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As Africais facing multiple challenges related to food security, frameworks
integrating production and availability are urgent for policymaking.
Attention should be given not only to gradual socio-economic and climatic
changes but also to their temporal variability. Here we present an integrated

framework that allows one to assess the impacts of socio-economic
development, gradual climate change and climate anomalies. We apply
this framework to rice production and consumption in Africa whereby we
explicitly account for the continent’s dependency onimported rice. We
show that socio-economic development dictates rice availability, whereas
climate change has only minor effectsin the long term and is predicted
not to amplify supply shocks. Still, rainfed-dominated or self-producing
regions are sensitive to local climatic anomalies, while trade dominates
stability inimport-dependent regions. Our study suggests that facilitating
agricultural development and limiting trade barriers are key in relieving
future challenges to rice availability and stability.

Rice is an increasingly important staple crop in Africa. Demand
quadrupled from around 10 Mt to 40 Mt between 1990 and 2018 due
to rapid population growth and dietary shifts (from 7% to 9% of the
caloricintake)"’. Despite recent yield advances, Africa’s rice production
has been lagging behind demand, making the continent increasingly
import-dependent®’. According to data from the Food and Agriculture
Organization, up to 30% of the rice necessary to meet demand is cur-
rently imported from Southeast Asia (SEA) (17.8%) and India (12.0%).
This import dependency makes Africa vulnerable to external supply
and price shocks, as demonstrated during the 2008 food crisis when
rice prices spiked more dramatically than those of other cereals in
Africa*. While self-sufficiency policies could alleviate foreign effects and
would allow domestic production to develop®®, it is uncertain whether
they would improve food security. Africanrice productionis currently

characterized by high spatiotemporal variability in rice yields’, and
intensificationis hampered by underdeveloped supply chains and the
slow dissemination of higher-yielding varieties®’, resulting in an uncer-
tainsupply and a price volatility of rice and food in general that exceeds
that on any other continent'’. These uncertainties, in combination with
aprevalence of undernourishment of 21%in 2020, make it imperative
to analyse future challenges posed by climate and socio-economic
changes for the food supply in Africa. Givenits growing sharein Africa’s
food basket, rice is of key importance in this effort".

Building an integrated outlook on rice availability critically
depends on plausible predictions of futurerice yields. Global changes
inyield alter the food system by shifting comparative advantages
across trade partners, thereby changing commodity prices? and rice
availability. Existing studies vary in quantifications of the impact and
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Fig.1|Ensemble average continental projections for the Africanrice system
for the 2050s under different SSP x forcingscenarios. a, Projected total

rice consumption in Mt. b, Projected per capita consumption in kg per person.
¢, Projected populationin million people. d, Projected rice production in Mt.

2020 level (modelled) mmwmm:i 2020 level (observed)

e, Projectedriceyields in t ha™. f, Projected rice extent in Mha. The 2000 levels
represent the observed values, which also correspond to the initial state of the
modelling sequence. More information on model bias and starting conditions
canbe found in Supplementary Table 2.

recommended adaptation measures because of the varying scales, sce-
narios and assumptions used. Van Oortand Zwart” found that, depend-
ing on the climate change scenario, African rice yields could range
between -24% and +18% by 2070 compared with 2000, and they high-
lighted the importance of farmers adopting heat-resistant cultivars
with a higher temperature sum. Schleussner et al." predicted limited
yield losses (<5%) for sub-Saharan Africa and indicated theimportance
of CO, fertilization to offset negative climatic effects. Gérardeux etal.”
projected significant rainfed rice yield losses for Senegal, which could
be partially negated by adopting new cultivars, and they highlighted the
importance of atmospheric CO, levels ([CO,]). Knox etal.”, in contrast,
found no significant impacts of climate change. Due to Africa’s high
importdependency for rice, its rice availability could also be indirectly
affected by climate change impactsin exporting regions, but research
in this area is limited”,

Climate change affects not only gradual changes inyield but also
year-to-year variability—something that is often neglected in food
security outlooks”. Projections suggest an increase in year-to-year
yield variability for wheat over 60% of its globally harvested area
under climate change®. An increase in yield variability has also been
projected for rice in Indonesia® and the Philippines®. Despite ambi-
tions to stabilize the African rice system, the role of climate-driven
anomalies in future rice yields in Africa at present is not well under-
stood. An important outstanding question is how the stability of the

Africanrice system—whichis defined asthe temporal dimension of the
availability, access and utilization of rice—will evolve under different
socio-economic or climatic challenges. Moreover, it is unclear how
vulnerable African regions willbe tolocal or foreign climaticanomalies
inthe future for rice or any other crop.

Climatic effects will co-occur with socio-economic development.
Recentefforts within the Shared Socio-economic Pathway (SSP) frame-
work?* have enabled research on the response of agri-food systems to
combined climatic and socio-economic futures®*. While studies apply-
ing this framework provide insights into socio-economic or climatic
effects (or acombination of both) on agricultural productivity at a
global scale, they do not often consider yield variability or consumer
responses, nor do they discuss regional or crop-specific aspects—all
of which are integral to policymaking.

Here we present an ex ante assessment of rice availability and the
stability thereof for Africa using amodelling sequence consisting of an
established global economic model (Global Biosphere Management
Model (GLOBIOM)*?¢) and an established crop model (Environmental
Policy Integrated Climate Model (EPIC-IIASA)”) for 2050. An enve-
lope of socio-economic and climatic pathways was used to assess the
integrated impacts of gradual climate change, year-to-year variations
and socio-economic development onrice availability using aregional
aggregation followingJanssens et al.?*. The model and scenario details
can be found in the Methods. This sequential modelling approach
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Fig.2|Predicted relative ensemblerice yield anomaly. Results are shown for
the ECOWAS, Egypt, RSouthAfand SEA regions under different SSP x climate
forcing scenarios for the 2050s compared with the expected median yield
level. Values are calculated for the 2035-2065 time window (n = 30). For NoCC,
historical variability estimates were used. A distinction is made between

irrigated (blue) and rainfed (yellow) yields. Note that rainfed yields for Egypt
arenotincluded because of the limited extent of this system. Figures for the
other regions can be found in Supplementary Fig. 7. The regions are numbered
asfollows: (1) AMU, (2) EAC, (3) ECCAS, (4) ECOWAS, (5) Egypt, (6) RCEAS, (7)
RSouthAfand (8) SACU.

allows us to determine both projected biophysical changes and con-
sumer responses—including those related to (variations in) expected
rice supply by Africa’s largest external supplier, SEA. We used rice
consumption per capitaas a proxy for rice availability and analysed the
impact of both gradual changes by 2050 and year-to-year variationin
yields between2035and 2065. By considering both trends and shocks,
we gaininsightinto therelativeimportance of climate anomaliesinthe
total variationinrice availability. Although our assessmentis restricted
torice in Africa—at a level of detail relevant for effective policymak-
ing—our framework could act asabenchmark for future food security
assessments in Africa and beyond.

Results
Rice availability for the African rice system in the 2050s
Rice consumption levels are projected to increase between the 2020s
and 2050s for all scenario combinations, with considerable differences
between SSP pathways (Fig. 1a). Although this increase is determined by
both population growth and per capita consumption shifts (Fig. 1b-c),
the formeris moreimportant. Under SSP1-NoCC, modest population
growth (+40%) limits theincreasein demand (+83%) despite having the
highest per capita consumption (+31%) (Fig. 1b). Under SSP3-NoCC,
per capita consumptiongrowthis limited (+13%), but rapid population
growth (+79%) leads to the highest rice demand increase (+101%). SSP2-
NoCC, with moderate population (+56%) and per capita consumption
growth (+19%), results in amoderate rice demand increase (+85%).
African rice production evolves in step with rice demand across
socio-economic narratives (Fig. 1d), showing that estimates of rice sup-
plyand demand are strongly interlinked irrespective of socio-economic
oragronomic conditions. Yet, the scenarios differinhow rice demand
is met. Under SSP1-NoCC, the gradual yield increase is the highest
(+64%), while the acreage increaseis the lowest (+34%)—indicating that
SSP1 (Sustainability) pathways focus on yield improvements through
intensification or technological change rather than acreage expan-
sion to increase rice production (+120%). Such yield improvements
reduce production costs (Supplementary Fig. 1a), which, combined

withlimited population growth, also lead to higher per capita consump-
tion levels. SSP3-NoCC results in a modest increase in yield (+27%) in
combination with a large acreage expansion (+90%), which is neces-
sary for productiontoincrease (+141%) to meet demand. This acreage
expansionincreases production costs and ultimately leads to very low
growth of per capita consumption. SSP2-NoCCresultsin‘Middle of the
Road’increasesinyield (+46%), acreage (+53%) and production (+123%).

Atthe continental scale, the effects of gradual climate change are,
onthecontrary, relatively small for all supply and demand components
(Supplementary Table1), whichis consistent with previous studies™*'¢,
Thisismainly because of two factors: (1) the potentially negative effects
of warming and decreasing precipitation are offset by [CO,] effects, and
(2) the GLOBIOM model allows for shifts in management system from
rainfed toirrigation to occurinaddition to inputintensification. Sup-
port for the occurrence of both processes is provided in Supplemen-
tary Figs.1-5. Importantly, while the effects of climate change onrice
production are limited at the continental scale, there are substantial
impacts onyieldsin some individual regions.

Rice stability of the Africanrice systemin the 2050s
Anomaliesinriceyield are projected to only marginally change under
climate change compared to historical estimates (NoCC) (Fig. 2—for
otherregions, see Supplementary Fig. 7). The direction of the change,
however, depends ontheregion, socio-economic scenario and produc-
tion system and is influenced by differences in demand, rice extent
and management intensity betweenscenarios. Yieldanomalies range
between -25% and 25% for rainfed production systems and are thus
systematically larger than for their irrigated counterparts, for which
they typically range between -15% and 15%. This difference is observed
for all regions, independent of climatic or socio-economic scenario.

InSEA—Africa’s mainexternal rice provider—anomaliesinirrigated
riceyield are projected toincrease slightly with increasing intensity of
climaticforcing (Fig. 2). Thisis particularly observed in the lower tails
ofthedistribution (p00 and p05). For rainfed production systems, the
signalis less clear.
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Fig. 3| Projected consumer response. Consumer response is expressed as the
relative drop in consumption (%) after a p0S yield shock occurring in the shock
region (columns) under different SSP and climatic forcing pathways for the
2050s. Values in bold represent a significant difference from aNoCC forcing
scenario under global climate model (GCM) spread (following a t-test,n=5,

a=0.05). The effects were calculated relative to the median (Methods) and are
visualized by relative shading. The regions are numbered as follows: (1) AMU, (2)
EAC, (3) ECCAS, (4) ECOWAS, (5) Egypt, (6) RCEAf, (7) RSouthAfand (8) SACU. The
matrices for other percentile events can be found in Supplementary Tables 3-7.

The magnitude of consumer responses to climatic anomalies
is not projected to change significantly under climate change when
compared to historical variability (NoCC) in the majority of African
regions (Fig. 3). Depending on the socio-economic scenario, we pro-
jectamoderated consumer response for the Economic Community of
Western African States (ECOWAS) (all SSPs), the Rest of Southern Africa
(RSouthAf) (SSP1-2) and Egypt (SSP1) caused by climate change. For
the Eastern African Community (EAC), we project asignificantincrease
in the magnitude of the consumer response under SSP2-3, indicat-
ing that the EAC will become more sensitive to domestic production
shocks under climate. No significant impacts of local climate change
onconsumptionshocks could be observed for the ArabMaghreb Union
(AMU), the Economic Community of Central African States (ECCAS),
the Rest of Central Eastern Africa (RCEAf) or the Southern African
Customs Union (SACU) (Fig. 3).

Consumption drops caused by a local yield shock (visible on
the diagonal in Fig. 3) are of higher magnitude than drops due to
intracontinental trade effects (visible off-diagonal), indicating that
spillover effects to other African regions are limited. Local effects
arepronounced inrainfed-dominated regions (such as ECOWAS and
EAC) andinregions with a high self-sufficiency level (such as RSouthAf
and Egypt), while they are minimal for regions with astrongreliance
onimports (such as AMU and SACU). To a lesser extent, African con-
sumers also respond to yield shocks in SEA. The magnitude of these
responses is linked to the dependency onimports from SEA (Fig. 3).
Forsomeregions (such as AMU and RCEACf), the predicted consump-
tion drops even surpass the response due to aregional shock. Under
SSP370, consumption drops caused by SEA yield shocks are not sig-
nificantly different fromthose under NoCC, while projected dropsin
consumption are systematically smaller under SSP126 in the majority
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Anomalies are calculated after linear detrending in the 2035-2065 time window.
Total variation (anomalies + trend) is represented by projected values without
detrending. See the Methods for the calculation of the distribution. Other
regions can be found in Supplementary Fig. 8.

of African regions, suggesting that reducing atmospheric forcing
levels shows potential to relieve consumption drops propagated
through trade.

Overall differences in consumer response between socio-
economicscenarios are small. However, for all regions except Egypt and
RSouthAf, the consumption response to climaticanomalies occurring
inSEAislower under SSP1(Sustainability)—the scenario that assumes
theleast barriers to trade.

We observed substantial temporal variations in consumption
per capita when accounting for both trends and anomalies in the
2035-2065 time window for all regions and socio-economic narra-
tives (Fig. 4). While accounting for trends systematically increases
the temporal variation compared with only considering anomalies,
we also observed stark distinctions between socio-economic narra-
tives. Local yield variations lead to effects on consumptioninboth the
lower and upper tails of the distribution, while external (SEA) effects
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only translate into the lower tails. This indicates that only the negative
effects of yield variation (both with and without accounting for trends)
spill over torice stability in African regions through trade (Fig. 4).

Discussion

Consistent with other crops®, we found that the main driver of changes
in Africanrice availability is the pace of socio-economic development
rather than climatic pathways because of stark population effects.
Through amarket balance, socio-economic development also dictates
rice productionlevels—which, together with the expected yield growth,
drives pressure on land. The latter is therefore observed to be higher
under SSP3 (Regional Rivalry) than under the other socio-economic
pathways.

Although climate change can significantly reducerice productivity
incertainregions, this is mostly compensated for by increasing imports
and/or extending production areas”. As the GLOBIOM model accom-
modates for management shifts and land allocation, we observed a
morelimited effect of gradual climate change than existing studies™ ™.
In particular, Van Oort and Zwart" reported in some cases stronger
impacts of gradual climate change but showed broadly consistent pat-
terns, with rainfed rice production being affected more thanirrigated
rice production. We also predict climate change to have limited effects
on temporal variations of rice yield and consumption per capita. For
the majority of Africanregions, we observed that climate change does
not increase the magnitude of rice yield shocks, contrary to what has
been projected for other staple crops or for other regions®** Further
researchis needed toidentify whether this provides opportunities for
African rice production to mitigate negative climate change effects
on food stability. This, however, does not imply that the African con-
tinent is safeguarded from supply shocks that can undermine rice
stability—particularly as the continent’s rice availability has been
observed to be vulnerable to shocks in the past**°. Regions with a
high degree of self-sufficiency and regions that are dominated by
rainfed production systems are projected to remain equally vulner-
able to local yield shocks under climate change. The vulnerability of
rainfed-dominated regions is linked to their reliance on precipita-
tion, which itself has an intrinsic variability. Although the variability
in annual precipitation is expected to increase in Africa®, we did not
observesuchanincreasein consumer response—rather the opposite.
Asyield shocks are clearly higher for rainfed production than for irriga-
tion, the vulnerability to local yield shocks could be partially buffered
through shifting to irrigation systems. However, this requires that
any supplementary irrigation can be acquired sustainably (which is
notachievable everywhere®) and demands local-level assessments.

As many African regions rely on SEA to meet their rice demand?,
they are also affected by yield shocks occurring in the latter region.
Some regions (such as AMU and SACU) are more vulnerable to
climate-driven anomalies occurring in SEA than they are to regional
ones. Reducing atmospheric forcing levels following SSP126 could,
however, relieve the magnitude of import-driven shocks. Limiting
tradebarriersreduces the number of people at risk of hunger resulting
from slow-onset climate change®, could provide a buffer in times of
local shortages and—as we found—reduces the vulnerability to foreign
supply shocks. Yet, after the 2008 food crisis and during the COVID-19
pandemic, the interest in self-sufficiency policies has renewed** ¢,
These crises also clearly demonstrated that supply shocks and their
consequences for Africa are not limited to meteorological events or
climaticanomalies alone. Also, the responses of crop yield to extreme
weather events (such as severe droughts) are difficult to estimate using
current crop models*~%, Furthermore, the GLOBIOM model does not
account for cross-price effects (Methods), rendering our results afirst
indicationrather thananaccurate estimate. Future studies may further
refine our estimated consumer response by accounting for spatial
population dynamics such as within-country migration, in particular
towards cities.

Although an array of adaptive policy measures exists that can be
used to lower vulnerability to variability in the rice system®~*, our
analysis indicates that mitigation can be done proactively by limiting
socio-economic challenges. SSP1 (Sustainability) (low challenges)
resultsinthe most viable conditionsin terms of per capita consumption
andland use as pressures on the local production systems are limited,
while SSP3 (Regional Rivalry) (high challenges) results in continued
agricultural expansion and lower consumption-per-capita levels.
Resilience to socio-economic or climatic challenges can be increased
by agricultural productivity growth through disseminating new tech-
nologies***, improving farmers’ access to seed or credit markets’, or
upscaling existing decision-making tools (for example, the RiceAdvice
App**). Shifting from rainfed toirrigated production systems reduces
localyield variability through limiting the effects of variability in local
precipitation. This, of course, requires the availability, feasibility and
accessibility of sustainable irrigation infrastructures®*. Strategies
that mitigate vulnerability to foreign supply shocks include upgrad-
ing domestic storage capacities and diversifying trade networks***,
Although the former are already being used to buffer supply shocks
(both local and external)***¢, it is unclear whether their capacity and
level of governance are sufficient to ensure stability in the (future)
Africanrice system. On the basis of our results, we argue for a diver-
sification of the rice supply—whether from local production or from
imports—joined by a limitation of trade barriers to relieve potential
risks to the stability of rice availability.

Conclusion

Ex ante assessments thatintegrate both availability and stability (of any
commodity) aid inidentifying obstacles within the agri-food system
under global change and are therefore urgently needed to improve
Africanfood security under the future challenges the continentis fac-
ing. The approach presented here allows us to consider plausible global
socio-economic and climatic futures, while still recognizing regional
and crop-specific contexts. For the case of rice in Africa, we highlight
the need for agricultural productivity growth as well as a careful con-
sideration of the effects of year-to-yearyield variability and the related
costs and benefits of different supply strategies in future food security
policymaking. Our framework integrates socio-economic develop-
ment and climatic change and can serve as a basis to inform future
research or policymaking, also for other commodities and regions,
towards food security.

Methods

Modelling sequence

We used a crop (EPIC-IIASA?) and partial equilibrium economic (GLO-
BIOM) modelling sequence. The EPIC-IIASA-based modelling system
is a globally gridded crop model implemented on a 5" spatial grid. It
was run herein with daily projections for solar radiation, minimum
and maximum temperatures, precipitation, and relative humidity
stemming from five distinct GCMs that can be considered structur-
ally independent and representative of the range of equilibrium cli-
mate sensitivities within the Coupled Model Intercomparison Project
Phase 6 (CMIP6)**: GFDL-ESM4*’, IPSL-CM6A-LR*°, MPI-ESM1-2-HR™,
MRI-ESM2-0°? and UKESM1-0-LL*. This was done for two forcing path-
ways (SSP126 and SSP370) with their respective trajectories of annual
atmospheric [CO,]. These projections are bias-corrected with the
observational GSWP3WS5ES5 v.1.0 dataset and [CO,] for the forcing
pathways**~*°. The yields of four major crops (rice, wheat, maize and
soybean) were thoroughly calibrated within the EPIC-IIASA model using
thebestavailable information on cropping calendar, fertilizer use, soil
dataand agro-ecological zoning, and they show good agreement with
thespatial patterns of reported yields at the global scale””””. The model’s
predicted year-to-year variability of rice yields compares well to those
of other global crop models™. Despite the fact that we are focusing on
riceinAfricainthis research, itisimportantto also consider howyields
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of other crops are evolving to correctly represent any spatial alloca-
tion due to shifting comparative advantages. To avoid using different
models for each crop (which would require considering model bias
explicitly), we opted to use EPIC-IIASA for all crop yield estimations.
Detailed information on model structure and key processes is docu-
mented in Sharpley and Williams*, Williams® and Izaurralde et al.®".

GLOBIOM is a spatially explicit economic partial equilibrium
model of the global agriculture, forestry and bioenergy sectors. At
each 10 yr time step between 2000 and 2050, the model recursively
maximizes welfare (the sum of consumer and producer surplus) by
adjusting production, consumption and trade patterns. Land man-
agement is governed in 212,707 Simulation Units (globally) that
are delineated by altitude, slope, soil and agro-ecological classes,
country borders, and a 5’ spatial resolution grid (corresponding to
10 km x 10 km at the equator). Land management is divided into
four systems: irrigated, high-input rainfed, low-input rainfed and
self-subsistence farming. Each management system hasits own poten-
tial yields and input requirements. Although the model allows both
land allocation and management shifts (for example, from high-input
rainfed to irrigated) to occur within each Simulation Unit, changes
in extent and shifts in management are both constrained to better
reflect the inertia of changes in land cover and land use. Changes in
agronomic conditions (for example, shifting sowing dates or adopt-
ing new cultivars) are not explicitly taken into account. Although crop
demand was adjusted endogenously through an isoelastic demand
function of product prices and exogenous projections of population
and gross domestic product stemming from the socio-economic nar-
ratives for all crops, we focused only on rice in our description. Con-
sidering effects on demand for the other crops was necessary to also
take into account their effects onland allocation. Direct demand-side
substitution effects between crops through cross-price elasticities
were not considered. Trade was modelled via spatial price equilibrium
assuming homogeneous goods and nonlinear trade costs. Detailed
information onthe model structure, dataand parameters of GLOBIOM
is documented in Havlik et al.” for supply and demand and Janssens
etal.”*for trade and the specific adaptations done to better represent
the African agricultural context.

Scenario design

Inthis study, we used scenarios for climatic and socio-economic futures
based on the SSP framework?®. Projections on forcing scenarios come
from CMIP6 for an ensemble of the GFDL-ESM4*, IPSL-CM6A-LR*,
MPI-ESM1-2-HR®', MRI-ESM2-0** and UKESM1-0-LL** global climate
models and were extracted from the ISIMIP3b repository as the basis
foryield projections using the EPIC-1IASA crop model. In our analysis,
we approached projections for different future climatic pathways
merely as forcing pathways, rather than assuming that they have a
socio-economic component as well. We did this deliberately to be able
to disentangle socio-economic and climatic effects in the assessment
andto provide an ex ante assessment outside of the scope of currently
available scenarios within ISIMIP3b. NoCC represents a present climate
and should be regarded as aforcing scenario without climate change;
it is based on observations within the GSWP3W5ES v.1.0 dataset™.
SSP126 represents a forcing pathway where the global mean tempera-
ture is kept well under 2 °C warming®, whereas SSP370 represents a
high-forcing scenario (7.0 W m™ by 2100) with a particular amount
of tropospheric aerosol emissions. SSP370 is a response to the gap
between RCP6.0 and RCP8.5 existing prior to CMIP6 and can act as
an unmitigated business-as-usual scenario®. Only scenarios where
[CO,] changes over time were considered to be able to account for CO,
fertilization effects.

Projections on socio-economics—including population, gross
domestic product, trade facilitation and dietary preferences—were
taken from the SSP framework for SSP1 (Sustainability), SSP2 (Middle
of the Road) and SSP3 (Regional Rivalry)®. These narratives represent

various levels of socio-economic challenges to adaptation and miti-
gation to climate change. SSP1 (Sustainability) represents low chal-
lengesin both adaptation and mitigation, SSP2 (Middle of the Road)
represents medium challenges, and SSP3 (Regional Rivalry) repre-
sents high challenges?. SSP4 (Inequality) and SSP5 (Fossil-Fuelled
Development) were not considered in this study. Under SSP1 (Sus-
tainability), economic growth is high®*, population growth is low®,
yield technology advances rapidly and trade barriers are limited,
while there is promotion of sustainable development in terms of
consumption®. Under SSP2 (Middle of the Road), economic and
population growth are moderate®*®, technological advancesinyield
follow the Food and Agriculture Organization agricultural outlook,
and current trade tariffs and subsidies are assumed®—hence, it can
act as a business-as-usual narrative. Under SSP3 (Regional Rivalry),
economic growthis low®*, population growth is high for developing
countries and low for developed countries®, crop yield improves
slowly, and trade is restricted to aim for agricultural self-sufficiency®.
While the climatic effects are crop-dependent, the socio-economic
effects are not.

This resulted in amatrix of 45 scenario combinations (5 GCMs x 3
SSPs x 3 climate forcings), resulting in 45 different projections by the
2050s. This was reduced to 9 distinct scenario combinations
(3SSPs x 3 climate forcings) by taking the average of the projections
from the different GCMs and referring to it as the ensemble projec-
tions. This approach also allowed us to perform statistical analyses
explicitly using the spread between GCM projections (for example,
Fig. 3 and Supplementary Tables 3-7). The potential crop yield (¥?)
for crop cateach decadal time step T for each simulation unitiunder
each scenario combination was calculated through multiplying both
climatic (1) and socio-economic (1*) effects by the base year crop
yield (Y, p.s) (€quation (1)). For the NoCC scenarios, the climatic factor
wassettol:

— ) cc se
YS,T,I',RCP,GCM,SSP = Tcbase,i x Ac,T,i,RCP,GCM ></1T,i,SSP (1)

Although the EPIC-IIASA crop model provides annual yield projec-
tions, the decadal resolution of the GLOBIOM economic model con-
strains the modelling sequence to the latter resolution, making it
suitable for only long-term projections. To convert the annual
EPIC-IIASA output to the decadal GLOBIOM resolution, we used 30 yr
average values—thatis, 15 yr before and 15 yr after—for the years 2000-
2050 (equation (2)). The historical (base) yields (Y ,.s.) were calibrated
using the Food and Agriculture Organization yields for 2000, while the
gradual climatic effects of the year 2050 (45,,,) (Supplementary
Figs.2and 3) were calculated by taking the average effect between 2035
and 2065:

T+15 V
1 Yc,t,i,RCP,GCM _ yc,T,i,RCP,GCM (2)

A
Yc,base,i,RCP,GCM

cc -
GTERCP.GEM ¥ base iRCP,GCM ¢S 15 30

Temporal variation

In our analysis, we used two different measures to identify variation
in rice availability within the 2035-2065 time window: (1) when only
considering yield anomalies and (2) when also accounting for trends
existing within the time window. For both approaches, we used a
percentile framework. To model temporal variations smaller than
the fixed decadal resolution of the GLOBIOM model, we first ran the
modelling sequence from 2000 to 2050 (as also established by previ-
ous research'?**¢’) to provide long-term, gradual values. After this
standard run, an additional time step was performed without altering
the socio-economic conditions (for example, population and gross
domestic product) and by constraining both expansion/abandonment
and management shifts—mimicking the fact thataproducer would be
unaware of existing temporal variations.
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To calculate the total variation between 2035 and 2065
(trend +anomaly), asupplementary factor (1"*") that reflects the annual
variationinriceyield as modelled by the EPIC-IIASA crop model (equa-
tion (3)) was added to equation (1) during the additional time step. The
value of this supplementary factor is based on a percentile value (pX)
relative to the average within the same 30 yr time window (equation
(4)). In this study, we used the p0O0, p05, p25, p50, p75, p95 and p100
percentile levels (pX) and restricted ourselves to the 1985-2015 and
2035-2065time windows to represent historical variations and varia-
tion for the 2050s, respectively:

Ys

Y. . cc
y:‘)ice, T,i, RCP,GCM,SSP,pX — ice,base,i X Arice,T,i,RCP,GCM

se var
></1T,i,SSP X /lrice,T,i,RCP,GCM,pX

(3

ViicerircpGeMpx  Yrice,TiRCP,GEMpX

/lvar = — (4)
rice, T,i,RCP,GCM,pX v
P 1 B Yiice,T.iRCP,GCM

30 Z Yrice t,i,RCP,GCM
30 55 50l B

Toestimate the expectedyield anomaly, we used asimilarapproach
(equation (5)). Our supplementary factor (A*"°™) is now—depending on
the significance of the trend existing in the time windows (p®)—either
(1) determined by the residual terms (&%) of a linear detrended time
series of annual yield existing in the time window (equation (6)) or (2)
considered equal to the total variation (equation (7)):

—_ . R cc
y‘r)ice, T,iRCP,GCM,SSP,px — ' rice,base.i ><Arice,T,i,RCP,GCM

se anom
X AT,i,SSP X Arice,T,i,RCP,GCM,pX

©)

— a
Y:—ice,t,i,RCP,GCM = Qg rice,i,RCP,GCM T X rice,i,RCP,GCM t+ srice,t,i,RCP,GCM (6)

a var
price,i,RCP,GCM >0.05~ Arice,T,i,RCP,GCM,pX

panom - e %)
rice,T,;,RCP,GCM,pX o <0.05 > tice,T,i,RCP,GCM,pX

price,i,RCP,GCM - Viice,T,iRCP,GCM

These supplementary factors are added to the equation for rice
withinonly asingle demand region at a time toidentify effects of single
events occurring rather than the occurrence of compound events. Vari-
ations are introduced in all African regions and in SEA, Africa’s main
rice provider. This means that for all other crops and regions, supple-
mentary factors are considered to have a value of 1-thus eliminating
any effects of variation.

Consumer responses

To identify the consumer response to these temporal variations in
each demand region i, we used the relative difference between rice
consumption per capita (C) at pXand that at p50 (median) yield per-
centile values (equation (8)). This was done for both the total variation
(for example, Fig. 4) and the expected shocks (for example, Fig. 3).
Notethat thetilde (-) indicates that these values are output generated
by the GLOBIOM model:

2 Crice, T,i,RCP,GCM,SSP,pX — “rice,T,i,RCP,GCM,SSP,p50

rice,T.,RCP,GCM,SSP,pX — = (8)
Crice,T.iRCP,GCM,SSP,pS0

A

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The datasets generated and/or analysed during the current study are
available from the corresponding author on request. Source data are
provided with this paper.

Code availability
The code used for the scenario analyses is available from the corre-
sponding author on request.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Data collection  GAMS version 32.2

Data analysis R version 4.0.0

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The datasets generated during and/or analysed during the current study are available from the corresponding author on request.
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Behavioural & social sciences study design
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Study description This is a modelling-based study that analyses quantitative simulation data generated with a spatially explicit, economic partial
equilibrium model of the agriculture, forestry and bioenergy sectors. The study focuses in specific on agricultural production,
consumption, and trade at African country and region level.
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Research sample The study sample consists of all 54 African countries, which are grouped into 8 regions similar to Janssens et al. 2022). The study uses
existing open source dataset to calibrate the partial equilibrium land use model to observed trends in 2000 - 2020 and then simulates
potential future pathways up to 2050. Datasets used as model input are from the EPIC-IIASA crop model (Folberth et al. 2020) and
from the online SSP-repository.

Folberth, C. et al. The global cropland-sparing potential of high-yield farming. Nat. Sustain. 3, 281-289 (2020).
Janssens, C. et al. A sustainable future for Africa through continental free trade and agricultural development. Nature Food 3,
608-618 (2022)

Sampling strategy Sample size corresponds to full population (African countries)

Data collection The data was generated with a partial equilibrium model and the GAMS software.

Timing The model simulations were generated between 25-01-2022 and 04-03-2023 including model reruns during the reviewing process
Data exclusions No data were excluded from the analysis.

Non-participation No participants dropped out of the study.

Randomization Not applicable.
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z| |:| ChlP-seq
Eukaryotic cell lines |Z| |:| Flow cytometry
Palaeontology and archaeology |Z| |:| MRI-based neuroimaging
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