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Abstract

:

The terms ‘resilience’ and ‘vulnerability’ have been widely used, with multiple interpretations in a plethora of disciplines. Such a variety may easily become confusing, and could create misconceptions among the different users. Policy makers who are bound to make decisions in key spatial and temporal points may especially suffer from these misconceptions. The need for decisions may become even more pressing in times of crisis, where the weaknesses of a system are exposed, and immediate actions to enhance the systemic strengths should be made. The analysis framework proposed in the current effort, and demonstrated in hypothetical forest fire cases, tries to focus on the combined use of simplified versions of the resilience and vulnerability concepts. Their relations and outcomes are also explored, in an effort to provide decision makers with an initial assessment of the information required to deal with complex systems. It is believed that the framework may offer some service towards the development of a more integrated and applicable tool, in order to further expand the concepts of resilience and vulnerability. Additionally, the results of the framework can be used as inputs in other decision making techniques and approaches. This increases the added value of the framework as a tool.
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1. Introduction


Decision making may be generally defined as the art and science of identifying, from a large number of feasible alternatives, the set of actions which best accomplish the overall objectives [1,2,3]. This process may seem simple enough to apply; however, arising problems have usually proved hard to deal with [4,5]. Furthermore, decision making may become even more challenging and pressing in times of crises, such as environmental and climatic uncertainties, or economic instabilities. Events such as these may force the systems to reveal their weaknesses abruptly, and may press decision makers to rapidly enhance the systemic strengths. Additionally, the lack of information on the various systemic properties, interfering relations, and interconnecting phases may prevent decision makers from developing timely, efficient and implementable corresponding actions.



Thus, in order to cope with and adapt to such characteristics, decision and policy makers need to be provided with sufficient information regarding both the system and the problem at hand [6,7]. Specifically, decision makers need to obtain information about the system’s state, organization, functioning, key attributes and properties, as well as the potential of the system to react to threats. In this regard, the descriptive capacity of resilience and vulnerability, as well as their conceptualization through time, may provide the desired information [8,9,10]. Resilience and vulnerability are two dynamic system assessment concepts which are of growing interest among researchers [11]. Furthermore, Miller et al. (2010) [12] state that the combination of resilience and vulnerability in a common analysis framework may promote systems knowledge and understanding.



Nevertheless, both resilience and vulnerability terms have proved difficult to apply, mostly due to the fact that they have a variety of different meanings to a plethora of different researchers [13,14]. Hence, their conceptualization and treatment are usually based on the objectives that they are called to serve upon, as well as the research needs that they are called to fulfill. For example, SOPAC’s resilience embraces the properties of resistance and recovery [15,16], while others use reorganization and change as the major components [17,18]. Furthermore, the relationship of resilience and vulnerability exhibits, most of the time, a certain degree of complexity and ambiguity [15,18,19,20,21,22,23,24,25,26].



Such difficulties may exacerbate the confusion and disorder in the interaction among a wide range of users, and—most of all—among decision makers who are not necessarily experts on every issue involved [26]. In the present approach, within the context of avoiding such sources of confusion, and in an effort to enhance the benefits that the combined concepts of resilience and vulnerability may provide, a decision-making oriented analysis framework has been developed. In relation to other, more comprehensive and/or general, attempts to combine the vulnerability and resilience concepts, the present framework tries to incorporate simplified versions of the combined concepts, focusing mainly on their technical/engineering elements. On the one hand, such a simplification may downscale the concepts’ perspectives by adopting a specialized version of their essence and terminology compared with other similar efforts that do not necessarily simplify the two concepts [24,27]. On the other hand, it may offer an initial, possibly more focused, interpretation of a system’s performance and functioning. All in all, it is believed that it may form a step, along with other efforts, in the quest towards an integrated framework that could ideally include most of the properties of the combined approaches. The components of the current framework and their conceptual relationships are presented in the following sections. In order to display the various functions of the framework, a case study application is also demonstrated. In this regard, two forested areas with hypothetical properties, facing the potential threat of forest fires, have been used as examples.




2. Resilience-Vulnerability (RV) Analysis Framework


2.1. Definitions


For the scope of the current effort, the terms ‘resilience’ and ‘vulnerability’—as the ‘core’ of the methodological framework—need to be further illustrated. As stated, their definitions are more simplified versions than others provided in the general literature. Hence, an additional objective of the present approach should be to mitigate the complexity enclosed within the various existing definitions and concepts. Such an effort would also be more suitable for technical/engineering and decision-making oriented tactics. Overall, resilience and vulnerability are related to a system and the incurred disturbances [26]. In this regard, the following premises for the pertinent concepts may be delineated:



A Disturbance (D) is an instantaneous or continuous natural or man-made event that causes a system to react, to change its functions, or even to collapse. In this regard, forest fires are considered instantaneous disturbances, desertification constitutes a continuous disturbance, and management actions belong to the man-made disturbances. A disturbance can be either a positive or a negative event interchangeably, if the resulting state of a system is desirable or not. The identification of a disturbance per se may be conceived as the most important step of the framework’s processes, since the factors that affect the occurrence and intensity of a disturbance can be used for the determination of a system’s resilience and vulnerability.



Resilience (R) may be considered as the measurement of a system’s existing ability to absorb the effects of a disturbance while maintaining some of its key functions without collapsing to a previous evolutionary state. Such a definition also uses some elements from the term ‘ecological resilience’ [28]. However, it should be pointed out that—in a more holistic fashion—a resilient system may make use of a disturbance, adapt and innovate on the same route of development. Corresponding definitions treat resilience as persistence, as adaptability, and as transformability [9]. Although the current effort shares the same overall concerns and rationale, the definition used refers primarily on a system’s capacity to buffer or change a disturbance. All in all, resilience may also be considered to be a dynamic concept, which is constantly affected by a plethora of internal characteristics (e.g., species diversity and distribution) and external factors (e.g., management actions, policy measures, forces). Such characteristics and factors make the system capable of withstanding or absorb the impacts of a disturbance [18,22]. It has to be noted that the familiarity with a hazard can be considered as part of the system’s resilience [29]. This interpretation agrees with Holling (1973; 1984; and 1986) [28,30,31] and Gallopin (2006) [26], who state that occasional events of exposure can be considered to be one of the factors that affect resilience, since the system is gradually adapted to such conditions. Thus, in an attempt to quantify resilience, an index that refers to the specific system and disturbance per case is going to be presented.



Vulnerability (V): may be defined as the potential of a system to be damaged or changed by a predetermined disturbance. Similarly to resilience, it is a dynamic concept [8,10,12,32,33]. Vulnerability also depends on factors that do not only set the system as a ‘target’ (e.g., climatic conditions or economic interests); they may additionally act in favor of a disturbance’s impacts and effects (e.g., forest fuel density in forest fires). Such a definition presents similarities with the ‘potential for change’ term described in Gunderson and Holling, (2001) [18]. It should be also underlined that vulnerability may also relate in having too much resilience. A typical state is when a system is in a poverty trap, and then it is too vulnerable to be able to get out of the trap and shift directions [34].



However, in the current effort, vulnerability and resilience are treated as interchangeably positive or negative parameters and properties depending on the specific problem. Hence, the systems, as in the poverty trap example, may be very resilient to a persisting disturbance (a negative property) or exhibit low potential (vulnerability) in changing path (a positive property). Similarly to the resilience index mentioned above, a second index that would refer to vulnerability has to be developed. That index needs to be converted to a common scale of measurement in accordance with the resilience index. In essence, vulnerability can be classified into two distinct sets of values according to the element of exposure:



Actual Vulnerability (VA): when a system is exposed to a disturbance



Potential Vulnerability (VP): when a system is not actually exposed to a disturbance, but a future exposure may occur (e.g., climatic anomalies). According to the presented description of vulnerability and resilience, it should be pointed out that they are both connected to disturbance impacts. Vulnerability may lead to impacts, while resilience is called to absorb them and sustain the system’s functionality. Therefore, those two properties can be described and shaped in terms of the pertinent impact’s magnitude and occurrence. Specifically, it may be underlined that:




	
High vulnerability generally leads to greater impacts once a disturbance occurs.



	
High Resilience usually provides a higher absorbance capacity, ensuring the system’s survival.



	
The system’s elements that are directly related to the impact’s size are the ones that shape resilience and vulnerability.








In this context, and within the function of the proposed framework:




	
A system may be vulnerable (or have the potential to be harmed by a disturbance) and resilient (or able to withstand the impacts) at the same time.



	
When a system loses resilience, it does not become more vulnerable. It becomes less resilient.








Regarding the highest and lowest values or attributes that resilience (RMAX–RMIN) and vulnerability (VMAX–VMIN) may reach, it can be stated that these represent the distance from the best and worst conditions in each case at a given time. The pertinent values could only be used in management tasks such as status comparisons and cost estimations for a system to reach a more resilient or less vulnerable state. At the same time, they do not interfere with the original resilience and vulnerability concepts.



The Critical Point (CP): is the crossroads where resilience and vulnerability converge. Namely, it is the point where, when measured on a common scale, they are equal to each other (the CP signifies that R − V = 0 ⟶ R = V). In other words, CP determines the greatest magnitude of the impacts that a system may suffer and absorb without collapsing. The term ‘critical point’ has been chosen and adopted by the theory of Criticality [35]. It may also substitute for the term ‘threshold’, as described in the literature [36,37]. In general, both terms signify the point where a system crosses into a new regime. We believe that the term ‘critical point’ may better suit the objectives of the current effort, since it conveys, even by its etymology, the state of criticality. Thus, when a critical point is reached, a crisis would be imminent through the transformation of the system, and decision making should unquestionably take place.



The visualization of the pertinent terms is presented Figure 1, which represents the monitoring of the variables in the proposed Resilience–Vulnerability (RV) framework.



Moreover, it may be stated that:




	
Both resilience and vulnerability can be interchangeably positive or negative properties in a system, depending on its state [13,26]. If a certain state is desirable, then resilience can have a positive attribute, while vulnerability can have a negative one, and vice versa. This is a characteristic that may help decision makers and managers to determine where to focus their efforts, particularly when they need to maintain or improve a system’s existing conditions, or sometimes change them in favor of more desirable ones.



	
Within the current framework, resilience and vulnerability are treated as two temporally different systemic attributes which, when combined together, may provide useful information. Resilience is composed of factors that may help a system endure, resist and survive during and after the disturbance, whereas vulnerability includes factors that may act before and during the disturbance. This temporal differentiation is useful for the distinction of the factors on which resilience and vulnerability depend. This is more pronounced in cases where a factor—internal or external—is enclosed within both resilience and vulnerability. An example of such an element, borrowed from forest fire case sites, may be the density of the forest road network. Roads can serve as obstacles to fire crossings (a resilience factor), while they also provide greater access to arsonists or other individuals that could start a forest fire (a vulnerability factor).



	
Apart from the temporal distinction, and according to the ‘Panarchy’ theory, there may be a spatial distribution between the various scales of the factors that affect resilience and vulnerability [18,38]. Thus, the RV framework requires and promotes integrated and multi-scalar system analysis in order to provide the necessary information.









2.2. Central Hypotheses of the RV Framework


The following premises may connect resilience and vulnerability, and determine the main functions of the RV framework:




	
The estimations or measurements of resilience and vulnerability are of some value only when compared to each other and not used autonomously.



	
If R − V > 0, then the system can survive the disturbance with significant losses that are related to the results. High positive results mean lower damage afflicted to the system in respect to its absorption ability (resilience), and vice versa. It also means that the system will recuperate faster and with lesser internal or external efforts.



	
If R − V < 0, the system collapses. Its current state changes to an alternative one according to the ‘regime shift’ concept, as is also described in the pertinent literature [18]. The negative value determines the magnitude of the overall efforts required for the system to be restored to its previous state, assuming that it can actually be restored to it [18].









2.3. Non-Linearity


The interconnections and bonds, as well as the systemic complexity and convolution, usually rend apart any efforts for the precise forecasting of the outcome of an intervention. Thus, changes in any part or component may produce multiple results in the systemic components. In this context, nonlinearity and heterarchical relationships are usually present in every complex adaptive system. Such non-linear relations may also interconnect resilience and vulnerability. More specifically, they may impact:




	
Vulnerability and impact size;



	
The R − V results and the time of recovery of a system, especially when CP > 0;



	
The R − V results and the external restoration efforts and costs, especially when CP < 0.








Therefore, if the vulnerability (V) of a system (e.g., forest 1) is two times higher than the vulnerability of another system (e.g., forest 2) then non linearity dictates that the impacts (Ii) which would occur in these two systems do not necessarily follow an analogous relationship (if V1 = 2V2, then I1 ≠ 2I2). The function that assesses these relationships depends on the type of the system, as well as on the type of results. Nevertheless, the present framework would not directly address the non-linearity issues; it would, however, make the user cautious about them.




2.4. Applied Methodology


The methodology of the proposed framework is visualized in Figure 1. First of all, the current state of a system has to be identified (Step 1). This first step also includes the identification of the alternative states that might occur after a disturbance. Hence, decision makers can determine what will be changed or lost, and then define whether a state is desirable compared to the alternative ones. Consequently, the selected state leads to the classification of resilience and vulnerability as a positive or negative property. Such a classification illustrates the role of management options towards or against a potential change. Nevertheless, in many cases, the identification of the alternative states may be a challenging task, given the inherent spatial and temporal complexity. Thus, the identification may also be based on the advantages and services each of these alternative states may provide. For example, the current state of a forest provides a certain amount of goods and services (e.g., wood, wild fruits, recreational opportunities etc.). On the other hand, a burned forest, as an alternative state after the occurrence of fire, cannot provide any of these economic and/or environmental services. In this context, the identification of the alternative states of a system can help the decision makers and managers to identify, on their own terms, the disturbances that can make the system change.



The second step in Figure 1 refers to the identification of the disturbance. The appropriate definition of the disturbance and its roots may help and guide the decision makers to determine the key factors of the resilience and vulnerability indices. Furthermore, the potential exposure of a system to a disturbance has to be identified (Step 3). This step will clarify whether the system’s vulnerability refers to a real or potential threat. Indicative historical records may facilitate this task.



The fourth step is the most important step of the whole process, and it refers to the development of the resilience and vulnerability indices. Such indices have to be simple-structured, and depend on the specific system and disturbance [39,40,41,42,43]. First of all, the key factors that affect resilience and vulnerability need to be identified in different spatial and temporal scales. These factors can be classified based primarily on the examined system, and regardless of being internal or external in the following groups: a. Environmental, b. Social, c. Economic, and d. Organizational. Consecutively, it has to be determined whether such factors affect resilience and vulnerability in a proportional (positive) or inversely proportional (negative) way. In some cases, factor thresholds have to be specified. Nevertheless, these thresholds may be considered frequently and used unconsciously, reflecting the user’s expertise and experience.



Then, the magnitude or performance of the factors has to be determined in a numerical scale e.g., 1–5, where the lowest value represents the poorest performance. Simultaneously, the factors’ weights, reflecting their relative importance within the indices’ structures, should also be set. All such determinations are usually made using qualitative and quantitative variables. Hence, according to such premises, the relationships connecting resilience or vulnerability to magnitude values may be portrayed in the following pairs, for a 1 to 5 scale (factor magnitude, resilience or vulnerability value):




	○

	
If a proportional (positive) relationship is followed, then it occurs: (1, 1), (2, 2) … (5, 5).




	○

	
If an inversely proportional (negative) relationship is followed, then it becomes: (1, 5), (2, 4) … (5, 1).









From the variety of Multi-Criteria Decision Analysis (MCDA) methods, the Weighted Average Method (WAM) was chosen to be applied (Mendoza and Martins, 2006). Other methods, such as the Composite Programming described by UNESCO [44,45] may also be applied. However, by using WAM, the proposed framework can minimize the required mathematical complexity. On the other hand, by applying WAM, the need for valid expert knowledge and dependable data may be maximized. All in all, WAM satisfies the requirements, and it may be applied in many natural resources management cases. The application of the Weighted Average Method (WAM) calculates the final scores for both indices through Equation 1 and according to Table 1.



The overall presentation of the numeric (quantitative) values of the framework’s components are presented in Figure 2. It is an indicative presentation that includes all of the the components and the comparison between the main factors (resilience and vulnerability).



Equation 1. Final score calculation, where i is the factor notation.



In order to further clarify the overall application process, the following example of a factor included in the case study presented in Section 3 is given. The Percentage of the area covered by water bodies (%) factor affects both resilience and vulnerability, since it: a. serves as an obstacle to fire crossing, b. affects the vegetation, and c. affects the microclimatic conditions of the area. Thus, resilience is affected positively (higher percentage—higher resilience,  [image: Sustainability 12 09306 i001]  [image: Sustainability 12 09306 i001]) and vulnerability is affected negatively (higher percentage—lower vulnerability,  [image: Sustainability 12 09306 i001]  [image: Sustainability 12 09306 i002]). Therefore, if that factor receives a scaled value of ‘4—high percentage’, then resilience and vulnerability will receive the values of ‘4—high resilience’ and ‘2—low vulnerability’.



Starting the fifth step, the difference between the values of resilience and vulnerability (R − V equation) has to be calculated. According to the result, the management actions will be determined. The factors that affect resilience and vulnerability are called to play a key role in such an estimation. Decision makers and managers have to focus their efforts on regulating the key factors appropriately in each case, and in accordance with the principles of sustainable development. This last step may also provide some extra functions. By monitoring the key variables, as portrayed in Figure 1, and creating valid time-series, future projections of the system’s resilience and vulnerability trends, as well as various possible relevant scenarios may be developed and assessed. Furthermore, by calculating the system’s restoration cost in relation to the results of the ‘R − V’ equation, a more appropriate allocation of the available resources may be achieved.





3. Applied Example


The presented methodological framework is applied to two fictional forest ecosystems using only the qualitative variables and a numerical scale for the quantification of the variables, ranging from 1 to 5. The pertinent objectives are:




	➢

	
to demonstrate the framework’s function;




	➢

	
to present the various approaches for the estimation of the R − V equation. An additional reason for a more complete demonstration is the usage of two forests instead of one.









The forests’ resilience and vulnerability are evaluated under the threat or disturbance of forest fires. Since the disturbance is the same for both systems, common basic or key factors or indicators will be used. Finally, it has to be noted that the forests are assumed to be of the same type regarding vegetation cover and plant species, etc. The various premises involved for the example application are illuminated in the following:




	
The forests’ existing state is desirable.



	
The forests are the sole recipients of the disturbance’s impacts. No social consequences are examined. As a note, the framework may cover social issues in a wider and more complex systems assessment.



	
The factors that affect resilience and vulnerability are both internal and external, and they are represented by the systems’ existing conditions as these have been shaped through time.



	
External support may be provided to the systems in terms of management and policy actions, when required.



	
No thresholds are examined. Thresholds are considered to be included in the initial qualitative evaluation.



	
The applied factors are not enclosed in wider groups or categories.



	
All of the factors are of equal importance.








3.1. Key Factors


The key factors that will be used for the evaluation and quantification of the systems’ resilience and vulnerability are:




	(1)

	
Forest fuel density: this indicates the potential magnitude of a fire event, and serves as a starting point for fires.




	(2)

	
Forest roads density: roads serve as obstacles to fire crossings, and affect the area’s accessibility for both ground fire fighting forces and arsonists.




	(3)

	
Percentage covered by water bodies: water serves as an obstacle to fire crossing, affects the vegetation, and affects the microclimatic conditions of the area.




	(4)

	
Percentage of bare land (natural clearings only): this also serves as an obstacle to fire crossing, and affects the area’s microclimatic conditions.




	(5)

	
Forest’s health: infected and dead trees can serve as more flammable forest fuel and affect the rate of regeneration.




	(6)

	
Percentage of trees that are not of reproductive age: this affects the forests’ regeneration speed after a fire event.




	(7)

	
Slopes: these affect accessibility and fire transference (mobility).




	(8)

	
Human activities and infrastructure magnitude: these serve as potential fire starting points, and indicate a part of the area’s expressed economic interests.




	(9)

	
Economic and political interests: these affect (increase) the likelihood of a fire’s occurrence, assuming that the proper conditions are at hand.




	(10)

	
Law enforcement: this affects the likelihood of a fire’s occurrence, assuming that the area is exposed to various factors and interests.




	(11)

	
Fire fighting forces’ performance: this affects the speed of reaction, as well as the final losses.




	(12)

	
Aerial/ground patrols (or remote observations): these affect the likelihood of a fire’s occurrence, and the speed of the reaction.




	(13)

	
Climatic conditions (temperature, humidity, wind speed): these affect the likelihood of a fire’s occurrence, and the fire’s mobility and destructive capacity. The three component factors can be evaluated separately, each being assigned a different weight, and then their average scaled value can be used. In the present application, they have been treated as a unified factor by using equal weights.









In an application using real data, statistical analyses (principal component, correlation, regression, or other relevant processes) may reduce the number of the required factors or indicators for the main indices to be formed. The numerical scale values for the resilience and vulnerability assessment, as well as the relationship that connects such factors to resilience and vulnerability per se, are presented in the following Table 2.




3.2. Systems’ Current Conditions


The forest ecosystem’s existing conditions, as well as their highest and lowest values for a given time period according to the presented key factors, are delineated in Table 3.




3.3. Resilience—Vulnerability Evaluation


By combining the factors that describe the fictional forests’ scaled existing conditions—as presented in Table 3—the relationships that connect the applied factors to resilience and vulnerability—as portrayed in Table 2—and the coupled factor-resilience and vulnerability values—as explained in the fourth step of the framework’s methodology—Table 4 and Table 5 are produced, presenting the WAM application.




3.4. Results and Conclusions


The displayed results represent just a snapshot of the systems’ resilience and vulnerability fluctuation. Therefore, only an instantaneous image may be provided for each system. The monitoring procedure, as it is presented in Figure 2, may provide more useful information to scientists and decision makers.



According to the results, the first ecosystem, with an R−V > 0, will probably be able to absorb the applied damage of a potential fire event. In this case, there are no elements that would allow the fire event to reach a higher magnitude or to last long enough to produce considerable impacts. The forest’s internal characteristics—like roads, natural clearings, water bodies, etc. —can play a crucial role towards having less undesirable impacts. Such a fact may permit the natural recovery and reorganization of the system with no or limited external support.



On the other hand, the results indicate that the second forest ecosystem, where R−V < 0, would probably not be able to absorb the effects of a potential fire event, due to its internal conditions. Such an incident, either by being of great magnitude or by lasting for a long period, might force the system to collapse to a totally undesirable state where none of the former internal functions and external services could be provided. Additionally, it would not be able to recover without external interference, assuming that it can actually recover, and the damage is not permanent. Such a recovery may be manmade, consisting of restoration management efforts or through natural regeneration. The first option includes an economic cost, while the second usually requires a long time period. Time is a crucial element of the whole restoration process, since significant secondary impacts may further degrade the system (e.g., soil erosion) and affect the final outcomes.



Furthermore, the identification, categorization and classification of the factors affecting resilience and vulnerability can guide managers, and thus lead towards the focusing of resource implementation and efforts in a timely, orderly and spatially-appropriate fashion. It has to be noted that some parameters or factors cannot be affected by management actions, such as climatic conditions. Hence, decision makers will need to estimate and/or determine and decide on the degree of interference according to the various factors’ weight of importance, and then appropriately adjust the estimation of the remaining key factors.





4. Discussion


The presented framework offers an approach in the series of attempts concerning the combined use of the resilience and vulnerability concepts. In this effort, Turner et al. (2003) developed a vulnerability analysis framework (VF) that defines resilience as a vulnerability component, which encloses the system’s response, coping and adaptive capacities. In the current approach, an analysis framework of vulnerability and resilience (RV) that tries to incorporate a specialized version, focusing on technical and engineering elements, was delineated. However, apart from such a nascent difference, the two frameworks may be further distinguished. VF can provide a more broad analysis template that may focus on multiple stresses and on the different vulnerability levels of the system’s internal components. Additionally, it may enclose a more integrated approach towards the original concepts of resilience and vulnerability. In this context, their main difference remains that VF may constitute a general conceptual framework that focuses on the description of the various elements and their interfering relationships within a coupled system. In relation to this, the RV approach can provide a way of estimating the resilience and vulnerability properties of a system by using a simplified version focusing predominately on the technical components. In another approach, Chapin et al. (2009) integrate both concepts into the development of sustainable strategies within ecosystem stewardship. Similarly to the RV framework, the resilience concept is used as an independent element, and not as a vulnerability component. Nevertheless, resilience is used to regulate new stresses and deal with uncertainty, and vulnerability is linked to known perturbations. In the RV framework, both concepts refer to known stresses. Furthermore, Chapin et al. (2010) [27] introduce a transformation from undesirable trajectories. This approach is also incorporated in the RV framework; however, it is masked under the classification of the system’s state as desirable or undesirable. In this regard, RV offers an identification of the stresses that can lead to undesirable states, and an estimation of the system’s potential to diverge from such a course. Additionally, both concepts relate to adaptability, while in the present framework, adaptability is considered to be a part of resilience. Moreover, both Turner et al. (2003) [24] and Chapin et al. (2010) [27] treat resilience as a positive or desirable property, and vulnerability as a negative or undesirable one, while—in the current framework—such classifications may be interchangeable depending on the issue under examination. Nevertheless, all three frameworks recognize the nonlinearity among the various interlinked elements of a system, as well as the need for multi-scalar analysis. Finally, the proposed RV framework may display similarities with the ‘specified resilience’ concept regarding the aspect of the identified hazard [46]. However, such a concept is scale-oriented, since it examines the resilience of the particular components of a system, and not the resilience of the system as a whole to a specified hazard, as is attempted in the current framework.



Miller et al. (2010) [12] state that the complex concepts of resilience and vulnerability need to be transformed into simple, implementable and operational options which are accessible to practitioners and decision makers. They also provide a series of suggestions towards future plausible directions. In this regard, the presented approach attempted to simplify the resilience and vulnerability concepts, in an effort to reduce their properties into quantifiable or measurable values. Such a transformation is achieved through the development of pertinent factors or indices, estimated in a common numerical scale per system and disturbance. These indices may be differentiated temporally, prior to and after a disturbance, and they can include variables from multiple scales both within and outside a system. Hence, the current framework may provide a simple and useful tool for decision makers to deal with known disturbances, and to adjust the described properties of a system. It is believed that this effort may lead towards preserving valuable goods and services, which—in their turn—might affect other dependent systems to produce undesirable outcomes. Nevertheless, the proposed RV framework requires further developmental efforts, so as to be able to embrace the complex nature of vulnerability and resilience in a more holistic fashion. All in all, it is believed that the present effort may offer some service in the quest towards the development of the synthesis of a more integrated, comprehensive and applicable framework, in order to further expand the intriguing and—at the same time—expedient concepts of resilience and vulnerability. Additionally, the results of the framework can be used as inputs in other Decision Making techniques and approaches, e.g., Analytic Hierarchy Process / Analytic Network Process, Promethee, and SWOT analysis, etc. Those can also be as sub-indices of indices that describe the conditions of ecosystems and other systems in more detail. This increases the value of the framework as a tool.
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Figure 1. Monitoring the variables of the framework. 
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Figure 2. Methodology of the RV framework. 
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Table 1. Basic WAM options for the calculation of the final scores for resilience and vulnerability.






Table 1. Basic WAM options for the calculation of the final scores for resilience and vulnerability.












	Factors
	Weights
	Normalized Weights
	Factor Magnitude
	Vulnerability/Resilience Magnitude





	F.1.
	W1
	N.W.1
	m.1.
	M.1.



	F.2.
	W2
	N.W.2
	m.2.
	M.2.



	F.3.
	W3
	N.W.3
	m.3.
	M.3.



	F.4.
	W4
	N.W.4
	m.4.
	M.4.



	…
	…
	…
	…
	…



	F.n.
	Wn
	N.W.n
	m.n.
	M.n.



	Total
	W Total
	N.W Total = 1
	
	Final Score
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Table 2. Factors and relationships.






Table 2. Factors and relationships.















	Value
	1
	2
	3
	4
	5
	6
	7





	1
	Too Low
	Too Low
	Too Low
	Too Low
	Very Poor
	Too Low
	Too Low



	2
	Low
	Low
	Low
	Low
	Poor
	Low
	Low



	3
	Medium
	Medium
	Medium
	Medium
	Medium
	Medium
	Medium



	4
	High
	High
	High
	High
	Good
	High
	High



	5
	Too High
	Too High
	Too High
	Too High
	Very Good
	Too High
	Too High



	R
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	Value
	8
	9
	10
	11
	12
	13
	



	1
	Too Low
	Too Low
	Too Low
	Very Poor
	Too Low
	High, Dry High
	



	2
	Low
	Low
	Low
	Poor
	Low
	High, Dry, Medium
	



	3
	Medium
	Medium
	Medium
	Medium
	Medium
	Med., Med., Med.
	



	4
	High
	High
	High
	Good
	High
	Med., Wet, Med.
	



	5
	Too High
	Too High
	Too High
	Very Good
	Too High
	Low, Wet, Low
	



	R
	-
	-
	-
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Table 3. Current conditions in the forests.






Table 3. Current conditions in the forests.





	Factors
	Forest 1
	Current Value
	Best Value
	Worse Value
	Forest 2
	Current Value
	Best Value
	Worse Value





	1
	Low
	2
	1
	4
	High
	4
	1
	4



	2
	High
	4
	5
	1
	Low
	2
	5
	1



	3
	Medium
	3
	5
	1
	Low
	2
	5
	1



	4
	High
	4
	4
	1
	Medium
	3
	4
	1



	5
	Good
	4
	5
	1
	Poor
	2
	5
	1



	6
	Medium
	3
	4
	1
	Low
	2
	4
	1



	7
	Low
	2
	1
	5
	High
	4
	1
	5



	8
	Low
	2
	1
	4
	High
	4
	1
	4



	9
	Low
	2
	1
	5
	Medium
	3
	1
	5



	10
	Medium
	3
	4
	1
	High
	4
	4
	1



	11
	Good
	4
	5
	1
	Poor
	2
	5
	1



	12
	High
	4
	5
	1
	Low
	2
	5
	1



	13
	Med., Med., Med
	4
	5
	2
	High, Dry, Med
	2
	5
	2
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Table 4. Forest 1 analysis.






Table 4. Forest 1 analysis.





	
Factors

	
Weight

	
N.Weight

	
Resilience

	
RMAX

	
RMIN

	
Weight

	
N.Weight

	
Vulnerability

	
VMIN

	
VMAX






	
1

	
1

	
0.111

	
4

	
5

	
2

	
1

	
0.10

	
2

	
2

	
5




	
2

	
1

	
0.111

	
4

	
5

	
1

	
1

	
0.10

	
2

	
1

	
5




	
3

	
1

	
0.111

	
3

	
5

	
1

	
1

	
0.10

	
3

	
1

	
5




	
4

	
1

	
0.111

	
4

	
4

	
1

	
1

	
0.10

	
2

	
2

	
5




	
5

	
1

	
0.111

	
4

	
5

	
1

	
1

	
0.10

	
2

	
1

	
5




	
6

	
1

	
0.111

	
3

	
4

	
1

	

	

	

	

	




	
7

	
1

	
0.111

	
4

	
5

	
1

	
1

	
0.10

	
2

	
1

	
5




	
8

	

	

	

	

	

	
1

	
0.10

	
2

	
2

	
5




	
9

	

	

	

	

	

	
1

	
0.10

	
2

	
1

	
5




	
10

	

	

	

	

	

	
1

	
0.10

	
3

	
1

	
5




	
11

	
1

	
0.111

	
4

	
5

	
1

	

	

	

	

	




	
12

	
1

	
0.111

	
4

	
5

	
1

	

	

	

	

	




	
13

	

	

	

	

	

	
1

	
0,10

	
2

	
1

	
4




	
Total

	
9

	
1

	
3.78

	
4.77

	
1.11

	
10

	
1

	
2.20

	
1.30

	
4.90




	

	
R − V = 1.58 > 0
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Table 5. Forest 2 analysis.






Table 5. Forest 2 analysis.





	
Factors

	
Weight

	
N.Weight

	
Resilience

	
RMAX

	
RMIN

	
Weight

	
N.Weight

	
Vulnerability

	
VMIN

	
VMAX






	
1

	
1

	
0.111

	
2

	
5

	
2

	
1

	
0.10

	
4

	
2

	
5




	
2

	
1

	
0.111

	
4

	
5

	
1

	
1

	
0.10

	
4

	
1

	
5




	
3

	
1

	
0.111

	
4

	
5

	
1

	
1

	
0.10

	
4

	
1

	
5




	
4

	
1

	
0.111

	
3

	
4

	
1

	
1

	
0.10

	
3

	
2

	
5




	
5

	
1

	
0.111

	
2

	
5

	
1

	
1

	
0.10

	
4

	
1

	
5




	
6

	
1

	
0.111

	
2

	
4

	
1

	

	

	

	

	




	
7

	
1

	
0.111

	
2

	
5

	
1

	
1

	
0.10

	
4

	
1

	
5




	
8

	

	

	

	

	

	
1

	
0.10

	
4

	
2

	
5




	
9

	

	

	

	

	

	
1

	
0.10

	
3

	
1

	
5




	
10

	

	

	

	

	

	
1

	
0.10

	
4

	
1

	
5




	
11

	
1

	
0.111

	
2

	
5

	
1

	

	

	

	

	




	
12

	
1

	
0.111

	
2

	
5

	
1

	

	

	

	

	




	
13

	

	

	

	

	

	
1

	
0,10

	
4

	
1

	
4




	
Total

	
9

	
1

	
2.30

	
4.77

	
1.11

	
10

	
1

	
3.80

	
1.30

	
4.90




	

	
R − V = −1.50 < 0
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