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SUMMARY

The significant challenges of managing complex environmental systems in a changing world are widely
acknowledged. There are widespread calls for transformation in our approach and for the adoption of
more holistic perspectives. In this paper, we explore the concept of “resilience” within a system dynamics
framework as an attractive and appropriate conceptual approach for this problem. We link this to the evalu-
ation and selection of adaptation pathways and transitions within the constraints of a “safe operating space,”
recognizing planetary boundaries as well as operational and sectoral constraints. We discuss the relative
merits of using quantitative modeling to explore the evolution of individual system state functions versus
the use of suites of measures that aim to characterize and track the overall resilience of complex environ-
mental systems. Using national and global examples, we demonstrate how such a resilience-based
approach can be made operational, which is a fundamental requirement for wider adoption.

INTRODUCTION

There are widespread calls for transformation in our approach to
the management of complex environmental systems in a chang-
ing world and for the adoption of more holistic perspectives
capable of accommodating not only the “natural” but also the
“human” components of such systems."? Systems that extend
across environmental, social, and economic domains are, by
their very nature, complex and dynamic. Concepts such as sus-
tainability focus on securing human needs within the Earth’s car-
rying capacity. Sustainability research examines the interaction
of human and environmental systems to understand the role of
ecosystem services and to evaluate the trade-offs needed to
maintain specific services for future generations. Within this
broad conceptual umbrella, vulnerability assessment examines
the exposure of such systems to a range of threats. In contrast
to sustainability, resilience focuses much more on the dynamics
of a system, especially when it is disturbed. The response re-
veals the capacity of the system to self-organize and adapt
and to either recover or evolve to a new state.®> Understanding
resilience allows decision-makers to consider whether to
improve adaptive capacity or prepare for state transitions. Like
sustainability, resilience is typically considered in qualitative
terms. However, to support informed decision-making, particu-
larly where trade-offs exist, some form of quantification is
essential.”

In this perspective, we explore the concept of “resilience”
within a system dynamics framework. We have chosen to
explore resilience because it has the potential to provide a quan-
titative measure of these complex systems at multiple scales
(local, national, and global) in a way that can directly contribute
to policies aimed at their stewardship and management. Our

focus is on ways to operationalize the concept as a policy-rele-
vant measure by exploring the contributions that can be made
by systems models and aggregated performance measures.
We provide examples of the latter at national and global scales
and highlight how quantification must necessarily incorporate
value judgements. Although sometimes considered a drawback,
the ability to incorporate some measure of what is or is not
perceived to be important allows the differing values of a com-
munity, or society, to be captured. This helps to inform policy
and decision-makers about the inherent trade-offs when dealing
with systems that extend across social, environmental, and eco-
nomic domains.

While the term “resilience” has been widely used in industrial,®
academic,® and policy circles,” there have been only limited at-
tempts to quantify it at a whole-system level within the realm of
environmental management and policy formulation. Perhaps
more importantly, the concept has not yet been framed in a wider
context that embraces broader thinking, such as planetary
boundaries® and social equity,” while also working in concert
with more established approaches, such as adaptation path-
ways and transitions.'®"" We start by summarizing this broader
context before discussing how a quantitative conceptualization
of resilience can be used to frame policy-making and the steps
needed to make this operational. We examine the difference be-
tween the construction of detailed socio-ecological models
(which have been reported extensively in the literature and are
discussed below) and an alternative performance measure
approach, which we illustrate for a national policy sector and
the global ability to live within a safe operating space. We
conclude by considering how quantitative metric-based resil-
ience models might be further developed in practice and what
further research is needed. The novelty of such a quantitative
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Box 1. Concept definitions

Resilience: the ability of a system to be disturbed and then recover. For example, our ability to recover from iliness reflects the
resilience of the human body to disturbances such as physical damage or infectious disease.

Dynamic systems framework: a way of thinking about and understanding the nonlinear behavior of complex systems over time.
In the cases we examine, this includes compound systems comprising multiple interacting physical, ecological, and socio-eco-
nomic sub-systems that define the world in which we live.

System state: the configuration of a system at a given time, which can be defined by a set of attributes known as the state vari-
ables. In this perspective, we characterize this in terms of the capacity to absorb and recover from change or transition to a
different state if the system is perturbed too much.

Planetary boundaries: a framework that describes nine components of the planetary system that are essential for human life, with
the boundaries seeking to define one aspect of a safe operating space.

Social equity: the idea of an open and fair society that ensures justice and equal opportunities for all. This is seen as providing a
necessary social foundation for humanity and, in conjunction with planetary boundaries, defines the other aspect of a safe oper-
ating space.

Adaptation: the actions we need to take in response to change. This can apply to any aspect of change in our lives but is
commonly associated with the different pathways that we might need to follow, or implement, in response to existential threats
such as climate change.

Transition: an idea that recognizes that a system can move between different states. Here, we consider managed transitions as a
form of adaptation and forced transitions where external influences (such as extreme weather events) alter the system so that it is

no longer possible to recover the original state. These types of changes are also commonly referred to as tipping points.

resilience-based framework is that it is embedded in broader
systems concepts, drills down to the needs of specific policy
sectors, and has the potential to be integrated into local, na-
tional, or global assessments (Box 1).

DYNAMIC SYSTEMS THINKING

Systems thinking and system dynamics have been the focus of
scientists and engineers for many decades (e.g., von Berta-
lanffy'? and Odum and Odum'®) and have gained increasing
recognition in policy and planning circles following the publica-
tion of The Limits to Growth,'*'® which examined our use of re-
sources in the context of a finite planet. Although both the eco-
nomic assumptions and mathematical basis of these early
global simulations have been heavily criticized,'®'” this work
marked a step change in that it focused attention on the global
constraints within which human existence remains possible.
This debate has subsequently shifted away from a predomi-
nantly resource-focused analysis to recognition of the growing
and interacting pressures of pollution, intensified land use, and
climate change. The emergence of the Anthropocene concept
of contemporary human dominance over earth system pro-
cesses'® led Rockstrom et al.? to propose the concept of “plan-
etary boundaries” that define a “safe operating space” for hu-
manity (see Figure 1 in Rockstrom et al;). This approach has
been expanded by Raworth® to consider social equity. From
this, she defined a safe space that also ensures that humanity
has an adequate social foundation while remaining within sus-
tainable ecological limits (see the figure on page 51 in Raworth®).

At a planetary scale, the maintenance of the safe operating
space is necessarily a collaborative effort between nation states.
International/intergovernmental bodies increasingly track a
range of trend indicators to monitor encroachment upon the
boundaries of specific sectors, inasmuch as these can be quan-
titatively estimated.'® As we encroach on planetary boundaries,
carrying capacity is reduced. Similarly, if we favor the few,
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embark on conflict, or suffer major disasters, so social equity di-
minishes. Importantly, as well as needing to integrate across
sectors, the thresholds that define what is safe (the safe space)
are also varying in time within the Earth system (Figure 1A). At
a global scale, our collective societal choices will influence
how the safe space evolves in the future. Given that society is
a distributed network of actors, both understanding and
achieving desirable collective actions and outcomes are major
challenges.

Encroachment upon planetary boundaries has been well
documented both before and since Rockstrom et al.’s seminal
paper.®?%?" There is now compelling evidence for a progressive
loss of carrying capacity, especially with respect to biodiversity,
growing levels of pollution, and climate change (e.g., Baste
et al.??), among others. It is important to note that not all trends
in the safe space are negative. For example, damaging depletion
of stratospheric ozone caused by industrial chlorofluorocarbons
has been halted and is now slowly being reversed because of the
Montreal Protocol.”® There has also been progress in human
development, such as a reduction in levels of infant mortality
and in absolute poverty®* and the promotion of equality.” Look-
ing to the future, global efforts to tackle the loss of critical habi-
tats, pollution, and to both mitigate and adapt to climate change
suggest that, with the necessary commitment and shift from
recognition to delivery, some recovery of safe space may be
possible.?® The transition to a more circular economy will be vital
to underpin the move away from unsustainable exploitation and
build a more inclusive society that maintains and even improves
the social foundation that we all share.®

At a national level, policy is developed across a range of sec-
tors, and the concept of safe space needs to be cascaded to
each of these while maintaining an overview of the interactions
and potential conflicts between them. This is illustrated sche-
matically in Figure 1B. While a single sector is potentially trac-
table, as explained in more detail below, the challenge of inte-
grating across all sectors at a global or even national scale is
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much more demanding and may indeed be intractable. As Ber-
lin’s®” analysis of the writings of Tolstoy carefully articulates, Tol-
stoy’s view that history is the integration of all human activity and
so cannot be rationalized may equally apply to global endeavors
to maintain a collective safe space. One need only think of the
changes brought about by the internet and social media, finan-
cial crashes, pandemics, and large-scale natural catastrophes
to see how quickly forecasts and plans can be knocked off track
locally, nationally, and globally. By focusing on the emergent or
characteristic properties of the systems, some form of synthesis
may be possible, although the potential for complex interactions
and feedback means that any form of simulation or prediction is
challenging.

One of the most difficult aspects of the problem is that it in-
volves compound systems that include both natural and human
components. In this context, “natural” can include physical,
chemical, biological, and, hence, ecological sub-systems, while
“human” encompasses social, economic, technological, and in-
frastructural sub-systems. The scope of these compound sys-
tems makes succinct naming difficult. For example, there is a
growing literature on environmental “socio-ecological systems”
(SESs). However, the inclusion of technological sub-systems,
to consider social, ecological, and technological systems
(SETSs),?2° provides a broader definition of coupled systems
that embrace a variety of natural and human components.

Several studies have explored how the environmental form of
SESs can be kept within their safe operating space so that
tipping points, or transitions to a new system state, are
avoided.>’®" These have mostly examined well-defined case
study problems, such as the fishing economy of a coastal
lagoon,*? the implications of agricultural intensification in two ru-
ral regions of China,®® and a range of interacting pressures,
including climate change, land use change, water scarcity,
floods, salinity rise, and urbanization on coastal Bangladesh.**
Such studies illustrate the application of a system dynamics
modeling approach to assess increasingly complex issues,
much as envisaged over 50 years ago by Forrester.® Typically,
these endeavors remain problem focused on a specific issue,
as the above examples illustrate, and, hence, only represent a
sub-set of the complete system. The use of histories based on
past human societies and their interactions with their environ-
ments has been suggested as one way of extending our

¢? CellPress

OPEN ACCESS

Figure 1. Two views of safe space

(A) A schematic of how safe, unsafe, and unjust
space evolves over time with some indicative
“events” that have significantly moved the
boundaries.

(B) Typical policy sector partitions that must
collectively aim to maintain society’s safe space, a
challenge made more difficult by conflicting in-
terests.

The vertical (A) and radial (B) axes represent some
measure of overall system state performance
relative to some lower threshold (“just space”) and
upper threshold (“safe space”).

Unsafe space

understanding of the system dynamics.*®
This is supported by arguments put for-
ward by Wallerstein®” in his broader ag-
enda for world systems analysis, seeking
to re-integrate the disparate range of social sciences with natural
sciences to achieve greater insight when interpreting historical
events. Such transdisciplinary thinking is a key requirement
when seeking to characterize complex environmental systems.

The system models referred to above define boundaries or en-
velopes for selected state variables and use these to determine
whether the system remains within a safe space. In some cases,
system behavior can be linked to tipping points and state
changes, but there is always an element of subjectivity in both
the selection of variables to track and the definition of what con-
stitutes “safe.” An alternative is to focus on aggregate measures
of overall system “health.” For example, Anderies et al.*® argue
that robustness is a suitable measure when considering system
interaction that involves institutions, whereas Mumby et al.*>®
modeled the dynamics of coastal reef systems to identify the
thresholds that distinguish net recovery from decline, as an
expression of overall system resilience. The concept of vulnera-
bility has also been widely used,*“° including within the Intergov-
ernmental Panel on Climate Change assessments.

The distinction between the three terms was explored by
Mumby et al.*" They suggest that robustness measures the abil-
ity of a system to maintain itself within a narrow range of function
and should be used to manage a defined state. Vulnerability has
component properties of exposure, sensitivity, and adaptive ca-
pacity. It has been widely applied to the management of hazard
risks, where intervention can either be through mitigation of the
hazard or through increasing adaptive capacity. When the inter-
est relates to the loss of recovery potential or the likelihood of
switching to some new state, resilience neatly encapsulates
the most relevant system dynamics and is often taken to encom-
pass adaptive capacity, transformation, and learning. It should
be noted that a resilient system can be vulnerable and robust
to varying degrees (see Figure 2 in Mumby et al*’).

As already noted, resilience can be analyzed for well-defined
problems by tracking the behavior of a set of key state variables
(e.g., Levin et al.®" and Dearing et al.>'*%). Despite the difficulty in
scaling such a mechanistic approach to more complex environ-
mental systems that intersect with policy sectors at national and
international scales, the concept of resilience has been widely
adopted in policy circles. With this usage, policy-makers empha-
size the need to cope with change at both the individual and insti-
tutional level, and their efforts reflect attempts to move away
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from central control, the elimination of redundancy, and a narrow
focus on efficiency. There is, however, a gap between this con-
ceptual use and an operational use that would allow policy-
makers and implementers (planners, engineers, managers,
etc.) to actively track progress toward enhanced system resil-
ience; this is the focus of this perspective.

DEFINING RESILIENCE FOR THE POLICY SECTOR

Definitions of resilience abound, and, as documented by Alex-
ander,*? its etymology has a history dating back at least to the
Roman philosophers. Modern usage in the context of environ-
mental systems has tended to emphasize the maintenance of
system stability. This stems largely from its introduction into
ecology by Holling,”® who drew directly on theoretical work
by von Bertalanffy** on the stability of ecological systems. In
this sense, the concept of resilience is directly linked to the
realization that systems have operating limits, defined by
thresholds that, once crossed, push the system into an alterna-
tive state. Crossing these boundaries has fundamental implica-
tions for resilience, and any assessment of resilience needs to
acknowledge such tipping points. In the 1990s, resilience
found application within the social sciences,’>*® where it is
now widely used as a framework for disaster management.®
A general definition in this sphere can be found in the Uni-
ted Nations International Strategy for Disaster Reduction,”
page 24:

The ability of a system, community or society exposed to
hazards to resist, absorb, accommodate to and recover
from the effects of a hazard in a timely and efficient
manner, including through the preservation and restora-
tion of its essential basic structures and functions.

While the term “resilience” has been widely used in both aca-
demic® and policy circles,” quantitative determination of resil-
ience as a system property has been hitherto largely confined
to specialized applications. Quantitative methods emerged rela-
tively early in disaster planning, notably for building safety and
the provision of critical services at a community level.*”*® Resil-
ience is now also firmly established as a quantitative model for a
variety of infrastructural and technological systems, including
supply chains®® and power distribution networks,’® as well as
generalized models of such systems.®’ The development of
operational methods for quantifying the resilience of SESs has
been more of a challenge, and initial assessments expressed
pessimism.>” Moreover, despite the wealth of ecological studies
that refer to resilience, those that quantify it often resort to
assumed proxies for resilience (such as diversity) that may not
capture essential aspects of the system dynamics.*® The impor-
tance of integrating assessment of resilience with system dy-
namics is also illustrated by studies of financial networks, which
reveal that attributes that impart stability under some conditions
can lead to instability (e.g., through propagation of shocks such
as a financial crash or banking crisis) in other situations.>*>°

Such broad definitions provide a shared understanding of the
concept, but to move to application, context is important, and it
is necessary to specify “resilience against what?” and “resil-
ience for whom?” For example, in a coastal disaster risk reduc-
tion context, Linkov et al.® identify four slightly different phases,
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which have been formally encapsulated in the definition adopted
by the US Army Corps of Engineers (USACE),*® namely:

Coastal resilience is defined as the ability of a system to
prepare, resist, recover, and adapt to disturbances in or-
der to achieve successful functioning through time.

SESs are, of course, more complex than typical engineered
systems and the theoretical ecological systems envisaged by
Holling.*® They include a greater variety of components, not least
human actors, whose diverse beliefs and priorities complicate
the formulation of problems and preclude the identification of
unique solutions; these reside in the classic “wicked problem”
domain.®” This makes elucidation of their most important func-
tional dynamics as well as quantitative determination of the over-
all system state more difficult.’”” Our conceptualization has
become more sophisticated, exemplified by the recognition of
SETSs, but assessment of resilience in this domain remains
almost entirely qualitative.”"**°® In the context of safe operating
space, planetary boundaries and the social foundation provide
measures of the state of the system, and resilience is an attribute
of the system dynamics, reflecting how well the system can cope
with disturbance.

CONCEPTUAL MODEL OF SYSTEM RESILIENCE

Considering the USACE definition of resilience, the first and last
phases of preparation and adaptation are undertaken with refer-
ence to a certain system state. The dynamics of the system are
encapsulated in the resist and recover phases, as shown in
Figure 2, which illustrates system response to an event. An initial
loss of capacity is followed by the recovery of some or all of the
capacity that was lost, possibly even with some enhancement of
that capacity. Capacity here could refer to a specific aspect of
system functionality (as captured by one or more state vari-
ables). However, for complex systems that extend into the hu-
man domain, capacity might more usefully represent an aggre-
gation of system function based upon a potentially large and
diverse set of metrics. Each of these phases has a characteristic
timescale, denoted here as the resistance and recovery times.
The temporal variation in capacity reflects both how well the sys-
tem resists some imposed stress and how well it subsequently
recovers. We therefore reason that the area under the system
response curve is a meaningful measure of the system resilience.
This is slightly different from the conceptualization of Linkov
et al.,® who suggest that the slope of the recovery phase reflects
the system resilience. As explained below, when relating the
concept of resilience to adaptation, the ability to better resist
(e.g., by being better prepared) is an important aspect of resil-
ience, and, hence, integration of the system response over
time captures both the loss and recovery phases. Consideration
of multiple events allows assessment of the influence of the
frequency of events (or inter-arrival time) and leads to a time-
dependent measure of resilience. The dynamic response is
illustrated in Figure 2A, which shows a perturbation followed
by complete recovery. However, many other types of system
response can be represented using this schematic cartoon, as
shown in Figure 2B. The total loss of a system following a per-
turbing event is depicted in Figure 2B(i). This typically results in
the shift to a different system state, which we discuss below as
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Figure 2. Schematics of different types of
system responses

(A) System response to an event that diminishes its
functional capacity, including the attributes that
contribute to resilience.

(B) Different types (i-iv) of perturbing events.

(C) Response under different (i-iv) adaptation stra-
tegies. As discussed in the text, (i) shows adaptation
option 2, (i) shows options 2 and 3, (iii) shows option
6, and (iv) shows options 1 and 5.
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one form of state transition. Extreme examples of this include the
burial of Pompeii, the much debated flooding of the Black Sea
due to the breaching of the sill in the Bosphorus,®*™®" and island
abandonment by its community (e.g., Arenstam Gibbons and
Nicholls®?). Such loss of function may be the result of a single
event or a progressive or cumulative loss due to successive
events (Figure 2B(ii)). A classic example of this is chronic coastal
erosion and the loss of entire coastal communities, which have
occurred widely around the world.®**> Remedial actions, such
as relocation or the construction of defenses, may defer or pre-
vent total loss. Alternatively, the response to a major event may
be followed by a staged recovery before full functionality can be
restored (Figure 2B(iii)). Such a sequence of clean-up, repair, and
system modification is often required in the aftermath of major
flood events. Responses to events that occur against a back-
ground of progressive environmental change (e.g., climate) or
changing expectations (e.g., desire to reduce economic damage
costs) are often accompanied by attempts to increase the ability
to cope with future events via some form of adaptation
(Figure 2B(iv)). In the context of hazard risk management, this
might include measures such as improved forecasts and warn-
ings, construction of new or improved forms of community pro-
tection, or relocation of assets or activities.

Adaptation can modify the loss phase as well as enhance the
recovery phase. Cimato and Mullan®® draw on Burton®”®® and
Burton et al.°’ to identify six high-level adaptation strategies:
(1) prevent loss, (2) tolerate loss, (3) spread or share loss, (4)

(iii) Staged recovery (iv) Adapt

(iv) Prevent - Change

change use or activity, (5) change location,
and (6) restoration. Note that these adapta-
tion strategies focus on human actions and
interventions. When considering changes
in resilience, this means that we are pre-
dominantly assessing the response of
affected communities.

Different adaptation strategies can simi-
larly be illustrated using schematic carto-
ons, as shown in Figure 2C. By introducing
suitable warning systems or implementing
community response plans, it may be
possible to reduce the reaction time, and

Enhanced
capacity

use or Relocate

Defence
failure” this may also limit the loss of capacity
refoa\/rg?)l (Figure 2Ci). At a local level, this means
1 developing a community that is both aware

No recovery

and prepared and can take actions to
or loss of system

reduce the likely impact. Introducing mea-
sures that spread or share loss may enable
a faster recovery in some parts of the sys-
tem but a delayed recovery in other parts
(Figure 2C(ii)). For example, having designated areas for flood
water storage or providing cyclone evacuation shelters are a
means of reducing damage or loss of life. Restoration and recov-
ery (Figure 2C(jii)) will depend on the nature of the lost capacity
and the ability of the system to recover naturally. Where interven-
tions are needed, these will predominantly depend on the means
available, with wealthy regions being more able to recover
quickly, typically enhancing their resilience in the process; this
may take longer in poorer regions, where recovery may, in
some cases, still result in some loss of capacity. Finally, there
is the option to change the exposure of at least those compo-
nents of the system that can be moved (Figure 2C(iv)). Changing
the use may entail limiting development in the hazard zone or
moving those most at risk to safer locations. An example might
be the case where protection against a hazard (fire, flood,
tsunami, volcanic eruption, etc.) fails so that some, or all, of the
protected area becomes uninhabitable, and the only options
are to change the use of the area or to relocate out of the hazard
zone.

The discussion has so far considered a single system (which
may encapsulate the compound response of coupled sub-sys-
tems) to a single event. Moving to a more complete assessment,
there is a need to consider how sub-systems combine and interact
over multiple events. This is illustrated in Figure 3 for a system
comprising two sub-systems that are exposed to multiple events.
For each component, the resilience is plotted over time, and, for
this simple example, the compound resilience of the system is
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taken to be the summation of the contributions made by the two
sub-systems. The example shows a coastal community living
near a beach. In the set of plots on the left, the community and
beach are affected by events, but they co-exist, so that the com-
pound resilience recovers (although it has not yet done so for the
last event, and this may reflect a permanent loss of capacity). By
way of contrast, the set of plots on the right shows a less risk-
tolerant community that decides to build a defense to limit the
impact of flooding when the beach flattens during storm events.
To begin with, this greatly enhances the community resilience
while limiting the ability of the beach to recover from subsequent
storm events. Depending on local factors, such as sediment sup-
ply, this may result in continued beach lowering, leading to the ul-
timate failure of the defense and an even greater loss of compound
resilience.

Another aspect of adaptation over time is the likelihood of
multiple possible interventions, the need to choose between
them, and the likely need for subsequent interventions as
conditions continue to change. This introduces the concept of
adaptation pathways'®®7° and the definition of decision or
trigger points’""? at which policy changes need to be made.
Identification of these allows options to be kept open to await
better information, potentially avoiding unnecessary lock-in.?®
This aspect can also be examined by considering the Pareto-
optimal set of pathways that maintain future options using
some form of real options analysis,”® although such models
need to be interpreted with a degree of care and even skep-
ticism.”

The narrative so far has assumed that the essential structure of
the system remains unchanged. However, total loss of system
function (Figure 2Bi) typically results in the formation of a
different system state, which we refer to as a state transition.
We consider two types of state transition; namely, “forced”
and “managed.” The former occurs in response to some natural
hazard, whereas the latter is the result of intentional human inter-
vention. The time-varying resilience of a system with various ad-
aptations and subject to both a forced and a managed transition
is shown schematically in Figure 4. This brings together the dy-
namics of the individual system under consideration and the
need for the changes for it to operate within its safe space with
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and lagoon. A storm event may breach

the barrier to form a tidal inlet—a forced

transition. Subsequently, the community

may decide that they are no longer safe
and either relocate inland or implement some form of progres-
sive realignment (or roll-back) of the barriers that entails a further
change of state, both being managed transitions. Alternatively,
the community might introduce jetties to manage and adapt
the inlet sub-system created by the forced transition, this being
an adaptation within a given state.

The timescale associated with transition may also vary, re-
flecting rapid forced or managed changes or the longer-term in-
fluence of chronic changes or staged transitions. For this reason,
we consider two types of managed transition: (1) directed (and
generally relatively rapid), where the changes needed are known
and can be planned, and (2) progressive (slower and with greater
uncertainty about the endpoint), where there is a need to explore
options and work toward acceptance within local commu-
nities."”

In summary, key aspects of any analysis of resilience are the
characteristics of the response to events (resist and recover
phases), the frequency of events, the adaptation options avail-
able, the thresholds that can trigger forced transitions, and the
potential for directed or progressive managed transitions. These
all contribute to the system dynamics and must be encapsulated
in any aggregate quantitative measure of system resilience.

OPERATIONALIZING A RESILIENCE-BASED APPROACH

As already noted, problem-focused quantitative modeling of
system dynamics has been undertaken as one means of opera-
tionalizing resilience to inform management decision-making
and move from concept to practice.****"> While predominantly
focusing on SESs, this kind of analysis has recently been
extended to embrace technological infrastructure systems.*°%
This approach has the benefit of providing the ability to explore
the parameter space and identify which changes may lead to
desirable or undesirable outcomes.

In any modeling exercise, inherent uncertainties stem from
limits to knowledge, model abstraction, adequacy and accuracy
of the data, and user error. Interaction across scales, with the po-
tential for feedback and emergent behavior, can be difficult to
identify and/or capture within models.’® Models of social systems
try to capture the agency of the community, typically at a local
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Figure 4. Changing states and the concept of transitions

The light blue line shows the variation of the system function (or capacity) over
time, as schematized in Figure 2, superimposed on the time-varying safe
space (green zone). As in Figure 1A, the vertical axis represents a measure of
overall system state performance relative to some lower threshold (just space)
and upper threshold (safe space). The time sequence starts with an initial state,
state 1, at which the system is progressively losing capacity and, hence, re-
silience. The pathway is shown migrating to state 2 following some event that
forces a change in state; i.e., a forced transition. This is followed by an inter-
vention, which changes the state of the system to state 3, giving rise to a
managed transition. Some examples of the two types of transition and the
implications for managing the safe space are given in the text.

scale, and this needs to be linked into the simulation of the envi-
ronmental and economic system dynamics.”” However, the fact
that these systems can co-evolve means that models also need
to have the capacity to adapt or be adapted. As already noted,
discipline segmentation has inhibited the development of trans-
disciplinary knowledge, suggesting that theory developed to
examine world history and social change®” may offer a way for-
ward. These limitations highlight the extensions needed to
broaden the focus from SES, which primarily considers limits on
the ecosystem, to one that looks at community resilience in the
face of a mix of environmental, social, and economic pressures.

Much thought has been given to the requirements for complex
environmental system modeling.>%"%"" If these models can be
used to identify important feedback, system state boundaries,
instabilities, and emergent behavior, then this will contribute to
a better understanding of how resilience changes and what is
and is not resilient. This will necessarily need to capture social in-
teractions between communities, administrations, and their
environment (physical, ecological, and economic)’® to assess
unintended consequences and the influence of adaptive
behavior.

This provides an extensive research agenda for model devel-
opment over the coming decades. However, policy-makers are
inevitably having to make decisions today with the information
currently available. In this context, politics and policy have run
ahead and adopted the term “resilience” to the extent that it
currently enjoys widespread, albeit vague, use in many policy
documents.""”° For operational use in policy sectors, resilience
needs to be quantified so that, as a minimum, changes in system
state can be tracked.” One further important requirement is that
any metric must be able to capture the cultural traditions that in-
fluence perceptions and the value placed on the constituent
components of the system, such as landscape, ecology, safety,
prosperity, etc.®’
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The multiple dimensions of the systems that we seek to
manage mean that there is no single resilience measure.
There is also a need to define the context—who or what needs
to be resilient in response to what? This sets the overall aim
and allows the component systems to be identified. By
considering what enhances resilience and what degrades re-
silience, a set of objectives can be defined and progress in
delivering the objective tracked using a suite of performance
measures. Policy interventions seek to improve progress to-
ward enhancing resilience and may entail adaptations and
transitions (Figure 5).

The performance measures aim to capture the various facets
of the system dynamics and their interactions. However,
different groups, within or affected by the system, will have
differing views on the relative importance of the constituent attri-
butes. This is a problem that is routinely faced by policy-makers,
and tools such as multi-criterion analysis provide a means of
integrating a complex set of performance measures or metrics.
Stakeholder views on the weightings that should be applied
can inform an overall index (in this case, a resilience index) and
capture the influence of different stakeholder perceptions on
the index. Such an approach then provides a quantitative mea-
sure of the system state or, with the use of suitable models to
examine how the measures change over time, can be used to
explore future adaptive pathways.

This type of analysis can be done at a variety of scales reflect-
ing specific interests from local to global. This might be to
consider the situation within a country’s individual policy sectors.
Equally, it might be for nations to establish a shared global
measure.

An example of a national sector approach is given in Box 2.
This study of the resilience of coastal communities used tools
already familiar to policy-makers and illustrated the framework
with policy options based on the existing regulatory framework.
We believe that this provides an exemplar that can be used
across multiple sectors. Integrating multi-sector analyses, iden-
tifying the links and feedback, will both improve the understand-
ing of dependencies, which will aid adaptation, and progres-
sively provide a national measure of resilience. The initial focus
might be to simply capture the “state of the nation.” Such an in-
dex, which measures a nation’s ability to be able to withstand
shocks, recover, and adapt, could then be used alongside other
indices, such as the inclusive wealth index, which is an indicator
based on stocks rather than flows,®" to better understand prog-
ress toward developing society within a safe operating space.
Importantly, the use of SETS models and resilience indices is
not mutually exclusive, with the former providing a robust means
of developing specific metrics within the framework of a set of
metrics that determine the state of resilience in a broader deci-
sion-making context.

As already noted, “for what and for whom” is an important
consideration when identifying the relevant system components
to be considered. Hence, when seeking a regional, national, or
global measure of resilience, a similar methodology can be
applied but with a different focus. The aim is to ensure that ac-
tions, from local to global scale, do not compromise our ability
to maintain a safe operating space. The “what” therefore relates
to how human activity threatens to exceed the limits of safe
space, and the “whom” is humanity. This may seem like a
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What are we trying to do? Enhance resilience

One Earth

Figure 5. Framework to enhance resilience
Policy response will seek to define pathways that
entail decision points (D), adaptations (A), and, in
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Policy |
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How can we improve things?

What does this involve?

Policy Option Pathways and Transitions

mammoth challenge, but much of what is needed is already in
place. The work over the last decade on planetary boundaries
provides clear objectives of the sectoral issues that need to be
addressed, the evidence to define suitable boundaries, and the
current state relative to those boundaries.'®®® However, this is
only part of what is required. The social foundation is the other
important determinant of safe space. While, at a national scale,
the social makeup that underpins concepts such as doughnut
economics® are important, at an international scale, the broader

(2]~
() <o>{&]

objectives defined by the United Nations
(UN) Sustainable Development Goals pro-
vide a good starting point. Again, following
the definition of the goals set by the UN in
2015, much progress has been made, and
measures are being developed to provide
evidence of that progress.'9:84-8°

We therefore contend that these various
measures can be assessed in relation to
defined thresholds, or targets, to provide
a set of metrics that users can weight and combine to give an
overall index of resilience. Thus, the UN might weight the targets
with a focus on security and well-being, whereas the World Bank
might give greater emphasis to the sustainability of the global
economy. To illustrate the concept, we make use of existing
compiled datasets'®#%° to derive an illustrative resilience index
(Box 3; Note S1).

We conclude that the construction of national and global mea-
sures of resilience is within our immediate grasp to inform policy,

time

Box 2. National (England) sectoral example

The agreed aim was to enhance the resilience of coastal communities to flooding and erosion. A set of objectives was developed in
consultation with a range of stakeholders, and existing datasets were used to establish performance measures. These were used
to define an index of overall coastal system resilience that could be scaled from local (district authority) to national (England)
scales.'" Within a policy context that advocates the enhancement of coastal resilience, the study demonstrated how a quantitative
aggregate measure of resilience could be used in an operational CRM for management purposes. The CRM is based on well-es-
tablished multi-criterion analysis techniques using a set of performance measures to indicate gain or loss of some aspect of resil-
ience. Stakeholder and community agency is provided via the weightings used to combine the performance measures. This means
that there is no absolute measure of resilience but, rather, a spectrum that reflects community and decision-maker values/prefer-
ences. This allows the trade-offs that are being made locally and nationally to be transparently recognized and explored in greater
depth. The figure shows the resilience index (which varies from 0%-100%, where higher values indicate greater resilience) map-
ped onto 90 km? hexagonal units. Contrasting stakeholder perspectives, classified as social, economic, and environmental prior-
ities, are shown reflecting different weightings, with the combined case being their average. The CRM portal allows local stake-
holders to explore the influence of different weightings on coastal resilience (https://coastalresilience.uk/crm/), and the
approach is now being pursued by the UK government, who are working to define objectives and measures in greater detail.

Resilience Index
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Box 3. SOSR

Using existing global datasets'®#%%® of the biophysical limits that contribute to planetary boundaries and the social limits that
determine the social foundation, we apply a method similar to the one used to examine coastal resilience (Box 2). Details of the
method are provided in Note S1. In brief, we map biophysical and social performance measures to scores on a scale of 0-1. These
are then weighted and combined at a national level to give a weighted biophysical and social score. These plot onto a biophysical-
social plane, and to obtain a global measure, we use a population-weighted mean for all countries included in the analysis. The
figure below shows the weighted biophysical and social scores for 1992 (orange circles) and 2015 (blue circles).

For any given year of analysis, the population-weighted mean for all countries defines an index point, which we take to be a mea-
sure of the overall system state; i.e., resilience. This is made up of two parts.

(1) The distance of this point from the origin, which we to refer to as a performance index (Pl). A value of 1 or more implies good
functional capacity to adapt to change, whereas a value close to 0 suggests limited capacity to adapt. The index has a range
from 0 to 1.41 (/2).

(2) Anangle (0) about the 45° diagonal, normalized by 45° (i.e., disparity index [DI] = (6 — 45)/45). Points on the 45° diagonal imply
that social and biophysical performance are in balance so that one has parity. Hence, the index measures the anomaly from
parity. The index has a range +1. A positive value indicates that social measures are being achieved to a greater extent than
biophysical measures, and a negative value implies the opposite.

The track of the index over this period is shown in the figure, where the open black circle indicates the start position of the index in
1992, and the filled black circle indicates the value of the index in 2015. The size of the circles indicates relative size of the pop-
ulation, and n is the number of countries included in the analysis. The green arrows indicate the direction of response needed to
improve global resilience.

We stress that this is an illustrative resilience index, as we have used a set of surrogate measures without explicitly determining
their contribution to system resilience (see supplemental information). Given a time series of performance measures, the evolution
of the index point over time clearly illustrates the progress made on social objectives at the expense of biophysical objectives, as
noted by Fanning et al.®®
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including some measure of societal preference (Figure 5). Recent
developments to formalize the identification of indicators that
support the delivery of the UN Sustainable Development Goals
suggest that a more robust framework is starting to emerge.*®
For now, the metrics used are necessarily a mix of direct and in-
direct measures of performance. However, these measures can
be mapped onto established SES®*® and SETS?® thinking. SETS
models open the opportunity to explore a wide range of potential
futures, including how sectors may change due to inter-sectoral

effects, environmental changes, and sector-specific actions. The
underlying models could be used to explore the dynamics asso-
ciated with alternative development pathways rather than being
constrained by having to articulate scenarios.”® Hence, with suit-
able development, the outputs of such SETS models will comple-
ment and enhance traditional performance measures/indicators
and potentially replace them.

Cast in terms of a resilience index, these effects can be inte-
grated to national and supra-national levels and provide a means
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of “stress testing.” This was the approach adopted during the
Great Depression in the 1930s, where the need was economic
growth, and gross domestic product (GDP) was adopted as
the index to guide progress.®’ Since then, GDP has been one
of the most influential policy indicators. However, GDP ignores
the wider implications of development and provides no informa-
tion on our resilience or our ability to live within the planet’s safe
operating space. A resilience index would be much more appro-
priate for the modern age.

Conclusions
Resilience is a powerful integrated concept with which to analyze
and manage the complex SETSs in which we live. A resilience in-
dex provides a tool that is of immediate use to policy-makers and
can help inform the public of progress while also establishing a
clear research agenda to improve the basis on which resilience
is measured. A consistent approach across policy sectors would
enable integration to define a national index. The national data
and indices might then feed into a global assessment, although,
in the short term, it is more likely that global datasets will form the
basis of a global index, as we have illustrated (Box 3). Such an
index could then be used by supra-national institutions to
explore pathways and monitor progress as they develop policies
to sustain a healthy planet. As resilience is not absolute and de-
pends on the evolving context, what constitutes resilience is
likely to evolve, and what we measure may also need to change
with time. Similarly, societal preferences and weights are also
likely to evolve with time and understanding. Consequently,
any resilience index must itself be viewed as an adaptive prop-
erty of the systems it is used to monitor.

To implement the approach outlined, there is a need for
research and policy action to

(1) define a set of measures that capture societal resilience
within a global safe operating space,

(2) collate consistent national data to provide a global
dataset,

(3) test the suitability of different scaling functions,

capture the preferences of different stakeholder groups,

use historical data to understand past performance and

update the resilience indices (and possibly their compo-

nent measures) on a regular (annual) basis, and

(6) promote understanding of the interpretation, meaning,
and appropriate use of resilience indices.

—_—
[
=

The transformative change that we propose is for all levels of
government to start measuring things more comprehensively.
We seek a move away from the focus on GDP to measures
that reflect the complexity of life on our planet—a measure that
tracks the challenges we face to meet societal needs and recog-
nizes that these are inextricably linked to the needs of all life on
earth. While the approach we have outlined needs further devel-
opment, we hope that our perspective contributes to an urgently
needed conversation on how to mobilize a global change in
outlook.
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Data and code availability

Further information about the Coastal Resilience Model is available at https://
coastalmonitoring.org/ccoresources/coastalres/. The national coastal resil-
ience model (CRM) datasets can be accessed at https://coastalresilience.
uk/crm/. The data for the safe operating space resilience (SOSR) model
are available from the cited papers.'®®°° The MATLAB code used to read
the files and generate the SOSR plots is available from https://github.com/
CoastalSEA/Resilience.
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