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At present, the global environmental problems are intensifying, and land resources are facing multiple dilemmas such as degradation, pollution and shortage. The rise of the concept of sustainable development, the enhancement of public ecological awareness and the promotion of relevant policies and regulations have jointly promoted the generation and development of land ecological security research. This study evaluated the land ecological security of Heilongjiang Province from 2000 to 2022, found out the main factors affecting the land ecological security, provided the basis for scientific formulation of corresponding measures, provided the guarantee for the sustainable development of regional social economy and agriculture, and maintained the long-term coordinated development of the land natural, social and economic complex. Based on the PSR model, this study constructs an index system for evaluating land ecological security. It employs a comprehensive index model to assess and utilizes the entropy-weighted TOPSIS method to determine the weights of various indicators. It calculated the comprehensive index of Heilongjiang Province from 2000 to 2022. Drawing upon relevant literature, this research establishes the land ecological security level of the region. The obstacle factor diagnosis model is used to analyze the main obstacle factors at each level, and corresponding countermeasures are proposed based on the results. The main results are as follows: (1) From 2000 to 2022, the level of land ecological security in Heilongjiang Province has generally shown a fluctuating upward trend, with the safety level changing from dangerous to relatively safe and moving towards a favorable direction. However, it remained mostly in an unsafe state for the past 20 years; (2) The main threats at the criterion layer have changed significantly, with obstacle degrees rising to 59% for pressure systems and 36% for status systems while decreasing to 5% for response systems. Currently, the main threat comes from pressure systems; (3) The main obstacle factors at the indicator layer have evolved from the proportion of tertiary industry output value and effective irrigation area of arable land to pure amount of chemical fertilizer applied in agriculture and proportion of forest area. In 2022, major factors affecting land ecological security in Heilongjiang Province are pure amount of chemical fertilizer applied in agriculture, proportion of forest area, industrial solid waste generation volume, pesticide use volume, and per capita water resources. This study evaluated the land ecological security in Heilongjiang Province, revealed its influencing factors, and put forward specific suggestions for local construction.
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1 INTRODUCTION
In a broad sense, land is a natural complex comprising the earth’s specific region surface and the atmosphere, soil and foundational geology, hydrology and vegetation, animals, and the effects of human activities within that area. Narrowly, land is defined as land that has been or can be utilized by humans in the foreseeable future (Feng, 2015), emphasizing its role as a means of production, including its natural and economic aspects. This study focuses on land within the broad and narrow definitions, selecting major land uses such as cultivated land, forest land, urban villages and industrial land, water areas and water conservancy facilities land, and other land types based on the 2022 land status data from the Heilongjiang Provincial Bureau of Statistics. Land ecological security is the core issue of sustainable utilization of land resources, and land ecological security is an important part of national and regional ecological security. At present, the ecological environment problem is a new theme facing the sustainable development of human society in the 21st century. As the material basis for human survival and development, the limited land resources have become one of the key issues in the sustainable development of human beings (Wang, 2023).
Social and economic factors have various influences on land use. Areas with high economic development level will attract more population inflow, while areas with large population and high density have higher demand for residential land and commercial land, which makes the land route change to residential and commercial land use. Different industrial structures have different demands and uses of land. In order to meet production needs, more land is used for industry in developed areas. The developed service areas are more commercial service areas. In areas dominated by agriculture, land is mainly used for agricultural production; The development potential and attractiveness of land in areas with sound infrastructure will be enhanced; The government should formulate the overall urban plan to clarify the land use in different areas and realize the orderly development of the city. In addition, policies also have a direct regulatory effect on land use, such as improving the environment, reducing pollution and protecting cultivated land by adjusting land use.
Ecological security is a new theme for sustainable human development in the 21st century, becoming a frontier topic in sustainable land use research (Li and Cai, 2007). The ecological security of land refers to a state in which the ecological condition of land resources, through scientific management and utilization, can sustainably meet the needs of socio-economic development. In this state, the system’s structure and functions are either not threatened or only minimally affected. The value of land ecological security lies in its critical role in maintaining ecosystem service functions, ensuring sustainable development for human society, and promoting the harmonious coexistence of regional economies and the environment (Xiong, 2018). Appropriate measures can ensure the sustainable use of land resources, promote stable agricultural production growth, and provide a strong guarantee for sustainable economic development (Ma and Li, 2023).
Scholars have made remarkable progress in the research of land ecological security, involving many fields and different research methods. The research content is extensive, mainly focusing on ecological risk assessment, ecological security theoretical system construction, evaluation methods and index system development and land quality evaluation. Since Leopold put forward the concept of “land health” in 1941, the problems of ecosystem and environment have gradually become the focus of research. Norman Myers put forward the concept of ecological security in 1993, emphasizing that ecological security is caused by ecological threats, risks and other concepts, and widely publicized this concept. Scholars use a variety of evaluation models and methods to study land ecological security, such as ecological footprint model, entropy weight matter element analysis, BP neural network, principal component analysis and so on. These methods focus on assessing the impact of human production and life on the land ecological environment and its sustainable use (Fu et al., 1997). Since the early 1990s, China has initiated research on ecological security, with scholars like Yu Kongjian and Wang Hanmin laying a solid foundation for ecological security research in China (Yu, 1999; Wang et al., 2001). Scholars Peng Buzhuo and others used dynamic viewpoints for environmental quality evaluation (Peng et al., 1996), Zhao Yuelong and others established quantitative evaluation index systems and methods for vulnerable ecological environments (Zhao and Zhang, 1998), evaluating the ecological environment vulnerability of 26 provinces and regions nationwide. Scholars Ye Yaping and Liu Lujun proposed provincial ecological environment quality evaluation index systems and methods (Ye and Liu, 2000), and Zuo Wei and others constructed a composite model combining hierarchical analysis, variable weight, fuzzy, and grey correlation for regional ecological security comprehensive evaluation (Zuo et al., 2002; Zuo et al., 2005).
Currently, China’s research on land ecological security evaluation mainly focuses on defining land ecological security, constructing evaluation index systems, designing and selecting evaluation models, and early warning of land ecological security (Zhang et al., 2009). Although research results are rich, a unified index system and evaluation model have not yet been formed. Existing land ecological security evaluation methods mainly include P-S-R model, GIS grid model, DPSIR model, grey system GM(1,1) model and matter-element model, etc., which are used to evaluate and predict the land ecological security status in different regions (Liang et al., 2023). The research covers a number of regions and fields, such as the Bohai Rim region, the Red River basin, and the Yellow River metropolitan area. It considers the impact of land use change on ecological security, discusses the driving effect of urbanization, industrial emissions, population density and other factors on land ecological security, involves the comprehensive land consolidation and ecological restoration strategies, and focuses on the improvement of legal and policy frameworks. Wu Dafang and others systematically summarized, compared, and analyzed the main research results of cultivated land ecological security evaluation domestically and internationally, focusing on evaluation stages, concepts, characteristics, driving factors, evaluation scales, methods, techniques, index systems, simulation predictions, and protection measures (Wu et al., 2015). Lü Tiangui and others constructed a regional ecological security evaluation index system using the PSR model and explored obstacle factors affecting ecological security within the study area (Lv et al., 2021). Gui Yaling and Li Qiaoyun used the hierarchical analysis method and entropy weight method combined with an optimized PSR model to evaluate the ecological security of the Dongting Lake area, summarizing and analyzing the factors affecting its ecological security (Guo and Li, 2021).
This study constructs the evaluation index system of land ecological security in Heilongjiang Province based on the PSR model, evaluates the land ecological security in Heilongjiang Province from 2000 to 2022, identifies the main factors affecting the land ecological security, provides the basis for scientifically formulating the corresponding measures, guarantees the sustainable development of the regional socio-economics and agriculture, and maintains the coordinated development of the land’s natural, social, and economic complexes in the long term.
2 OVERVIEW OF THE STUDY AREA
Heilongjiang Province is located between latitudes 43°26′–53°33′N and longitudes 121°11′–135°05′E, with vast territory, superior geographical conditions, diverse land forms, and abundant natural resources. The study area for the present study is shown in Figure 1. It is located in the eastern part of the Eurasian continent, the western Pacific coast, and the northeastern part of China. It is higher in the northwest and southeast, and lower in the northeast and southwest, mainly composed of mountains, platforms, plains and water surface. These mountainous landforms make the land use types of Heilongjiang rich and diverse, suitable for the development of forestry, and some intermountain basins and valley plains can be agricultural production.
[image: Figure 1]FIGURE 1 | Administrative zoning map of Heilongjiang Province.
The climate is a temperate continental monsoon climate, with high summer temperature, concentrated precipitation, rain and heat in the same season, which is conducive to the growth and development of crops and provides good hydrothermal conditions for agricultural production on the land. The winter is long and cold, and the average annual temperature in the province is between 5°C and 4°C. The low temperature in winter makes the land have a longer frozen soil period, which affects the development and utilization of land and the time arrangement of agricultural production to a certain extent.
The soil fertility in Heilongjiang region is generally good, and the black soil widely distributed has high fertility. According to the index of dryness, it is divided into humid region, semi-humid region and semi-arid region from east to west. The vegetation in humid area is flourishing and the land ecosystem is relatively stable. Semi-arid areas may face ecological problems such as land desertification, and corresponding land protection and management measures need to be taken.
In Heilongjiang Province, there are three major water systems: the Wusuli River, the Songhua River and the Heilongjiang River. The Heilongjiang river system is mainly composed of tributaries such as the Songhua River and the Nenjiang River. The north source is from the eastern foot of the Kent Mountain in the territory of the Mongolian People’s Republic, and the south source is from the Erguna River on the western slope of the Greater Khingan Mountains in China. The main tributaries of the Songhua River system include Mudan River, Hulan River, Lalin River, Ant River, Tangwang River, Weiken River and other rivers; The upper reaches of the Ussuri River system are formed by the confluence of the Wula River and the Daobi River, flowing northeast to the Bori area and turning southwest to the Heilongjiang River (Niu, 1999).
The total land area of Heilongjiang Province is 473,000 km2, with a vast area, accounting for 4.9% of China’s total land area, ranking sixth in China. With a large per capita arable land, it is one of the most important agricultural provinces in China. Heilongjiang Province has Sanjiang Plain in the northeast and Songnen Plain in the west. The plain is flat and open, which provides favorable conditions for large-scale agricultural planting and mechanization. The cultivated land is mainly distributed in Sanjiang Plain and Songnen Plain, the most important agricultural production bases in the province (Li et al., 2014), accounting for 70%–80% of the cultivated land in the province. This forms the basis for Heilongjiang to become an important grain-producing area in China.
Heilongjiang Province has made remarkable progress in ecological stability, and the overall situation is stabilizing. From the perspective of ecosystem services and ecological security pattern, the value of ecosystem services in Heilongjiang Province is on the rise, and it is outstanding in hydrological regulation and forest land services. By building an ecological security pattern, Heilongjiang Province has made remarkable progress in improving the stability and connectivity of ecological networks, especially in the western semi-arid region, by adding potential ecological corridors to enhance the stability of ecological networks. For example, the high intensity of freeze-thaw erosion in the large and small Xingan Mountains poses a serious threat to the natural environment and black soil resources; Problems such as soil erosion, soil degradation and desertification still exist. In terms of vegetation ecological quality, the vegetation growth trend in Heilongjiang Province is generally good, the net primary productivity of vegetation has increased by about 20% in the past two decades, and the biodiversity maintenance function has also been steadily improved. The forest vegetation coverage showed an increasing trend during 2000–2022, and the ecological quality of vegetation in most forest areas was excellent or good.
In general, Heilongjiang Province has a unique geographical location and rich ecological resources. Land ecological security is not only related to the local ecological environment and economic development, but also affects the ecological security and food security of the whole country. Heilongjiang Province is a major agricultural province, crucial for the national granary and agricultural production. Therefore, studying the current situation, problems, and solutions related to land ecological security in this region is of significant research importance. It can protect and rationally use land resources more scientifically, promote sustainable development, and build a strong ecological security obstacle in the north of the motherland.
3 RESEARCH METHODS AND DATA SOURCES
3.1 Research methods
The PSR (Pressure-State-Response) model is a commonly used evaluation model in the sub-discipline of ecosystem health evaluation within environmental quality assessment. Initially proposed by Canadian statisticians David J. Rapport and Tony Friend in 1979, it was later developed into a framework system for studying environmental issues by the OECD and UNEP in the 1980s and 1990s (Li and Li, 2014). The core idea of the PSR model is to assess the health and sustainability of ecosystems by analyzing the causal relationship between the Pressure exerted by human activities on the environment, the change in the State of the environment, and the Response taken by society.
The pressure index is used to measure the negative impact of human activities on the environment, such as resource demand, material consumption and emissions in the process of industrial operation, and reflects the load of human activities on natural resources and ecological environment. State indicators describe the state and change of the environment at a specific point in time, including the status of the ecosystem, the natural environment and the quality of life and health of human beings, reflecting the current state of the environmental system under pressure; Response indicators focus on how societies and individuals can act to mitigate, prevent, restore and prevent the negative impact of human activities on the environment, as well as take measures to address ecological changes that are detrimental to human survival and development.
The analytic hierarchy process (AHP) breaks down the elements related to decision into goals, criteria, schemes and other levels, on which qualitative and quantitative analysis decisions are made. The goal level is the highest level of the analytic hierarchy process, which defines the ultimate goal of the research problem or decision. The criterion layer lies between the target layer and the index layer. It is a further refinement and decomposition of the target layer, and is used to reflect all aspects or dimensions of the realization of the goal. The index layer is the lowest layer, the criterion layer is further concretized and refined, and consists of specific, quantifiable or qualitatively described indicators. In this paper, based on the analytic hierarchy process and PSR model, a total of 21 evaluation indicators, including 14 positive indicators and 7 negative indicators, and constructed an evaluation index system of land ecological security in Heilongjiang Province, including 3 levels of target layer, criterion layer and indicator layer and 21 indicators (Table 1). Among them, the greater the positive index, the better the regional land ecological environment; The smaller the negative index, the better the regional land ecological environment24. The entropy weight method was used to determine the weight of each index, the land ecological security comprehensive index was calculated to determine the land security level, and the obstacle factor diagnosis model was used to analyze the main obstacle factors at each level, and the regional land ecological security was evaluated.
TABLE 1 | Evaluation index system of land ecological security in Heilongjiang Province.
[image: Table 1]Obstacle factor diagnosis model is a model used to identify and analyze various obstacle factors that affect the realization of the system goal or the smooth progress of the process. The complex problem is decomposed into multiple levels, including the target layer, the criterion layer, the index layer, etc. First determine the system target to diagnose; Then the criterion layer is constructed to classify the factors that affect the realization of the goal according to different categories. Then the specific index layer factors are subdivided under each criterion. This model is often used in the fields of multi-objective decision making and risk assessment.
3.2 Data sources
The original data required for this study come from the “Heilongjiang Statistical Yearbook” (2000–2022), “China Statistical Yearbook” (2000–2022), and the China Economic and Social Big Data Research Platform.
4 COMPREHENSIVE EVALUATION OF LAND ECOLOGICAL SECURITY
4.1 Construction of land ecological security evaluation index system
In the evaluation of land ecological security, the sufficiency of water resources, water quality and water dynamics have important effects on land characteristics and the stability of ecological environment. Sufficient water quantity, good water quality and moderate hydrodynamic power are important factors to ensure the fertility of land and the healthy growth of plants. The shortage of water resources will lead to land degradation, soil salinization, desertification and other phenomena. Improper management of water resources will have a negative impact on land ecological security. For example, overexploitation of groundwater can lead to a drop in the water table, which in turn affects vegetation cover and soil moisture, ultimately leading to landscape degradation. As a driving factor, water plays a crucial role in land ecological security evaluation. Therefore, water resource related indicators are selected as evaluation criteria when conducting land ecological security evaluation. In this study, the consideration of water in driving factors mainly includes two aspects: natural conditions are represented by per capita water resources, and social aspects are represented by industrial wastewater discharge, sewage treatment rate and effective irrigated area of cultivated land.
The impact of population as a driving factor on land ecological security involves many aspects, including the impact of population growth or reduction on land use and land cover change, the relationship between population density and land degradation, and the direct and indirect impact of population growth on ecological environment. The increase of population density will aggravate the problem of land degradation. Population change directly affects the change of land use and land cover through the expansion or reduction of construction land and the change of land use. For example, population growth will lead to the reduction of cultivated land area, but with the development of economy, the driving effect of population growth on the reduction of cultivated land area will gradually decrease. Population density and natural population growth rate were selected as the representative indicators in this study.
Industrial pollution is one of the main sources of environmental pollution. The development and utilization of industrial land directly affect the ecological security of land, such as heavy metal pollution and soil degradation. The change of industrial structure has a direct impact on ecological environment, and the optimization of industrial structure helps to improve the quality of ecological environment. Industrial activities consume natural resources and energy, increase the ecological footprint, and put pressure on the ecological environment, and the discharge of industrial wastewater, gas and solid waste will also pose a threat to the ecological security of the land. When evaluating land ecological security, we should consider the impact of industrial activities on ecological environment, the change of industrial structure, and the planning and management of industrial land. This study selected industrial wastewater discharge, industrial solid waste output and other indicators as representatives.
The improvement of the green coverage rate has a positive impact on improving the quality of the ecological environment, increasing biodiversity, improving the stability and resilience of the ecosystem, and alleviating ecological problems such as air pollution and heat island effect in the process of urbanization. The increase of forest coverage rate helps to improve the ecological environment and promote the sustainable development of society and economy. In this study, green coverage rate, forest coverage rate, woodland area proportion and other factors were selected as representatives.
The effects of economic development on land use, the effects of economic policies on land protection, and the direct and indirect effects of economic activities on ecological environment. Economic development is usually accompanied by changes in land use, such as non-agricultural land, urban expansion and so on. Economic activities such as industrial production and transportation construction directly consume natural resources and change land cover, affecting ecological security. In this study, indicators such as per capita GDP and residents’ consumption level are selected as representatives (Valjarević et al., 2022).
Using the PSR model, this study comprehensively analyzes the influencing factors of ecological security in Heilongjiang Province, constructing a land ecological security evaluation index system that includes 21 indicators across three layers: target layer, criterion layer, and indicator layer. The results are shown in Table1.
In the PSR model, the pressure layer represents the impact of human production and life on land, the state layer represents the state of nature and human life, and the response layer represents the ecosystem’s response to environmental changes and human society’s related measures. Based on the actual situation in Heilongjiang Province, 21 evaluation indicators are selected, including 14 positive indicators and 7 inverse indicators. Positive indicators mean that the larger the value, the better the land ecological environment, and inverse indicators mean that the smaller the value, the better the land ecological environment (Yu et al., 2023).
4.2 Standardization of evaluation indicators and determination of weights using entropy weight method
4.2.1 Standardization of indicators
Due to differences in dimensions, magnitudes, and positive or inverse orientations of the indicators, data need to be standardized. When the indicator value is larger and more beneficial to land ecological security, a positive indicator calculation formula is used for standardization; when the indicator value is smaller and more beneficial to land ecological security, an inverse indicator calculation formula is used for standardization; the formula is as follows (Equations 1, 2):
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where Xij and Xij ' are the original and normalized values of the ith (i = 1, ., m) indicator for the jth (j = 1, ., n) year, respectively; maxXij and minXij are the maximum and minimum values of the ith indicator, respectively.
4.2.2 Determination of weights using entropy weight method
The entropy weight method is used to determine the weights of the indicators in the land ecological security evaluation index system. The entropy weight method calculates the weight based on the amount of information contained in the data of each indicator. The specific steps are as follows (Equations 3–6):
Characteristic weight of the ith evaluation object:
[image: image]
Calculate the entropy value of the jth indicator:
[image: image]
where, [image: image] , k = [image: image], [image: image],
Calculate the coefficient of variation for indicator j:
[image: image]
Determine the weight coefficient of the jth indicator:
[image: image]
4.3 Calculation of comprehensive land ecological security index
Using the standardized values of the indicators and their weights, the comprehensive land ecological security index is calculated as follows:
[image: image]
Where: Zi is the land ecological security evaluation index; Wj is the weight of the jth indicator; Pij is the standardized value of the ith (i = 1,m) indicator in the jth (j = 1,.,n) year.
4.4 Analysis of main obstacle factors
Using the obstacle factor diagnosis model, two indicators, indicator deviation (D) and obstacle degree (h, H), the main obstacle factors at various levels are analyzed. The obstacle degree of the (i)-th indicator is calculated as follows (Li and Nan, 2015):
[image: image]
where Wj is the weight of each single index; Dij represents the gap between each individual index and the development goal of land ecological security system, that is, the difference between the standardized value of each individual index and 100%; hij represents the obstacle degree of the Jth single index in the i sub-system, and Hij represent the obstacle degree of the subsystem.
5 ANALYSIS OF RESULTS
5.1 Land ecological security level analysis
In the evaluation of land ecological security, in order to be able to better evaluate the regional land ecological security status, the comprehensive index of land ecological security needs to be graded. According to the value of the comprehensive index and the land ecological characteristics of Heilongjiang Province, referring to the relevant literature (Leng and Li, 2022; Zhang et al., 2007; Tang J et al., 2006), the land ecological safety grade of the whole study area is divided into five, respectively, Ⅰhazardous [0.0, 0.4), Ⅱrelatively unsafe [0.4, 0.6), Ⅲearly warning [0.6, 0.8), Ⅳrelatively safe [0.8, 0.9), Ⅴsafe [0.9, 1.0) (Table 2).
TABLE 2 | The evaluation standards of land ecological security index.
[image: Table 2]As the value of the composite index increases, the land ecological security situation in the region shows a gradual improvement; on the contrary, when the value decreases, the land ecological security situation in the region deteriorates. From Equation 7, the land ecological security index of Heilongjiang Province from 2000 to 2022 was calculated and the comprehensive index of land ecological security was graded (Table 3; Figure 2).
TABLE 3 | Comprehensive land ecology values and grades in Heilongjiang province from 2000 to 2022.
[image: Table 3][image: Figure 2]FIGURE 2 | Level of ecological security of land in Heilongjiang Province from 2000 to.
5.2 Abnormal rate of increase in the composite index
Since 2000, the level of land ecological safety in Heilongjiang Province has shown a fluctuating upward trend on the whole, with the safety level ranging from hazardous (I) to relatively safe (IV), which has improved regional land ecological safety to a large extent, indicating that the region’s land ecological safety is developing in a favorable direction. From the chart, the downward trend of the comprehensive index of land safety in the region in the two periods of 2003 and 2007 is mainly attributed to the increasing solid and liquid waste emissions due to the increasing level of urban industrialization under the environment of rapid economic and technological development, and the increasing amount of agricultural fertilizer application and pesticide use, which led to the increasing pressure on the safety of land resources and aggravated the burden on the land. Since 2007, the comprehensive index of land ecological security in Heilongjiang Province has shown a steady increase from 0.2391 to 0.8894, mainly due to the decline in population density and natural growth rate, the level of urbanization, forest coverage, per capita water resources, greening coverage of built-up areas, the level of consumption of the population, grain production per unit area, the level of agricultural mechanization, sewage treatment rate, The proportion of output value of tertiary industry and other indicators have all shown an upward trend, which has largely alleviated the pressure on land ecological security in Heilongjiang Province. However, the land in the region was in a hazardous(I) level from 2000 to 2009, in a relatively unsafe (II) level from 2010 to 2014, in a warning (III) level from 2015 to 2019, and in a relatively safe (IV) level from 2020 to 2022, and has been in an unsafe state most of the time in the last 20 years. This means that part of the land ecological environment in the region has been damaged, the land ecological function has been degraded, and the ecological restoration and reconstruction of the land is more difficult. Although the safety level has reached the safe level in 2022, it still needs to be strengthened in all aspects in order to maintain the ecological level of the land in the future.
5.3 Guideline layer index changes
5.3.1 Fluctuations in the ecological stress index decline and then rise significantly
There is a negative correlation between the pressure index and ecological security. The lower the land ecological pressure index is, the less the land is under pressure and the better the land ecological security is.
The research results of this part are shown in Figure 3. Since 2000, the ecological pressure index of land in Heilongjiang Province has fluctuated greatly, showing a fluctuating downward trend until 2012 and a yearly upward trend after 2012. Firstly, the stress index decreased gradually from 0.1869 in 2000 to 0.0699 in 2012, mainly because the population density of the region decreased from 83.85 people/km2 to 82.21 people/km2 in 2000–2012, a decrease of 0.02%, and the natural population growth rate decreased from 3.93% to 1.27%. The per capita cultivated land area increased from 2,526.13 hm2 to 4,255.10 hm2, an increase of 0.68%, which alleviated the pressure on land ecology to a certain extent. By 2022, the index will rise from 0.0699 to 0.2747, which is due to the increase in the proportion of the primary industry, the improvement of the level of urban industrialization, the application of pesticides and fertilizers, and the increase in the discharge of industrial wastewater and solid waste, which will intensify the pressure on land ecology. In general, the main reason affecting the land ecological pressure index is the increase in the use of agricultural inputs and pollutant emissions. In 2022, the increase is 0.47% compared with 2000, resulting in the rising land ecological pressure.
[image: Figure 3]FIGURE 3 | Land ecological security index of Heilongjiang Province from 2000 to 2022.
5.3.2 Continued small increase in the ecological status index
There is a positive correlation between the state index and ecological security. The higher the land ecological state index is, the better the land ecosystem function is and the better the land ecological security is.
The ecological status index basically showed a fluctuating upward trend. The status index rose from 0.0989 in 2000 to 0.3260, an increase of 2.3%. This is due to the fact that with the progress of science and technology and the continuous improvement of people’s awareness of environmental protection, the urbanization level of the region by 2022 increased by 0.27%, the forest coverage increased by 0.02%, the per capita water resources increased by 0.82%, the proportion of arable land area increased by 0.72%, and the greening coverage of the built-up area increased by 1.2%. It can be seen that the relevant departments of Heilongjiang Province are highly concerned about ecological environmental protection, continue to strengthen the protection of natural resources and the ecological environment, enhance the forest coverage, effectively enhance the land soil and water conservation and self-recovery capacity, and all indicators have improved.
5.3.3 Ecological response index increases year by year
The relationship between state index and ecological security is complicated. According to the selected indicators in this part, the higher the land ecological response index, the better the land ecological security status.
The ecological response index has demonstrated a consistent upward trend over the years. Specifically, the response index increased from 0.0012 in 2000 to 0.2887, reflecting an overall growth of 2.40%. This positive development can be attributed to the continuous advancement and enhancement of economic, social, and urbanization levels within Heilongjiang Province. In 2022, per capita GDP rose by 5.80%, while residents’ consumption levels saw an increase of 5.57%. Additionally, grain yield improved by 0.63%, total agricultural machinery power grew by 3.39%, effective irrigated areas of arable land expanded by 2.03%, sewage treatment rates increased by 2.1%, and the proportion of tertiary industry output value rose by 0.63%. These trends indicate that the Heilongjiang Provincial Government places significant emphasis on both ecological protection and management as well as enhancing citizens’ livelihoods through timely feedback mechanisms addressing emerging issues; consequently, all relevant indicators have shown improvement.
5.4 Diagnostic analysis of obstacle factors
5.4.1 Guideline layer obstacle factors
Based on the comprehensive evaluation and analysis of land ecological security in Heilongjiang Province, the obstacle degree was measured for three subsystems, namely, pressure layer, state layer and response layer, and the results are shown in Table 4 and Figure 4.
TABLE 4 | Obstacle degree of land ecological security guideline layer in Heilongjiang province from 2000 to 2022.
[image: Table 4][image: Figure 4]FIGURE 4 | Dynamics of land ecological security guideline layer obstacle degree in Heilongjiang Province from 2000 to 2022.
From the above figure, it can be seen that the obstacle degree of the three indicators at the guideline level to the land ecological security of Heilongjiang Province and their change trends are different. Overall, the obstacle degree of pressure system increased from 21.56% to 58.62%, the obstacle degree of state system increased from 30.67% to 36.23%, and the obstacle degree of response system decreased from 47.77% to 5.15%. The pressure layer obstacle degree shows a fluctuating upward trend, mainly due to the accelerating process of urban industrialization, the expanding scope and intensifying intensity of land use, the increasing use of pesticides and fertilizers and the increasing emissions of industrial solid and liquid wastes, which makes the ecological pressure of the site gradually increase; the state layer obstacle degree shows a decreasing and then increasing trend, with little change in the overall situation; and the gradual decrease in the response layer obstacle degree is mainly attributed to the urbanization level. The gradual decrease of the obstacle degree in the response layer is mainly attributed to the increase of urbanization level, which makes the city’s state of coping with land problems improved, and the development of regional economy and people’s awareness of environmental protection enhanced, which indicates that the protection of land ecological security in the region should focus on the management of the ecological environment and improve the level of restoration, and pay attention to the economic means, starting from improving the per capita income of the people, to promote the wellbeing of people’s livelihoods, to increase the financial support, and to build up a sound response mechanism. response mechanism.
Land ecological security is affected by the three factors together, which is a complex interaction relationship. In this study, according to the selection of indicators of each part, the obstacle degree of pressure system is mainly positive correlation, and the increase of its index will increase the pressure on land ecological security. The relationship of state system impairment degree is complicated. After ecological protection and restoration measures are taken, the land ecosystem begins to recover, and the land ecological security situation improves, showing a negative correlation. Due to the new interference or unreasonable use, the state system obstacle degree began to rise again, and the land ecological security level was affected again, and the overall relationship showed fluctuations. The obstacle degree of response system generally shows a negative correlation with land ecological security, and the index decreases, which is conducive to the promotion and application of advanced land restoration technology and ecological protection technology, which means that the government can introduce and effectively implement relevant policies and environmental supervision measures, which is conducive to protecting and improving the land ecological environment and improving the land ecological security level.
5.4.2 Indicator layer obstacle factors
According to the diagnostic method of obstacle factors, the obstacle degree of each indicator was calculated by Formula 8 for the period 2000–2022. Due to the large number of selected indicator factors, this study ranked the obstacle factors of each year according to the size of the obstacle degree (Liu et al., 2023). In this study, the top 5 indicators of each year were selected as the main obstacle factors affecting land ecological security in Heilongjiang Province, and according to the frequency of occurrence of the indicators ranked by the obstacle degree of each year, 8 indicators with a higher frequency were finally filtered, see Table 5.
TABLE 5 | Main obstacles to land ecological security in Heilongjiang province from 2000 to 2022.
[image: Table 5]The obstacle factors that appear more frequently in the top 5 obstacle indicators in each year during 2000–2022 are population density, agricultural fertilizer application, pesticide use, industrial solid waste generation, forest coverage, proportion of forested area, effective irrigated area of arable land, and proportion of tertiary industry output value. In terms of hierarchical distribution, among the above eight major obstacle factors, the pressure layer accounts for four, mainly indicators of population pressure and environmental pressure; the state layer accounts for two, all of which are indicators of ecological environment; and the response layer accounts for two, which are indicators of economic response and social response.
Among them, the obstacle degree values of the four indicators of agricultural fertilizer application discount, pesticide use, industrial solid waste generation and the proportion of forested land area show a fluctuating growth trend, indicating that these four indicators are the main factors restricting the land ecological security of Heilongjiang Province; at the same time, the other indicators show a fluctuating downward trend, indicating that their hindering effect on land ecology is declining year by year, and they may not necessarily be the key limiting factors for the enhancement of land ecological security in the future. key constraints in the future, but it is still necessary to continue to promote the work related to the above factors. For example, the indicator with the highest frequency, population density (X1), has shown a stable year-on-year decreasing trend after 2014, which is due to the fact that due to the increased awareness of having fewer children, the cost of raising children, and the serious loss of young people in the region, the natural population growth rate has been reduced from 3.93% to −5.75%, and the contradiction between people and land has eased, so that the population density and the natural growth rate have been lowered, and thus the impeding effect on the ecological security of land has been decreasing year by year.
6 CONCLUSIONS AND RECOMMENDATIONS
6.1 Conclusions
The research of land ecological security is of great significance for supporting policy formulation and management decision-making, scientific management of land resources, promoting ecological civilization construction, assisting territorial spatial planning and ecological restoration, improving land use efficiency, ensuring ecological environment security, and realizing sustainable development.
This study adopts the method of PSR model to construct the evaluation index system of land ecological security in Heilongjiang Province from three aspects of land ecosystem pressure, state and response, to comprehensively evaluate the land ecological security of the area from 2000 to 2022, and to analyze the phenomena and problems of land ecological security in the study area according to the degree of obstacles and main obstacle factors. analyzed, and the main conclusions are as follows:
(1) Since 2000, the level of land ecological security in Heilongjiang Province has generally shown a fluctuating upward trend, with the level of security ranging from hazardous to relatively safe, and the region’s land ecological security is developing in a favorable direction. However, in the past 20 years, land ecological security has been in an insecure state for most of the time. At present, land ecological security is at a relatively low level and unstable, and the pressure of land ecological security is still great. In order to maintain the land ecological level in the future, it is still necessary to strengthen efforts in all aspects.
(2) From the degree of guideline level obstacles, the main threats to land ecological security in Heilongjiang Province have changed a lot during the past 20 years, and the current threats to land ecological security mainly come from the pressure system. Developing green organic agriculture, controlling industrial pollution discharge, improving the efficiency of pesticides and fertilizers and optimizing the layout of construction land are the keys to improve the land ecological security in Heilongjiang Province.
(3) From the obstacle degree of indicator factors, the main obstacle factors are different in each year, and the biggest obstacle factors have evolved from the proportion of output value of the tertiary industry, the effective irrigated area of arable land to the pure amount of agricultural fertilizer application and the proportion of forested land. 2022, the main factors affecting the ecological security of the land in Heilongjiang Province are the pure amount of agricultural fertilizer application, the proportion of forested land, the generation of industrial solid waste, the amount of pesticide use, and the amount of water resources per capita. and per capita water resources.
(4) The research results obtained from the entropy weight method and obstacle factor diagnostic model in this paper are in line with the actual situation in Heilongjiang Province, but the evaluation of land ecological security is a complex and systematic work, and further research is needed to improve the screening of indicators and the construction of evaluation system.
6.2 Recommendations
In response to the influencing factors revealed by the analysis above, this paper strengthens land ecology in the following aspects to improve land ecological security in Heilongjiang Province:
(1) Fully implement the development strategy for the northeast region in the 14th Five-Year Plan, accelerate the development of modern agriculture, increase the protection of ecological resources, and accelerate the construction of ecological obstacles in the northeast forest belt and the northern sand prevention belt (CPC Central Committee and State Council, 2024); establish different types of ecological function protection zones, strengthen the economical and intensive use of land resources, optimize the allocation of land resources, and avoid disorderly expansion and over-exploitation; and strengthen the management of land degradation areas, such as desertification and soil erosion, and improve land productivity and ecological functions through measures such as afforestation and wetland restoration.
(2) Promote the development of industry in a green and low-carbon direction, restrict the development of highly polluting and energy-intensive industries, encourage enterprises to participate in green manufacturing lists, create green factories, green-designed products, green industrial parks and green supply-chain management enterprises, and realize cleaner production and eco-balance; popularize the use of ecologically friendly materials and technologies, enhance the sense of environmental protection responsibility of industrial enterprises, implement stringent emission standards, and increase the penalties for non-compliant emission penalties.
(3) Establish and improve industrial three-waste treatment facilities, improve the three-waste treatment rate, extract the useful components in the waste for utilization, or discharge the waste after harmless disposal, and reduce the emission of hazardous substances; at the same time, promote the resourceful utilization of industrial solid wastes, agricultural wastes and domestic garbage, and improve the utilization rate of energy, such as reusing the residual pressure and heat of the industry and waste gas and waste liquids after treatment, as well as converting wastes into biomass energy source, etc.; use advanced science and technology to improve the land ecological protection infrastructure, scientificize the use of chemical fertilizers and pesticides, and choose high-efficiency, low-residue pesticides and organic fertilizers as much as possible, so as to reduce the residues of chemical fertilizers and pesticides, and to provide favorable conditions for the improvement of the land ecological environment (Li and Yong, 2023).
(4) Further optimizing the industrial structure according to the existing resource conditions, vigorously developing green and low-carbon industries, encouraging green technological innovation and the development of green and environmentally friendly industries, curbing high-energy-consuming, high-emission and low-level projects, and advocating the introduction of resource-saving and environmentally friendly industries (Li, 2023).
(5) The Government should formulate and implement stricter land management regulations and strengthen the supervision of land use; encourage social capital to participate in ecological protection and restoration efforts, and incentivize more land to be used scientifically; and continue to optimize the regional land-use structure by increasing investment in environmental protection, raising the forest coverage rate, and strengthening the management of soil and water erosion (Li, 2022); to protect the healthy development of the ecological environment, maintain the land survival environment in a healthy development trend, and improve the service capacity of the regional ecological environment.
6.3 Discussions

(1) This study conducted an evaluation of land ecological security and diagnosis of its obstacles at the micro level, focusing on the regional level of Heilongjiang Province from 2000 to 2022. This is mainly due to the current weak statistical data foundation and the difficulty in obtaining annual data at a small scale. In the future, with the deepening of ecological civilization construction, it is expected that statistical data indicators will be integrated and unified. Combined with natural data such as soil, precipitation, and vegetation, further exploration of their coordinated relationship at a smaller scale can be carried out at the micro level to meet the needs of refined management.
(2) Based on the actual situation in Heilongjiang Province and the availability of data, this study selected 21 indicators to establish an evaluation index system. The comprehensiveness and scientificity of indicator selection still need further verification. In addition, only data since 2000 was analyzed in terms of time selection (Zhang et al., 2022). If the research duration is extended, it can more scientifically and objectively reflect and predict the land ecological security status and its evolving trends in Heilongjiang Province.
(3) This study focuses on the issue of land ecological security in Heilongjiang Province, lacking comparative analysis with other regions. The research results have certain limitations for a comprehensive understanding of regional ecological security in coordinated development. In future studies, comparative research will be conducted with the Northeast region, the Yangtze River Delta, and other areas, which is of great theoretical and practical significance for optimizing regional ecological security in coordinated development and promoting sustainable development in the region.
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