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Resilience as pathway diversity: linking systems, individual, and temporal

perspectives on resilience
Steven J. Lade'?, Brian H. Walker?? and L. Jamila Haider’

ABSTRACT. Approaches to understanding resilience from psychology and sociology emphasize individuals’ agency but obscure
systemic factors. Approaches to understanding resilience stemming from ecology emphasize system dynamics such as feedbacks but
obscure individuals. Approaches from both psychology and ecology examine the actions or attractors available in the present, but
neglect how actions taken now can affect the configuration of the social-ecological system in the future. Here, we propose an extension
to resilience theory, which we label “pathway diversity”, that links existing individual, systems, and temporal theories of resilience into
a common framework. In our theory of pathway diversity, resilience is greater if more actions are currently available and can be
maintained or enhanced into the future. Using a stylized model of an agricultural social-ecological system, we show how pathway
diversity could deliver a context-sensitive method of assessing resilience and guiding planning. Using a stylized state-and-transition
model of a poverty trap, we show how pathway diversity is generally consistent with existing definitions of resilience and can illuminate
long-standing questions about normative and descriptive resilience. Our results show that pathway diversity advances both theoretical

understanding and practical tools for building resilience.
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INTRODUCTION

In an age of turbulent social and environmental change, the
concept of resilience has grown from origins in ecology (Holling
1973) and psychology (Garmezy 1973) to become one of the most
widely used concepts in sustainable development. Calls are
frequently made to build resilience in cities (Meerow et al. 2016),
communities (Berkes and Ross 2013), and ecosystems (Chapin et
al. 2009, Mitchell et al. 2014). A large body of research (Folke
2006, Baggio et al. 2015) studies resilience from multiple
disciplinary and interdisciplinary perspectives.
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Research on social-ecological systems views resilience as “a
system’s capacity to cope with shocks and undergo change while
retaining essentially the same structure and function” (Walker et
al.  2009). Resilience may involve adaptation or even
transformation to a different kind of system, in addition to
persistence (Folke et al. 2016). Its historically systems-based
perspective has emphasized the roles of feedbacks, nonlinearities,
and slow and fast variables in generating phenomena such as
regime shifts, adaptive cycles, traps, and transformations. This
systems view of resilience has been critiqued for failing to deal
adequately with the roles of individual actors, and factors such
as power relationships that can limit their agency (Hornborg 2009,
Coteand Nightingale 2012, Olsson et al. 2015). Although research
on traps and transformations (Westley et al. 2013, Boonstra et al.
2016) and political and social drivers of resilience (Schoon et al.
2015) has begun to deal with these factors, there is a strong need
for inclusion of agent-oriented approaches to resilience that
explicitly incorporate social dimensions of resilience (Brown
2015, Cinner and Barnes 2019).

Existing concepts that take a more agent-oriented approach to
social-ecological resilience include response diversity and
resilience-as-filtering. Originally an ecological concept (EImqvist

et al. 2003), response diversity states that a community (or
ecosystem) with a greater variety of responses to a shock will be
more likely to withstand that shock (Leslie and McCabe 2013,
Grét-Regamey et al. 2019). Resilience-as-filtering views resilience
astheresult of active and passive filtering of old and new practices
by actors within a social-ecological system (Haider 2017).
However, these existing agent-oriented approaches to resilience
are limited in the degree to which they can account for the system
feedbacks that have made social-ecological resilience such a
powerful concept. For example, a response that enhances
resilience in the short term but degrades a social-ecological
system’s physical or human assets may not be helpful for the long-
term resilience of the system. Furthermore, both systems- and
agent-oriented perspectives on resilience focus on resilience at a
snapshot in time and have limited capacity to analyze how
available responses or system attractors change over time.

Finally, despite the popularity of resilience, it can be unclear how
to assess it quantitatively or how to use it to guide different policy
options. Early metrics of resilience based on distance to a critical
threshold (Walker et al. 2004) neither indicate how far from the
threshold is desirable nor account for the need for adaptation or
transformation in addition to withstanding change. The seven
“principles for building resilience” (Biggs et al. 2015) are useful
governance guidelines but do not give guidance on specific policy
choices and have limited capacity to analyze the roles of specific
actors in building or managing resilience. Instead, economic
optimization that underplays the risks of shocks or nonlinear
change is frequently used to guide decision-making (Barfuss et
al. 2018), often undermining resilience (Walker and Salt 2006).
Formal definitions of resilience that can guide decision-making
are needed to better translate resilience into policy and to
challenge economic optimization as the dominant decision-
making heuristic.
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Here, we propose a theory of resilience as pathway diversity, where
actors have greater resilience if they have access to a higher
number of action pathways (Fig. 1). Pathway diversity links (1)
systems-oriented perspectives such as feedbacks and regime shifts,
(2) agent-oriented perspectives such as response diversity and
option space, and (3) temporal perspectives such as pathways,
into a common conceptual framework while avoiding a
“universal” metric for resilience that is not sensitive to context.

Fig. 1. Pathways and pathway diversity. The diversity of future
pathways is constrained and enabled by exogenous and
endogenous drivers and endogenous feedbacks.

Exogenous constraints and opportunities: political drivers,
societal drivers, environmental shocks, etc.

Available choices
\‘

Feedbacks on choices via constraints and opportunities: individual,
group, and biophysical characteristics that are affected by choices

Time

We begin by reviewing current approaches to resilience and
identifying their shortcomings that we aim to address with
pathway diversity. We introduce and explain the components of
the pathway diversity framework. We then illustrate how pathway
diversity could be applied to qualitative and quantitative
empirical research using the tools of adaptation pathways and
causal entropy. Our focus here is primarily theoretical, laying the
methodological basis for future empirical applications.

CURRENT APPROACHES TO RESILIENCE

Current understandings of resilience have developed from
separate origins in psychology (Garmezy 1973) and ecology
(Holling 1973) (Table 1), which, in turn, built on uses of the term
in materials science tracing back to the 19th century (Tredgold
1818, Mallet 1856). Different communities of research and
practice maintain, at times, markedly different conceptions and
operationalizations of resilience (Baggio et al. 2015, Fraccascia
et al. 2018, Lade and Peterson 2019).

Ecological resilience

In ecology, resilience was originally defined as a “measure of the
persistence of systems and of their ability to absorb change and
disturbance and still maintain the same relationships between
populations or state variables” (Holling 1973). A wide variety of
definitions are now used in ecological research, and it is not our
goal to review them all. Definitions involving the ability to resist
and recover from disturbance (Ingrisch and Bahn 2018) are
common and are often visualized using the ball and cup diagram
(Fig. 2A). Common metrics for measuring resilience include
distance to a threshold or, more recently, the variance of time
series (Scheffer et al. 2009).

Social-ecological resilience
The recognition that understanding ecological resilience requires
understanding the behavior of humans involved with those
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ecosystems triggered the development of the field of social-
ecological systems research (Berkes et al. 2002, Sterk et al. 2017)
and the study of social-ecological resilience. A key advance was
that resilience involves not only persistence, but also adaptation
in response to disturbances, as well as transformation when
necessary (Walker et al. 2004, Folke et al. 2010). Social-ecological
resilience is also conceptually the broadest of the strands of
resilience, seeking to include ecological dynamics, individual
human behavior, and collective human behavior within its
analysis (Ostrom 2009).

Fig. 2. State-of-the-art resilience theoretical frameworks. (A)
Ball-and-cup diagrams displaying a regime shift. Stable states
occur at the bottom of the landscape’s “valleys”. Reproduced
from Gunderson (2000). (B) Expanding the ball-and-cup
diagram to trajectories of ecosystem services. Reproduced from
Enfors (2013). (C) The S-curve of economic poverty trap
models. A fixed point occurs when future assets is the same as
current assets, that is, when the solid line crosses the dashed
diagonal line; this S-curve shows a stable “poor* and “not-poor
“ states separated by an unstable state. Modified from Lade et
al. (2017).

Future assets

Current assets

Apart from the triad of resilience as persistence, adaptability, and
transformability (Walker et al. 2004), few general conceptual
frameworks of what resilience is have been developed to match
the concept’s transition from ecological to social-ecological
systems. A common critique of research on social-ecological
resilience from a social science perspective is that it often uses an
ontology of systems thinking, inherited from ecological resilience,
that has limited its ability to incorporate individual action and
constraints on that action such as inequality, power, and agency
(Cote and Nightingale 2012, Brown 2014, Olsson et al. 2015).
Although some recent resilience work has addressed these
research gaps, for example, on transformative agency in social-
ecological systems (Westley et al. 2013), social-ecological traps
(Boonstra et al. 2016), sense of place (Masterson et al. 2017),
political drivers of resilience (Schoon et al. 2015), and social
drivers of resilience (Robards et al. 2011), agency is still largely
absent from frameworks and theories of resilience. An approach
that combines systems-oriented and agent-oriented perspectives
of resilience would allow agency and power to be dealt with more
explicitly (Brown 2015).

From an implementation perspective, current approaches to
social-ecological resilience emphasize the complex adaptive
systems nature of social-ecological systems and have limited
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Table 1. Summary of resilience definitions and metrics from various fields. The definitions given are representative only; within each
field, there may be strong debate and a large diversity of views on resilience.

Field Representative definition

Metrics

Weaknesses

Ecology “the persistence of systems and ...
to absorb change and disturbance” (Holling
1973)

“a measure of a system’s capacity to cope
with shocks and undergo change while
retaining essentially the same structure and
function” (Walker et al. 2009, Folke et al.
2016)

“ability to bounce back from negative
emotional experiences” (Tugade et al. 2004)
“capacity of a person, household or other
aggregate unit to avoid poverty in the face of
various stressors and in the wake of myriad
shocks” (Barrett and Constas 2014)

Social-ecological
systems

Psychology

Development

their ability Distance to threshold, size of basin
of attraction, eigenvalue, variance

“Resilience principles” (Biggs et al.
2015) offer guidelines for policy

Sets of individual criteria
(Rodriguez-Llanes et al. 2013)
Sets of indicators of individual
capabilities

Originally did not recognize that
resilience sometimes requires adaptation
or transformation

General concept that can be difficult to
implement

Attributes resilience to the individual;
does not recognize systemic factors
Metrics are not context sensitive (Levine
2014); a single resilience measure may
block deeper understanding of system
dynamics (Quinlan et al. 2016)

capacity to provide guidance when confronted with a specific
policy choice. General guidelines have been offered for how to
build resilience (Biggs et al. 2015), global limits have been
identified (Steffen et al. 2015), and resilience assessments help
understand how a particular social-ecological system operates
(Sellberg et al. 2015). There is understandable reluctance to
develop universal measures of resilience given that the features
that make social-ecological systems resilient may vary widely
(Quinlan et al. 2016) and such a measure could lead to top-down
control that actually undermines resilience (Cox 2016). In any
resilience analysis, the “whom, what, when, where, and why” of
resilience must also be considered (Meerow and Newell 2019).
However, the lack of a clear approach to quantifying social-
ecological resilience leaves economic optimization as the
dominant quantifiable policy goal. An approach to quantifying
and optimizing resilience that delivers on the largely unrealized
potential for optimization methods to be used in conjunction with
resilience (Fischer et al. 2009), and which still accounts for context
dependence, could be used to challenge economic optimization.

Psychological resilience

The concept of resilience has as long a history in psychology
(Garmezy 1973), as in ecology (Holling 1973). Psychological
resilience research studies the ability of individuals to withstand
stress, generally attributing lack of resilience to characteristics of
the individual rather than systemic factors. More recently,
research into social resilience (Adger 2000) has studied the ability
of communities or other groups to withstand disturbance, better

taking systemic and contextual factors into account.
Psychological, cultural, and emotional dimensions of
environmental change are increasingly recognized in

sustainability science as fundamental in shaping strategies of
persistence, adaptation, or transformation in the face of
uncertainty (Brown et al. 2019). Many of the tools for measuring
social resilience have been developed by researchers and
practitioners for resilience in development, which we now
describe.

Resilience in development
Resilience is highly prominent in discussions of international
development and poverty alleviation agendas in academia, policy,

and practice (Brown 2015). Development programming
frequently sets “building resilience” as an explicit goal of
interventions. In the international policy arena, resilience is a
central concept in frameworks such as the Sustainable
Development Goals. Despite the widespread use of the term, there
are markedly different understandings about what it is, how it can
be assessed (Quinlan et al. 2016), and how it can be built (Béné
et al. 2014).

Intensive effort to measure resilience has led to the development
of criteria-based resilience metrics (Cinner et al. 2015, FAO 2016).
These lists help to incorporate a diversity of views on resilience.
However, they are so broad that they can be used to justify a wide
range of interventions; they neglect the complex interrelationships
that comprise poverty; and they fail to be context sensitive, that
is, the factors that contribute to resilience in one location may be
very different from the factors that contribute to resilience
elsewhere (Levine 2014).

Pathways conceptions of resilience

The challenge of navigating along and between different
“pathways to resilience” or “pathways to sustainability” is a
common problem framing in sustainable development. We

introduce three examples of this framing.

First, the “pathways approach” of the STEPS centre (Leach et
al. 2010) studies how a particular development pathway can be
envisioned and enacted, and importantly, how the framing of a
particular pathway constructs the core dimensions, relations, and
behaviors of a system. While the STEPS pathways approach has
foundations in complex adaptive systems thinking, the central
driving force of change is differential power co-produced by
discursive and material aspects of the system (West et al. 2014).
As opposed to social-ecological resilience approaches, which have
a foundation in more positivist-oriented epistemologies, the
STEPS pathway approach is driven by a more constructivist
inquiry, in which the character of a system is negotiated through
framing (and by the virtue of including some things, others are
excluded). These differences in understanding systems and the
role of human agency in defining them have led to debates that
constructivism may curtail urgent action (see, for example, the
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debate between Johan Rockstrom and Melissa Leach, as
documented by Brown 2015:22). Indeed, the question of framing
brings into focus the normativity of resilience and sustainability
and the power that these concepts have come to imbue (Cretney
2014, Walker 2020). The space between these different approaches
on pathways to resilience have since been narrowed through the
promotion and acceptance that equity and sustainability must go
hand-in-hand for sustainable and fair futures (Leach et al. 2018).

Second, the adaptation pathways framework can be used to study
sequencing and potential lock-in of adaptation decisions
(Haasnoot et al. 2013). It was developed to aid in exploring and
prioritizing adaptation actions in futures when options are
available for only limited time periods (Haasnoot et al. 2013). It
illustrates which alternative actions are available at each point in
time from the current state of the social-ecological system. Wise
et al. (2014) identified that adaptation pathways in practice often
demonstrate dynamics characteristic of complex systems, such as
path dependency, whereby a decision affects the availability of
future actions and the occurence of maladaptive spaces that limit
future actions and transformative change when a decision is taken
to change the social-ecological system substantively. Although
the adaptation pathways framework can be used as a tool for
building resilience, it does not make any statements about the
connection between the diversity of pathways and resilience.

Third, attempts have been made to extend the ball-and-cup model
of resilience with a temporal dimension along metaphorical
pathways (Enfors 2013, Steffen et al. 2018; Fig. 2B) in a three-
dimensional representation that builds on Waddington’s (1957)
representations of epigenetic landscapes. These graphical
heuristics have limited analytical power, however.

Often the implicit view in a pathways perspective is that different
pathways lead to different outcomes for resilience, and an
appropriate pathway should be chosen and molded carefully.
However, this view does not account for the relationship between
the number or diversity of different pathways and resilience
outcomes. Here, we develop a theory based on a pathways
perspective that can incorporate the insights of systems-and more
individual-oriented approaches of resilience through analyzing
the diversity of available pathways.

RESILIENCE AS PATHWAY DIVERSITY

We propose a theory of resilience as pathway diversity, the
diversity of future pathways available to an agent or agents (Box
1). In this theory, higher pathway diversity leads to higher
resilience. We use a specific understanding of a pathway as a
sequence of actions made by an actor or set of actors (Box 1).
Decisions that promote resilience, under this theory, are those
that maintain existing available actions or improve the array of
actions available to actors in the social-ecological system now and
into the future.

Here, we elaborate on the key components of pathway diversity:
constraints limit available actions, greater diversity of actions
means greater resilience, but the consequences of an action on
future availability of actions along a pathway must be taken into
account. Through these elements, pathway diversity provides a
framing that can link individual and systems theories of resilience.
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Box 1: Definitions

Pathway: A temporal sequence of actions taken by an agent or
agents and the associated changes in the social-ecological system
in which they are embedded. An agent could be an individual,
household, community, or other group. In practice, assessment
of pathways will need to be truncated at some time horizon.

Pathway diversity: The diversity of pathways available to an agent
or agents.

Constraints on available actions: contributions from individual
perspectives on resilience

Individual or agent-centric perspectives of resilience are necessary
to understand the factors that enable and constrain different
actions and the pathways to which those actions lead. Available
pathways will depend on the structural constraints and
opportunities that actors face, and their actions will depend on
their knowledge and motivation. For example, power
relationships could lead to an actor’s available actions being
suppressed or restricted, or alternatively could allow an actor to
access previously unavailable actions; the knowledge or physical
skills possessed by a person may limit their available choices; habit
or preference may constrain available actions; and other available
resources such as financial or natural capital may also constrain
their actions. Many concepts and frameworks could be used to
study these factors, of which we next give some examples.
Although consideration of the constraints on agency must be a
part of any pathway diversity analysis, we do not here favor any
particular analytical framework.

The traps framework of Boonstra et al. (2016) distinguishes
between the desires, abilities, and opportunities for actors to
respond to a trap. Abilities and opportunities provide,
respectively, internal and external constraints on an actor’s access
to actions, whereas desires enable the actor’s capacity to make use
of that access. Similarly, the values-rules-knowledge framework
(Gorddard et al. 2016) distinguishes between the values that
determine how likely an actor is to make use of an available action,
the rules-in-use and rules-in-form that constrain or enable the
available actions, and the knowledge that an actor uses to assess
which actions are available.

In development studies, Sen’s (2001) capabilities approach
famously laid out the argument that resources (inputs) must be
converted into valuable functionings, which depends on a person’s
physical ability, social context, and environmental constraints,
among other factors. A person’s capability is a set of diverse
valuable functionings, but the functionings that a person achieves
are those that are actually selected by the individual. Our
theorization of pathways diversity therefore only includes
pathways on which people actually have the capability to act.

The sustainable livelihoods framework expresses constraints on
action through five interlinked capitals (Scoones 1998, 2009,
Serrat 2017): financial capital, natural capital, human capital,
social capital, and physical capital. Levels of these capitals are
influenced by environmental, economic, and political factors, and
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the levels of these capitals, in turn, constrain which livelihood
options are available. Livelihoods approaches have been noted as
being ripe for integration with resilience concepts (Tanner et al.
2015).

Connecting diversity with resilience

We connect available actions to resilience by claiming that actors
are more resilient if they have a greater diversity of actions
available or, equivalently, a larger “option space” (Enfors-
Kautsky et al. 2018). Diversity is an intuitive surrogate for
resilience: the more different things a system has, the better its
capacity to respond to disturbances or change (Biggs et al. 2015).
For example, biodiversity is believed to be important for
ecosystem resilience. Response diversity (Elmqvist et al. 2003),
which has also been applied to social-ecological systems (Leslie
and McCabe 2013, Grét-Regamey et al. 2019), identifies diversity
of initial response capabilities with resilience. Resilience is
improved if multiple entities perform the same function
(functional redundancy) and is even further improved if they
respond differently to shocks or stresses (response diversity). If a
particular disturbance removes one or more entities in a
functional group, the function persists in the short term as long
as one or more of the entities in that functional group remain.
However, it does not ensure long-term viability of that group.
Furthermore, while response diversity counts the diversity of
species (Elmgqvist et al. 2003) or actors (Leslie and McCabe 2013,
Grét-Regamey et al. 2019) according to their responses, pathway
diversity could arise from the different future pathways available
to asingle agent. Diversity in the pathways of energy flow through
an ecosystem also has long been proposed to promote stability
(MacArthur 1955); here, we also identity diversity of pathways
with resilience but do not discuss energy flows.

Although there are many ways to measure diversity, such
measures generally involve some combination of variety, balance,
and disparity (Stirling 2007). A simple initial approach for
pathways diversity would be simply to count the number of
pathways (variety) out to some specified time horizon. We use
this approach in the applied investigation of pathway diversity in
the next section. In the section thereafter, we offer a quantitative
measure of pathway diversity that allows weights of different
pathways to be incorporated (combination of variety and
balance). This approach would recognize that pathways that are
in principle possible but in practice unlikely to be accessed, due
to the constraints on actions discussed above or due to changes
in these constraints, do not significantly contribute to resilience.
There may also be substantial qualitative disparities between
pathways, for example, a pathway that leads to business as usual
compared to a pathway that leads to adaptation or
transformation, but we have not yet built a disparity metric into
a measure of pathway diversity.

Furthermore, in the example applications we present below, we
consider only the diversity of pathways associated with the
decisions of a single actor. In the case of multiple actors, the
diversity of these actors’ attributes could play a key role, for
example, a diversity of problem solving methods (Hong and Page
2004, Page 2007), diverse knowledge or perspectives of system
properties or dynamics (Arlinghaus and Krause 2013, Cronin and
Weingart 2019), functionally diverse cognitive abilities (Baggio et
al. 2019), or diverse behavior (Schill et al. 2019).
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Feedbacks from actions: contributions from systems perspectives
on resilience

If an action reduces the actions available to an actor in the future,
for example, by running down their natural or financial capital,
then that action does not contribute to that actor’s resilience (Abel
et al. 2016). It is thus important to emphasize that we define
resilience not in terms of the diversity of available actions, but
rather as the diversity of the available pathways of actions.
Available pathways could therefore be enabled or constrained
both by feedbacks involving attributes of the agent (such as their
abilities or desires), their environment (such as their biophysical
environment or their relationships with other agents), or external
drivers (such as the political, economic, social, and biophysical
contexts of theactors; Fig. 1). Asinstructuration theory (Giddens
1986), pathways result from the interplay of systemic feedbacks
with individual agency.

In systems language, assessing pathways rather than only initial
actions allows the consequences of actions to feed back through
their effects on the social-ecological system to affect the actor’s
future availability of actions. A pathways perspective thus
incorporates the concept of feedback, which is a core element of
systems perspectives on resilience. In the section Theoretical
investigation of pathway diversity: poverty traps below, we show
that pathway diversity is consistent with other systems resilience
concepts such as traps and regime shifts. A pathway perspective
also moves beyond static understandings of the configuration of
a social-ecological system such as the ball-and-cup diagram (Fig.
2A) by allowing the possible options of actors in the system to
change over time (Fig. 2B). Our approach to pathways is
consistent with Sen’s (2001) vision of capabilities whereby simply
having more options is not useful if those options do not lead to
an increase in the functionings available to a person (Wells 2012).

APPLIED INVESTIGATION OF PATHWAY DIVERSITY:
AGRICULTURAL RESILIENCE PLANNING

We now illustrate how pathway diversity can be assessed and used
to guide decision-making using a stylized model of a farmer in
an industrialized, water-stressed society. The stylized model we
use here is purely graphical, based on a number of assumptions
that greatly simplify reality, not based on any specific case, and is
clearly not intended for prediction or for policy. We use this
deliberately simplistic representation of reality to succinctly
illustrate pathway diversity.

Identification of pathways
We assume that the farmer has the following alternative
livelihoods:

Single crop variety monoculture: This farming strategy is
highly economically productive but highly susceptible to
disease.

Multiple crop varieties, in which several varieties of the same
kind of crop are grown: This strategy means that if disease
or financial shocks reduce the viability of one crop, the
farmer has other crops from which to choose.

Mixed cropping, in which several different crops are grown:
The farmer can readily convert from growing mixed crops
to single crops or single varieties, but not back again.
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Cattle farming and cropping: The farmer can readily convert
to cattle farming or cropping, but not back again without
government support for diversification.

Cattle only: We assume that all crops will fail in moderate
drought, but cattle farming can be maintained. However, we
also assume in this model that in good conditions, cattle
farming is less economically productive than cropping. In
times of severe drought, cattle farming will also fail unless
supported by drought-relief subsidies.

Tourism: If the farmer retains sufficient funds, they can
invest in and switch to a livelihood from tourism. Once the
farmer has switched to tourism (for example, by selling all
farming infrastructure and installing accommodations), the
farmer cannot readily switch back to cattle or cropping.
Tourism is only sustainable if tourism demand is sufficiently
strong.

Exit: The farmer can choose to exit from this set of
livelihoods at any time. We do not consider what happens
to the farmer after exit. If the farmer persists with nonviable
cropping, cattle farming, or tourism for more than two years,
degradation of farmland or loss of financial assets force the
farmer to exit.

In the system specification “resilience of what, to what, for whom”
commonly associated with resilience thinking (Carpenter et al.
2001, Elmqvist 2014), the “of what” is the farmer-farm social-
ecological system and the “for whom” is the farmer. Regarding
“to what”, the idea of maintaining multiple future pathways is to
promote resilience against unspecified future threats, that is,
general resilience. In this section, we test this general resilience
against a specific pattern of various external drivers or “to whats”
(Fig. 3A). We graphically represented the resulting pathways
available to the farmer in a form based on the adaptation pathways
framework (Fig. 3B).

Although we use the adaptation pathways framework as a
visualization tool, pathway diversity delivers conceptual and
operational advances beyond adaptation pathways by associating
pathway diversity with resilience in a way that can be computed.
The adaptation pathways framework is about staying within a set
of viable system states and not crossing into a maladaptive space,
whereas pathway diversity is about the number of choices for
staying within that viable set.

In the particular pattern of drivers that we chose to illustrate this
model, disease first causes failure of the single crop strategy. A
beef price crash causes exit from the cattle-only strategy, but we
assume a mixed cattle and cropping strategy can be maintained
via income from cropping. A moderate drought causes exit from
all cropping strategies. This event is followed by a severe drought,
which would also have caused exit from cattle farming were it not
for government drought relief. After the end of the drought,
diversification assistance can help farmers return to a mixed cattle
and cropping strategy. Tourism is also vulnerable to shocks, with
a reduction in tourism demand leading to exit from tourism. In
this example, we do not explicitly consider limitations on the
knowledge or other capacities of the farmer to identify and act
on these different options, though this will be a critically
important factor in any empirical case study.
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Fig. 3. Pathway diversity analysis of agricultural decision-
making. (A) Drivers that influence the available options. (B)
Available pathways. (C) Calculation of pathway diversity for
each action at every point in time. The actions of maximum
pathway diversity (numbers) in each year are bolded.
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We can see in our adaptation pathways (Fig. 3B) many of the
complex systems phenomena identified by Wise et al. (2014). If
cropping is chosen during drought, the farmer becomes locked-
in to this livelihood because of feedbacks from declining natural
and financial capital and is eventually forced to exit. Lock-in is a
form of path dependence (Mahoney 2000, Page 2006) in which
future decision-making options become substantially narrowed
(Allison and Hobbs 2004). We characterize switching between
cropping strategies (such as single and multiple varieties) as
adaptation. A transition to tourism, however, is a transformation
because it involves fundamental reorganization of the farmer’s
activity and the farm’s infrastructure that cannot readily be
reversed.

Pathway diversity and resilience: guiding decision-making

We identified the pathways of greatest resilience (green highlights,
Fig. 3B) in this toy model based on the map of pathways, but not
explicitly considering pathway diversity, as follows. Initially, the
most resilient livelihood strategy for the farmer is mixed cattle
and cropping because mixed pathways generally provide the
greatest range of future options (Meert et al. 2005). When a
moderate drought occurs, however, cropping becomes unviable
in thismodel. Maintaining a cropping strategy would lead to lock-
in and then exit within two years (years 6-7). The strategy of
highest resilience, which allows the farmer to stay on their land,
is to switch to cattle farming only once the drought hits and while
the optionisstill available (year 6). Drought relief helps the farmer
withstand severe drought (year 9), while diversification support
allows the farmer to return to a high-resilience mixed cropping
and cattle strategy. This pathway allows the farmer to deal with
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known threats while also leaving as many options as possible open
for unknown threats, that is, to maintain both specific and general
resilience (Folke et al. 2010). We should note here that this measure
of resilience is at the farm level, and resilience across scales would
require additional considerations. For example, we are not here
making claims about the resilience of cattle production or
consumption at a global food system level.

We now demonstrate that pathway diversity predicts pathways of
greatest resilience that are consistent with the intuitive
understanding above. For all livelihood strategies at all points in
time, we assumed that the farmer had full knowledge of future
pathways up to two years in the future. We calculated pathway
diversity by counting the number of distinct action pathways
starting from that livelihood strategy out to two years in the future.
For example, if the farmer is engaged in mixed cropping coming
in to year 2, they have 10 decision pathways available for the
coming two years (years 2-3): Mixed cropping—Mixed cropping;
Mixed cropping—Multiple varieties; Multiple varieties—Multiple
varieties; Mixed cropping-Tourism; Mixed cropping—Exit;
Multiple varieties—Tourism; Multiple varieties—Exit; Tourism—
Tourism; Tourism—Exit; and Exit-Exit. Each year’s actions with
maximum pathway diversity (Fig. 3C, bolded entries) correspond
exactly with the intuitively chosen pathways of greatest resilience
(Fig. 3B).

We have shown that pathway diversity offers an operational
definition of resilience that is readily computed from an
adaptation pathways diagram. Whereas conventional approaches
to resilience recognize the need for persistence, adaptation, and
transformation (Folke et al. 2016), a pathway diversity approach
recommended a transformation at exactly the same time as
intuitive understandings of resilience. Pathway diversity as
implemented here could therefore guide decision-making and
policy-making to build resilience.

The toy model we have used here has many limitations. First, each
of the livelihoods considered here and the ease of switching
between them are likely subject to many more factors.
Transformation to tourism as livelihood will require specific
knowledge and skills and may require substantial financial
capital. Second, full knowledge of pathways up to two years in
the future is fully known by farmers. In practice, decisions are
constrained by uncertainty about the future trajectories of
specific drivers and deep uncertainty about unknown future
pressures. An operational version of this framework will have to
be probabilistic, with probabilities assigned to possible future
drivers. Finally, we study farming decision-making and its effects
only at a local scale; for example, cattle farming may not be an
option that builds resilience in larger food systems (Willett et al.
2019). Further research is needed that will apply pathway diversity
to more realistic situations or models that better reflect the
dynamics of real social-ecological systems and the uncertainties
associated with decision-making. This research could include
embedding a pathway diversity analysis within a participatory
resilience assessment and planning process. Building resilience
against unknown future shocks comprises a form of decision-
making under deep uncertainty (Kwakkel and Haasnoot 2019).

THEORETICAL INVESTIGATION OF PATHWAY
DIVERSITY: POVERTY TRAPS

The agricultural example in the previous section investigated how
a pathway diversity framework could be used to assess resilience
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empirically and to guide decision-making. We now explore
assessment of resilience within a stylized mathematical model. A
systematic mathematical operationalization of pathway diversity
would allow it to be compared formally with existing systems
approaches with resilience, and also opens the possibility for a
quantitative assessment of resilience as pathway diversity in
mathematical models. In this section, we offer causal entropy as
a metric of pathway diversity and apply it to a toy model of a
poverty trap.

Causal entropy: mathematical implementation of pathway
diversity

A likely candidate for implementation is the mathematical
formalism of causal entropy (Wissner-Gross and Freer 2013).
Causal entropy is a measure of the diversity of future pathways
that are accessible from a specified starting state within a specified
time horizon. The causal entropy of state x; in a discrete state
space with time horizon t is

S(i,7) = 2% POt + 7l 010gPOgiet + 71%0) - @

where j and k denote the different pathways available to
endogenous and exogenous degrees of freedom and are the
probabilities of the system taking the different pathways denoted
by j and k. It is causal because all pathways causally connected
to an initial state x; are considered, and it is entropy because it
measures the unpredictability of which pathway will be taken.
This approach to diversity can be conceptualized as a
combination of variety and balance (Stirling 2007).

We caution that the use of the term entropy here is purely in a
descriptive sense, as a measure of the diversity of pathways, as it
is used in information theory. Physical laws associated with
thermodynamic entropy, such as the second law of
thermodynamics stating that entropy must increase in a closed
system, have no relevance here. Confusion between the different
varieties of entropy used in different branches of physics has led
to substantial misuse and misunderstanding (Kovalev 2016).

Causal entropy was first widely used in astrophysics (Brustein and
Veneziano 2000). Wissner-Gross and Freer (2013) applied causal
entropy to mathematical models intended to reproduce
intelligence tests involving tool use. They controversially claimed
that intelligent agents, or complex systems in general, tend to
follow a path generated by causal entropic forcing. Again, we
avoid any such prescriptive ambitions, but rather use causal
entropy as a descriptive measure of pathway diversity.

The mathematical definition of causal entropy (Eq. 1) allows for
two sources of variability: endogenous and exogenous to the
system under study. In the exogenous case, the freedom of any
actors within the system is ignored, and variability emerges from
the possible actions of agents or entities external to the system.
“Agent-less” models of resilience, such as distance to a threshold,
are compatible with the exogenous view: While there are decisions
being made that affect the distance to a threshold, these decisions
arenot explicitly incorporated in the model. The endogenous case,
however, provides an opportunity for agency to be incorporated
into a model setting. In the endogenous case, agency can be
attributed to actors internal to the system. Constructing a model
that displays causal entropy thus requires the possible actions of
agents within the system, such as navigating away from a
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threshold, to be made explicit. Limitations to an individual’s
agency could be specified according to factors, including power
relationships, norms, available assets, and individual motivation.

Descriptive and prescriptive resilience: pathway diversity analysis
of a poverty trap

We illustrate the potential of causal entropy as a measure of
resilience using a simple state-and-transition model (Westoby et
al. 1989, Bestelmeyer et al. 2017) of a poverty trap (Fig. 4A). The
model consists of three states: an initial state A; a state B from
which recovery to A usually occurs; and a third state C, reachable
from B with low probability, from which recovery to A and B is
possible but unlikely. C corresponds to a poverty trap, A
corresponds to a “not-poor” state with greater freedom, and the
transition B to C corresponds to a regime shift into the poverty
trap.

We calculated the causal entropy of each of the states A, B, and
C out to a time horizon of 10 transitions by brute force: mapping
all possible pathways of length 10 and probabilities associated
with all those paths. The results show that the trapped state C has
the lowest causal entropy because there are few pathways available
from that state, whereas state A has highest causal entropy (Fig.
4B). The causal entropy of A and B are even higher when we
modified the model to include multiple pathways for returning to
A from B and for remaining at A (Fig. 4B, dotted lines).

Resilience as pathway diversity might therefore be able to shed
light on long-standing discussions about descriptive and
prescriptive versions of resilience (Béné et al. 2014, Olsson et al.
2015). Resilience researchers usually maintain that resilience is a
descriptive concept. For example, under the conventional
association of resilience with persistence, both the trapped state
C and the not-poor state A would have high resilience because
they are easily able to maintain (and C would have the highest
resilience), but the resilience of A would be labelled a “good”
resilience, whereas the resilience of C would be labelled a “bad”
resilience (Bénéetal. 2014). Outside academia, however, resilience
is often used normatively or prescriptively (Walker 2020):
resilience is always “good”; therefore, A would be high resilience
but C low resilience. High “bad” resilience is sometimes referred
to as rigidity (Holling et al. 2002).

Interpreting resilience as pathway diversity, however, gives A as
the highest resilience state and C as the lowest resilience state.
Pathway diversity is thus a descriptive measure of resilience that,
unlike stability metrics, assesses a poverty trap as a state of low
resilience. Therefore, pathway diversity could be seen as an
implementation of more recent social-ecological approaches to
resilience, for example, that define resilience as the capacity to
adapt or transform (Folke et al. 2016) or in terms of general
resilience (Folke et al. 2010, Carpenter et al. 2012), which would
also assess the trapped state C as low resilience.

We thus find that pathway diversity is consistent with existing
understandings of resilience-as-persistence that associate
proximity to a regime shift as a reduction in resilience, but also
matches with more modern notions of resilience-as-capacity-to-
adapt or -transform that associate a poverty trap with low
resilience. We also show that resilience as capacity to recover from
shocks is enhanced if there are more options available to deal with
different kinds of shocks.
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Fig. 4. Pathway diversity of a poverty trap. (A) State-and-
transition model showing a state A, which recovers from a
transition to state B with high probability (0.8), but if a
transition to C occurs, then recovery is highly unlikely (0.05).
The intention, as illustrated in the ball-and-cup diagram, is that
C corresponds to a trapped state of high persistence; A is a
more desirable stable state with lower persistence, and B is an
unstable intermediate state. (B) Causal entropy for the different
states as a function of the time horizon. A is the state of
highest causal entropy, followed by B, then the trapped state C.
Where there are two recovery paths from B to A as well as two
paths to maintain A, the causal entropy of states A and B are
even higher (dotted lines, A2-C2 in figure legend).

(b) 8

Causal entropy

10

Time horizon, t

Maximizing pathway diversity in a model setting could offer an
alternative policy goal to economic optimization that underplays
the risks of shocks or nonlinear change. Although fully
maximizing pathway diversity may also be undesirable, as we
argue below, it could nevertheless be used to illuminate alternative
policy goals. The final policy may be a choice between economic
optimization and maximum pathway diversity, depending on
stakeholder priorities.
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DISCUSSION

We take this opportunity to anticipate potential critiques of
pathway diversity as resilience. First, in introducing our theory
of resilience as pathway diversity, we do not aim to replace any
existing theories or tools for resilience. Rather, we see pathway
diversity as a complementary concept that can unite previously
disparate approaches to resilience and guide decision-making for
resilience. For example, we have shown that pathway diversity can
guide decision-makingin a way that: distinguishes when it is better
to adapt or transform, links individual constraints on decision-
making with systemic feedbacks, is consistent with classical
resilience concepts associating regime shifts with a loss of
resilience, and is consistent with more modern understandings of
a poverty trap as a state of high persistence (rigidity) but low
general resilience (Folke et al. 2010). Guidelines for resilience such
as the seven principles for building resilience (Biggs et al. 2015)
contribute factors that improve the number and accessibility of
pathways. Resilience assessments contribute to revealing key
components and critical thresholds at which certain options lead
to significant impacts on the social-ecological system (Walker et
al. 2009, Sellberg et al. 2015, 2018, Enfors-Kautsky et al. 2018)
and key assets or capacities that contribute to a system’s resilience
(Constas et al. 2014, FAO 2016).

Second, pathway diversity is a quantification of resilience and
therefore could be used to design policies to maintain or increase
resilience; indeed, we used it to calculate the pathways of greatest
resilience in the stylized agricultural examples. Resilience
researchers are justifiably wary of general metrics of resilience,
for example, because they could lead to top-down control to the
detriment of the system that is being managed (Cox 2016), or out
of suspicion that any general metric exists that could be usefully
applied across the wide variety of contexts and systems in which
resilience is used (Quinlan et al. 2016). To these concerns, we note
that to assess pathway diversity requires a full description (or as
full as is available) of the social-ecological system, including
alternative options and the consequences of options expressed
via feedbacks. It requires making assumptions of the description
of the social-ecological system transparent, and requires
reflexivity on the part of the researcher to reassess continually the
adequacy of the description. Any assessment of pathway diversity
will thus be highly specific to the system being assessed. Although
we must remain attentive to risks associated with quantifying
resilience, pathway diversity presents an opportunity to capitalize
on the possible synergies between optimization approaches and
resilience (Fischer et al. 2009) within the factors that constrain
resilience in a specific context.

Third, we claim that pathway diversity as resilience is descriptive,
not normative. In the poverty trap model, we showed that the
pathway diversity of a poverty trap is low, in line with
understandings of a poverty trap as a situation of low resilience.
Poverty traps are also undesirable, and therefore, low resilience
aligns with low desirability in this case. High pathway diversity,
however, is not necessarily desirable, depending on whose pathway
diversity is high. For example, high pathway diversity and thereby
high resilience of a tyrant would be undesirable for much of the
country’s population (while the pathway diversity of the members
of that population might be low). Furthermore, high pathway
diversity might not be helpful if the available pathways do not
help with a specific shock (such as a market collapse) that occurs.
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Lastly, although resilience as pathway diversity generally
increases when there are more actions available, it does not
promote maximizing available actions at any cost. If some actions
are harmful to the broader social-ecological system in that they
decrease the availability of future actions, then these actions do
not contribute to pathway diversity and resilience. Likewise, if the
cost of maintaining availability of options is accounted for, then
maintaining a large array of options may decrease resilience by
reducing the financial capital needed to access those actions. For
example, increasing complexity is commonly theorized to
contribute to decreased resilience of societies (Tainter 1988,
Cumming and Peterson 2017). Resilience could then be seen as
the task of balancing navigation along a desirable path with
maintaining a large “search space” of alternative options
(Prokopenko and Gershenson 2014).

There remains substantial work to develop tools for application
of pathway diversity both in quantitative modeling and in
resilience planning. In the analyses above, we used a
computationally intensive approach to compute causal entropy
as pathway diversity. For models with more alternative states, in
particular, models with a continuous state space, more efficient
methods will be needed to compute and to choose pathways that
maximize pathway diversity. Random sampling methods are one
possibility. However, any method will need to be suitable for the
high-dimensional distributions formed by the pathways as they
branch apart, for example, the Metropolis-Hastings algorithm
(Chib and Greenberg 1995). Furthermore, in cases such as the
examples above, in which the available options at a point in time
form Markov chains that depend only on the current state of the
system plus external drivers, it may be possible to exploit this
Markov property to update pathway diversity estimates
sequentially in time.

Further development of this pathway diversity approach to
analyzing resilience calls for four kinds of activities. First, whether
pathway diversity is a useful framing for resilience should be tested
in resilience planning workshops. Second, more computationally
efficient methods of calculating and maximizing pathway
diversity need to be developed. Third, methods to deal with
uncertainties in future trajectories of external drivers, future
social-ecological dynamics, and current and future options of
actors will be needed if pathway diversity is to be a practical tool
for decision-making. Fourth, models of pathway diversity should
be developed based on empirical cases.

CONCLUSION

We have proposed a theory of resilience called pathway diversity
that views resilience as the diversity of current actions and
capabilities to maintain or enhance the diversity of options in the
future. Pathway diversity links existing individual and systemic
theories of resilience by viewing available actions as subject to
social-ecological feedbacks from past decisions. Pathway diversity
moves beyond stable-state representations of social-ecological
systems such as the ball-and-cup to represent, and to focus on,
how the available options and trajectories change over time. We
illustrated how pathway diversity could be used in resilience
planning, and we showed that pathway diversity matched an
intuitive prediction of the pathway of highest resilience among
adaptation and transformation options. We also illustrated how
pathway diversity can be used to analyze quantitative models,
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where we showed that pathway diversity is consistent with and
builds upon existing approaches to resilience. There remains
substantial work to refine the pathway diversity concept and
further develop tools for its application. Our work demonstrates,
however, that pathway diversity contributes an important and
useful advance toward uniting the diverse definitions of resilience
and to delivering a new tool for translating the resilience concept
into practice.
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