong

	
X14

	
X1

	
X5

	
X13

	
X10




	
16.03

	
15.63

	
11.42

	
11.11

	
10.27

	
13.67

	
13.29

	
12.16

	
11.52

	
9.99




	
Shanxi

	
X4

	
X5

	
X13

	
X10

	
X8

	
Guangxi

	
X14

	
X12

	
X2

	
X5

	
X10




	
17.42

	
13.18

	
11.19

	
10.75

	
10.70

	
12.80

	
11.91

	
11.03

	
10.78

	
9.93




	
Inner Mongolia

	
X4

	
X14

	
X10

	
X13

	
X5

	
Hainan

	
X14

	
X12

	
X13

	
X10

	
X8




	
14.99

	
12.61

	
10.46

	
10.42

	
9.87

	
15.32

	
11.23

	
11.21

	
10.97

	
10.06




	
Liaoning

	
X14

	
X1

	
X5

	
X13

	
X8

	
Chong-qing

	
X1

	
X5

	
X13

	
X10

	
X8




	
13.68

	
12.64

	
11.92

	
11.69

	
10.73

	
13.11

	
12.31

	
12.15

	
11.58

	
11.44




	
Jilin

	
X14

	
X10

	
X13

	
X8

	
X1

	
Sichuan

	
X14

	
X13

	
X4

	
X8

	
X10




	
16.71

	
13.31

	
12.84

	
12.01

	
10.83

	
14.90

	
11.98

	
11.46

	
11.23

	
11.21




	
Heilongjiang

	
X14

	
X10

	
X13

	
X8

	
X1

	
Guizhou

	
X14

	
X5

	
X10

	
X13

	
X8




	
16.37

	
12.37

	
11.98

	
11.24

	
10.67

	
13.53

	
13.36

	
12.48

	
11.81

	
11.43




	
Shanghai

	
X4

	
X1

	
X14

	
X5

	
X9

	
Yunnan

	
X14

	
X13

	
X10

	
X8

	
X11




	
24.34

	
22.12

	
15.89

	
14.70

	
5.91

	
17.05

	
13.52

	
13.01

	
12.59

	
10.20




	
Jiangsu

	
X4

	
X14

	
X1

	
X5

	
X10

	
Tibet

	
X4

	
X14

	
X12

	
X13

	
X10




	
18.89

	
13.33

	
12.59

	
12.27
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