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Abstract

:

This paper reviews the exploration and application of social–ecological systems research perspectives to sustainable development issues such as the areas of coupled human–earth relations, resource management, geographical landscape patterns, system dynamics, and the relationship between ecosystem services and human well-being, and summarizes practical approaches and applied techniques for solving social–ecological system problems in order to understand changes and relationships in complex systems better. The article summarizes the theoretical research on social–ecological systems by domestic and international scholars into six frameworks: system resilience, system cascade, nature’s contribution to humans based on ecosystem services, public resource system management, system behavior scenario analysis, and system regime shift. Innovative research and practice oriented to complexity, coupling, and nonlinearity have emerged. However, there are differences between scientific research and applied practice, including their theoretical and methodological orientations. We should be oriented to social–ecological system problems to achieve a transformation from components to relationships, from outcomes to processes, from single to open systems, from general interventions to context sensitivity, and from linear to complex causality to meet what is required from sustainability science and geography.
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1. Introduction


The 21st century has witnessed dramatic changes in both the earth environment and human societies dominated by the Anthropocene [1,2,3]. Further evidence suggests that these changes have given rise to global-scale processes of human modernization and earth system science, and have unpredictable implications for future human well-being and societal development that deserve greater attention and exploration [2,4]. Increased natural and anthropogenic stresses have threatened the earth’s ability to meet growing human demands of food, energy, and water in a sustainable way [5]. Meanwhile, many key global sustainability challenges are closely intertwined [6], such as air pollution, biodiversity loss, climate change, disease spread, species invasion, and resource shortages. These challenges result from the confluence and interaction of multiple, mutually reinforcing social developments and ecological processes at multiple scales [4], where social development includes demographic change, economic development, political dynamics, cultural integration, and technological innovation processes, and ecological processes include material metabolism, energy flow, ecosystem succession, and information feedback among organisms [7]. Moreover, the combined effects of human activities and ecosystem processes have resulted in more complex earth environments, such as climate emergency change and global integration. As a result, the sustainable development challenge facing the human world in the 21st century is therefore to recognize and address the relational, holistic, and intertwined nature of these complex systems [6,8,9].



Facing complex social and environmental issues, the whole range of different expertise and implementing a combination of actions is an important but difficult process [10]. Ecology usually has often viewed socioeconomic status as the external drivers or environment background of the ecosystem dynamics, whereas many economists try to introduce the relevant theories of politics, economics, and sociology to study the ecological resource governance. For example, Hardin introduced the concept of game theory and market action in neoclassical economics for the governance of public resources such as forests and put forward the famous theory of “tragedy of the commons”, but economics and other social sciences simply put ecosystems and natural resources as being regarded as the material basis for obtaining economic benefits and providing livelihoods, resulting in many assumptions that are difficult to applicate in complex regional ecosystems. It is no doubt that patterns of production, utilization and well-being develop not only from economic and social relations within and between regions but also depend on the capacity of other regions’ ecosystems to sustain them [11,12]. However, the change and progress of human society need to seek the optimal solution of balancing economic benefits and ecological benefits: social–ecological system theory emerged in this context. It systematically points out that society and nature are inevitably interdependent and closely linked.



In recent years, social–ecological systems (SES) theory has become a prominent line of research and thinking in the study of sustainability [13]. There is a two-way interaction between social components and ecological elements, forming a feedback loop [7,14,15]. Therefore, understanding the interconnectedness of complex problems requires an interdisciplinary, multi-scale, paradigm-shifting analytical evaluation assessment methodology that is applied to the solutions of the real-life sustainability problems faced.




2. Perspective for Understanding Social–Ecological Systems


The concept of social–ecological systems has been shown to analyze development issues arising from complex interactions between people and the environment on a regional scale [4,16], and is based on the perspective of “the division between society and natural system is artificial and arbitrary” [17], that is, the relationship between the social system and natural ecosystem can be selectively divided according to the theme, characteristics, intention, and nature of human research.



Social–ecological systems, also known as a “composite human–earth system” or “composite human–nature system” [18,19], refers to the coupling system with complexity, nonlinear, uncertainty, and multilayer nesting characteristics formed by the interaction between human beings and the environment [8,14].



Since then, the study of human and natural systems fosters interdisciplinary dialogue and collaboration in a broader range of fields and practices. Hence, we conducted a review of the SES concept through a large amount of the literature, and many papers analyzed did not provide an accurate definition of the term social–ecological system, which reduces the usefulness of the concept to a certain extent. So, we propose that the understanding of SES needs to be started from the perspective of the research field, guiding problems and essential characteristics, so as to be more meticulous when conducting SES research [20].



2.1. Interdisciplinary Research


In 1998, Berkes and Folke [17] explored the questions of “Are humans’ activities condemned to destroy ecosystems?” from an interdisciplinary perspective. They defined the ability of a complex system to blend internal conditions with the external environment in order to build a bridge between the social sciences, which focus on social behaviors and practices, and the natural sciences, which focus on ecosystem endowments and processes.



Early SES research was inspired by the interdependence of human and nature from anthropology, ecology, resource science, and geography. Later research literature involves environmental and social sciences, economics, resource science, geography, and ecology, followed by medicine, psychology, art, and other humanities. Socio-ecosystem research represents a recognized interdisciplinary field of the science of sustainable development [20,21,22].



Many of the methods used by SES go beyond the traditional humanities, sociology and natural sciences, or other single disciplines [4,13,23]. SES research adjusts methods or implements a series of method combinations in order to jointly capture the key points of social and ecological fields and clarify the relationship between them [13,24] and create more methods, models, and policies for the practical application of SES research [25,26,27]. SES research is also highly collaborative with practical demonstrations, and a more powerful natural science–social science interface can be developed to guide research, co-create knowledge, and make decisions [23,24,27].




2.2. Complex Adaptive Systems (CAS)


Undoubtedly, the Anthropocene brings new environmental and social problems [16,28], and scientific research is increasingly using practice-oriented approaches to assess the current situation, predict the potential, and develop policies to deepen the understanding of the dynamic nature of human–earth interactions [4].



There is a general consensus in the relevant literature that SES are described as intertwined complex adaptive systems (CAS) [15,25,29]. They consist of interactions between various elements of human and nature. These interactions make up the structure, processes, patterns, and functions of the system and feed back to the elements that generate them. Therefore, we are actively exploring to unravel the mechanisms and patterns of dynamic interactions between human and non-human elements in SES and to explain interesting emergent phenomena [29]. The basic principles of SES research are based on the understanding that linked human and ecosystems are CAS, and that this network of constantly adapting and evolving socio-ecological interactions produces macro- or micro-level SES outcomes, such as land use landscape patterns, and may lead to changes in social systems. Thus, explanations of SES dynamics and phenomena need to focus on micro-level interactions and macro-level outcomes, as they both shape the drivers of system evolution [29].



What is more, some features in CAS, such as critical thresholds, critical points, regime shifts [28,30,31,32,33], cross-scale connections, feedback loops, and nonlinearities [34,35] can be used to identify and explain the complex nature of SES behavior and related patterns [25]. The integration of CAS concepts into SES research also reflects the fact that its theoretical framework and conceptual foundation have been developed [21,36]. However, the understanding of CAS is then limited and therefore there are many research gaps in identifying relevant methodologies and practical approaches to study SES.



Through theoretical derivation of SES, Preiser [25] obtained the conceptual definition and organizational principles of SES as a complex adaptive system, which described various characteristics and connotations of SES (Table 1).




2.3. Coupling System


Human–natural systems are more often studied independently [37], such as how the natural environment supports or constrains social development, or how human activities damage and interfere with the natural environment, and a one-way understanding of social–ecological systems hinders a better understanding of the complexity (e.g., feedback, nonlinearity and thresholds, heterogeneity, time lags) in coupled human and natural systems.



In general, traditional social sciences pay more attention to human actions, preferences, goals, consciousness, and interpersonal relationships and functions, and minimize the function of environmental backgrounds or immobilize environmental influences. Ecological science tends to focus on the elements, patterns, and processes of the environment itself, such as physical, chemical, and biological effects, while human beings are regarded as external and non-dominant parties. However, socio-ecological systems are a new concept that couple human and natural systems. Although there are significant differences in theoretical origins, conceptualization methods, and problem-solving purposes, the emergence properties of coupled systems show that socio-ecological systems have their own unique structure, function, and dynamic mechanism.



The dynamic mechanism of the coupled system originates from both natural and social forces [18]. Coupled social and ecological systems involve relationships between multiple human activities and environmental subsystems, micro-level impacts, changes at the macro-scale, positive effects or negative feedback, and quantitative and qualitative patterns of change. Therefore, their dynamics are very complex [18,38]. Additionally, they also need to take into account the occurrence and contribution of emergence phenomena. These complications make it necessary to conduct coupled systems research and explore the conditions, mechanisms, and rules of whole emergence and sustainability.



As the basic attributes of social–ecological systems, complexity, coupling, and interdisciplinarity reflect the difficulty of research in this field, as well as the major challenges related to the sustainable development of the region. Social–ecological systems research is an intersection of geographic research and sustainable development science, involving numerous disciplinary knowledge at the spatiotemporal scale, and is a focus and difficulty for future scientific research.





3. Social–Ecological Systems Research


As a complex adaptive system and coupling system, SES profoundly influence and shape the development processes and paradigms of sustainability research [25,33,39]. Moreover, the interdisciplinary nature of its research also provides more referential, usable, and improved disciplinary methods, tools, and approaches for exploring the principles, mechanisms, and characteristics of socio-ecological systems. Early SES papers [21,40] mainly used the ideas and principles of environmental science, economics, sociology, and other disciplines to explore the human–environment system interaction from the perspectives of land system change, public resource management, system vulnerability, or natural environment change. As the concept of SES is gradually transformed into the study of the complex and coupled system interwoven between human society and natural ecology [41,42,43], more and more studies have carried out extensive research. Regarding ecosystem services and human well-being [44], María Mancilla García [43] demonstrated that adopting a philosophical view and focusing on the dynamic relationship of processes provides a new perspective for advancing SES research. Patrick [45] believes that transdisciplinary environmental networks are required to generate knowledge of the dynamics of coupled human–natural systems and to assess societal and policy consequences of complex environmental issues. He tried to establish a sound socio-ecological observatory and collect a large number of relevant environmental coupling data, so as to analyze the characteristics and problem attributes of SES in a more comprehensive and scientific way. Hanqin Tian [5] constructed an integrated simulation model of the food–energy–water (FEW) relationship by coupling ecological, economic, and climatic elements to analyze the interactions and feedback in the ecosystem–human–climate system. Joern Fischer [19] suggested that studies of SES are useful for understanding the interrelated dynamics of environmental and social change. Existing research results have helped facilitate improving the understanding of the dependence of human social systems on ecosystems, promoting cooperation between natural science and sociology. The methodological diversity provided by multi-disciplines improves the understanding of complex systems, and now major policy development and decision-making programs have begun to consider SES interactions. Carena [46] analyzed the complexity of socio-ecological systems in terms of social values and environmental governance, suggesting that multi-level values influence natural resource management and sustainable use and facilitate the development of effective strategies to adapt to global change.



From the existing research literature, we can distill the basic connotations of SES research: (1) social and ecological systems and ecosystems interact and are interdependent from structure to process; (2) these interactions produce emergent outcomes and properties (e.g., resilience and adaptability) that differ in their effects from their individual components; (3) one can study social, ecological, and economic systems of sustainable development to understand their properties and trends and thereby reconstruct a holistic picture of sustainable development outcomes; and (4) SES research provides an integrated view of humans in nature and engages with global sustainable development goals in a more system-wide conscious manner [43].



In order to clarify the main content, guiding issues, methods and methodology of SES research, and to understand the key characteristics, structure, function, adaptation, and other properties of SES, we summarize the comprehensive SES research carried out by current scientists from aspects of frameworks, methods, and tools research, thus providing more practical experience and theoretical guidance for meeting the challenges of sustainable development in the world (Figure 1).



3.1. SES Frameworks


Scientific studies all design top-down or bottom-up research programs and frameworks of thought based on the concepts, connotations, characteristics, and nature of their fields of study. Similarly, the frameworks constructed in numerous SES studies reflect different areas of social–ecological systems, such as adaptive governance, resilience assessment, institutional transformation, and sustainability potential. Various analysis frameworks are linked to the nature of the problem to be solved, the preferences of the researcher, or the particular area of SES research. Moreover, these frameworks have brought more options to system governance pattern-related research by providing a platform to analyze the integrating effects from natural, political, economic, and social factors.



Within the last two decades, significant advances have been made in interdisciplinary research and analytical framework design for social–ecological system coupling. In different studies that explicitly consider the interaction between social systems and ecosystems, most of the various research and analysis frameworks have been designed and constructed based on conceptual understanding, problem attributes, and causal relationships. The main purpose of these frameworks is to identify, categorize, and organize those factors, relationships, processes, and outcomes deemed most relevant to understanding a particular phenomenon [46,47,48]. This paper focuses on the applied framework designed by social–ecological systems theory for sustainability analysis in the geosciences, and includes (Table 2):




	
The Panarchy framework depicting system resilience as an outcome of connected adaptive cycles at different scales (Panarchy) [34,49,50,51,52,53] (Figure 2).



	
The conceptual cascade framework of “Pattern–Process–Service–Sustainability” that builds on the understanding the coupled human and natural system (CCF-PPSS) [5,6,18,54,55] (Figure 3).



	
A socio-ecological framework for measuring nature’s contributions to people (MNCPF) based on ecosystem services [56,57,58,59] (Figure 4).



	
The diagnostic framework to assess sustainability of the utilization and management of public resources (SESDF) [21,48,60,61,62,63,64,65,66] (Figure 5).



	
The social–ecological action situation (SE-AS) framework to analyze the emergence of social–ecological phenomena from social–ecological interactions (SEASF) [29,43,67,68,69] (Figure 6).



	
An analytical framework of the regime shifts of social–ecological systems (RSAF) [9,70,71] (Figure 7).
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Table 2. The main characteristics of the selected SES frameworks and identified applications.
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Types

	
Concept

	
Principle

	
Key Research Questions Appropriate for This Representation

	
Application in Case






	
Conceptual descriptive framework

	
Panarchy

	

	
4 stages in the evolution of complex systems: exploitation, conservation, release, reorganization



	
3 attributes: potential, connectedness, resilience






	

	
Analyze the stage characteristics of social system and ecosystem, and explore the adaptive governance scheme



	
Assessing the resilience of social–ecosystem systems to stress from external influences and processes






	

	
Assesses resilience and transformation in riverine and wetland social–ecological systems at a variety of scales, levels of development, and degrees of degradation [51]



	
In residential communities to natural disasters [52]



	
Dynamic changes of social development and ecological environment sustainability in urban agglomerations [53]









	
CCF-PPSS

	
The framework takes public resource management theory and organizational behavior theory as its social foundation, introduces the condition factors of the ecosystem itself, and constructs a series of core variables such as resource units, resource systems, users, and governance systems, which directly affect the final outcome of the social–ecological system interaction

	

	
Changes in ecological patterns and processes caused by both natural forces and human activities can affect multiple ecosystem services through cascade effects, resulting in trade-off and synergy effects between services






	

	
Analyzes the complexity of coupling human and natural systems in the Loess Plateau region of China, as well as the development traps and sustainable management measures of socio-ecological systems [54]









	
MNCPF

	
Ecosystem services as the nexus between the supply and demand sides of the SES; establishes linkages between ecosystem services and human well-being; introduces factor drivers and feedback loops; takes into account spatial and temporal scales.

	

	
The supply–demand and trade-off relationships that affect ecosystem services through institutions, policies, etc.



	
To describe the safe operation space and state of SES






	

	
Natural resource management and territorial space governance [57]



	
Ecosystem services drive urbanization and land use change [58]



	
Forest ecosystem services are the main source of livelihood for indigenous people in the rainforest [72]









	
Phenomenological analytical framework

	
SESDF

	
The framework is based in common resources pool theory and collective action theory and is a collection of variables characterizing the resource, the resource system, users, and the governance system that have empirically been shown to affect collective action and sustainable common pool resource use

	

	
Focuses on interactions between nature resource users, particularly the factors that enable self-organization for sustainable resource use



	
Emphasis on the impact of human institutional management and a sense of self-organized learning on ecosystems and natural resources management






	

	
Sustainable development management of island fishery [62,66], lake, and wetland resources [63]



	
Forest self-governance and forest policy evaluation related research [24,64,65]









	

	
SEASF

	
This framework is a tool for capturing the dynamic processes that generate socio-ecological phenomena. It extends the concept of action contexts to focus on socio-ecological system interactions and their linkages at various levels, emphasizing specific analysis of specific phenomena

	

	
Focuses on the interpretation of sudden emergent socio-ecological phenomena, providing usable information for field studies, experiments, or mathematical and physical model construction



	
Act as a boundary object to facilitate the integration of knowledge of key interactions between ecological and social domains into the interpretation of socio-ecological change






	

	
Effective management of lakes should be achieved from three aspects: analysis of lake pollution factors, environmental governance, and improvement of the future ecosystem services [29]



	
The poverty trap in African countries is a socio-ecological negative feedback phenomenon resulting from the interaction of action scenarios [67,68]



	
Socio-ecological process scenarios such as at the global level, including trade patterns and climate change, and the regional and local level, including land use change and wetland loss, maintain the potential global pandemic risk [69]









	

	
RSAF

	
An analytical framework to identify the regime shifts of SES based on changes in the relationships between SES components while also establishing empirical links with their drivers and local and spillover effects with a perspective of processes unfolding over time

	

	
Regime shifts, i.e., large, abrupt, and persistent changes in system structure, function, and feedback, occur across a wide range of SES



	
Drivers from human activities and climate change determine the social–ecological interactions and then generate both local effects and spillover effects in distant systems






	

	
Analyzing the evolution over the past 1000 years of the SES in China’s Loess Plateau, and identifying five evolutionary phases [9]



	
Urbanization and rural outmigration in China will produce a large but transient carbon sink effect [70]















3.2. Commonalities and Characteristics of Frameworks


These frameworks have emerged from the need for concepts that permit structured, interdisciplinary reasoning about complex problems in social–ecological systems, and are based on the understanding of SES as complex adaptive systems, focusing on the interaction between the elements of the natural ecosystem and socioeconomic system. Therefore, it has universality, and more clearly designed content has selectivity, which is conducive to researchers’ selection of applicable frameworks according to the research content, research field, and problem orientation.



The criteria used for summarizing the frameworks in this article are theoretical concepts-oriented or an action analysis-oriented. The former focuses on deducing and summarizing the overall evolution process and comprehensive effect of SES as a coupled system, while the latter focuses on analysis of the interaction mechanism and process model among elements, nodes, variates, and components in the SES.



In terms of research application, these frameworks differ significantly in research objectives, disciplinary backgrounds, time, space, organizational scales involved, and their conceptualization of the social systems and ecosystems as well as their interaction [47], which is manifested in the high diversity of valuable results of different scales.



The data requirements of these frameworks are determined according to the research objectives and selection variables, and the level of detail of the data depends on the nature of the socio-ecological problem being studied.



An overview of SES framework research is difficult to state clearly at this time due to the lack of comparability of results obtained through different frameworks due to differences in application context, scale, and data sources, as described above.



This paper argues that those interesting phenomena and features in SES research arise from social and ecological processes, and that complex feedback loops blur the distinction between causes and effects, making it difficult to accurately quantify the resilience and sustainability of social–ecological systems, so researchers often use frameworks and theories to design their research protocols. Framing research is a theoretical tool for understanding invisible social–ecological systems, building networks of relationships among SES variables, identifying evaluation elements and indicator characteristics, expressing linkages and processes, and embedding external contexts to help explain or predict SES outcomes [1]. However, its theoretical breakthrough does not solve the problem of a lack of methodology, so the actual application of research progress is slow. How to find a general research method that can meet the requirements of natural science and social science, quantify economic, social, and ecological indicators, and finally reflect the relationship between them has become a critical problem in the international academic circle. Those studies should meet the two core requirements of interdisciplinary research: (1) effective integration of different social and natural science theories and hypotheses; (2) quantitative analysis of empirical data in a scientific and efficient way [64]. Meanwhile, the mutual-feed mechanism between social factors and the ecological environment is also a hot spot and a difficulty in current research.




3.3. Research Methods and Tools


To achieve an integrated study of SES, methodological plurality is a necessary condition [19,25]. By applying diverse and innovative methods and tools to make the theorized analytical framework operational, the key components of the dynamics and complexity of system interactions can be better understood, and more hands-on solutions can be proposed.



The resolution of the interconnectedness of complex problems takes an interdisciplinary and cross-disciplinary approach to expertise [73,74]. Many of the methods and instruments used in SES research integrate traditional social and natural science methodologies, including quantitative and qualitative methods such as system dynamics modeling, network analysis, agent-based modeling, multi-criteria analysis/indicator-based aggregation, and integrated assessment/decision support systems (Figure 8). This paper matches SES studies with research methods based on research steps and objectives that are proven effective in obtaining research results and conducive to understanding the dynamics of complex SES interactions, as well as supporting human well-being, livelihoods, and promoting sustainable resource management (Table 3).



The interdisciplinary, multi-scale, complex coupled nature of SES research, the need to go beyond the “sum” of social and ecological research, and the need to focus on system dynamics across scales has led to a high degree of methodological diversity [13,81], which needs a variety of data collection methods, data analysis, and deductive methods and models from a variety of disciplines to be combined to solve complex problems of socio-ecological systems. In addition, recent years have also seen the emergence of new research areas of modeling approaches: building social–ecological observatories (SEO) to collect data at multiple spatial scales, resolutions, and knowledge domains [45]; an adaptive social–ecological system management matrix (ASEMM) that is accessible and can be updated periodically to reflect systemic changes in social–ecological management decisions [82]; researchers integrated an assessment model—the Delta Dynamic Integrated Emulator Model (ΔDIEM) [83]—to explore the outcomes of four contrasting adaption trajectories with linkages of the environment, people, and policy choices which can be used to support informed management, development, and adaptation. Such researchers will propose theoretical models or construct method models according to the special SES problems of the region to be solved, and the methods and tools that are more targeted and applicable to the region, but the results obtained from the research and analysis of various methods may not be comparable.



However, methodological innovation and diversification remains one of the biggest challenges in SES research [13]. Complex causality is the most difficult problem to be solved by all types of methods. The nonlinearity of causal trajectories, the suddenness of disaster events, and other complex socio-ecological problems require the collection of a large amount of data of a different nature, as well as the accumulation of local experience and scientific methods capable of tracing causal relationships across scales. This is an extremely complex and data-intensive task [84]. In conclusion, it would be interesting to develop new methods to fill the gaps in SES in the future, and innovative methods and approaches that can account for and represent the interactions between various system components are important for analyzing the sustainability of complex socio-ecological systems [14].





4. SES in Geographical Applications


The concept of social–ecological systems is useful for understanding the interlinked dynamics, and the development and evolution processes of environmental and societal change with dynamic, forward-looking, and systematic approaches of the system as a whole. It provides a basic logical framework for the research on the dynamic development of the human–land relationship. The concept has helped facilitate the interpreting of the sustainability of human–land relations: (a) increased recognition of the dependence of humanity on ecosystems; (b) improved collaboration across disciplines, and between science and society; and (c) increased methodological pluralism leading to improved systems understanding [19]. Therefore, it is considered as an important way for science to achieve sustainability of human and natural systems.



Regionalism, comprehensiveness, and complexity are the basic characteristics of geography in the new era. Notably, the concept of social–ecological systems is not rigid, and several different system frameworks and combinations of approaches have been listed to assist in the analysis of complex social–ecological problems and relationships in our article. In view of the regional, comprehensive, and complex characteristics of geography, many applications of geography in the future should be reflected in the following aspects by using social–ecological system theory research and framework analysis.



4.1. Land System and Land Science


The human–earth relationship regional system is the core of geographical research, which is an open and complex giant system composed of the geographical environment and human activities. The social–ecological system is an interpretation of the complex system of human and nature from different disciplinary perspectives, and as the interface between human society and the natural environment, the land system is a typical complex system. Land change science has become an interdisciplinary research direction for understanding human–natural coupling systems. Social-ecological system theory applied to the field of land science can build a coupled social and ecosystem land use trade-off and optimization model, which simulates the state changes of social-ecological systems and the degree of achievement of regional sustainable development goals under different scenarios, and is conducive to optimizing regional land use schemes and coordinating the configuration of regional natural and social demand for land use [85].




4.2. Landscape Pattern and Landscape Management


Land surface distributions of complex and varied landscape patterns, such as riverscapes, mountain landscapes, landscape architecture, etc., are complex, large-scale landscape mosaics of connected resources and land, embedded in different ecological and social economic settings, while social–ecological interactions among stakeholders often complicate resource conservation, landscape exploitation, and biodiversity and pattern management.



The challenges in managing landscapes are diverse, including rapid urban expansion on highly productive agricultural land, increased vulnerability from natural disasters, and biodiversity conservation. Because many of these issues are neither only ecological nor only social in nature, their successful management will require a holistic social–ecological system (SES) science-based approach that includes a thorough understanding of the dynamics of and interactions between their various components.



SES science and networks can improve resource management, better inform socioeconomic development, and suggest proactive responses to potential hazards and chronic risks. Furthermore, these networks provide the capacity to improve community responsiveness to change through the development of resilient infrastructure and promotion of greater security for livelihoods.




4.3. Natural Resource Management and Territorial Space Governance


In terms of natural resource management and territorial space governance, SES research is mainly used to evaluate regional resource and environmental carrying capacity, delineate the boundary line of interaction between human activities and ecological environment. First, SES frameworks can provide boundaries and thresholds for evaluating regional resources and environmental carrying capacity. The goal of green and sustainable development is to control the scale and intensity of human activities within the limits that the natural ecosystem can bear, and the social and economic system within the range of security and justice. Different from the previous work of evaluating resource and environmental carrying capacity based on index systems, the SES framework is used to comprehensively analyze key surface biophysical and socioeconomic processes, and then set the threshold of a safety boundary, so the analysis results are more objective. Secondly, through regulation influencing the safe operation of the space of the earth’s limits and social boundaries, and limiting human activities in a certain space range, or quality control, in the protection of the ecological system continuing to supply products and services under the premise, to safeguarding national and regional ecological security and the purpose of the social and economic sustainable development.





5. Conclusions Remarks


Despite many recent advances in sustainability science, the environmental and social challenges we face demand better understanding of the complex and evolving links between ecosystems and human societies. The SES perspective is an interdisciplinary system theory that combines ecological and social sciences to study coupled human and natural systems [6] and has proven to be a theoretical guide and analytical framework to analyze the realization of the ideal of sustainability between humans and nature [19]. The concept has helped facilitate increased recognition of the dependence of humanity on ecosystems, has improved collaboration across disciplines and between science and society, has increased methodological pluralism that has led to improved systems understanding [28,84,86,87], and has manifested in major policy frameworks and initiatives, such as Future Earth, The Intergovernmental Platform on Biodiversity and Ecosystem Services (IPBES) [88], and the Sustainable Development Goals [19,88,89].



This paper focused on the applied framework designed by social–ecological systems theory for sustainability analysis in the geosciences, as well as novel approaches such as model building and mathematical analysis combined with traditional research methods such as field research in geography. We found that provides a basic logical framework for the research on the dynamic development of the human–land relationship. The concept has helped facilitate the interpreting of the sustainability of human–land relations. The classical analytical framework and research methods summarized in this paper are all from the perspective of human–land relations, committed to solving the relationship between geoscientific factors such as land, resources, landscapes, and human activities, and forming a more abundant social ecological system landscape with geographical connotations. We recognize that both social and ecological systems are under increasing dynamic change driven by global change and human activity. Both the initiation of theoretical framework ideas and the development of quantitative model methods should be beneficial to reveal the mutual feedback mechanism between them and become the scientific basis for maintaining and improving the system elasticity and sustainability.
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Figure 1. An understanding of SES as complex, interdependent, and coupling systems that influence the analytical framework and methods applied to SES research. 
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Figure 2. The Panarchy framework [34]. Interaction between elemental components shapes the state of the system. The framework has 3 concerns: recovery time from disturbances and the capacity to absorb them; cross-scale interactions; to build adaptive capacities with experiments and learning. 






Figure 2. The Panarchy framework [34]. Interaction between elemental components shapes the state of the system. The framework has 3 concerns: recovery time from disturbances and the capacity to absorb them; cross-scale interactions; to build adaptive capacities with experiments and learning.



[image: Sustainability 15 06930 g002]







[image: Sustainability 15 06930 g003 550] 





Figure 3. The conceptual cascade framework of “Pattern–Process–Service–Sustainability” [55]. A deep understanding of the framework interactions can help to design policies and measures to enhance the sustainability of complex socio-ecological systems. 
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Figure 4. A socio-ecological framework for measuring nature’s contributions to people based on ecosystem services [57]. On the supply side, the impact of natural ecosystem elements, structures, processes, and functions on the types, quantities, and spatiotemporal characteristics of ecosystem services are described; on the user side, the use of various ecosystem products and services by the socioeconomic system to meet the needs of different levels of human well-being are described. 
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Figure 5. A general diagnostic framework of SES [48]. 
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Figure 6. The social–ecological action situation (SE-AS) framework [29]. 
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Figure 7. An analytical framework of the regime shifts of SES [9]. 
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Figure 8. Applicable SES research methods and tools. 






Figure 8. Applicable SES research methods and tools.



[image: Sustainability 15 06930 g008]







[image: Table] 





Table 1. SES organization principles based on CAS concept.
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	Rules
	Description





	Relationships over individuals
	The nature and trend of the system as a whole can be better understood by clarifying the relationship between the components than by understanding the idiosyncratic characteristics of the individual components



	Adaptability
	Many relationships in the system have feedback processes and response mechanisms so that the system can constantly adjust its state to adapt to environmental changes and external forces



	Nonlinear correlation
	The change of small elements will lead to the large-scale, continuous, and sudden unexpected restructuring of SES structure and function, and ultimately lead to the reform of the whole system



	Boundaryless
	SES has a profound interaction and connection with the broader environment, and the boundaries of the system often depend on the researcher’s purpose, the observer’s perspective, and the characteristics of the research problem



	Situational dependence
	Elements and indicators in the system will assume different roles and functions according to time sequence and context



	Complex causal relationship
	Causality in SES is not unidirectional or linear but marked by a complex recursive causal path. This leads to SES not always being an accurate thorough understanding, and the property nature of the system is unpredictable
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Table 3. Summary of methods used in SES research.
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Research Objectives

	
Methods and Tools

	
Application and References






	
Data collection and system scoping

	
Ecological field data collection

	
The most direct and objective first-hand data can be obtained for understanding the structure and processes of the natural ecological environment and the impact of human activities on disturbance, etc. [75].




	
Interviews and surveys

	
Focuses on the collection of person-related information, generating qualitative data and regular experiences to understand the assessment of long-term social, economic, and cultural changes in SES [62]




	
Participatory data collection

	
Stakeholders in regional socio-ecological systems are themselves part of the problem to be solved, and researchers should focus on co-producing knowledge with them [76]




	
Analyze SES component variables and relationship

	
Comparative case study analysis

	
Qualitative, comparative, empirical meta-analysis will provide a deeper understanding of the complexity of SES [6]

Direct comparisons guided by an SES framework [53,59,63]




	
Statistical analysis

	
Processing and application of collected data with mathematical tools, identifying control parameters of social and ecological factors, testing hypothesis problems and forecasting future trends




	
Network analysis

	
Linking society and ecological processes to analyze how patterns of linkage vary among nodes, and how variation in connectedness influences the behavior of network nodes [77]




	
Explain system phenomena and dynamics changes

	
Agent-based modeling

	
One of the key methods to study emergent phenomena of systems:

the agents often represent individual or collective actors or biological organisms, the social environment comprises social structures, the biophysical environment represents natural resources or ecosystems that are used or affected by the behavior of the agents [78]




	
State-and-transition modeling

	
Explains the causes and consequences of ecosystem change by simulating the effects of external drivers (such as climate) and human activities (such as management action) [79]




	
SES governance and informing decision making

	
Ecosystem service modeling

	
Integrated valuation of ecosystem services and trade-offs

Identify areas for conservation, utilization, or restoration based on the balance between supply and demand of ecosystem services in the region [80]




	
Flow and impact analysis

	
Measuring the relationship between resource flows and human society and monitoring the linkages between ecosystems and human well-being
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