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Stronger adaptive response among small-scale
fishers experiencing greater climate change
hazard exposure
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Progressive climate-driven environmental changes are threatening the global livelihoods of

small-scale fishers, yet how their adaptation responses vary in relation to hazard exposure is

poorly understood. We use a systematic review approach to identify a global data set of 301

reported adaptation responses (remaining, adaptive, and transformative) of small-scale

fishers to climate change and analyse their spatial agreement with estimated geographical

location of global coastal hotspot areas for specific climate change hazards associated to

those responses (long-term trends in sea surface temperature, cumulative intensity of marine

heatwaves, frequency of tropical storms, and intensity of associated storm surges). Only 37%

of responses were found in climate change hotspots. Despite this, our results evidence that

fishers are responding more passively in areas with lower exposure levels to abrupt climatic

events. The relative proportion of adaptive and transformative responses increase with cli-

mate change hazard exposure.
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Small-scale fisheries (SSF) employ over 90% of the world’s
capture fishers1, produce around half of the global catch
directly consumed by humans2, and provide food and labor

opportunities for ~100 million people around the globe3. They
are also especially vulnerable to the effects of anthropogenic cli-
mate change4,5. While increasing ocean temperatures are pushing
marine species towards colder environments in higher latitudes
and deeper waters6–9, small-scale fishers struggle to maintain
their traditional livelihoods10,11. Warming is but one of the many
faces of climate change. Progressive environmental trends of
ocean acidification, altered rainfall regimes, and more frequent
and intense extreme events (e.g., marine heatwaves, cyclones, and
storms)12,13 apply additional pressure on SSF by putting the
safety of fishing operations at risk or by damaging infrastructure
and housing14–16.

Whilst fishers’ responses to climate change are increasingly
being reported in the literature17–19, climate change adaptation
responses have been mainly investigated using climate change
projections or hypothetical impacts, and existing studies rarely
address exposure to compound climate change hazards20. Iden-
tifying current hotspots of climate change exposure in relation to
existing adaptation strategies can shed light on these questions as
natural laboratories that lead to the advancement of adaptation
science and policy across spatial scales21,22.

Recent work suggests that adaptation responses in fisheries
cover a range of strategies, from remaining and coping to
adapting and transforming23–25, and that, among other drivers,
the choice of response can be shaped by the magnitude of climate
change impacts26. Adaptive responses have been defined as
changes in existing practices and behaviors allowing the pre-
existing social–ecological system to absorb the change, while
transformative responses can alter the existing social–ecological
system, possibly leading to the creation of a new system24. The
literature proposes that transformative responses are adopted, for
example, as incremental impacts accumulate or after radical
ecosystem shifts26. However, this novel theoretical foundation is
still supported by little empirical evidence on how the nature and
characteristics of the hazard can shape adaptive or transformative
individual responses24,27. Here, we address these research gaps
using a systematic review approach28,29. From an initial,
exhaustive review of 680 scientific papers and technical reports,
we select 60 documents that meet our screening criteria from
which we extract and categorize (remain, adapt, transform) past
and/or current autochthonous responses of small-scale fishers to
climate change (see “Methods”). We define “autochthonous
responses” as deliberate local adaptations undertaken solely by

small groups or individuals (i.e., small-scale fishers) exposed to
multi-scalar drivers and feedbacks30,31. Past literature has pri-
marily focused on large-scale adaptations in high-income
counties32. However, individual responses are always present,
regardless of the presence or absence of top-down adaptation
plans or strategies, because individual fishers must adapt to sus-
tain themselves33. For this reason, we focus on individual auto-
chthonous responses as they are the first level of response and
thus play a defining role in climate change adaptation.

We then analyze the spatial correspondence of these responses
by type (remaining, adaptive, and transformative responses) with
coastal climate change hazard hotspots. We use the hazards most
frequently reported to elicit fishers’ responses in the literature
(i.e., observed rates of ocean warming and intensity of marine
heatwaves, frequency of tropical storm, and associated storm
surges) (see “Methods”). This allows us to answer the following
questions: (a) which and where are the most prevalent climate
change hazards impacting SSF worldwide?; (b) where and what
type of in situ responses of small-scale fishers to climate change
are being reported in the literature?; and (c) are the adaptations
reported in the literature located within climate change hotspots
and does that correspondence in any way condition the type of
adaptation response?

Results and discussion
Climate change impacts and adaptations in the literature. We
extracted 301 reported responses of small-scale fishers to climate
change from 60 documents that fulfilled all eligibility criteria
between the years 2008 and 2020 (Supplementary Table 1, Sup-
plementary Fig. 1, and Supplementary Data 1). The increasing
trend in the number of literature reporting fishers’ adaptation
over the last decade (Fig. 1a) provides clear evidence that climate-
driven change in marine systems is a present reality mediating
autochthonous response behavior in small-scale fisheries
systems33, which is gaining momentum in climate change
research.

The reported responses of SSF were mostly attributed to a
decrease in marine resources coupled to long-term sea-surface
temperature (SST) increase (46%), increasing frequency of
tropical storms (19%), coastal floods, and sea surges (11%), and
marine heatwaves (MHWs) or events associated to them (e.g.,
coral bleaching events) (6%) (Supplementary Table 2). Almost
half of the hazards were categorized to impact resource
availability (48%), whereas only 16% were found to impact solely
fishing operations (16%) (i.e., storm frequency, sea surges, disease

Fig. 1 Number of documents with climate change adaptations and location of small-scale fishers’ found in the literature. a Number of documents
(n= 60) reporting small-scale fisheries responses to climate change by year of publication. Literature review conducted on July 2020. b Spatial distribution
and corresponding latitudinal and longitudinal frequency histograms of the resulting reported responses (n= 281) from small-scale fishers to climate
change reported in the literature by category. Map was created using ArcMap v10.7.1.
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outbreaks, and harmful algal blooms caused by marine heat-
waves) (Supplementary Data 2). Climate-driven shifting stocks
and catch decrease are considered as two of the greatest threats to
current fisheries worldwide and in the future34,35. Indeed, most of
the existing climate change-related SSF literature focuses on such
impacts36–38. Yet, fishing operation hazards can reduce the
number of “fishable” days, endanger fishers during their fishing
operations, and impact fishing operational costs17,39,40. It is
necessary to emphasize that these results do not imply that
hazards impacting fishing operations are not considerably
impacting SSF worldwide, but rather that those impacts have
not been captured by previous literature. Thirty-five percent of
the responses were attributed to both resource availability and
fishing operations, suggesting that these two hazards often co-
occur simultaneously.

Most of the adaptations were found inside the tropical belt
(23.5 degrees north and south of the Equator), particularly in
South East Asia, India, and Bangladesh (n= 152), followed by
Africa (n= 91), and Latin America (n= 19) (Fig. 1b). United
States of America (n= 17) and Europe (n= 2) were the regions
with the lowest number of reported autochthonous SSF
adaptations.

Overlap between adaptations and climate change hotspots.
Although most of the reported adaptations were found in the
tropics, thus associated to hazards tied to tropical regions, we
found that the climate change hotspots (i.e., the 90th percentile
hazard exposure regions) concentrated within temperate regions
with a few exceptions, such as the North Pacific Coast of South
America, the Atlantic Coast of Angola and Namibia, and the
South-Eastern coast of Australia (Fig. 2 and Supplementary
Fig. 2). Temperate and high-latitude regions also emerge as
prominent cumulative hazard exposure areas in which hotspots
for single climate change hazards overlap (Fig. 3d). For example,
the North East Atlantic Ocean, Artic region, semi-enclosed seas
(such as the Mediterranean, Black Sea, North Sea, and the Baltic
Sea), Gulf of California, Atlantic coast of Uruguay and Brazil and
South-western coast of Australia were hotspots (90th percentile
regions) for both SST warming and MHWs (Fig. 2a, b). The
North Sea appears as a hotspot of MHWs and storm surges
(Fig. 2b, d and Supplementary Fig. 2).

From 281 responses analyzed, less than half (37%) were located
in coastal hazard hotspots (90th percentile). This number more
than doubled at the 75th percentile threshold with a total 233
exposed responses (Fig. 3 and Supplementary Data 3 and 4).
Although we reduced uncertainties associated to the response
locations by applying a 100 km buffer radius, taken as a good
compromise distance considering the spatial information avail-
able and the distance small-scale fisheries operate from port,
inaccuracies in the inferred geographical location of the responses
(Supplementary Methods), might have contributed to bias these
results to some extent. Importantly, however, results were overall
consistent irrespective of the distance from location (see
“Methods” and Supplementary Table 3).

Temperate and high-latitude regions remained exposed to a
single or a pair of hazards across exposure thresholds, whereas
tropical and subtropical regions often experienced exposure to
three or even locally four hazards at lower exposure thresholds
(25th and 50th percentiles; Fig. 3a, b). Although exposure to
compounded climate change hazards can elicit larger than
expected impacts where they interact synergistically even at
relatively low magnitudes41, this possibility has been scarcely
explored for SSF42 and urgently calls for future research on the
subject.

It is also important to note that temperate marine ectotherms
have greater thermal tolerance windows than tropical ones,
possibly leading to faster poleward migration of tropical species
with lower increasing SST rates43,44. This is something that may
contribute to adaptation being more responsive in the tropics to
lower levels of warming compared to temperate regions. This
trend may well intensify in the future, as climate change generates
a global geographical imbalance of climate-driven expansions and
contractions of fishery stocks between tropical and higher latitude
regions45.

In addition, coastal low-income countries concentrated in
tropical regions are not only more vulnerable to climate change
because of infrastructure and institutional constraints but are also
predicted to experience some of the most devastating impacts of
climate change in the future46–48. The high vulnerability together
with the economic and food security importance of SSF in low-
income countries49,50 might help explain the focus of the climate
change adaptation literature in these tropical regions that we

Fig. 2 Intensity of climate change hazards. Based on the percentiles associated with each hazard in coastal waters: a rate of change in sea-surface
temperature (1982–2018), b cumulative intensity of marine heatwaves (1982–2018), c frequency of tropical storms (1980–2018), and d estimates of
extreme sea levels associated to storm surges (1974–2014). Color categories associated with deciles with the most extreme (90th) corresponding to
coastal hotspots for each of the four hazards (maps with the actual values of the hazards are provided in Supplementary Fig. 2). The maps were created
using ArcMap v10.7.1.
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observe in our results. On the other hand, the perception of low
risk and high adaptive capacity in high-income countries could
also have lead research and institutions in these regions to
prioritize other issues, such as regulating overfishing or fisheries
management51,52. This, however, might be changing as the effects
of climate change become more evident. Although there are new
studies reporting climate change adaptations of small-scale fishers
in temperate and Arctic regions53, they were not included in this
study due to the mismatch with the time scope of our analysis.

Adaptation types. The remaining responses were the least fre-
quent, contributing to only 10% of all fishers’ responses found in
the literature. This evidences that most fishers are actively
responding to the impacts of climate change. The most common
remaining responses were borrowing money from money lenders
or family and friends (29% of remaining responses), reducing
household expenses (16%), and sitting and waiting for better
weather/marine resource recovery (16%). These types of
responses have been attributed in the literature to multiple factors
such as individuals not recognizing the threat54, fishers attribut-
ing the impacts to other local pressures due to existing mental
models55,56, or fishers not having the resources to respond.
However, we found that most remaining responses in our lit-
erature review were attributed to capital and knowledge con-
straints and a sense of powerlessness39,57–59.

Adaptive responses were the most abundant, comprising 63%
of all responses found in the literature review. They comprised a
great variety of responses, including change in fishing gear and
methods (19% of the adaptive responses), increase in fishing
effort (9%), and use of new fishing technology and social
networks (each 8%, respectively) as the most frequent ones
(Supplementary Data 2). These types of responses are often
described as coping mechanisms in the short term and are often
viewed as ‘maladaptive’ because of the high likelihood of
exacerbating environmental degradation in the long term
through, for example, overfishing or use of inappropriate fishing
practices60. A great part of the adaptive responses we found in the
literature review, such as increasing fishing effort or starting
illegal fishing practices, could exacerbate the impacts of climate

change. However, sometimes there was a trade-off between
adaptive responses that could heighten the impacts of climate
change and adaptive responses that could increase the adaptive
capacity of the fishing communities. For example, responses such
as changing fishing gear or methods lead fishers to select less
selective and more potentially harmful fishing methods40, but also
provided fishers with more flexibility to adapt to decreasing
marine resources helping them transcend their individual
limitations to adapt61,62. In various documents, we also found
that using social networks and creating self-support groups
allowed fishers to share increasing expenses63, exchange local
knowledge and adaptive strategies15, and collectively prepare for
upcoming storms64.

Transformative responses were less abundant than adaptive
ones, making 27% of all responses (Supplementary Data 2). The
most frequent responses found were diversifying livelihoods,
which comprised 49% of transformative responses, and migration
(26%). Transformative responses are mainly described as
anticipatory, and aim at reducing the root cause of the
vulnerability of communities to climate change24,26. Alternative
livelihoods can enable fishers reduce fishing pressure and their
vulnerability to external shocks65. However, we found that in
some cases fishers opted for farming and livestock as alternative
livelihoods, even in locations where droughts were increasingly
being observed40,66. Migration has also been reported previously
as an important adaptation of fishers in West Africa to climate
change67, and in our literature review, many fishers migrated
seasonally to compensate for climate-driven catch losses.
However, migrating entailed large monetary investments, did
not necessarily ensure them finding a job or better living
conditions elsewhere, while outmigration can fracture commu-
nities by breaking networks and transforming relationships40,58.

Climate change hazard exposure levels shaping responses.
Differences in the level of hazard exposure can also elicit distinct
types of climate change responses, from coping and incremental
(adaptive) to transformative adaptations26. We found some
indication of such relationships between the type of adaptation
response, the hazard exposure level, and the cumulative exposure

Fig. 3 Spatial overlap of the geographical locations of adaptation responses and climate change hazards. Correspondence of climate change adaptation
responses (n= 281) with regions of increasing cumulative exposure to the four climate change hazards (rates of change in sea-surface temperature,
cumulative intensity of marine heatwaves, frequency of tropical storms, and intensity of associated storm surges) calculated for their respective (a) 25th,
(b) 50th, (c) 75th, and (d) 90th percentiles (the latter representing the climate hazard hotspots). Colors indicate the number of overlapping hazards in a
given location. Black dots correspond to the location of the adaptation responses. The maps were created using ArcMap v10.7.1.
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to hazards. Remaining responses had the lowest relative pro-
portions across all exposure levels and the cumulative number of
hazards (Fig. 4). We also found a higher relative proportion of
remaining responses in areas with the lowest exposure levels to
single hazards (Fig. 4a), and in locations exposed to lower levels
of co-occurring hazards (Fig. 4b). Remaining responses were also
not present in the highest exposure level (90th percentile) for
MHWs and highest co-occurrence of hazards in the higher per-
centiles (50th, 75th, and 90th). However, they were still found in
the highest exposure levels (75th and 90th percentile) of SST rate
of change, storm surge intensity, and storm frequency.

Higher levels of exposure were associated with higher propor-
tions of adaptive and transformative responses for all hazards (i.e.,
the 75th and 90th percentile), albeit no clear differences between the
adaptive and transformative responses emerged among the different
exposure levels. At the highest exposure thresholds (75th and 90th
percentile), there was also no clear difference between adaptive and
transformative responses with growing cumulative number of
hazards at any of the exposure level (Fig. 4b). Our results follow to
some extent the adaptation strategies gradient coupled to increasing
hazard level exposure proposed in the literature26, but differences
among climate change hazards and the lack of clear differences
between adaptive and transformative responses may highlight that
exposure alone cannot explain fishers’ responses to climate change.

Being at the interface between terrestrial and marine systems,
coastal communities are also exposed to a wide range of
additional climatic hazards, such as flooding or droughts, that
may also influence SSF adaptive responses to a changing
climate68. Various studies also highlight how the socio-
economic context, such as the individual adaptive capacity can
shape fishers’ responses to climate change22,24,27. We could not
obtain the required information from the original documents
identified by our literature review to, for example, include the
adaptive capacity domains used in ref. 24 or the social–ecological
capital used in ref. 69 in our analysis. Using aggregated capacity

indices from international databases, such as GDP, the GIBNI
Index or Institutional compliance, would be possible but
potentially inaccurate given that these indices are only available
at the country level and, importantly, do not focus specifically on
the artisanal fishing activity.

Individual fishers have limited adaptive capacity and our
results partly show, for example, the crucial role that the
community plays in SFF when facing climate change to exchange
knowledge, reduce high costs or as support systems15,63,64.
However, transformative responses face many barriers for their
implementation due to the high monetary, social and political
support needed26. Fishing communities may also need to access
new information, fishing strategies, resource management
regimes or alternative livelihoods to face the new challenges
arising from climate change. Gianelli et al.22 confirm this by
showing how combining autochthonous adaptations and percep-
tions of fishers with scientific and institutional effort, benefited
the social learning process through adaptive and transformative
pathways across levels in a climate change hotspot22,24,68.

While, in this study, we focused on adaptation at the individual
level, adaptation for building resilience to climate change can also
be promoted at a multi-sectoral collective level70, for example, by
coordinating the autochthonous responses of the fishers and
fishing communities with high-level policies and actions to
respond to the acute effects of climate change. This is of vital
importance as existing fisheries regulations and fisheries policies
may limit fishers’ flexibility to adapt to climate change71. Further
research could empirically explore the relationships between
hazards, adaptation responses, and the social and institutional
context at different levels.

Conclusion
Local knowledge of SSF-systems still lacks recognition, but our
results together with the existing literature analyzing marine
systems responses to climate change worldwide17,18 shed some

Fig. 4 Types of responses of small-scale fishers in relation to climate change exposure. The responses were categorized following the
adaptive–transformative framework of ref. 24. a Number of responses found in the literature geographically overlapping regions at four different exposure
thresholds (percentiles 25th, 50th, 75th, and 90th) of long-term rate of change in sea-surface temperature (SST) (1982–2018), cumulative intensity of
marine heatwaves (MHV) (1982–2018), estimates of extreme sea levels associated to storm surges (1974–2014), and frequency of tropical storms
(1980–2018). We used the full set of responses (n= 281) that presented coordinates to calculate the number of responses overlapping each hazard
exposure level. The number of responses per hazard type per the corresponding threshold is provided in Supplementary Data 2. b Number of responses
found in regions exposed at least to 1, 2, 3, and 4 cumulative hazards at four exposure levels (percentiles 25th, 50th, 75th, and 90th). Cero equals the total
number of responses (n= 281). The full set of responses was used for the calculation of responses overlapping each cumulative hazard number using a
buffer radius of 100 km. The number of responses of each response type per cumulative hazard number for all exposure levels is provided in
Supplementary Data 3. The vertical red line indicates the hotspot threshold (90th percentile).
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light on understanding SSF autochthonous adaptations to climate
change. Our results provide evidence that the SSF climate change
adaptation literature has mainly focused on tropical regions even
though climate change hotspots were mostly found in temperate
regions. Despite the importance of this focus, this study highlights
the lack of understanding of the responses of SSF in those regions
where the impacts of climate change are currently more acute, i.e.,
climate change hotspots. Disentangling which factors (i.e., levels
of exposure to climate change hazards or the socio-economic
dynamics in which marine social–ecological systems are
embedded27) are driving remaining, adaptive, or transformative
responses is critical to better comprehend fishers’ ability and
willingness to respond to these changes in the future27. A better
understanding of the adaptation strategies and responses that SSF
are already implementing in climate change hotspots may facil-
itate the anticipation and implementation of adaptation strategies,
given the climate change projected in the future irrespective of the
climate mitigation actions enforced72,73.

Methods
Literature review. We followed the methodological framework for systematic
reviews provided by the Collaboration for Environmental Evidence28,29. Firstly, the
inclusion and exclusion criteria were selected using the population (P), exposure
(E), comparator (C), and outcome (O) (i.e., PECO) elements following common
practice in systematic evidence synthesis28,29,74,75. The PECO framework was
developed to create clearly-framed research objectives and questions for systematic
reviews in the fields of nutrition, environmental and occupational health, to assess
the association between exposures and outcomes75. For this study, we only con-
sidered documents that presented past and/or current small-scale fisheries (SSF)
(P) autochthonous responses (O) to ongoing climate change drivers (E) (Supple-
mentary Table 1). Due to the large heterogeneity in fishing operations and vessels
that arises from assessing fisheries worldwide76, we did not limit SSF to one single
definition. Every study that considered their adaptive systems as SSF was included
in the analysis. The comparator (C) element was not used during the selection
process as it was included later, when comparing the different levels of climate
change hazard exposure28.

Following ref. 77 guidelines for generating search strings, we first conducted a
“naive search” (i.e., a search using keywords that we considered relevant for the aim
of this study) using the Scopus citation index. We then used the litsearchr R
package77 and the statistics program R version 4.0.278 to systematically find
keywords and generate a search string which was modified until the “golden rule”
was met (i.e., until all studies identified during the “naive search” as containing the
information required to answer the research questions appeared in the search
results) (Supplementary Note 1 and Supplementary Table 4).

A complementary search was conducted in Google Scholar to account for the
large portion of adaptation literature produced by governments, or non-
governmental organizations that are mainly available as gray literature
(n= 150)18,29.

We then imported the search results into Mendeley reference manager
(Supplementary Table 5) and de-duplicated them (n= 680). During the title and
abstract screening, all records not meeting the selections criteria were excluded
(Supplementary Table 1). Records providing only biological information, land-
based activities or that were otherwise not related to the research questions were
consequently excluded in the title screening (n= 242) (see Supplementary
Methods). Due to time and workforce constraints, the abstract screening for the
resulting set of documents (n= 438) was only conducted by the first author.
However, a random subsample of 60 documents (>10% of the total sample size as
suggested by CEE 2018) was separately screened by each co-author using the
established selection criteria to assess the consistency of results. Disagreements
(23% of the subsample) were then discussed and the inclusion/exclusion decisions
(Supplementary Table 1) revised accordingly and reapplied to the remaining
abstracts.

All records resulting from the abstract screening (n= 200) were thoroughly
assessed. In this study, we only considered existing reported autochthonous
adaptation responses of small-scale fishers to ongoing or past climate change
drivers. Even though climate change literature is abundant across many regions, we
excluded documents that did not meet the selection criteria, and for example, only
focused on potential autochthonous adaptations to future impacts79, addressed
institutional adaptations and/or interventions80, or did not explicitly attribute the
fishers responses to climate change81. This drastically reduced the number of
records and regions included in the analysis (n= 60) (Supplementary Fig. 3 and
Supplementary Data 1 and 4). Literature in French was excluded in this step due to
language limitations (n= 2). Each fisher’s response identified was treated as a
single response unit for which we collected the following additional information
when available: coordinates, or the name of the location if they were not given
(Supplementary Note 2), the climate change hazard identified as motivating the

response, and, if existing, any other stressor related to the response (e.g.,
overfishing, illegal fishing, price decrease, and change in management strategy).
Important information, such as fishers’ adaptive capacity or climate change
perception, was very scarce, hence, was not possible to collect. In the case of
adaptation responses identified from review articles, we used the primary literature
source referenced by the authors of the review article for full-text screening (i.e.,
“snowballing”) (n= 38). We followed the same exclusion procedure as described
above to obtain two new documents with past autochthonous adaptations of SSF
(Supplementary Note 2 and Supplementary Fig. 1).

Climate change adaptations. First, we coded each response unit into overarching
adaptation terms for a better overview. We then classified the fishers auto-
chthonous responses using a modified version of the adaptive–transformative
classification used in ref. 24. This framework allowed us to categorize the responses
in an ordered manner without requiring unavailable context and allowed us to test
if the adaptation types (proposed by Fedele et al.26) change with increasing climate
change exposure26. For this, we defined our social–ecological systems as a fishing
individual interacting with (a) specific marine resource(s) attached to a defined
location. Fishers’ responses, where the fishers were considered to suffer the eco-
nomic losses and did not represent an active adaptation response, were classified as
remaining responses. Responses that allowed the actor to absorb and/or accom-
modate to the change without altering the fundamental characteristics and rein-
forcing the social–ecological systems were considered adaptive; whereas responses
truly altering the social–ecological system’s properties and allowing fishers to
reduce the root causes of vulnerability were considered transformative (Supple-
mentary Data 5).

Climate change hazards. We found a total of 23 climate change drivers (i.e.,
hazards and impacts) documented to elicit responses in the literature review. First,
each climate change driver was classified into those related to resource availability
and those affecting fishing operations as suggested by Cheung et al.82 (Supple-
mentary Data 4).

For the exposure analysis, we focused on the most frequent climatic hazards
reported in the literature. We first calculated the frequency in which each driver
was mentioned, taking into account that each response unit could be attributed to
more than one climate change driver. Then, we attributed a climate change hazard
to each driver, based on the context provided by each study (if the driver
mentioned in the literature was already a hazard, the original hazard was selected)
(Supplementary Table 2). For this purpose, climate change hazard was defined as
the “occurrence of a […] human-induced physical event or trend that may cause
loss of life, injury, or other health impacts, as well as damage and loss to property,
infrastructure, livelihoods, service provision, ecosystems and environmental
resources”83. The most frequent (>5% frequency threshold) climate hazards were:
rates of change in sea-surface temperature (SST) (46%), frequency of tropical
storms (19%), the intensity of storm surges (11%), and cumulative intensity of
marine heatwaves (MHWs) (6%), (Supplementary Table 2). We used SST as a
proxy for changes in resource availability driven by ocean warming72. The decadal
oscillation changes were described in the literature as prolonged discrete
anomalously warm water events and are known to be one of the of climate change
on natural climate variability such as El Niño Southern Oscillation. For this reason,
this driver was included in the MHWs hazard84.

Sea-surface temperature (SST) trends (°C/year) were calculated as the slope of
the linear regression of monthly averaged SST over the period 1982–2018 using the
0.25° daily Optimum Interpolation Sea Surface Temperature (OISST) data set of
the National Oceanic and Atmospheric Administration (NOAA)85.

Marine heatwave (MHW) average intensity and duration were sourced from the
data set provided by the Marine Heatwaves International Working Group86. This
data set is available globally at 0.25° grid resolution from 1982 to 2018 and have
been calculated using OISST AVHRR-only85 data following87. We then calculated
the total accumulated intensity (TAI) per grid cell as the sum of the accumulated
intensities for all the events that occurred in that cell over the study period
(1982–2018), where the accumulated intensity of a single event is defined as the
product of its average intensity by its duration.

The storm surge data were obtained from the Global Tide and Surge Reanalysis
(GTSR) global data set88. The GTSR is provided as 12,000 coastline segments of
variable length with associated estimates of extreme sea levels associated to a 1-in-
100-year return period calculated for the period 1974–201488. We used these values
as our index of exposure for this hazard by directly rasterizing the estimated storm
surge levels associated to each coastline segment to our 0.25° working grid
resolution.

The frequency of tropical storms data (1980–2018) were obtained from the Best
Track Archive for Climate Stewardship (IBTrACS) collected by the NOAA
National Climatic Data Center from different Tropical Cyclones Warning Centers
and the WMO Regional Specialized Meteorological Centers (RSMCs)89,90. First, we
unified the reported wind speeds to the common duration of 1-min average by
multiplying the maximum sustained wind speeds at 10 m above the surface with
different average durations (2-min, 3-min, and 10-min averaging periods) by their
corresponding conversion factors (1.03, 1.05 and 1.11 for respectively 2-min, 3-min
and 10-min winds)91. Only hurricane-category storms as defined by the Saffir-
Simpson Hurricane Wind Scale, i.e., storms with a 1-min-average maximum
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sustained winds of at least 33 m/s (64 knots), were retained for analysis. The storm
frequency was then estimated by dividing the total number of hurricane events in
each 0.25° grid cell by the corresponding number of years (29) (Supplementary
Table 6).

Data analysis. Given small-scale fishing communities are located and develop
their activity predominantly in coastal waters, we define our hazard hotspots as
those areas comprising coastal cells with values equal or greater than the 90th
percentile of the values of all coastal cells for a given climatic hazard. Where the
90th percentile represents those locations having values above the 90% of all
locations analyzed per hazard and is often used to identify climate change
hotspots72,92. We also calculated the quartiles associated to each hazard in the same
fashion to contrast SSF responses against a range of different levels of exposure.
Coastal cells were globally defined as all cells within exclusive economic zone (EEZ)
boundaries93.

We defined exposure as the “occurrence of a natural or human-induced
physical event that may cause loss of life, injury, or other health impacts, as well
as damage and loss to property, infrastructure, livelihoods, service provision,
ecosystems, and environmental resources”83. To analyze how the level of
exposure to climatic hazards elicits the fishers’ response type (remaining,
adaptive, and transformative), we examined the spatial correspondence between
the location of each adaptation response with the level of exposure existing in
the nearby coastal areas for each exposure threshold (25th (low), 50th (medium),
75th (high), and 90th (hotspot) percentiles) for each individual hazard as well as
the aggregated effect of all hazards together at a given threshold level (i.e.,
cumulative exposure). We counted the number of adaptations (per response
type) found inside each exposure threshold and the cumulative number of
hazards using 50, 100, 150, 200, 250, and 300 km as buffer radii (Supplementary
Table 3 and Supplementary Fig. 4). Taking the spatial constraints of the SSF
distance94,95 we counted the number of adaptations found inside each exposure
threshold using 100 km as a buffer radius for the final results (Supplementary
Data 2 and 3). The responses for which no location was provided (n= 20), were
documented but excluded from the hotspot and percentile analysis, resulting in
281 responses (Supplementary Note 2).

Data availability
The following Supplementary Data that support the findings of this study are available in
Zenodo: (a) Supplementary Data 1: Small-scale fishers’ adaptations to climate change
database at https://doi.org/10.5281/zenodo.7097406; (b) Supplementary Data 2:
Classification and frequency of climate change drivers and responses of small-scale
fishers at https://doi.org/10.5281/zenodo.7054437; (c) Supplementary Data 3: Types of
fishers’ adaptations with increasing single hazard exposure at https://doi.org/10.5281/
zenodo.7054459; (d) Supplementary Data 4: Number of fishers adaptations with the
increasing cumulative number of hazards at https://doi.org/10.5281/zenodo.7054469; (e)
Supplementary Data 5: Literature presenting past climate change small-scale fishers’
adaptations (2008–2020) at https://doi.org/10.5281/zenodo.7054413.
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