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Climate change threatens all aspects of aquatic food systems, 
from production to consumption1–4, endangering the cul-
tures, livelihoods, economies, health and nutrition of billions 

of people around the world5–9. To date, studies of climate change 
impacts on aquatic foods (that is, fish, invertebrates and algae cap-
tured or cultured in freshwater and marine ecosystems for food or 
feed) have failed to provide a full accounting of this risk, as they 
have largely focused on individual production systems (for example, 
marine fisheries10) and have rarely connected production system 
impacts to the differential contributions of aquatic foods to food sys-
tem outcomes11. Simultaneously, aquatic foods may have substantial 
but diverse roles to play in transformations towards sustainable and 
equitable food systems and healthy diets to address multiple forms 
of malnutrition, especially for coastal communities and the world’s 
undernourished12–15. Efforts to build climate-resilient food systems 
must ensure that key health, equity and sustainability goals16 are met 
at national, regional and global scales.

Environmental change caused by rising atmospheric green-
house gas concentrations creates differential climate hazards 
for the production capacity of marine and freshwater systems, 

aquafeed resources and supply, and post-production processes 
(Supplementary Table 11). For example, pelagic fisheries may 
increasingly have to contend with shifts in species distributions1,2,10; 
coral reef fisheries and bivalve production with ocean acidifica-
tion1,2,17; inland fisheries with the timing and volume of freshwater 
availability1,18; and fed aquaculture with terrestrial crop losses for 
feed17,19. Here, we develop and apply an integrative food system 
approach11,20 (Supplementary Methods) to put all aquatic foods on 
the same table21 and quantify the risk that climate change poses to 
the potential for aquatic foods to contribute to sustainable develop-
ment (key terms, including ‘risk’, are defined in the Supplementary 
Information).

From literature-identified climate impact pathways (Supplementary  
Table 11), we selected representative and well-understood variables 
projected by three Earth system models (ESMs) that participated 
in the Coupled Model Intercomparison Project Phase 6 (CMIP6) 
to calculate cumulative national-level climate hazard scores in the 
near future (2021–2040) as well as the middle (2041–2060) and 
end (2081–2100) of the twenty-first century under two contrasting 
emission scenarios. We then integrated these hazard scores with  
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Fig. 1 | Projected climate hazard scores. a, Hazard scores for each food system component for a high-emissions scenario in 2021–2040 (‘2030’), 
2041–2060 (‘2050’) and 2081–2100 (‘2090’). The box limits denote the 25th and 75th percentiles, the whiskers extend to 1.5× the interquartile range 
from the box edges, the red line indicates the median value and the circles represent outliers. b, Impact of emissions reduction on hazard scores for each 
of the components. c,d, Aggregate hazard across all components in 2050, weighted by present-day contributions, for a high-emissions scenario (c) and a 
low-emissions scenario (d); grey means no data. Scores <25 are classified as ‘low’, 25–50 as ‘medium’, 50–75 as ‘high’ and >75 as ‘very high’.
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measures of exposure and vulnerability to assess the overall cli-
mate risk of aquatic foods’ contributions to nutrition and health, 
economic, social and environmental food system outcomes 
for 219 countries and territories (Supplementary Methods and 
Supplementary Fig. 2), and we evaluated where health and sustain-
ability are most at risk at a national level and which types of aquatic 
food production contribute most to that risk. On the basis of this 
evaluation, we identify four distinct risk profiles and corresponding 
policy and management actions to enhance the climate resilience of 
aquatic food systems.

Results
Climate impacts on aquatic food systems. Under a high-emissions, 
no-mitigation scenario, capture fisheries in both marine and fresh-
water systems are projected to face the most severe hazards (Fig. 1). 
By the mid-twenty-first century, marine fishery hazards are classi-
fied as ‘high’ (Supplementary Table 3) in most of tropical Africa, 
Central America and Southeast Asia (Supplementary Methods 
and Extended Data Fig. 1). With a larger magnitude of warming 
on large continental land masses than in the ocean, freshwater fish-
eries in some countries are projected to face ‘very high’ hazards 
(Supplementary Table 3) by the mid-twenty-first century, especially 
in water-stressed areas such as northern Africa and the Middle East 
(Extended Data Fig. 1). ‘High’ or ‘very high’ hazard scores indicate 
that almost all climate variables impacting these aquatic food sys-
tems are outside the range of historical variability (Supplementary 
Table 3).

By 2100, the estimated hazards for freshwater aquaculture 
under a high-emissions scenario reach the same level as those for 
capture-fishery systems, so that all countries face ‘high’ or ‘very 
high’ hazard scores for marine and freshwater fisheries and fresh-
water aquaculture (Fig. 1a and Extended Data Fig. 1). In contrast, 
marine and brackish aquaculture face lower cumulative hazards 
(that is, most climate variables remain within historical ranges; 
Supplementary Table 4) throughout the twenty-first century (Fig. 1a).  
Many tropical countries—where climate hazards are the stron-
gest—do not currently practise mariculture for food, and thus 
skew the average hazards that marine and brackish aquaculture 
face downwards (Supplementary Information). As managed farm-
ing operations, (fed) marine aquaculture and brackish aquaculture 
are generally less directly exposed to climate-induced changes in 
ecosystem productivity than capture fisheries22, but they are still 
projected to be at risk in areas with strong impacts from sea level 
rise and cyclones (Extended Data Fig. 1). These types of extreme 
events are also important drivers of high hazards for post-harvest 
activities, especially in places with a large percentage of small-scale 
actors involved in the sector (Fig. 1a and Extended Data Fig. 1). Not 
included in our model but important for aquaculture are potential 
climate-change-induced effects on aquatic diseases and food safety 
risks, such as changes in harmful algal bloom occurrence23.

Strong climate mitigation efforts that are aligned with the target 
specified in the Paris Agreement of keeping global warming well 
below 2 °C can limit the hazards faced by most systems to ‘medium’ 
or ‘low’ (Fig. 1b). In most cases, mitigation benefits will start to 
materialize by the mid-twenty-first century, though certain climate 
variables such as sea level rise have a slow response time and will 
continue to impact aquatic food systems throughout the twenty-first 
century and beyond, even with strong near-term climate actions.

When weighted by present-day production contributions, 
aggregate hazards are higher in the tropics and lower across lati-
tudes >50° (north and south) (Fig. 1c). This finding is in line with 
previous studies on both marine and terrestrial environments that 
show that the future climate will exceed the range of historical 
variability soonest in mid-to-low latitudes2,24. Many low-latitude 
communities in the least-developed or developing economies are 
strongly dependent—for nutrition or livelihoods or through sale 
to local and global markets6,25—on the inland and marine fisheries 
that face the highest hazards (Extended Data Figs. 2 and 3). These 
least-developed or developing economies also have relatively 
larger social, economic and knowledge constraints (Extended 
Data Fig. 4) that limit them from expanding into new modes of 
production in the near future. For example, the development of 
lower-hazard offshore mariculture26 or land-based recirculating 
aquaculture systems27 may not be a viable climate-risk-reduction 
pathway for these capture-fishery-dependent countries because 
of the comparatively high cost and benefit concentration of these 
alternatives15,28. Therefore, in addition to systemic shifts in modes 
of production, a priority for reducing climate hazards in these 
economies is to reduce local hazard and exposure levels in existing 
production systems. Examples of such hazard reduction strategies 
for capture fisheries include improved water resources manage-
ment, mangrove and wetland restoration29, facilitating shifts in 
fishing grounds30 and improved post-harvest technologies. At the 
same time, rapid carbon mitigation efforts by high-emitting coun-
tries can keep hazard levels to ‘low’ or ‘medium’ across production 
systems (Fig. 1d) and can therefore substantially reduce the risk 
of impacting sustainable development efforts and losing aquatic  
food contributions.

Compound risks to aquatic food systems. Aquatic food systems 
contribute comparatively more to food system outcomes in devel-
oping countries, including Small Island Developing States (SIDS), 
with generally higher consumption of marine and freshwater 
foods8,9; higher dependence on production, trade and value chain 
revenue7,31; and higher numbers of aquatic food-dependent liveli-
hoods5–7 (Extended Data Fig. 3). Combined with the concentration 
of climate hazards in the tropics and subtropics (Fig. 1), this greater 
dependence leads to a double jeopardy in exposure to climate hazards 
for nutrition and health, economic and social outcomes (Fig. 2a).  
Though the pattern of higher exposure to hazards in low latitudes 
holds true generally, national contexts play an important role in 
shaping differences between countries and between outcomes6. 
Iceland and Japan, for instance, stand out as high-latitude countries 
with high nutritional dependence on fish, while Brazil, as a large 
tropical terrestrial food producer, derives relatively low (national) 
nutritional and economic contributions from aquatic foods 
(Extended Data Fig. 3).

When each country’s climate vulnerability—including economic 
output and inclusion, strength of social services, and metrics of 
food security and environmental integrity—is taken into account 
(Supplementary Methods and Extended Data Fig. 4), much of 
Africa, South and Southeast Asia, and the Indo-Pacific face ‘high’ to 
‘very high’ climate risk for one or more food system outcomes by the 
middle of this century under a high-emissions scenario (Fig. 2b).  
In terms of nutrition, this may equate to reductions in aquatic food 
access, limiting iron, zinc, vitamin B12 and omega-3 fatty acids in 

Fig. 2 | Mid-century climate risk of food system outcomes under a high-emissions scenario. a, Exposure to hazard for each food system outcome, 
for least-developed, developing and developed countries and SIDS78. The box limits denote the 25th and 75th percentiles, the whiskers extend to 1.5× 
the interquartile range from the box edges, the red line indicates the median value and the circles represent outliers. b, Maximum risk score across all 
outcomes. c, Number of outcomes for which the risk score is ‘high’ or ‘very high’. d, Number of countries for which the risk score is ‘high’ (light shade) or 
‘very high’ (dark shade) for a low-emissions scenario (yellow) and a high-emissions scenario (blue) in 2030, 2050 and 2090. Grey means no data. Scores 
<25 are classified as ‘low’, 25–50 as ‘medium’, 50–75 as ‘high’ and >75 as ‘very high’.
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populations that are already at thresholds for deficiency9, especially 
if climate change drives up food prices32 for households least likely 
to afford fish. In contrast, most countries in North America and 

Europe, as well as Chile, Argentina, Australia and New Zealand, 
face ‘low’ to ‘medium’ climate risk across all food system outcomes 
for this period (Fig. 2c).
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A rapid reduction in carbon emissions can avoid substantial 
increases in climate risk for many countries by the end of this cen-
tury (Extended Data Figs. 5 and 6). Under a high-emissions sce-
nario, the number of countries facing ‘high’ risk for nutrition and 
health, economic and social outcomes increases from about 50 to 
over 80 between the near future and the late twenty-first century, 
and those facing ‘very high’ risk increase from about 10 to about 
40. Such an increase is largely prevented under a low-emissions 
scenario (Fig. 2d). Still, due to high vulnerability and aquatic-food 
dependence, at least 50 countries will experience ‘high’ or ‘very 
high’ risk throughout the twenty-first century in all carbon emis-
sion scenarios. Our findings thus show that multiple types of risk 
need attention through policy and investments (see next section) to 
ensure that beneficial aquatic food system outcomes are secured for 
the most vulnerable countries.

A cluster analysis of our modelling results (Supplementary 
Information) delineates four distinct climate risk profiles for coun-
tries that experience high risk in at least one food system outcome 
under high emissions by the mid-twenty-first century (Figs. 2b 
and 3, Table 1, and Extended Data Figs. 7 and 8). For many coastal 
countries and SIDS with high dependency on the marine fishery 
sector and medium vulnerability, climate risks are concentrated in 
the nutrition and health and/or economic food system outcomes. 
Similarly, some countries, primarily in Eastern Europe, gener-
ally face low hazards and display medium vulnerability but stand 
out for their poor environmental performance33, leading to con-
centrated climate risks in the environmental dimension of food 
system outcomes. Countries with high climate vulnerability are 
projected to face compound climate risks34,35 across three or four 
of the food system outcomes, either in marine fisheries (primarily 
coastal Africa) or in freshwater and deltaic fisheries and aquacul-
ture (South and Southeast Asia and Central Africa). These different 

risk profiles across countries and regions call for region-specific and 
context-specific risk reduction interventions.

Towards climate-resilient aquatic foods. The high levels of climate 
risk for multiple outcomes across much of the developing world 
(Fig. 2) call for urgent action to support the long-term sustainabil-
ity14, resilience36 and equity13,15 of aquatic food systems. Enhanced 
resilience could, in principle, be achieved by the implementation of 
adaptive and/or transformative measures at any point along the risk 
chain, including reducing the actual climate hazards (for example, 
greenhouse gas emissions reductions), reducing the sensitivity 
of the production systems to these hazards (for example, farming 
climate-tolerant species with reduced feed dependence27,37, and 
building barriers and restoring coastal ecosystems to protect against 
storms27), reducing dependence on climate-sensitive aquatic foods 
and sectors (for example, diet and livelihood diversification38), and 
reducing vulnerability through investments that benefit human 
development irrespective of climate change (for example, human 
capabilities investments, including gender considerations39).

Climate mitigation activities will substantially reduce climate 
hazards (Fig. 1) but are insufficient to avoid negative aquatic food 
system outcomes, as a certain degree of climate change is unavoid-
able (Fig. 3). A sensitivity analysis on the vulnerability variables in 
our model (Supplementary Information) shows that reducing vul-
nerability results in similar levels of climate change risk reduction 
to meeting mitigation targets in the Paris Agreement, especially for 
countries that face compound climate risks (such as Malawi and 
El Salvador; Supplementary Table 12). These findings highlight 
the need to focus on the broader social–ecological context of each 
country, with actions building resilience that extend beyond aquatic 
food production40. Priority strategies for building resilience, as well 
as policy and management considerations and potential trade-offs, 
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differ between countries belonging to each of our identified risk 
profiles (Table 1).

Countries with low to medium vulnerability (the ‘high depen-
dence on marine fisheries’ and ‘poor environmental performance of 
aquaculture’ profiles; Fig. 3) tend to experience high climate risk for 
just one or two food system outcomes, meaning that targeted inter-
ventions in specific areas can reduce risk (Table 1). For countries 
with high marine fisheries dependence, including many SIDS, one 
of the challenges will be to design measures that strike an appropri-
ate balance between supporting economic development aspirations 
through efficiency and revenue generation, and supporting food 
security through local and domestic consumption of fish41,42 (for 
example, climate-smart agreements for transboundary resources43 
and the development of climate-resilient aquaculture for food secu-
rity44). For countries where freshwater aquaculture contributes to 

poor environmental outcomes, solutions may target the adoption 
of integrated farming solutions or of technological innovations 
such as resource-efficient production systems that can be isolated 
from the environment27,37. In both contexts, solutions need support 
through enabling government policies, functional institutions at the 
national to community levels and sustainable, responsible financial 
investment44.

Enhancing climate resilience for highly vulnerable countries 
facing compound climate risk (Table 1 and Extended Data Fig. 
8)—from freshwater and deltaic fisheries and aquaculture or from 
marine fisheries (Fig. 3)—is most challenging and urgent given that 
these countries are projected to have the greatest number of food 
system outcomes experiencing high climate risk. For such countries, 
resilience efforts focused on aquatic food systems provide options 
(such as nature-based solutions (for example, mangrove, reef and 

Table 1 | Climate resilience priorities, policy and management considerations, and trade-offs for four climate risk profiles

Resilience priorities Policy and management considerations Potential trade-offs for health, 
sustainability and equity

(A) High nutritional, economic and social dependency on marine fisheries (for example, Ghana, Palau, Peru, Timor-Leste and Viet Nam)

Secure sustainable marine 
fishing practices and policies, 
ensure that benefits flow to 
vulnerable groups, and develop 
alternatives that increase 
adaptive capacity.

P: Shift to offshore resources; climate-smart and climate-just 
agreements for transboundary resources; policies to enable the 
utilization of nutrient-rich species in coastal communities.
F&I: Conservation financing for small-scale fisheries; revised fishery 
subsidies to incentivize sustainability.
T&I: Local adaptation measures for fisheries (for example, development 
of national pelagic fisheries); climate-informed and equitable vessel 
scheme days.
B&S: Equitable and climate-responsive access agreements; export 
policies that ensure sufficient domestic supply.

•  Nutritional content, economic value and 
stock sustainability of alternative species.

•  Local nutrition needs versus revenue 
generation from exports; revenue versus 
livelihoods.

•  Gender dimension of livelihood 
opportunities.

(B) Compound climate risk—freshwater/deltaic fisheries and aquaculture (for example, Bangladesh, Cambodia, Central African Republic and Malawi)

Sustain threatened 
freshwaters while integrating 
climate-adaptive and 
sustainable aquatic food 
systems into socio-economic 
development efforts.

P: Protection and management of freshwater fisheries and wetland 
ecosystems; inclusion of small-scale fisheries in fisheries policies.
F&I: Investment in the protection and management of natural capital; 
alternative livelihoods; collective loans and savings programmes.
T&I: Freshwater aquaculture; integration of fish into water management 
structures, planning and management; sustainable intensification.
B&S: Fair trade agreements for the benefits of local people (including 
intergenerational discounting); climate information services and early 
warning systems.

•  Immediate needs and disaster risk 
reduction versus long-term adaptation 
and sustainability interventions.

• Competition over freshwater resources.
• Export versus local needs.
• Fish as food versus feed.
•  Equity and gender dimensions of adaptive 

programming activities.

(C) Compound climate risk—marine fisheries (for example, Côte d’Ivoire, El Salvador and Madagascar)

Sustain functions of critical 
marine systems while 
integrating climate-adaptive 
and sustainable aquatic food 
systems into socio-economic 
development efforts.

P: Co-management of resources that supports agency and empowers 
and engages marginalized groups.
F&I: Financial incentives for fishers (credit support, minimum 
supportive price and so on); financial management through collectives 
and cooperatives; gender transformative adaptation opportunities.
T&I: Infrastructure development, including technology such as cold 
storage.
B&S: Equitable fisheries access agreements; climate information 
services and early warning systems.

•  Immediate needs and disaster risk 
reduction versus long-term adaptation 
and sustainability interventions.

• Export versus local needs.
•  Equity and gender dimensions of adaptive 

programming activities.

(D) Environmental performance risk of freshwater aquaculture (for example, Belarus, Bosnia and Herzegovina, and Israel)

Improve environmental 
performance of aquatic food 
production systems.

P: Environmental regulations; aquaculture zoning; limitations on carrying 
capacity.
F&I: Financing options for supply chain actors transitioning to 
low-impact practices.
T&I: Solar energy; water-efficient systems; reductions in waste and 
losses along value chains; production optimization, including sustainable 
intensification.
B&S: Incentivization schemes for sustainable farming practices (for 
example, certification).

•  More environmentally sustainable 
production systems need to be climate 
adaptive and meet dietary and market 
demands.

•  Equitable access to knowledge, finance and 
technology.

We provide examples of high-level policy and management considerations in the following categories: policies (P), finance and investment (F&I), technology and innovation (T&I), and business and services 
(B&S). Resilience-enhancing activities are not exclusive to any particular risk profile, and knowledge exchange can occur both within and across profiles. The profile letters A–D correspond to the risk 
profiles in Fig. 3. References supporting particular policy and management considerations are listed in the Supplementary Information.
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seagrass restoration to aid coastal storm protection and enhance 
aquatic ecosystem productivity)29, sustainable intensification45, live-
lihood diversification38 and investments in local value chains44), but 
these efforts need to be part of a more generalized resilience frame-
work that addresses the social dimensions of vulnerability39,40,46,47 
(for example, through strengthening governance, promoting gender 
equity and reducing poverty; Supplementary Table 12). It is worth 
noting that ‘no-regret’ investments39 based on net social welfare 
gain have proven a challenge in practice—particularly where invest-
ments fail to deliver a ‘net political gain’, as determined by a set of 
complex value preferences. Climate solutions that require public 
sector investments must be able to deliver both social and politi-
cal gains to increase their acceptability to the public choice-maker. 
Ultimately, a generalized resilience approach means enhancing the 
capacity of coastal and riparian people to become the agents of soci-
etally desired systems transformation40,47 and to recognize aquatic 
food systems as integral to socio-economic development efforts and 
nutrition policies42 and overall food system resilience48,49.

Discussion
The availability of appropriate data and modelling tools for better 
understanding risks and resilience priorities at a global scale poses 
a challenge, especially for countries and systems considered most at 
risk. For example, in calculating hazard scores for freshwater systems 
and supply chains, we were unable to assess changes in climate vari-
ables at a subnational scale or to consider the varying sensitivities 
of different ecosystems or production types and post-production 
processes1,17,49. For many SIDS, key indicators were missing from 
global databases (Supplementary Information), precluding holistic 
climate risk assessment50. The risk of countries such as Bangladesh, 
Cambodia and the countries of the African Great Lakes region 
(which are among the largest freshwater-fish-producing nations 
in the world) may in reality be even higher given that inland fish 
production is substantially underestimated in many countries25,51. 
Failing to address these gaps in data and understanding can per-
petuate inequities, as resilience investments are likely to go to places 
and systems already assessed in the research and policy literature13.

Our analysis assumed that exposure and vulnerability remain 
unchanged in time, though different development trajectories could 
change climate risk in magnitudes commensurate with changes 
driven by different emission trajectories (as shown by our sensitiv-
ity analysis; Supplementary Table 12). Future work could build on 
the framework developed here to explore the impacts of various 
socio-economic pathways52 and their interactions with climate haz-
ards. Similarly, climate change will also impact food systems out-
side the aquatic realm, with unknown implications for feedbacks, 
trade-offs, relative risk and adaptive options. While this research 
expands our understanding of the combined and comparative cli-
mate risk of all aquatic food systems, we ultimately need a holis-
tic climate risk framework that makes our entire plate (staples,  
nuts and legumes, fruits and vegetables, livestock, and aquatic 
foods) resilient21.

Through an integrative climate and aquatic food systems model-
ling approach, we reveal four main climate risk profiles and identify 
key challenges and opportunities for building pathways towards 
climate-resilient aquatic food systems. Of the different environ-
ments in which aquatic foods are caught and produced, fisheries 
and freshwater aquaculture are projected to experience the highest 
cumulative hazards throughout the twenty-first century. Combined 
with a comparatively higher dependence on aquatic foods for nutri-
tion, income and livelihoods—and greater vulnerability to the loss 
of these benefits—SIDS and countries in Africa, South Asia and 
Southeast Asia are projected to be at particularly high risk from  
climate change.

Differences in climate risk profiles call for resilience-enhancing 
actions that are region-specific and context-specific and are guided 

by principles of equity and fairness13,15. Most urgent are actions and 
investments for countries that face compound climate risk across 
aquatic food system outcomes, requiring transformative change 
to reduce societal vulnerability. Though we focused on countries 
with high climate risk, countries with low to medium risk will also 
face increasing climate hazards domestically and are connected to 
transboundary climate risk through species movement and trade of 
aquatic foods and inputs43,53. This calls for justice-informed collabo-
ration towards climate-proofing of aquatic food systems that tran-
scends national and regional boundaries.

Methods
Assessment of climate impact pathways. We reviewed literature covering a wide 
range of geographic areas—from global reviews to regional and national case 
studies—to identify climate pathways that impact aquatic food systems in three 
different capacities: (1) aquatic food production systems, (2) aquatic food supply 
chains and (3) aquatic food system outcomes. In our review, we first focused 
on large assessment reports such as those produced by the Intergovernmental 
Panel on Climate Change2, followed by comprehensive scientific reviews and 
meta-analyses (for example, refs. 1,4,17,54,55) and the papers cited therein. We filled 
in remaining gaps using strategic keyword searches and the expert knowledge of 
our multidisciplinary team of co-authors. An overview and ranking of climate 
pathways for aquatic food production systems and supply chains, including 
key references, can be found in Supplementary Table 11, with a brief narrative 
summary in the Supplementary Methods.

Aquatic food production systems were split into capture fisheries and 
aquaculture and were further grouped by marine and freshwater production 
environments. The aquatic food supply chain was divided into seven components 
(input supply, production, post-harvest storage, processing, distribution, marketing 
and retail, and consumption and utilization11), though most literature addressed 
only the production stage. For the different production systems, we ranked the 
impact of each climate change pathway by direction (positive impact, negative 
impact or varied impact) and degree of confidence (limited, medium or robust 
research). For the supply chain components, we just noted the presence or absence 
of an impact.

Hazard, exposure and vulnerability variables. We compute quantitative indices 
of climate risk for the four aquatic food system outcomes—nutrition and health, 
economic, social, and environmental—adopting a fuzzy logic modelling approach 
to implement the risk assessment framework used by the Intergovernmental 
Panel on Climate Change2. In this framework, climate risk results from the 
interaction between climate-change-induced hazards, exposure to those climate 
hazards and vulnerabilities of components of the aquatic food systems. For our 
purposes, we conceptualize climate hazards as the dominant climate variables 
that impact aquatic food production and supply chains, exposure as the degree to 
which aquatic foods contribute to the various food system outcomes at a national 
level, and vulnerability as a combination of sensitivity to and adaptive capacity 
of the nationally aggregated food systems in the face of the loss of aquatic food 
contributions. Through two rounds of virtual workshops, our team of co-authors 
(selected for their expertise spanning marine and freshwater ecosystems, fisheries 
and aquaculture production systems, and multiple food system outcomes) 
selected hazard, exposure and vulnerability indicators on the basis of their expert 
knowledge, published literature and data availability for most of the 219 countries 
included in this study.

Climate hazards. From our literature assessment (Supplementary Table 11), we 
identified the most impactful and well-understood climatic drivers of changes in 
aquatic food production for which data and/or modelling tools are available at a 
global level. These drivers include changes in ocean temperature, circulation, net 
primary productivity and dissolved oxygen concentrations, which together are 
used to calculate projected changes in marine fisheries catch and aquaculture yield 
using a dynamic biological envelope model56. Additionally, changes in ocean pH, 
the extent of sea ice and the cumulative mean intensity of marine heatwaves57 are 
used as marine hazard variables. Inundation from projected sea level rise and the 
strength of tropical storms threaten marine and brackish aquaculture as well as 
supply chain processes. For freshwater systems, near-surface (2 m) air temperature 
changes over land and changes in precipitation are used. Finally, projected changes 
in fish meal availability and global crop land temperature capture the hazards 
(through cost of production) to feed-dependent aquaculture production. Some 
climate impact pathways, such as harmful algal blooms and their impacts on food 
safety, are known to be important but were excluded because (to our knowledge) 
no appropriate and published global model or dataset of national-level indicator 
variables is yet available. An overview of all hazard variables used in the model is 
presented in Supplementary Table 6.

To represent uncertainties in projections of environmental changes by different 
ESMs, where possible, we used projections from three ESMs available from 
CMIP6 (ref. 58): Geophysical Fluid Dynamics Laboratory (GFDL)-ESM4 (ref. 59), 
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the Institut Pierre-Simon Laplace (IPSL)-CM6A-LR60 and Max Planck Institute 
(MPI)-ESM1-2-HR61. Outputs from GFDL-ESM4 and IPSL-CM6A-LR are also 
used by the Fisheries and Marine Ecosystem Impact Models Intercomparison 
Projects, while MPI-ESM1-2-HR is used additionally by the Dynamic Bioclimate 
Envelope Model to project future changes in maximum catch potential. We 
calculated climate hazards using two contrasting scenarios: Shared Socio-economic 
Pathway (SSP) 1—Representative Concentration Pathway (RCP) 2.6 (SSP1-2.6) 
and SSP5-8.5. SSP1-2.6 and SSP5-8.5 represent a ‘strong mitigation’ low-emissions 
pathway and a ‘no mitigation’ high-emissions pathway, respectively62. For the 
marine heatwave variable, CMIP6 results were not yet available, so CMIP5 
equivalents were used57.

Results are presented for the near future (2021–2040) and the middle (2041–
2060) and end (2081–2100) of the twenty-first century. As we compute climate 
risk indices for 219 countries and territories, we focus on hazards that are most 
common across these geographies and for which global datasets are available. 
Some of the climate hazards (such as the impacts of harmful algal blooms and the 
spread of disease) are indirectly represented by environmental variables that drive 
these hazards (such as ocean temperature and dissolved oxygen level). While our 
modelling approach accounts for interactions between climate hazards in some 
components of the aquatic food systems (for example, marine capture fisheries 
and aquaculture production), the interacting effects of hazards on some other 
components are not well understood, so these are not explicitly represented in the 
risk assessment model.

Exposure. The exposure of countries or territories to climatic hazards through their 
aquatic food systems is positively associated with their level of dependency on 
aquatic foods to support nature and people. We selected indicators (Supplementary 
Table 7) for four food system outcomes: nutrition and health, economic, social and 
environment. For nutrition and health outcomes, the indicators are per capita supply 
of marine and freshwater aquatic foods and the percentage of a nation’s consumption 
of vitamin B12 and DHA + EPA fatty acids (types of omega-3 fatty acids specific to 
aquatic foods) that is derived from aquatic foods9. For economic outcomes, we use 
data on the contributions of aquatic food to gross domestic product (GDP)25,31,63,64, 
estimates of economic multipliers of marine supply chains65 and net aquatic food trade 
balance relative to GDP66. As social outcome variables, we selected the contributions 
of marine fisheries, aquaculture and inland fisheries to employment5,25,67, as well as 
the ratio of indigenous to national-average consumption of seafood as a metric of the 
cultural importance of aquatic foods68. Finally, the environmental outcome variables 
are drawn from standardized estimates of the average greenhouse gas emissions, 
nitrogen and phosphorus emissions, and land use and freshwater use of different types 
of wild-capture and farmed aquatic food production33.

Vulnerability. To capture the vulnerability of aquatic food system outcomes 
to climate hazards, we selected several variables (Supplementary Table 8) that 
represent the adaptive capacity of aquatic food systems and the sensitivity of 
aquatic food system outcomes in the face of climate change. As more generalized 
metrics of adaptive capacity and sensitivity, we include GDP per capita63, an 
aggregate of the Worldwide Governance Indicators69, educational attainment70, 
percentage of the population below the national poverty line63, the Gini 
coefficient63, access to financial services71, research and development expenditure 
as a percentage of GDP63, and the percentage of aquatic food landings from 
small-scale operations72. As outcome-specific metrics, we include the stunting 
rate of children under five73 and summary exposure values for vitamin B12 and 
DHA + EPA fatty acids9 for nutrition and health outcomes, and the Biodiversity 
and Habitat, Fisheries, and Climate Change indicators of the Environmental 
Performance Index74 for environmental outcomes.

A more detailed accounting of each of the model variables, including 
justification and data processing steps as well as a statistical summary, can be found 
in the Supplementary Methods. For each of the risk components, scores were 
calculated using whichever of the indicator variables were available.

Fuzzy logic system. We apply a fuzzy logic modelling approach to compute climate 
risks and account for the inherent data and knowledge uncertainties present in 
determining climate risks of national food system outcomes. Such an approach has 
been previously applied to study the conservation risk of marine fish stocks from 
fishing20 and climate change75,76. In brief, the fuzzy logic algorithm is divided into 
three steps20:

 1. Fuzzification: Indicator values are categorized into one or more levels of 
‘low’, ‘medium’, ‘high’ and ‘very high’ (hazard, exposure and vulnerability) 
simultaneously, with the degree of membership in each level defined by fuzzy 
membership functions (Supplementary Fig. 1 and Supplementary Table 9).

 2. Fuzzy reasoning: For each subcomponent of climate risk (hazard, exposure 
and vulnerability), the degree of membership associated with each level is 
cumulated using an algorithm called MYCIN20:

AccMemi+1 = AccMemi + Membershipi+1 × (1 − AccMemi)

where AccMem is the accumulated membership of a particular level (for example, 
high vulnerability) and i denotes the indicator variable contributing to the 

subcomponent. Then, hazard, exposure and vulnerability are aggregated into a 
combined risk level using predefined heuristic rules (Supplementary Table 2). 
Where data availability allows, information is kept segregated on the basis of  
the relevant subsystem (such as fisheries versus aquaculture or marine 
versus freshwater).
 3. Defuzzification: The climate risk of aquatic food system outcomes is ulti-

mately expressed on a scale of 0 to 100, with 100 being the most at risk. The 
index values (Indval) corresponding to each level x are: ‘low’ = 1, ‘moder-
ate’ = 25, ‘high’ = 75 and ‘very high’ = 100. The final risk index (FnlInd) is cal-
culated from the average of the index values, weighted by their accumulated 
membership20:

FnlInd =

∑4
x=1 AccMemx × Indvalx

∑4
x=1 AccMemx

A more detailed description of the various fuzzy logic modelling steps and 
assumptions and a schematic overview of the various model components are 
provided in the Supplementary Information.

Cluster analysis. To identify patterns in the types of climate risk that high-risk 
countries face, we perform a K-means clustering analysis on the outcomes of the 
fuzzy logic model, using the following input variables: the number of outcomes 
for which climate risk in 2050 is ‘high’ or ‘very high’ under SSP5-8.5, the climate 
hazard score in 2050 under SSP5-8.5, the percentage of production from marine 
environments64, the percentage of production from aquaculture64, exposure scores 
for each of the food system outcomes (nutrition and health, economic, social, and 
environmental) and vulnerability scores for each of the food system outcomes. 
Only countries for which at least one of the food system outcomes had ‘high’ or 
‘very high’ risk in 2050 under SSP5-8.5 were included. We were not able to assign 
clusters for countries with missing values for any of these variables.

We find that using a total of four clusters leads to climate risk profiles 
that are distinct (Supplementary Fig. 3) and meaningful for describing policy 
considerations. The profiles that we identify are high dependency on marine 
fisheries (Cluster 2, 47 countries), compound climate risk from freshwater and 
brackish systems (Cluster 1, 38 countries), compound climate risk from marine 
fisheries (Cluster 3, 28 countries), and environmental performance risk from 
freshwater aquaculture (Cluster 4, 17 countries). The distribution of input variables 
for each of these clusters is shown in Extended Data Fig. 7 and summarized in 
Supplementary Table 13. A map of the cluster assignments is shown in Extended 
Data Fig. 8, with a complete list in Supplementary Table 14.

Statistics and reproducibility. No data were excluded from the analyses.

Data availability
Most of the model input data were retrieved from publicly accessible reports and 
databases, as outlined in Supplementary Tables 6–8. The model output data are 
provided on Dryad77: https://doi.org/10.5061/dryad.70rxwdbz3. Source data are 
provided with this paper.

Code availability
All custom code produced for the analyses was generated using Python version 
3.7.1 and R version 4.0.2 and is available from the corresponding author  
upon request.
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Extended Data Fig. 1 | Projected climate hazard scores by food system component. Hazard scores for each of the aquatic food system components under 
a high-emissions scenario (SSP5-8.5) in 2041-2060 (‘2050’, top) and 2081-2100 (‘2090’, bottom). Gray means no data. Scores <25 are classified as 
‘low’, 25-50 as ‘medium’, 50-75 as ‘high’, >75 as ‘very high’.
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Extended Data Fig. 2 | Projected climate hazard scores in different scenarios and timeframes. Aggregate hazard score based on present-day production 
weights for a low-emissions scenario (SSP1-2.6, left) and a high-emissions scenario (SSP5-8.5, right) in 2021-2040 (‘2030’, top), 2041-2060 (‘2050’, 
middle) and 2081-2100 (‘2090’, bottom). a. SSP1-2.6 in 2030. b. SSP1-2.6 in 2050. c. SSP1-2.6 in 2090. d. SSP5-8.5 in 2030. e. SSP5-8.5 in 2050. f. SSP5-
8.5 in 2090. Gray means no data. Scores <25 are classified as ‘low’, 25-50 as ‘medium’, 50-75 as ‘high’, >75 as ‘very high’.
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Extended Data Fig. 3 | Exposure scores for each of the food system outcomes. a. Scores for nutrition and health outcome; b. Scores for social outcome; 
c. Scores for economic outcome; d. Scores for environmental outcome; e. Exposure scores by development status. Gray means no data. Scores <25 
are classified as ‘low’, 25-50 as ‘medium’, 50-75 as ‘high’, >75 as ‘very high’. Box limits denote 25th and 75th percentiles; whiskers extend 1.5x the 
interquartile range from box edges; red line indicates median value and circles represent outliers.
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Extended Data Fig. 4 | Vulnerability scores for each of the food system outcomes. a. Scores for nutrition and health outcome; b. Scores for social 
outcome; c. Scores for economic outcome; d. Scores for environmental outcome; e. Vulnerability scores by development status. Gray means no data. 
Scores <25 are classified as ‘low’, 25-50 as ‘medium’, 50-75 as ‘high’, >75 as ‘very high’. Box limits denote 25th and 75th percentiles; whiskers extend 1.5x 
the interquartile range from box edges; red line indicates median value and circles represent outliers.
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Extended Data Fig. 5 | Risk scores for each of the food system outcomes under high emissions. Projected climate risk for a high-emissions scenario 
(SSP5-8.5) in 2041-2060 (‘2050’, left) and 2081-2100 (‘2090’, right). a and e. Scores for nutrition and health outcome; b and f. Scores for social outcome; 
c and g. Scores for economic outcome; d and h. Scores for environmental outcome. Gray means no data. Scores <25 are classified as ‘low’, 25-50 as 
‘medium’, 50-75 as ‘high’, >75 as ‘very high’.
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Extended Data Fig. 6 | Risk scores for each of the food system outcomes under low emissions. Projected climate risk for a low-emissions scenario (SSP1-
2.6) in 2041-2060 (‘2050’, left) and 2081-2100 (‘2090’, right). a and e. Scores for nutrition and health outcome; b and f. Scores for social outcome; c and 
g. Scores for economic outcome; d and h. Scores for environmental outcome. Gray means no data. Scores <25 are classified as ‘low’, 25-50 as ‘medium’, 
50-75 as ‘high’, >75 as ‘very high’.
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Extended Data Fig. 7 | Distribution of input variables for each climate risk cluster. The variables used in the cluster analysis are the number of outcomes 
for which climate risk in 2050 is ‘high’ or ‘very high’ under SSP5-8.5 (‘riskcount’); the climate hazard score in 2050 under SSP5-8.5 (‘hazard’); the 
percentage of production from marine environments (‘perc_marine’); the percentage of production from aquaculture (‘perc_aqua’); exposure scores for 
each of the food system outcomes (nutrition and health, economic, social, and environmental – ‘exp_nh’, ‘exp_ec’, ‘exp_so’ and ‘exp_en’); and vulnerability 
scores for each of the food system outcomes (‘vul_nh’, ‘vul_ec’, ‘vul_so’ and ‘vul_en’). We summarize the clusters as: Cluster 1 = Compound risk – 
freshwater & deltaic system; Cluster 2 = High marine dependence; Cluster 3 = Compound risk – marine fisheries; Cluster 4 = Environmental performance 
risk. Box limits denote 25th and 75th percentiles; whiskers extend 1.5x the interquartile range from box edges; black line indicates median value and circles 
represent outliers.
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Extended Data Fig. 8 | Cluster assignment for each of the high risk countries. Cluster analysis was done only on countries that are projected to 
have ‘high’ or ‘very high’ risk in at least one of the food system outcomes and that had no missing data for any of the input variables. Cluster numbers 
correspond to the numbers in Extended Data Fig. 7 and the Supplemental Methods. Cluster 1 = Compound risk – freshwater & deltaic system; Cluster 2 = 
High marine dependence; Cluster 3 = Compound risk – marine fisheries; Cluster 4 = Environmental performance risk. Grey shading represents no data.
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