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Abstract
The impact of climate change on rice yield varies among different rice varieties. Designing effective agronomic adaptation strategies 
is crucial for global rice provision. However, considerable uncertainty remains as to which approaches/strategies should be used 
in different regions. To this end, we conducted a meta-analysis aimed at quantifying firstly the marginal effects of climate change 
(i.e., temperature, precipitation, and CO2) and four adaptation strategies (i.e., changing varieties, adjusting fertilization, adjusting 
irrigation, and altering planting dates) on rice yield in Indica, Japonica, and Hybrid rice. We further assessed climate risks to rice 
yield and identified optimum adaptation strategies under three shared socio-economic pathway (SSP) scenarios. The results of the 
meta-analysis showed that temperature has the greatest negative marginal effect of −3.11% on rice yield, with changing varieties 
being the most effective strategy (15.93%) to counter this effect, followed by increased irrigation (0.24%). Projected climate sce-
narios predict a 2.11% global average rice yield decrease in the 2040s under SSP5-8.5. Japonica rice yields are significantly more 
pessimistic than Indica and Hybrid rice. To offset this, 86.48% of the rice planting area would need to change varieties; increase 
fertilization and irrigation by 51.22% and 8.54%, respectively; or plant in advance by 13 days. Major rice-producing countries such 
as India, China, and Brazil will need adaptation strategies with higher urgency and scale than the global average. These findings 
form a basis for a better understanding of climate resilience in different rice varieties and agronomic strategies. Our analysis suggests 
that it is possible for future rice yield to meet the needs of rice-growing countries while supporting eco-friendly rice production if 
the appropriate measures are taken. Overall, this study attempts firstly to design effective agronomic adaptation strategies to enhance 
rice production resilience against climate change and advance understanding of rice varietal adaptation for improved management.
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1  Introduction

Rice (Oryza sativa L.) is the most important staple food for 
more than 50% of the world’s population (Seck et al. 2012; 
Saito et al. 2017). Global rice production is predominantly 
concentrated in Asia, where 11 countries contribute 
approximately 87% of the world’s total rice production 
(Bandumula 2018). China and India, being giant economies 

of Asia, play a crucial role, contributing to 50% of both rice 
production and consumption (Muthayya et al. 2014). Global 
rice consumption is projected to be nearly 550 million tons 
by 2030, driven by both population increase and economic 
growth in developing countries (Durand-Morat and Bairagi 
2021). However, climate change seriously threatens rice 
production levels required to feed the future ever-increasing 
world population. Compelling evidence from various global 
studies underscores the significant and predominantly 
negative impacts of future climate on rice yields (Sridevi 
and Chellamuthu 2015; Akinbile et al. 2020; Wang et al. 
2020). A food security assessment by the International 
Food Policy Research Institute highlights that, excluding 
the separate effects of carbon dioxide (CO2) fertilization, 
climate change is projected to cause a 10%–12% reduction in 
global irrigated rice yield by 2050 (Nelson et al. 2010). Such 
a reduction in rice yield signifies a severe threat to global 
food security, particularly given the speedy increase in the 
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world’s food demand (Alexandratos and Bruinsma 2012; 
Rogelj et al. 2016). This issue would thwart sustainable 
development programs for achieving the universal goal of 
eliminating hunger by 2030.

Therefore, it is critical to assess which regions will be 
affected most, as well as to develop potential future agro-
nomic adaptation strategies that improve the climate resil-
ience of rice and meet global rice demand. Climate change 
adaptations refer to actions that mitigate damages or exploit 
beneficial opportunities related to climate change (Parry 
et al. 2007; Lobell 2014). How rice production systems can 
better adapt to a range of future climate change scenarios to 
improve resilience has become a key concern.

Diversifying varieties, improving potential productiv-
ity, and harmonizing crop growth with climatic condi-
tions offer a variety of entry points for adapting crops to 
projected climate change (Challinor et al. 2007; Howden 
et al. 2007; Ali and Erenstein 2017; Tesfaye et al. 2019). 
These entry points have proven track records toward mak-
ing varieties more resilient to climate variability. Variety 
diversification plays an important role in the adaptation to a 
changing environment. Various rice varieties can tolerate the 
impacts of a fluctuating climate, such as high temperatures, 
floods, and droughts, to different degrees. Thus, knowing the 
most appropriate rice varieties under particular conditions 
can help to address challenges imposed by future climate 
conditions (Fao 2007; Babel et al. 2011a, b; Yoshida et al. 
2015; Chun et al. 2016a, b; Guo et al. 2019a, b). The rich 
diversity of rice in Kerala, India, as reported by Gopi and 
Manjula (2018), provides opportunities to adapt to stresses 
induced by climate change. Likewise, maximizing potential 
rice productivity through fertilizer and irrigation manage-
ment can offset climatic shocks (Babel et al. 2011a, b; Liu 
et al. 2013; Boonwichai et al. 2019a, b; Islam et al. 2020a, 
b). Shrestha (2014) showed that supplementary irrigation 
of rice in the winter season can achieve a yield increase of 
up to 42%, and increasing the fertilizer application rate can 
enhance the yield from 0.3% to 29.8% under projected future 
climates in the Quang Nam province (Vietnam). Rajwade 
et al. (2018a, b) showed that a higher dose of N fertilizer 
was able to mitigate the negative impact of a temperature 
increase of up to 3.3 °C over the period of 2012–2014 in 
subtropical India. Also, literature consensus underscores 
that synchronizing critical rice phenophases with favorable 
weather conditions through altering planting dates ensures 
a promising crop yield (Shelley et al. 2016; Acharjee et al. 
2019; Guo et al. 2019a, b; Ding et al. 2020). Jalota and Vash-
isht (2016) estimated that delaying the planting of rice by 
7–15 days in the semi-arid Indian Punjab in the future was 
a doable adaptation measure to minimize yield reduction 
in the future. Hussain et al. (2020) showed that adopting a 
climate-smart cropping pattern by shifting the planting date 

and adjusting the cropping season could reduce the risk of 
heat-induced losses.

Various approaches have been employed to evaluate the 
impacts agronomic adaptation strategies have on rice yields, 
such as changing varieties (Chun et al. 2016a, b; Koppa and 
Amarnath 2021), altering planting dates (Ding et al. 2020; 
Truong An 2020), and adjusting both irrigation and fertilizer 
application (Arunrat et al. 2020a, b; Liu et al. 2020a, b). 
One technique is the use of field experiments, which was 
employed to evaluate rice cultivar adaptation to elevated 
CO2 levels and temperature in sub-tropical India (Satapathy 
et al. 2014a, b). Another technique is to utilize statistical 
(or empirical) models to condense observed relationships 
between adaptation and the yield of rice (Hu et al. 2017). A 
prevalent method in the literature involves the use of pro-
cess-based crop simulation models and climate change sce-
narios to investigate the future impact of climate change on 
crop yields (Boonwichai et al. 2019a, b; Halder et al. 2020a, 
b; Islam et al. 2020a, b; Truong An 2020). Crop models can 
be used to characterize the dynamics of plant growth and 
development and provide a relatively simple and cost-effec-
tive method for evaluating the effects of climate change and 
adaptation. Process-based crop simulation models param-
eterize the daily dynamics of management, weather, soil, and 
plant processes and can be used to project future rice yields. 
Climate change data are commonly generated by general cir-
culation models (GCM) for a variety of emission scenarios.

However, existing literature often has obtained hetero-
geneous results because of differences in methods, regions, 
and scenarios; this, in turn, leads to considerable uncer-
tainty. To address this, we conducted a meta-analysis using 
an updated and comprehensive data set to examine the 
response of rice yield to climate change and different agro-
nomic adaptation strategies. Meta-analyses that combine 
and compare results from numerous studies are a useful 
means for summarizing the range of projected outcomes 
in the literature and assessing consensus (White et  al. 
2011). The advantage of this method is that, by analyzing 
the results from a large number of studies, meta-analysis 
can be used to identify a significant trend even where 
many individual studies might have failed to detect such 
a trend. However, prior meta-analyses mainly focused on 
the response of rice yields to climate change with or with-
out adaptation strategies. So far, how rice yields respond to 
different agronomic adaptation strategies remains under-
studied. Crucially, our study addresses this gap by not only 
considering the response of rice yields to climate change 
but also examining the effectiveness of various agronomic 
adaptation strategies. Furthermore, we go beyond the scope 
of previous studies by quantifying the significance and mag-
nitude of the impacts these factors exert on the yields of 
different rice varieties.
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The objectives of this study are to quantify the marginal 
effects of climate change (i.e., temperature, precipitation, 
and CO2) and four adaptation strategies (i.e., changing varie-
ties, adjusting fertilization, adjusting irrigation, and altering 
planting dates) on rice yields in the rice varieties Indica, 
Japonica, and Hybrid rice. Based on the results, the future 
climate risk of rice yield is assessed. In this study, the impact 
of climate change on rice yield is projected from the base-
line period (2015–2020) to the medium-term period (the 
2020s, 2030s, and 2040s) under three shared socio-economic 
pathway (SSP) scenarios. Finally, the scale of different agro-
nomic adaptation strategies is quantified to precisely off-
set the negative climate change shocks to global rice yield, 
following the question: which adaptation strategies will be 
required where? The findings of this study highlight the 
response of rice yield to climate change and provide impor-
tant insight into the most effective adaptation to improve rice 
climate-resilience on a global scale in the future, which will 
help to ensure global food security.

2 � Methods

2.1 � Data collection

In this study, advanced literature searches were conducted 
to identify articles published between 1990 and March 
2021 related to rice production under climate change and 
adaptation. Databases such as the Web of Science, Sci-
ence Direct, Google Scholar, and the Chinese National 
Knowledge Infrastructure were used. These publication 
databases were searched using the Boolean string of (“rice 
production” OR “rice yield”) AND (“climate change”) 
AND (adapt*). Screening of the publications followed 
the PRISMA approach (Liberati et al. 2009) and resulted 
in the identification of 247 publications (Supplementary 
Fig. 1). Furthermore, publications were included in the 
meta-analysis if the following requirements were met: (a) 
the study involves an analysis of the impact of climate 
change and adaptation strategies on rice yield; (b) the 
study contains at least one response variable from the fol-
lowing list: rice yield, rice production, or grain weight; (c) 
the study involves the effect of at least one climate vari-
able from the following list: temperature change, CO2 con-
centration, or precipitation change; (d) the study includes 
at least one adaptation strategy from the following list: 
changing varieties, changing sowing dates, adjusting fer-
tilization, or adjusting irrigation. Data were extracted from 
the text or tables of selected articles. When data were not 
directly accessible, the data were manually transcribed 
from tables or digitally retrieved from graphs using Web-
PlotDigitizer 4.0.0 software.

The global climate model (GCM) ensemble was 
obtained from CMIP6 archives that provided data for 
both historical and future periods. Three integrated sce-
narios were considered (i.e., combining SSP2 with rep-
resentative concentration pathway (RCP) 4.5, defined 
by SSP2-4.5; combining SSP3 with RCP7.0, defined by 
SSP3-7.0; and combining SSP5 with RCP8.5, defined by 
SSP5-8.5). Five CMIP6 global circulation model datasets 
(i.e., GFDL-ESM4, IPSL-CM6A-LR, MPI-ESM1-2-HR, 
MRI-ESM2-0, and BCC-CSM2-MR) were used to gen-
erate climate data for baseline periods (2015–2019) and 
three future periods (the 2020s, 2030s, and 2040s). Cli-
mate data for the 2020s, 2030s, and 2040s represented the 
average data over 10 years, i.e., from 2020 to 2029, from 
2030 to 2039, and from 2040 to 2049, respectively. The 
temperatures, precipitation levels, and CO2 concentrations 
under CMIP6 climate projection were downscaled (at a 1 
× 1° grid size resolution), and bias correction was ana-
lyzed (Chaowiwat 2016; Chaowiwat et al. 2019). After 
the selection of GCMs, mean variability scenarios were 
computed as average monthly temperature, precipitation, 
and CO2 concentration data from all GCMs. Changes in 
temperature, precipitation, and CO2 concentration were 
calculated by comparing baseline data with the data of 
each of the three future decades. In this process, solar 
radiation, winds, and relative humidity were assumed to 
remain unchanged.

2.2 � Database description

In total, 2949 data points/observations were gathered includ-
ing 12 countries, which basically covered 80% of the global 
rice growing areas (Fig. 1). Of these, the majority (65.17%) 
of the data were obtained from India (33.23%) and China 
(31.94%). The remaining data were obtained from various 
countries: Thailand (11.77%), Vietnam (10.61%), Bangladesh 
(3.80%), Korea (2.54%), Cambodia (2.03%), Pakistan (1.02%), 
and a combination of Spain, the Philippines, Sri Lanka, and 
Japan (3.05%). The majority of the data were obtained from 
South Asia (38.58%) and East Asia (34.62%), followed by 
Southeast Asia (25.03%). Publication years ranged from 1995 
to 2021, and more than half of all observations were collected 
between 2012 and 2020.

Metadata (when available) pertaining to publication refer-
ences, study region, crop, climatic, adaptation strategies, and 
methodological were recorded. Publication reference–rel-
evant metadata included title, authors, date of publication, 
and type. Study region factors included country, region, 
and city. Crop-relevant metadata included rice varieties, 
rice cultivars, cropping systems, and changes in rice yield 
(%). In this study, rice varieties refer to different classifica-
tions of rice, including Indica rice, Japonica rice, and Hybrid 
rice, with sample sizes included in the meta-analysis being 
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1430, 440, and 753, respectively. Unlike the former, rice 
cultivars refer to rice that has been artificially bred, arti-
ficially selected, widely grown in agriculture, and mainly 
include specific cultivars of Indica, Japonica, and hybrid 
rice, such as International Rice 8 (IR8) and Khao Dawk Mali 
105 (KDML105). Climatic relevant metadata included cli-
mate scenarios, changes in mean annual temperature (°C), 
changes in mean annual precipitation (%), and changes in 
CO2 concentration (ppm). Adaptation strategy–relevant 
metadata included with/without changing varieties, fertilizer 
management, irrigation management, and change of planting 
dates. Finally, methodologically relevant metadata such as 
research methods, crop models, and climate models were 
also noted, and future horizons and the reference periods 
were considered. Table 1 presents the descriptive statistics 
of the main parameters used for meta-analysis.

2.3 � Statistical analysis

The objective of the statistical analysis was to estimate the 
relative change in rice yield caused by climate change (i.e., 
changes in temperature, precipitation, and atmospheric CO2 
concentration) and various agronomic adaptation strategies 
(i.e., with/without changing varieties, adjusting fertilization, 
adjusting irrigation, and changing planting date).

The analysis employed multilevel regression modeling 
including a random effect associated with different studies. 
The inclusion of the random effect allows for heterogene-
ity between different studies included in the database. Mul-
tilevel regressions are mixed-effect models, which enable 
examining observations derived from different climate sce-
narios, methods, and cropping systems (Qian et al. 2010; 
Eagle et al. 2017). For mixed-effect models, different vari-
ables were tested as fixed effects (i.e., mean temperature 
change, mean precipitation change, CO2 concentration, with/
without changing varieties, fertilization changes, irrigation 
changes, and planting date changes) and as random effects 
(i.e., publication references, countries, climate scenarios, 
climate models, crop models, projected year, and cropping 

systems). Linear mixed-effects models were fitted to the 
data using the package lme4 in R 4.0.5 (Pinheiro and Bates 
2006; Team RC 2013). The mixed-effect model for rice was 
defined by:

where Yij is the jth value of the relative change in rice yield 
(in %) in study i, αT corresponds to the effect of a 1 °C 
increase of temperature has on yield in study i, αP is a param-
eter describing the effect of a 1% increase in precipitation 
on yield, αC is a parameter describing the effect of increas-
ing CO2 by one ppm, αTC is a parameter that describes the 
interaction of temperature and CO2 concentration on rice 
yields, αV is a parameter corresponding to the effect chang-
ing varieties has on adaptation to climate change, αF is a 
parameter describing the effect a 1% increase in fertiliza-
tion has on yield, αI is a parameter describing the effect a 
1% increase in irrigation has on yield, and αD is a parameter 
describing the effect planting 1 d earlier has on yield. The 
variables Tij, Pij, and Cij are the jth values of mean tempera-
ture change, mean precipitation change, and CO2 concentra-
tion obtained by study i. Variable Vij is a dummy variable 

(1)

Yij = �0 + �T ∗ Tij + �P ∗ Pij + �C ∗ Cij

+ �TC ∗ Tij∗ Cij + �V ∗ Vij + �F ∗ Fij

+ �I ∗ Iij + �D ∗ Dij + �ij

Fig. 1   Global distribution of 
study sites where data used for 
the meta-analysis were col-
lected.

Table 1   Descriptive statistics of variables in meta-analysis.

Variables n Mean Min Max Std. dev

Rice yield change (%) 2949 −5.03 −71 108 19.338
Temperature change (°C) 2949 2.41 −6 12 1.867
Rainfall change (%) 2949 5.57 −68 110 14.062
CO2 concentration (ppm) 2949 122.13 0 556 151.435
Changing varieties (yes = 1, 

no = 0)
2623 0.06 0 1 0.237

Changing fertilizer (%) 2623 12.28 −50 225 37.633
Changing irrigation (%) 2623 4.43 −42 230 18.668
Changing planting (d) 2623 3.51 −40 75 15.617
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that equals 1 in situations where varieties are changed, and 
that equals 0 otherwise. The variables Fij, Iij, and Dij are 
the jth values of fertilization change, irrigation change, and 
planting date change obtained by study i. The term ɛij is a 
random error, distributed according to a Gaussian distribu-
tion ɛij ~N (0, δij

2), describing intra-study variability, where 
δij is the residual standard deviation for study i. The values 
of δij are assumed to be proportional to the standard devia-
tions extracted from the selected articles, thus assigning less 
weight to the most uncertain studies.

2.4 � Agronomic adaptation strategies evaluation

The Fifth Assessment Report of the Intergovernmental Panel 
on Climate Change suggests several adaptation strategies to 
cope with potential climate change: altering planting dates, 
switching to high-temperature-tolerant varieties, and breed-
ing new varieties (Howden et al. 2007). These measures are 
assumed to be helpful while cropping systems and field man-
agement processes are kept constant at the normal level in 
the future. Optimizing irrigation, controlling diseases, and 
improving crop management practices were also suggested 
(Kapetanaki and Rosenzweig 1997; Lashkari et al. 2012). In 
this study, the following strategies were evaluated separately 
as adaptation strategies to eliminate the projected impacts 
of climate change: changing varieties, adjusting fertilization, 
adjusting irrigation, and altering planting dates. For rice, the 
projected yields indicated the required scale of adaptation 
strategies that need to be adopted in future climate change 
scenarios in the study area.

Existing studies suggested that no single adaptation strat-
egy fits all future challenges (i.e., negative environmental 
impact); therefore, a combination of adaptation strategies 
would likely produce strong co-benefits (Millar et al. 2007; 
Boonwichai et al. 2019a, b; Siddiqua et al. 2019). These 
co-benefits could focus on the acceptability of adaptation 
options in terms of factors that are important to stakehold-
ers and their perceptions of synergies and barriers. The 
combination of adaptation strategies is expected to address 
resource constraints such as irrigation water and fertilizer 
(because of environmental concerns) while increasing rice 
yields and enhancing climate resilience. In this research, 
adaptation strategy combination options are explored to meet 
increasing yield requirements under future climate change. 
The emphasis is on identifying strategic combinations that 
require the minimal alteration to current agricultural man-
agement strategies, in alignment  with the optimization strat-
egies proposed in previous literature (Hitaj et al. 2019; He 
et al. 2021). Optimization was conducted for each grid by 
solving the nonlinear programming problem as follows:

(2)Min‖Dk‖

where Dk is the number of days for the k-th grid to alter the 
planting date. αT, αP, αC, αTC, αV, αF, αI, and αD represent the 
marginal effects of temperature, precipitation, CO2 concen-
tration, temperature and CO2 concentration, changing varie-
ties, adjusting fertilization, adjusting irrigation, and altering 
planting dates on rice yields, respectively. Tk, Pk, and Ck are 
the k-th grid values of mean temperature change, mean pre-
cipitation change, and CO2 concentration, respectively. Vk 
represents with/without changing varieties for the k-th grid, 
which is a dummy variable that equals 1 in situations where 
changing varieties is present, and that equals 0 otherwise. Fk 
and Ik represent the amount of fertilization change and irri-
gation change for the k-th grid, respectively. The targets of 
the first draft of the post-2020 global biodiversity framework 
(Cbd 2020)—a proposal to minimize nutrient overload that 
may harm the environment—recommend reducing the use of 
nutrients, such as nitrogen, by half. Thus, in this study, Fk is 
set to be reduced by 50%. In reference to the United Nations 
World Water Development Report (UN Water 2018) and 
the Planetary Boundaries framework (Sandin et al. 2015), a 
global target for reducing the environmental impact of water 
resources is identified, with a set Ik of 40% reduction. Yk 
represents the change in rice yields for the k-th grid. Ygoal is 
the goal of rice yield increase, which is set to be 10%.

3 � Results

3.1 � Impact quantification of rice yield under climate 
change and agronomic adaptation strategies

The impacts of climate change and four implemented agro-
nomic adaptation strategies on rice yields are assessed in a 
dataset containing 12 rice-producing countries (Fig. 2 and 
Supplementary Table 1). These represent most global major 
rice cultivating regions (Fig. 1). The results indicated sig-
nificant (p < 0.05) negative impacts of warming, with whole 
rice (WR, whole rice sample, including indica, japonica and 
hybrid rice, same as below) yield loss of 3.11% per unit 
increase in temperature (°C) (Fig. 2a). Rainfall and CO2 had 
significant positive effects on WR yield, which increases by 
0.21% and 0.04%, respectively (Fig. 2b and c). The marginal 
effect of warming on WR yield was much higher than that 
of elevated CO2. At the same time, the interaction between 

(3)
s.t. �

T
T
k
+ �

P
P
k
+ �

C
C
k
+ �

TC
T
k
C
k

+ �
V
V
k
+ �

F
F
k
+ �

I
I
k
+ �

D
D

k
= Y

k

(4)
∑

k

Y = Ygoal

(5)V
k
= 0 or 1
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temperature and CO2 concentration on WR yields was sig-
nificantly negative, which indicated the positive effect of 
CO2 on yield may partly be offset by an increase in tempera-
ture (Fig. 2d). The overall sensitivity of WR yield to a one-
unit increase in one of the factors taken individually is con-
sistent with other studies (Challinor et al. 2014; Makowski 
et al. 2020). The sample of each rice cultivar also had affect-
ing factors that were significant but not generalizable. The 
temperature rise was significantly and negatively correlated 
with yield in Indica, Japonica, and Hybrid rice, but at vary-
ing magnitudes (Fig. 2a). Japonica rice yield decreased by 
5.57% per one unit of increase in temperature (℃) and was 
lower than the other two rice varieties, implying that this 
variety is more vulnerable to climate warming. Rainfall and 
CO2 were significant factors for Indica rice and were posi-
tively correlated with yield, achieving increases of 0.24% 
and 0.03%, respectively (Fig. 2b and c).

Agronomic adaptation strategies (changing varieties, 
adjusting fertilization and irrigation, as well as altering 
planting dates) had strong effects on rice yield (Fig. 2e–h 
and Supplementary Tables 2, 3, 4). Changing varieties 
increased WR yield significantly by 15.93% compared to 

no variety change. Adding fertilizer and irrigation signifi-
cantly and positively affected WR yield. However, the mar-
ginal effect of fertilizer addition on WR yield was lower 
than that of irrigation. WR yield increased by 0.04% for 
each additional 1% of fertilizer. Early planting had a sig-
nificantly positive impact on WR yield, which increased by 
0.16% per day of advanced planting. The effects of agro-
nomic adaptation strategies were slightly different among 
rice varieties, where the absence of a significant adaptation 
effect was probably at least partly caused by limited data 
availability. Changing varieties had a significantly posi-
tive effect on three rice varieties compared to not changing 
varieties. Hybrid varieties generally showed a greater yield 
response to changing varieties than the other two rice varie-
ties; yield significantly increased by 22.95% (Fig. 2e). The 
impact estimate of increasing fertilization was only positive 
for Japonica and Hybrid rice with rice yield increases of 
0.04% and 0.06%, respectively (Fig. 2f). Increasing irriga-
tion only had a significantly positive effect on Indica yield 
(Fig. 2g). Early planting is the most effective option for 
both Indica and Hybrid rice, and yields will increase by 
0.12% and 0.22%, respectively (Fig. 2h). It is worth noting 

Fig. 2   Percentage changes in 
rice yield in response to climate 
change (a–d) and various 
agronomic adaptation strategies 
(e–h). a–c yield changes (%) 
with increasing temperature 
(a), increasing rainfall (b), and 
elevated CO2 concentration (c); 
d yield change (%) in response 
to interactions of increased 
temperature with increased CO2 
concentration (d); e–h yield 
changes (%) with changing vari-
eties (e), increasing fertilizer (f), 
increasing irrigation (g), and 
advancing planting (h). Values 
are means (hollow symbol) with 
± 95% confidence intervals 
(thick lines). Parameter value, 
the numbers of observations and 
p-values are shown in brackets. 
The square, circle, diamond, 
and star symbols represent 
whole rice, Indica, Japonica, 
and Hybrid rice, respectively, 
the colors of which are orange, 
green, blue, and purple, respec-
tively.
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that changing varieties was the most effective agronomic 
adaptation strategy distinguished in the study, followed by 
increased irrigation. These results also inferred that chang-
ing the variety to adapt to climate change was a better oppor-
tunity, as it was effective for all three rice varieties.

3.2 � Impacts of projected climate change on global 
rice yield

Predicted future climate changes might further aggra-
vate climate risks to rice yield. Global average WR yield 
showed a continuously decreasing trend from the base-
line period (2015–2020) to medium-term periods (the 
2020s, 2030s, and 2040s) in all scenarios (Fig. 3). The 
projections indicate an overall negative effect of cli-
mate change on rice yield, with a projected decrease of 
average WR yield of 0.10% (for the 2020s, SSP3-7.0) 
and 2.11% (for the 2040s, SSP5-8.5) from the baseline 
period. The decrease in global average WR yields will 
become noticeable by the 2030s and further intensify by 
the 2040s, in particular under SSP5-8.5. These findings 
indicate that climate change, i.e., the inclusion of tem-
perature, rainfall, and CO2 effects, decreased average WR 
yield by 0.10% (average rice yield of 5322 kg/ha under 
future climate change), 0.79% (5266 kg/ha), and 1.75% 
(5227 kg/ha) in the 2020s, 2030s, and 2040s, respectively, 
under the SSP3-7.0 scenario. The projected increase in 
rainfall and CO2 fertilizer effect partially compensated 
(but did not fully offset) the negative impacts of rising 
temperature on WR yields. The decrease in average WR 

yield is substantial under SSP5-8.5 (from −0.41% (5320 
kg/ha) to −2.11% (5216 kg/ha) relative to baseline cli-
mate) compared to SSP2-4.5 (from −0.50% (5321 kg/ha) 
to −1.72% (5226 kg/ha)) and SSP3-7.0 (from −0.10% 
(5322 kg/ha) to −1.75% (5227 kg/ha)). The primary fac-
tor that aggravates the yield reduction is the higher tem-
perature (Fig. 2a). These changes reflect further losses 
in WR yield in northern temperate regions (southern 
China, northern India, and Europe) and tropical regions 
(sub-Saharan Africa and southern Brazil). For example, 
WR yields in India, China, and Brazil are projected to 
decrease by 2.05% (3559 kg/ha), 2.50% (8305 kg/ha), 
and 3.62% (4862 kg/ha), respectively, by the 2040s under 
SSP5-8.5. Given that these countries alone account for 
the majority of global rice production, such synchronized 
production shocks are likely to tremendously impact 
global cereal markets.

The spatial heterogeneity of the effects of climate change 
on rice yield was related to rice varieties. The average yields 
of Indica, Japonica, and Hybrid rice consistently show 
negative changes compared with the baseline period in all 
scenarios (Supplementary Fig. 2 and 3). The results indi-
cate markedly more pessimistic yield responses for Japon-
ica, with the yield reduction of 5.26% (6801 kg/ha) in the 
2040s under the SSP5-8.5 scenario, followed by Hybrid and 
Indica rice, with yield reductions of 2.35% (5185 kg/ha) 
and 2.24% (3646 kg/ha), respectively. The main contribut-
ing factor to inter-cultivar difference is the higher marginal 
effect of warming for Japonica. Compared to the tropical 
Indica planting region, the “emergence” of negative climate 

Fig. 3   Projected rice yields compared with the baseline (2015–2020) in the 2020s, 2030s, and 2040s under SSP2-4.5, SSP3-7.0, and SSP5-8.5.
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impacts occurs earlier for most temperate Japonica plant-
ing regions (before 2030). The gap between the magnitude 
of yield loss of Japonica and Indica rice widened signifi-
cantly from the 2030s onwards. The results indicate that 
the average yield of temperate Japonica planting regions 
and tropical Indica planting regions decreased by 1.03% 
(7134 kg/ha) and 0.41% (3673 kg/ha), respectively, in the 
2020s under the SSP5-8.5 scenario, while it decreased by 
2.35% (6994 kg/ha) and 1.13% (3625 kg/ha), respectively, 
in the 2030s. Similarly, Japonica rice is likely to experience 
a stronger reduction than Hybrid rice in the same regions, 
assuming that Hybrid rice achieves global extension of cul-
tivation. The average yield of Hybrid rice will decrease by 
0.49% (5283 kg/ha) in the 2030s under the SSP5-8.5 sce-
nario. Similarly, Indica rice is more vulnerable to climate 
change compared to Hybrid rice. These findings suggest 
that in the future, with increasing temperatures, Hybrid rice 
will become an increasingly attractive option, which also 
implies that greater rice diversity will be beneficial to find-
ing suitable varieties to cope with climate change.

3.3 � Agronomic adaptation strategies required 
for improving global rice resilience

Changing varieties will be required in most rice cultivation 
areas to combat the negative effects of climate change. The 
global WR planting grids requiring a change of varieties 
are projected to continuously expand to mitigate the shock 
of climate change on WR yield from the baseline period 
to medium-term periods (Fig. 4a). 49.31%, 75.23%, and 
90.79% of current rice planting grids would be required to 
change varieties until the 2020s, 2030s, and 2040s, respec-
tively, under the SSP3-7.0 scenario. Expanding regions 
are mainly located in globally important rice production 
regions, such as southern India, sub-Saharan Africa, and 
Brazil. These regions start to be negatively affected by cli-
mate change from the 2030s onwards (Fig. 3). For different 
rice varieties, regions are affected differently. Japonica and 
Indica rice require a higher level of adaptation strategies 
compared with Hybrid rice (Supplementary Figs. 4 and 8). 
The results show that almost all temperate Japonica plant-
ing grids and Indica rice planting grids will need to change 
varieties by the 2040s under the SSP3-7.0 scenario. The 
climate-induced yield response for Japonica rice and Indica 
rice is markedly more pessimistic compared to Hybrid rice. 
In contrast, changing varieties is more urgent for Japonica 
rice and Indica rice to adapt to climate change.

Adaptation to climate change will require an increase in 
fertilization and irrigation in the future. The results indicate 
that fertilizer and irrigation would continue to increase to 
improve climate resilience in three future stages in all sce-
narios (Fig. 4b and c). The average fertilizer application is 
projected to increase by 8.98%, 20.17%, and 51.22% by the 

2020s, 2030s, and 2040s, respectively, under the SSP5-8.5 
scenario, which would offset 0.41%, 0.86%, and 2.11% of 
the loss of the average rice yields due to climate change in 
the future, respectively. Because the marginal effect of irri-
gation on WR yield is greater than that of fertilization, the 
increase in irrigation was much lower than that of fertiliza-
tion (Fig. 2e and Supplementary Fig. 5, 6, and 9). The aver-
age irrigation consumption would increase by 1.5%, 3.36%, 
and 8.54% by the 2020s, 2030s, and 2040s, respectively, 
under the SSP5-8.5 scenario. Although irrigation is more 
efficient in increasing rice yield, it may be limited by the cost 
and availability of water resources, especially in developing 
countries. Major rice-producing countries such as Pakistan, 
Brazil, Bangladesh, and China projected increased ferti-
lizer application by 97.47%, 90.56%, 86.72%, and 62.69%, 
respectively. Increased fertilizer application for climate 
change adaptation will result in a 3.37% increasing in aver-
age rice yields and offset the negative impacts of future 
climate change. These values exceed the global average in 
the 2040s under the SSP5-8.5 scenario. Irrigation strate-
gies exhibited similar spatial heterogeneity. Notably, the 
increase of fertilizer application for Japonica rice is 130.75% 
in the 2040s under the SSP5-8.5 scenario (Supplementary 
Fig. 5), which is approximately three times higher than that 
of Hybrid rice (Supplementary Fig. 9). It can be concluded 
that Japonica rice requires a higher amount of fertilization 
to adapt to climate change as it is more sensitive to climate 
change. Overall, adaptation to climate change through more 
input and resources may be accompanied by exacerbating 
trade-offs between rice yield and the environment.

Early planting could effectively mitigate the negative 
impacts of climate change on rice yield. The planting dates 
are projected to advance by 3, 5, and 13 days on average 
relative to the original baseline planting dates in the 2020s, 
2030s, and 2040s, respectively, under the SSP5-8.5 scenario 
(Fig. 4d). Globally important rice production regions (i.e., 
China, India, and Brazil) are predicted to alter planting dates 
to earlier dates compared to the global average for SSP5-
8.5. Even under the low warming scenario of SSP2-4.5, an 
advance of 11 days on average of the rice planting date will 
be required in the 2040s, mainly covering parts of India and 
parts of West Africa. It is worth noting that the average days 
of advance sowing are earlier for Indica rice compared to 
Hybrid rice. For example, Indica rice and Hybrid rice will 
advance by 16 and 5 days, respectively, in the 2040s under 
the SSP3-7.0 scenario (Supplementary Fig. 7 and 10). The 
main explanation is that the early planting strategy of Hybrid 
rice is more effective than in Indica rice. The results also 
indicate that in regions such as Southeast Asia and Sub-Saha-
ran Africa, Indica rice planting dates are even more advanced 
than those of Hybrid rice. Therefore, it can be inferred that 
altering planting dates coupled with choosing more suitable 
varieties is conducive to improving global rice resilience.
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Combining all agronomic adaptation strategies consid-
ered in this study can improve global rice resilience with-
out worsening the environmental boundaries of nitrogen 
and water resources. The results of the optimized combi-
nation of adaptation strategies are displayed in Supple-
mentary Fig. 14. Changing varieties coupled with altering 
planting dates can achieve a 10% increase in global WR 
yield while reducing fertilizer by 50% and irrigation by 
40%. For instance, almost all global WR planting grids 
need to change varieties in the 2040s under the SSP5-8.5 
scenario, and portions of regions require earlier plant-
ing. It is worth noting that certain regions exhibit delayed 
planting, mainly as they are relatively less negatively 
affected by climate change, and under these conditions, 
the target of increasing yield is already exceeded by only 
changing varieties. This situation becomes more apparent 
in the 2020s and 2030s, implying that a combination of 
changing varieties and early planting would likely pro-
duce strong co-benefits. By and large, Indica rice follows 
a similar pattern of adaptation strategy combinations (Sup-
plementary Fig. 11). However, the optimized combina-
tion of adaptation strategies adopted by Hybrid rice is not 
consistent with Indica rice. The results suggest that for 
Hybrid rice, altering planting dates or changing varieties 
can improve climate resilience in conditions of reduced 
fertilization and irrigation (Supplementary Figs. 12 and 
13). The main explanation is that these two adaptation 

strategies for Hybrid rice are more effective than for Indica 
rice, especially for changing varieties.

4 � Discussion

4.1 � Climate change will inevitably challenge future 
rice yield

Overall, future climate risks to rice yields will exacerbate. 
Rice yields show a significant reduction under future time 
periods. The yields are expected to be decreased by 0.41%, 
0.86%, and 2.11% in the 2020s, 2030s, and 2040s, respec-
tively, compared to the baseline yield under the SSP5-8.5 sce-
nario (Fig. 3). A projected increase in temperature relative to 
the baseline period could be the contributing major factor to 
lower yield, which affects rice yield by reducing grain-filling 
duration and enhancing respiration losses (Shrestha 2014; 
Wang et al. 2015). Moreover, higher temperatures enhance 
evapotranspiration, which increases evaporative demand. 
Because of the shift in precipitation pattern, the required water 
remains unmet, and therefore, the yield decreases (Shrestha 
2014; Deb et al. 2016a, b). The results indicate that the global 
average WR yield decline is higher in the SSP5-8.5 scenario 
than in the SSP2-4.5 scenario, despite the higher CO2 concen-
tration (Fig. 3). The potential beneficial effect of elevated CO2 
levels on rice yield has been well-documented (Lobell et al. 

Fig. 4   Changing varieties (a), adjusting fertilization (b), adjusting irrigation (c), and altering planting date (d) compared with the baseline 
(2015–2020) in the 2020s, 2030s, and 2040s under SSP2-4.5, SSP3-7.0, and SSP5-8.5.
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2011; Venkateswarlu and Rao 2013), but the CO2 fertilization 
effect on rice yield was not sufficient to offset the adverse 
effect of warming (Satapathy et al. 2014a, b; Wang et al. 2015; 
Singh et al. 2019). Substantial differences were found in the 
sensitivity of rice varieties to climate change, suggesting that 
climate change impact assessment without considering varie-
ties’ adaptability may result in biased estimations (Shew et al. 
2020). For example, Japonica rice has a markedly more pes-
simistic yield projection, with a decrease exceeding −5.26% 
in the 2040s under the SSP5-8.5 scenario, followed by Hybrid 
and Indica rice exceeding −2.35% and −2.24%, respectively. 
It is noteworthy that our study primarily focuses on the overall 
impact of general climate factors such as temperature, precipi-
tation, and carbon dioxide on rice yield. However, an increas-
ing number of researches have revealed that extreme climates 
such as droughts cause significant and timely damage to crop 
production and food system infrastructure (Lesk et al. 2016). 
Kang et al. (2021) indicated that considerable decreases in 
rice yield up to 1.5 tons/ha in the Vietnam Central High Plain 
region could be expected resulting from reduced precipitation 
by about 34% during drought years. With climate extremes 
expected to become more common in the future (Battisti 
and Naylor 2009), further research on the impacts of climate 
extremes on crop production will help to design effective 
interventions.

Climate change is predicted to affect rice yield differ-
ently depending on the region. Major high-value regions of 
declining WR yields are projected to be concentrated in large 
global rice production and trading countries, such as India, 
China, and Brazil. Synchronized production shocks among 
these large trading countries will directly impact urban con-
sumers, grain producers, as well as poor households that will 
have to spend a large share of their income on staple foods 
(Tigchelaar et al. 2018). These findings highlight challenges 
for rice system adaptation faced by climate change. Without 
specific climate agronomic adaptation strategies to improve 
rice climate resilience, there may be little opportunity to 
increase rice yield and stabilize food markets in the face of 
projected yield declines. Climate adaptation is thus a high 
priority, yet an unattained goal in rice production.

4.2 � Urgency and large opportunities for climate 
adaptation in rice variety diversity

Promoting the diversity of varieties for enhanced climatic 
resilience of the rice systems is paramount. Variety diver-
sification (i.e., substituting one variety for another) can be 
a rational and cost-effective way to increase the resilience 
of the agricultural system under climate change (Lin 2011). 
The results of this study indicate that 49%, 75%, and 90% 
of the current rice planting grids would require a change 
of varieties until the 2020s, 2030s, and 2040s, respectively, 
under the SSP3-7.0 scenario. The urgency of variety change 

adaptation would be further exacerbated under the SSP5-8.5 
scenario. In addition, we further comprehensively analyze 
the impact of varying degrees of rice variety change due to 
genetic gain on rice yield losses in the next three decades. 
When only 20% of the rice planting areas change varieties, 
rice yield losses caused by climate change will be reduced 
by 0.24 to 49.86%. With further increases to 50 and 75% of 
rice planting areas, the rice yield losses are reduced by 19.15 
to 80.84% and 50.14 to 93.24%, respectively. Shifting to 
100% variety change across the entire region is expected to 
result in increased yields, as our findings indicate that chang-
ing varieties in 90% of the region is already fully mitigating 
the rice yield losses induced by climate change. The findings 
that climate change impacts rice yields and the urgency of 
adapting by changing varieties are consistent with the recent 
findings of Zhang et al (2022). Zhang et al. (2022) showed 
that the current Chinese single rice would require a change 
of varieties in approximately 80% of cropping areas before 
the 2040s under RCP4.5, and variety adaptation is even more 
urgent under RCP8.5. Warming will accelerate rice growth 
and increase the risk of heat stress, but there is variability 
in the response of different rice varieties to climate change 
(Supplementary Fig. 2 and 3). It is beneficial to select varie-
ties with climatic advantages for adaptation as various rice 
varieties have different climatic resilience. The introduc-
tion of short-duration crop varieties and planting early/late-
maturing varieties may help curtail the adverse impacts of 
climate risk (Sonune and Mane 2018). Similarly, adopting 
heat-tolerant varieties can address the issue of excess heat 
(Aryal et al. 2020). However, the potential for crop diver-
sity adaptation depends on the varieties that will become 
available in the future. Previous studies have shown that for 
low levels of warming such as in SSP1-2.6, 85% of global 
cropland areas can be supplied with adapted varieties from 
the pool of currently existing varieties. However, 39% of 
global cropland areas will require new varieties for SSP5-
8.5 by the end of the century (Zabel et al. 2021). For these 
areas, region-specific breeding efforts are required to allow 
for a successful adaptation to climate change (Challinor et al. 
2016). The results indicate that under the SSP5-8.5 scenario, 
the most important rice production regions in India and 
China would suffer severe yield losses (Fig. 3). However, 
Zabel et al. (2021) indicated that for rice, the most important 
production regions in India and China could still use exist-
ing varieties for adaptation in the future. The results suggest 
that variety adaptation is a large opportunity for mitigating 
climatic risks in rice production.

4.3 � Optimized planting dates effectively improve 
global rice resilience

Future climate change inevitably reduces rice yields (Fig. 3). 
Altering planting dates is considered a useful strategy to adapt 
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to changing climatic conditions (Ding et al. 2020). The results 
suggest that early planting under future climate scenarios can 
offset the negative effects of climate change. The average 
planting dates are projected to advance by 3, 5, and 13 days 
relative to the original baseline planting dates in the 2020s, 
2030s, and 2040s, respectively, under the SSP5-8.5 scenario 
(Fig. 4d and Supplementary Fig. 7). This can be attributed to 
the matching between altered planting dates and rice-growing 
periods with the temporal patterns of climate change. Light, 
heat, and other conditions can then be better utilized, thereby 
avoiding yield reduction caused by climate risks (Dharmar-
athna et al. 2014a, b; Rajwade et al. 2018a, b). In fact, farmers 
can lower the negative impact of changing climate on crop 
yields by altering the planting dates to more favorable weather 
conditions, thereby improving rice production resilience. This 
strategy is already implemented across many regions. Previ-
ous studies indicated that 16% of more than 8000 households 
in 11 African countries (Hassan and Nhemachena 2008) and 
5% of surveyed farmers in the Nile Basin of Ethiopia (Deressa 
et al. 2009)shift their planting dates to match delayed or early 
rainfall. However, the adaptation effectiveness of altering 
planting dates on yield was related to rice varieties. Rice cul-
tivar variability for the effectiveness of altering planting dates 
was further investigated, and Hybrid rice was found to benefit 
more from earlier planting dates (Supplementary Fig. 7 and 
10). It can be inferred that altering planting dates coupled 
with choosing suitable varieties is more conducive to adapting 
to climate change, which is consistent with previous studies. 
Ding et al. (2020) showed that for single rice in northeastern 
China and the Yunnan-Guizhou plateau, although early plant-
ing slowed the development rate and benefited rice yields, the 
rice growth duration was still shorter than the baseline period. 
Therefore, varieties with longer maturity should be adopted 
simultaneously to adapt to climate change.

4.4 � More efficient ways are needed to compensate 
for increases in fertilization and irrigation 
requirements

Agricultural practices (e.g., adjusting nutrient management 
and changing irrigation) provide the opportunity to offset the 
negative impacts of climatic changes (Shrestha and Trang 
2015a, b; Li and Troy 2018; Shabbir et al. 2020). The results 
of this study suggest that increasing fertilizer and irrigation 
can eliminate yield loss to enhance rice climate resilience 
by increasing rice productivity. It is worth noting that cer-
tain regions will require more fertilization and irrigation 
than the global average (Fig. 4b). For example, major rice-
producing countries such as Pakistan, Brazil, Bangladesh, 
and China were projected to increase in fertilizer application 
by 97.47%, 90.56%, 86.72%, and 62.69%, respectively, in 
the 2040s under the SSP5-8.5 scenario. However, rice yield 
cannot be easily increased by more fertilization or irrigation 

in areas such as South Asia, where shortages of water and 
nutrients are the main limitations in rice production (Lobell 
et al. 2008). At the same time, fertilizer applications with 
excess nitrogen may lead to nutrient leaching, as well as 
increased greenhouse gas emissions, which may damage 
aquatic ecosystems and groundwater supplies (Millar et al. 
2018). Excessive irrigation can also exacerbate water scar-
city. This will exceed the environmental planetary bound-
aries, which is a safe operating space for humanity (Stef-
fen et al. 2015; Conijn et al. 2018). Therefore, the use of 
fertilizer and irrigation can be improved by more efficient 
methods, such as replacing nitrogenous fertilizer with green 
manure, precision irrigation, rainwater collection, and a 
system of rice intensification. Water harvesting, an age-old 
practice of collecting rainwater in India, is another poten-
tial way to manage irrigation water deficit across seasons 
(Singh et al. 2018). The system of rice intensification has 
been reported to increase crop yield by more than 10% with 
less water consumption (i.e., 25–47% less water) in India, 
China (Wu et al. 2015), and Nepal (Reeves et al. 2016), com-
pared to the traditional rice system. In addition, the results 
of this study show that changing varieties coupled with 
altering planting dates can achieve a 10% increase in global 
WR yield in conditions of fertilizer reduction by 50% and 
irrigation reduction by 40% (Supplementary Fig. 14). These 
results further highlight that the appropriate combination of 
all available adaptation strategies would allow improving 
rice climate resilience without worsening the environmental 
boundaries of nitrogen and water resources.

5 � Conclusions

Developing effective agronomic adaptation strategies is par-
amount in safeguarding the global rice supply against the 
challenges posed by climate change. Our research initiates 
a novel approach to crafting agronomic strategies aimed at 
bolstering the resilience of rice production in the context of 
climate change. In addition, our study refines different rice 
varieties, which provides new knowledge for the adaptive 
management of rice production. Results from our research 
form a basis for a better understanding of rice climate resil-
ience and agronomic adaptation strategies. Overall, warm-
ing emerges as a primary concern, exerting a substantial 
negative marginal impact of −3.11% on WR yield. While 
elevated CO2 and increased precipitation show marginal 
positive effects of 0.04% and 0.21%, respectively, these 
alone cannot fully counterbalance the adverse effects of 
warming. Among the identified adaptation strategies, chang-
ing rice varieties stands out as the most impactful, with a 
remarkable marginal effect of 15.93% on WR yield. This 
suggests that breeding and adopting rice varieties resilient to 
changing climatic conditions can significantly contribute to 
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maintaining or even enhancing yields in the face of climate 
challenges. The nuanced results across three rice varieties 
(Indica, Japonica, and Hybrid rice) emphasize the need for 
tailored adaptation strategies based on the characteristics 
and resilience of each variety. A one-size-fits-all approach 
may not suffice, and specific measures must be considered 
for different rice types to optimize their response to chang-
ing climatic conditions. In the absence of adaptation strate-
gies, future climate changes might further aggravate climate 
risks to rice yield. To offset WR yield losses from future 
climate change, large rice planting areas will need to change 
varieties, increase fertilizer and irrigation inputs, or advance 
planting. This analysis further highlights that the appropri-
ate combination of four adaptation strategies can tackle the 
negative impacts of climate change without worsening the 
environmental boundaries of nitrogen and water resources. 
To meet the food demands of an estimated 9.7 billion peo-
ple by 2100, further research is imperative. Future studies 
should delve deeper into understanding rice yield responses 
to climate change and explore adaptive options to enhance 
the resilience of rice to evolving climatic conditions. This 
comprehensive approach will contribute to a more sustain-
able and resilient global rice production system.
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