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Abstract
Global nutrition targets remain unmet, as over half of preschool-aged children and two-thirds of
non-pregnant women of reproductive age worldwide suffer from micronutrient deficiencies.
Climate change poses a growing threat to global food and nutrition security, but existing climate
risk assessments often overlook the critical roles of both terrestrial and aquatic nutrient-rich foods
that are vital for dietary diversity and micronutrient supply. In this study, we introduce an
innovative framework that integrates data on future climate extremes, nutrient supply
dependencies, and diet-related climate vulnerability. Our comprehensive analysis assesses
nutrition-sensitive climate risk to five essential micronutrients across production systems. By
mid-century (2041–2060), we estimate that 75% of calcium, 30% of folate, 39% of iron, 68% of
vitamin A, and 79% of vitamin B12 produced in primary food products will face frequent climate
extremes (at least every other year) globally. Nearly fifty countries are projected to face high
domestic climate risk for two or more micronutrients during this period, with ten countries facing
high risk across all five. We outline distinct climate risk profiles to offer data-driven entry points
into strategies for bolstering the resilience of micronutrient supply chains and advancing progress
toward global nutrient targets in the face of a changing climate.

1. Introduction

Malnutrition is a leading cause of global mortal-
ity and morbidity [1], negatively affecting cognit-
ive development, educational outcomes, and gross
domestic product [2]. Over half (372 million) of
preschool-aged children and two-thirds (1.2 bil-
lion) of non-pregnant women of reproductive age
worldwide are deficient in essential micronutrients
like iron and vitamin A [3]. Despite their import-
ance for achieving the 2030 Sustainable Development

Goals (SDGs) [2], global nutrition targets to reduce
stunting, wasting, and obesity in children and anemia
in women are off track [4]. Climate change exacer-
bates these challenges, especially for poor popula-
tions in the Global South [5–7]. To date, climate risk
assessments for food systems have largely focused
on a few staple crops (e.g. maize, wheat, and rice)
[8–10], neglecting nutrient-rich foods from land
and water [11] that are vital for dietary diversity
and quality, and micronutrient intake and status.
Effective nutrition-sensitive climate policies—and
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climate-resilient nutrition policies—must consider
the entire diet’s role in nourishing people and its vul-
nerability to climate change.

Nutritious diets are diverse, including whole
grains, legumes, nuts, fruits and vegetables, andmod-
erate amounts of nutrient-rich aquatic and terrestrial
animal-source foods [12]. These foods derive from
various terrestrial and aquatic food production sys-
tems, susceptible to variable climate impacts [13, 14].
Climate change introduces multiple co-occurring
drivers, including rising temperatures, drought, rain-
fall extremes, more intense storms, sea level rise, and
ocean acidification. These drivers affect crop yields,
livestock productivity, species distribution and phen-
ology (especially fish), pest and pathogen pressure,
supply chains, and labor capacity [5, 6]. Rising CO2

levels can also reduce the nutrient density of crops [6].
Secondary impacts on economic development, food
prices, conflict, and health (e.g. through water-borne
diseases), further affect nutrient access and utiliza-
tion. An integrative food systems approach [11, 14,
15] to assessing nutrient climate risk is therefore cru-
cial to identify key areas of adaptation potential and
build cross-sectoral climate resilience.

Several methods exist to estimate the exposure
of food production systems to environmental haz-
ards. Process-based models, such as plant-physiology
models for terrestrial crops [10] and ecological mod-
els for fisheries [16], are the most sophisticated but
are typically developed for individual production
systems, limiting their scalability. Statistical mod-
els use relationships between observed food produc-
tion and climate anomalies, but have also mostly
been developed for staple foods [9, 17] as they
require detailed production data. For many nutrient-
rich foods, like fruits, vegetables, legumes, nuts, and
farmed aquatic foods, neither process-based nor stat-
istical models are available at global level.

Despite these limitations, some studies have
attempted to link different food systems compon-
ents in climate risk assessments, for instance staple
crops and fishery models [14, 18] or in Integrative
AssessmentModels [19]. However, these analyses still
miss the connection between climate impacts on dif-
ferent food production systems and their dietary con-
tributions, as well as a grounding in an understand-
ing of people’s reliance on different food sources for
essential nutrients [20], and their vulnerability to loss
of those sources. To address this gap, we developed
a framework to estimate ‘nutrition-sensitive climate
risk’ at the national level. This framework combines
disparate data sources [21–24] to assess countries’
nutrient production exposure to climate extremes,
their dependence on domestic production, and their
diet-related climate vulnerability.

We focus on five essential micronutrients with
severe morbidity impacts and high deficiency
prevalence [3]: calcium (bone health), folate and
iron (physical and cognitive development), vitamin

A (vision and immune system), and vitamin B12 (red
blood cells and nervous system). Our findings indic-
ate that by mid-century (2041–2060), most countries
will face medium or high nutrition-sensitive climate
risk in at least one micronutrient, with ten countries
facing high risk for all five. We identify eight distinct
climate risk profiles to offer data-driven entry points
into strategies that support climate-resilient nutrition
outcomes.

2. Methods

In the IPCC framework, climate risk is the interac-
tion between (a) environmental hazards from climate
change, (b) exposure of people, infrastructure, and
ecosystems to those hazards, and (c) vulnerability, or
the propensity to be adversely impacted, which com-
bines sensitivity and adaptive capacity [25]. To cal-
culate domestic climate risk to diets, we developed
national-level climate hazard scores, weighted by the
contributions of six food groups to national nutri-
ent supply. We defined exposure as the share of the
total nutrient supply derived from domestic produc-
tion, calculated from the self-sufficiency ratio (SSR)
as defined below. Vulnerability was calculated using
economic and nutritional indicators.

2.1. Nutrient supply
Our analysis focuses on five essentialmicronutrients—
calcium, folate, iron, vitamin A, and vitamin B12—
and dietary energy. Folate, iron, vitamin A and vit-
amin B12 were selected because they are among six
‘sentinel micronutrients’ that cause severe morbidity
and for which deficiency is prevalent [3]. In addition,
calcium was chosen because deficiency is widespread,
particularly in low and middle-income countries
[26].

The availability and dietary sources of the five
micronutrients and dietary energy were derived from
the Global Nutrient Database, which estimates the
availability of 156 nutrients in 195 countries and
territories [22], most recently available for 2017. To
link nutrient supply data to climate hazards, we
divided all food items into six food groups: (1) aquatic
products; (2) fruits & vegetables; (3) legumes & nuts;
(4) cereals & tubers; (5) livestock products (includ-
ing dairy and eggs); and (6) other crops (mostly oil
crops, sugar crops, and spices). This grouping aligns
with commonly used dietary food groupings [27],
although we separated aquatic products from other
foods given their distinct production environment
and nutritional benefits [28]. Additional details on
nutrient supply data and limitations can be found in
the supplemental materials.

2.2. Climate hazard
Due to the lack of process-based or statistical models
for many food production systems, our climate haz-
ard assessment focuses on the probability of future
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conditions deviating significantly from their his-
torical range, compared to a baseline period [21].
This approach addresses the challenge of establish-
ing science-based thresholds for all food products
by recognizing the potential limitation of local food
production systems outside their accustomed climate
range [21, 29], serving as an indicator of the adapta-
tion demands posed by climate extremes.

We assessed climate hazards by quantifying the
likelihood of adverse climate conditions in 2041–
2060 relative to historical baseline period (1961–
1990) [21]. We used the historical and SSP3-7.0
(medium-high emissions) simulations from 30 mod-
els in the Coupled Model Intercomparison Project 6
(CMIP6) database [30], recognizing that the standard
‘business-as-usual’ scenario (SSP5-8.5) is currently
considered statistically improbable [31]. For each of
the six food groups, we developed spatial and seasonal
masks (table 1) to calculate national-average anomaly
time series relative to the baseline mean:

xt,f =

∑
iwi,m,fxt,i,m∑

iwi,m,f

∆xf = x2041−2060,f − x1961−1990,f

where xt,i,m represents the climate variable for each
year, grid cell, and month, and wi,m,f the area and sea-
sonal weights for each food group.

Climate hazard is the probability of a growing
season in which a climate variable—temperature10,
precipitation, or the combination thereof—exceeds a
threshold α:

Finally, we derived a single climate hazard value
for each nutrient and country by weighting the cli-
mate hazards for the six food groups by the relative
contribution of each food group to the total supply of
each nutrient [22]:

Hn =

∑
fHf × Sf,n∑

fSf,n

where S is the supply of nutrient n from food group f.

2.3. Exposure to climate hazard
Although trade is an important driver of nutrient
supply in many countries [36, 37], we focus in our
risk calculations on the share of a country’s nutrient
supply that is exposed to climate hazards domestic-
ally.We calculated this using the SSR of each nutrient.
The SSR indicates the extent towhich a country’s total
use of a nutrient is supplied by domestic production:

SSR =
production

total use
.

10 2m air temperature for terrestrial crops and Livestock Products,
and Sea Surface Temperature for Aquatic Products

The term ‘total use’ encompasses all forms of
utilization over and above direct food consumption,
i.e. animal feed, waste, and all other forms of utiliza-
tion11. To calculate an exposure score for each nutri-
ent, we weighted the SSR for the six food groups by
the relative contribution of each food group to the
total supply of each nutrient:

En =

∑
f
SSRf × Sf,n∑

f
Sf,n

.

Exposure to hazard is then the product of expos-
ure and hazard:

EHn = En ×Hn.

For inclusion in the climate risk score calcula-
tions, exposure to hazard scores were first standard-
ized and normalized.

2.4. Climate vulnerability
We calculated the vulnerability component of climate
risk using key indicators to represent sensitivity and
adaptive capacity to disruption of nutrient supply.
Where possible we chose values for 2017, to alignwith
nutrient supply data.

Nutrient vulnerability NutVn is the average
between the prevalence of inadequate nutrient intake
(def n; micronutrients [23]:—2011; dietary energy
[38]:—2017) and dietary diversity divn, as meas-
ured by the species evenness score across the six
food groups [22, 39]—2017. Economic vulnerabil-
ity EconV is the average between the latest available
percentage of the population with income below the
national poverty line pov [24], latest available per
capita Gross Domestic Product at Purchasing Power
Parity gdp [24], and the 2017 cost of a healthy diet
cost [24]. The combined vulnerability score Vn is the
average between NutVn and EconVn.

NutVn = (def ′n + div ′n)/2;

EconV= (pov ′ +GDP ′ + cost ′)/3

Vn = (NutV ′
n + EconV ′)/2

where apostrophes indicate standardized and nor-
malized values. For nutrient and economic vulnerab-
ility, an average score was still calculated if either of
the indicators was missing; for the combined vulner-
ability score, no score was calculated if either of the
input values was missing.

11 It should be noted that the underlying calculations for the nutri-
ent content in production and total utilization have been under-
taken separately for this publication and are not part of the GND
[22].
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Table 1. Overview of spatial masks and seasons used in calculating environmental hazards for each of six food groups. Note that the
development of spatial masks for aquatic products was limited by data availability on subnational inland aquaculture, and fisheries
production, as well as the spatial resolution of Global Climate Models.

Food group Spatial mask Seasonality [32]

Aquatic Products For countries with
marine data

Annual

Exclusive Economic
Zone [33]
For countries with no
marine data
All terrestrial grid
cells

Fruits & Vegetables Harvested area [34] For latitudes>23 N:
April–September
For latitudes<23 S:
October–May
For tropical latitudes:
Annual

Legumes & Nuts Harvested area [34] For latitudes>23 N:
April–September
For latitudes<23 S:
October–May
For tropical latitudes:
Annual

Cereals, Roots & Tubers Harvested area [34] For latitudes>23 N:
April–September
For latitudes<23 S:
October–May
For tropical latitudes:
Annual

Livestock Products Natural log of
livestock production
[35]

Annual

Other Crops Harvested area [34] For latitudes>23 N:
April–September
For latitudes<23 S:
October–May
For tropical latitudes:
Annual

2.5. Domestic climate risk
Domestic nutrition-sensitive climate risk is the arith-
meticmean between the exposure to hazard score and
the vulnerability score:

Rn = (EH ′
n +V ′

n)/2.

This method assigns equal weight (50%) to both
vulnerability and exposure to hazard, creating a risk
score that reflects the climate change risk to the
domestically produced nutrient supply. This assess-
ment does not account for risk through global mar-
kets, which is addressed in other studies [e.g. 40–42].
As a final step, we normalized and standardized the
resulting risk scores, resulting in a nutrition-sensitive
climate risk score ranging from0 to 1. If data on either
exposure to hazard or vulnerability was unavailable,
the risk was not calculated.

2.6. Identifying climate risk profiles and
interventions
To identify patterns in the specific nutrition-sensitive
climate risk that countries face, we applied a K-
means clustering analysis to the variables used in
the climate risk calculations. We excluded countries
that have more than half of these variables missing.
Determination of the optimal number of clusters was
facilitated through the use of statistical metrics such
as the gap statistic and the Davies–Bouldin Index.

A list of key climate resilience and nutrition inter-
ventions for each of the climate risk profiles was
developed through a broad search of peer-reviewed
literature using a combination of keywords, includ-
ing ‘nutrition policy’ ‘food security policy’ ‘climate
change,’ and ‘policy recommendations.’ The search
was limited to articles published in the English
language from the year 2005 to present. We included
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articles that (a) are published in peer-reviewed journ-
als, (b) identify action in either a case study, cross-
sectoral, or multi-sectoral approach, and (c) provide
concrete recommendations for policy action at one
or multiple scales. The identified recommendations
were then condensed to focus on those that tie dir-
ectly to elements included in our analysis. Following
several rounds of feedback and revision by our mul-
tidisciplinary team of co-authors, the list was nar-
rowed and grouped into thematic categories. The
relevance of each intervention for each climate risk
profile was assessed based on the input variables to
the cluster analysis.

3. Results

3.1. Climate extremes impacting food systems
Temperature extremes serve as a primary indicator of
climate impacts because long historical records exist
and projections are consistent between climate mod-
els. Temperature extremes are projected to become
increasingly prevalent by the middle of the century
(figure 1 (a), SI figure 1). They emerge most rap-
idly in tropical regions with low interannual climate
variability, and in countries with large continental
landmasses. In contrast, their emergence is slower
in mid-latitudes and regions dominated by mon-
soon climates. The pace and magnitude of temper-
ature increase differs substantially across the produc-
tion areas of different food groups (SI figure 1). In
countries with vast land areas (e.g. Brazil, India, the
United States) different foods are produced in dis-
tinct regions, resulting in distinct climate trajector-
ies. Notably, aquatic environments (SI figure 1 (f)) are
governed by different dynamics than terrestrial ones.
In some countries (e.g. Australia) marine temper-
ature extremes emerge more rapidly than terrestrial
ones, while in others (e.g. Peru, with a highly variable
coastal upwelling system) they lag behind.

For terrestrial crops, extreme heat becomes
particularly detrimental when coupled with dry
conditions [43–45]. The spatial distribution of the
probability of compounded hot and dry conditions
(figure 1(b), SI figure 2) differs substantially from that
of hot conditions alone (figure 1(a)) and is primar-
ily driven by projected declines in national-average
precipitation. Consistent with earlier work on fewer
crops [21], we find that this interaction is particularly
pronounced in the Mediterranean region, northern
and southern Africa, Central and South America,
and Australia. Globally, terrestrial crop systems are
projected to face compound hot and dry conditions
approximately once every three years by the end of
the century (figures 1(c)–(f), SI figure 2), the impacts
of which will vary depending on the crop type and
system (e.g. irrigated vs. rainfed). In the remainder
of this paper, we base calculations of climate risk on

probabilities of compound hot and dry conditions
for terrestrial crops (SI figure 2), and hot conditions
alone for aquatic products and livestock products (SI
figure 1).

3.2. Nutrient supply and deficiency
Climate risk assessments that exclusively focus on
staple crops such as maize, wheat, and rice place a
premium on dietary energy compared to micronutri-
ents (figure 2). Whereas Cereals & Tubers and foods
in the ‘Other Crops’ food group (largely oil crops
and sugar) providemost of global energy supply, live-
stock products and fruits & vegetables provide the
bulk of global calcium and vitamin A. Folate and
iron derive from a larger diversity of foods, which
also include legumes & nuts and smaller quantities of
aquatic foods. Vitamin B-12 derives exclusively from
animal-source foods, either aquatic or terrestrial.

Even without the impacts of climate change, food
systems in large parts of the world fail to deliver access
to diets that meet minimum nutrient requirements.
Of the 167 countries with data on micronutrient
deficiencies [23], 20% or more of the population is
deficient in at least one or the micronutrients eval-
uated here in 141 countries and in all five micronu-
trients in 22 countries (SI figure 11). South and
Southeast Asia and sub-Saharan Africa have higher-
than-average nutrient deficiencies, with substantial
shortfalls in calcium, iron, and Vitamin A supply
(figure 2). These places have comparatively lower sup-
plies of nutrients from non-staple foods, especially
livestock products and fruits & vegetables.

Large regional differences also exist in the relat-
ive contributions of different food groups to nutri-
ent supply. For example, livestock products provide
a larger share of the nutrient supply of North
America, Europe, and Oceania—in conjunction with
lower deficiencies in calcium and vitamin B-12—
whereas Fruits & Vegetables play a larger role in East
Asian diets—in conjunction with lower deficiencies
in folate. It is worth noting that regional averages
mask important sub-regional variation (SI figures 4–
9). Aquatic Products, for example, contribute rel-
atively little to regionally averaged nutrient supply
for four of the five micronutrients considered here,
but make high contributions in specific countries
[46], for instance nearly 15% of iron in the Maldives,
and more than a fifth of calcium and vitamin A in
Cambodia.

3.3. Nutrition-sensitive climate risk
Combining climate hazard estimates for different
food groups (figure 1) with insights into their con-
tributions to nutrient supply (figure 2) we calculate
integrated climate hazards confronting domestic pro-
duction of each nutrient (figure 3). Despite the relat-
ively simple hazard indicators utilized in this study,
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Figure 1. Probability of climate extremes by various metrics. Probability of climate extremes during the 2041–2060 period, (a)
probability of encountering extremely hot conditions (temperature exceeding the historical mean by 4SD) and (b) probability of
encountering compound hot and dry conditions (temperature exceeding the historical mean by 2SD with precipitation below the
historical mean); and (c)–(h) global mean averages of climate extremes, categorized using different thresholds (precipitation
below the historical mean and more than 1SD below the historical mean, blue; temperature exceeding the historical mean by 2SD
and 4SD, red; and compound hot and dry conditions with temperature exceeding the historical mean by 2SD and precipitation
below the historical mean, and with temperature exceeding the historical mean by 4SD and precipitation more than 1SD below
the historical mean, green) for (c) aquatic products, (d) cereals, roots, & tubers, (e) fruits & vegetables, (f) livestock products, (g)
legumes & nuts, and (h) other crops. dark lines signify the multi-model ensemble mean, while shading corresponds to the
multi-model mean of 95% confidence intervals. Global averages are weighted by each country’s share of global production [38]. It
should be noted that precipitation-based indicators were not calculated for Livestock and aquatic products. Countries shown in
gray have no data available.

we find substantial variation in integrated hazard
scores across different nutrients. Hazard scores are
generally highest for vitaminB-12 and calcium,which
have large contributions from the animal-source

foods that in our model are connected only to tem-
perature extremes. Several regions face high hazards
across all micronutrients, notably the Mediterranean
region and Central America. Other regions, such as
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Figure 2. Contributions of food groups to average nutrient supply and population-average nutrient deficiency in different regions
of the world. Energy and nutrient supply provided by each of six different food groups—aquatic products (dark blue); fruits &
vegetables (green); legumes & nuts (orange); cereals, roots & tubers (white); livestock products (red); and other crops (light
blue)—based on 2017 national-average per capita nutrient supply estimates [22] (left); and the percentage of the population
estimated to be deficient in nutrients [23] and dietary energy [38] (right). Regional and global averages are weighted by
population estimates from FAOSTAT [38].

sub-Saharan Africa and South America, face espe-
cially high climate hazards in one or two specific
nutrients. Globally, 75% of calcium, 30% of folate,
39% of iron, 68% of vitamin A, 79% of vitamin B12,
and 54% of energy production is projected to face cli-
mate extremes at least every other year by the middle
of the century.

To assess nutrient-specific climate vulnerability
we examine a combination of dietary and economic
indicators (figures 4(a) and (b); see Methods). We
assume populations to be vulnerable to a (temporary)
loss in nutrient supply if they are already consuming
the nutrient below recommended levels (figure 2; SI
figure 10), if they are highly dependent on a single
food source for their nutrient supply (that is, low
nutrient supply diversity; SI figure 12), or if they face
high economic barriers to accessing healthy diets (SI
figure 13).We find nutrient supply diversity to be low-
est in large parts of Africa, and Central and South

Asia. Economic and nutrient indicators of vulnerab-
ility generally are highly correlated, except for cal-
cium which in high-income (Western) countries is
almost exclusively derived from a single food source
(dairy), exhibiting low supply diversity (SI figure
12). In aggregate, countries in sub-Saharan Africa are
most in need of investments to reduce vulnerability to
climate shocks (figure 4(a)): out of the 23 countries
that make up the top ten most vulnerable countries
for each of the micronutrients, eighteen are located
in this region.

The growing role of international trade in nutri-
ent supply [36, 37] complicates assessment of cli-
mate risk: countries can both be impacted through
domestic climate hazards or through changes in inter-
national markets [29, 40, 47]. To estimate domestic
nutrient climate risk, we define exposure as the
share of the total nutrient supply derived from
domestic production (figure 4(c), SI figure 14; see
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Figure 3. Food group weighted probability of climate extremes facing domestic production of five micronutrients and energy
supply. Probability in 2041–2060 of climate extremes facing (a) calcium, (b) folate, (c) iron, (d) vitamin A, (e) vitamin B12, and
(f) energy production, weighted by food group contribution to the supply of each nutrient (figure 2), based on hot and dry
conditions (temperature>2σ above historical mean and precipitation below historical mean) for terrestrial crops and extremely
hot conditions (temperature>4σ above historical mean) for aquatic products and livestock products. Countries shown in gray
have no data available.

Figure 4.Mean and variance of vulnerability to loss of nutrition and exposure to domestic climate hazards across micronutrients.
Mean (a) and variance (b) of vulnerability to loss of nutrition based on nutrient deficiency, diversity of nutrient supply, and
economic vulnerability (GDP, poverty, and cost of a healthy diet); and mean (c) and variance (d) of exposure to domestic climate
hazards, based on the share of nutrient supply that is produced domestically (see materials and methods). Vulnerability and
exposure indicators were standardized and normalized before calculating scores for each nutrient. Mean and variance were
calculated across all five micronutrients (calcium, folate, iron, vitamin A, vitamin B-12). Countries shown in gray have no data
available.

8



Environ. Res. Lett. 20 (2025) 014046 M Tigchelaar et al

Figure 5. Climate risk to domestic supply of micronutrients. Maximum climate risk score across all micronutrients (a) and
number of micronutrients with climate risk scores exceeding the 75th percentile of climate risk scores for each micronutrient (b).
Climate risk scores were calculated based on standardized and normalized scores for climate hazard (figure 3), vulnerability
(figures 4(a) and (b)), and exposure (figures 4(c) and (d)). Countries shown in gray have no data available.

methods). By this definition, the countries with the
highest average exposure are Argentina, Uganda, and
Brazil, whereas Saint Kitts and Nevis, Saint Lucia,
and the United Arab Emirates are most import-
dependent. Combining then climate hazard, vul-
nerability, and exposure into a holistic domestic
nutrient climate risk score (figure 5, SI figure 15),
we estimate that 82 countries—containingmore than
half of the current global population (57%)—face
high climate risk (exceeding the 75th percentile) to
the domestic supply of at least one micronutrient
(figure 5(a)). 48 of these countries face high climate
risk for two or more micronutrients (figure 5 (b)),
containing 1.7 billion people, or 22% of today’s
world’s population. Ten countries—Afghanistan,
Bolivia, Guatemala, Guinea–Bissau, Haiti, Honduras,
Madagascar,Mozambique, Nicaragua, and Zambia—
face high climate risk to domestic supply in all five
micronutrients. It is worth noting however that these
results present a relative ranking of climate risk: low
values do not indicate the absence of risk.

In addition to domestic climate risk, import-
ing countries can also be exposed to climate haz-
ards through international markets [36, 37, 40, 41].
Given the dynamic and evolving nature of interna-
tional trade networks [48], a true estimate of the cli-
mate risk associated with imports would require a
model that can account for substitution based on sup-
ply, demand, prices, and policies, which is beyond
the scope of this paper. However, based on our ana-
lysis we are still able to identify countries that are
both highly exposed to global markets and highly
vulnerable to loss of nutrition (SI table 1), creating
risk from trade-related climate impacts. This primar-
ily concerns arid countries in North Africa and the
Middle East, small island states, and smaller coun-
tries in Africa. These countries will be highly affected
by climate shocks to production in major export-
ing countries [29]. By the middle of the century,
micronutrient production in the top 10 producing
countries faces adverse climate conditions on aver-
age every other year (ranging from 42% for folate to
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Figure 6.Nutrition-sensitive climate risk profiles based on clustering analysis of input parameters. (a) Polar plots showing median
values of the input variables to the K-means clustering: economic vulnerability (cost of healthy diet, GDP, poverty; dark blue);
nutrient deficiency for each micronutrient (orange); supply diversity for each micronutrient (light blue); share of supply from
domestic production for each micronutrient (dark green); and probability of climate extreme facing each micronutrient (dark
red). Values for GDP and supply diversity were inverted to display higher values as corresponding to higher vulnerability. Values
for each variable were standardized across the profiles, so that a value of 1 indicates the highest across profiles, and 0 indicates the
lowest across profiles. (b) Climate risk cluster assignment for each country. Countries shown in light gray have no data available.

59% for vitaminB12), suggesting that investments are
urgently needed to both strengthen domestic produc-
tion systems in importing countries and increase the
resilience of global markets (see Discussion).

3.4. Patterns of nutrition-sensitive climate risk
The components of nutrition-sensitive climate risk
presented here can help inform context-specific
strategies for supporting climate-resilient healthy
diets. Based on a clustering analysis, we identify eight
archetypal climate risk profiles (figure 6; table 2)
for which different policy and investment object-
ives could be prioritized to achieve national goals on
nutrition under climate change. The distribution of

input variables for each of the identified clusters is
shown in SI figure 18, with a complete list of coun-
tries in SI table 1.

We identify three clusters with high vulnerabil-
ity (figure 4(a)): one with high levels of exposure
to climate hazards in all nutrients (‘High domestic
climate risk, broad’), one with high levels of cli-
mate hazards in select food groups (‘High domestic
risk, targeted’), and one where present-day nutri-
tional needs are particularly high (‘Acute nutri-
tional needs’). Amongst large producers, we identify
one cluster with low nutrient supply diversity in
all nutrients (‘Low-diversity large producers’), one
cluster with low nutrient supply diversity in calcium
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Table 2. Dominant characteristics of each of the eight risk profile clusters.

Cluster Examples Description

(1) ‘Acute nutritional
needs’

Afghanistan,
Guinea–Bissau,
Lesotho, Yemen

Generally vulnerable in all dimensions
identified here: low GDP per capita, high
poverty, high rates of deficiency in all
micronutrients, low dietary diversity.
Average levels of projected climate
hazards and exposure.

(2) ‘Low-diversity
large producers’

Argentina, Brazil,
Ukraine, Russia

Large domestic producers with generally
low economic vulnerability and low rates
of nutrient deficiencies but also low
diversity of nutrient supply. Average
levels of projected climate hazards.

(3) ‘High domestic
climate risk, targeted’

Chad, India, Nigeria,
Tanzania

Highly vulnerable to climate impacts to
nutrition through high rates of nutrient
deficiencies, low GDP per capita, and
high poverty. Large producers of all
nutrients, facing high levels of projected
climate hazards in specific food groups.

(4) ‘High-capacity
livestock-dependent
producers’

Australia, France,
Sweden, USA

Highly adaptive countries (low poverty,
high GDP per capita, low cost of healthy
diet, high nutrient supply diversity) with
low rates of nutrient deficiency, facing
medium levels of exposure to climate
hazards. Supply diversity is low for
calcium due to high dependence on
livestock.

(5) ‘Import-dependent
island states’

Barbados, Cabo
Verde, Jamaica,
Mauritius

Generally low rates of nutrient
deficiencies and high nutrient supply
diversity, but highly reliant on imports
with high cost of a healthy diet. Projected
climate hazards are high for all food
groups.

(6) ‘Drought-prone
producers’

Egypt, Mexico,
Oman, Spain

Big producers that are particularly prone
to joint heat and drought extremes but
that have relatively low sensitivity to loss
of nutrition and medium to high
adaptive capacity.

(7) ‘High domestic
climate risk, broad’

Guatemala,
Madagascar, Malawi,
Timor Leste

Highly vulnerable to climate impacts to
nutrition through high rates of nutrient
deficiencies, low GDP per capita, and
high poverty. Large producers of all
nutrients, facing high levels of projected
climate hazards across all food groups.

(8) ‘High-diversity
traders with targeted
deficiencies’

Indonesia, Thailand,
South Korea,
Suriname

Medium levels of trade dependency with
high nutrient supply diversity and high
cost of healthy diets. Typically nutrient
deficient in just one or two
micronutrients. High climate hazards are
concentrated in specific food groups.

specifically (‘High-capacity livestock-dependent pro-
ducers’), and one cluster that is especially prone
to combined heat and drought extremes (‘Drought-
prone producers’). Finally, we identify two clusters
of import-dependent countries with high costs of
healthy diets, one facing high climate hazards in all
food groups (‘Import-dependent island states’) and
one facing high hazards and nutrient deficiencies in
one or two nutrients (‘High-diversity traders with tar-
geted deficiencies’).

4. Discussion

Diverse, high-quality diets are critical for the sup-
ply of essential micronutrients, yet to date, climate
risk calculations have focused mainly on a handful of
staple terrestrial crops that primarily provide dietary
energy instead of nutrient-rich terrestrial and aquatic
foods. Here we developed a framework for estimat-
ing nutrition-sensitive climate risk across terrestrial
and aquatic food production systems. We find that
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more than half of today’s global population faces high
domestic climate risk to at least one micronutrient by
the middle of the century, suggesting that the need to
develop climate-resilient nutrition strategies is wide-
spread. In addition, nearly fifty countries face high
domestic climate risk inmultiplemicronutrients, and
ten countries in all of the micronutrients considered
here, indicating that climate change will pose a sub-
stantial threat to achieving the nutrition and health
targets of the 2030 SDGs. Climate hazards within a
given country differ across nutrients, highlighting the
need to develop nutrient- and food group-specific
risk assessment tools and interventions. In light of
the multiple sources of climate risk, adaptation and
resilience measures are needed across food system
dimensions and domains, including production sys-
tems, public health, trade, R&D, and finance.

4.1. Strategies for climate-resilient healthy diets
Based on our climate risk assessment, we identi-
fied key climate resilience and nutrition interven-
tions from the literature and assessed where they may
be most relevant for each of the climate risk pro-
files (table 3). Climate interventions focused on food
production and domestic supply chains—ranging
from diversifying production and adopting climate-
adaptive practices to strengthening infrastructure—
may be most salient for countries with high levels
of domestic production facing high climate haz-
ards (‘High domestic climate risk, broad’, ‘High
domestic climate risk, targeted’, ‘Low-diversity large
producers’, ‘High-capacity livestock-dependent pro-
ducers’) [5, 49–54]. Additionally, nutritionally vul-
nerable countries may consider investing specifically
in low-trophic, nutritious aquaculture. Aquaculture
of particular species offers the potential to contrib-
ute to nutrition, climate adaptation, and sustainabil-
ity goals, but requires intentional investment to sup-
port those outcomes [55–57].

Interventions outside food supply chains can also
enhance food and nutrition security outcomes under
climate change. For example, both social safety nets
and nutrition education programs can be expanded
to focus on nutritious and climate-resilient foods—
especially for those facing high nutrient deficien-
cies and high climate hazards (‘High domestic cli-
mate risk, broad’, ‘High domestic climate risk, tar-
geted’, ‘Acute nutritional needs’, ‘Import-dependent
island states’) [50, 51, 54, 58, 59]. Countries that have
not done so already, could adopt and update dietary
guidelines and food environment policies to support
diversity, climate-resilience, and sustainability out-
comes, as currently underway in the Nordic countries
[50, 60, 61]. Meanwhile expanding access to financial
services, tools, insurance, and loans—while import-
ant in all countries with high numbers of small-scale
food actors—may be particularly important in places
with high rates of domestic production and high
climate hazards (‘Drought-prone producers’, ‘High

domestic climate risk, broad’) [50, 51]. Lastly, invest-
ing in R&D targeting climate-resilient food innova-
tion should be a priority in countries with strong fin-
ancial resources (especially ‘High-capacity livestock-
dependent producers’) [5].

Given that trade can both expose countries to
and shield them from production and market shocks
[36, 37, 40], climate-resilience of nutrient supply
is a transboundary issue. Bilateral and multilateral
trade agreements will need to be renegotiated in a
climate just framework that recognizes the univer-
sal Right to Food [49, 62]. Countries can put in
place policies to diversify their imports—both in
terms of food groups and trade partners (‘Import-
dependent island states’, ‘High-diversity traders with
targeted deficiencies’)—or to (re)build stockpiles of
diverse food sources to buffer against shocks in
food prices and availability (‘High domestic climate
risk, broad’, ‘High domestic climate risk, targeted’,
‘Acute nutritional needs’) [66]. Finally, all countries
can develop and strengthen forward-looking national
commitments on climate change and nutrition, for
example through their National Pathways, Nationally
Determined Contributions, and National Adaptation
Plans [51, 54, 65].

4.2. Data andmodel limitations
Our framework provides an initial, national-level
assessment of nutrition-climate interactions, but res-
ults need to be interpreted with a few data andmodel-
ing gaps in mind. Our extremes-based approach did
not incorporate information about the sensitivity of
different foods and food production systems to differ-
ent climate conditions, and has proven to be sensitive
to the choice and superposition of climate variables
(compare e.g. figure 3 to SI figure 3, and figure 5 to
SI figure 17). In particular, using only temperature-
based indicators for aquatic and livestock products
may have led to an overestimation of their relative
climate hazards. However, there is currently insuffi-
cient data to estimate climate sensitivity for all foods
relevant for nutrient supply, especially to compound
exposure. As of now, process-based crop models only
exist for major crops like maize, soybeans, wheat,
barley, and millet [67], while the impacts on live-
stock, inland fisheries, and aquaculture remain poorly
quantified [68].

In addition, key processes, like the impacts of elev-
ated CO2 levels on yields and nutrient composition
[69], secondary impacts through feeds [70], impacts
on labor [71], or post-production impacts [5], were
not included. Elevated CO2 levels can both stimu-
late photosynthesis and water use efficiency [72] and
reduce the concentration of important nutrients such
as protein, iron, and zinc [69] leading to competing
impacts on nutrient supply that depend on the crop
or variety and environmental factors [68], preclud-
ing inclusion of these effects within our model. While
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it may not be feasible to develop process-based mod-
els for every crop, livestock, and aquatic food system,
our analysis of food group contributions to nutri-
ent supply (figure 2) could help identify ‘keystone’
production systems for priority model development.
Alternatively, integrative indicator approaches such
as fuzzy logic modeling [73, 74] could be used to
cross-evaluate food group-specific variables, espe-
cially when grounded in regional understanding of
climate change and sensitivity.

For several countries—notably in Central and
East Africa and many small island states—one or
more of the indicators used in our nutrition-sensitive
climate risk framework were missing, precluding a
holistic climate risk assessment. Failing to address
these data gaps can perpetuate inequities, as resili-
ence investments are likely to go to places and sys-
tems assessed in the research and policy literature
[75]. A further update on analysis and recommenda-
tions could also address how variability between food
groups compares to variability within food groups.
For example, the Aquatic Products group contains
a large diversity of species that vary widely in both
nutrient composition [28] and climate sensitivity
[74]. Similarly, future work applying this framework
at national or regional levels could include subna-
tional indicators of nutrient availability, climate haz-
ards, and climate vulnerability [e.g. 46,71,76] to fur-
ther identify climate risk hotspots. Finally, further
research and evaluation are needed to test options
and effectiveness for the recommendations presen-
ted in table 3, including how they could generate co-
benefits with other SDGs, including targets for biod-
iversity and emission reductions [77]. In particular,
micronutrient deficiencies coexist with other food-
related health outcomes such as diabetes and cardio-
vascular disease [1]. Our results on food group cli-
mate hazards (SI figures 1–2) could inform further
analysis on climate impact pathways for diet-related
non-communicable diseases [78, 79].

5. Conclusion

As rising rates of malnutrition and an unfolding cli-
mate crisis converge in the 21st century, we need new
frameworks for assessing and acting on dietary cli-
mate risk that move beyond a focus on single crops or
food groups and dietary energy. Here we developed
an integrative nutrient-sensitive climate risk frame-
work that spans the whole of diets and covers five
key micronutrients. Our analysis revealed eight cli-
mate risk profiles that can be used to guide resilience
interventions that are specific to nutritional needs,
food system context, and projected climate impacts.
Most urgent are actions and investments for coun-
tries that presently have high rates of micronutrient
deficiencies and high economic barriers to access-
ing healthy diets, with resilience strategies diverging
based on whether they are large domestic producers

or vulnerable to shocks in international markets. Our
analysis also highlighted the shortcomings of existing
datasets and analytical tools to evaluate dietary cli-
mate risk. Adaptation timelines are short, meaning
that research and action deployment in this area will
need to go hand in hand to prevent climate change
from further exacerbating the failings of our current
food systems.
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