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The current magnitude of ocean extreme events already
exceeds the end-of-the-decade scenario estimates, and
therefore incremental adaptation measures will render
insufficient for seafood-dependent livelihoods.
Nevertheless, transformational change is deemed
promising, but uncertainties remain as to what activates
such processes and how maladaptation outcomes can be
avoided. While the science on extreme events is advancing
fast, little is known about livelihood adaptation and
transformation processes in the context of single or
compound ocean extreme events. We identify a set of
research priorities: 1) the identification of hotspot areas for
coastal compound extreme events, 2) the development of
bottom-up case study analysis of adaptation to extreme
events, 3) the identification of constrainers and enablers to
livelihood adaptation and transformation under abrupt
change, and 4) directing research to contribute to climate-
change policy. An effort addressing these key gaps will
inform seafood-dependent livelihood adaptation policies for
the 2030 Agenda and beyond.
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Introduction

The world ocean supports the livelihoods of 37.9 million
people that are directly engaged in capture fisheries and
20.7 million in aquaculture. Both sectors ensure our
seafood supply and critically contribute to the nutrition
and food security of a growing population [24,37]. In
addition to direct fishers and harvesters, aquaculture and
seafood systems together support around 600 million
livelihoods that partially depend on these sectors [25].
This number illustrates the magnitude of seafood-de-
pendent communities, where livelihoods rely on seafood
for nutrition, income-generating activities (fishing,
selling, trading, processing, etc.) (Figure 1), and other
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Definition of seafood livelihoods, illustrating the types of seafood direct and indirect dependent livelihoods.

ocean-related activities such as tourism, recreation, or
sustaining cultural values [21]. Fisheries and mariculture
are a vital food provisioning to end malnourishment and
food insecurity, now and in the future [22,29]. Currently,
the oceans produce 178 million tons of fish from capture
fisheries and aquaculture, of which 88% are used for
direct human consumption [24]. In seafood systems,
capture fisheries contribute with 90.3 million tonnes per
year and mariculture provides 68.1 million tonnes [24].
The future of fish for nutrition and livelihood support is
currently under threat by unsustainable practices [64],
together with the threats of climate change and in-
creasing global seafood demand [22,24]. Recent analyses
point to geopolitical tensions and extreme weather
events as the main shocks to seafood systems [23].

The science on ocean climate-change extreme events is
advancing fast [51,62], increasingly providing better hindcasts
and new projections for marine heatwaves (MHWs), extreme
sea- level events, or the intensification of E/ Nijio and La
Nijia events [42,47]. To date, climate impacts and adaptation
research for seafood-dependent livelihood systems has fo-
cused on the consequences of incremental trends in mean
climate variables [62], such as climate velocity in fisheries
[29] or ocean acidification in aquaculture [29]. As a result,
there is little empirical evidence on the livelihood adaptation
responses to extreme events [20,38,53]. While strong social
cohesion, a highly flexible labor force, and tenure and access
rights to natural resources are often linked to a desirable state
of seafood systems [44,48], there is a question of how com-
munities can achieve resilience [14,34]. The Intergovern-
mental Panel on Climate Change (IPCC) sixth Assessment
Report defines Incremental adaptation as the “adaptation
actions where the central aim is to maintain the essence and
integrity of a system or process at a given scale”, while
T'ransformational adaptation is defined as the “adaptation
that changes the fundamental attributes of a social-ecological
system in anticipation of climate change and its impacts”
[55]. Efforts up to date have focused on incremental adap-
tation [55], but extreme events may render this incremental
adaptation insufficient.

In this context, the present work aims to provide a better
understanding of adaptation processes of seafood-

dependent livelihoods to ocean extreme events. We rely
on recent global reports and novel scientific literature,
together with our experience and expertise as a group
working on fisheries adaptation. We propose expanding
this research frontier moving on from incremental to
transformational change in response to the increasing
challenges that these social-ecological systems face.
First, we discuss how ocean extreme events cause pro-
found changes in marine (and seafood production) sys-
tems, and how this transformational nature is different
from that of progressive climate change. Second, we
focus on how adaptation science can tackle the chal-
lenges embedded in extreme events and shift from an
incremental to a transformative response. Finally, we
propose a research agenda so that seafood livelihoods can
become resilient to the unexpected changes of com-
pound extreme climate-change impacts, including the
contribution of this agenda to the United Nations
Sustainable Development Goals (SDGs).

The nature of impacts from extreme events
Anthropogenic climate change is affecting the fre-
quency, intensity, and occurrence of multiple types of
extreme events in the oceans [21,40]. MHWs, for ex-
ample, have increased in terms of the number of annual
days globally by 54% since 1925 [51]. Estimates indicate
that 87% of MHWs are attributable to human-induced
global warming, and that future MHWs will be almost
100% if warming exceeds 2°C [31]. Future MHWs are
projected to increase from current centennial events to a
one-in-four-day events by 2031-2050 ([68], RCP8.5).
Similarly, extreme sea-level events are projected to in-
crease their frequency from centennial to annual by
2040-2080 in most European locations [54] and extreme
E/ Nijio events are expected to increase over 1.5°C
warming [12].

Climate change is also increasing the likelihood of
compound extreme events that can trigger cascading
impacts in the ecological and social domains [35,39].
Such impacts include alterations of the ecological
structure and functioning of coastal systems, disrupting
the provision of ecosystem services such as seafood
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production [15,42,62], increase the risks to the ocean-
based economy [40], and cause migration and displace-
ment of coastal-dependent communities [1,11]. Existing
projections for extreme high temperatures show that
targeted marine stocks and fishing employment globally
will be negatively affected in more than 80% of coastal
countries [15].

Since extreme events impact fisheries and fishing ac-
tivity, there are cascade effects through the supply chain
[65], including markets and processing up to the con-
sumers [9,20]. Storms and cyclones also have devastating
consequences for seafood-dependent livelihoods [43]. In
communities that rely on seafood for their dietary needs
and livelihoods, such as for many small islands, the
failure to adapt the whole seafood system can intensively
result into cultural issues, identity an economic loss,
risking food security [4,16,36], intensively affecting in-
digenous communities [61]. These already-existing im-
pacts may be exacerbated by extreme events. For such
hazards, the latest IPCC report recognizes the need to
move from disaster risk management toward adaptation
to extreme events [21,55], opening a novel opportunity
for mulddisciplinary research on social-ecological
system adaptation to extreme events [2,20,62].

Transformational adaptation

To date, fisheries adaptation to climate change has been
tackled from the lens of incremental adaptation [26,34].
Studies conducted for seafood systems find that

Figure 2
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adaptation options such as fisheries adaptive manage-
ment, technological improvements, and international
cooperation are largely insufficient to maintain seafood
security under the most severe emission scenarios (i.c.
RCP8.5) [17,29,30,52]. But extreme events push the
climate hazard horizon further as the magnitude of ex-
treme events already exceeds the mean values projected
under all scenarios for the end of the century [40].

The stream of thought coming from the resilience of
social-ecological system thinking understands adapta-
tion to climate change as a process, where systems re-
spond to climate change by using coping, adapting, and
transforming strategies [26,33,38] (Figure 2). Transfor-
mation of seafood-dependent livelihoods requires a
systemic change in the structure and functioning of a
community, and many times involves shifting liveli-
hoods, ecosystem services, economic systems, power
relationships, and governance agreements [5,10,18,66].
For example, a transformation response at the in-
dividual level could include exiting a fishery after an
extreme event [59], or shifting consumption to-
ward imported fish [3,46]. Existing theory and evidence
points to a transformational change when responding to
abrupt change [26,57,59], but transformation can
sometimes lead the seafood system to undesirable
states. In the context of future climate change, it is
crucial to understand 1) what is an adaptation versus a
transformation response and 2) identify the risks of
maladaptation of both responses [7,66].
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Adaptation of seafood-dependent communities to extreme events. Climate-change extreme events include: 1) extreme sea events (weather and sea
level), MHWs, and extreme EI Nifio events. The strategies or responses include coping, adapting (incremental adaptation), and transforming

(transformational adaptation).
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Priorities for a new research agenda to address seafood-dependent livelihood adaptation to extreme ocean events.

A research agenda for seafood-dependent
livelihoods under extreme events

Science is required to support the proposed adaptation
to extreme events. We identify four areas for frontier
research to understand how seafood-dependent liveli-
hoods can adapt to the single or compounded impacts of
climate-change extreme events (Figure 3).

Mapping hotspots of ocean extreme events

So far, studies addressing impacts and adaptation in the
seafood sector at the global scale rely on modeled ex-
ercises that incorporate projected trends in one or two
variables for climate hazards, and rarely combine the
effects of several extreme events to see cumulative im-
pacts [15,29,32,45,63]. There is a large opportunity to
contribute to the understanding of the impacts of com-
pound extreme events and how these intensive shocks
shape seafood- dependent livelihoods’ responses [39].
First, the multilayer mapping of observed impacts
[12,62] will allow to identify hotspots for single and
compound climate hazards, providing a mapping of past
exposure. This is crucial to understand how seafood-
dependent livelihoods have responded to such extreme
impacts and how exposure to past extreme conditions
affects the adaptation responses of the seafood systems
[67]. In addition to the mapping, adding information on
past responses and other shocks can address important
research questions. Second, mapping future extreme
events under climate scenarios [42,62] will allow to
identify hotspots of climate-change impacts on seafood
livelihoods that can inform adaptation planning. Future
climate-change extreme event hotspots can be com-
bined with studies on the physiological thresholds of
exploited species (e.g. [13]) and be linked to the ex-
posure of seafood systems in order to understand the

levels of risk and vulnerability of seafood-dependent
communities [63]. Some research questions that lie in
this frontier are: Do current and future climate-change
hazard ocean hotspot areas spatially overlap? Does in-
corporating extreme events projections change the
global impact estimates for the seafood sector? What is
the role of past experiences with climate extreme events
in adaptation responses? Which livelihood responses are
common/specific for incremental and extreme changes?

Bottom-up data collection of adaptation responses

One of the main knowledge gaps today is the lack of
empirical evidence on ongoing adaptation responses to
exposure to extreme compound events, especially in
climate hotspots [67,20]. Another existing gap is that
studies are often case-specific and comparability across
them is challenging [20,41,47]. To advance in our un-
derstanding of the required transformational change,
empirical evidence on impacts and adaptations is needed
from bottom-up studies that, at the same time, allow for
replication and cross-comparison. We recommend re-
search targeted at the local scales where adaptation re-
sponses to climate change are generally deployed. This
would allow researchers to collect case study realities
and systematically compare them across sites. Ideally,
such an effort would leverage a comprehensive database
of different seafood-dependent livelihoods across the
oceans to understand impacts and adaptation to extreme
events [56]. This would allow managers to coordinate
fisheries responses with current management strategies
to ensure that the latter does not hamper fisheries efforts
to adapt or identify possible unsustainable fisheries
methods emerging. Relevant research questions for this
mission are: How much scientific evidence is there on
adaptation to extreme events in seafood-dependent
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livelihoods? Do the ocean extreme events hotspots
match the climate-change adaptation hotspots? Is the
empirical evidence targeted at future climate hotspots?

Adaptation barriers and enablers for seafood-
dependent livelihoods

Responses to extreme events can lead to maladaptation
outcomes when the adaptation process results in a det-
riment of the systems’ sustainability, for example, or
when social inequities grow in the seafood system
[18,50]. To avoid such outcomes, the identification of
barriers and enablers to adaptation and transformation is
key. Recent advances on social-ecological resilience
suggest that there are a set of key social-ecological do-
mains of adaptive capacity that enable (or not) livelihood
responses to climate-change impacts [18,34]. There are
examples in the literature on how access to assets, di-
versification strategies in the activity, and outgoing mi-
gration are key drivers of adaptation and transformation
responses to extreme events [8,43]. Power relations,
sometimes gendered [27], can also shape individual re-
sponses to environmental change [18]. A novel approach
to adaptive capacity employs social-ecological networks
to further explore the structures behind adaptation and
transformation responses [5,0,18,59]. For example, ex-
isting social networks based on trust and communication
among individuals explain adaptation and transformation
responses to abrupt change [6,60]. Still, we do not know
what causes livelihoods to engage in maladaptation re-
sponses as the mechanisms for transformational re-
sponses are largely unknown [26,38].

A comprehensive approach that considers the range of
barriers and enablers to seafood livelihoods’ adaptation is
lacking. Power relations and social-ecological networks
have been studied in isolation from other domains, such
as the market structure and dynamics. The capacity to
respond to extreme events is likely to be linked to the
flexibility in the production system, the value chain, the
strength of market linkages across goods and labor, and
market access. The role of market responses to shocks
and their relation to social structural changes is poorly
understood and needs careful attention. In similar ways,
existing rules and management practices can act as bar-
riers and lead to a system collapse. For example, fishing
practices and regulations can be constrainers of liveli-
hood adaptation to extreme events in the oceans. While
the focus of fisheries management is to adapt to incre-
mental climate change [29], there are additional chal-
lenges of increased risk on at-sea operations and of
abrupt change in productivity and location or the re-
sources [21]. These challenges may be exacerbated by
fixed management systems and institutions. Potential
solutions such as ecosystem-based fisheries management

Seafood livelihoods under ocean extreme event Ojeaetal. 5

and balanced harvesting have not been largely explored
in terms of their resilience to extreme events.

"T'o date, we still do not comprehensively understand what
adaptive capacity domains are activated to respond to ex-
treme events, nor to specifically explore compound ex-
treme events [39]. Moreover, the adaptive capacity theory
has not been explored yet across a system of subsectors
(i.e., seafood chain), as opposed to looking at single sectors
such as fisheries or agriculture [20]. Relevant research
questions identified here are: What shapes seafood- de-
pendent livelihoods responses to extreme events? Do the
individual responses facilitate community and governance
adaptation and transformation? What are the key socia-
l-ecological network configurations and economic factors
associated with transforming responses? Which adaptive
capacity determinants are associated with maladaptation?
How should fisheries management transform to address
the challenges of extreme events?

Adaptation pathways toward Sustainable Development
Goals and beyond

The world navigates toward a sustainability agenda for
2030, adopted by the United Nations in 2015, that aims
to transform the world for the better [49]. The set of
overarching SDGs requires profound structural changes
in society [58] and deep transformations in policy,
economy, technology, and science [49]. As this decade
advances, recent scientific reports are raising major
concerns about our ability to meet SDGs, illustrating
important negative trends in meeting such targets, such
as biodiversity loss, livelihood inequalities [58], or cli-
mate-change impacts [21,55]. The roadmap for ocean
research toward informing SDGs and meeting the 2030
Agenda is highly advanced [10,19,25], but we have seen
here that extreme event challenges are largely over-
looked for seafood-dependent livelihoods. Despite
knowledge on climate-change extreme events causing
poverty [20], enhancing food insecurity [7], exacerbating
social and gender inequalities [28], and others, a com-
prehensive understanding of how climate-change ex-
treme events on ocean systems affect the achievement
of the SDGs, and guidelines toward overcoming these
risks, is not available yet. Besides climate extreme
events, economic and social crises are closely interlinked
to individual and community responses in the seafood
sector. There is an opportunity to use the information on
past economic, social, and environmental shocks to-
gether with adaptation and transformation responses to
extreme events to better design future adaptation
pathways [55]. Relevant research questions in this re-
spect are: Are there any adaptation responses that work
over the gradient of incremental to extreme impacts?
How do climate-driven extreme events compromise
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6 Food systems

achieving seafood-sustained SDG targets? Does the ex-
perience with past economic and social shocks facilitate
adaptation to climate extreme events! What transfor-
mational responses allow for synergies across SDGs (i.e.
gender, industry, and life below water)? How do ocean
extreme events constrain climate adaptation pathways?

Final remarks

Here, we argue that climate-change-induced extreme
events have been so far left behind in seafood-depen-
dent livelihood adaptation research, and that this over-
sight can pose important risks for understanding the set
of available adaptation responses and implementation
pathways that can be promoted. As extreme events push
species toward their natural limits in ways not seen be-
fore, impacts cascade into seafood-dependent liveli-
hoods facing these sudden changes. We recommend that
future research is focused on understanding the impacts
and the adaptation to extreme events in the oceans, by
exploring transforming strategies that avoid maladapta-
tion outcomes. Our work integrates conventional ap-
proaches of hazard and risk management, vulnerability,
adaptation, and resilience studies in order to convey the
scientific effort into effective transformations in deci-
sion-making and practice. Furthermore, research should
explore the adaptation process for seafood-related com-
munities and governance systems, and how strategies at
the individual level feed in or interact with fisheries
management and governance. We believe that a com-
prehensive approach that considers cumulative hazards
that are based on historic extreme events together with
socioeconomic shocks with knowledge of the system's
adaptive capacity can address the challenges that affect
dependent livelihoods.
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