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Abstract

Many global regions, including East Africa, implement policy goals advocating increased agricul-
tural self-sufficiency to promote economic development and food security. Required increases in
production can, however, negatively impact the environment. We assessed upscaling sustainable
rice intensification in East Africa, comparing regional trade and environmental policy scenarios
using a novel hydro-economic modeling framework that optimizes farmer profit subject to tech-
nical and resource constraints. Allocating rice production to current croplands, where rainfed rice
production is economically competitive with other crops, can achieve regional rice self-sufficiency
in 2050 with limited environmental impacts. Regionally integrated trade further increases rice pro-
duction (414%), improves resilience to climate shocks (—46% production losses), and reduces
water use (—81%) and greenhouse gas emissions (—7%). Negative impacts of climate shocks could
be avoided by expanding irrigated rice production. To realize these benefits, East African countries
need moderate productivity upgrading, investment in infrastructure, especially for irrigation, and
enhanced regional cooperation, including trade agreements and benefit-sharing mechanisms, as
well as joint planning and access to production inputs, land and water resources.

1. Introduction

East Africa (EA) will face increasing pressures on
food security due to population growth, economic
development, and climate change. Population will
more than double (up to +140%) by 2050, com-
pared to 2010 (Tramberend et al 2021), contribut-
ing to expanding food demand. The demand for rice,
a major staple crop in EA, is estimated to increase
by 72%-104% depending on socioeconomic devel-
opment (authors’ calculations based on population
and GDP growth projections and assumptions on
income elasticities). Climate shocks on regional and
international production, transmitted through trade,
could increase food security risks. EA imports up
to 30% of its rice from Southeast Asia and India.
Currently (2019-2023), almost two thirds of rice
imports to Tanzania and Rwanda are from Southern

© 2026 The Author(s). Published by IOP Publishing Ltd

Asia (authors’ calculations based on FAOSTAT). We
analyze where and how intensified production in EA
can meet local demand and assess associated environ-
mental impacts. Achieving rice self-sufficiency in the
medium to long term through a more regional supply
of rice will reduce dependence on world markets and
enhance resilience to geopolitical and climate shocks
(van Oort et al 2015, Yuan et al 2024).

The East African Community’s (EAC) vision
for 2050 aims at enhancing and diversifying local
production and significantly increasing intra-
regional trade (East African Community 2015).
Policies in the EAC member countries explicitly
set the target to achieve self-sufficient rice pro-
duction by 2030 and beyond (State Department
for Crop Development and Agricultural Research
2020, Ministry of Agriculture and Natural Resources
2021, Ministry of Agriculture, Animal Industry
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and Fisheries (MAAIF) 2012). Research addressed
some aspects of rice self-sufficiency, but production
allocation, environmental sustainability and trade
remain less understood (Arouna et al 2021b, van
Oort 2023, van Ittersum et al 2025). In this study we
examine the biophysical and economic feasibility and
environmental implications of achieving regional
rice self-sufficiency. Meeting regional rice demand
sustainably requires an optimal allocation of agri-
cultural production, good agricultural practices, and
regional trade and cooperation (Janssens et al 2022).

Research finds that rice productivity in Africa
has improved in recent decades, yet significant yield
gaps remain, especially for rainfed rice (Rodenburg
and Saito 2022). Most studies focused on agronomic
opportunities for upgrading yields or improved man-
agement practices. Yet decision-makers also need
insights on the optimal spatial allocation of rice pro-
duction to leverage agronomic practices for closing
yield gaps and minimizing environmental impacts
(van Oort 2023). Some studies identified suitable
locations such as inland valleys in EA (Rodenburg et
al 2014). However, detailed spatially explicit informa-
tion on production allocation for improving produc-
tion and sustainability of rice is limited. Central ques-
tions for agriculture, especially rice production, are
whether closing yield gaps will be sufficient to meet
the demand of a growing population or whether addi-
tional area expansion and policy interventions would
be needed (van Ittersum et al 2016, Rodenburg and
Saito 2022).

Our study goes beyond previous studies (De Vos
et al 2023, De Vos et al 2024, Yuan et al 2024) by using
a multi-scale modeling approach including economic
optimization and water availability in EA. The ben-
efits of our sub-national regional analysis accrue in
comparison to the previous country-level focus (De
Vos et al 2023, 2024), as we incorporate land suitabil-
ity and area allocation in a spatially explicitly man-
ner using agronomic information obtained from bio-
physical models. While previous studies using eco-
nomic models also include consumer surplus and
trade with regions outside of Africa, we explicitly
focus on the production potential and sustainability
ramifications of an entirely self-sufficient rice sup-
ply. This addresses the impacts of trade and envi-
ronmental sustainability policies as well as future
self-sufficiency and resource use by using a hydro-
economic framework that includes previously unex-
plored linkages between the economic and biophysi-
cal aspects of rice production (Rodenburg and Saito
2022). Rice production’s sustainability is commonly
studied separately, but it accounts for 4.6 million
tons of CO,e greenhouse gas (GHG) emissions in
our five EA study countries, 1.8% of their total
GHG emissions (FAOSTAT 2023), among the high-
est rice shares of total global emissions (Wang et al
2023). Emissions rise, with methane emissions from
rice contributing 31% of Africa’s increased methane
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emissions (Chen et al 2024). Limiting GHG emissions
requires an integrated approach to rice production
and emissions.

Our study area is the extended Lake Victoria
Basin (eLVB), defined by the headwaters of the Nile
River (Tramberend et al 2021) including areas in five
countries (Burundi, Kenya, Rwanda, Uganda, and
United Republic of Tanzania). The eLVB covers only
the parts of Kenya and Tanzania within the Lake
Victoria watershed’s hydrological boundaries, aligned
with our integrated hydro-economic model, which
needs consistent water data and hydrological links
across the study area. The eLVB includes large rice-
producing regions, important water sources, biodi-
versity hotspots, and major economic and densely
populated centers. These characteristics make it ideal
for assessing trade-offs between agricultural intensifi-
cation, conservation efforts, and regional trade. Less
than a quarter of the 303 000 hectares of rice crop-
land in the eLVB are under irrigation (International
Food Policy Research Institute 2020). While irriga-
tion enhances resilience to droughts and ensures sta-
ble production, rainfed production can reduce water
use and assure profitable yields under good agricul-
tural practices in the lowlands of EA countries (van
Oort and Zwart 2018). In some parts of the eLVB, two
rainy seasons enable rainfed double-cropping.

The eLVB includes internationally important wet-
lands, vital for biodiversity, ecosystem functions, and
water quality regulation in Lake Victoria. Protecting
wetlands, especially those not covered by a protection
designation, can help reduce the biodiversity loss (van
Soesbergen et al 2017). Sustainable intensification in
this study thus considers 14.45 million ha of current
non-protected cropland as potential area for rice pro-
duction. Currently, some wetlands that are not legally
protected are already used as croplands. We explore a
scenario with strict environmental conservation poli-
cies that exclude current cropland on wetlands from
future rice production, thereby reducing the available
cropland to 13.96 million hectares. The sustainability
scenario additionally incorporates policies targeted at
reducing water use and GHG emissions.

2. Methods

Using an integrated spatially explicit hydro-economic
optimization modeling framework (figure 1), we
show how future demand for rice can be met and how
environmental and trade policies influence the sup-
ply and spatial allocation of production. The objec-
tive function of the optimization is to maximize farm-
ers’ total profit subject to water availability and land
conservation constraints. Profits are composed of rev-
enues from sales of rice minus production costs.
Farmers endogenously choose to grow rice in rainfed
or irrigated systems, once or twice a year, and using
conventional or mixed improved inputs. Production
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Figure 1. Schematic overview of the hydro-economic optimization framework (top) and overview of spatial scale of the study

area: extended Lake Victoria Basin (bottom).

costs are composed of input costs including irrigation
costs, transportation costs, and GHG emission costs.

Required input data are obtained from a set
of specialized models adapted specifically to the
eLVB. Water available for rice irrigation in each
subbasin is set to current agricultural surface- and
ground-water irrigation withdrawals from the hydro-
economic model ECHO (Kahil et al 2018, 2025)
and rescaled to 2050 using projected changes in

irrigation infrastructure from ECHO and subbasin-
level changes in discharge from the hydrological
model CWatM (Burek et al 2020) following the REF
and EA-RVS scenarios of Tramberend et al (2021). We
inform land suitability for biophysical crop produc-
tion potentials under specified agronomic manage-
ment conditions using a customized version of the
Global Agroecological Zones model GAEZ (Fischer
2021). We consider GAEZ’s intermediate inputs using
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limited mechanization, a mix of manual labor or ani-
mal traction, with improved varieties and partial fer-
tilizer and agrochemical use. We compiled the cur-
rent rice production area from the SPAM database
(International Food Policy Research Institute 2020).

Price parameters use producer price data per
country from FAOSTAT. We compute methane and
nitrous oxide emissions using FAOSTAT data along-
side national statistics compilation techniques (Calvo
Buendia et al 2019, Smith et al 2021). Rice produc-
tion costs were compiled from publications docu-
menting regional rice production practices (Kikuchi
et al 2013, Ndiiri et al 2013, Kadigi et al 2020). The
summarized costs for each type of production system
include items for labor costs, input costs for seeds, fer-
tilizers, and pesticides, as well as irrigation costs. We
used a simple projection technique based on popu-
lation and economic growth projection scenarios to
estimate rice demand (Bijl et al 2017). An equilib-
rium constraint ensures no significant overproduc-
tion that would lead to exports outside the region.
Our spatially explicit modeling framework operates
at the level of subbasins of the eLVB for rice produc-
tion, water and land availability, and spatial allocation
of production. Demand is aggregated at the market-
shed level, defined as major trading centers and their
surroundings (HarvestChoice 2014). Competition
between rice and other crops is accounted for by rice
having a comparative economic advantage over other
major crops in GAEZ grid-cell level calculations. The
comparative advantage of rice is determined by the
condition that the rice value of output is at least 80%
of the highest value of maize, sorghum, pearl millet,
wheat, rice, dry bean, groundnut, soybean, sunflower,
sweet potato, and white potato. The goal of the eco-
nomic optimization model is to assess regional trade
and self-sufficiency; therefore imports from outside
the eLVB are not considered.

We implement business-as-usual (BAU) and
environmental sustainability (SUST) scenarios that
combine trade and environmental policy interven-
tions, yield shocks, and future demand assumptions
(table 1). The SUST policy includes land and water
use restrictions and emissions pricing based on a
recent estimate of the social cost of carbon of 122
US$/tCO,e (Tol 2023). Different yield scenarios for
shocks to rainfed production (average, 25th, and 5th
yield percentiles) are applied across the entire eLVB,
implying different magnitudes of yield loss. While
droughts may affect the entire region or only specific
subbasins, this approach provides a useful estimate
of rice production’s resilience to yield shocks when
the entire region is affected. The rainfed yield sce-
narios are aligned with climate scenarios that affect
water availability for irrigated production. We assume
constant irrigated yields but reduced water availabil-
ity, applying the same 25th and 5th percentiles to
CWatM-derived water availability. The supplemen-
tary information reports results for additional climate
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and policy scenarios, such as different levels of emis-
sions pricing, and a sensitivity analysis conducted
for alternative demand projections based on varied
income elasticities. The main results of this study
remain valid under these alternative specifications.

3. Results

The East African eLVB can produce sufficient rice
to meet local demand by 2050 under all policy and
demand scenarios, assuming reference climate con-
ditions. Only during dry years and when trade is not
regionally integrated do local farmers struggle to meet
demand, emphasizing the importance of regional
trade in simultaneously achieving rice self-sufficiency
and environmental protection goals.

3.1. Biophysical potential of rice production

Average potential rainfed rice yields are close to irri-
gated yields for average climate (figure 2, Panel (A)).
However, rainfed yields decrease by 55% in the driest
years (p05), while irrigation can prevent yield losses
in those years if sufficient irrigation water is avail-
able. Agro-ecological conditions and the competitive-
ness of rice (figure 2, Panel (B)) determine the rice
area. Conserving wetlands reduces the overall suit-
able cropland area by only 4.5% (figure 2, Panel (C)),
from 4.3 to 4.1 million ha. Wetlands are suitable for
high-yielding double-cropping rice cultivation, but
are banned for rice production under sustainabil-
ity policy scenarios. In some subbasins, notably in
western eLVB, where absolute production potential is
marginal, the potential for rice production declines
significantly when wetland areas are not used (SUST

policy).

3.2. Production allocation with and without
regional trade

Regional trade results in a concentrated rice produc-
tion in eLVB. When trade restrictions are in place,
production drops, primarily because of the limited
possibility to shift production towards more suit-
able cropland. (figure 3). Climate shocks increase
these production gaps. In the sustainability pol-
icy scenarios under reference yields restricting trade
reduces rice production (—13.8%) to a level only
marginally below the rice quantities needed to cover
local demand even without regional trade. However,
yield shocks cause a sharp decline in rice production,
up to 45.9% under 5th percentile yields.

Rice export revenues in subbasins with abundant
cropland surpass transportation costs. This results
in higher profits in the most productive subbasins,
causing rice production to concentrate there. Overall,
trade increases total production across all subbasins,
as regions with high yields and ample suitable land
can produce more for export. Compared to localized
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Table 1. Scenarios of trade and environmental policies, rice yields, and rice demands.
Policy scenarios
Trade policies No trade Basin trade
Trade policies No trade between local mar- Allowing trade between
kets (i.e. marketsheds) local markets, considering
transportation costs
Environmental policies BAU SUST
Land conservation Mid conservation: potential rice area  High conservation: potential
on current unprotected cropland rice area only on current
and current cropland in wetlands, ~ unprotected cropland and non-
but not in any other protected areas  wetlands (i.e. not in wetlands
or any other protected areas)

Emissions price No emissions pricing 122 $/tCOe
Water use 100% of projected yearly discharge 40% of projected yearly

discharge (i.e. assuring

sustainable water use)?
Climate scenarios
Yield percentiles Reference yields 25th percentile 5th percentile
Percentile yield in GAEZ Rice yields in aver- Yields in dry years Yields in extremely

age years from GAEZ dry years

Water availability REF EA-RVS
Water available for irrigation Reference scenario East Africa Regional

Vision for Sustainability

Derived using irrigation infrastructure upgrade scenar-

ios and changes in discharge from Tramberend et al (2021)

Demand scenarios

Rice demand scenarios REF

EA-RVS

Aligned to population growth in
Tramberend et al (2021)

eLVB population scenario in 2050 181 million
(baseline: ~73 million in 2010)

Reference middle-of-the-road scenario

East Africa Regional Vision
for Sustainability with
reduced population growth
153 million

2The 40% threshold is widely recognized as a threshold for water stress (Raskin et al 1996, Gleick and Cooley 2021).

production (no trade), trade leads to only a mod-
est expansion of rice areas (<5% in reference sce-
narios, see next sub-section Cropland use and multi-
cropping). When trade is possible, a high fraction
of rice production is allocated to central Uganda’s
fertile White Nile subbasin (figure 4). A more dis-
tributed production emerges in the trade scenario
only when shocks decrease yields, caused mainly by
yields decline in GAEZ classes that have less than opti-
mal suitability. In these classes, farmers previously
had small margins due to favorable climate condi-
tions, but these margins become unprofitable after
yield shocks. An example here is central Uganda.
Without trade, rice production is distributed more
evenly across the eLVB, but demand is not always
met. Sustainability policies do not significantly alter
production allocation unless rice farmers experience
extreme yield shocks, which may require expanding
rice area or reducing rice production.

3.3. Cropland use and multi-cropping
The total rice area is 7.1% lower without trade than
with trade (ref. yields, EA-RVS demand, BAU poli-
cies, figure 5). With trade, the eLVB produces 15%
more rice than demanded, while the marketshed self-
sufficiency (no trade) scenarios only cover demand.
Without trade, the rice production intensity increases
shifting to more frequent production, namely, grow-
ing rice twice per year. Without trade, rice produc-
tion area allocation shifts from a single rainfed season
(—38.5%) to two rainfed seasons (412.9% compared
to trade scenario) and one rainfed and one irri-
gated season per year (+129%). Severe climate shocks
and less trade lead to rice production under multi-
cropping irrigated systems, but the allocated area
cannot cover local demand entirely, and increases
water use.

High rice demand in the REF scenario caused by
increasing population, is largely met by expanding
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Figure 2. Biophysical potential of rice production under varying conservation and production systems. Panel (A) Average yields
in rainfed/irrigated production systems under reference (ref), 25th percentile (p25) and 5th percentile (p05) yield respectively
resemble those of an average, dry, and extremely dry climate (under the SUST environmental policy). Panel (B) Biophysically
suitable and economically competitive rice area in subbasins of the eLVB in (i) unprotected cropland areas (BAU) and with (ii)
stricter environmental policy, excluding protected and wetland areas (SUST). Panel (C) Reduction in suitable and economically
competitive rice area under SUST compared to BAU environmental policy. In subbasins where no percentage change is shown
(gray) the change due to land conservation (transition from BAU to SUST policy) is less than 0.5%. Results from GAEZ under
BAU and SUST policies. As defined in the GAEZ methodology, suitability classes are: very suitable, suitable, and moderately
suitable. Economically competitive means that the value of rice production is competitive with a set of crops that are also suitable
for the same area (details provided in the Methods section).
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Figure 3. Optimized production quantity and area for rice production in eLVB under trade and environmental policies, and yield
and demand scenarios. Datapoints under the dashed line indicate the scenarios where rice demand cannot be fulfilled.

areas harvested twice a year. This compares to lower
population in EA RVS resulting in higher area alloca-
tion only for the two rainfed season production sys-
tems. Additional area is allocated to the two irrigated
seasons class only if extreme yield shocks (5th per-
centile) occur.

3.4. Irrigation water use

Water use for rice production in scenarios with trade
is only a fraction of that in non-trade scenarios,
as trade reduces irrigation by shifting to produc-
tive rainfed systems. Under regional trade, irriga-
tion water use amounts to 0.04 km? of the 0.30 km?
available (REF demand, SUST policies, and reference
yields, figure 6). Without trade, water use increases
to 0.19 km?, if all other scenarios remain constant.
While in some no-trade scenarios additional water
is available in some marketsheds, its use is not eco-
nomically feasible. In the reference case for yields
and demand, water use as a share of water avail-
ability amounts to 14.5%, using BAU environmental
restrictions, and 12.1%, when enforcing SUST poli-
cies. However, limiting trade increases this percentage
to up to 76.2% of available water in the BAU scenario.
SUST policies limit this drastically higher water use
to 63.0%.

Trade scenarios require less irrigation, but when
yield shocks occur at the 5th yield percentile, more
than half of the total rice production area is irrigated
in trade scenarios (62.5%), compared to less than 5%
under reference yields and trade (2.2%).

3.5. GHG emissions

To reduce GHG emissions from rice production,
farmers can switch to a mix of conventional and
organic inputs, releasing less GHGs per hectare. The
SUST policy includes a high price on GHG emis-
sions of 122 US$/tCO2e to incentivize reductions in
methane and nitrous oxide emissions. The switch to
more climate friendly production would therefore
reduce their tax payments for a given level of rice
output. Diversification can also increase soil fertility
and nutrient cycling (He et al 2023). In a sensitiv-
ity analysis, we tested two additional lower levels of
emissions pricing (50 and 80 US$/tCO,e, results in
supplementary).

Emissions pricing under SUST policy reduces
absolute GHG emissions by 11.5% with trade to
19.8% without trade (REF demand, ref. yields).
However, the emission-pricing costs for farmers
reduce profits under REF demand by 19.8% under
reference yields with trade and to up to 47.7% under
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Figure 6. Irrigation water use for rice in the eLVB under policy, trade, demand, and yield scenarios compared to water availability
in 2050. Water available estimated in CWatM and ECHO. The SUST scenario makes available only 40% of the water discharge in

BAU.

5th percentile yields and no trade (profits across sce-
narios are reported in supplementary figure 3 and
supplementary table 2). Because SUST policies also
affect the optimal rice area allocation, relative emis-
sions per ton of rice produced are reduced by a smaller
magnitude of 7% to 11% under reference yields
(figure 7). Tax schemes should consider smallholder
farmers by weighing the trade-offs between emis-
sion reductions, practicability, and economic viabil-
ity. While production does not fall under reference
yield conditions when pricing is introduced, it does
drop when climatic shocks diminish yields. Setting
emission prices too high could harm food security
without trade options, and if offsetting mechanisms
are not established to compensate farmers for forgone
income.

4. Discussion

Sustainable rice self-sufficiency is possible in the
eLVB by 2050. Recent trends confirm that yield gaps
in East Africa have slowly started to decrease and
already implemented area expansions may be suffi-
cient for future cereal self-sufficiency (van Ittersum
et al 2025). Under average climate conditions, high

local production concentration, followed by regional
trade, and low irrigation levels, are economically opti-
mal in the eLVB. In contrast, more spatially dis-
tributed production and some irrigation can help
build resilience to climate shocks, but this can also
reduce farmers’ profits and increase water use.

Regional trade supports self-sufficient local rice
systems and can enhance food security even in years
with unfavorable agroclimatic conditions and under
climate change (Brenton et al 2022) while also reduc-
ing irrigation expansion. Such optimal allocation of
production patterns can prevent excessive agricul-
tural water use, as seen in other world regions (Shi
et al 2024). The self-sufficiency results of our main
analysis, which uses negative income elasticities to
project future rice demand, also hold for substantially
higher demands using positive income elasticities.
Such higher demands can be met through trading
within the region, but not when restricting trade
between marketsheds. Similar area allocations and
production systems emerge for both model runs. A
notable difference between the different demand pro-
jections occurs for water use, which is substantially
higher when the eLVB rice producers aim to meet
increased demands (see supplementary for all sensi-
tivity checks).




I0OP Publishing

Environ. Res. Lett. 21 (2026) 134006 ] Joseph et al
Relative GHG emissions per million ton of rice production
* = production < demand
ref. yields 25th percentile yields 5th percentile yields
basin trade | | no trade basin trade | | no trade basin trade | | no trade

1.5

1.0

1.5

1.0

Emissions in tons of CO2 equivalents per million t of rice production

* *
* *
0.0
*
* *
* *
0.0

Figure 7. Relative greenhouse gas emissions as tons of CO2-equivalents per ton of rice produced in eLVB.

*

SAY V3

EEL]

4.1. Regional integration

The current tariff-free trade already helps create
an enabling environment for rice trade. However,
further barriers, including nontariff trade barriers
and occasional bilateral reinstatements of rice tar-
iffs, still exist (Bouét and Nimenya 2023). While
global food trade provides the largest opportunities
for buffering yield shocks, major producer countries
often target short-term food security by imposing
trade restrictions (Smith and Glauber 2020). Regional
trade could balance these benefits and trade-offs.
A regional trade regime could alter price dynam-
ics and profits for producers (Headey and Hirvonen
2023) and consumer prices and welfare, though spe-
cific poverty impacts require further socioeconomic
analysis and appropriate economic, social, and envi-
ronmental policies. While our analysis focuses on
achieving regional self-sufficiency, sensitivity analyses
suggest potential for export production if infrastruc-
ture and policy constraints were addressed.

Regional trade could offer advantages beyond
policy compliance, including focusing production
on rice varieties matching local consumer prefer-
ences in EA (Twine et al 2023) and reduced trans-
portation distances compared to imports from Asia,
which could lower both costs and GHG emis-
sions. Regionally integrated trade could create job

opportunities throughout the rice value chain and
enhance resilience to global trade shocks.

4.2. Sustainable intensification and farmer
adoption

Policies of sustainable intensification to boost agri-
cultural productivity are most effective when coupled
with investment in infrastructure to improve access
to input and output markets (Gebresilasse 2023).
Our model assumes current infrastructure and cal-
culates transport distances based on the existing road
network. Infrastructure upgrades will enhance bene-
fits, equitable distribution, and productivity. Because
the optimization maximizes farmers’ profits and
accounts for rice’s comparative advantage over other
crops, the spatial allocation identifies areas where rice
production is economically viable for farmers while
meeting environmental goals. To realize these bene-
fits, policymakers should focus on creating enabling
conditions through extension services, infrastructure
development, and market access.

Farmers and other stakeholders are likely to
accept sustainable intensification and regional
trade when policies and informal institutions
guarantee their land tenure, ensure environmen-
tal conservation, facilitate access to appropriate
production inputs, such as seeds and fertilizers,
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and enable benefit sharing and reallocation (Yami
and Van Asten 2017, Yami and van Asten 2018).
Increased trade commonly leads to increased eco-
nomic inequality, especially in developing countries
(Artuc et al 2019). Trade adjustment policies, funded
by recycled emissions-pricing revenue, can support
farmers reducing rice production under land con-
servation or emissions pricing through training and
crop diversification.

Under SUST policies some areas expand due to
lower land suitability for double cropping. However,
we specifically allow these increases only on cur-
rent cropland. These areas may still be intensified
but cultivating different crops. To reach intermedi-
ate input and output levels, we assume at least par-
tially closed yield gaps. Research shows significant
potential for this type of intensification and result-
ing production (Yuan et al 2021, Arouna et al 2021a,
Johnson et al 2023, Kamau et al 2023, Joseph et al
2025). Such intensification strategies are most likely
to succeed when coupled with appropriate exten-
sion services that address good agricultural prac-
tices, such as nutrient, water, and weed management
(Nhamo et al 2014, Jayne et al 2019, Senthilkumar
2022). Future research could investigate how nutri-
ent cycling in a dynamic setting as compared to our
comparative-static analysis for a single representative
year may alter rice production systems.

4.3. Environmental policy implementation and
trade-offs

GHG emission taxes are best implemented gradually.
Smallholders in informal markets are less likely to
comply with taxes than larger producers. For larger
producers, taxes could be based on estimated emis-
sions at seed purchase or rice sale. A progressive tax
with lower rates for small producers can ensure com-
pliance and reduce the inequality impacts of increased
trade.

To compete with world market prices, African
farmers will need to reduce their production costs
(Adjao and Staatz 2015) and aim to upgrade produc-
tivity, for example, by concentrating rice production
in the high-yielding areas identified in this analysis,
where greater productivity allows for lower per-unit
costs through improved resource efficiency. Under
the intermediate input regimes which this analy-
sis assumes, rice cropland expansion ranges from
15.5% (basin trade, 5th percentile yields, ref. demand,
BAU) to 82.9% (no trade, 5th percentile yields, ref.
demand, BAU). If agricultural development is ambi-
tious, involving high levels of input, the area required
for self-sufficiency would decrease (GAEZ high-input
regime; see Methods).

High conservation in the SUST scenario reflects
Uganda’s ban on rice cultivation in wetlands (Twine

11

] Joseph et al

2023). Anecdotal evidence indicates rice cropland
is often in wetlands, as assumed in the BAU sce-
nario. While conserving protected areas is insuffi-
cient to conserve biodiversity (Kehoe et al 2017),
strict wetland conservation can lead to setbacks
in food security (Henry et al 2022) and increase
overall cropland use because production must shift
to lower-yielding non-protected areas. Optimized
strategies like ours to concurrently preserve biodi-
versity, prevent GHG emissions, and reduce water
use are promising ways to balance conservation and
land availability for agriculture (Jung et al 2021).
However, environmental policies involve trade-offs
among environmental outcomes. While the SUST
combination of policies reduces emissions and water
use, it also increases land use, mainly caused by a
shift from double rainfed and irrigation to single rain-
fed systems resulting from excluding high-yield wet-
land areas and water analyses suggest potential for
limits.

5. Conclusion

Our modeling results show future rice production
potential and are valuable for policy planning based
on realistic future scenarios. Additional policies are
needed, however, to ensure enabling conditions for
agricultural transformations to achieve this potential.
Our macro-level research needs to be complemented
with analysis at the farm or plot level (Kruseman
et al 2020). Nevertheless, this approach advances on
previous similar studies (Yuan et al 2024), in that it
implicitly accounts for agricultural economic prof-
itability, water availability, and GHG emissions and
identifies the food security and environmental ben-
efits of trade in a spatially explicit optimization
framework.

Our modeling approach has broader applica-
tions beyond EA. By combining hydrological mod-
eling, economic optimization, and spatial analysis,
this framework can help policymakers evaluate trade-
offs between conservation and intensification while
accounting for climate risks. Regional trade, enhanc-
ing sustainability and resilience, may be relevant for
other developing regions seeking to reduce depen-
dence on global markets.
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