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Introduction

Wheat in South Asia faces multiple climatic stresses. This study systematically reviews the effects of these hazards on wheat and identifies adaptation options to reduce their impact on productivity.





Methods

Literature searches were conducted using academic databases such as Scopus and Web of Science, along with South Asian sources. The Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) statement was followed for quantitative synthesis of the literature.





Results and discussion

Bibliometric analysis of the studies revealed that, heat stress and water stress are major climatic hazard affecting wheat crop of this region. The terminal heat stress was also highlighted in recent publications. Meta-analysis of the extracted data (401 data points) from selected publications (57 papers) provided new evidence on the suitability of different adaptation options under heat and water stress condition in different agroecological regions of South Asia. It was observed that under heat stress condition, adoption of heat tolerant varieties, early sowing and conservation agriculture (CA) practices increased the yield by 13.2%, 16.3% and 8.6%, respectively. Under water stress, yield improvement was 24.7% with growing drought tolerant varieties, 37.8% with CA practices and 13.7% with application of additional irrigation. The overall effectiveness of growing heat and drought tolerant varieties across agroecological zones followed the order CWZ > NEPZ > PZ > NWPZ. The CWZ and NEPZ exhibited the greatest yield gains, driven by the strong positive response to heat-tolerant varieties. In case of early sowing by 7-10 days, the effectiveness will follow the order NEPZ > NWPZ > CWZ. Overall, these findings highlight the importance of considering regional climatic conditions when designing adaptation strategies to enhance wheat productivity under rising temperatures.





Keywords: adaptation options, climate change, heat stress, systematic literature review, water stress, wheat



[image: Flowchart illustrating climatic stresses and wheat research in South Asia. On the left, a map shows wheat zones: NWPZ, CWZ, NEPZ, and PZ with respective areas in million hectares. The center features a PRISMA flowchart for data collection, showing stages of identification, screening, and inclusion of publications. On the right, a meta-analysis graph displays the effects of different technologies on wheat stress types, with percentage change shown for heat and water stress.]
Graphical Abstract | 






Introduction

Climate change poses significant challenges to the agriculture sector, affecting crop production and thereby having a significant impact on global food security (Vervoort et al., 2014). The Intergovernmental Panel on Climate Change (IPCC) reiterated that global average surface temperature during the period of 2011 to 2020 was 1.09 °C higher than that of 1850 to 1900, and 0.19 °C higher than that of 2003 to 2012 (IPCC, 2019). South Asia (SA), as defined in this study, includes Afghanistan, Bangladesh, Bhutan, India, Maldives, Nepal, Pakistan, and Sri Lanka. The region is characterized by diverse agroecological zones, monsoon dependent climate, and a high dependence on agriculture for livelihoods. South Asia is home to one-fourth of the global population and it will grow to 40% by the year 2050 (World Health Organization (WHO), 2020). Climate change and climatic variability poses serious challenges to South Asian agriculture (Aryal et al., 2020). Wheat is a staple food crop contributing to around 20% of the calories and protein intake of human beings of South Asia (Khan et al., 2023). Wheat crop, grown on more than 13.9 million hectares area in South Asian region including rice-wheat and cotton-wheat cropping systems, experience heat stress (Asseng et al., 2015). Wheat is highly climate sensitive crop and the growth and developmental stages of wheat are affected by temperature (Dubey et al., 2019). Potential yields in wheat are constrained by abiotic stresses which includes terminal heat stress, water scarcity, lodging, and salt stress. Increasing temperature will have detrimental effect wheat yields in tropical regions of South Asia where the crop is already cultivated near its temperature tolerance threshold (Kelkar and Bhadwal, 2007). Besides this, wheat will face the more serious consequences due to the occurrence of short episodes of extremely high temperatures in future (Dubey et al., 2020). In South Asia, major wheat-growing nations include India, Pakistan, Nepal, and Bangladesh, where wheat sowing is often delayed due to the late harvesting of preceding crops such as rice and cotton (Nawaz et al., 2019; Rehman et al., 2021). Spring wheat of South Asia is sown in the months of November and December and harvested during April. The crop has temperature requirement of 12 to 22 °C particularly during anthesis and grain filling stages. Higher temperatures above 31 °C in late-sown wheat adversely affect various physiological processes, resulting in a reduced crop growth period and lower yield (Shah et al., 2016). According to Dubey et al. (2020), terminal heat stress in wheat occurs when mean temperature during grain filling stage goes above 31 °C. Drought stress also affects different physiological and biochemical processes in wheat crop resulting in reduced yield (Akhtar et al., 2021). It affects the assimilate transport, causes reduced leaf area and stomatal closure, and under severe water stress shortens life cycle of the crop (Dar et al., 2020; Ostmeyer et al., 2020). While more than 85% of the wheat area in South Asia is irrigated (Kumar and Rai, 2014), drought stress continues to pose a major challenge. Declining groundwater tables, increasing competition for irrigation water, and reduced water-use efficiency under rising temperatures are making irrigation less reliable.

A simulation study conducted by Kumar et al. (2014) showed that, in India, climate change will reduce wheat yield by 6 - 23% by 2050 and 15 - 25% by 2080. Similarly in Pakistan, yield reduction in non-heat-resistant wheat varieties could go up to 6-13% in future (50 years) compared to the last 40 years (Ishtiaq et al., 2022).

Developing effective adaptation strategies can help mitigate or even prevent some of the adverse effects of climate change on wheat crop. Adaptation to climate change refers to actions undertaken to reduce vulnerability and enhance the resilience of a system (Aryal et al., 2020). In the South Asian region, farmers employ various management practices to adapt to the changing climate. The prevailing agricultural management practices in a region can be optimized and scaled up as suitable adaptation options (Aryal et al., 2020). Hence, there is a need to identify effective adaptation strategies to mitigate the adverse impacts of climate change on wheat yield in the SA region (Hernandez-Ochoa et al., 2019).

In recent years, the scientific community has increasingly undertaken multidisciplinary studies to address the impacts of climate change on agriculture. Numerous studies have examined the effects of climate change on wheat production in various South Asian countries, such as India (Bhatia et al., 2010; Chakrabarti et al., 2021; Devate et al., 2022; Dubey et al., 2020; Jat et al., 2018; Khan et al., 2023; Kumari et al., 2013), Pakistan, (Ishtiaq et al., 2022; Rehman et al., 2021; Jatoi et al., 2021; Sohail et al., 2020) and Bangladesh (Mahfuz Bazzaz et al., 2019; Pal et al., 2022). In recent years, meta-analysis has emerged as a widely used approach for synthesizing individual studies and drawing conclusions about the effects of specific treatments (Sharma et al., 2019). SLR and meta-analysis tools have been employed in agricultural research also to analyze and integrate data (Philibert et al., 2012; Makowski et al., 2019). A meta-analysis conducted by Challinor et al. (2014) on global wheat adaptation to the changing climate, suggested that adaptation strategies can contribute to yield increase in wheat by 7-15% in future climate. But it was done using global datasets and did not focus on the different agroecological zones (AEZs) of South Asia.

Some efforts have been made by a few researchers to systematically review the impact of climate change on agriculture in South Asia and India (Aryal et al., 2020; Datta et al., 2022; Li et al., 2024). Most of them have provided broad regional assessments without focusing on a specific cereal crop like wheat. Besides this, the suitability of different adaptation options in different agroecological zones of SA was not analyzed. This lack of granularity limits the applicability of their findings for local-scale adaptation planning. The present study addresses this gap by conducting a crop-specific and agroecological zone-wise bibliometric analysis followed by meta-analysis to identify climate hazards and suitable adaptation options in wheat across South Asia. The bibliometric analysis was conducted to systematically map research trends and research hotspots related to climate change impacts and adaptation in wheat. Insights from this analysis helped identify knowledge gaps, which guided the selection and focus of data extraction for the subsequent meta-analysis. This study is the first attempt to systematically review the literature on climate change and wheat in South Asia. It synthesizes fragmented research into a comprehensive, agroecological zone–wise assessment that provides actionable insights for enhancing climate resilience in agriculture.





Materials and methods



Literature collection

The systematic literature review (SLR) is a method for identifying, analyzing, and interpreting relevant studies related to a specific research question of interest (Kitchenham and Charters, 2007). Considering the extensive body of research on climate change and wheat, bibliometric analyses of published studies can help identify research trends, gaps, and future research needs in this area. In the present study, SLR was conducted to address the research question: “How is climate change impacting wheat, and what adaptation strategies can be implemented across various agroecological regions of South Asia?” The data for SLR was collected using academic databases like Scopus, Web of Science, as well as local literature from India, Pakistan and Bangladesh. The keywords used were grouped in four different categories i.e. climatic phenomenon/hazards, effect of climatic hazards/risk, Adaptation options/practices and geographical region. The chosen keywords were searched in the abstract, and the title of the publications. The PRISMA statement was followed (Moher et al., 2009), and a quantitative synthesis of the literature was conducted (Figure 1). A total of 1,766 articles were identified, of which 263 were from Scopus, 148 from Web of Science, and 1,355 from local literature. After removing duplicate publications, 1,680 articles were used for further analysis.

[image: Flowchart depicting the selection process of publications. Identification shows 1766 publications found: 148 from WoS, 263 from Scopus, 1355 from local literature. After removing 86 duplicates, 1680 were screened. Exclusions: 1109 abstracts only, 571 to bibliometric analysis. Further exclusions: 10 not focused on climate change/adaptation, 443 did not include adaptation options, 15 general reviews, 34 unavailable full papers, 12 lacking yield data. Meta-analysis included 57.]
Figure 1 | PRISMA flow chart of the search of literature related to effect of climate change on wheat crop.





Bibliometric analysis

Bibliometric analysis is a quantifiable research methodology to understand the trends and patterns in published literature by using variety of bibliometric indicators, like journal impact factors, authorship, co-authorship, as well as citation counts (Donthu et al., 2021). Out of the total 1680 abstracts, 1109 were not having full length manuscript, hence they were discarded and remaining 571 articles published were used for the bibliometric analysis (Figure 1). The present study focused on year-wise trends in publication counts, trending keywords, climatic hazards, adaptation options used, and sub-regions of study in South Asia. The retrieved records were analyzed using R software (R 4.4.1) to determine year-wise publication trends, trending topics, and adaptation options for specific climatic hazards.





Meta-analysis

In recent years, meta-analysis has become a popular approach in agricultural research, to find the effectiveness of management options on crop productivity by combining results from different individual studies. In the present research, the 571 publications used for bibliometric analysis, were further screened using different exclusion criteria. Among the 571 publications, ten did not focus on any climatic change or adaptation, while fifteen were general reviews lacking experimental data. Of the remaining studies, 443 examined the impacts of climate change but did not address any adaptation measures to mitigate climatic stresses. For thirty-four papers, full text was unavailable, and twelve articles did not report quantified data on wheat yield (Figure 1). Consequently, the remaining fifty-seven research papers were included in the meta-analysis (Supplementary Table 1). Yield data from these fifty-seven publications were systematically extracted and digitized for analysis.

Data on the study region, hazard type, risk type, study method, number of treatments, number of replicates, reported adaptation options (if any), wheat yield in the control treatment and with adaptation options, and standard deviation were extracted and stored in Excel. Table 1 lists the details about control and adaptation option. The study utilized data, such as treatment means (x¯

), standard deviations (σ), and sample sizes (n) from the experiments. In certain studies, instead of standard deviation, standard error of the mean (σx¯

) and coefficient of variation (CV) were provided. In those cases, σ was calculated using the formulas given below (Equations 1, 2).


Table 1 | Details of adaptation measures used in the meta-analysis.
	Climatic hazard
	Control
	Adaptation measure
	No. of observations



	Heat stress
	Traditional varieties
	Heat tolerant varieties
	216


	Normal sowing date for each AEZ
	Early sowing by 7 to 10 days
	104


	Farmers crop management practices (conventional tillage with no residue retention)
	Conservation agricultural (CA) practices like zero tillage and residue retention
	13


	Water stress
	Traditional varieties
	Drought tolerant varieties
	8


	Farmers crop management practices (conventional tillage with no residue retention)
	Conservation agricultural (CA) practices like zero tillage, residue retention along with drip irrigation
	12


	Standard irrigation practices
	Additional irrigation at grain filling stage
	56







σ=σx¯
*√n

(1)

σ=(CV*x¯
)/100

(2)

The data was then analyzed in R software to determine treatment effects (adaptation options) and forest plot graphs were drawn of individual effect sizes for each study. Effect size was measured as Hedges’ d. A standardized metrics called response ratio (RR) was used to measure the effect of different adaptation option on wheat yield (Qin et al., 2021; Yang et al., 2022). This approach compares the yield obtained with different adaptation options and the conventional farmers’ practices. To enable statistical analysis, RR was converted into its natural logarithm, ln(RR) (Equation 3).

ln(RR)=ln(YieldAdaptation_Technology
YieldConventional

)

(3)

The approach provides a standardized measure of effect size, for comparing yield across different studies and also interprets the result for studying the effectiveness of different adaptation options on wheat yield under different stress conditions. Mean effect size was then converted to percentage change using the below equation (Equation 4).

Percentage conversion=(eMean Effect Size−1)*100

(4)

The data included several observations from the same study creating dependencies among the data points. To address this, a multi-level model was used, incorporating random effects of study IDs and regions which helped in efficiently handling hierarchical structures, providing reliable estimation of the mean effect size and accurately distributing variability across different levels.





Heterogeneity

Heterogeneity represents the variation in effect sizes observed among different studies, which can result from differences in research methodology, sample characteristics, treatment conditions, or environmental influences (Borenstein et al., 2020). To assess the consistency of effect sizes among studies, heterogeneity statistics were calculated using Cochran’s Q test, the I² statistic. The I² statistic quantified the proportion of total variation attributable to true heterogeneity rather than chance, with values of 25%, 50%, and 75% interpreted as low, moderate, and high heterogeneity, respectively (Higgins et al., 2003). The between-study variance (τ²), represent the absolute magnitude of true effect variation across studies. All analyses were conducted separately for heat and water stress conditions, and for key adaptation measures.





Agroecological zones of South Asia

South Asia is classified into different agroecological zones (AEZs) by Köppen and Geiger (1930). Among different AEZs, wheat crop is grown majorly in four different zones, namely, north-western plain zone (NWPZ), central western zone (CWZ), north-eastern plain zone (NEPZ) and peninsular zone (PZ) (Figure 2). Area under wheat is highest (18 Mha) in NWPZ, followed by CWZ (15 Mha), NEPZ (7.2 Mha) and PZ (1.2 Mha). The NWPZ experiences a semi-arid to sub-humid climate, characterized by hot summers, cool winters, and low to moderate rainfall predominantly from the southwest monsoon. The NEPZ has a humid to sub-humid tropical climate, marked by high rainfall, warm summers, and mild winters. The CWZ features a semi-arid to dry sub-humid climate with hot, dry summers and moderate monsoonal rainfall. The PZ has a tropical climate with relatively moderate temperature fluctuations and receives rainfall from both the southwest and northeast monsoons. It experiences mild winters, hot summers, and high humidity, especially in coastal areas. The data reported in the papers were classified based on their applicability in different agro-ecological zones (AEZs) of SA. Information from the publications was obtained for four major AEZs: the NWPZ, NEPZ, CWZ and PZ. The suitability of adaptation options in these zones was further analyzed using the same approach, and forest plots were generated to assess the percentage benefits of the adaptation options across the different AEZs.

[image: Map of South Asia showing four colored agricultural zones with their respective areas in million hectares (Mha): NWPZ (pink) ~18 Mha, CWZ (yellow) ~15 Mha, NEPZ (blue) ~7.2 Mha, PZ (green) ~1.2 Mha.]
Figure 2 | Area under wheat crop in different agroecological zones (AEZ) of South Asia. [NWPZ, North-western plain zone; NEPZ, North-eastern plain zone; CWZ, Central western zone; PZ, Peninsular zone].





Calculation of effectiveness index

The effectiveness of the adaptation technologies in different zones was calculated using the effectiveness index with the following formula (Equation 5):

EI=Yadapt−Ycontrol
Y control



(5)

The maximum and minimum temperatures during the crop growth period were derived from multiple experimental datasets reported in the selected literature. Using this information, the correlation between the Effectiveness Index (EI) and seasonal maximum and minimum temperatures was analyzed across different zones to assess the relationship between temperatures and the effectiveness of the adaptation technology. The Pearson correlation coefficient was used to quantify the relationship between the EI and seasonal maximum and minimum temperatures across agro-ecological zones.






Results



Bibliometric analysis

Number of publications on wheat and climate change increased over the years (Supplementary Figure 1). After year 2005, number of publications gradually increased reaching a peak of 58 in 2022. Figure 3 depicts the different trending topics-such as climate change, heat stress, water stress, adaptation, stress-tolerant varieties, sowing time, conservation agriculture (CA), GHG emissions, C sequestration, modelling, and climate resilience-that were reported in various publications from 2012 to 2022. The graph shows the publication frequency of these topics over time. The most frequently mentioned topics were CA (117 mentions) followed by climate change (92) and heat stress (69) (Figure 3). Although topics like climate change, GHG emission, CA and C sequestration were being prevalent since the beginning of the study period, but the distribution of these topics as shown in Figure 3 reveals that the median publication number is shifted to later years.

[image: Six pie charts and a trend chart depict various climate-related topics. Pie charts show the distribution of themes such as climate change, heat stress, adaptation, climate resilience, conservation agriculture (CA), and modeling, each highlighting specific issues like climate change impacts, terminal heat stress, and climate-smart agriculture. The trend chart shows term frequency over time for topics like water stress, sowing time, and GHG emissions from 2012 to 2022, with varying bubble sizes indicating frequency.]
Figure 3 | Overview of trending topics and key subtopics in literature.





Major stresses

Heat and water stress were identified as the two major climatic hazards affecting wheat in South Asia. Between 2015 and 2021, heat stress was the most frequently reported (69 mentions), followed by water stress (31 mentions). Terminal heat stress was specifically highlighted during 2018-2019. These stresses, particularly when they occur during the reproductive and grain-filling stages, can result in substantial yield losses and reduced grain quality.

Within these broad topics, several related topics with similar meanings were embedded. For example, in the climate change category, two major keywords were “climate change” (83%) and “climate variability” (8%) (Figure 3). Similarly, in the heat stress category, the major keyword was “warming” (42%), followed by “heat stress” (30%) and “terminal heat stress” (15%).





Adaptation options

Adaptation strategies corresponding to these hazards are summarized in Table 1. In case of adaptation category, major keywords were adaptation (57%) and adaptation strategies (8%). The adoption of stress-tolerant varieties, adjusted sowing windows, CA practices, and improved water management has been widely suggested as an effective adaptation strategy. Among different adaptation options, CA had 117 mentions, followed by stress tolerant variety (44 mentions), change in sowing time (20 mentions) and water management (20 mentions). In CA category the main contributing keywords were, residue retention (33%), zero tillage (23%), conservation agriculture (17%), and bed planting (8%).

The distribution of the topics over time showed certain variations, with topics like climate change, adaptation, GHG emission and C sequestration mentioned since 2012 onwards. The term climate resilience was contributed by keywords as, climate resilience (34%), climate smart agriculture (33%) and climate resilient agriculture (22%). The contemporary topic of climate resilience got attention during the period 2019 to 2022 showing that the concept was introduced later. Stress tolerant variety was mentioned since 2013 to 2020, while change in sowing time during the period of 2015 to 2022 and CA from 2015 to 2021. Research publications involving modelling study, had 35 mentions and were distributed over the period of 2018 to 2022. Publications on modelling comprised keywords like, crop model (54%), DSSAT model (9%) and climate and crop modelling (8%).





Country-wise distribution

Among the different countries of SA, India shared the highest percentage of the studies (57%), followed by Pakistan (16%), Bangladesh (14%), and Nepal (3%). We could not find any related studies from Afghanistan, Bhutan and Sri Lanka. This distribution reflects the intensity of wheat cultivation and the research focus in major wheat-growing regions of the subcontinent. The uneven distribution may be attributed to differences in research infrastructure, data accessibility, and the relative importance of wheat in national cropping systems.





Meta-analysis



Adaptation options for heat stress and water stress

Our analysis showed that the response of wheat yield to different adaptation management practices was predominantly positive. In case of heat stress, about 72% of the data points related to heat-tolerant varieties showed a positive yield response while 28% had negative effect (Figure 4A). Early sowing affected yield in 70% of cases positively and 30% negatively. Effect of CA practices was positive on wheat yield under heat stress condition (Figure 4A). Figure 5 depicts the effect size of different adaptation option on heat and water stress. Results showed that under heat stress conditions, adaptation measures such as growing heat-tolerant varieties, early sowing, and CA practices can help improve the yield of wheat (Figure 5). Under heat stress condition, yield increase was found to be 13.2% (95% CI: 5.5-21.5%), with adoption of heat tolerant varieties, 16.3% (95% CI: 6.2-27.4%), with early sowing and 8.6% (95% CI: 6.5-11.1%), with CA practices (Table 2).

[image: Bar charts labeled A and B compare positive and negative effect sizes of different technologies. Chart A shows Variety, ES, and CA with positive and negative effect sizes under heat stress, under heat and water stress. Chart B shows Variety, CA, and Irrigation, effect sizes under water stress. Both charts use a color legend for positive and negative effects.]
Figure 4 | Number of effect sizes of wheat yield in response to different adaptation practices under (A) heat stress and (B) water stress in South Asia.

[image: Effect size of adaptation practices on wheat yield under heat stress and water stress condition in South Asia.]
Figure 5 | Effect size of adaptation practices on wheat yield under heat stress and water stress condition in South Asia.


Table 2 | Effect of adaptation measures on wheat yield under heat and water stress (% change over control).
	Climatic hazard
	Adaptation measure
	Mean
	CI



	Heat stress
	Heat tolerant varieties
	13.2**
	5.5 to 21.5


	Early sowing
	16.3**
	6.2 to 27.4


	CA
	8.6***
	6.5 to 11.1


	Overall
	14.4***
	8.9 to 20.1


	Water stress
	Drought tolerant varieties
	24.7**
	16.6 to 35.8


	CA
	37.8***
	35.4 to 40.3


	Additional irrigation
	13.7***
	7.8 to 19.9


	Overall
	38.3**
	25.7 to 48.4





CI: confidence interval; * Significant at 5% level of significance; ** significant at 1% level of significance; *** significant at 0.1% level of significance.



In studies related to water stress, adaptation options such as drought-tolerant varieties, CA, and additional irrigation positively affected yield in 100% of cases in the South Asian region (Figures 4B, 5). Yield increase was 24.7% (95% CI: 16.6-35.8%), with drought tolerant varieties, 37.8% (95% CI: 35.4-40.3%), with CA practices and 13.7% (95% CI: 7.8-19.9%), with application of additional irrigation (Table 2).





Performance of adaptation options in different AEZ

The spatial and temporal variability of climatic hazards across agroecological zones further complicates their management. The effect of different adaptation measures under heat stress condition varied with different AEZs. Growing heat tolerant varieties was found to be a good adaptation option with positive effect on yield in all AEZs. Results of different studies reported that, this adaptation measure increased yield by 33.2% (95% CI: 16.2-52.7%), 26.3% (95% CI: 9.1-46.2%), and 16.5% (95% CI: 6.9-27.0%), in CWZ, NEPZ and PZ respectively (Table 3). In NWPZ the yield increase with this technology was less (12.7%) (95% CI: 6.1-19.7%), due to the prevailing cooler temperature existing in this zone during the wheat growing period.


Table 3 | Effect of adaptation measures on wheat yield under heat stress in different AEZ (% change over control).
	Adaptation option
	AEZ
	Mean
	CI



	Early sowing
	NWPZ
	17.8*
	2.0 to 36.1


	NEPZ
	20.7*
	0.5 to 44.9


	CWZ
	2.6*
	0.5 to 5.2


	Overall
	17.1**
	6.0 to 29.0


	Heat tolerant varieties
	NWPZ
	12.7***
	6.1 to 19.7


	NEPZ
	26.3**
	9.1 to 46.2


	CWZ
	33.2***
	16.2 to 52.7


	PZ
	16.5***
	6.9 to 27.0


	Overall
	16.9***
	5.4 to 28.9





CI: confidence interval; * Significant at 5% level of significance; ** significant at 1% level of significance; *** significant at 0.1% level of significance.

[NWPZ, North-western plain zone; NEPZ, North-eastern plain zone; CWZ, Central western zone; PZ, Peninsular zone].



Early sowing of wheat was found to have positive effect on wheat yield (Figure 6). In NEPZ this technology showed maximum yield advantage of 20.7% (95% CI: 0.5-44.9%), due to the existing higher winter temperature in this zone as compared to the others, indicating that this adaptation strategy can effectively mitigate yield losses associated with rising temperatures (Table 3). In NWPZ the increase in wheat yield with early sowing was 17.8% (95% CI: 2.0-36.1%), showing that by advancing the sowing window, the crop avoids exposure to terminal heat during the grain-filling stage, which is critical for maintaining productivity under warming conditions. In CWZ positive effect of early sowing on wheat yield was negligible (2.6%) (95% CI: 0.5-5.2%), (Table 3).

[image: Effect size of adaptation practices on wheat yield in different AEZs under heat stress condition in South Asia [NWPZ: North-western plain zone; NEPZ: North-eastern plain zone; CWZ: Central western zone; PZ: Peninsular zone].]
Figure 6 | Effect size of adaptation practices on wheat yield in different AEZs under heat stress condition in South Asia. [NWPZ, North-western plain zone; NEPZ, North-eastern plain zone; CWZ, Central western zone; PZ, Peninsular zone].






Heterogeneity analysis

The heterogeneity analysis (Table 4) indicated that for heat stress, all three adaptation options had substantial variation in effect sizes among studies. Among them, early sowing exhibited the highest heterogeneity (I² = 91.1%), suggesting large variability in yield response, mainly due to differences in sowing dates, climatic conditions, and local management practices across studies. The heat-tolerant variety showed moderate heterogeneity (I² = 54.2%). Conservation agriculture (CA) under heat stress showed I² = 70.8%, but as the number of observations was low (n = 8), the estimate should be interpreted cautiously. For water stress, drought-tolerant varieties showed no significant heterogeneity (I² = 0), implying relatively consistent effects across studies. In contrast, CA and additional irrigation exhibited very high heterogeneity (I² = 82.3% and 89.0%, respectively), reflecting large differences in experimental conditions and irrigation management practices among studies. The estimated between-study variance (τ²) varied across adaptation measures, indicating differences in the consistency of true effects among studies. Under heat stress, early sowing showed the highest τ² (0.0194), suggesting large variability in true yield responses across environments, while heat-tolerant varieties (τ² = 0.011) showed moderate variability. Conservation agriculture under heat stress had very low between-study variance (τ² = 0.0001), though the small sample size limits interpretation. Under water stress, τ² was negligible for drought-tolerant varieties (0), but relatively higher for conservation agriculture (0.0177), indicating diverse outcomes across sites.


Table 4 | Summary of heterogeneity statistics under heat and water stress conditions in wheat.
	Stress
	Adaptation
	I2 (%)
	τ²
	n



	Heat Stress
	Heat tolerant varieties
	54.2
	0.011
	216


	Early sowing
	91.1
	0.0194
	104


	CA
	70.8
	0.0001
	8


	Water Stress
	Drought tolerant varieties
	0
	0
	8


	CA
	82.3
	0.0177
	9


	Additional irrigation
	89.0
	0.000044
	56





[I²: proportion of total variability in effect sizes due to heterogeneity; τ²: between-study variance; n = number of effect sizes.]



Overall, these results suggest that while the effectiveness of adaptation measures is generally positive, their impact varies widely across locations and management contexts. The high I² and τ² values for several adaptation options highlight the strong influence of local environmental and agronomic factors on adaptation outcomes, underscoring the need for AEZ-specific recommendations.





Effectiveness index of adaptation strategies

The Effectiveness Index (EI), calculated as described in the materials and methods section, was used to compare adaptation effectiveness across AEZs. EI of heat tolerant varieties was highest in CWZ (range 0.18 to 0.52 with a mean value of 0.33) followed by NEPZ (range 0.21 to 0.35 with a mean value of 0.31) (Figure 7A). On the other hand, EI of heat tolerant varieties was less in PZ (range 0.14 to 0.19 with a mean value of 0.17) and NWPZ (range -0.14 to 1.06 with a mean value of 0.14). The EI of early sowing was highest in NEPZ (range -0.06 to 0.66 with a mean value of 0.26) followed by NWPZ (range -0.02 to 1.12 with a mean value of 0.19), while it was very less (range 0.01 to 0.07 with a mean value of 0.03) in CWZ (Figure 7B).

[image: Two box plots labeled A and B show EI (Efficiency Index) values for different zones. In plot A, NWPZ (blue), NEPZ (red), CWZ (green), and PZ (pink) are shown. NWPZ has the widest range with several outliers, while others have smaller ranges. In plot B, NWPZ, NEPZ, and CWZ are depicted with NEPZ having a higher range. Both plots have EI values ranging from -0.20 to 1.20.]
Figure 7 | Effectiveness Index (EI) of (A) heat tolerant varieties and (B) early sowing adaptation measures on wheat yield in different AEZs in South Asia. [NWPZ, North-western plain zone; NEPZ, North-eastern plain zone; CWZ, Central western zone; PZ, Peninsular zone].

In NEPZ, the correlation between EI of early sowing adaptation with seasonal maximum (Tmax) temperature was 0.94 and that of seasonal minimum (Tmin) temperature was 0.92 (Table 5). In NWPZ, the correlation of EI of early sowing with Tmax and Tmin were 0.41 and 0.21 respectively. Notably, NEPZ recorded the highest Tmax (30.5 °C) and Tmin (14.7 °C) among the three different zones practicing early sowing of wheat. For heat tolerant varieties, EI showed highest positive correlation with Tmax in CWZ (r = 0.49), followed by NEPZ (r = 0.30) (Table 5). In contrast, the correlation between EI of heat tolerant varieties and Tmin was highest in PZ (r = 0.56) where seasonal minimum temperature was maximum (16.3 °C) among the four different zones. Correlation between EI of heat tolerant varieties and Tmin was 0.49 in CWZ. NWPZ showed negative correlation between EI of heat tolerant varieties with Tmax and Tmin as the temperature in this zone is lower than the others.


Table 5 | Correlation between effectiveness of adaptation measures under heat stress across zones with seasonal maximum and minimum temperature.
	Climatic hazard
	AEZ
	µTmax (°C)
	ΔTmax (°C)
	r (EI∼ Tmax)
	µTmin (°C)
	ΔTmin (°C)
	r (EI∼ Tmin)



	Early sowing
	NWPZ
	26.6
	24.5-28.7
	0.41
	11.2
	9.4-12.3
	0.21


	NEPZ
	30.5
	28.1-32.4
	0.94
	14.7
	13.0-16.0
	0.92


	CWZ
	29.1
	28.5-30.7
	0
	13.8
	12.9-15.0
	0


	Heat tolerant varieties
	NWPZ
	25.5
	23.9-27.1
	-0.35
	11.0
	10.1-12.1
	-0.28


	NEPZ
	30.6
	29.3-32.0
	0.30
	15.0
	13.4-15.9
	0.20


	CWZ
	28.7
	28.4-28.9
	0.49
	14.3
	13.6-15.0
	0.49


	PZ
	30.5
	28.9-31.1
	0.19
	16.3
	15.0-16.5
	0.56





AEZ, Agroecological zone; µTmax, Mean seasonal maximum temperature; µTmin, Mean seasonal minimum temperature; ΔTmax, Seasonal maximum temperature range; ΔTmin, Seasonal minimum temperature range; r, Pearson correlation coefficient; EI, Effectiveness index.

[NWPZ, North-western plain zone; NEPZ, North-eastern plain zone; CWZ, Central western zone; PZ, Peninsular zone].








Discussion



Climatic stresses in wheat in South Asia

Achieving food security is a global challenge, increasingly strained by the effects of climate change. Crop failure is predominantly driven by climatic hazards like heat and water stress thereby limiting crop production. Wheat is a principal crop in South Asia and its production is constrained by these abiotic stresses as it is a sensitive crop (Singh et al., 2013). Heat stress, negatively impacts photosynthetic activity, disrupts plant-water relationships, decreases metabolic activity, increases pollen sterility, triggers production of reactive oxygen species in wheat (Sharma et al., 2012). Additionally, under heat stress, plants tend to mature early resulting in lower yield (Chakrabarti et al., 2021). As the availability of arable land is finite, productivity of wheat can be improved by optimizing agricultural practices (Dai et al., 2017). It is essential to determine the causes and extent of yield gaps in wheat to prioritize adaptation options and effectively design policies for sustainable agricultural development (McDonald et al., 2022). The bibliometric trends highlighted heat and water stress as the most frequently studied climatic hazards for wheat in South Asia, reflecting the region’s high vulnerability to temperature rise during the grain filling period (Mondal et al., 2013; Singh et al., 2011). The increasing focus on topics such as climate change, greenhouse gas emissions, and conservation agriculture in recent years underscores growing scientific and policy attention toward sustainable adaptation strategies in wheat systems.





Adaptation options for heat and water stress in South Asia

Based on the systematic literature review, we have identified certain adaptation options reported for wheat crop in South Asia. Adaptation options like stress tolerant varieties, adjustment of sowing time and CA were mainly prevalent in the publications. Addressing climate change and suggesting adaptation and mitigation strategies is a top policy priority leading to more availability of research grants from government and private organizations. More focus is on GHG emission and options like CA and C sequestration for mitigating climate change. Studies on modelling were more prevalent in later years due to the development of advanced crop and climate models as well as advancement in computational techniques.

Stress tolerance in crops need to be enhanced to meet the increasing food demands of the growing population. Developing and adopting resilient varieties with improved tolerance to heat, drought, and other abiotic stresses is essential to sustain productivity under the changing climatic conditions. Integrating these genotypes with suitable agronomic practices such as early sowing and conservation agriculture can further enhance resource use efficiency and yield stability. In our study, the most important adaptation options that improved wheat yield under heat stress condition were growing heat tolerant varieties, early sowing of the crop and adopting conservation agricultural practices (Figure 4a). In water stress conditions, effective adaptation strategies include, using drought tolerant varieties, implementing conservation agricultural practices and providing additional irrigation to the crop (Figure 4b). In order to cope up with such stresses, plants alter different physiological and biochemical processes and also alter morphological growth patterns (Farhad et al., 2023). Water stress often occurs alongside heat stress. Hence, breeding efforts to enhance both drought and heat tolerance in crops is important in hotter and drier environments (Comas et al., 2013). Developing wheat varieties with heat and drought tolerance is a key strategy for mitigating the climate change risks.





Stress tolerant varieties

In our analysis we found that growing heat and drought tolerant varieties of wheat were effective adaptation practices under heat and water stress condition in all wheat growing regions of South Asia (Figure 5). Our meta-analysis estimated an average yield increase of 13.2% with adoption of heat tolerant varieties across South Asia. This magnitude is broadly consistent with the global yield advantage of adaptation strategies in wheat (7-15%) reported by Challinor et al. (2014), but tends toward the higher end of that range. This could be attributed to the greater climatic sensitivity of wheat in South Asia, where higher baseline temperatures and frequent exposure to terminal heat amplify both the risks and the relative gains achievable through timely adaptation measures. Several researchers reported that, genetic improvements in wheat represent a key technological approach to climate change adaptation, potentially leading to development of new varieties with enhanced tolerance to high temperatures and terminal heat stress (Chauhan et al., 2012; Ladha et al., 2003). Such genetic advancements not only improve yield stability under stressful environments but also contribute to sustaining wheat productivity in regions increasingly vulnerable to climate variability. Earlier, simulation results also showed that stress-tolerant varieties can provide significant benefits to farmers in a changing climate. Heat tolerant varieties often exhibit certain physiological traits like better leaf cooling mechanisms, increased transpiration rates, which enable them to better withstand higher temperature (Hasanuzzaman et al., 2013). More efficient metabolic processes under stress condition lead to their resilience, ensuring lower risk of crop failure under heat stress conditions.

Although majority of the studies showed positive effect of stress tolerant varieties, but in certain cases it showed negative effect as well. The performance of stress tolerant varieties often depends on the climatic conditions and soil type. Certain genotypes with heat tolerance mechanisms might sacrifice their yield potential under mild conditions (Richards et al., 2010). There are reports that some heat tolerant lines show yield penalties under non-stress or cooler environments due to altered phenology or reduced biomass partitioning (Reynolds et al., 2017). Thus, when temperatures are not extreme, these traits can lead to lower yield compared to high-yielding but less tolerant varieties.





Early sowing

Besides stress tolerant varieties, early sowing of wheat crop by 7 to 10 days was identified as an adaptation option to escape the heat stress in South Asian region. Early onset of higher temperature coincides with the grain filling stage of wheat crop in many regions of South Asia thereby limiting wheat productivity in this region. Dubey et al. (2020) reported that, to counteract terminal heat stress, advancement of sowing date by 10–15 days resulted in yield gain to some extent. Temperature rise for 5 to 6 days at grain filling stage causes 20% yield loss compared to early sown crop which escapes the heat stress (Kumar and Rai, 2014). There are reports that, late sowing significantly decreased yield compared to normal sowing dates in crops (Dadrasi et al., 2024). Early sowing allows wheat to achieve longer vegetative growth and an optimal grain-filling period while efficiently utilizing residual soil moisture, resulting in greater biomass accumulation and higher yield potential. Moreover, it promotes better seedling emergence, whereas late sowing often exposes the crop to suboptimal temperatures during germination, adversely affecting growth and stand establishment (Carta et al., 2022). Sowing early also results in early flowering and maturity allowing the crop to escape heat and water stresses (Yau and Ryan, 2013; Zhang et al., 2019). Extended crop growth period under early sown condition, enables more extensive reproductive development and greater biomass accumulation, which enhances crop yield (Ghosh et al., 2024). Biomass of winter wheat crop in China was adversely affected by delayed sowing (Ma et al., 2018). These negative effects might be attributed to the reduced cumulative degree days in wheat under late sown condition (Yang et al., 2014), Hence, early planting could be a good option so that the grain filling stage falls in a relatively cooler climate (Farooq et al., 2011).

In some of the studies early sowing did not show beneficial effects on crop yield as the benefits of early sowing are highly dependent on the weather, soil condition and management practices followed. Early sown crop might experience suboptimal germination and emergence due to higher soil temperatures at planting (Hunt et al., 2019). Moreover, the advantage of early sowing may diminish under irrigated and high input systems, where temperature stress during grain filling is less critical, and yield depends more on nitrogen availability and canopy management (Reynolds et al., 2017).





Conservation agriculture

Several research papers highlighted the benefits of conservation agricultural (CA) practices like, zero tillage, crop residue retention, precision nitrogen management etc. on yield of wheat crop. In most of these resources conserving agricultural practices, yield of wheat crop was found to be more than that of conventional agricultural practices. In our analysis, CA has significantly improved wheat yield under both heat and water stress condition. But the beneficial impact of CA practices was very high under water stress condition. Improved soil moisture under CA ensures better water availability during critical growth stages. Sustained water supply enhances photosynthesis, nutrient uptake, that leads to higher and more stable wheat yields under water limited conditions. According to, Hobbs et al. (2007) conservation agricultural technologies in the rice-wheat cropping system is an eco-friendly, and sustainable option providing economic viability to the system. Several studies have highlighted that CA practices, improve the adaptive capacity of crops to climatic stresses (Corbeels et al., 2020; Rusinamhodzi et al., 2011). Retention of crop residues in CA, acts as a mulch and reduces soil temperature and enhances soil water content (Horton et al., 1996) which is beneficial for crops under both heat and water stress condition. Zero tillage in wheat saves input cost and also improves yield and soil fertility (Chauhan et al., 2002; Mohanty et al., 2007). Adopting zero tillage with residue retention on the soil in several locations in Africa, led to increased infiltration rate in soil thereby increasing soil water content and improving crop yield (Thierfelder and Wall, 2009, Thierfelder et al., 2012). Another advantage of CA practices in the rice-wheat system is that it allows earlier wheat sowing (Aryal et al., 2016) compared to conventional tillage methods, enabling the crop to achieve optimal yields under terminal heat stress conditions. Applying one additional irrigation was also found to be beneficial for wheat crop under water stress condition in the study. This additional irrigation at the critical growth stage of grain filling helped in mitigating the effects of drought and water shortage, prevented wilting of the crop and improved growth and yield of the crop.





Suitability of adaptation options in different agroecological zones

As the climate is so diverse in South Asian region the suitability and effectiveness of the adaptation options for sustaining wheat yield might also vary. In the current study, growing heat-tolerant varieties was found to be an effective adaptation option across all AEZs of South Asia. (Table 4). But the effectiveness of this adaptation option was higher in CWZ which is facing significant warming during the post-anthesis period (Jat et al., 2018), and NEPZ where the seasonal mean temperature during wheat growth period is increasing. In NWPZ having humid subtropical climate with cool winters the effectiveness of stress tolerant varieties was less and there is a negative correlation between the EI values and seasonal maximum and minimum temperatures. This might be attributed to the fact that under cooler seasonal temperature in this zone, the adaptive traits of those varieties might not express effectively under lower heat stress. Under sub-optimal low-stress environments, heat-tolerant genotypes often exhibit physiological trade-offs such as delayed phenological progression, reduced grain-filling rate, and lower radiation-use efficiency (Reynolds et al., 2010; Lobell et al., 2013). These varieties are typically bred for high canopy temperature depression and stay-green traits, which may confer limited yield advantage or even mild penalties when heat stress is absent. A strong positive correlation between the EI of the heat-tolerant varieties and seasonal maximum and minimum temperatures was observed in the CWZ, indicating that the success of this adaptation strategy in this zone was largely attributable to its ability to mitigate heat stress in the region.

A key finding from the analysis revealed a strong positive correlation between the EI and seasonal minimum temperatures in the PZ, characterized by mild winters. The relatively higher minimum temperatures in this zone may explain the strong positive correlation observed between the EI and seasonal minimum temperature, suggesting that the adaptation option performed increasingly well as night-time temperatures rose in this region. Increasing night time temperatures pose a unique threat to crop production in many regions (Sadras and Dreccer, 2015). Increase in night temperatures cause rapid accumulation of growing degree resulting in early maturity and reduced wheat yield (Lutt et al., 2016). This accelerated phenological development shortens the grain-filling period, leading to smaller kernels and ultimately lowering overall grain quality and productivity. Hence, heat-tolerant varieties are likely to be more effective in regions experiencing higher night time temperatures.

In our analysis, early sowing showed positive effect on wheat yield in NWPZ, NEPZ and CWZ. But the effectiveness of this adaptation technology was found to highest in NEPZ. There exists a very high correlation between the effectiveness of early sowing technology and seasonal maximum and minimum temperatures in NEPZ. The higher seasonal temperatures and greater yield gaps in wheat observed in the eastern Gangetic Plains (McDonald et al., 2022) contributed to the greater yield advantage of early-sown crops under heat stress conditions.

The superior performance of early sowing in the NEPZ can be attributed to the avoidance of terminal heat during the critical grain filling stage. Early planting allows the crop to complete flowering and grain filling before the onset of high post-anthesis temperatures. Paudel et al. (2023) also proposed, early sowing as an important adaptation option to reduce the negative effect of terminal heat stress in wheat in the Indo-Gangetic Plains of South Asia. There are reports that advancement of wheat sowing by one week could result in 5% yield improvement in the western Indo Gangetic Plain region which lies in NWPZ (Lobell et al., 2011).

Most of the literature on CA practices in wheat was found in the NWPZ of South Asia. This might be attributed to several factors, including the region’s prominence as a major wheat-producing area with intensive cropping systems. The issues of groundwater depletion, soil degradation, and residue burning have prompted research on sustainable alternatives such as zero tillage, residue retention, and crop diversification. Additionally, the relatively better infrastructure and adoption-ready farming communities in this zone likely supported the testing, refinement, and wider dissemination of CA technologies.






Conclusions

A systematic literature review in wheat crop was done to identify the climatic hazards, risks and suitable adaptation options in South Asian region. Bibliometric analysis of the studies revealed that, heat stress as well as water stress are major climatic hazards affecting wheat crop of this region. The topic of terminal heat stress was highlighted in later publications, indicating its growing importance in subsequent years. Among the different adaptation strategies, CA was mentioned the most followed by stress tolerant varieties, sowing time and water management. This suggests that these are the key adaptation options for wheat crop in the study region. Meta-analysis provided new evidence of the benefits of different adaptation practices on wheat yield under climatic stresses in different agro-ecological regions. Under heat stress condition, adoption of heat tolerant varieties, early sowing and CA practices increased the yield by 13.2% (95% CI: 5.5-21.5%), 16.3% (95% CI: 6.2-27.4%) and 8.6% (95% CI: 6.5-11.1%), respectively while in water stress, yield improvement was 24.7% (95% CI: 16.6-35.8%) with growing drought tolerant varieties, 37.8% (95% CI: 35.4-40.3%) with CA practices and 13.7% (95% CI: 7.8-19.9%)with application of additional irrigation. Based on the pooled meta-analysis, the overall effectiveness of growing heat and drought tolerant varieties across agroecological zones followed the order CWZ > NEPZ > PZ > NWPZ. The CWZ and NEPZ exhibited the greatest yield gains, driven by the strong positive response to heat-tolerant varieties. In case of early sowing of the crop the effectiveness will follow the order NEPZ > NWPZ > CWZ. The findings from this study provide an evidence base for developing targeted, agroecological zone-differentiated policy interventions and investment priorities. The findings of this study provide an evidence base for region-specific policy design in South Asia. Policy interventions could include incentive schemes for early sowing, to help farmers adopt climate-resilient practices. In regions where heat-tolerant varieties show strong effectiveness, public breeding programs should prioritize these genotypes to enhance regional adaptation capacity. Moreover, strengthened agricultural extension services and climate information delivery systems tailored to each AEZ can support timely decision-making at the farm level. Such integrated policy actions and tailored policies will facilitate effective implementation of adaptation technologies and can help minimize future wheat yield losses while enhancing livelihood and food security across South Asia.





Limitations and future research needs

There are certain limitations to this study. Variations in methodologies and models across primary studies may have influenced data quality and comparability. Although publication bias cannot be ruled out, the limited number of effect-size estimates constrained the use of formal diagnostics such as funnel plots or Egger’s test. The analysis primarily addressed biophysical and agronomic dimensions, while socio-economic and institutional factors—such as technology access, cost, and policy support—also influence adoption and should be integrated in future research. Moreover, this study focused on yield response, although climatic stresses can also affect crop quality and soil–plant–environment interactions. Finally, due to limited literature, the effectiveness of adaptation options under combined heat and water stress could not be evaluated. Future research should include multi-location experiments that assess concurrent stresses and generate more consistent data across agroecological zones to enhance the robustness of meta-analyses.
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