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Although resilience theory identifies system attributes that supposedly confer resil-

nor tested and applied to inform fisheries governance. Here, we develop and apply
a comprehensive resilience framework to examine fishery systems across (a) eco-
logical, (b) socio-economic and (c) governance dimensions using five resilience do-

mains: assets, flexibility, organization, learning and agency. We distil and define 38
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1 | INTRODUCTION

The Intergovernmental Panel on Climate Change (IPCC) has docu-
mented an “extraordinary array of observed changes” across ocean
ecosystems and declared that it is “virtually certain” that the ocean
will continue to respond to climate change with profound and per-
vasive changes on regional and global scales (Bindoff et al., 2019).
There is high confidence that rising sea levels, acidification, loss of
coastal habitats to inundation, and accelerating shifts in species
distribution and productivity will significantly affect marine ecosys-
tem services (Malhi et al., 2020; Mooney et al., 2009). This includes
food provisioning (both from wild fisheries and aquaculture), oxygen
provisioning, carbon mitigation, buffering against extreme weather
events and the continued ability to deliver aesthetic, cultural and
supporting services. Decreases in these and other ecosystem ser-
vices will create social vulnerabilities in terms of lost livelihood and
income opportunities (Badjeck et al., 2010; Stanford et al., 2017),
conflicts over access to resources (Mendenhall et al., 2020) and de-
creased food and nutrition security (Golden, Koehn, et al., 2021).
Climate change will also challenge both the governance and insti-
tutional frameworks used to manage fisheries (Barange et al., 2018;
Qjea et al., 2017) and broader societal goals related to fisheries
such as the United Nations Sustainable Development Goals of pov-
erty reduction, food security and ocean health (Singh et al., 2019).
Achieving these goals within the context of climate change will re-
quire building the capacity to prepare for, resist, cope with, recover
from or adapt to a given stressor—that is, building resilience—to en-
sure the sustainability of marine ecosystems, fishery resources and
human benefits.

However, the extent to which resilience can be operationalized
in fisheries as complex coupled social-ecological systems remains a
key question. Three key knowledge gaps hinder operationalizing re-

silience in fisheries. First, much of the existing research on bolstering
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attributes that confer climate resilience from a coupled literature- and expert-driven
approach, describe how they apply to fisheries and provide illustrative examples of
resilience attributes in action. Our synthesis highlights that the directionality and
mechanism of these attributes depend on the specific context, capacities, and scale
of the focal fishery system and associated stressors, and we find evidence of in-
terdependencies among attributes. Overall, however, we find few studies that test
resilience attributes in fisheries across all parts of the system, with most examples
focussing on the ecological dimension. As such, meaningful quantification of the at-
tributes’ contributions to resilience remains a challenge. Our synthesis and holistic
framework represent a starting point for critical application of resilience concepts to

fisheries social-ecological systems.

adaptive capacity, coastal communities, fisheries management, global change, social-
ecological systems, synthesis science

resilience and adaptive capacity remains evaluative or theoretical.
Numerous studies have hypothesized features or attributes of social-
ecological systems that confer resilience (see Biggs et al., 2012).
Several scholars have highlighted the need for further empirical ex-
ploration of linkages and feedbacks that determine when and how
attributes act individually or create synergies and trade-offs in fish-
eries systems (Cinner et al., 2018; Ojea et al., 2017). Second, much of
the available theoretical work (e.g. Barrett & Constas, 2014; Berkes
et al., 2000; Biggs et al., 2012) is not specific to fisheries. Fisheries
often have distinct property and access rights, political economies
(Campling et al., 2012), legal regulatory systems (Ojea et al., 2017)
and levels of exposure and sensitivity to different climate change im-
pacts compared to other types of social-ecological systems, such as
agriculture (IPCC, 2018). As such, many fisheries-specific aspects of
social-ecological resilience have yet to be identified. Third, most ex-
isting studies of fisheries resilience have focussed on discrete parts
of fisheries systems—such as particular species’ ability to adapt or a
coastal community's response to a particular stressor (e.g. Baudron
et al., 2020; Dahlke et al., 2020)—rather than evaluating fisheries as
integrated social-ecological systems. Lack of integrated assessments
may hinder understanding of the feedbacks and linkages across the
ecological, socio-economic and governance dimensions of fishery
systems, which may in turn lead to ineffective interventions (Berkes
et al., 2000; Levin et al., 2013).

To address these gaps, we synthesize attributes of climate resil-
ient fisheries across (a) ecological, (b) socio-economic and (c) gover-
nance dimensions. We draw from literature and expert knowledge
to distil and define both holistic resilience attributes and important
cross-cutting contextual considerations that should be accounted
for when trying to operationalize resilience. Within the three system
dimensions, we further organize these attributes within five resil-
ience domains, building on a conceptual model that comprehensively

describes and links these domains (Cinner & Barnes, 2019; Cinner
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et al., 2018). To improve our understanding of how resilience is op-
erationalized in fisheries, we form literature-based hypotheses of
mechanisms, that is, how these attributes confer climate resilience
in fisheries. Where possible, we illustrate these mechanisms with
fisheries-relevant examples from the literature. Articulating these
mechanisms allows us to explore linkages between attributes within
and across the system dimensions that may be key for managing
them in practice. We discuss several types of linkages and what they
mean for climate resilience. Finally, we discuss opportunities for fu-
ture empirical work to advance climate resilient fisheries from theory

to practice.

2 | THEORETICAL AND CONCEPTUAL
BACKGROUND

2.1 | Resilience and fisheries

Resilience theory has been incorporated in a broad range of con-
texts and academic disciplines, with an equally broad set of defi-
nitions and interpretations. In ecology, resilience is defined as the
ability of an ecosystem or species to resist and recover from a
disturbance (Holling, 1973). In social systems, the concept of resil-
ience encompasses the ability of people, communities and institu-
tions to cope with, reorganize and renew themselves in the face of
change (Barrett & Constas, 2014; Gallopin, 2006; Grafton, 2010;
Marshall & Marshall, 2007). The IPCC joins these concepts and
defines resilience as a “system's capacity to anticipate and reduce,
cope with, and respond to and recover from external disruptions,”
often employing a social-ecological systems framing (O'Brien
etal., 2012, ch. 8). Thus, the resilience of social-ecological systems
encompasses both the environment's ability to resist, recover and
adapt to a disturbance as well as the ability of individuals and in-
stitutions to prepare for, cope with and adapt to such changes.
Further, resilience theory emphasizes the bidirectional feedbacks
between human and natural systems, which create trade-offs and
synergies both among system components and across temporal
and spatial scales (Walker & Salt, 2006). Thus, a resilience ap-
proach requires careful consideration of resilience of what, resil-
ience to what, and resilience for whom (Carpenter et al., 2001).

In the face of mounting climate change impacts, institutions
across sectors are increasingly seeking to “manage for resilience”
(Camp et al., 2020). This provides a guiding principle for disaster risk
reduction and climate adaptation planning in many sectors, such as
city planning and agriculture. Recent work to conceptualize resilience
for fisheries—for example resilience-based management of coral reefs
(Mcleod et al., 2019), fisheries management regimes (Ojea et al., 2017)
and more broadly for coastal communities associated with fisheries
(Cinner et al., 2018; Whitney et al., 2017), is useful. However, broader
conceptualization of resilience is still in the early stages.

Defining the bounds of the fishery social-ecological system

is a key first step towards operationalizing resilience. These
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bounds could depend on the scale of the fisheries management
system currently in place or the scale at which relevant attributes
are distinct from other jurisdictions, communities or habitats
(Anderson et al., 2015). The resilience attributes we describe can
be applied across all contexts—including single- or multi-species
fisheries—such that a practitioner may define their fishery sys-

tem as the largest unit of fishery and fishery-associated social
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and ecological processes by which they consider resilience to be
manageable.

2.2 | A heuristic for examining climate resilience
attributes in fisheries

Within the ecological, socio-economic and governance dimensions
of fisheries systems, we further categorize resilience attributes
into five key domains of resilience: (a) assets, (b) flexibility, (c) or-
ganization, (d) learning and (e) agency (Cinner et al., 2018; Cinner &
Barnes, 2019). We expand this domain framework, which was origi-
nally developed for social resilience, to serve as a general heuristic to
organize key attributes of resilience in fishery systems.

Here, we provide a broad overview of each domain, building
on the above framework. Assets are resources that can be drawn
upon to buffer impacts or respond to change. Access to financial
or technological resources are important social assets (Cinner &
Barnes, 2019), while healthy fish stocks and diverse habitats rep-
resent important ecological assets. Resilience may be influenced by
the amount, diversity and stability of assets across a given system.
Flexibility is defined as the ability to switch strategies or make other
adjustments in the face of change. Flexibility is enhanced by greater
diversity of options, capacity and opportunities to use those options,
and redundancy to compensate for declines or losses in each dimen-
sion of the system. Organization refers to the social and ecological
relationships, networks and institutions that operate at different
spatial and temporal scales to confer resilience. Thus, in addition
to social capital (the connections among people and groups), orga-
nization encompasses connectivity of ecosystem components and
functions, which supports mobility, dispersal and flow of fish popu-
lations. Both learning and agency concern only the socio-economic
and governance dimensions of a fishery for the attributes we de-
scribe here. Learning is the process by which people and institutions
recognize and identify factors contributing to change and analyse
possible responses. Finally, agency is the capacity and freedom of
people to make and act on choices and underpins people's ability to
operationalize different aspects of resilience.

In keeping with Cinner et al. (2018), domains intersect and re-
inforce one another. For example, having more assets, agency or
learning capacity can provide more flexibility to withstand or adapt
to change. In addition, some attributes may contribute to multiple
domains. The definitions within each domain are broad enough for
individuals to tailor the use of this typology to the contexts of their
particular fishery system, such that each application requires the

consideration of the resilience of what, to what and for whom.

3 | METHODS

We used an iterative process of literature review and expert
knowledge to generate, refine, define and exemplify attributes of

resilience in fisheries systems. This work grew from a Science for
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Nature and People Partnership expert working group on Climate
Resilient Fisheries, which convened 23 fisheries scientists and
practitioners from seven countries with applied expertise in fisher-
ies ecology, livelihoods, human geography and other disciplines for
a five-day workshop in February 2020. Working group members
engaged in an iterative discussion process to generate attributes of
fisheries resilience across ecological, socio-economic and govern-
ance dimensions.

Following the workshop, we conducted a literature review of re-
silience attributes to refine and expand the expert-driven set of attri-
butes. We considered recent (i.e. within the last decade) review papers
that clearly articulated lists of system-level resilience attributes (e.g. in
a table; attributes explicitly named rather than inferred). We identified
six review papers that met these criteria and provided coverage across
ecological, socio-economic and governance dimensions. The papers
came from diverse disciplines including fisheries (Ojea et al., 2017),
coastal social-ecological systems (Whitney et al., 2017), general social-
ecological systems (Gonzélez-Quintero & Avila-Foucat, 2019; Kerner
& Thomas, 2014), development (Bahadur et al., 2013) and urban resil-
ience (Tyler & Moench, 2012). We extracted and compiled the attri-
butes of resilience identified in these papers.

We combined the expert- and literature-generated attributes
and concepts, eliminated clear duplicates and removed attributes
not relevant to fisheries. A small group (JL, KK, JM) thematically
coded, grouped and renamed similar attributes, which were iter-
atively reviewed by additional authors (JE, CF, KM, KT, MV, LZ).
Where governance attributes overlapped with the United Nations’
(UN) eight principles of good governance (Sheng, 2009), we adopted
the UN terminology for simplicity. Through this process, we gener-
ated a list of 38 attributes thought to confer resilience in fisheries
systems (Figure 1; Tables 1-3). We framed these attributes in terms
of resilience to climate change, but recognize that they could also
be relevant to general or specific resilience to other stressors. We
also determined that an additional six concepts identified through
this process do not directly affect resilience but should be acknowl-
edged and understood for developing management approaches. We
termed these “contextual considerations” and discuss them sepa-
rately (Figure 1).

For each attribute, we sought a clear definition, identified the
mechanism for conferring resilience and provided evidence of its
operation in a fisheries context (Tables 1-3). Except where noted
otherwise, we selected examples that demonstrate enhanced re-
silience associated with the presence of an attribute, rather than
loss of resilience due to the lack of an attribute. These defini-
tions, mechanisms and examples were iteratively peer-reviewed
by the author team, additional working group members, and ex-
ternal experts to ensure clarity, agreement and relevance to di-
verse fishery systems. Finally, attributes were organized based
on the nested heuristics described above (Figure 1; Tables 1-3).
See the Supplementary Information for a more detailed descrip-
tion of the resilience attribute workflow, comprehensive defini-
tions, mechanisms, examples of resilience attributes and the list

of participants.
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FIGURE 1 Thirty-eight literature- and expert-generated attributes of climate resilience across ecological, socio-economic and
governance dimensions of fisheries, categorized across five resilience domains. Six additional contextual considerations do not directly
affect resilience but should be acknowledged and understood for developing management approaches. Note that attributes may contribute
to multiple domains, and domains may reinforce and intersect with one another. This figure is intended as an overarching heuristic to provide

ease of comprehension. Attribute titles have been shortened for clarity

4 | RESULTS

4.1 | Overview

We identified 13 ecological, 15 socio-economic and 10 governance
attributes thought to confer resilience in fisheries systems (Figure 1;
Tables 1-3). Of these, only one social attribute (technology trans-
fer) came directly from the working group discussion exercise; other
expert-generated attributes were incorporated into broader attrib-
utes from the literature or characterized as contextual considera-
tions. In the following sections, we provide an overview of how the
attributes function and interact in each dimension to contribute to
resilience. We group them within domains and highlight instructive
fisheries examples, where applicable. We illustrate how these attrib-
utes collectively characterize resilience in two fisheries case studies in

Box 1. In the final section, we discuss the contextual considerations.

4.2 | Ecological attributes

We framed the ecological attributes that influence resilience of nat-
ural populations and communities (i.e. non-human) within three do-
mains: assets, flexibility and organization. Ecological assets operate
at the population scale and encompass attributes relating to popula-
tion abundance and structure. Ecological flexibility can operate at
individual, population or community scales and includes attributes
relating to capacity for spatial, behavioural and evolutionary adapta-
tion. Ecological organization can operate at population or commu-
nity scales and encompasses attributes relating to spatial structure
and connectivity. For simplicity, we outlined most definitions and
mechanisms at the population level and for a single-species fishery
(but see species diversity). When applied to a multi-species fishery,
the attributes confer resilience of a community of species rather

than a single population.
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TABLE 1 Ecological attributes that confer resilience to climate change in fisheries, including definition and proposed mechanisms. See

the Supplementary Information for table references

Domain Attribute Definition
Assets Population The abundance or biomass of a
abundance species present in a defined
geographical range.
Age structure The age distribution of
individuals within a
population.
Genetic diversity The diversity or variability
of genetic traits within a
population.
Species diversity The diversity of species within
a community.
Flexibility
Spatial Adult mobility The mobility of a population's
flexibility mature adults.
Larval dispersal The degree to which eggs
or larvae spread from
a spawning site to a
settlement location (benthic
species) or until yolk sac re-
adsorption (pelagic species).
Environmental The degree and extent to which
niche breadth a species can tolerate or
acclimate to changes in
environmental conditions.
Behavioural Dietary flexibility The range of prey items that
flexibility a population can exploit

or the diversity of feeding
strategies available.

Habitat diversity The range of suitable, adjacent
and available habitats that a

population can exploit.

Mechanism

Large or stable population sizes confer resilience to climate change
by avoiding Allee effects, buffering against variability, promoting
genetic diversity and intact age structures, and increasing
the chance of persistence during poor environmental regimes
(Caughley, 1994; Hamilton, 1967).

An intact and well-distributed age structure (e.g. high numbers
of large-bodied and fecund females) confers resilience to
climate change by increasing the reproductive capacity of a
population and its ability to recover from a disturbance event
and/or environmental variability (Barneche et al., 2018; Hixon
et al., 2014).

Genetic diversity enhances the potential for adaptation and confers
resilience to climate change by increasing the adaptive capacity
of a species, thereby providing an expanded suite of functional
responses that can offer mechanisms for plasticity or evolution
(Jgrgensen et al., 2007; Pinsky & Palumbi, 2014).

The targeted species in both single- and multi-species fisheries are
members of a broader community of species. The diversity of
species within this community confers resilience to climate change
through portfolio effects that buffer both fisher livelihoods and
ecosystem functioning against variability (Schindler et al., 2010;
Sethi et al., 2014).

Adult mobility (i.e. movement or migration capacity), described in
terms of swimming ability, average swimming speed, and/or home
range size, promotes range extensions and confers resilience to
climate change by increasing the capacity for a species to relocate
and track shifting environmental niches (Brooker et al., 2007).

Egg and larval dispersal, typically via passive transport as plankton
carried by ocean currents (Pecl et al., 2014), influence the diversity
of habitat conditions that an individual may encounter, thereby
influencing survival probabilities. Wide dispersal is associated with
a greater ability to colonize new habitats, thereby diversifying
survival opportunities at the population level by increasing
chances that individuals find suitable habitats (Hare et al., 2016).

The existence, abundance and distribution of a species is largely
determined by whether the levels of one or more abiotic or
biotic factors fall within the range of tolerance for that species
(MacNally, 1995). Tolerance of environmental stress, such as
changes in sea surface temperature, confers resilience as a species
cannot functionally survive outside of its optimal range without
the capacity and/or time to acclimate or build a response.

A species with high dietary flexibility is resilient because it can exploit
a larger range of resources over time and can opportunistically
adapt to fluctuating prey availability (MacNally, 1995). Conversely,
specialized species with narrow dietary niches, despite typically
displaying specialized prey-capture adaptations and effective
competitive and/or feeding strategies, have low resilience if a
change in prey abundance or competitive exclusion occurs.

A population that utilizes a range of diverse habitats, which includes
variety, balance, and/or disparity among elements (i.e. a generalist
species; MacNally, 1995), is more resilient to climate change by
allowing the population to move or adapt if a habitat is altered
or lost.

(Continues)
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TABLE 1 (Continued)
Domain Attribute
Evolutionary Plasticity

flexibility

Evolutionary
potential

Organization Connectivity of

Definition

The capacity for one genotype
to yield more than one
phenotype in response to
environmental cues.

The capacity of a population
to evolve in response to
environmental change.

The degree to which an

ecosystem ecosystem facilitates the

functions and structural and physical

components connection among suitable,
adjacent, and/or available
ecosystem functions and
components.

Modularity of Modularity, the opposite of
populations connectivity, refers to the

compartmentalization of
populations in space and
time.

421 | Assets

A resilient system has multiple ways of meeting a given need
through diverse natural assets so that not all components are af-
fected by a given event at any one time (Tyler & Moench, 2012).
Ecological assets that can act as a buffer or reserve against per-
turbations include (a) population abundance, (b) age structure, (c)
genetic diversity of the exploited resource and (d) species diver-
sity of the community or ecosystem. In a fisheries context, for
example, “big old fat fecund female fish” disproportionately con-
tribute to reproductive capacity in some populations. They spawn
better-provisioned eggs earlier, more frequently, and in different
locations than smaller females, which ensures reproductive suc-
cess in variable environments or conditions (Barneche et al., 2018;
Hixon et al.,, 2014). Thus, in fisheries that exploit these popu-
lations, management strategies that conserve age structure—
whether by limiting exploitation rates (e.g. U.S. Mid-Atlantic
striped bass Morone saxatilis, Moronidae; Secor, 2000) or imple-
menting size limits (e.g. recreational northern pike Esox lucius,
Esocidae fishery in Germany; Arlinghaus et al., 2010)—increase
population abundance, genetic diversity and fishery resilience
(Berkeley et al., 2004). However, even if population abundance,
structure and diversity are reduced, species diversity in the ad-
jacent ecosystem can buffer against variability through portfolio

effects, where a decline in one species is balanced by the increase

Mechanism

Phenotypic plasticity enables short-term biological responses that
enable organisms to acclimate to new or changing environmental
conditions through changes in their morphology, physiology,
development or behaviour (Pigliucci et al., 2006). These responses
can confer resilience to species within a certain range of
tolerance, beyond which longer-term adaptive responses become
necessary (Whitney et al., 2017).

Small populations often are subject to genetic drift and demographic
stochasticity due to high levels of inbreeding and low levels of
genetic variation (Willi et al., 2006). Preserving genetic variation
by maintaining a large population size confers evolutionary
resilience to climate change if environmental favourability
approaches the extremes (Sgro et al., 2011).

A functional network of connected and unfragmented ecosystem
components, which provide greater opportunities for movement,
migration and changes in distribution, are essential to the
resilience of a population if the loss of an ecosystem component
due to climate associated impacts or an ecosystem shock occurs.
Strong connectivity supports ecosystem function and the
movement or regeneration of nutrients, energy and organisms
(Kinlan & Gaines, 2003).

When populations are separated in space, disturbances to some will
not impact all, and unaffected populations may provide important
regional sources of larvae and other materials for recovery (Levin
& Lubchenco, 2008). Networks in which the components differ
and where incomplete connectivity causes modularity tend to
have adaptive capacity in that they adjust gradually to change
(Scheffer et al., 2012).

of another to help stabilize ecosystem functions and benefits
(Schindler et al., 2010).

4.2.2 | Flexibility

Ecological flexibility is the ability of a population to enhance the
probability of survival by shifting locations, adjusting behaviours or
genetically adapting to changing environmental conditions (Isaac &
Cowlishaw, 2004). We identified seven attributes that promote resil-
ience to climate change through spatial, behavioural or evolutionary
flexibility.

Spatial flexibility: In response to changing environmental condi-
tions, a resilient species can either adapt in place, facilitated by a
(a) broad environmental niche or track preferred conditions through
(b) adult movement (e.g. climate-driven range expansion and spatial
distribution shifts; Brooker et al., 2007; Sunday et al., 2015) and (c)
larval dispersal when local conditions are unfavourable (Baetscher
et al., 2019; Hare et al., 2016). For example, in a fisheries context,
several of Indonesia's blue swimming crab (Portunus pelagicus,
Portunidae) stock units have acclimated and populations remained
in place and stable despite significant environmental change
(Madduppa et al., 2021). Conversely, U.S. Mid-Atlantic black sea
bass (Centropristis striata, Serranidae) have demonstrated ecological

resilience to climate change by expanding their range in response to
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increasing niche availability, as opposed to spatially contracting or
redistributing (Bell et al., 2015).

Behavioural flexibility: The resilience of a population to climate-
driven shifts in habitat or prey availability is influenced by the popu-
lation's ability to alter its behaviour in response to shifting resource
availability. Thus, (d) habitat diversity and (e) dietary flexibility di-
rectly confer resilience. Generalist species that can exploit diverse
prey items or habitats are more likely to be resilient to disturbance,
which magnifies competitive interactions and resource partitioning,
through behavioural flexibility (Eurich et al., 2018; MacNally, 1995).
In response to coral bleaching, for example, fish characterized as re-
source generalists have been known to increase in abundance fol-
lowing a disturbance (Richardson et al., 2018).

Evolutionary flexibility: A species’ ability to expand or shift physi-
ological tolerance of environmental stress confers resilience to
climate change through either (f) plasticity or its (g) evolutionary
potential (i.e. threshold effect; Pértner & Knust, 2007). Evolution
operates at a generational timescale and thus implies adaptive ca-
pacity. While plasticity, through ecological effects, can facilitate
evolutionary change when subject to selection pressure (Crozier
& Hutchings, 2014), the evolutionary potential of a population is
the capacity to evolve in response to change. By considering the
evolutionary principles of a fishery (e.g. through fisheries genom-
ics), management can integrate further aspects of resilience
(Valenzuela-Quifionez, 2016), as the restoration of genetic traits
altered by fishing is slow and may even be impractical (Enberg
et al., 2009).

4.2.3 | Organization

For a fishery, the organization of the ecosystem functions and com-
ponents directly influences resilience (Paoli et al., 2017). We define
ecosystem function as the interconnected ecological processes
that provide direct or indirect ecosystem services. Thus, many at-
tributes outlined above relate to, or even depend on, others within
the organizational domain to confer resilience. The diversity of
functions within an ecosystem directly influences (a) connectivity
and (b) modularity—the two attributes of ecological organization.
In Moreton Bay, Australia, connectivity between different habitat
types greatly enhanced reserve performance, with higher harvesta-
ble fish biomass at locations where edge-to-edge isolation distance
between habitats was low (Olds et al., 2012). Intact habitats con-
fer resilience by allowing connected populations to recover from
disturbance with assistance from linked populations, processes or
food webs (e.g. Mumby & Alan, 2008). Second, the connectivity of
habitats through larval dispersal can also foster resilience of dis-
tributed populations. Harrison et al. (2012) provided evidence that
reserve networks significantly contribute to the replenishment of
two commercially and recreationally targeted fish species through
larval dispersal, on both reserve and fished reefs at a scale that
benefited local stakeholders (Harrison et al., 2012). Furthermore,

a network of MPAs can yield previously unrecognized stabilizing
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benefits that ensure a consistent replenishment of exploited fish
stocks (Harrison et al., 2020).

4.3 | Socio-economic attributes

We framed the majority of the socio-economic attributes within
the domains of assets and flexibility (Table 2), although many of
the socio-economic attributes could be classified under multiple
domains. The socio-economic attributes operate and confer resil-
ience at a mixture of individual, household and community scales.
Depending on the structure of the focal system, attributes may
be relevant for resilience outcomes throughout the fishery's asso-
ciated supply chain. Additionally, the socio-economic dimension
has multiple attributes that address access. For these attributes,
we defined access as the ability of individuals and communities to
directly benefit from different types of socio-economic resources
(sensu Ribot & Peluso, 2009).

4.3.1 | Assets

Socio-economic assets, specifically the (a) wealth and reserves,
(b) economic diversity and (c) social diversity associated with
a fishery system, represent resources or services that can be
drawn on to confer resilience. Wealth and reserves at individual
and community levels facilitate access to necessary resources or
services that enhance resilience. For example, in Kenya, wealth-
ier fishers were more likely to believe they could exit a severely
declining fishery (Cinner et al., 2009). Economic diversity, which
can also be considered at both individual and community levels,
contributes to resilience by spreading risks across multiple sec-
tors. For example, fishing communities in Cambodia diversified
both within the fishing sector (e.g. different gears, fish process-
ing) and among livelihoods (e.g. household businesses) to reduce
risk and build wealth in response to market fluctuations, politi-
cal instability, fish stock decline and forest fires (Marschke &
Berkes, 2006). Social diversity has been theorized and modelled
to confer resilience by providing, for example, more knowledge
sources, capabilities and adaptive responses (Biggs et al., 2015;
Folke et al., 2005). In other contexts, lower social and cultural
diversity has been linked to reduced food production (Grét-
Regamey et al., 2019) and lower climate change policy commit-
ments (Saavedra et al., 2012), both of which, in turn, reduce
systemresilience. However, Solomon et al. (2020) and Townshend
et al. (2015) present social diversity as an impediment to trust
and collective action in fishery systems, suggesting that social
capital is an essential attribute to mobilize socio-economic assets
(Saavedra et al., 2012), including the diversity of ideas, innova-
tion and responses associated with social diversity. Rural-urban
gradients may influence the distinction and consequences be-
tween community cohesion and the ability to agree on courses of

action versus innovations that allow for alternative decisions and
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TABLE 2 Socio-economic attributes that confer resilience to climate change in fisheries, including definition and proposed mechanisms.
See the Supplementary Information for table references

Domain

Assets

Flexibility

Attribute

Wealth and reserves

Economic diversity

Social diversity

Flexible and agile
infrastructure

Mobility

Access to economic

opportunity

Resilience mindset

Place attachment

Definition

The aggregate value of assets available
to individuals, organizations and
communities that contribute to human
well-being.

The variety of income-earning activities
that an individual, household or
community can partake in.

The variety of social characteristics that
shape the preferences, attitudes, values
and norms in a particular population.

The ability of built structures and facilities
to provide needed services under
a wide range of conditions and to
quickly respond to predictable and
unpredictable changes.

An individual's and/or community's ability
to move freely and easily, either
temporarily or permanently.

Physical (e.g. transportation network) and
non-physical (e.g. social relations) means
and processes that enable individuals
and communities to benefit from
new or alternative income-earning or
subsistence activities.

The degree to which individuals accept
“resilience thinking” from a perspective
that recognizes characteristics of
complexity, uncertainty, non-linearity,
thresholds, feedbacks, irreversibility,
and multi-scale and multi-level
interactions in a changing world.

The extent to which individuals and
communities feel tied to the
geographical location in which they live
and operate, affecting their response
to risk, including willingness to move
homes, fishing grounds or processing
location in the face of adverse
conditions.

Mechanism

The quantity and quality of wealth and reserves,
including human, manufactured, natural and
financial capital, that individuals and communities
have access to determine their capabilities to adapt
(Tyler & Moench, 2012).

Economic theory suggests that stability is achieved
through diversity by spreading risk or opportunities
over many activities. (Wegener & Deller, 1998).
Economic diversity contributes to system resilience
via a portfolio effect, in that different economic
sectors or activities will respond to environmental
and other socio-economic shocks differently (Chapin
et al., 2006).

Social diversity, including racial, demographic and
religious characteristics, contributes to resilience by
increasing diversity of knowledge sources and skill
sets.

Flexibility and agility are preconditions for adaptable
infrastructure (Chester & Allenby, 2019). Flexible
and agile infrastructure is able to withstand and
respond to disruptions and meet changing demands
(Chester & Allenby, 2019; Hudson et al., 2012).

Mobility increases flexibility across and within
livelihoods, allowing fishers to respond to changes
by changing fishing strategies, locations, and/or
livelihoods. However, mobility requires certain
enabling conditions, such as financial resources,
technology and physical capacity (Young et al. 2019).

Access refers to the “ability to derive benefit from
things” (Ribot & Peluso, 2009). Access to multiple
and new opportunities allow individuals and
communities to adjust to changing environments,
which will contribute to resilience (Chapin et al.,
2006).

Those with resilience mindsets, or thinking that
considers the dynamics of complex social-ecological
systems, accept the fact that things are going
to change and account for this fact in planning,
decision-making and management (Slootweg &
Jones, 2011).

The relationship between place attachment and
climate resilience is dependent upon the degree
to which the system has been or is predicted to
be disturbed. High place attachment can increase
coping skills by promoting pro-environmental
behaviour, but can lower climate resilience if system
actors are unwilling to “transform,” even after the
system has reached a critical threshold.
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Domain Attribute Definition
Organization  Social capital The strength of networks of relationships
among people and organizations who
live and work in a particular community.
Technology The level and capacity of individuals and
advancement, communities to develop and acquire
adoption and new technologies and methods as
transfer well as the ease with which these

technologies and methods are
transferred between and among actors
in the system.

Modular and open
infrastructure

The degree of compartmentalization within
and across built structures and facilities
and the ease with which diffusion can
proceed.

Learning Diversity of knowledge

sources

The variety of types and origins of
knowledge that are available to
individuals and members of the
community.

Access to knowledge The ability of individuals and communities
to obtain and derive benefit from

existing knowledge about the system.

Learning capacity The degree to which individuals and
communities are able to perceive risk,
learn from experience, synthesize
information and grow their own

knowledge.

Agency Agency The capacity of individuals and
communities to negotiate, make

decisions and act on their own free will.
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Mechanism

Social capital, which includes bonding, bridging and
linking social capital, forms the basis for collective
action and enables society to function effectively.
Strong social capital enables self-organization
and can help to facilitate system reorganization
(Gonzélez-Quintero & Avila-Foucat, 2019), adopt
recommendations and implement changes (Whitney
et al., 2017).

Technology can help to buffer against environmental
changes (Millennium Ecosystem Assessment, 2005)
and improve the adaptive capacity of fisheries
management, the economic outputs from the fishery
and the well-being of stakeholders in the system.
However, new technology could also alter flows
and distributions of benefits and may lead to less
equitable outcomes.

The modularity and openness of available infrastructure
relates to the connectivity within the network.
The networks’ ability to confer resilience
depends on whether the infrastructure network
serves to facilitate flow of resources or human
interactions. While modularity confers resilience
if the infrastructure network serves to facilitate
resource flow, openness confers resilience if the
infrastructure network serves to facilitate human
interactions (Yu et al., 2020).

Different stakeholders have different levels and
types of knowledge about the system, as well
as different perspectives on risk and change
(Tyler & Moench, 2012; Kerner & Thomas, 2014).
Diverse knowledge sources enable individuals and
communities to leverage the expertise of different
knowledge systems and knowledge holders to create
novel or hybrid understandings of the system.

Equitable access to knowledge, including scientific,
indigenous, cultural and community-held
knowledge, contributes to the ability of individuals
and communities to effectively participate in the
resource management and governance process
(Mbaru & Barnes, 2017). Uptake of both scientific
and local indigenous knowledge and co-production
of knowledge between both sources contribute
to social-ecological system sustainability (Ishihara
et al., 2021) and resilience (Berkes, 2007).

Individuals and communities with greater learning
capacity are able to recognize change, attribute
its causes, perceive risk and understand the
relationship between climate change stressors and
cumulative stressors and thus are able to better
assess potential responses and adaptive actions
(Berkes, 2007; Cinner et al., 2018).

Agency allows individuals and communities to transfer
their existing capacities to build new capacities in
multiple dimensions, including everyday, strategic,
personal and political dimensions. Agency is
fundamental for individuals and communities to
develop and prosecute their visions to adapt to the
changes (Cinner et al., 2018).
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livelihoods (McClanahan et al., 2021). Thus, the social context
may influence the degree to which cohesion versus innovation
confer resilience of fisheries.

4.3.2 | Flexibility

Socio-economic flexibility enables individuals and communities to
switch activities and strategies to accommodate changes. We iden-
tified four attributes that enhance socio-economic flexibility: (a)
flexible and agile infrastructure, (b) mobility, (c) access to economic
opportunity, and (d) resilience mindset, and one attribute that limits
flexibility: (e) place attachment.

Enhanced flexibility: Built structures and facilities that can pro-
vide necessary services under multiple conditions enable com-
munities to respond to shocks and adapt to changes to mitigate
negative impacts. Because it is costly to build or re-design infra-
structure, flexible and agile infrastructure can save community
resources. Further, this conferred resilience can be increased if
mobility is high. Mobility depends on preconditions such as avail-
ability of technologies (e.g. fishing vessels, navigation devices),
infrastructure (e.g. highways, public transportation) or assets
and resources. Mobility and flexible infrastructure both help to
maintain and diversify access to economic opportunity, including
alternative facilities or markets in the case of supply chain dis-
ruption (Plaganyi et al., 2014). Economic diversity and access to
economic opportunity, in conjunction with mobility, can enable
fishers to employ tailored socio-economic resilience strategies
for changing environmental conditions. For example, in small-
scale fishing communities in Golfo de Ulloa in Baja California Sur,
Mexico, species diversification contributed to risk mitigation and
income stabilization despite inter-annual environmental change,
while specialization during favourable conditions contributed to
poverty reduction and wealth accumulation, enhancing adaptive
capacity (Finkbeiner, 2015). However, flexibility alone may not
be enough to confer resilience to disruptions further up the sup-
ply chain (Lim-Camacho et al., 2015), as seen when the COVID-19
pandemic disrupted global seafood supply chains, and many fish-
eries were unable to adapt to the consequent loss of tourism and
global markets (Bassett et al., 2021). Lastly, a resilience mindset
can synergistically activate or enhance mobility and thus support
access to economic opportunity (Buheji, 2020).

Limited flexibility: Place attachment can help individuals and
communities resist and recover from climate impacts; people at-
tached to place are more likely to engage in stewardship of the
area and may be more motivated to pursue collective action to
withstand shocks (Amundsen, 2015). However, while it may fos-
ter resilience in the face of incremental change, strong place at-
tachment can limit flexibility and thus hinder transformational
change needed to deal with long term, chronic climate impacts
(Marshall et al., 2012), such as sea level rise or the shift of a fish
stock out of an area. In this case, place attachment may stop peo-

ple from permanently relocating or spending more time away to

pursue other fisheries or alternative livelihoods. For example,
after coastal disasters, those with high place attachment are more
likely to return to the disaster-stricken areas after the recovery,
only to be stricken by a similar disaster in the near future (Ueda
& Torigoe, 2012).

4.3.3 | Organization

Social organization enhances resilience by enabling members of a
community to coordinate and cooperate to act collectively. We
identified three social organization attributes: (a) social capital; (b)
technology advancement, adoption and transfer; and (c) modular
and open infrastructure. Social capital describes and characterizes
different types of social relationships among individuals and how
individuals are embedded in a certain social system or community
(Cinner et al., 2018; Portes & Vickstrom, 2011). In addition to pro-
viding necessary social organization and cohesion to complement
social diversity, social capital supports the three learning domain
attributes by facilitating the flow of information and exchange of
knowledge within and across communities. Learning in combina-
tion with social capital enables adoption and transfer of new tech-
nologies, which requires coordination across multiple individuals.
For example, introducing satellite technology to help Chilean ar-
tisanal and industrial fishers efficiently target tuna (Thunnus ala-
longa, Scombridae) and swordfish (Xiphias gladius, Xiphiidae) along
thermal fronts required a combination of formal courses and in-
formal information sharing across professional networks tailored
to the education levels, learning capacity and social capital of the
specific user groups (Barbieri et al., 2002; Silva et al., 2015). The
use of this satellite technology is now commonplace and is en-
hancing learning capacity by facilitating new research and climate
change projections (Naranjo et al., 2021; Silva et al., 2015; Yanez
et al., 2018, 2020). Modularity and openness in infrastructure net-
works can confer or inhibit resilience depending on whether the
infrastructure supports the flow of resources or human connec-
tions (Yu et al., 2020).

4.3.4 | Learning

Learning supports actors to recognize and assess risks and act on
change in a system. All three attributes in this domain—(a) diverse
knowledge sources, (b) access to knowledge and (c) learning capacity—
occur at both the individual and community levels. Knowledge takes
many forms and is derived from multiple ways of knowing, includ-
ing scientific information and community, indigenous, cultural and
cross-generational knowledge (Whitney et al., 2017). Individuals and
organizations with greater learning capacity are better able to rec-
ognize changes, understand the source of the changes and assess
risks and potential consequences of inaction to shape their adapta-
tion strategies. In the Dolly Varden char (Salvelinus malma malma,

Salmonidae) fishery in the Canadian Western Arctic, combining local
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TABLE 3 Governance attributes that confer resilience to climate change in fisheries, including definition and proposed mechanisms. See
the Supplementary Information for table references

Domain

Flexibility

Organization

Attribute

Responsive

Participatory

Equitable and
inclusive

Accountable

Transparent

Efficient and
effective

Polycentric

Integrated across
scales and
sectors

Definition

The sensitivity, readiness, speed and
accuracy with which a governance
system handles, resolves and follows up
on a management-relevant change to
meet stakeholders’ needs (Sheng, 2009).

The degree to which an institution
empowers participants to influence
and share control in processes of
public decision-making, ranging from
intermittent consultation opportunities
to ongoing self-mobilization (Coghlan &
Brydon-Miller, 2014; Leite & Pita, 2016).

The degree to which the governance system
is fair in the distribution of benefits and
burdens (risks), participatory in rule and
decision-making for relevant actors, and
engaged and inclusive of marginalized
and disadvantaged groups (Bennett
et al., 2020).

The degree to which decisions and decision
makers can be held culpable to both
the individuals and communities that
they govern as well as to higher-level
mandates, commitments, goals and
objectives they serve (Battista et al.,
2019; Lebel et al., 2006; Ostrom, 1990).

The openness and accessibility of timely
information, decision-making rules and
procedures, and outcomes to members
of the public or stakeholders affected by
management actions (Clark et al., 2015;
Davis & Hanich, 2020).

The degree to which the governance
system produces outcomes that achieve
societal and/or fishery objectives while
efficiently using available resources.

The degree to which multiple bodies at
different levels of the governance
system overlap and interact to make and
enforce rules within a specific policy
arena or location (Folke et al., 2005;
Ostrom, 2005).

The degree to which actors and/or
organizations acknowledge, work
with, and attempt to understand the
relevance and transition of scale and
the interlinkages between various
other organizations, institutions and
management structures.

Mechanism

Responsive governance follows from an informed
governance structure that enables a social-ecological
system to resist and recover from disturbances in
a timely manner. Responsiveness is important for
achieving strategic expectations of stakeholders and
for facilitating short-term adjustments in the context of
climate change (Holsman et al., 2019).

Participatory governance confers resilience by including a
diverse set of actors, supporting greater legitimacy and
compliance, contributing to trust among stakeholders
and providing greater transparency, inclusivity,
accountability, communication and knowledge sharing
(Citanovic et al., 2018; Fraser & Kirbyshire, 2017;
Hall-Arber, 2005).

Equitable and inclusive governance decreases unrest and
increases individual and community capacity to respond
to change by increasing representation of rights,
cultures, identities, values and visions of all actors. The
mechanisms include increased buy-in and compliance
with regulations, driven by positive perceptions of
fairness and legitimacy, improved speed and efficacy
of decision-making processes, and increased social
cohesion, cooperation and adaptive capacity.

Accountability deters corruption or perverse actions that
may undermine or diminish intended outcomes or
other resilience attributes of a fishery through a system
of checks and balances that holds the government
culpable. Accountable governance increases system
resilience by supporting other resilience attributes,
including: efficacy of decisions, agency, equitability,
inclusiveness and participatory governance.

Transparency supports resilience by enabling the flow of
information to support learning and decision-making,
achieving greater equity in the sharing of benefits and
costs of actions, and supporting the implementation and
perceived legitimacy of actions (Davis & Hanich, 2020).

Effective governance is an enabling condition for a system
to achieve social and ecological resilience attributes
(Hilborn et al., 2020), and efficient use of resources
would allow a system to achieve more of its goals with
fewer trade-offs.

Polycentricity allows authority to be transferred to
different levels, which may enhance adaptive capacity
by diversifying potential options for responding to
uncertainty or change. Polycentricity can also improve
efficacy and prevent corruption, while also supporting
the agency of different actors and spreading legitimacy
throughout the system.

Fisheries are social-ecological systems with complex
linkages that likely extend beyond the jurisdiction and/
or capacity of fisheries governance and management
structures. Thus, the inclusion and integration of
relevant scales and diverse sectors can help to ensure
that important trade-offs are acknowledged and
that multiple streams of benefits are optimized when
integrating climate planning and adaptation.

(Continues)
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TABLE 3 (Continued)

Domain Attribute

Learning Adaptive

Agency
initiative

Leadership and

MASON ET AL.

Definition

The capacity to implement a structured,

iterative process of continual innovation,
testing, learning and adjustment that
facilitates robust, flexible decision-
making and action in the face of
uncertainty and complexity.

A system that legitimizes and supports the

development of leaders who are guided
by collective interests, who mobilize and
direct responses to disruptions (Kerner
& Thomas, 2014, pp. 682) and who take
responsibility and act when necessary
(Bodin & Crona, 2009; Crona et al.,

Mechanism

Adaptive decision-making processes confer resilience by

reducing uncertainty, managing risk, and maintaining
or even improving system functions and services under
changing conditions. Anticipating and managing new
risks and opportunities may also be necessary for
adapting to novel conditions under climate change.

Leadership is necessary to activate or position latent assets

to produce a common good (e.g. social capital; Crona
et al., 2017), support self-organization (Ostrom, 2009)
and increase compliance and buy-in (Gutierrez et al.,
2011). Leaders who take initiative are able to quickly
and effectively catalyse action after a disruption

and strategically plan for longer-term needs, thereby

2017; Gutierrez et al., 2011).

indigenous knowledge of the Gwich'in and the Inuvialuit with west-
ern scientific knowledge from Fisheries and Oceans Canada resulted
in a more comprehensive understanding of the causes of char de-
clines (Armitage et al., 2011). It also allowed place-based and locally
acceptable management options to increase the resilience of this

fishery.

4.3.5 | Agency

Individual and collective agency refers to the ability of people to
freely make choices and act on adaptive strategies. In the context of
climate change adaptation, individuals and groups with high agency
are better able to decide and mobilize available resources to adapt
to changes. For example, in the Maine lobster (Homarus americanus,
Nephropidae) fishery, fishers who believed that they were able to
influence management decisions and recognized their role in shap-
ing the fishery were more likely to have plans to adapt to changing
conditions (McClenachan et al., 2020).

4.4 | Governance attributes

We framed the majority of governance attributes under the do-
main of organization, with one attribute categorized within each
of the flexibility, agency and learning domains (Table 3). In distill-
ing and defining governance attributes, we understood fisheries
governance to mean the sum of legal, social, economic and politi-
cal arrangements in place, both formal and informal (McClanahan &
Abunge, 2019), to coordinate and manage fisheries. We use the term
“governance” throughout for brevity, recognizing that some mecha-
nisms and examples are more relevant to fisheries management as
nested within the broader systems of fisheries governance. For in-
stance, adaptive management requires flexibility at multiple scales
provided through adaptive governance (Ogier et al., 2016), which in

turn requires the “monitoring and feedback loops created through

increasing system stability, responsiveness and adaptive
capacity.

adaptive management” (Brunner et al., 2005; Chaffin et al., 2016).
The governance attributes operate at the community and social-
ecological system scales and may link between and beyond them,
depending on the particular governance arrangements of the focal
system. Governance capacity appears critical to the willingness to
accept restrictions that lead to more productive and resilient fisher-
ies (McClanahan & Abunge, 2020).

4.4.1 | Flexibility

Responsive governance confers flexibility in fisheries by acting on
and adjusting to social-ecological systems change (Sheng, 2009).
These actions enable the system to resist and recover from short-
term stressors and system variability. For example, in a modelling
study of northeast U.S. stocks, Kritzer et al. (2019) compared a fixed
harvest control rule (that did not change) with a responsive harvest
control rule that changed annually based on stock biomass. They
found that the responsive rule better mitigated biomass losses for
climate-vulnerable species and that the effect was even greater
with scientific uncertainty included in the model. Similarly, adjust-
ing harvest control rules based on survey indices enables respon-
sive management of European stocks with varying data availability
(ICES, 2021). Responsiveness confers greater resilience when paired
with other attributes; alone it risks both an inordinate focus on short-
term “putting out fires” rather than transformational change and fail-
ure to clarify trade-offs and prioritize objectives when addressing
disparate needs. For example, responsive governing becomes adap-
tive when paired with learning (see below) and can more effectively

and equitably address social needs when participation is increased.

4.4.2 | Organization

We identified seven governance attributes that shape a fish-

ery system's organization and confer resilience by enabling, for
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instance, cooperation, knowledge sharing and, timely, forward-
looking action (Table 3). Many of these attributes—(a) participation,
(b) equity and inclusion, (c) accountability and (d) transparency—
enhance legitimacy, which in turn increases (e) governance effec-
tiveness and efficiency (Bennett et al., 2019; Hall-Arber, 2005).
Thus, these attributes contribute to achieving and maintaining de-
sired ecological and social outcomes through enhanced social co-
hesion, buy-in and compliance with management (Battista, Kelly,
et al., 2018; Battista, Romero-Canyas, et al., 2018). For example,
in the Sumilon and Apo Islands in the Philippines, a shift from cen-
tralized, exploitation-oriented governance to a participatory ar-
rangement empowered local stakeholders and ultimately assisted
in recovering local fish stocks and fisheries (Alcala & Russ, 2006;
Cvitanovic et al., 2018).

Two additional organizational attributes—(f) polycentricity and
(g) integration of governance across sectors and scales—confer
resilience by providing redundancy and connectivity. For exam-
ple, polycentricity in the U.S. fisheries governance system, where
responsibilities overlap across local, state and national levels, has
provided checks and reinforcements to promote sustainable fish-
ing despite failures in leadership at various levels (Battista, Kelly,
et al., 2018; Battista, Romero-Canyas, et al., 2018; Ostrom, 1990).
These attributes also create linked and overlapping structures that
provide opportunities for experimentation and learning and can ad-
dress stressors acting on different scales and dimensions of com-
plex fisheries social-ecological systems (Biggs et al., 2012; Folke
etal.,, 2005). In Vietnam, policies that integrated climate adaptation,
poverty reduction and disaster recovery goals at multiple gover-
nance levels were a key step towards addressing the complexity of
climate stressors in social-ecological systems and preventing resil-
ience interventions from inadvertently increasing other vulnerabil-
ities (Charles et al., 2019).

44.3 | Learning

Adaptive governance is a systematic process of learning and experi-
mentation (Armitage & Plummer, 2010). It confers resilience by ap-
plying past knowledge to prepare for the future, thereby enabling
robust and flexible decision-making in the face of uncertainty and
complexity. Adaptive governance is facilitated by polycentricity and
participatory co-management arrangements (Ogier et al., 2016),
which provide structure for knowledge exchange and experimenta-
tion (Folke et al., 2005). For example, the Great Barrier Reef Marine
Park Authority actively connected stakeholder groups (e.g. fishers,
tourist operators, scientists) to mobilize diverse ecological knowl-
edge in response to severe and interconnected threats to the reef.
Fostering knowledge sharing enabled collaborative measures to
build ecological resilience, as well as subsequent multisectoral and
adaptive arrangements to address land-based stressors (Schultz
et al., 2015). The shift to adaptive governance can be a messy pro-
cess; it often emerges in response to crisis (Schultz et al., 2015),

or through the will of the people to manage a system holistically
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(Chaffin et al., 2016). Additionally, adaptive governance requires
sustained political support and fiscal underpinning of capacity
building (Kalikoski & Allison, 2010). As climate change redistributes
stocks across international boundaries (Scheffers & Pecl, 2019), in-
tegrating adaptive approaches across multiple governance scales
will be highly complex, yet critical for addressing emerging chal-
lenges, such as reconciling disparate goals, capacities, manage-
ment approaches and perceptions of equity (@sthagen et al., 2020;
Pinsky et al., 2018).

444 | Agency

Agency is realized at the governance level when individual leader-
ship and initiative is legitimized and oriented towards collective
interests. Leadership has been identified as a key predictor for ef-
fective co-management in fisheries through increased legitimacy and
buy-in (Gutiérrez et al., 2011). Effective leaders can facilitate quicker
responses to and recovery from shocks (Kerner & Thomas, 2014),
and set the vision, develop knowledge networks and build support
for longer-term adaptation and transformation (Folke et al., 2005;
Schultz et al., 2015). For example, community leaders in Gazi, Kenya,
created incentive schemes (e.g. food and lodgings) for migrant fishers
and encouraged collective action in the management of the fishery,
thus increasing investments in the landing site (Bodin & Crona, 2009;
Murunga et al., 2021). Agency alone, however, will not prevent over-
exploitation, often because there is a weak feedback between local
control and the state of resources in many fisheries (McClanahan
etal, 2021).

4.5 | Contextual considerations

In addition to the resilience attributes, we identified six proper-
ties of social-ecological system state, structure and interconnec-
tions that do not directly affect resilience, but rather mediate
how resilience interventions function and flow within and across
dimensions. We discuss these contextual considerations sepa-
rately because acknowledging and understanding these aspects
of context—termed “complex adaptive systems thinking” as part
of “resilience thinking”—is critical for developing effective and
appropriate management approaches (Biggs et al., 2012; Levin
et al., 2013; Walker & Salt, 2006). The (a) underlying complex sys-
tem structure of the fishery, including non-linearities and feed-
backs, can influence dramatic or hard-to reverse system dynamics
in response to disturbance, such as shifts to alternate ecological
stable states, paradigm shifts or poverty traps (Cinner et al., 2012;
Levin et al., 2013). Considering these underlying structures can
thus inform managers’ decisions about when and how to intervene
while avoiding unintended consequences. Critical to understand-
ing socio-economic and governance dynamics are the (b) power
relations that shape how the benefits and costs of stressors and

interventions are distributed, how trade-offs are approached, and
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who defines a “desirable” state or even the need for intervention
or adaptation. Scholars increasingly point to these power relations
as a critical gap in the resilience literature (Brown, 2014; Cinner &
Barnes, 2019; Fabinyi et al., 2014; Matin et al., 2018).

In addition, the (c) current state of the system in terms of
fishery resource status and human well-being and the (d) impor-
tance of the fishery to the community for economic, cultural, nu-
tritional and other key value systems will shape how resilience
attributes can be operationalized. Even if many resilience attri-
butes are present, an “undesirable” system state may limit adap-
tive options. For example, severely depleted stocks may limit
diversification capacity or, conversely, if political unrest arises,
fisheries management may be deprioritized. Similarly, the impor-
tance of the fishery to the community relative to other liveli-
hood activities may influence whether adaptive, transformative
or coping responses are desirable and additionally, even possible.
Further, the fishery's dependence on and degree of (e) connec-
tions to other systems, shape adaptive pathways and can create
unintended consequences. In the highly globalized and intercon-
nected seafood trade system, fishery resilience outcomes could
be contingent on the demands of distant markets, policy changes
or disruptions in adjacent industries such as transportation or
manufacturing (Gephart et al., 2017). In addition to feedbacks
across spatial and sectoral scales, managers must consider (f)
temporal connections. Recognizing the historical context may
affect choices for future management. For example, a stock with
a long history of overfishing may require specific management
approaches; institutions and infrastructure can create path de-
pendency and inertia that shape adaptive pathways; and past
experience with shocks or stressors may be a key factor in de-
termining agents’ response to change (Levin et al., 2013; Matin
et al., 2018; Penas, 2007). Building resilience attributes—such as
learning capacity, diverse knowledge sources, participation and
integration of governance across scales and sectors—may bolster
managers’ ability to recognize and work with these contextual

considerations (Biggs et al., 2012).

5 | DISCUSSION
5.1 | Summary

This holistic typology of attributes represents a starting point to
comprehensively consider and build in the principles of climate re-
silience for various scales across fishery social-ecological systems.
By articulating the above attributes and mechanisms, we reveal
complex linkages where these attributes may contribute to the vari-
ous dimensions influencing resilience. In the subsequent sections,
we outline different ways in which attributes are connected, discuss
caveats and suggest future research directions to understand and

thereby enable climate resilient fisheries.

5.2 | Dependencies among resilience attributes

Many attributes do not function independently but emerge from,
or are influenced by, other attributes. Some attributes—especially
those in the organizational domain—may require others to be ac-
tivated or may erode resilience without the presence of others.
For instance, in the social dimension, social diversity without so-
cial capital and cohesion may inhibit collective action; and in the
governance dimension, transparency and participation without ac-
countability could erode effectiveness (Schneider, 1999; Tanner,
2009). Governance effectiveness in turn may not in itself confer re-
silience. Rather itis a necessary precondition for achieving resilience
through other ecological and social attributes, such as the imple-
mentation of protections to sustain stocks, diversity and connectiv-
ity; or investments in infrastructure and education (McClanahan &
Abunge, 2020). Similarly, social capital and polycentricity provide
the necessary structures for knowledge transfer to link aware-
ness about the social-ecological system and its stressors to adap-
tive actions; in systems with high learning capacity and wealth and
reserves, these structures also enable technology transfer. Lastly,
agency emerged as a key activating attribute that can leverage as-
sets and organizational structures to break through maladaptive
system inertia and catalyse desired social and ecological outcomes
(Crona, 2017; Folke et al., 2005).

5.3 | Weakest link hypothesis

Individual attributes appear to have the greatest effect when they
limit the cumulative effects of multiple attributes. This conjecture
is related to the weakest link hypothesis, which states that adaptive
capacity is limited by the weakest of its underlying components
(Yohe & Tol, 2002). For example, climate-related loss of productiv-
ity and diversity of fisheries species in tropical nations may limit ac-
cess to new economic opportunities, economic diversity and other
adaptive capacities (Cheung et al., 2013). In the social dimension,
poverty traps (i.e. lack of wealth and reserves; Cinner et al., 2012)
or interventions that reduce access to fish (i.e. lack of access to
economic opportunity) may prevent flexibility by hindering mobil-
ity and economic diversity, thus eroding social-ecological system
resilience (Golden, Gephart, et al., 2021). For instance, in Mexico,
fishing cooperatives’ ability to access ecological resources and pur-
sue diversified livelihoods depended, in part, on having a greater
suite of rights conferred through fishing permits (Finkbeiner, 2015).
The North Atlantic mackerel example (Box 1) demonstrates how
the lack of adaptive mechanisms in the governance dimension
led to the breakdown of international cooperation despite a sys-
tem with otherwise strong attributes across dimensions—indeed,
one of the most established, well-resourced, science-based man-
agement systems in the world (@sthagen et al., 2020; Spijkers &
Boonstra, 2017).
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BOX 1 Resilience attributes applied to two fishery case studies

Box 1: Resilience attributes applied to two fishery case studies

Tasmanian Rock Lobster

The commercial southern rock lobster (Jasus edwardsii,
Palinuridae) fishery is the second largest wild catch fishery in
Tasmania, Australia, primarily exported to high-value Asian
markets. The fishery occurs within one the fastest warming
regions in the southern hemisphere. The climate-driven intrusion
of the long-spined sea urchin (Centrostephanus rodgersii,
Diadematidae) has decimated key kelp forest lobster habitat as
urchins overgraze the forests leaving 'urchin barrens.' However,
royalties from an abalone (Haliotis spp., Haliotidae) fishery in the
same kelp habitat subsidize dedicated commercial fishing of C.
rodgersii, which has helped control the urchin population.
Community support and alternative markets also helped the
lobster fishery respond to supply chain and trade policy
disruptions associated with the COVID-19 pandemic, but
cumulative ecological impacts of climate change, overfishing, and
a lack of climate leadership continue to threaten resilience.

Sources: Pecl et al., 2009; Nursey-Bray et al., 2012

While kelp forest loss due to urchin barrens and warming
paired with historical overfishing has lowered lobster
population abundance, the stock status is considered
sustainable due to an intact age structure. Although the
high-value fishery provides wealth and reserves
contributing to well-being, there is limited management
capacity to address issues beyond day-to-day fishing
responsibilities.

Lobster adult mobility is low and although larval dispersal
is high, there is no poleward habitat past Tasmania.
Access to economic opportunity via domestic markets
facilitated adaptation to pandemic disruption. However,
for climate stressors, high place attachment, low
occupational mobility in the widely older workforce and
the lack of resilience mindsets largely prevent adaptation.
Many management restrictions limit fishery flexibility.

Limited connectivity, since Tasmania is the last habitat
before Antarctica, prevents lobster redistribution. Strong
social capital supported fishers’ transition to alternative
markets. Participatory and transparent management
arrangements could facilitate climate responses, if
resources were made available. Moderate integration
across scales and sectors facilitates collaboration and
engagement between managers, industry, and researchers.

A robust scientific system provides high access to
knowledge and moderate learning capacity, which are
key for evidence-based co-management. However, some
denial of climate change within the industry and limited
adaptive governance mechanisms may erode resilience.

In the co-management structure, fishers have strong
agency and leadership but there is also a disconnect
between quota owners and fishery operators in terms of
industry goals and agency. The fishery is in need of a
leadership champion to push forward climate adaptation.

Northeast Atlantic Mackerel

The mid-2000s “Mackerel Wars” demonstrate resilience
challenges and trade-offs in a transboundary fishery. Multilateral,
science-based management of the highly-lucrative industrial
Atlantic mackerel (Scomber scombrus, Scombridae) fishery
among the EU, Norway, and Faroe Islands failed when mackerel
shifted northward with warming waters, establishing spawning
grounds in Iceland. Iceland demonstrated national-level resilience
by rapidly capitalizing on the new economic opportunity, but at
the international level, the governance process was slow to
include Iceland and it remains unable to resolve disputes over
equitable quota allocation. Cooperative management devolved
into unilateral quotas that sparked trade sanctions and broader
political conflict. Persistent fishing above scientific advice, the
2019 suspension of Marine Stewardship Council certification,
and the entry of a new negotiating party post-Brexit may further
limit this fishery’s resilience to climate-driven changes.

Sources: Spijkers & Boonstra, 2017; @sthagen et al., 2020

Abundant populations and diverse age structure enable
mackerel to withstand changes in temperature and fishing
pressure. Ample wealth and reserves support fisher
flexibility and agency (i.e. political influence), learning via
scientific capacity, and multilevel governance organization.
However, differing levels of economic diversity and
fishery dependence among nations contribute to
conflicting views on equitable quota allocation.

Adult mobility and dietary flexibility allow mackerel to
exploit new environments in response to temperature
change. Fishers throughout the region have high
mobility to follow mackerel stocks, agile supply chain
infrastructure to market them, and innovative resilience
mindsets to embrace new species. However, the rigid
governance system precludes responsiveness to
environmental and political change.

Connectivity facilitates mackerel’s northward expansion.
Strong social capital helps fishers advocate for their
goals, but entrenches national interests. Well-developed
participatory and polycentric governance structures
were highly effective for already-established parties but
not inclusive to new entrants. Similarly, inadequate
integration across scales and sectors hinders inclusion of
other stakeholders such as mackerel retailers.

A robust scientific system provides high access to
knowledge and learning capacity, which are key for
evidence-based management and mackerel fishery
development. However, lack of adaptive governance
mechanisms for incorporating new actors and resolving
disputes continues to erode resilience.

Fishers have strong agency and leadership to advocate
for their interests at the subnational and national levels,
but the rigid consensus-based structure at the
international level stifles leadership and initiative.
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5.4 | Bi-directional feedbacks

While the absence of an attribute can clearly erode resilience, attrib-
utes in excess can have the same effect. Many attributes may have a
mixed or bi-directional relationship to resilience, such that there is an
optimum level beyond which the attribute directly erodes resilience
or conflicts with other attributes (see Relationship and Mechanism
entries in the Supplementary Information). These bi-directional
feedbacks are evident in the organizational attributes of the gov-
ernance dimension: Increasingly layered and complex governance
systems can drain assets through escalating costs and obstruct flex-
ibility, learning and agency through bureaucratic stagnation (Biggs
et al., 2012; Folke et al., 2005; Hilborn, 2007). For instance, under
the U.S. fisheries management system, conflict between agencies
and slow-moving procedures prevented responsiveness to environ-
mental change for salmon in Washington (Ostrom, 2009). These bi-
directional feedbacks operate across dimensions as well. There may
be trade-offs between building ecological versus social resilience,
for example, if increased mobility leads fishers to deplete fishing
grounds and move on (e.g. Adger, 2000; Ojea et al., 2017).

We further posit that strong resilience attributes can inhibit the
development of others. In systems with high ecological resilience
due to a stable population size, healthy age structure or large envi-
ronmental niche breadth, there may be decreased emphasis on build-
ing resilient social and governance structures because community
members are accustomed to the system absorbing any pressure and
shocks that have occurred. In the commercial California Dungeness
crab (Metacarcinus magister, Cancridae) fishery, for example, high
productivity and population size historically conferred ecological
resilience to environmental variability with minimal management
oversight (Richerson et al., 2020). As such, risk perception in the
fishery was low and building responsive and adaptive governance
structures was deprioritized, leaving the fishery unprepared for, and
slow to respond to, unprecedented harmful algal blooms related to a
climate-driven marine heatwave, which caused significant economic
losses (Santora et al., 2020).

5.5 | Context and scale

Additionally, the directionality and mechanism of these attributes will
depend on the specific context, capacities and scale of the focal sys-
tem and associated stressors—that is, resilience of what, to what and
for whom; the bounds of the system; and the time scale of responses.
In an effort to be relevant to fisheries across the gamut of large-scale
and industrial to small-scale and artisanal, we included a wide range
of attributes, broadly defined, recognizing that not all will be needed
or beneficial to a particular social-ecological system, nor will they
necessarily function as in the examples we present here. Further, we
discuss these attributes in the context of climate resilience, but since
we drew them from a variety of disciplines, we believe they would
be applicable in fostering resilience to other stressors. While we did

not look for examples specific to shocks beyond climate change, the

Tasmanian rock lobster example (Box 1) demonstrates how these
attributes were also relevant to social and economic disruptions re-
lated to the COVID-19 pandemic. Further, emerging work has shown
that regional seafood systems that were more resilient in the face
of the COVID-19 pandemic exhibited similar attributes to what
we describe here. In the United States and Canada, factors includ-
ing financial capital (wealth and reserves), alternate online or local
markets (access to economic opportunity) and strong relationships
(social capital) collectively allowed small-scale seafood suppliers to
thrive despite pandemic-related upheaval in seafood demand (Stoll
et al., 2021). In Pacific Island Countries and Territories, flexible and
agile infrastructure bolstered the production, processing and storage
of seafood from regional fisheries when international trade ceased
(Farrell et al., 2020). Lastly, we focussed on fisheries here, but recog-
nize that they represent just one aspect of coupled food systems that
support broader social-ecological well-being. While these fisheries-
specific attributes could be informative in a food systems context,
it would be useful to expand or integrate them with existing frame-
works and processes for diagnosing resilience in agricultural systems
(e.g. Meuwissen et al., 2019) in an effort towards more comprehen-

sive approaches of building resilient food systems.

5.6 | Caveats and limitations

The attributes described here are intended to provide a holistic start-
ing point to assess and operationalize resilience in fisheries, rather
than a systematic and exhaustive list of all potential attributes of re-
silience in fishery systems. In particular, a lack of concrete examples
using standardized language to characterize resilience precluded an
in-depth, literature-supported examination of each attribute, and
meaningful quantification of the attributes’ contributions to resilience.
Organizing these attributes across dimensions and domains revealed
potential gaps. For instance, governance assets and capacity—that is,
funding for personnel and operations—has been identified as one of
the most important factors in management success in other systems
(e.g. Gill et al., 2017; Leach & Pelkey, 2001). We initially considered
funding for fisheries management as an attribute generated in expert
elicitation, but determined that funding was wholly nested under the
effectiveness and efficiency of governance; securely funded but in-
effective governance would be maladaptive. Additionally, ecological
memory, which facilitates recovery following a disturbance at the
species- or habitat-level, builds resilience by persisting or being in-
corporated into the ecosystem as it recovers, thereby increasing the
functional diversity of species and habitat heterogeneity (Nystrom
& Folke, 2001). However, while a potentially important mechanism
of resilience, no concrete examples of ecological memory indepen-
dently conferring resilience in a fishery context were found.

Overall, we found few clear examples that directly link attributes
to resilience outcomes, likely because of complex linkages and siloed
literature. For instance, most explicit examples, particularly examples
that quantified attributes, were in the ecological dimension. The social

and governance attributes that build or protect ecological attributes
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and mobilize the knowledge and agency to access them were likely
not prioritized for analysis. The clearest social and governance exam-
ples discussed how attributes contributed to meeting ecological goals
with social licence, but these were not explicitly framed in terms of
resilience. We also found that, across all dimensions, “negative” ex-
amples of a lack of an attribute eroding resilience were more common
than evidence of the attribute conferring resilience. We hypothesize
that success stories may be understudied and that the importance of

attributes is more difficult to identify when a system is stable.

5.7 | Future research

Our synthesis highlights four important directions for future re-
search. First, empirical studies of how attributes operate in dif-
ferent types of fisheries (e.g. gleaning fisheries, inland fisheries
and different development contexts) are necessary to better in-
form place-based attempts to operationalize resilience. Second,
a broader suite of comparative case studies exploring which at-
tributes and combinations thereof result in resilient and adaptive
responses—both generally, and to climate change specifically—is
essential for ground truthing and refining the framework we pro-
vide here. Such empirically grounded (rather than theoretical)
studies could elucidate the relative importance and applicability
of these attributes and reveal additional attributes and relation-
ships among them. Third, studies that examine whether and how
attributes can be meaningfully measured or managed, which can
be managed by traditional fisheries management entities or juris-
dictions, and which require integrated approaches will be invalu-
able for operationalizing resilience. Nascent comparative studies
(e.g. Green et al., 2021) would be strengthened by a wider spread
of more granular cases. Finally, further research on risk percep-
tions and willingness to change in fisheries is warranted. This re-
search could draw on work on risk perceptions and resilience more
broadly (e.g. Jacobi et al., 2019), work on climate change risk per-
ceptions in fisheries that have yet to be connected to building re-
silience (e.g. Nursey-Bray et al., 2012) and institutional and other
barriers to change in fisheries management systems (Fulton, 2021).

6 | CONCLUSION

Fisheries researchers and practitioners face a daunting task: pro-
tect the myriad cultural, ecological, human health and well-being,
economic and other services that fisheries provide in the face of
complex climate impacts. By synthesizing, defining and presenting
mechanistic evidence for a holistic set of fishery-relevant resilience
attributes, we took a step towards simplifying this task. Specifically,
we identified 38 attributes across ecological, socio-economic and
governance dimensions. Our synthesis highlighted that the direc-
tionality and mechanism of these attributes depends on the specific
context, capacities and scale of the focal fishery system and asso-

ciated stressors. We also found evidence of dependencies among
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individual resilience attributes; some attributes may require others
to be activated or may erode resilience without the presence of
others. Overall, we found few concrete examples measuring resil-
ience attributes in fisheries across all parts of the system (but see
Kleisner et al., 2021); most explicit examples, and particularly those
that quantified attributes, were in the ecological dimension. As such,
meaningful quantification of the attributes’ contributions to resil-
ience remains a challenge. Our synthesis thus highlights the need for
further holistic empirical studies—including comparative cases—of
how attributes confer resilience in different fisheries. Studies that
indicate clear success stories with standardized language; specify
resilience of what, to what and for whom; articulate clearly defined
resilience attributes; and examine linkages between attributes and
resilience will substantially contribute to enabling practitioners and
communities to identify fruitful pathways towards building climate

resilience in their fisheries systems.
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