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Abstract:

 Resilience to specified kinds of disasters is an active area of research and practice. However, rare or unprecedented disturbances that are unusually intense or extensive require a more broad-spectrum type of resilience. General resilience is the capacity of social-ecological systems to adapt or transform in response to unfamiliar, unexpected and extreme shocks. Conditions that enable general resilience include diversity, modularity, openness, reserves, feedbacks, nestedness, monitoring, leadership, and trust. Processes for building general resilience are an emerging and crucially important area of research.
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1. Introduction

Extreme events sometimes have long-lasting effects on social-ecological systems. Examples include storms such as Hurricane Katrina, wildfires like those in eastern Australia in 2009 or western North America in 2012, deep droughts such as the North American dust bowl, and the earthquake and tsunami that triggered the Fukushima disaster. Each of these events caused extensive losses and evoked searching reassessments of policies and practices for managing social-ecological systems.

Resilience, in the context of environmental management and sustainability, is the capacity of a social-ecological system to absorb disturbance, reorganize, and thereby retain essential functions, structures and feedbacks [1]. A rich and growing literature addresses specified resilience, the resilience of a particular aspect of a social-ecological system to a particular kind of disturbance [2]. For example, management of catchments in Australia seeks to avoid a water-table threshold that salinizes the soil and thereby destroys the fertility of agricultural land [1]. Vulnerability is a related concept that considers the stresses that lead to threshold changes in social-ecological systems. More specifically, “vulnerability is the state of susceptibility to harm from exposure to stresses associated with environmental and social change and from the absence of capacity to adapt” [2,3].

For well-characterized shocks, there is often a good deal of information that is relevant to specified resilience. Risk analyses for large storms, earthquakes, floods, fires and other kinds of disturbance regimes are informed by existing knowledge. Even though each event is random, similar events have been seen before, and experience provides a basis for building specified resilience. For rather well-characterized hazards, The World Economic Forum [4] identifies several strategies that build specified resilience. These include monitoring hazards and communicating risk (through early warning systems, for example), social-physical strengthening (such as protection of power, water and sanitation plants, diversification of supply chains, and establishment of ecological buffers), sharing of financial risk (using insurance as well as instruments such as weather derivatives or catastrophe bonds), and disaster preparedness (e.g. training, or establishing reserves of pharmaceuticals). Numerous case studies provide practical information for building specified resilience to particular shocks [1,5].

Other large-consequence events are outside the scope of experience. For example, no one foresaw that changes in animal feeding practices would lead to emergence of bovine spongiform encephalitis or mad cow disease [6]. In another recent case, the Honshu earthquake of 2011 was unusually powerful. It triggered a tsunami of 14 m that breached seawalls designed for the expected maximum wave height of 5.7 m. The tsunami damaged nuclear power stations by shutting down back up diesel generators which were situated on the assumption that the sea walls would hold [7]. Extreme events that are unusually intense or extensive require a more all-purpose kind of resilience. General resilience is the capacity to absorb shocks of all kinds, including novel and unforeseen ones. The challenge of building resilience to unknown disturbances is far more difficult than planning for known types of disturbance, and like any management strategy it has a cost [1]. In this article, we discuss some approaches for building general resilience of social-ecological systems. We begin by discussing perceptions of extreme events that increase the need for general resilience. Next we summarize nine elements of general resilience based on the literature. We conclude by discussing some of the problems of implementing general resilience.



2. Data and Perceptions about Record-Breaking Events

Extreme events are challenging because the probabilities are hard to measure and because decisions about rare events with important consequences pose special challenges. Profound uncertainty makes rational responses difficult, and makes it easier for irrational approaches to take hold.

Extreme events are not only uncertain, but the measure of uncertainty (e.g. the tail of the probability distributions) also is itself uncertain. In some cases probabilities may be fundamentally unknowable, due to the complex interactions between human and environmental systems. The probability is obviously unknown for completely new events, such as the emergence of a particular new disease. However, probabilities may be poorly known even for events that have occurred only occasionally in the past. In the tails of probability distributions, observations are rare and therefore data are sparse for fitting models. As a consequence, trends in extreme events are hard to discern. For example, large data sets and extensive analysis are needed to establish trends in extreme rainfall events, flood damages or sizes of forest fires [8,9,10,11,12]. Where limited data make it hard to measure the probability of a certain kind of extreme event, assessing a trend in that probability is even more difficult.

Some classes of extreme events, such as flood damages, earthquake magnitudes, and wildfire sizes, have ‘fat-tailed’ probability distributions. In fat-tailed distributions the probability densities of extreme events are much larger than in more familiar distributions such as the normal distribution [13,14]. In these cases it is highly misleading to estimate the magnitude of the next record-breaking event from the record-breaking events that have been observed so far [13,15]. Sometimes two or more kinds of extreme events co-occur, for example if flooding causes landslides in a watershed previously denuded by fire. In ecology such multiple impacts are called compound disturbances [16]. Fat-tailed distributions tend to magnify the correlations of extreme events and thereby increase the probability of compound disturbances [17].

In addition to these statistical challenges of anticipating extreme events, there are cognitive biases that can lead to irrational decisions when the stakes are high and probabilities are near zero or one [18,19]. For example a ‘tyranny of recent events’ (availability heuristic, [20]) causes people to misjudge risk, as when fears of terrorism are exaggerated for a time after a terrorist attack [21]. In contrast, when risks are familiar there is a tendency to underestimate the danger and overestimate one’s ability to control the situation [21,22]. Sometimes inconsistent decisions are made about gains versus losses [18]. Different preferences for gains or losses of similar magnitude are the subject of prospect theory [23]. Perceiving gains and losses differently is a ‘bias’ in the context of rational choice theory, but not if prospect theory is instead used as the benchmark for expected behavior. Nonetheless, with respect to rational choice theory people can make poor decisions about risk of extreme events. People in isolation have their limits; collectively, however, people can create an institution to improve on these cognitive limits to rational behavior. The challenge is to design institutions so that the aggregate decision creates more good outcomes for the group. These (and other) behavioral phenomena inevitably affect societal decision making about extreme environmental events [24].

These interactions between complex aspects of natural systems and human cognition add to the challenges of understanding and managing extreme events, and make general resilience important. General resilience should protect social-ecological systems against vagaries of human volition as well as uncertainty about the relevant probabilities. In the remainder of the paper we discuss characteristics of institutions that contribute to general resilience of social-ecological systems.



3. General Resilience as a Strategy

Extreme events, including record-breaking extremes and new kinds of shocks, have been with us forever and may intensify in the future. General resilience—the capacity of social-ecological systems to adapt or transform in response to unfamiliar or unknown shocks—is essential for sustainability in the face of extreme events. However, the wide-ranging nature of general resilience makes it difficult to define specific steps for creating it. Instead it is possible to identify conditions that can enable or support the development of general resilience (Table 1).


Table 1. Enabling conditions for general resilience [1,27,45].



	
System Property

	
Elements or Examples

	
Questions






	
Diversity

	
Species, functional, and response diversity

	
Can multiple elements of the system perform similar functions if one element is knocked out?




	
Cultural diversity




	
Heterogeneity of social-ecological system types on the lan dscape or seascape

	
Can different elements of the system respond in different ways to shocks?




	
Modularity

	
Quarantine mechanisms for pathogens or invasive species

	
Are subsets of the system insulated so that shocks cannot spread?




	
People with different approaches to problem-solving




	
Independent organizations with similar functions in society

	
Does the insulation prevent spread of ideas or technologies?




	
Openness

	
Strength of connection between a social-ecological system and neighboring social-ecological systems

	
Can the social-ecological system maintain free trade with neighboring systems?




	
Can the social-ecological system muffle shocks that originate outside the system?




	
Is there an optimal solution to the tradeoff of openness and modularity?




	
Reserves

	
Capacities to re-mobilize features of the system that have been lost to disturbance, such as seed banks, recolonization from neighboring systems, or social memory.

	
Can key components of the social-ecological system be regenerated?




	
Feedbacks

	
Nutrient cycles and over- or under-enrichment of ecosystems

	
Are control variables linked directly and effectively to response variables?




	
Networks of economic transactions




	
Consequences of decisions

	
Are sanctions and incentives tightly connected to human actions?




	
Nestedness

	
Subwatersheds within watersheds Township, County, Province, National, Global interacting levels of governance systems

	
Can the societal response to an opportunity or problem be tuned to the natural scale?




	
Monitoring

	
Regular, transparent, and shared measurements of social-ecological variables

	
How much do people know about the status and trends of the system that supports their lives, livelihoods and society?




	
Leadership

	
Recognition of barriers and bridges that could change resilience

	
Can the society frame problems for effective action in complex social-ecological contexts?




	
Building networks




	
Trust

	
Development of trust in repeated interactions

	
Can people collaborate effectively in relation to uncertainty?









Diversity provides for different kinds of processes within a social-ecological system (functional diversity). It also provides for components that have similar functions but different responses to disturbance (response diversity), so the function is maintained even if one component is damaged. When teams of people are solving complex problems, diversity of perspectives and experience matters as much as individual ability [25]. The cumulative adverse effects of factors that diminish human wellbeing may also reduce the capacity of a society to respond effectively to disasters. There is a strong relationship between various aspects of human well-being and income inequality [26], suggesting that high income inequality reduces the general resilience of a society.

Modularity helps contain disturbances by compartmentalizing social-ecological systems [27]. For example, land management with prescribed fire uses firebreaks to limit the spread of the fire. This makes it possible to manage burn units independently, and thereby build landscape diversity. Similarly, quarantine mechanisms may restrict the spread of epidemics or invasive species. Modularity relates to the connectivity of a system, whereas diversity relates to the variety among elements of the system.

Openness of a social-ecological system is related to modularity at larger scales. Free trade among social-ecological systems often improves human well-being, for example. In ecosystems, seed dispersal plays a key role in recovery from large infrequent disturbances [28]. On the other hand, too much openness can transmit harmful shocks, as when bank collapses spread from country to country or an invasive species moves easily across a rather homogeneous and connected landscape. Tradeoffs between modularity and openness with respect to system fragility are understood for some ecosystems [27,29], and ecological principles have been applied to banking networks [30]. However the analysis of modularity versus openness is a research frontier for social-ecological systems.

Reserves—of organisms, knowledge, or skills for example—also contribute to recovery from disturbance. Residual plants and animals are important in ecological recovery from disturbance, even in extraordinarily devastating fires and volcanic eruptions [31]. Social memory and residual social networks play somewhat similar roles in recovery of social systems after major disasters [2].

Feedbacks in social-ecological systems are sometimes manageable, at least in part. Where it is possible, feedbacks should be managed to move the social-ecological system away from thresholds that trigger harmful outcomes. For example, reductions in soil phosphorus content move watersheds farther away from the threshold that causes toxic algae blooms and fish mortality in lakes and reservoirs [32]. In social-ecological systems, incentives or sanctions to conserve common-property resource stocks should be transparent, effective, and tied closely to the human actions that affect the resource, but implementation of such practices is not easy [33,34].

Nestedness of social-ecological systems enables polycentric governance [35]. This allows management systems to be scaled appropriately for the problems they are aiming to solve, capitalizing on the advantages of a particular governance arrangement while simultaneously having institutional backup systems [36]. Polycentric governance among global actors is now emerging as a response to shocks and new cross-scale connections. For example, interactions among climate change, ocean acidification, and marine biodiversity are addressed by the Global Partnership on Climate, Fisheries and Aquaculture (PaCFA) initiative. PaCFA currently includes representatives from FAO, UNEP, WorldFish, The World Bank’s Profish Programme and 13 additional international organizations. The program involves deliberate attempts for mutual adjustments and self-organized action, with mechanisms ranging from information sharing to coordinated action and conflict resolution. PaCFA operates at the international level through the interplay of individuals, international organizations and their collaboration patterns [37].

Monitoring—the provision of transparent, relevant information about status and trends of the social-ecological system—is essential for building and maintaining resilience. Indicators of social processes and the ecosystem help users and managers understand status and trends of critical ecosystem services. Sometimes indicators may provide early warnings of approaching thresholds [38,39].

Leadership and trust confer resilience on social-ecological systems and social relations in general. Often a mere handful of key individuals (e.g. institutional entrepreneurs that manage the context, complex as it is), help shape management and governance trajectories, developing shared visions, building trust, connecting social networks across levels, and seizing windows of opportunity for social-ecological transformations towards adaptive governance that nurture general resilience [40,41]. Nonetheless, resilience can be undermined by social dilemmas such as the incentive to cheat on agreements. This tendency can be countered if trust is built up through repeated interactions among people [42]. This aspect of trust construction plays a role in self-organizing regulation of environmental commons [33]. Trust is a component of social capital that sometimes helps to overcome such social dilemmas [43,44].





4. Fostering General Resilience

General resilience is the area of research currently receiving most attention from those involved in applying resilience in practice. Resilience assessments have tended to focus on aspects of the specified resilience of a particular region. The principles for enhancing resilience of individual social-ecological systems [1,5,45] are consistent with the types of enabling conditions for general resilience just described. For example, Biggs et al. [45] suggest seven principles for enhancing resilience, which address diversity, connectivity, feedbacks and slow variables, polycentric governance, learning and experimentation, breadth of participation, and the complex adaptive characteristics of social-ecological systems. In this section of the paper, we touch upon some general-resilience implications of recent studies in other literatures, including those on natural disasters, social vulnerability, scenario planning, and adaptive management.

Some elements of general resilience are implicit in the literature of natural disasters. A recent report from the World Bank [46] focused on four policy needs for managing environmental disasters: (1) make information about environmental disaster risk more easily accessible; (2) use land and housing markets to induce people to locate in appropriate areas and take preventive measures; (3) provide adequate infrastructure and public services to reduce vulnerabilities; and (4) build institutions that permit public oversight of disaster preparedness and disaster response. These are important practical steps at the level of national governance. Consideration of general resilience reminds us that additional factors must be considered, such as polycentric governance to match scales of problems and solutions.

After a disaster occurs, rapid response is crucial but it is also important to rebuild resilience, as detailed in a recent meeting of disaster experts [47]. Disturbance erodes capacity to organize and respond, and induces new feedbacks that tend to keep the system in the disturbed state. The longer a community stays in a disturbed state after a disaster the more difficult recovery becomes, and eventually it may not be able to recover at all. Yet quick-fix responses may lead to superficial outcomes that are harmful in the long run [48]. Thus response strategies for disasters must also consider rebuilding of resilience against possible future disturbances.

The attributes that confer social-ecological resilience to shocks are often unrecognized, and they may be eroded or lost over time unless they are actively fostered and managed [49]. Increased awareness, learning and collaboration across sectors [50,51], improved education, mobilization of experience and social capital, leadership, and multi-scale governance are critical elements in reducing vulnerability and building resilience to shocks [2,50,52]. All of these factors affect social vulnerabilities. Failure to reduce social vulnerabilities can amplify risk more than the escalation of physical hazards does [46].

Scenario planning is a method of exploring the resilience of a social-ecological system to a wide range of factors. Scenarios are a coordinated set of stories that reveal sharply different alternative futures for a social-ecological system. The alternate scenarios within a set diverge as a result of human decisions, diverging drivers, and large-consequence events. The purpose of the set of scenarios is to evoke conversations about thresholds that separate different future pathways of a social-ecological system. The alternative pathways often have different implications for resilience to future shocks that are outside the scope of the scenarios. For example, the Millennium Ecosystem Assessment [51] described four different states of the world in 2050. Each state has different resilience to climate changes that are expected to unfold after 2050. In regional environmental assessment and planning, the scenario process has many similarities to adaptive ecosystem management [53], a pioneering form of resilience analysis.

Adaptive management is always embedded in institutions and governance systems. Extreme events call for governance systems that provide incentives for resilience building and are themselves resilient to such events [54]. Adaptive governance systems with polycentric arrangements and bridging organizations connecting scales enable adaptive management [45,55]. For general resilience such attributes should not be subject to planning and control in a narrowly prescribed way [33], but instead supported by enabling legislation and economic incentives that allow for self-regulation and innovation. Critical features of wellfunctioning adaptive governance systems for social-ecological resilience include the role of key actors, bridging organizations, flexible institutions, and social networks that serve to connect the dynamic responses and strategies [56,57].



5. Conclusion

General resilience has a valuable role in managing rare extreme events with large consequences for social ecological systems. Of necessity, the guidelines for general resilience are rather non-specific. Nonetheless, in applications of general resilience it is essential to tailor policies and practices to the particular characteristics (governance, social interactions, ecosystem processes, etc.) of the social-ecological system that is being managed. In some cases, actions to build resilience against specific extreme events also contribute to general resilience.

The greatest challenge of general resilience is to design and implement concrete policies and actions. Unless incentives are constructed properly, short-term decision making will tend away from the long-term view that is needed to build and maintain general resilience. How can long-term practices be woven into actions that also meet the immediate needs of people and ecosystems? This is the crucial challenge of general resilience, a challenge that faces many real limits of costs and political barriers. General resilience is a public good that has a cost. How much resilience is needed, in what dimensions, and at what cost? Policies for general resilience must overcome budget limitations, address trade-offs, be acceptable to competing interests, and overcome barriers in politics and the structure of existing agencies and institutions. It may well be the case that costs are too great to justify more investment in general resilience. Such practical limitations may be the greatest barrier to policies for general resilience.

Research and practice have built some insight about how to build general resilience. Nonetheless, much research is needed to understand practices for general resilience in diverse situations. For example, how general is general resilience? Are certain characteristics of social-ecological systems (Table 1) more or less effective for building general resilience? Are some characteristics particularly well suited to building resilience for certain classes of social-ecological problems? So far there are only a few case studies that reveal long-run effectiveness of strategies for general resilience. Further research on general resilience is a high priority, in view of the rapid rates of change and emergence of new interactions and feedback in social-ecological systems.
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