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Policiesin sub-Saharan Africa are constrained by a limited knowledge of
climate change extremes and a focus on agricultural production rather

than nutrition supply. Here we model the impacts of future extremes on
national-level calorie and nutrient supply in Zambia for production and
nutrition focused policy scenarios. We identify the specific cropland, yield
and importincreases required to achieve climate-resilient nutrition security
and highlight policy options.

Inadequate food supplies triggered by climate change may put millions
at risk of nutrition insecurity in sub-Saharan Africa (SSA) by 2050".
SSA is highly vulnerable to increasing climate extremes due to high
present-day temperatures, heavy reliance on rainfed agriculture and
relatively weak capacity for adaptation. The challenges facing Zambia
aretypical of SSA:intensifying climate extremes, with rainfall and tem-
perature extremes projected toincreasein Zambia by 20507 arapidly
growing population; stagnating crop productivity (despite gradual

improvements in Southern Africa®, average Zambian maize yields in
the 2020s are similar to those of the previous decade)*; an overreliance
on maize; and underdeveloped agricultural infrastructure. Zambia
currently faces nutritioninsecurity, with aninadequate supply of food
resulting in multiple micronutrient deficiencies includingiron, calcium,
zinc, folate, fibre, riboflavin and vitamin A>°,

Adaptation gaps exist when adaptation implementation fails to
meet adaptation needs, and are composed of gaps in knowledge and
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capacity, including finance®’. Typically, long-term climate change
impact studies assess how future crop yield or production will change
with average changes in climate®, but knowledge gaps remain. Some-
times the supply of calories is considered’, but macro- and micronutri-
ent requirements are rarely taken into account'®, While some studies
point to nutrient shortfalls by mid-century’®", they omit extreme
climate impacts; conversely, studies accounting for climate extremes
focus on production or calories rather than nutrient supplies'". Thus,
results so far, for example those indicating that over one-third of the
population could be at risk of hunger by mid-century™, lack any kind of
assessment of theimpact of extreme climate years on population-level
macro- and micronutrients and the adaptation strategies that could
deal with these impacts.

Policy approaches to climate and food systems reflect previous
academic studies in that they focus on incremental adaptive coping
mechanisms, relatively few agricultural commodities, productivity
growth and mean shifts in climate™®. This contrasts with the larger
structural changes necessary for improved nutrition in the face of
climate extremes. This study, therefore, assesses contrasting trans-
formative changesto agriculture and the adequacy of these changes for
calorie and nutrient supplies to meet population-level dietary require-
ments (hereafter referred to as nutrition security) considering extreme
climateimpacts.Indoingso, we help to bridge critical knowledge gaps
inbothresearch and policy.

We use an integrated assessment framework—the integrated
Future Estimator for Emissions and Diets (iFEED")—to assess Zambian
nutrition security inextreme future years. We explore two contrasting
future scenarios. The ‘nutrition focus’ scenario diversifies domestic
crop production using the smallest land expansion possible, target-
ing population-level nutrient requirements in typical future years,
and explores impacts on nutrition security in extreme future years.
This scenario has no expansion of livestock pasture and minimal crop-
land expansion, promoting nutrient-adequate diets while reducing
the negative environmental impacts associated with expansion’s.
The contrasting ‘production focus’ scenario seeks to maximize food
production on all available land without altering crop diversifica-
tion and is agnostic to nutrition security outcomes, thus reflecting a
business-as-usual policy approach.

We seek to explore the adequacy of the two scenarios for ensuring
resilience tothelargest plausible future climate extremes. We therefore
drivetheiFEED framework with a subset of bias-corrected climate data
for Africa”, representing the largest shocks to crop production by
mid-century (2040-2060) under Representative Concentration Path-
way 8.5 (RCP8.5; see Methods for more details). We focus onRCP8.5, and
this subset, to explore how food systems might adapt to the plausible
worst-case productionshocksin this crop-climate ensemble. For each
scenario, we assess nutrient supplies in an average future year and an
extreme future year that represents the simultaneous largest possible
production shocks of each crop. We assume that future international
foodimports and exports remainin the same proportions to domestic
production as in the historical baseline. Both scenarios also assume
no changes toirrigated areas. After calculating crop production, live-
stock productionis calculated as afixed function of livestock feed and
assumes that livestock productivity remains constant in the future.
We explore options for achieving nutrition security given these food
production changes with these extreme climate impacts and finally
make policy recommendations that bridge the gaps between current
policies and future requirements.

The nutrition focus scenario delivers required population-level
calories and most (but not all; Methods) macro- and micronutrient
requirements in average mid-century years (Fig. 1). This contrasts
with extreme years (see Supplementary Section 2 for more details),
where the nutrition focus scenario is not sufficient to avoid inadequate
supplies of either calories or nutrients, although more requirements
are met than in the production focus scenario, and typically nutrient
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Fig.1|Summary of calorie and nutrient supplies relative to requirements
by mid-century (2040-2060). a, Percentage of average calorie requirements.
b, Number of macro- and micronutrient requirements achieved based on

RNI (whichis intake that would meet nutrient requirements for 97.5% of the
population). Results are presented for an average future year (‘mean’) and
extreme future year (‘extreme’, which shows the simultaneous largest future
productionshocks for each crop) for each scenario. The horizontal dashed line
represents the baseline (1990-2010). Bars show mean results across five climate
models, with error bars representing the range across climate models. No error
bar indicates that all climate models have the same result. Inb, ifamacro- or
micronutrient falls below 100% of requirements, it is considered not achieved.

supplies are above the baseline (Supplementary Table 1). Prioritizing
nutrient-dense crops (for example, green vegetables, pulses and fruits)
resultsingreater nutrient supplies than the production focus scenario,
where a continued dominance of maize could link nutrient improve-
ments to calorie overconsumption.

With the crops prioritized in the production focus scenario,
imports would have to increase to achieve nutrition security in both
average and extreme future years. Vegetable imports, in particular,
would need to increase substantially to meet nutrient requirements.
These are costly and would require infrastructural improvements
such as supply chain cold storage to minimize losses. It would also be
inherently risky, particularly in extreme future years, when regional
production could also decline®.

For the nutrition focus scenario to also fulfil calorie and nutri-
ent requirements in extreme future years, agricultural land could be
further expanded, crop yields increased or imports increased.
While these major policy levers are in theory available across SSA,
country-level analysis is needed to support specific policy recom-
mendations. We explore these options in turn for Zambia—assessing
gaps between current policies and requirements for nutrition security
inthe most extreme future years.

Turning to the first of these levers, the arable land required to
achieve nutrient requirements in extreme future years in the nutrition
focusscenariois substantial, ranging froma268%to 370%increase rela-
tive to the baseline of 1.3 million hectares (Fig. 2). This would increase
cropland to potentially over 6 million hectares. The land expansion
required is contingent on the crop yields achieved in 2050; if yield
trends are half of those applied in the nutrition focus scenario, as high
as 7 million hectares could be required. Zambia has more potentially
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available land than many other SSA countries, although expansion to
this extent could require encroachment on densely populated or for-
ested land”. Expanding non-staple crops, such as fruitsand vegetables,
could additionally require high levels of agricultural management.
The Zambian Government’s Comprehensive Agriculture Transforma-
tion Support Programme (CATSP") refers to ‘inadequate land under
cultivation’ as a constraint on total production. In2004, the Zambian
governmentidentified areas 0of 100,000 hafor agricultural expansion
ineachof'the nine provinces. Modelling results suggest that, while agri-
cultural expansion could provide sufficient food without encroaching
onprotected land, it would require over twice the expansion targeted
by CATSP.

The second major lever is crop yields, which would have to
approximately triple to hit production targets in extreme years in
the nutrition focus scenario without the aforementioned cropland
expansion. This is more than the approximate doubling of yields in
the nutrition focus scenario, where historical yield trends (of 83% on
average across crops, and 192% for maize) are assumed to continue.
Theseincreases are agronomically possible for SSA, with maize yields
currently 2 t ha™, but would require substantial investment in agri-
cultural inputs, markets and institutions?>*. Such investment will be
critical in all SSA countries, particularly so in countries with less land
available for expansion.

Zambiahasambitious targetsforincreasingyields. CATSPincludes
2027 targets of 4 t ha™ for maize and 3.2 t ha™* for soybean. The National
Agricultural Policy** advocates climate-smartagriculture and improved
accesstoagricultural inputs. Our analysis suggests that policies should
focus on commodity-specific targets based on nutritional require-
ments. This analysis highlights that improving the productivity of
neglected and underutilized species such as millet and traditional
green vegetables remains an adaptation gap that can contribute to
climateresilience and improved nutrition®,

In Zambia’s National Agricultural Policy?, the rationale for
increased productionislargely around producing surplus for export.
The Zambian National Trade Policy” is heavily oriented towards
exports and thereis noreference to the importation of food. National
nutrition and adaptation plans similarly omit food imports'®¥, high-
lighting a critical policy gap. Given unprecedented required produc-
tion increases in extreme years, imports could be required to fulfil
short-termnutritional requirements (Fig. 2). Currently, Zambiaimports
approximately 5% of its domestic food supply, and 64% of these imports
aremaize and wheat; inthe future, imports of agreater variety of foods
(primarily vegetables) would be needed to meet nutrient requirements.
Early warning systems have potential for identifying climate extremes
and informing climate-resilient trade networks. Countries in SSA can
identify what commodities are needed to fulfil key nutrient gaps in
extreme years, and where these could come from. The challenge,
however, is the costly nature of the imported foods and associated
infrastructure required. Providing enough diverse cropland to fulfil
country-level requirements should therefore be the priority given
the challenges and risks associated with relying on food imports for
nutrition security. Complementary strategies include increasing the
capacity for storing perishable foods, transportation infrastructure
and reducing post-harvest losses.

The major policy options discussed above are not straightforward
toachieve. Tolerance to drought and heat stress has longbeen afocus
inagronomy and crop breeding, but nutrition needs to be integrated
into these plans. This would require strengthening agricultural
research capacity in African institutions—even more so when con-
cerned with neglected and underutilized crops, which are currently
underresearched globally.

Food systemresilience also goes beyond food supply measures. If
adaptive policies are to truly bolster enduring resilience, they should
gobeyond merely technical approaches and address the broader social
contextinwhichtheyareimplemented. Thisincludes considering the

50,000 — b 25,000 —
8 Arable
m Pasture .
- - Baseline
W Nutrition mean
2050
W Nutrition extreme
40,000 -| 2050 )
[ Production mean
2050
B Production extreme
= 2050 .
z o
o
o
(o] —
3 30,000 8
= =1
2 - g
< =]
= o
© [9)
2 @
= 20,000 — st
S ,
o
o a
[®) €
< £
10,000 —
O T
Baseline  Nutrition Production Nutrition Production

focus

focus focus

Fig. 2| Summary of agricultural land and imports by mid-century (2040-2060).
a, Agriculturalland used. b, Imports required to achieve nutrition security.
Baseline is1990-2010. Results are presented for an average future year (‘mean’)
and extreme future year (‘extreme’, which shows the simultaneous largest future
production shocks for each crop) for each scenario. Bars show mean results
across five climate models, with error bars representing the range across climate
models. No error bar indicates that all climate models have the same result. For
the nutrition focus scenarioina, the land use represents the amount required to
meet production targets in average future climate, and extreme future years.

For the production focus scenarioin a, the land use is the same for both mean
climate and extreme climate. The horizontal dashed line in b shows baseline
food imports.

conflict potential of climate-induced nutrition insecurity?®*’, avoiding

siloed thinking across government departments and policies that lead
tothe most vulnerable being further disadvantaged. Gender and social
equity frameworks canalso help vulnerable farmers benefit from adap-
tive policy interventions*>* and equitable access to food. Land tenure
security and social safeguards for vulnerable groups are mentioned
in CATSP, although considering more comprehensive, conflict and
equity-sensitive frameworks would help ensure nutrition security
for the entire population. Indeed, without such frameworks, adap-
tive interventions risk adverse effects on marginalized populations
without adequate consideration of vulnerability contexts*. More than
anything, these policies need to integrate nutrition as a central pillar
ofagricultural policy, rather than a continued focus onimproving the
production of staple crops®.

Methods

iFEED is a modelling framework used to calculate changes to crop
yields, land use and food production and ultimately to assess nutri-
tion security in 2050. In this analysis, we define nutrition security as
adequate calorie and nutrient supplies to meet dietary requirements
atapopulationlevel. For most nutrients, thisis based on the Reference
Nutrient Intake (RNI), which is the amount that is sufficient to ensure
thatthe needs of 97.5% of individuals in the population are met. While
RNIis based onindividual requirements, a weighted average require-
mentwas calculated based on population demographics and was used
as this provides abenchmark for whether the national supply is theo-
retically sufficient. We acknowledge that this does not guarantee nutri-
tion security at the individual level, as actual adequacy is contingent
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upon equitable food distribution, affordability and access, which are
not measured in this supply-side analysis.

TheiFEED modelling framework assesses nutrition security given
changes to land use, food production and international trade. iFEED
has been previously described”, and similar data and methods have
been applied for Zambia”. Here, we describe our approach to assess
future changes to land use, yields, food production and nutrition
security for both average and extreme future years. A comparison of
iFEED with alternative integrated assessment models for assessing
future food systems is provided in Supplementary Section 3.

We first simulate climate change impacts on crop yields using
the General Large Area Model for annual crops (GLAM**7¢). GLAM
is run on a 0.5° grid using a subset of bias-corrected climate data for
Africa’ (Supplementary Informaton section 2) and soil data from the
Harmonized World Soil Database (HWSD) version 1.2 (ref. 37). The soil
input parameters required for crop modelling were the drained lower
limit, drained upper limit and saturation limit. Percentage values of
sand and clay, aggregated tothe 0.5° grid, were used to calculate these
hydrological parameters®. We compared HWSD versions 1.2 and 2 and
found minimal differencein crop model results when driven by the two
datasets (Supplementary Fig. 3). The crops modelled were maize, soy-
bean, potato and groundnut. Simulations for these crops underpinned
projections for the full range of crops grownin Zambia. Historical yield
data® were altered in future to represent climate change impacts using
average projected changes from soybean, groundnut and potato for
C3 crops, and using maize climate change projections for C4 crops.
Simulations were conducted using a historical period around the year
2000 (1990-2010), and afuture period centred on 2050 (2040-2060).
Simulations include autonomous adaptation to climate change by
allowing planting dates to change in response to climate and altering
crop varieties to mitigate growing season reduction due to warming.
Planting windows and crop varieties were selected based on the com-
bination that returned the highest yield in each year (using a rolling
21-year average), with crop varieties defined using different maturity
classes. Bothscenarios applied the same technology trend toincrease
crop yields by 2050; for each crop, continuation of historical trends
as seen in Food and Agriculture Organization of the United Nations
Statistics Division (FAOSTAT™) yield data from 1960-2010 was applied,
asinprevious analyses™".

Baseline and future simulations assumed irrigated conditions
according toMonthlyIrrigated and Rainfed Crop Areas (MIRCA) data*°.
Irrigationgrid cells were determined using a majority grid cellapproach
using the MIRCA data. If more than 50% of growing area in a grid cell
wasirrigated, fullyirrigated (thatis, no water stress) simulations were
used in that grid cell.

We then calculate changes to agricultural land using iFEED land
use allocation routines that maximize production on available land
as described in the scenario land use allocation section below. Crop
production changes to 2050 are then calculated using land use and
yield projections. Livestock production changes are calculated using
projected changesto livestock pasture, crop residues and crop produc-
tionused aslivestock feed, and assume historical relationships between
livestock feed and livestock meat and dairy production remain the same
by 2050*. This assumes that future livestock feed ratios and livestock
productivity remain the same to 2050, agnostic to any changes to herd
structures and production systems. For more details and implications
of the livestock modelling, see Supplementary Section 1.

We use FAOSTAT* Food Balance Sheet (FBS) data, along with crop
nutrient content data* and United Nations medium variant population
projections, to assess changes to population-level nutrition security.
In this analysis, we assume that, for each food commodity, interna-
tionalimports and exports remainin the same proportion to domestic
productionasinthebaseline. The FBS data provide an estimate of the
supply of food commodities based on domestic production, imports
and exports, including stock variation of each commodity. IniFEED, the

supply of energy and micronutrients are calculated as follows. FBS food
commodities are converted to food as eaten, adjusting for unavoidable
waste (such asinedible peeland bones) and household waste (uneaten
ediblefood), as well as adjusting for losses from storage and transpor-
tationaccounted forinthe FBS, and food used for livestock feed, seed
and processing. These food uses are assumed to continue in the same
proportion to baseline domestic supply quantity in the future, that s,
if 10% of food is lost in storage in the baseline, 10% is assumed lost in
2050. The food commodities are disaggregated into food items and
matched to foods in a region-specific food composition table, which
provides anestimate of calories, protein, fat, carbohydrate, saturated
fat, fibre, calcium, zinc, iron, vitamin C, thiamin, riboflavin, niacin,
folate and vitamin B6 per 100 g for each commodity group. Each food
itemis then weighted to represent the quantity of each food eaten at
a country level, before being aggregated back to food commodity
groups. We assume no changes to the weightings of foods within each
food item between baseline and future for this calculation. Adequate
nutrition requirements are set according to World Health Organiza-
tion recommendations. The population-level nutrient requirements
are adjusted for projected demographic changes (population size,
age, sex and fertility rates) based on medium-variant United Nations
projections to 2050.

Inthis analysis, we use iFEED to explore two contrasting scenarios
that offer potential pathways towards nutrition security for Zambia
given climate extremes: nutrition focus and production focus. The
next two sections describe the methods used in the scenarios, and our
methods to assess climate extremes, respectively.

Scenario land use allocation
Both scenarios assume crop area expansion from 2000 to 2050 to dif-
ferent extents. This study prioritizes ayield-based approachtoland use
allocation thatis focused on biophysical potential rather than complex
economic modelling. We avoid uncertainties associated with markets,
income, food prices and food demand changes to 2050 to determine
agriculturalland use. Optimization of land use is based on placing crops
wherethey have the highest yield until arearequirements are met, with
the crops grown specified by total areas nationally and varyingineach
scenario as detailed below. Crop diversity at the level of each grid cellis
determined by aparameter that specifies the maximum fraction ofeach
crop that canbe placed ineach grid cell. This parameter was specified
to be the same for both scenarios, and to be as low as possible while
still allowing national crop targets to be met for all climate models.
The production focus scenario maximizes the crop production on
available land by optimizing the placement of crops based on simulated
yields in the future period, without considering nutritional require-
ments. The scenario assumes amaximum possible increase inagricul-
tural land, which was determined using Land-Use Harmonization Il
data*’, and assumes all land was available for agricultural expansion if
not forested, urban or protected according to The World Database on
Protected Areas*’. The total areas of each crop nationally are keptin the
same proportioninthe future asin the baseline; using the total arable
area, and these proportions, future crop area targets are calculated.
To maximize production, crops were allocated to grid cells using a
‘highest-yield-first’ priority ranking. In this approach, land was allo-
cated to the highest-yielding crop-cell combination first, continuing
iteratively until either the physical land within a grid cell was exhausted
ortheprecalculated national areatarget for a specific crop was reached.
Thenutrition focus scenariois designed toimprove nutrition secu-
rity using changes to crop and livestock production to meet nutrient
requirements by mid-century, minimizing cropland expansion, and
without expanding pasture for livestock, to minimize the negative
environmental impacts associated with land use expansion. We first
calculate the quantities of crop and livestock production required to
ensure nutrition security per person, minimizing changes to current
diets. This step uses linear programming to calculate per capita food
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commodity (FAOSTAT FBS data) requirements that achieve nutrition
security. We allow changes to food commodities derived from only
the crop and non-ruminant livestock (primarily pig and poultry) com-
modities produced in Zambia. The crop commoditiesincluded in the
linear programming are ‘Wheat and products’, ‘Maize and products’,
‘Milletand products’,‘Sorghum and products’, ‘Sugar cane’,‘Barley and
products’, ‘Cassava and products’,‘Groundnuts (Shelled Eq)’, ‘Onions’,
‘Potatoes and products’, ‘Rice (Milled Equivalent)’, ‘Cottonseed’,
‘Sunflower seed’,'Sweet potatoes’,"Tomatoes and products’, ‘Vegetables,
Other’,‘Bananas’, ‘Fruits, Other’, ‘Oranges, Mandarines’, ‘Pulses, Other
and products’and ‘Soyabeans’.In most SSA production systems, rumi-
nants rely on natural pastures and crop residues, which account for
the majority of feed despite recent increasesin fodder crop intake***,
Therefore, no change to ruminants per person was permittedinthelin-
ear programming, as pasture does not expand in this scenario. Thelin-
ear programming minimized the total amount of change from current
food supplies, with nutrient requirements as constraints. Amaximum
possible decrease of 50% was allowed for each commaodity, with this
constraintincreased inincrements of 5% until asolution wasreached;
this ensured that the solution to meet all nutrient requirements mini-
mized changes from current diets. Using the per capita, per commodity
amounts fromthe linear programming, we then calculate the required
changes in domestic crop and livestock production needed to sup-
port these dietary requirements by 2050 given population growth.
We lastly take these crop production amounts and allocate land use
to hitthese targets. We minimize the cropland needed to support this
food production by placing crops in grid cells that have the highest
yields until production targets are achieved. This optimization does
not consider food prices given future uncertaintiesin how these could
change; instead, we minimize changes to current diets to meet require-
ments while minimizing potentially culturally insensitive changes,
and minimizing any changes to affordability. Explicitly accounting for
affordability in this optimization could be explored in future analysis,
although optimizing to minimize costs would probably resultinlarger
changes from current diets to meet requirements.

Thelinear programming fixes as constant the per person amounts
of FAOSTAT FBS commodities that are not grown domestically. It also
fixes as constant commodities that we do not simulate owing toalack
of historical evaluation data, primarily fish products and the ‘Meat,
Other’ commodity. Intotal, 55 commodities are eaten, processed into
food or used as livestock feed in the FBS. Thirteen of these commodi-
tiesare notincludedinthelinear programming owingto lack of dataor
because they are not growing domestically. Absolute amounts of these
commodities therefore remain the same in the nutrition focus 2050
scenario, resulting in per person reductions in these commodities.
With business-as-usualimports accounted for, this results in deficient
calcium and inadequate fat at the population level; an insufficient
calorie, zinc and fibre supply can also occur if assuming no access to
foodimportsinthe future. An alternative would have been to compen-
sate in the linear programming for the per capita reductions of these
commodities; this would involve introducing further changes to cur-
rent food supplies, in that per capita amounts of these commodities
would reduce and be compensated by others. We favoured the simpler
assumption of not changing the non-simulated commodities.

Climate extremes
We drive the iFEED modelling framework with Coupled Model Inter-
comparison Project Phase 5 (CMIP5) climate projections”. These data
were bias-corrected to more accurately represent the African climate
using WFDEI data (WATCH Forcing Data methodology applied to
ERA-Interim data) and the cumulative distribution function transform
(CDF-t) method.

A subset of the bias-corrected CMIPS climate data was used to
assess nutrition security inan average future year and an extreme future
year that represents the simultaneous largest possible shocks to the

production of each crop from drought and high temperatures. We focus
onRCP8.5, and this subset, to explore the plausible worst-case produc-
tionshocks inthis crop-climate ensemble by mid-century and how food
systems might adapt to these shocks to ensure food systemresilience.
We assume the expanded growing areas as used in the production
focus scenario to calculate crop production to determine the subset.
The crop projections used to select the subset are maize, soybean,
groundnut and potato—the four crops that are simulated using GLAM
in this analysis that form the basis of wider crop-climate projections
as in previous iFEED analysis*". The crop yield simulations in both
production focus and nutrition focus scenarios represent adaptation to
climate change through changes to planting dates, and changes to crop
varieties to compensate for warming-induced reduction in the crop
growing season®”. GLAM does not simulate flood impacts; therefore,
production shocks are driven by low rainfall and high temperatures.
Cropyieldshocks are projected to approximately double in frequency
without adaptation to climate change with RCP8.5%*°.

Asubset of five climate models was selected for RCP8.5 by calculat-
ingthelargestfood production shocks (thelargest differencein produc-
tion between the average and worst future year, normalized by future
production standard deviation; other ranking methods were tested,
suchasinclucing coefficient of variation, and found to resultin similar
climate model rankings), ranking the worst models for each crop and
selecting the five models that gave the aggregate lowest ranking of pro-
duction years across all modelled crops. We then calculated food pro-
ductioninanaverage future year for this subset, and an extreme future
year. The extreme future year results were obtained by aggregating the
simultaneous largest possible shocks to the production of each crop.

Compared with the full bias-corrected CMIP5 ensemble and the
representative subset of five models used in previous iFEED analysis?,
the subset used in this analysis has comparable mean changes
inproduction:

» Maize: whole ensemble -15.8%, previous subset —17.7%, current
subset —16.4%.

« Soybean: whole ensemble —22.4%, previous subset —24.4%,
current subset —21.5%.

« Groundnut: whole ensemble —11.8%, previous subset —13.2%,
current subset -11.4%.

« Potato: whole ensemble -16.3%, previous subset -16.9%, current
subset -17.2%.

The temperature and precipitation changes in the iFEED CMIP5
subset sit within the broader range across the ensembles of CMIP5
and CMIP6 models (Supplementary Fig. 2).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data generated and analysed during this study are available via
Zenodo at https://doi.org/10.5281/zenod0.18760105 (ref. 47). Input
data used in this study are from publicly available sources and refer-
enced in ref. 17. In summary, these consist of the following: the CDF-t
bias-corrected CMIP5 data over Africa, available at http://amma2050.
ipsl.upmec.fr/ (to access the data, users must contact the lead author
at moflod@locean-ipsl.upmc.fr.); FAOSTAT yield and area and Food
Balance Sheet data, available at https://www.fao.org/faostat/; soil data
fromthe Regridded Harmonized World Soil Database v1.2, available at
https://www.fao.org/soils-portal/data-hub/soil-maps-and-databases/
harmonized-world-soil-database-vi2/en/; and gridded area data from
LUH2 (https://luh.umd.edu/) and WDPA (https://www.protectedplanet.
net/en/thematic-areas/wdpa?tab=WDPA). Source data are provided
with this paper.
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Code availability

Code forthefood production calculations and nutrition security analy-
sisisavailable viaZenodo at https://doi.org/10.5281/zenod0.18760105
(ref. 47). The General Large Area Model for annual crops (GLAM) was
used for the crop yield simulations. An older version of this model is
availableathttps://licensing.leeds.ac.uk/product/general-large-area-
model-for-annual-crops-glam. The version (version number 79e1615)
used for the simulations in this Brief Communicationis available upon
reasonable request. Notable updates are new crop routines for potato
and soybean, and the ability to simulate biomass from radiation use
efficiency (as opposed to only transpiration efficiency; see ref. 35
for details).
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