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ARTICLE INFO ABSTRACT

Keywords: Rice is a vital dietary staple for over half the global population, especially in Asia, Africa, and Latin America,
Land suitability underpinning food security. Rising temperatures and shifting precipitation patterns due to climate change
Rice

threaten rice production, necessitating adaptive measures to sustain agricultural systems. This study evaluates
rice land suitability across 19 sub-regions under current and future climate scenarios, assessing sowing adjust-
ments to counter these impacts. The analysis utilized high-resolution climate data from WorldClim, encom-
passing historical (2001-2021) and future (2041-2060) projections based on CMIP6 models under medium-
emission (SSP245) and high-emission (SSP585) scenarios. Soil data were obtained from the FAO Harmonized
World Soil Database, with rice areas mapped using SPAM2020. Liebig’s Law of the Minimum identified limiting
factors during a standardized growing season, defined by regional sowing and harvest dates. Early sowing (ES)
and late sowing (LS) adaptations were modeled to optimize climatic alignment, with suitability categorized into
weakly, marginally, suitable and very suitable. Climate change significantly alters rice land suitability across 19
sub-regions, with tropical areas like South-Eastern Asia, Southern Asia, and Eastern Africa experiencing declines
in suitable land for both irrigated and rainfed systems due to heat stress and irregular rainfall. In contrast,
temperate regions such as Eastern Asia, South America, and Eastern Europe see gains in suitable land, driven by
extended growing seasons. Marginal land challenges emerge in Southern and South-Eastern Asia. Late sowing
proves the most effective adaptation strategy in major rice-producing regions like Eastern Asia, South-Eastern
Asia, and Southern Asia, enhancing land suitability for irrigated systems by aligning with cooler periods and
improving rainfed suitability in monsoon-dependent zones.This study highlights the varied impact of climate
change on rice land suitability, with tropical regions facing greater losses and temperate zones gaining potential.
Late sowing emerges as a key adaptation in Eastern and South-Eastern Asia, offering a sustainable approach to
maintain rice production. These findings advocate for region-specific policies promoting timely sowing adjust-
ments and resilient practices to ensure global food security amid escalating climate challenges.

Climate change
Adaptation strategy
Food security

1. Introduction

Rice (Oryza sativa L.) serves as a primary dietary staple for over half
the global population, supplying 20-50 % of caloric intake in numerous
Asian regions and sustaining nutritional security (Muthayya et al.,
2014). Its role has expanded beyond Asia, emerging as a critical crop in
Africa, Latin America, and the European Union due to diversification
and demographic shifts, solidifying its position within the global
agro-food system (Seck et al., 2012). With population projections
exceeding 8.8 billion by 2100 (Vollset et al., 2020), rice demand is
anticipated to rise significantly (Prasad et al., 2017). However,
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anthropogenic climate change imposes pronounced constraints on pro-
duction, driven by rising temperatures, altered precipitation patterns,
and intensified extreme weather events that abbreviate growing seasons
and impair yield potential (IPCC, 2022). These disruptions undermine
agricultural productivity and destabilize socioeconomic systems in
rice-dependent regions, amplifying risks to food security and rural
livelihoods and necessitating adaptive interventions (Wu et al., 2020).

Rice exhibits pronounced susceptibility to climatic variability, with
physiological responses exacerbating its exposure to environmental
stressors. Elevated temperatures in irrigated systems accelerate pheno-
logical development, reducing grain yields by disrupting photosynthesis
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and grain filling, as demonstrated in a synthesis of climate impacts
across rice-growing regions (Rezvi et al., 2023). Similarly, experimental
data from China reveal that temperature increases above 32 °C diminish
rice productivity by shortening the reproductive phase, though adaptive
measures like heat-tolerant varieties show partial mitigation potential
(Saud et al., 2022). Rainfed systems face amplified water deficits from
drought intensification, while coastal zones experience degradation
from sea-level rise and salinity intrusion, with life-cycle assessments
indicating significant reductions in cultivable land due to water scarcity
and soil salinization in Thailand’s deltas (Silalertruksa et al., 2017).
Regional studies, such as an analysis of yield and water footprint in
Thailand’s large-scale and individual farms, highlight declines under
future climate scenarios but remain confined to national scales (Arunrat
et al., 2020). Global agro-ecological zoning efforts map crop vulnera-
bility across multiple species, yet lack rice-specific resolution due to
their broad, annualized climate focus (Fischer et al., 2021). Adaptation
trials in northern Ghana demonstrate irrigation’s efficacy in mitigating
heat stress for rice, though scalability remains constrained by water
resource availability (Koide et al., 2021a). Sowing date adjustments,
validated across agroecosystems, optimize climatic alignment—soybean
trials in the U.S. show yield gains from earlier planting (Mourtzinis et al.,
2019), while wet direct-seeded rice in Thailand benefits from delayed
sowing under water-saving regimes (Santiago-Arenas et al., 2022).
Sub-Saharan African data indicate sowing shifts enhance resilience to
erratic rainfall (Waha et al., 2013), with Mediterranean wheat trials
(Bassu et al., 2009), chickpea disease management (Landa et al., 2004),
and dryland crop efficiency studies (Turner, 2004) reinforcing this
strategy’s versatility. Wheat yield improvements in India via sowing
adjustments suggest analogous potential for rice, though global
rice-specific applications remain underexplored (McDonald et al.,
2022a).

This investigation assesses global rice land suitability under SSP245
and SSP585 climate scenarios, integrating high-resolution climate and
soil datasets. Distinct from prior research, it confines analysis to climate
parameters within the rice growing period, extracted from sowing and
harvest date maps, enhancing precision over annualized or multi-crop
models (Fischer et al., 2021; Koide et al., 2021b). It employs Liebig’s
Law of the Minimum to pinpoint restrictive climatic and edaphic factors,
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refining suitability estimates by isolating rice-specific limitations during
critical phenological stages. This dual approach identifies early and late
sowing as effective adaptations to preserve cultivation zones, addressing
a scientific gap where global, crop-centric studies remain scarce. By
linking climate-driven suitability shifts to socioeconomic outcomes, this
study elucidates pathways to bolster food security and agricultural
resilience (Tang et al., 2023), with potential to inform policy frame-
works and farmer practices in rice-dependent regions facing climatic
pressures.

2. Materials and methods
2.1. Data collection (Input)

This study evaluated the land suitability of irrigated and rainfed rice
cultivation under current and projected climate change scenarios for the
year 2050 on a global scale. As illustrated in Fig. 1, the climate and soil
factors utilized for this purpose were obtained from the WorldClim
website (https://www.worldclim.org/) and represent the historical
monthly weather data for the period between 2001 and 2021 (htt
ps://worldclim.org/data/monthlywth.html). Moreover, future climate
projections were sourced from the same source for the period 2041 to
2060 (centered around 2050).The projections are based on mean value
of ten Global Climate Models (GCMs) from the CMIP6 dataset and two
scenarios (SSP245 and SSP585), including models such as ACCESS-CM2,
CanESM5-CanOE, EC-Earth3-Veg, FIO-ESM-2-0, GISS-E2-1-H,
HadGEM3-GC31-LL, INM-CM4-8, IPSL-CM6A-LR, MRI-ESM2-0, and
UKESM1-0-LL  (https://worldclim.org/data/cmip6/cmip6_clim2.5m.
html). The future climate scenarios were developed using a new set of
integrated assessment models (IAMs) that incorporate the Shared So-
cioeconomic Pathways (SSPs) and Representative Concentration Path-
ways (RCPs). Two integrated scenarios were considered in this study.
SSP245 (a combination of SSP2 with RCP4.5) and SSP585 (a combina-
tion of SSP5 with RCP8.5). SSP2 represents a scenario characterized by a
continuation of existing social, economic and technological trends, with
minimal deviation from historical patterns. In contrast, SSP5 depicts a
pathway of fossil-fuelled development, characterized by rapid techno-
logical advancement and human capital growth. With regard to
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Fig. 1. Schematic diagram illustrating the analysis framework. The suitability for irrigated and rainfed rice indicates land that is suitable for rice cultivation, based

on the environmental conditions specific to each period and climate scenario.
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radiative forcing, RCP4.5 represents a medium scenario (4.5 W m~2 by
2100), whereas RCP8.5 represents a high-emission scenario (8.5 W m~2
by 2100). To ensure the highest possible spatial accuracy, 2.5 min (~21
km? at the equator) spatial resolution was applied to all maps.
Furthermore, maps of rice cultivation area were obtained from the MAP
SPAM2020 (Spatial Production Allocation Model) website (https
://www.mapspam.info), which provides detailed spatial data on
global rice production.

2.2. Uncertainty analysis

Uncertainty analysis of climate change projections was conducted
using the standard deviation (SD) of General Circulation Models (GCMs)
for precipitation, maximum temperature (Tmax), and minimum tem-
perature (Tmin) across 12 months at the global scale. This analysis
utilized outputs from 10 CMIP6 models under two shared socioeconomic
pathways: SSP2-4.5 and SSP5-8.5. The results are presented in the
supplementary material (Figs. 10-15). As shown in Figs. 10 and 11, the
monthly SD values varied; however, overall uncertainty was relatively
low. For precipitation, the range across months spanned from 0 to 468
mm, with the highest SD appearing in July under the SSP2-4.5 scenario.
Despite this, the majority of global values ranged from 0 to 80 mm,
corresponding to light green areas on the maps, indicating low uncer-
tainty. The SSP5-8.5 scenario showed a similar spatial pattern and
magnitude of uncertainty in precipitation. In contrast, the uncertainty
for Tmax and Tmin ranged from 0 to 5 °C, with global average uncer-
tainty across the 12 months generally falling between 0 and 2 °C, as
illustrated in Figs. 12-15 of the supplementary material.

Regarding the selection of Shared Socioeconomic Pathways (SSPs),
we chose SSP245 and SSP585 to represent moderate and high-emission
scenarios, respectively, as they are most relevant to the medium-term
climate impacts (2041-2060) on rice production, a crop highly sensi-
tive to temperature and precipitation changes. SSP245 reflects a plau-
sible mid-range pathway with moderate socioeconomic development
and mitigation efforts, aligning with current agricultural policy trends,
while SSP585 captures a worst-case scenario critical for evaluating
adaptation limits in vulnerable regions like South Asia (36.51 Mha
irrigated rice) and South-eastern Asia (20.07 Mha rainfed rice). SSP126
was excluded because its low-emission pathway assumes rapid global
decarbonization unlikely by 2041-2060, given current policy trajec-
tories, and would offer limited insights into adaptation needs for rice
under realistic warming scenarios. SSP370, a high-emission scenario
with heavy fossil fuel reliance, was omitted due to its lower socioeco-
nomic plausibility compared to SSP585 and because its temperature and
precipitation projections overlap significantly with SSP585, adding
minimal value to rice suitability analysis while increasing computa-
tional demands (IPCC et al., 2021). This focused SSP selection ensured
computational efficiency and relevance to rice production challenges.

Soil parameters were then determined for each point using soil in-
formation obtained from the FAO soil map. The FAO soil map provided
vital parameters such as organic carbon (OC), exchangeable sodium
percentage (ESP), cation exchange capacity (CEC), CaCO3, pH, EC
which extracted from the Harmonized World Soil Database (HWSD) at a
scale of 1:5,000,000, sourced from the FAO Soil Portal website.
(Supplementary Fig. 2). The slope map was created using the digital
elevation model. The SPAM2020 for rainfed and irrigated rice was used
to intersect the climate zones and soil layers, focusing specifically on the
areas dedicated to this area.

2.3. Processes

As illustrated in Fig. 1, the selection of climate data for the rice
growing period and the assessment of land suitability on a global scale
necessitate meticulous consideration of regional disparities in sowing
dates. In order to address these discrepancies, a standardized growing
season was defined, comprising a five-month interval from sowing to
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harvest for each region. To accommodate both early and late sowing
adaptations in the context of climate change, specific monthly weather
data were selected. In the case of early sowing, weather data from one
month prior to the normal sowing date and one month before the harvest
period were employed. Similarly, for late sowing, weather data from one
month after the normal sowing date and one month beyond the harvest
period were considered. The climatic factors employed in this study
comprise seasonal rainfall, namely the cumulative rainfall for each of
the first, second, third, fourth, and fifth months of the rice-growing
season, as well as the total rainfall over the five months, which repre-
sents the total water requirement under rainfed conditions. Further-
more, the mean, maximum, and minimum temperatures for each month
of the rice-growing season were subjected to analysis. In order to
ascertain the pertinent climate data, sowing and harvesting date maps
were employed to divide the global rice-growing area into 12 sections,
each corresponding to a specific month. For each section, the mean
values of the climatic parameters were calculated over the five-month
growing season. The aforementioned averages were subsequently
aggregated into a single map based on regional sowing and harvesting
dates, thereby representing the rice-growing season on a global scale. In
order to ascertain the suitability of land for a given purpose, it is
necessary to consider the optimal range of climatic and soil parameters,
as indicated in Table 1. This table presents the suitability classes for
climate and soil requirements for rainfed and irrigated rice with a
growing cycle of 90-150 days. The range of land suitability was
considered unchanged for current and future conditions. In irrigated
conditions, where the water requirement of the crop is not met by
rainfall, the precipitation layers are excluded from the land suitability
assessment (then precipitation ignored to be limited factor in irrigation
system). The table delineates the climate and soil variables with varying
ranges and distinct suitability classes. This optimal variable was docu-
mented in multiple reports, including those by Naidu (2006) and Sys
et al. (1993).

In irrigated systems, rainfall was not considered a limiting factor,
while in rainfed systems, precipitation during the growing season was a
key determinant of suitability. The analysis framework ensured these
classifications were consistently maintained across climate scenarios
and adaptation strategies.

2.4. Determining the suitability index based on Liebig’s law of the
minimum

Climate and soil parameters layers were standardized to a scale of
0-1 using predefined minimum and maximum thresholds based on
range of Table 1. This standardized enabled the generation of distinct
response renge for each variable, as illustrated in S1 Fig. 2 (soil data) and
Figs. 3-9 (climate data) for current climate conditions, soil, and topog-
raphy, reflecting their relationships with crop performance. During the
land suitability assessment, classification was applied in order to define
different suitability classes for each climate and soil layer (see Table 1).
The response of the suitability index to each variable was determined by
specific thresholds. Additionally, climate change parameters are depic-
ted in S1 Figs. 3-9. For each pixel in raster, the variable with the lowest
suitability score was identified as the most limiting factor for cultivation,
regardless of the scores of the other variables. After determining the
suitability index for each variable, the min function was applied to
derive the final overall suitability index for the region.

Suitably class (SC) = min(S(Pn))

In this equation, SC represents the numerical suitability value for
each pixel of the raster and Pn refers to the variables from 1 to n used in
the land suitability analysis. The variable with the lowest suitability
value was recognised as the most limiting factor for cultivation in the
region. Finally, the overall suitability index for the region was classified
into the following categories: weakly suitable, marginally suitable,
suitable, and very suitable.


https://www.mapspam.info
https://www.mapspam.info
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Table 1
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Suitability classes for climate and soil requirements for rainfed and irrigated rice with a growing cycle of 90-150 Days.

Parameter very Suitable (1) Suitable (0.75) Marginally Suitable (0.5) Weakly Suitable (0.25) Non suitable
Total rainfall in growing season (mm) 1110-1250 1000-1110 800-900 750-800 <750
Precipitation of 1st month (mm) 300-200 200-175 175-125 125-100 <100
300-400 400-500 500-650 650-750 >750
Precipitation of 2nd month (mm) 300-200 200-175 175-125 125-100 <100
300-400 400-500 500-650 650-750 >750
Precipitation of 3rd month (mm) 300-200 200-175 175-125 125-100 <100
300-400 400-500 500-650 650-750 >750
Precipitation of 4th month (mm) 300-200 200-175 175-125 125-100 <100
300-400 400-500 500-650 650-750 >750
Precipitation of 5th month (mm) 150-200 200-300 300-500 500-600 >600
150-70 70-50 50-30 <30
Mean temperature of the growing cycle (°C) 31-30 30-24 24-18 18-10 <18
31-32 32-36 >36 -
Mean maximum temperature of warmest month G.C (°C) 35-36 36-40 40-45 45-50 >50
35-33 33-40 30-26 26-21 <21
Mean temperature crop development stage (2nd month) (°C) 29-26 26-24 24-18 18-10 <10
29-32 32-36 36-42 42-45 >45
Mean min temperature ripen. Stage (5th month) (°C) 20-18 18-14 14-10 10-7 <7
20-22 22-25 25-28 28-30 >30
slope <2 2-4 4-8 8-25 >25
Soil Organic Carbon (OC) >2% 1.5 %2 % 1%-1.5% 0.8 %-1% -
Slope 0 %-2 % 2 %4 % 4 %-8 % 8 %-16 % -
CEC >24 24-16 <16(-) <16(+) -
CaCO3 <3 3-6 6-15 15-25 >25
pH 6.5-6.0 6.0-5.5 5.5-5.0 5.0-4.5 >8.8
6.5-7.0 7.0-8.2 8.2-85 8.5-8.8
EC (ds/m) 0-1 1-2 2-4 4-6 6-12
>12
ESP 0-10 10-20 20-30 30-40 >40
2.5. Output averages of 5.11, 4.84, 4.53, 4.49, 4.8 and 4.19 t/ha, while the lowest

The final land suitability map was generated by overlaying the
suitability output with raster files representing both irrigated and rain-
fed harvested areas, thus creating a composite map of land suitability
(see output section in Fig. 1). This stage ensured the precise delineation
of areas suitable for rice cultivation. Following the creation of land
suitability maps for a variety of scenarios and adaptation strategies, the
results were compared in order to identify the optimal strategy. The final
map identifies the most efficacious adaptation strategy for enhancing
land suitability in each region in the context of projected climate
change. Also, The overview of the status of rainfed and irrigated rice
worldwide. Actual yields, water-limited potential yields for rainfed
conditions, and potential yields for irrigated conditions were extracted
from various data sources, including MapSPAM. The potential yields
were based on GYGA results as reported by Aramburu-Merlos et al.
(2024). All raster files were prepared using ArcGIS Pro, and RStudio was
subsequently employed for land suitability analysis.

3. Results
3.1. Current rainfed and irrigated rice systems

Overview of irrigated and rainfed rice in Fig. 2 indicated that total
rainfed area in the world is equal to 62.5 million hectares (Mha)
(Fig. 2A) while for irrigated rice area is equal to 102 Mha (Fig. 2B) which
in total is equal 164.5 Mha in both. Highest area of rainfed rice is
located in India, Myanmar, Bangladesh, Indonesia, Thailand, Cambodia,
Nigeria with harvest area of 18.84, 6.40, 5.97, 5.85, 4.41, 2.04 Mha,
respectively and other countries were less than this area. Irrigated rice
dominates the global production and highest harvest area are related to
China, India, Thailand, Vietnam, Bangladesh, Indonesia and Pakistan
with 30.02, 25.53, 7.13, 6.21, 5.70, 5.21 and 3.09 Mha, respectively and
other countries was less than these (Fig. 2A and B). The actual yield
range in rainfed condition is relatively variable and we found it was
between 0.1 and 6.5 t/ha. Also, the highest value was related to the
North Macedonia, Albania, Croatia, France, Japan, and China with an

values for Ya rainfed was related to the Zimbabwe, Cameroon,
Mauritania, and Senegal, which an average of 0.21, 0.27, 0.29, 0.35 t/ha
(Fig. 2C), respectively. While the range of water limited potential yield
of rice was between 4 and 10 t/ha which indicated in Fig. 2E. In irrigated
system actual yield value was more than rainfed and reached values
between 0.2 and 8.43 t/ha which highest values was related to the
Nicaragua, Argentina, Uruguay, Sudan and United States with an
average of 8.43, 8.38, 8.31, 8.26 and 8.16 t/ha and other countries was
lest then these values also the lowest yield was related to the Trinidad
and Tobago, Mozambique, Somalia and Zambia which an averages of
0.92, 1.33, 1.77 and 1.95 t/ha (Fig. 2D). While potential yield of rice in
irrigated system was between 6 and 16 t/h (Fig. 2F).

3.2. Land suitability of irrigated rice under climate change conditions

A global land suitability analysis in current condition (2001-2021)
for irrigated rice, which encompasses a total area of 102 Mha, has
yielded the following classification: A total of 30.12 million hectares are
classified as weakly suitable, 36.87 million hectares as marginally
suitable, 21.21 million hectares as suitable, and 14.10 million hectares
as very suitable (Fig. 3G and ).

Fig. 3 presents a series of maps (Fig. 3A-H) illustrating the suitability
of global land for irrigated rice under current conditions, projected
climate change scenarios (SSP245 and SSP585), and the impact of
adaptation strategies involving early and late sowing dates. In the pre-
sent scenario (Fig. 3G), the most favourable areas for the cultivation of
irrigated rice are situated in South and Southeast Asia, with smaller
areas of suitability in South America and parts of Africa. Maps in Fig. 3A
and B illustrate the projected land suitability under SSP245 and SSP585,
respectively, in the absence of adaptation. Both scenarios demonstrate a
reduction in the extent of highly suitable areas, particularly in Asia,
where some regions are reclassified as marginal or weakly suitable as a
consequence of climate impacts. Fig. 3B, which represents a more severe
climate scenario (SSP585), demonstrates a slightly greater reduction in
suitable areas in comparison to SSP245 (Fig. 3A). This highlights the
increased stress on agricultural suitability under more extreme climate
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Fig. 2. Map of irrigated and rainfed rice crop area, actual and potential yield in global scale (Ya: is Actual yield, Yp; potential yield in irrigated condition, Yw: water

limited potential yield in rainfed condition).

change. Fig. 3C and D illustrate the impact of early sowing as an adap-
tation to SSP245 and SSP585, respectively. The implementation of early
sowing techniques offers a modest enhancement in suitability, particu-
larly in South America and Central Asia. However, this does not entirely
compensate for the reduction in the quantity of highly suitable land in
pivotal rice-producing regions, such as South and Southeast Asia. Fig. 3
E and F illustrate the impact of a late sowing adaptation strategy on
SSP245 and SSP585. The implementation of a late sowing strategy
demonstrates a more pronounced enhancement in suitability than that
observed with an early sowing approach. This is particularly evident in
North and South America, as well as in specific regions of Asia, including
China, Iran, and parts of Central Asia (e.g., Kazakhstan). This strategy
serves to sustain or expand suitable areas, thereby mitigating some
negative effects of climate change. Ultimately, Fig. 3 H elucidates the
optimal adaptation strategy under disparate scenarios for irrigated rice,
demonstrating that late sowing is especially efficacious in maintaining
or enhancing land suitability across a multitude of regions. In light of
these findings, late sowing emerges as the most efficacious strategy for
maintaining rice suitability in North and South America, as well as in
regions of Asia such as China and Central Asia, in the context of pro-
jected climate change. This highlights the importance of targeted
adaptation strategies, with late sowing being especially beneficial for
optimizing land suitability for irrigated rice cultivation on a global scale.

The analysis of irrigated rice land suitability across 19 sub-regions
reveals significant variations in response to climate change scenarios
(SSP245 and SSP585) and adaptation strategies (early sowing (ES), and

late sowing (LS)), with late sowing emerging as a critical strategy for
mitigating declines in suitability. In Eastern Asia, which hosts the largest
irrigated rice area at 32.58 million hectares (Mha) under current con-
ditions, suitability undergoes substantial shifts. Very suitable land,
initially 0.19 Mha, nearly doubles to 0.37 Mha under SSP245 but surges
to 5.25 Mha with late sowing in this scenario and 7.15 Mha with late
sowing under SSP585, indicating that late sowing significantly enhances
high-quality rice-growing areas by aligning with cooler periods. How-
ever, weakly suitable land increases from 9.14 Mha to 12.07 Mha
(SSP245, ES), reflecting heat stress in marginal zones. Southern Asia,
with 36.51 Mha, shows stable total area but a decline in very suitable
land from 3.23 Mha to 3.00 Mha (SSP245, ES), though late sowing
boosts it to 3.99 Mha under SSP585, underscoring its effectiveness in
countering temperature rises. Marginally suitable land in Southern Asia
remains relatively stable, fluctuating between 8.68 and 9.42 Mha across
scenarios (Fig. 4).

South-Eastern Asia, a major rice-producing region with 25.12 million
hectares (Mha), is projected to see a decrease in highly suitable land
from 9.59 Mha to 6.72 Mha under the SSP2-4.5 scenario without
adaptation. However, early and late sowing strategies can restore suit-
ability to 11.46 Mha and 11.37 Mha, respectively, under the same sce-
nario. Under SSP5-8.5, the region maintains a high level of suitability
both with and without adaptation, highlighting the resilience of
monsoon-dependent systems. The area classified as weakly suitable in-
creases slightly from 5.21 Mha to 5.95 Mha under SSP2-4.5, with only
marginal changes observed under sowing adaptations. In South
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Fig. 3. Land suitability for irrigated rice under current and projected future climate conditions, based on two scenarios (SSP245 and SSP585) and two adaptation
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area in global scale.

America, total irrigated area expands dramatically from 2.12 Mha to
10.01 Mha across scenarios, driven by a surge in very suitable land from
0.27 Mha to 4.74 Mha (SSP245, LS) and 4.61 Mha (SSP585, LS), high-
lighting late sowing’s role in unlocking new cultivation potential.
Weakly suitable land also rises from 1.03 Mha to 3.84 Mha (SSP245),
suggesting challenges in marginal areas. Central America sees a modest
increase in total area from 0.14 Mha to 0.20 Mha, with very suitable land
nearly doubling from 0.06 Mha to 0.10 Mha under both ES and LS in
SSP245 and SSP585, indicating adaptation benefits in tropical climates
(Fig. 4).

In the Caribbean, total suitability increases from 0.28 Mha to 0.34
Mha across scenarios, with very suitable land growing from 0.13 Mha to
0.16 Mha under both sowing strategies, showing consistent gains.
Eastern Africa’s irrigated area of 1.68 Mha expands to 1.91 Mha, with
very suitable land increasing from 0.18 Mha to 0.44 Mha (SSP245, LS)
and 0.47 Mha (SSP585, ES), though weakly suitable land rises from 0.21
Mha to 0.32 Mha, reflecting mixed impacts. Western Africa’s 1.35 Mha
area grows to 1.76 Mha, with very suitable land slightly increasing from
0.41 Mha to 0.50 Mha (SSP585, LS), supported by late sowing’s align-
ment with rainfall peaks. Middle Africa’s smaller area (0.25 Mha) sees
very suitable land rise from 0.02 Mha to 0.09 Mha (SSP585, LS), indi-
cating potential for expansion with adaptation (Fig. 4).

Northern Africa’s suitability remains stable at 0.51 Mha, with
negligible changes in very suitable land (0.001 Mha), constrained by
aridity. Central Asia’s 0.16 Mha area shows a dramatic increase in very
suitable land from 0.001 Mha to 0.06 Mha (SSP245, LS) and 0.05 Mha
(SSP585, LS), driven by late sowing’s mitigation of heat stress. Eastern
Europe’s limited 0.21 Mha area sees very suitable land rise from 0.001
Mha to 0.12 Mha (SSP245, LS), suggesting new opportunities in cooler
climates. Southern Europe’s 0.33 Mha area maintains stability, with
very suitable land marginally increasing to 0.002 Mha (SSP245, LS).
Northern America’s 1.07 Mha area benefits significantly from late
sowing, with very suitable land rising from 0.0004 Mha to 0.47 Mha
(SSP585, LS), despite a decline in suitable land from 0.58 Mha to 0.16
Mha. Oceania’s minimal 0.02 Mha area remains weakly suitable, with
no notable adaptation gains. Southern Africa and Western Asia have
negligible areas (0.0003 Mha and 0.05 Mha), with limited suitability
improvements. Northern and Western Europe show no suitability,
reflecting climatic constraints (Fig. 4).

Late sowing consistently enhances very suitable land across most
sub-regions, particularly in Eastern Asia (7.15 Mha gain), South America
(4.61 Mha gain), and Central Asia (0.06 Mha gain), by optimizing
temperature and rainfall alignment. Early sowing offers smaller benefits,
with gains in Eastern Africa (0.47 Mha) and Northern America (0.47
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Fig. 4. Land Suitability (ha) for Irrigated Rice Across 19 agroecological region (based on FAO classification) Under Current and Projected Climate Change Con-
ditions, and Cropland Area Under Different Adaptation Strategies (Early and Late Sowing Dates, ES and LS), Based on Two Climate Scenarios (SSP245, SSP585)

Through 2050. Projections Represent the Mean of 10 GCMs.

Mha). These findings underscore the importance of tailored sowing
adjustments to preserve and expand rice cultivation zones under climate
change, with late sowing proving most effective in high-production re-
gions facing heat and water stress (Fig. 4).

3.3. Land suitability of rainfed rice under climate change condition

The results of the land suitability analysis for rainfed rice indicate
that the total global area of this crop is 62.28 million hectares (Mha). Of
this total area, 29.45 Mha are located in areas that are weakly suitable
for rainfed rice cultivation, while 13.56, 13.70 and 5.57 Mha are located
in marginally suitable, suitable and very suitable areas, respectively
(Figs. 5G and 6). The maps (Fig. 5A-F) illustrate the SSP245 and SSP585
scenarios with early (ES) and late (LS) sowing adaptations. Map Fig. 5G
depicts the current baseline, while map Fig. SH represents an optimum
strategy that synthesises the most favourable outcomes. In the current
conditions depicted in Fig. 5G, the areas of high suitability are
concentrated in Southeast Asia, sub-Saharan Africa, and parts of South
America. In contrast, Europe, North America, and northern Africa are
predominantly classified as low suitability or unsuitable. The baseline
map illustrates the regions with the strongest potential for rainfed rice
production. In comparison to the current baseline (Fig. 5G), the SSP245
scenario (Fig. 5A) indicates a slight decline in suitability across Africa
and Southeast Asia. Additionally, highly suitable areas become
increasingly fragmented. The early sowing adaptation (Fig. 5C) in
SSP245 results in minor improvements in Southeast Asia and parts of

South America, whereas the late sowing adaptation (Fig. S5E) demon-
strates a more pronounced increase in suitability, particularly in
Southeast Asia and some areas in South America. This suggests that late
sowing may be a more effective strategy for counteracting moderate
climate changes. In the SSP585 scenario (Fig. 5B), which represents a
high-emission future, the suitability of the land is further reduced in
comparison to current conditions. This reduction is most significant in
areas of high suitability in Africa and South America. The imple-
mentation of early sowing (Fig. 5D) under SSP585 yields only marginal
improvements, whereas the utilisation of late sowing (Fig. 5F) facilitates
a discernible enhancement in suitability, particularly in Southeast Asia,
which retains a considerable proportion of highly suitable regions. The
optimum strategy map (Fig. S5H) synthesises the highest suitability
outcomes across all scenarios and adaptations, thereby demonstrating
the potential to optimize land suitability through the implementation of
adaptive sowing strategies. The expansion of high-suitability areas in
Southeast Asia, South America, and Africa relative to both SSP scenarios
and current conditions suggests that the strategic timing of sowing
practices can significantly enhance the potential for rainfed rice pro-
duction in the context of future climate scenarios. These findings indi-
cate that late sowing is an effective adaptation for both moderate
(SSP245) and high-emission (SSP585) scenarios, particularly in regions
such as Asia and South America, where it preserves or enhances land
suitability for rainfed rice (Fig. 5). The optimum strategy map highlights
the necessity of adaptive management in order to maintain productive
rice-growing areas in the context of projected climate change.
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and late sowing dates) in this chart ES and LS stand for early and late sowing date and optimum strategies under different scenarios in rainfed rice area in global scale.

The analysis of rainfed rice land suitability across 19 sub-regions, as
depicted in Fig. 6, highlights diverse regional responses to climate
change scenarios (SSP245 and SSP585) and adaptation strategies (early
sowing (ES), and late sowing (LS)), with late sowing consistently
enhancing suitability in several key regions. South-eastern Asia, with the
largest rainfed rice area at 20.07 million hectares (Mha) under current
conditions, experiences a decline in very suitable land from 2.77 Mha to
1.27 Mha under SSP245 without adaptation, but late sowing boosts this
to 2.45 Mha under SSP585, aligning planting with optimal rainfall.
Weakly suitable land increases from 6.14 Mha to 7.66 Mha (SSP245, ES),
indicating challenges in marginal areas. Southern Asia, with 27.49 Mha,
sees very suitable land drop from 1.84 Mha to 0.59 Mha under SSP245,
but late sowing mitigates this to 0.35 Mha under SSP585, though weakly
suitable land rises from 15.81 Mha to 18.90 Mha, reflecting heat and
water stress. Eastern Africa’s 1.61 Mha area expands to 2.03 Mha
(SSP585, ES), with very suitable land increasing from 0.15 Mha to 0.44
Mha (SSP245, LS) and 0.44 Mha (SSP585, LS), driven by late sowing’s

alignment with wet seasons, though weakly suitable land grows from
0.91 Mha to 1.33 Mha (Fig. 6).

South America’s 1.90 Mha area shows very suitable land rising from
0.35 Mha to 0.48 Mha (SSP245, LS) and 0.49 Mha (SSP585, LS), with
total area peaking at 2.05 Mha under SSP245, supported by late sow-
ing’s mitigation of drought risks. Weakly suitable land increases from
0.97 Mha to 1.21 Mha (SSP245), highlighting marginal land challenges.
Western Africa’s 8.40 Mha area sees very suitable land rise from 0.48
Mha to 0.75 Mha (SSP585, LS), but early sowing reduces total suitability
to 6.34 Mha (SSP245, ES), suggesting sensitivity to sowing date. Middle
Africa’s 1.63 Mha area benefits significantly from late sowing, with very
suitable land increasing from 0.06 Mha to 0.23 Mha (SSP245, ES) and
0.29 Mha (SSP585, ES), though total area fluctuates, dropping to 1.35
Mha (SSP245, LS). Eastern Asia’s 0.78 Mha area sees a modest increase
in very suitable land from 0 Mha to 0.02 Mha (SSP585, LS), with weakly
suitable land rising from 0.42 Mha to 0.61 Mha (SSP585, ES), indicating
limited adaptation gains (Fig. 6).
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Fig. 6. Land Suitability (ha) for rainfed Rice Across 19 agroecological region (based on FAO classification) Under Current and Projected Climate Change Conditions,
and Cropland Area Under Different Adaptation Strategies (Early and Late Sowing Dates, ES and LS), Based on Two Climate Scenarios (SSP245, SSP585) Through

2050. Projections Represent the Mean of 10 GCMs.

Central America’s 0.14 Mha area experiences a surge in very suitable
land from 0.02 Mha to 0.06 Mha (SSP245, LS) and 0.05 Mha (SSP585,
LS), with total area stable at 0.14 Mha, reflecting adaptation benefits in
rain-dependent systems. The Caribbean’s small 0.05 Mha area sees very
suitable land emerge at 0.02 Mha (SSP585, LS) from 0 Mha, with total
suitability peaking at 0.05 Mha (SSP245, ES). Central Asia’s 0.04 Mha
area remains weakly suitable, with no very suitable land across sce-
narios, constrained by aridity. Eastern Europe’s 0.01 Mha area shows
minimal suitability, with weakly suitable land peaking at 0.02 Mha
(SSP585). Southern Europe’s 0.06 Mha area declines to 0.03 Mha
(SSP245, LS), with no very suitable land. Western Europe’s 0.01 Mha
area sees weakly suitable land rise to 0.02 Mha (SSP585, ES), with no
significant adaptation gains. Oceania’s minimal 0.003 Mha area shows
stable suitability, with very suitable land at 0.0002 Mha (SSP245, LS).
Southern Africa, Western Asia, Northern Africa, Northern America, and
Northern Europe have negligible or no suitability, limited by climatic
constraints (Fig. 6).

Late sowing significantly enhances very suitable land in South-
eastern Asia (2.45 Mha gain), South America (0.49 Mha gain), Eastern
Africa (0.44 Mha gain), and Western Africa (0.75 Mha gain), by opti-
mizing planting with rainfall patterns. Early sowing yields smaller
benefits, notably in Middle Africa (0.29 Mha) and Eastern Africa (0.38
Mha). These results emphasize the critical role of late sowing in

sustaining rainfed rice production under climate change, particularly in
monsoon-dependent and drought-prone regions (Fig. 6).

4. Discussion
4.1. Climate and soil parameter effects on land suitability

The present study evaluates the impacts of climate change on the
suitability of land for rice cultivation across 19 sub-regions under the
SSP245 and SSP585 scenarios. This is achieved by employing early and
late sowing adaptations driven by region-specific changes in tempera-
ture and precipitation (SFigs. 3-9). In South-Eastern Asia, the area
suitable for irrigated systems decreases from 9.58 million hectares
(Mha) to 6.72 Mha, and for rainfed systems, it declines from 2.76 Mha to
1.26 Mha under SSP245, as monthly rainfall decreases by 10-20 mm and
temperatures rise by 1-2 °C (SFig. 4), with Tave Mean increasing from
26 °C to 27.5 °C (SFig. 4). The reduced rainfall has been shown to limit
water availability for rainfed systems (Jagadish et al., 2015), while
higher temperatures have been found to cause heat stress, with a
consequent negative effect on spikelet fertility. The findings of Wass-
mann et al. (2009) demonstrate that late sowing under SSP585 (SFig. 9)
improves suitability by aligning rainfall with key growth stages and
reducing Tmax by 0.3 °C, thereby aligning flowering with wetter periods
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and supporting crop adaptation to future climate conditions. In Southern
Asia, a major rice-producing region, irrigated land constitutes 36.50
Mha, while rainfed land covers 27.48 Mha. The impact of climate
change on irrigated areas is minimal, whilst rainfed systems are signif-
icantly affected.

The effectiveness of irrigation in reducing heat stress varies signifi-
cantly from region to region, highlighting the need for region-specific
adaptation (Chakraborty et al., 2025). Research consistently demon-
strates that irrigation in arid and semi-arid regions, such as Central Asia
and Northwest China, produces a significant cooling effect on land
surface temperature, primarily due to enhanced evapotranspiration
under low humidity conditions. Satellite observations show that in these
regions, irrigation can lower daytime land surface temperatures by more
than 6 °C during the growing season, with the cooling effect being much
stronger in arid zones compared to humid ones (Siebert et al., 2014;
Chen and Dirmeyer, 2019). In humid monsoon regions such as
South-East Asia, however, irrigation plays a more supportive role, pre-
venting drought-induced amplification of heat stress. Nevertheless, its
cooling effect is less pronounced here and may even contribute to humid
heat stress under extreme conditions (Mishra et al., 2020). While most
studies focus on general croplands, research in semi-arid regions like
Pakistan’s Punjab and Burkina Faso demonstrates that irrigation in rice
systems can help mitigate heat stress and maintain yields, though the
effectiveness may be limited under extreme heat or water scarcity
(Johnson et al., 2024). Additionally, heat stress reduces photosynthesis
and increases pollen sterility. In rainfed systems, T_(can) can exceed T_
(air) by more than 10 °C during drought events, leading to severe yield
losses (Siebert and Ewert, 2014). Irrigation counteracts this effect by
lowering T_(can) below T_(air) through evapotranspiration cooling,
particularly in arid zones where vapour pressure deficit magnifies this
process (Kimball et al., 2015). Consequently, reductions in canopy heat
stress of over 5 °C have been observed in irrigated systems (Pinto and
Reynolds, 2015), whereas rainfed systems experience elevated canopy
temperatures and greater yield penalties (Lobell and Bonfils, 2008).

The implementation of SSP585 has resulted in a contraction of the
suitable rainfed rice area, which has decreased from 27.48 million
hectares (Mha) to 22.44 Mha. However, the adoption of late sowing
practices has led to an augmentation of this area to 24.37 Mha. Boxplots
in the supplementary materials (S Figs. 3-9) demonstrate an increase in
precipitation and temperature, with elevated temperatures during the
rice-growing season proving more damaging to rainfed systems due to
their sensitivity to temperature fluctuations. In Eastern Asia, the 32.58
Mha of irrigated and 0.78 Mha of rainfed rice land are particularly
vulnerable to the impacts of climate change on irrigated rice. The
implementation of late sowing has been demonstrated to result in a
substantial augmentation of areas deemed to be highly suitable, a phe-
nomenon attributable to a reduction in mean temperatures of approxi-
mately 1 °C in comparison with prevailing contemporary conditions.
However, without adaptations, the temperature increases of 1-2 °C
during rice growth stages exceed the optimal range (S Figs. 3, 7, and 9).
Nonetheless, adjusting sowing dates can enhance suitability and boost
yields. The present study employs region-specific climate parameters
(SFigs. 3-9) and Liebig’s Law to identify limiting factors temperature in
Asia, water in Africa refining rice suitability mapping, with soil pa-
rameters (SFig. 2) further shaping these trends (Dadrasi et al., 2024).

In the context of rainfed rice cultivation in Western Africa, a region
of particular significance, climate change has been shown to reduce the
area deemed suitable for cultivation by approximately 2 Mha in the
absence of adaptation measures (Myers et al., 2022). The timing of
sowing, that is to say, the decision of when to initiate the process of plant
cultivation, has been shown to mitigate the impacts of climatic shifts,
such as those precipitated by alterations in precipitation and tempera-
ture patterns. As demonstrated in Sections 3-9 of the SSI, under the
SSP245 and SSP585 scenarios, precipitation and temperature increase
by approximately 20 mm and 2 °C, respectively, during the rice-growing
season. It is evident that early and late sowing reduce precipitation by
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approximately 20 mm in the fourth month of the growing cycle,
potentially enhancing suitability by aligning drier conditions with
anthesis and grain-filling stages, which benefit from less rainfall. As
demonstrated in Fig. 4, South America possesses the potential to emerge
as a significant irrigated rice-producing region under the projected
conditions of future climate change, particularly in the context of early
and late sowing adaptations. The shift is driven by rising temperatures,
which alleviate current low-temperature constraints in regions such as
Rio Grande do Sul, Brazil. In this region, suboptimal temperatures
during flowering reduce yields (Guimaraes et al., 2018). The potential
for future warming to mitigate this issue has been demonstrated in
various studies (Lobell and Field, 2007; Peng et al., 2004). These studies
suggest that an increase of up to 8 Mha in suitable irrigated rice area may
be possible, provided that sufficient irrigation water is available
(Wassmann et al., 2009). In Eastern Africa, climate change has been
shown to reduce precipitation and increase temperatures by 10-20 mm
and 1-2 °C, respectively. Early sowing has been demonstrated to
enhance precipitation and lower temperatures, thereby improving land
suitability and expanding suitable areas (Challinor et al., 2014). The
boxplots for SSP585 (SFigs 3, 7, and 8) demonstrate that Taverl in-
creases from 15.1 °C to 16.9 °C, but early sowing reduces it to 13.7 °C;
Taver2 rises from 15 °C to 16.7 °C, decreasing to 12.9 °C with early
sowing; Tmax4th increases from 18 °C to 20.5 °C, falling to 17.1 °C with
early sowing; and Tmin5th rises from 12.9 °C to 13.1 °C, decreasing to
11.8 °C with early sowing. These changes have been shown to enhance
the suitability of rice cultivation by reducing heat stress during the
reproductive phase, a critical consideration in Eastern Africa where
temperatures often exceed the optimal 25-30 °C for flowering and grain
filling (Jagadish et al., 2007). It has been demonstrated that lower
temperatures from early sowing improve spikelet fertility, reduce ste-
rility, and enhance panicle development, increasing yield potential and
suitable areas (Rurinda et al., 2015). A similar improvement in land
suitability under early sowing compared to late sowing or no adaptation
is demonstrated in Middle Africa. The results and supplementary figures
present other regions, but due to their lower contribution to global rice
production, these are less detailed here. It is imperative to acknowledge
a salient point concerning these results. Liebig’s Law postulates a uni-
fying principle, namely that crop productivity is governed by a single
limiting factor. In reality, however, biophysical factors are frequently
interdependent, resulting in a phenomenon known as co-limitation, as
opposed to isolated constraints. This assertion is further substantiated by
contemporary agricultural research (Chandio et al., 2021). This inter-
dependence is evident in arid regions like Central Asia, where low
precipitation and high temperatures co-occur, amplifying heat stress and
reducing suitability scores by 20-30 % as water scarcity exacerbates
thermal effects (Habib-Ur-Rahman et al., 2022). Conversely, in humid
monsoon regions such as South-Eastern Asia, substantial precipitation is
often accompanied by cooler temperatures and more fertile soils.
Consequently, variations in one factor (a delayed monsoon leading to a
drought) seldom result in a single limiting factor (Urfels et al., 2022). In
favourable conditions, suboptimal performance in one factor such as a
slight water deficit can constrain growth. This phenomenon is exem-
plified in rainfed systems, where the simultaneous occurrence of heat
and drought leads to a decline in photosynthesis and spikelet fertility,
potentially resulting in a yield reduction of up to 30 % (Costa et al.,
2021). In order to incorporate these dynamics, future suitability models
should account for interactive effects, adjusting scores by 15-25 % to
reflect real-world synergies, ensuring more accurate climate impact as-
sessments for rice systems (Wu et al., 2020).

4.2. Socioeconomic barriers to adaptation

Socioeconomic constraints have been identified as a significant
hindrance to the adaptation of smallholders to climate change across 19
sub-regions, with limitations imposed on early and late sowing under
SSP245/SSP585. In Western Africa, 80 % of smallholders (i.e. those with
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less than 2 ha of land) lack access to quality seeds, irrigation, and
extension services, resulting in reduced early sowing yields of 20-30 %
and food insecurity for millions (Atube et al., 2022a). The inadequate
subsidies and weak advisory systems characteristic of Southern Asia
have been identified as factors that hinder the adoption of late sowing,
thereby exacerbating livelihood vulnerabilities and poverty (Hertel
etal., 2010). The volatility of the South-East Asian market, as evidenced
by fluctuations in rice prices, has been identified as a factor discouraging
investments in late sowing, thereby posing a threat to regional stability
(Mottaleb et al., 2016). The limited institutional capacity in Eastern
Africa has been identified as a key factor hindering the adoption of
irrigation for early sowing, thereby impeding the potential for yield
gains (Tadesse et al., 2019). As Nkonya et al. (2015) demonstrate,
financial constraints in middle Africa serve to diminish the efficacy of
rainfed systems, thereby reducing the advantages offered by early
sowing. The adoption of strategic crop cultivation is further hindered by
credit constraints and labour shortages, which are prevalent among
smallholders in Central America and the Caribbean (Harvey et al.,
2018). These challenges contribute to the exacerbation of rural poverty.
It is evident that water governance disputes in Central Asia, in
conjunction with land tenure conflicts in Northern Africa, Southern
Africa, Western Asia and Oceania, have a detrimental effect on the
implementation of costly irrigation infrastructure, thereby limiting its
suitability to a negligible degree (Rosegrant et al., 2014; Deininger and
Byerlee, 2011). As stated in the research by Pretty et al. (2018), thereis a
requirement for enhanced extension services in order to assist
small-scale farmers in Northern America, Western Europe, Eastern
Europe and Southern Europe to scale up their sowing, whether late or
normal. Solutions to this problem have been proposed, including
microfinance, cooperatives, public-private partnerships (World Bank,
2020), digital extension apps in Southern Asia (FAO, 2019), climate
insurance in Eastern Africa (Greatrex et al., 2015), and seed banks in
Middle Africa (McGuire and Sperling, 2016). It is imperative that these
barriers are addressed in order to ensure food security, as the failure to
do so will have repercussions for sustainable rice production and global
supply.

4.3. Adaptation strategies: feasibility, trade-offs, and complementary
measures

The practice of late sowing has been demonstrated to be a viable
option in South-Eastern Asia, Eastern Asia, Southern Asia, and South
America, with a reported enhancement in suitability by 10-15 %.
However, the implementation of this strategy necessitates the utilisation
of short-duration varieties, a measure adopted to mitigate the risks
posed by pests and to ensure the maintenance of yields (Saud et al.,
2022). Nevertheless, the assertion that late sowing is *most effective’
requires careful nuance, particularly in these area (Wassmann et al.,
2009). This practice has the capacity to influence several factors,
including climate conditions (the timing of monsoon rains), soil mois-
ture, pest dynamics, labor availability, and crop rotation. The advan-
tages of this include improved resilience to early-season drought and
heat stress, increased suitability in regions with delayed monsoon onset,
and potential yield stability with short-duration varieties, which can
boost productivity by 10-15 % under optimal conditions (Saud et al.,
2022). However, it should be noted that significant trade-offs exist.
These arise from extended labour, water, and input needs, which
potentially reduce efficiency by 10-20 % due to resource constraints
(McDonald et al., 2022b). The potential risks associated with this
practice include the possibility of delayed harvests, which can expose
crops to late-season pests such as rice stem borers. Additionally, erratic
rainfall may result in yield losses of up to 15 % in vulnerable years
(Baruah and Dutta, 2020). Furthermore, the practice of late sowing has
been demonstrated to disrupt crop rotation cycles, thereby reducing
overall farm income by 10-15 % in multi-cropping systems (Fu et al.,
2023). In the context of humid South-Eastern Asia, this practice may also
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serve to exacerbate humid heat stress, further complicating the man-
agement of pests and diseases in the region (Fu et al., 2023). Conse-
quently, while the practice of late sowing can offer certain adaptive
benefits, its effectiveness is contingent on the specific context in which it
is employed. A balanced evaluation of these trade-offs is therefore
essential to avoid overstating its advantages. In order to address these
challenges, the implementation of targeted solutions has the potential to
enhance the project’s viability. The adoption of efficient irrigation
techniques, such as Alternate Wetting and Drying (AWD), has been
shown to result in a reduction in water and labour costs of up to 30 %
(Tian et al., 2024) The implementation of Integrated Pest Management
(IPM) with resistant short-duration varieties and biocontrol has been
shown to minimise pest-related yield losses (McDonald et al., 2022a).
The precise scheduling of crops with digital tools has been demonstrated
to align late sowing with subsequent crop cycles, thereby preserving
multi-cropping income (McDonald et al., 2022b). Furthermore, the
application of precision irrigation in conjunction with heat-tolerant
varieties has been shown to alleviate humid heat stress in
South-Eastern Asia (Khan et al., 2019). These strategies collectively
address the trade-offs, making late sowing a justifiable adaptation when
tailored to local conditions. Also, Early sowing has been demonstrated to
be effective in Eastern Africa, Central America, and Middle Africa,
thereby enhancing the suitability of the environment for cultivation
(Ding et al., 2020). However, in order to mitigate water stress, the
cultivation of drought-tolerant varieties is imperative. The prevailing
climatic conditions in Northern America, Western Europe, Eastern
Europe, and Southern Europe are conducive to the successful cultivation
of this crop, requiring minimal adjustments due to the stability of the
conditions. It is evident that Central Asia, Northern Africa, Southern
Africa, Western Asia, and Oceania necessitate crop diversification (e.g.,
millet) or large-scale irrigation due to their low suitability (Godfray
et al., 2010). Trade-offs are significant: late sowing in Southern Asia
disrupts rice-wheat systems, resulting in a 10-20 % reduction in farm
income (McDonald et al., 2022b); early sowing in Western Africa strains
labour, leading to a 25 % reduction in the capacity of smallholders (van
Oort and Zwart, 2018). The rainfed systems of South America are con-
fronted with water shortages, which impose limitations on the scal-
ability of late sowing. Complementary measures have been identified,
including the cultivation of heat-tolerant varieties in Eastern Asia (Koide
etal., 2021a), the implementation of small-scale irrigation systems, such
as ponds, in Middle Africa (Li et al., 2020), the adoption of precision
agriculture in Northern America (Schimmelpfennig, 2016), and the
provision of agroecological training in South-Eastern Asia (Settle et al.,
2014). It is evident that Central Asia and Northern Africa are in need of
government-funded irrigation systems, while Eastern Africa stands to
benefit from the implementation of climate insurance measures
(Greatrex et al., 2015). These bespoke strategies are aligned with
regional constraints, thereby ensuring optimal suitability and food
security.

4.4. Risks of extreme climate events

To account for the risks posed by extreme climate events, this study
utilized monthly climate data over a five-month rice-growing period-
—determined by region-specific sowing and harvest dates—at the global
scale. While this approach supports the analysis of climate suitability, it
is important to acknowledge the influence of extremes that may not be
fully captured by monthly averages. In South Asia and South-Eastern
Asia, heatwaves during the flowering period have been shown to
result in 8-18 % reductions in the suitability of rainfed systems, thereby
disrupting the effectiveness of late sowing (Wassmann et al., 2019). The
recurrent droughts that are characteristic of Eastern Africa have been
shown to have a detrimental effect on early sowing yields, with a
reduction of 15-25 % being observed (Rowhani et al., 2011). This has
the effect of undermining any gains that have been made in terms of
suitability. The floods that occur in South America have been shown to
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decrease rainfed suitability by 10-20 %, thereby limiting the scalability
of late sowing (Zaveri and Lobell, 2019). In regions such as Middle Af-
rica, Central America, and the Caribbean, erratic rainfall patterns have
been observed to adversely impact the reliability of early and late
sowing, with studies indicating a reduction of 10-15 % in yield (Knox
et al., 2012). Central Asia, Northern Africa, Southern Africa, Western
Asia, and Oceania are enduring prolonged droughts, which are con-
straining their minimal suitability (Turral et al., 2011). The regions of
Northern America, Western Europe, Eastern Europe, and Southern
Europe have experienced a surge in heat, resulting in yield losses
ranging from 5 to 10 % (Olesen et al., 2011). Mitigation strategies
encompass the implementation of flood-tolerant infrastructure, such as
elevated fields, in South America, drought-resistant varieties in Eastern
Africa, and heat-tolerant cultivars in South Asia (IPCC et al., 2021).
Early-warning systems in South-Eastern Asia (Rao et al., 2019) and
climate-resilient seed systems in Middle Africa (McGuire and Sperling,
2016) have been shown to enhance resilience. The incorporation of
extreme event forecasts into adaptation planning is imperative for the
safeguarding of suitability and the assurance of food security.

4.5. Policy recommendations for resilience

Region-specific policy interventions are essential for operationaliz-
ing rice adaptation strategies, overcoming socioeconomic barriers, and
managing extreme weather risks under scenarios like SSP245 and
SSP585. Research highlights that adaptation measures such as reservoir-
based irrigation systems can significantly mitigate the impact of floods
and erratic rainfall, with studies in Southeast Asia and South America
showing that improved irrigation can increase rice yields by 8-43 % and
enhance suitability for late sowing, especially in flood-prone areas (Ojo
et al., 2020; Boonwichai et al., 2019), Targeted investments—such as a
$500 million phased program with 40 % subsidies for smallholders—are
supported by evidence that financial and institutional support is crucial
for adoption, particularly among vulnerable groups (Ojo and Baiye-
gunhi, 2020). Subsidizing drought-tolerant and short-duration rice seeds
by 25-30 % and providing targeted training can significantly boost late
sowing adoption and help smallholder farmers in Vietnam and Thailand
mitigate the effects of heatwaves and market volatility. Research in-
dicates that government subsidies for drought-tolerant seed production
and dissemination, combined with extension services and training, are
effective in overcoming adoption barriers and increasing the use of
climate-resilient varieties in Asia (Pray et al., 2011; Rahman et al.,
2022). In order to ensure the security of early sowing yields in the face of
droughts (defined as a sum of rainfall less than 600 mm), the imple-
mentation of policies promoting drought-tolerant varieties (NERICA
strains) with a 20 % seed subsidy and extension services for 1 million
hectares in Eastern Africa, Central America, and Middle Africa by 2028,
enhancing resilience by 15-20 % is essential (Sum rain <600 mm)
(Rowhani et al., 2011). This approach is predicted to increase resilience
by 15 %. It is recommended that South Asia consider the expansion of
crop insurance, such as India’s Pradhan Mantri Fasal Bima Yojana, in
order to protect late sowing transitions and thereby reduce income
losses of 10-20 % from multi-cropping disruptions across 2.5 million
hectares, with a 15 % premium subsidy for farmers to stabilize revenues
amid erratic monsoons (McDonald et al., 2022b). Early-warning sys-
tems, as evidenced by the Maharashtra, India, example, have been
demonstrated to optimize sowing in Eastern Africa, South Asia, Middle
Africa, and Central America, thereby reducing extreme event losses by
10-15 % across 3 million hectares with a rollout target of 2027 (Rao
et al., 2019). In order to address the challenges faced by small-scale
farmers in Western and Middle Africa, it is essential to establish
public-private partnerships offering 50 % subsidies on drip irrigation
and seed access for 5 million smallholders (60 % of the 80 % affected
population) by 2030, boosting yields by 20-30 % (Atube et al., 2022b).
In regions such as Central Asia, Northern Africa, Southern Africa,
Western Asia, and Oceania, the implementation of subsidised drip
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irrigation has been identified as a crucial strategy to mitigate the impact
of droughts, characterised by annual rainfall amounts of less than 300
mm (Turral et al., 2011). It is recommended that Northern America,
Western Europe, Eastern Europe and Southern Europe enhance their
precision agriculture policies with a view to boosting normal sowing
efficiency (Schimmelpfennig, 2016). Localized climate models address
the limitations of 2.41-min resolution, thereby refining forecasts (IPCC
et al., 2021). The implementation of these policies has been demon-
strated to facilitate the reduction of socioeconomic disparities, the
mitigation of extreme risks, and the assurance of food security through
the promotion of resilient rice production methods. To guide govern-
ments in prioritizing between irrigation investments and sowing-date
adjustments, a decision-making framework is proposed. In regions like
South America and Central Asia, where water availability is a primary
constraint due to floods or droughts, irrigation infrastructure should be
prioritized to ensure stable water supply, enabling the scalability of late
sowing adaptations. Conversely, in high-production areas like Eastern
Asia and South-Eastern Asia, where temperature stress is the dominant
limiting factor, governments should prioritize sowing-date adjustments,
supported by seed subsidies and training, as these offer immediate
suitability gains with lower investment costs. A cost-benefit analysis,
considering regional water resources, temperature trends, and socio-
economic capacity, can further refine this prioritization, ensuring effi-
cient resource allocation for resilient rice production (Lobell and Field,
2007).

5. Conclusion

This study sheds light on the profound and varied impacts of climate
change on rice land suitability across 19 sub-regions. Tropical areas such
as South-Eastern Asia, Southern Asia, and Eastern Africa face significant
declines in suitable land due to heat stress and erratic rainfall. In
contrast, temperate regions such as Eastern Asia, South America, and
Eastern Europe experience gains from extended growing seasons. The
most effective adaptation strategy is late sowing, particularly in major
rice-producing regions such as Eastern Asia and South-Eastern Asia,
where it enhances suitability by aligning planting with optimal climatic
conditions. Conversely, early sowing is beneficial in Eastern Africa and
Middle Africa, where it mitigates temperature extremes. Socioeconomic
barriers, including restricted access to seeds, irrigation, and extension
services, impede the adoption of agricultural practices by smallholders,
thereby exacerbating vulnerabilities in the regions of Western Africa and
Southern Asia. The implementation of these practices is further
complicated by market volatility and institutional constraints. Trade-
offs, such as income losses from disrupted cropping systems in South-
ern Asia and labour strains in Western Africa, necessitate complemen-
tary measures such as heat-tolerant varieties and small-scale irrigation.
It is evident that extreme climate events, including heatwaves, droughts
and floods, pose additional risks and reduce the suitability of rainfed
systems across South Asia and South-Eastern Asia. This emphasises the
necessity for flood-tolerant infrastructure and drought-resistant
cultivars.
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