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Abstract

:

Academics and practitioners have become more interested in the operationalization and measurement of social-ecological resilience. An analysis of how social-ecological resilience has been operationalized and measured is crucial to understanding systems complexity and dynamics and for clarifying empirical cases of monitoring programmes in ways that enrich their utility and explanatory power. The literature shows that social-ecological resilience has been operationalized using the concepts of adaptability and absorption of disturbance. In addition, diversity and connectivity are principles that have been studied. Climate change in rural coastal regions is the most common stressor that has been studied, and the human dimension of such systems is the dominant focus. Systems interactions, feedbacks and thresholds are rarely identified or assessed. In addition, attributes of the system primarily using indicators are preferred over analysing causal relationships with models. Answering the question of what this resilience is for is a very important aspect of defining the system and the method for assessing resilience.






Keywords:


resilience operationalization; resilience measurement; social-ecological resilience












1. Introduction


Social-ecological systems resilience is a topic of interest for academics and practitioners due to the extensive and rapid global changes and other stressors that threaten both ecosystem services and human well-being [1]. Helping stakeholders assess the current resilience status of their systems is crucial for better decision making and monitoring of desired goals [2], especially since the stressors that these systems face are so uncertain. Hence, understanding the advantages of different resilience measurements and approaches could enrich the theory and practice of social-ecological resilience.



Social-ecological systems (SESs) are complex and dynamic, and their resilience is defined as “the capacity of a system to absorb disturbance and reorganize while undergoing a change to still retain essentially the same function, structure, identity, and feedbacks” [3] (p. 6). The absorption of a disturbance is the amount of change that a system can absorb without changing to a different state [4], and reorganization is the internal control capability of the system to respond [5] or, in other words, the adjustment of the system through the interaction between components [6]. Following these definitions, a system is resilient if it can absorb and reorganize. This capacity in turn depends on the system retaining its function, structure, identity and feedbacks as a condition or attributes. Additionally, adaptability and transformability are also key attributes that influence resilience and can be used to help to understand system dynamics. Adaptability is the capacity of actors in a system to influence resilience [3,7] by learning, sharing knowledge, and adjusting responses and institutions [8]. Moreover, transformability is the capacity to transform into a new system without becoming trapped in an undesirable situation [3]. In addition, current approaches to enhancing resilience include principles such as maintaining diversity and redundancy; managing connectivity; managing slow variables and feedbacks; fostering and understanding SESs as complex adaptive systems; encouraging learning and experimentation; broadening participation; and promoting polycentric governance systems. Diversity and redundancy are important because they can provide options for responding to changes and disturbances. Connectivity “refers to the structure and strength with which resources, species, and social actors disperse, migrate, or interact across patches, habitats, or social domains” [1]. High connectivity may help with recovery after disturbances. Slow variables can shift the system from one regime to another, which means that a critical threshold has been crossed and that a different set of feedbacks, function, and structure become a new system, losing the original identity. Such variables are slow in the sense that they change much more gradually than other fast variables [9]. Adaptive management, adaptability, and polycentric governance are also some of the principles that allow the system to learn and be dynamic.



The conceptual elements described previously are used as dependent variables to measure SES resilience or as attributes of a system to reach resilience (independent variables). The literature shows a diversity of these metrics, and it is worth studying how they are operationalized (the variables used) and measured (the methods). The measurement of social-ecological resilience is essential for making sense of broad patterns and identifying emergent properties in complex systems [10]. Furthermore, the estimation of resilience and its transition from theory to practice requires assessment [11] to implement better strategies to buffer or respond to changes [12].



An equally important objective is to identify SES stressors and shocks (as encapsulated by the question, resilience to what?) [13,14]. Shocks are perturbations that are characterized by a peak pressure that is beyond the normal range of variability in which the system operates [15]; they are infrequent, sudden and generally unpredictable events [16] that tend to start intensely and have dramatic effects [17]. Stressors, in contrast, are continuous pressures that usually increase slowly within the normal range of variability that resides in the system but have a cumulative effect [15,18] that causes the system to shift. Shocks and stressors affect SES dynamics and regime shifts depending on their resilience. Socioeconomic, political or environmental disturbances can affect SESs, and climate change effects, such as droughts, hurricanes, and flooding, have recently been a topic of interest. Thus, it is relevant to observe which kinds of disturbances were assessed in the literature.



In the last decade, there has been an increase in social-ecological resilience operationalization and its measurement, but despite this great interest, the literature suggests that this area of study still faces some challenges. The main difficulties in translating the concept of resilience into useful variables and metrics is the complex dynamics that form due to the diversity of these processes and the interaction of fast and slow variables in social and ecological systems [8]. In addition, identifying the thresholds for multiple shocks and stressors [19] and delineating the system integration and interdependencies between social and ecological components remains challenging [11]. Moreover, the different interpretations of the concept, often linked to the theoretical framework that is used, creates confusion in its empirical application. Therefore, some academics showed that resilience can be estimated by theoretical approximations [20] that are not observed directly and are instead inferred [11].



As a result, a literature review on how social-ecological resilience has been operationalized and measured is needed to understand how the dynamics of SESs have been addressed [8] and whether there is a consistent way to monitor SES progress [21]. Consequently, the aim of this paper is to bring some clarity to the ways that social-ecological resilience has been empirically analysed so that it can be used in ways that enrich its utility and explanatory power. This need is met by providing an overview of the conceptual elements that are used for the operationalization of resilience, the variables that configure the system under study, the disturbances that are of interest, and the methods that have been used to estimate resilience.




2. Materials and Methods


2.1. Literature Selection Process


The literature was retrieved from two search platforms: Web of Science and Google Scholar. Furthermore, from the articles that were selected, the key references related to the operationalization and measurement of social-ecological resilience were identified. The time period of the publications was from 2005 to the beginning of 2017, since a special issue on theoretical surrogates was published in the journal Ecosystems in 2005, which initiated the empirical study of the concept. Over the study period, publications on this topic were scarce until an increase occurred in 2012.



To identify papers that assess or measure social-ecological resilience, the search was restricted first by the topic “social-ecological resilience” (n = 1888) (Figure 1). The next filter was the word “resilience” in the title (n = 704), since resilience is often part of the discussion but is not operationalized or measured because that is not the aim of the papers. Then, from those 704 articles, the next step was to search for the keywords “resilience measurement,” “resilience model,” “resilience indicators,” and “resilience assessment” (n = 322) to identify papers in which intent is to analyse how resilience is operationalized and measured. Then, the text was screened to identify the studies that mentioned explicitly the concept of social-ecological resilience within their theoretical framework (n =130). Finally, studies were checked in detail to identify those with both social and environmental variables, as the social-ecological resilience approach implies that either a social or ecological system cannot be considered in the absence of the other [22]. At the end of the selection process, a total of 50 studies were selected for review. Those comprised peer-reviewed literature and non-peer-reviewed literature, such as journal articles, conference papers, working papers, and theses. Non-peer-reviewed articles were important to include since some relevant studies were made, especially by international organisation; however, the majority are peer-review literature. The papers that were selected were written in Spanish and in English.




2.2. Review Process and Theoretical Foundations


A deeper analysis of each study was performed to compile a database in Excel. Statistical analysis of the topics of interest was carried on. The topics are related to the operationalization of social-ecological resilience, such as the conceptual elements, the characteristics of the system and the disturbances of interest, and to the measurement of resilience by a models or by indicators (Figure 2).



First, the conceptual elements that the studies measured or assessed were identified, such as absorption of disturbance, system identity, reorganization, adaptability, and transformability.



Second, principles for enhancing social-ecological resilience were identified as proposed by Biggs et al. (2012) [1], based on their ability to improve the resilience of critical ecosystem services for human well-being in the face of a disturbance [8]. These principles include the ability to maintain diversity and redundancy, manage connectivity, manage slow variables and feedbacks, foster an understanding of SESs as complex adaptive systems, encourage learning and experimentation, broaden participation, and promote polycentric governance systems. To classify them we searched in the studies when they addressed them. For example, if the study included biodiversity or livelihood diversification this was taken as a diversity measure of the system. Although the studies did not explicitly mention Biggs framework, we considered the variables they measure.



Third, to try to understand the system configuration (resilience of what?), the variables characterizing the social and environmental components of the system were identified. The variables of the social subsystem were divided into social, economic, human and infrastructure variables. The variables related to the characteristics of the people who live and influence the system are the human variables. The social variables explain the relations among the people in the system and their participation in formal and informal networks, groups and institutions, and these variables also incorporate the relationship between human use and the environmental subsystem [23]. The economic variables are the availability of money through income, savings, and loans [24]. The infrastructure variables are related to house conditions such as electricity and drainage and to roads and telecommunication as important assets for economic activities [23]. The variables of the environmental subsystem were divided into abiotic, ecosystem, natural resources, and environmental management variables. The natural resource variables comprise direct-use resources that are co-produced by the interaction of the social and environmental subsystems [25]. The abiotic and ecosystem variables reflect the essential processes and functions of the environmental subsystem [21] that allow natural resources to be provided. Finally, the variables of environmental management are related to the management of the environmental subsystem.



Then, to answer the question of what the system is resilient against, the shocks and stressors that affect the system were identified in the literature.



Finally, the methods used to estimate resilience were defined and grouped in models and indicators depending on how the studies approached them.





3. Results and Discussion


3.1. Operationalization of Social-Ecological Resilience


3.1.1. Conceptual Elements


It is necessary to clarify how resilience is conceptualized by explicitly defining the conceptual elements that are to be addressed [10] to know what is being measured and to delineate the changes that have been observed in reality from the theoretical ones [26].



The results show that the main concepts used are absorption and adaptability of disturbance (Table 1), followed by reorganization, transformability, and system identity. Usually, the studies simultaneously assessed more than one element, such as the absorption of a disturbance and its identity. Absorption and reorganization are the key elements for measuring resilience; however, adaptability, which is a social element that influences resilience, is the second most studied factor.



The absorption of a disturbance is one of the main elements in the measurement of resilience, as proposed by Holling in 1973 [27]; thus, this concept is well internalized in the literature and is relatively easy to understand and operationalize. However, as explained further in the text, there are different ways to measure absorption depending on the epistemological and ontological backgrounds. For example, absorption is operationalized in a system by factors such as access to land by rural populations since it provides flexibility in the selection of crops as an alternative to confront stress [28]. In addition, Altieri and Nicholls (2013) [29] used the maintenance of agricultural production of food in agroecosystems despite drought or storm as proxies of absorption. In contrast, Wang, Huang, and Budd (2012) [30] estimated absorption by the factors that determine whether land can absorb precipitation and maintain its original state.



Reorganization is also used in the literature but is mainly related to social variables, such as reconfiguration of institutional relations and arrangements. In that sense, cooperation, networks, participation, trust, and reciprocity are core variables for this conceptual element [31].



Adaptability is also used in the literature and has been especially linked to climate change [32]. This shows that the literature on risk has considered the social-ecological resilience framework and the overlapping of concepts, which can result in a misunderstanding of how to operationalize social-ecological resilience. Because adaptability refers to the role of human action, it is operationalized by using community actions for learning [18,33,34] or changing. For example, changes in livelihood strategies are considered mechanisms of adaptability [17,35,36]. Changes in agricultural, fisheries, and forestry practices that have been adopted and improved by communities due to past experiences with disturbances are indicators of adaptability [37].



In contrast, system identity, structure, and function are conceptual elements that are more difficult to measure and conceptualize in SESs; thus, further efforts are needed in that sense. Similarly, transformability is one of the lesser-studied elements, probably because this concept is confused with transformation and because it is difficult to define the variables that measure the capacity to not stay in a trap.



Therefore, there is interest in the literature in assessing the role of human actions on the system rather than studying the attributes of other systems.



Regarding the seven principles of Biggs et al. (2012) [1] for enhancing resilience (Table S1), only 6% of the publications that applied this conceptual framework explicitly mentioned them, and 90% measured some of the principles without mentioning this framework. The findings show that 60% of the papers measured diversity in social and environmental subsystems (Table 2). Some examples of the variables of diversity in the environmental subsystem are genetic traits in local varieties of crops and animal breeds that provide tolerance to drought, frost, salinity, pests, and diseases [37]. In the social subsystem, diversity refers to the diversity of productive activities [34], which is a strategy for maintaining resources and income with different risks [38]. Diversity is an attribute that can be operationalized in both subsystems and is crucial for absorption and reorganization [8].



Connectivity variables are also among the most studied and are considered in both subsystems by 50% of the publications. These variables are studied because if the SES is well connected, they can accelerate the restoration of disturbed areas, the maintenance of biodiversity, and communication among social groups [1]. For example, networks and ties within and outside the community can significantly strengthen the community’s ability to contain disturbances, and strong social ties within the community can enable [39] self-organization [31].



The next most commonly used variable is learning, which was considered in 36% of the publications. Learning ensures that individuals and institutions can use new skills and technologies to adapt [34] or transform [1]. This capacity implies that the system incorporates previous experiences in collective actions and therefore has a memory [31]. Participation, which was studied by 32% of publications, primarily works as a facilitation mechanism that promotes learning capacity and collective action in response to disturbances and changes in the system [40]. Furthermore, participation allows for the formation of connections and the self-organization of decisions [41]. Both principles are mainly studied within the social subsystem and are associated with adaptability.



Slow variables and feedback were two of the less addressed principles and were only discussed in 20% of the publications. Slow variables represent the key variables of the system, and if a certain threshold is attained in those variables, the system can be transformed. The use of this type of variable implies a profound knowledge of the system structure and dynamics, and the identification of slow variables requires a knowledge of and a previous study of the system. Moreover, many times the slow variable is identified once the threshold is attained. Although we already know the slow variables for some systems, such as water quality, eutrophication, or social conflict, the variables for other SESs are not easily identified. Similarly, SES interactions and feedbacks are generally not identified in the studies because the systems are not well delimited. Understanding SESs as complex adaptive systems was only noted by Nemec et al. (2014) [42], and they exemplify it with the variable called ‘acknowledgement of slow variables’. Knowing which are the slow controlling variables associated with thresholds in the system leads to the application of adaptive management actions and the incorporation into the long-term governance of SESs, increasing resilience.



Finally, polycentric governance enables the other resilience-enhancing principles [8]. This concept refers to multiple centres of decision making at different scales; in other words, horizontality of decision making that is expressed in terms of modularity and functional redundancy can preserve key social-ecological elements in the face of disturbances and change [1,42]. Governance creates conditions for collective action that constitute the social system´s institutions and strongly influences the ability of SESs to respond to disturbances [43]. Decentralization of power and the resources necessary to govern make the system more adaptable than a hierarchical system because monitoring, actions, and resources are located close to the origin of the problems [21]. However, there are other forms of governance that allow the system to respond, such as adaptive governance, and the assessment of the diverse forms of social capital is very important.




3.1.2. System Configuration of Resilience


System configuration is linked with the question “resilience of what?” (Table S1), i.e., which are the key components of SESs that are relevant to study [12]. According to Resilience Alliance (2010) [12], the ideal way to approach the complexity of measuring social-ecological resilience is to define the study system based on the interacting environmental and social variables. However, only 24% of publications define the interaction between variables and their dynamics. Most of the studies analysed use social and environmental dimensions but not their interactions; this means that they do not define the dynamics of the system but rather the elements enhancing resilience. Describing social-ecological interactions is complicated because some of the interactions between variables operate at different temporal and spatial scales [44].



On average, in each study, the ecological subsystem had 8 ecological variables, whereas the social subsystem had 16 variables distributed homogenously among social, human, economic, and infrastructure variables. Within the social subsystem (Table 3), the human and social variables were the most studied (78%). Education was commonly measured because it facilitates the capacity for change [19] and makes societies more adaptable [21], in human variables. Social variables where institutions and organizations are the most common variables because they provide the potential to generate a constructive change after a disturbance [28]. Additionally, economic variables were widely used because income is generally related to economic well-being and food security [31]. Additionally, savings or borrowing money at the household level can be used to recover from disturbances [21]. Finally, the infrastructure variables were studied by 52% of the publications; in particular, electricity, drainage, and other public services are crucial because the interruption of these essential services leads to poor rescue and relief operations [39].



The ecological subsystem is operationalized in 70% of the publications based on variables describing the use of natural resources. This is very important because these variables represent feedbacks between social and environmental subsystems. Additionally, 48% of the publications considered whether the environmental subsystem was under some type of protection or was managed in some way. As such, these variables are focused on the context of natural resource management and the characteristics of the environment that shape them. Another interesting finding is that abiotic (58%) and ecosystem (64%) variables are considered (Table 4) in almost the same proportion.



The results show that the social dimension of SESs has been studied with a larger diversity of variables than the ecological dimension. Furthermore, in the ecological subsystem, the most studied variables are those that are related to the human use of natural resources. This might be because, in the social system, more proxies can be generated to explain different processes. In contrast, to obtain information from the environmental subsystem, direct measurements must be made (which might also be more expensive), such as measuring soil acidity, unless these variables are evaluated based on social perceptions. In addition, to conduct resilience research and obtain information on the entire system, interdisciplinary groups are needed [44], but not all of the papers incorporated this approach. Moreover, as mentioned before, if the system interactions are not described, it is expected that one subsystem is prioritized over the others, depending on the research group and objectives.




3.1.3. Resilience to Disturbances of Interest


The identification of the particular disturbances that the system is coping with is associated with the question “resilience to what” [12] (Table S1). A total of 78% of the studies in the literature were case studies that were primarily located in rural coastal populations in developing countries (Figure 3).



These regions are prioritized because international climate change research identifies them as very vulnerable regions due to heavy rainfall, floods, sea level rise, and coastal erosion [45]. In fact, climate change is one of the most commonly mentioned stressors and shocks in such regions. Rural populations are affected because their livelihoods directly depend on natural resources [46]; in addition, they tend to be socio-economically and geographically isolated, which poses a challenge for the provision of public services and institutional development [47].



Regarding the disturbances that the publications studied, 39% evaluated stressor effects, 27% evaluated shocks, and a surprising 33% evaluated both types. Nevertheless, only a few publications [17,33,48,49] explicitly addressed them as stressors or shocks that could be conceptually identified by the social-ecological literature. The relevance of differentiating between the two types of disturbance is that their effects in a system might be different because shocks are generally external events, and as researchers, we often decide what kind of disturbance to study instead of assessing the most important one for the system. Interestingly, stressors are more commonly assessed in the socioeconomic dimension, whereas shocks are more commonly assessed in the biophysical dimension (Table 5). This difference might be because social processes can be described using qualitative information through human perception or oral histories, whereas biophysical monitoring involves infrastructure and the collection of data.





3.2. Resilience Measurement


The literature review shows that two types of generic measurements were performed, one using models and the second using indicators, and both were assessed on different timescales. Qualitative and quantitative methods were used in 60% of the publications, only qualitative methods were applied in 17%, and only quantitative methods were applied in 23%. Social-ecological resilience is complex, and a combination of methods can explain the phenomenon in a more complete way.



3.2.1. Models


Dynamic models try to capture system complexity, the state and control variables, the thresholds, and the feedbacks between the ecological and the social subsystems. These variables can be measured with a dynamic time series that calculates the equilibrium and the size of the region of interest [13] given the configuration of the system [50]. Models measure how the system responds to a change in relation to a threshold and the relative state of the system to that threshold [51]. In other words, they try to predict the loss of resilience, given specific thresholds. The results show that 18% of the articles revised present dynamic models and that the majority of these models are conceptual models. Bueno and Basurto (2009) [52] measured the resilience of a fishing system through system dynamics using VENSIM software, in which the loss of resilience occurs when a state variable of the system crosses a critical quantitative threshold. In general, papers using modelling are based on the exploitation of a resource stock by methods such as fishing [52], forest management [53], and agricultural production [54]. However, Kim et al. (2017) [55] also assessed modelling by addressing three issues that they identified in their study area: coastal landscape management, agricultural structure, and tourism industry structure. This method provides a way to test the system for tipping points without putting the actual system at risk [56]. Dynamic models also incorporate qualitative approaches to collect the data and build the system through activities such as focus groups [53] and participative workshops [51].



Dynamic models are not generally applied empirically because the threshold information is not always available; that is, a historical analysis of the dynamics of the SES when it crosses thresholds may not exist. In addition, the feedback between the systems is not always traceable. For this reason, the measurement of resilience through models has been so complex that it is not possible to put it into practice; therefore, they are difficult to communicate and implement in decision making processes.



Multivariate models were applied by 24% of the publications. This type of model was used for two purposes. First, it was used to analyse the significance of certain variables that enhance resilience. For example, Schwarz et al. (2011) [33] demonstrated that community participation, support, and leadership are positively related to coping and learning from stress. Another example is the work of Eakin et al. (2012) [28], who attempted to relate household characteristics, such as lot size, location, occupation, and diversification, to the impact of a hurricane. Second, multivariate models are used to develop scenarios of system changes. Saxena et al. (2016) [57] analysed how shocks and stressors influence household livelihood strategies and how income is affected. Rasch et al. (2017) [56] measured how the variables of inequality and vegetation cover change within three scenarios involving shocks and stressors. Some of the works also estimate thresholds; for example, Dearing (2008) [58] and Forbes (2009) [59] measured thresholds retrospectively through historical analysis of their study areas. Therefore, the measurement by means of multivariate models explains and tests the characteristics of the system that contributed to its resilience and how certain variables can be affected by and can react to shocks and stressors in different scenarios. These models incorporate interviews, surveys, and participative observation, not only as data collection but also to explain the results [28,33,57,60].




3.2.2. Indicators


Social-ecological resilience variables were assessed using indicators in 36% of publications. Uy et al. (2011) [61] quantified the level of livelihood assets using a scale from 1 to 5 (5 being the highest and 1 being the lowest), and households with the highest level of assets were considered to have a high adaptive capacity. In addition, Wang et al. (2012) [30] measured three indicators of resilience—the performance of the system, the duration of the recovery, and the effort of recovery—to assess the capacity of the area to cope with typhoons. Bergamini et al. (2014) [37] evaluated the indicators that measure elements of resilience by applying a value and a trend to each indicator, where 1 is very low and 5 is very high, and the high and low trends are used to explore the direction of community development.



Indicators were also grouped into indices by 16% of the investigations. In particular, Dasgupta and Shaw (2015) [39], Kotzee and Reyers (2016) [62] and Suárez et al. (2016) [63] obtained information from censuses at the municipal level to create an index. Quaranta and Salvia (2014) [38] measured resilience through a rural diversity index that is composed of economic, social, and natural diversity under the assumption that diversity increases resilience. Montalba et al. (2013) [37] used the risk index and claimed that if the risk index is low, the resilience is high. Other publications assigned values to the indicators based on scales (very high, high, medium, low, and very low) [34].



The two forms of indicator measurement discussed above apply qualitative methods, such as participatory workshops or focus groups (Uy et al. 2011) [61], and both are used by experts or decision makers [18,19,29]. In addition, data collection is performed by surveys [33] or censuses [39].



Another type of indicator analysis only uses qualitative methods to measure resilience and does so by means of value scales (very high, high, medium, low, and very low) that represent the attributes of resilience [34]. Another way this is measured is through indicators that are based on the phases of the adaptive cycle; the presence of these indicators suggests a resilient SES, while their absence suggests loss and great vulnerability to disturbances [16,64]. An additional method involves historical analysis of the behaviour of systems in their response to different disturbances over time through interviews [65]. Finally, another way to measure indicators is through interviews and focus groups in order to establish the identity of the system and its tendency to cross social thresholds [36].



Most of the publications that involve indicators seek to establish the attributes that make the system resilient or to determine the status of such attributes, whereas some explain the system characteristics that need to be enhanced and track changes in these attributes. The advantage of studying resilience in this way is that these indicators can be used both for research purposes and for decision making and public communication because they condense the complexity of the systems into manageable and compact information [63]. However, caution must be exercised in summarizing complex processes with a simple metric [21].




3.2.3. Timescale


The estimation of resilience in publications can also be categorized as prospective and retrospective [57]. First, the publications that explain the processes and responses of SESs to past disturbances provide a retrospective analysis [66], whereas the publications that focus on predicting the resilience of systems to absorb disturbances in the future provide a prospective analysis [57]. In a prospective analysis, dynamic models try to predict how close a system is to thresholds and the likelihood of crossing them in the future given their configuration and the disturbance. Additionally, in a retrospective analysis, multivariate models can be used to analyse the weight that certain variables have in explaining the properties or characteristics that allowed a system to respond to disturbances in the past, whereas in a prospective analysis, multivariate models can be used to develop scenarios of system changes based on empirical data on the current state of the system and how it would react in the future to shocks and stressors. Indicators can be used to analyse SESs in two ways by studying how a disturbance in the past has affected the attributes of the system and by monitoring indicators to determine how the system would respond to disturbances in the future.





3.3. Limitations of the Study


Some limitations exist in this review. The publications evaluated in this study include only those with the word resilience in their title, a social-ecological resilience framework, assessment or measurement of resilience, and environmental and social variables. As a result, we excluded other possible studies that could provide good information on the operationalization and measurement of social-ecological resilience, such as Dakos et al. (2015) [67], who measured early warning of regime shifts; Moore et al. (2015) [68], who quantified network resilience; and Fleischman et al. (2010) [69], who analysed robustness in SESs over time. Additionally, the selected publications include only documents in English and Spanish, and other works in other languages were excluded. Despite the limitations, the publications selected are specific for assessing resilience measurement and provide enough information for the analysis as well as very interesting findings.




3.4. General Trends


The actual trend for operationalizing and measuring resilience is based on a large proportion, on assessing climate change effects in coastal regions using indicators and emphasizing social components. The large majority of the studies assess system attributes for reaching resilience rather than the system dynamics. However, determining and assessing interaction and thresholds of coupled systems is the main issue for understanding SES dynamics and trajectories. Therefore, studies need to clarify the systems structure and the interaction between components. That means that the conceptual elements of adaptability and absorption could be used for explaining changes on the system and not only being an attribute to become resilient. Similarly, Biggs (2012) [1] principles can have a positive or negative effect in the systems in terms of sustainability, therefore it would be useful to analyse the effects of those attributes in the systems. However, some challenges need to be faced such as interdisciplinary or transdisciplinary co-construction of the conceptual model, long terms research in order to establish baselines and a profound knowledge of the system for identifying possible thresholds, as well as create models for measuring interaction and processes that take place in different temporal and spatial scales. In addition to, resilience of what and to what, there is a need to clarify resilience for whom or for what, i.e., if resilience is measured for knowing better the system or if resilience is assessed for policy makers to solve a specific problem. Immediate actions are needed if resilience measurement wants to be used for reaching sustainability. Therefore, indicators and index are a useful tool for assessing general or specific resilience. However, it is important to assess resilience from a complex perspective while also keeping the measurement useful for easy communication and application.





4. Conclusions


The literature shows that social-ecological resilience has been addressed mainly by operationalizing the concepts of adaptability and absorption of disturbance and that the principles of diversity and connectivity are the most commonly studied. Consequently, our review reveals the need for further research on some conceptual elements because social-ecological resilience is still interpreted differently by different groups. Our results show that the social dimension of SESs has been studied with a larger diversity of variables than the ecological dimension. Furthermore, in the ecological subsystem, the most studied variables are those that are related to human use of natural resources. In addition, studies do not describe the feedbacks between variables, so the social and ecological subsystems are not integrated. This implies that there is a gap in the methods used to address the complexity of a system. Nevertheless, finding studies that are trying to assess resilience from a system perspective has become more frequent in recent years.



Mixed methods are used in models and indicators. Although models allow for a more dynamic representation of a system and permit the identification of interactions and thresholds in a more systemic approach, most studies use indicators and indices to assess resilience. Therefore, resilience attributes, instead of causal relationships, are the main aspects that are studied. Resilience has been empirically analysed in relation to climate change in rural coastal regions, but it is important to analyse other study areas. In addition, the simultaneous study of different stressors and shocks allows a better understanding of how systems react to several disturbances at the same time, and consequently a measurement of general resilience. The previous is important since the optimization of system elements to a specific goal causes specific resilience but general resilience might decrease [22].



Finally, this study shows that the selection and application of a method depends on both the availability of the information and the research question. Is resilience being measured to know and predict the system? If this is the case, a dynamic model is a useful tool. In contrast, if resilience is measured to know which actual characteristics of a system should be strengthened, indicators are a good instrument. Thus, resilience for what is a key question, not only in terms of attributes or system dynamics but also if the measurement is linked to sustainability. Similarly, resilience for whom is a relevant question, operationalization might be different if resilience is studied for policymaking or for research purposes.



Ideally, for the conceptualization of a SES and the identification of its interactions and thresholds, there needs to be clarity in the conceptual elements used to assess resilience and in the explicit corresponding methods that vary depending on the stressor, the system, and the reason for studying resilience.
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Figure 1. Literature selection process. Flow diagram based on PRISMA. 
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Figure 2. Features of the analysis. 
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Figure 3. Distribution of study cases in each continent. In grey are the countries where study cases took place in America, in blue those in Africa, in pink those in Europe, in green those in Asia and in red those in Oceania. 
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Table 1. Conceptual elements of resilience.
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	Conceptual Elements of Resilience
	%





	Absorption of disturbance
	68



	System identity, structure, and function
	16



	Reorganization
	28



	Adaptability
	66



	Transformability
	16
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Table 2. Principles to enhance the operationalization of resilience.
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	Principles to Enhance Resilience
	Variables Used in the Environmental Subsystem
	Variables Used in the Social Subsystem
	%





	Diversity and Redundancy
	Biodiversity, spatial heterogeneity, diversity and redundancy of the ecosystem, diversity of land use, and diversity of the base of resources
	Diversity of decision makers, investment in diversity of response, social diversity, diversification of productive activities, specialization index, diversity, redundancy, and infrastructure flexibility
	60



	Connectivity
	Pollination, seed dispersal, presence of wildlife corridors and networks, flow of regeneration, and ecological interactions between different landscape elements
	Social networks, communication, changes in migration, membership in social groups, potential for access or evacuation, communication capacity and modularity of infrastructure, distance to urban areas and markets, and mobility
	50



	Slow Variables and Feedback
	Soil acidity, depth of water table and salinized area, vegetation cover, level of agrochemical use, and effectiveness of irrigation infrastructure
	Financial viability, size of the dairy and fruit processing sector, and increase in food insecurity
	20



	Learning and Experimentation
	
	Learning from past contingencies, experimentation, training, innovation, and education
	36



	Participation
	
	Patrolling for illegal activities, decision making through dialogue, participation in activities, collective action, organization, agent access to information, power relations, and cooperation
	32



	Polycentric Governance
	
	Decentralization, governance performance, local interdependence and global autonomy, and cross-scale institutions
	20



	Understanding of Social-Ecological Systems as Complex Adaptive Systems
	
	Acknowledgement of slow variables
	2
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Table 3. Variables of the social subsystem.
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	Type of Variable
	Examples of Social Subsystem Variables
	%





	Social
	Land tenure regimes, policies, laws, equity, trust, security, leadership, reciprocity, legitimacy, and culture
	78



	Economic
	Earnings, savings, market, financial viability, sources of income, expenses, economically dependent people, and financing
	76



	Human
	Users of resources, skills, knowledge, food security, values, years of formal study, health, age, gender, experiences, and well-being
	78



	Infrastructure
	Infrastructure at the household and community levels, boats for fishing, equipment, irrigation channels, water supply, roads, and transportation
	52
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Table 4. Variables of the environmental subsystem.
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	Type of Variable
	Examples of Environmental Subsystem Variables
	%





	Abiotic
	Percent humidity, climate, hydrological processes and properties, soil acidity, depth of water table, and slope gradient
	58



	Ecosystem
	General characteristics of the vegetation, proximity to forests, forest area, key ecological processes, and ecosystem conditions
	64



	Natural Resources
	Stock resources, such as fish, water, trees, livestock, crops, and firewood
	70



	Environmental Management
	Protection of the forest near the community, creation of fish sanctuaries, ecological sustainability, investment and soil conservation practices, afforestation, sustainable management of resources, environmental safeguard measures, and natural protected areas
	48
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Table 5. Types of disturbances addressed by publications.
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	Type of Disturbance
	Stressors
	Shocks





	Biophysical
	Climate change, declining resources, land degradation, biodiversity loss, dry and cold environment, and declining catch rates
	Forest fire, monsoon, diseases, tsunami, earthquake, typhoon, hurricane, cyclone, drought, tidal flooding, and flooding



	%
	48%
	54%



	Socioeconomic
	Infrastructure development, being at the mercy of the market, chronic poor health, influx of industrial labour migrants, slave trade, diminished terms of trade, ageing population, increased industrialization, changes in markets, establishment of protected area, high food prices, threats of community relocation and lawsuits, incentive programmes for large-scale fishing, change in politic capital, and increased urbanization
	Damaged boats, ethnic conflict, face cost of funerals, price volatility, technological failure, border closing, charcoal ban, and the fall of Soviet Union



	%
	43%
	21%
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