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This study builds upon existing knowledge to quantify the extent of on-farm yield gaps and identify the most effective climate-resilient strategies (CRSs) to bridge them. By addressing these objectives, the study seeks to enhance wheat yield and resilience in the adverse climatic conditions. Productivity and adoption of CRSs are key indicators to monitor the progress toward more resilient production systems. Total eight project hubs were identified across Bihar (Banka, Bhagalpur, Gaya, Khagaria, Madhubani, Munger, Nalanda, and Nawada) for farmers-field experiment-cum-demonstration during rabi season (2019–2020). Three climate-resilient technologies (i) zero tillage (ZT), (ii) raised bed (RB), and (iii) happy seeder (HS) were evaluated across varying planting times from November 13 to December 31. Field experiments-cum-demonstrations conducted across 566 hectares involving 980 farmers in eight districts of Bihar revealed that early wheat planting (13–30 November) significantly enhanced grain productivity (up to 4.96 t/ha) and profitability (net returns up to $863/ha, B:C ratio 1.92), while delayed sowing (post–mid-December) led to yield reductions of up to 57%. Among crop establishment methods, happy seeder (HS) and zero tillage (ZT) consistently outperformed conventional farmer-managed practices, achieving 12.6–14.5% higher net returns and benefit-cost ratios up to 2.02, underscoring the agronomic and economic advantages of timely planting and resource-conserving technologies. The study concludes that sowing wheat in the second week of November using the Happy Seeder (HS) significantly boosts productivity and profitability. These results offer robust evidence to refine regional planting advisories and promote climate-resilient practices for enhancing wheat adaptation across subtropical India.
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1 Introduction

Wheat (Triticum aestivum L.), the world's most extensively cultivated food crop, is a cornerstone of global agri-food security. According to the Food and Agriculture Organization of the United Nations (FAO) (2021), wheat supplies about 20% of daily protein and caloric intake for nearly 4.5 billion people, accounting for 40% of the global population (Singh et al., 2023). This staple crop's importance will only grow as the world population, projected to reach nine billion by 2050, drives a 60% increase in food production demand (Nelson et al., 2010). Amidst this backdrop, climate change and a burgeoning population present formidable challenges to agri-food and nutritional security in the 21st century (Rogelj et al., 2016; Ito et al., 2018). To find the way these challenges, innovative climate-resilient strategies (CRSs) and robust adaptation measures are essential to ensure the sustainable wheat production (Giraldo et al., 2019; Ben Hassen and El Bilali, 2022; Rahbari et al., 2023; Hasanain et al., 2025; Jat et al., 2025a; Meena et al., 2024).

Unfavorable climatic scenario, increasing trend of temperatures at key developmental stages shock wheat production, potentially important to crop failure/reduced yields (Shahid et al., 2024). Wheat is highly sensitive to temperature (Arshad et al., 2017), with optimal temperatures for various developmental stages noted as heading (16 ± 2.3°C), anthesis (23 ± 1.75°C), and grain filling (26 ± 1.53°C) (Khan et al., 2021). Research indicates that each Celsius degree increase during grain filling can reduce yield by 3–17% in South Asia (Ortiz et al., 2008; Lobell et al., 2011; Asseng et al., 2015; Pask et al., 2014).

Indian agriculture is highly vulnerable to climate change, facing risks from floods, droughts, and heat waves, which have increased in recent decades (Rao et al., 2016; Dhankher and Foyer, 2018; Elahi et al., 2019). Yield losses reached 5.2% from 1981 to 2009 due to global warming, despite adaptation efforts (Gupta et al., 2017). The adaptation of CRSs for addressing climate change challenges (i) climate-resilient varieties, and (ii) innovative agriculture management practices will improve the wheat productivity (Jardón et al., 2023; Jiang et al., 2023). A study in China (1981–2018) highlighted that climate warming impacts wheat phenology more than agricultural practices (Tao et al., 2022). Delayed sowing of winter wheat reduces yield (Wang et al., 2023), while timely planting increases yields and water efficiency (Islam et al., 2022; Jalota et al., 2013). Adopting heat-tolerant wheat varieties and CRSs can mitigate climate impacts (Jat et al., 2019, 2020). Climate-resilient agriculture (CRA) aims to revolutionize agricultural development amidst climate change challenges, prioritizing resilience and sustainability over mere production increases (Jat et al., 2025b).

In Bihar, a program seeks evidence-based strategies to combat climate threats and enhance staple crop systems. Little is known about wheat crop performance with planting windows spanning from first week of November to late December, and various establishment methods (zero tillage-ZT, raised bed-RB, happy seeder-HS) in subtropical agroecological landscape of India. This study investigates productivity and profitability implications, hypothesizing that delayed wheat planting and different establishment methods reduce farmer profitability in the Eastern Indo-Gangetic Plains (EIGP). Key objectives include (i) assessing productivity changes with planting times, (ii) identifying optimal establishment methods, and (iii) determining effective combinations of climate-resilient strategies (CRSs) for wheat sustainability.



2 Materials and methods


2.1 Site description

Eight project hubs were established in 2019–2020 to implement CRSs in different agroecological landscapes of Bihar (Figure 1). These sites include Bhagalpur (25° 35′ N, 86° 98′ E), Banka (24° 89′ N, 86° 92′ E), Gaya (24° 72′ N, 84° 86′ E) Khagaria (25° 48′ N, 86° 70′ E), Madhubani (26° 46′ N, 86° 18′ E), Nawada (24° 88′ N, 85° 54′ E), Nalanda (25° 26′ N, 85° 47′ E), and Munger (25° 37′ N, 86° 47′ E) initiated field demonstrations from the Rabi season of 2019–2020 (Figure 2; Supplementary Table S1). Field experiments-cum-demonstrations (one acre per farmer) were conducted on farmers' fields across the eight designated project hubs, with one village selected from each of the identified districts (Supplementary Table S1).


[image: Map of Bihar, India highlighting project hubs within a yellow circle. Regions such as Madhuban, Khagaria, Bhagalpur, Munger, Banka, Gaya, Nawada, and Nalanda are colored differently to stand out. ]
FIGURE 1
 Locations of eight district experimental hubs in Bihar state of India (Banka, Bhagalpur, Gaya, Khagaria, Madhubani, Munger, Nalanda, and Nawada).



[image: Flowchart illustrating planting time strategies and methods. Three time periods are shown: November 1-15, November 16-30, and December 1-20. Central themes include planting time, climate-resilient agriculture strategies, and eight project hubs. Crop establishment methods are zero tillage, raised bed, and happy seeder. Icons of wheat and a leaf decorate the chart. ]
FIGURE 2
 Adopted methodology for wheat production system.


The project hubs exhibit diverse soil types: Banka has sandy loam, Bhagalpur clay loam, Gaya silty loam, and Khagaria loamy soils. Madhubani and Munger feature fertile alluvial soils, while Nalanda and Nawada range from old alluvium to sandy loam and red soils, aiding varied crop potential. These regions, influenced by rivers like the Ganga and Kosi, feature varying fertility, infiltration, and erosion levels, shaping distinct agricultural conditions. This study was conducted collaboratively with the Borlaug Institute for South Asia (BISA), Dr. Rajendra Prasad Central Agricultural University (RPCAU), ICAR-Research Complex for Eastern Region (ICAR-RCER), and Bihar Agricultural University (BAU) with help of Krishi Vigyan Kendra (Bhagalpur, Banka, Gaya, Khagaria, Madhubani, Nawada, Nalanda and Munger). It was part of the “Climate Resilient Agriculture Programme” funded by the Bihar State Government.



2.2 Experimental details

A total of 220 field experiments-cum-demonstrations (Figure 3) were conducted at different 980 farmers' fields, in 566 hectare area under different planting time (13 November to 31 December) and three climate resilient strategies [zero tillage (ZT), raised bed (RB) and happy seeder (HS)] were used (Supplementary Table S2).


[image: Flowchart illustrating the districts in Bihar, divided into eight regions: Banka, Bhagalpur, Ga ya, Khagaria, Madhubani, Munger, Nalanda, and Nawada. Each district lists two numbers: one for demonstrations and one for farmers, totaling 556 demonstrations and 990 farmers. ]
FIGURE 3
 Description of number of field demonstrations across eight project hubs (Banka, Bhagalpur, Gaya, Khagaria, Madhubani, Munger, Nalanda, and Nawada).




2.3 Fertilizer management and planting machinery

A standardized fertilizer regimen included 150 kg of nitrogen (N), 26 kg of phosphorus (P), and 50 kg of potassium (K) per hectare for all planting methods. Initially, 50 kg of N along with full doses of P and K were applied at a 10 cm depth using a ZT seed-cum-fertilizer drill or HS during planting (Hasanain et al., 2024; Jat et al., 2025a). The remaining 100 kg of N was split equally at crown root initiation (CRI), maximum tillering, and booting stages, coinciding with the first and third irrigations. Top dressing involved broadcasting fertilizers, primarily targeting crop rows.



2.4 Crop management

The widely grown wheat cultivar HD2967 was planted in rows 20 cm apart using ZT seed-cum-fertilizer drill, HS, and RBP from November 13 to December 31 across eight districts under the climate resilient agriculture (CRA) program. Pre-seeding application of Glyphosate (0.9 kg/ha) effectively controlled existing weeds. Post-emergence weed management through herbicides include Ally (Metsulfuron-methyl, 4–6 g/ha) for broadleaf weeds, Leader/Total (Sulfosulfuron, 25 g/ha) for grassy weeds, and Total Gold (Sulfosulfuron + Metsulfuron, 32 g/ha) for mixed weed populations. These are best applied between 25 and 30 days after sowing (DAS) for effective control (Supplementary Table S3).



2.5 Measurement of yields and labor use

Wheat grain and straw yields were measured in the central net plot area (20 × 10 m), excluding one-meter border rows on all sides. Harvesting involved manual reaping with a reaper set ~10 cm above ground level, conducted in randomly selected quadrates (10 replications). Grain yields were reported at 12% moisture content. Labor was employed for various field operations such as tillage, seeding, irrigation, fertilization, pest control, weeding, monitoring, and harvesting. According to the Government of India's labor commission, 8 hours of manual labor constituted one person-day equivalent.



2.6 Economic analysis

The cost incurred from sowing to harvest, including threshing, cleaning and transportation is called the cost of cultivation. It includes human labor, machine hiring cost, seeds, insecticides, land rent, interest on working capital, etc. This cost of cultivation is common to all treatments except fertilizer cost because it varies from treatment to treatment.

Net returns ( ha-1)= Gross returns (ha-1)                                            -cost of cultivation (ha-1)      (1)

Net B :C ratio = Net returns  (ha-1)Cost of cultivation  (ha-1)      (2)
 

2.7 Statistical analysis

Data were statistically analyzed to assess differences in crop yields and establishment methods using Analysis of Variance (ANOVA) in Microsoft Excel. Standard errors of the treatment means were calculated to facilitate comparison among treatments. Statistical significance was evaluated at the 5% probability level (p < 0.05) (Snedecor and Cochran, 1989). Where significant differences were observed, post-hoc comparisons (e.g., LSD test) were conducted to distinguish treatment effects more precisely.




3 Results


3.1 Rainfall trends (2011–2021)
 
3.1.1 Banka project hub

Data showed that a 10 year of rainfall trend of Banka project hub (Figures 4, 5). Rainfall significantly varied (627.5–1,290.5 mm), maximum reported in the year 2014 and lowest was in 2012. Results showed that and percentage change from the base year (2011) it was (−43.94%) at 2012, (+8.77%) at 2013, (+15.53%) at 2014, (−10.16%) at 2015, (+14.18%) at 2016, (+7.87%) at 2017, (−8.80%) at 2018, (−1.43%) at 2019, (+13.16%) at 2020, and (+6.26%) at 2021.


[image: Eight line graphs depict monthly rainfall data from 2011 to 2021 for different districts: Banka, Bhagalpur, Gaya, Khagaria, Madhubani, Munger, Nalanda, and Nawada. Each graph shows yearly variations, with significant peaks during monsoon months, July to September. ]
FIGURE 4
 Month wise rainfall trends (10-yrs) of eight project hubs. (a) Banka, (b) Bhagalpur, (c) Gaya, (d) Khagaria, (e) Madhubani, (f) Munger, (g) Nalanda, and (h) Nawada.



[image: Khagaria, Madhubani, Munger, Nalanda, and Nawada. Rainfall varies between 600 mm and 1600 mm annually, with fluctuations across years and regions.]
FIGURE 5
 Cumulative rainfall trends (10-yrs) of eight project hubs.




3.1.2 Bhagalpur project hub

Results of 10-year trend and percentage change from the base year (2011) for the district of Bhagalpur (Figures 4, 5). Maximum (1,591.8 mm) rainfall was reported in 2020, and minimum (752.6 mm) in 2012. While percentage change over the period was (−23.73%) in 2012, (+31.23) in 2013, (+19.46%) in 2014, (+27.05%) in 2015, (+2.25%) in 2016, (+42.64%) at 2017, (+13.54%) at 2018, (+30.12%) at 2019, (+61.32%) at 2020, and (+34.49%) at 2021.



3.1.3 Gaya project hub

Data showed that 10-year rainfall trend and percentage change from the base year (2011) significantly varied for the district of Gaya (Figures 4, 5). The highest rainfall (1,404.8 mm) was reported in 2016 and lowest was (690.5 mm) in 2015. Meanwhile, the percentage change was (+51.63%) in 2012, (−7.21%) in 2013, (+17.94%) in 2014, (−10.70%) in 2015, (+81.66%) in 2016, (−0.63%) in 2017, (+2.78%) in 2018, (+23%) in 2019, (+25.10%) in 2020, and (+38.48%) in 2021.



3.1.4 Khagaria project hub

Ten-year rainfall trend and percentage change from the base year (2011) significantly varied for the district of Khagaria (Figures 4, 5). Data showed that maximum (1,361.5 mm) rainfall in 2020 and lowest (731 mm) with 2016. The percentage change from the base year was (−6.08%) in 2012, (−6.11%) in 2013, (+12.50%) in 2014, (+25.92%) in 2015, (−26.00%) at 2016, (−5.50%) at 2017, (−21.85%) at 2018, (+11.41%) at 2019, (+37.85%) at 2020, and (+28.23%) at 2021.



3.1.5 Madhubani project hub

Data showed that 10-year rainfall trend and percentage change significantly varied from the base year (2011) for the district of Madhubani (Figures 4, 5). The highest (1,536.2 mm) rainfall was reported in 2020 and lowest (641.8 mm) was in 2012. The pattern of percentage change from the base year was (−45.79%) in 2012, (−23.31%) in 2013, (−8.17%) at 2014, (−40.28%) at 2015, (−14.89%) at 2016, (+12.66%) at 2017, (−12.81%) at 2018, (+0.25%) at 2019, (+29.78%) at 2020, and (+19.88%) at 2021.



3.1.6 Munger project hub

Results of 10-year rainfall trend analysis and percentage change varied from the base year (2011) for the district of Munger (Figures 4, 5). Significantly maximum (1,364.3 mm) was noticed at 2020 and lowest (927.2 mm) was reported at 2012. While percentage change from base year was (+18.95%) at 2012, (+25.98%) at 2013, (+70.49%) at 2014, (+40.41%) at 2015, (+15.33%) at 2016, (+17.70%) at 2017, (+19.61%) at 2018, (+20.68%) at 2019, (+74.99%) at 2020, and (+67.12%) at 2021.



3.1.7 Nalanda project hub

Results of 10-year trend analysis of rainfall and percentage change from the base year (2011) for the district of Nalanda (Figures 4, 5). Significant variations in rainfall were noticed across the years, with the highest recorded at 1,222.3 mm in 2021 and the lowest at 630.7 mm in 2015. The change in pattern from the base year was (+0.65%) in 2012, (+1.29%) at 2013, (+16.56%) at 2014, (−30.23%) at 2015, (+15.05%) at 2016, (−22.51%) at 2017, (−29.31%) at 2018, (+23.20%) at 2019, (+27.38%) at 2020, and (+35.20%) at 2021.



3.1.8 Nawada project hub

Data showed that 10-year rainfall trend and percentage change from the base year (2011) for the district of Nawada (Figures 4, 5). Significant variations in rainfall were noticed across the years, with the highest recorded at 1,163.6 mm in 2020 and the lowest at 680.0 mm in 2013. The change in pattern from the base year was (−12.72%) in 2012, (−25.50%) at 2013, (−11.01%) at 2014, (−28.88%) at 2015, (+9.52%) at 2016, (−26.30%) at 2017, (−18.38%) at 2018, (+11.52%) at 2019, (+27.50%) at 2020, and (+23.89%) at 2021.



3.1.9 Cumulative of eight project hubs

Figure 5 presents the 10-year rainfall trend analysis and the percentage change from the base year (2011) across all project hubs (Banka, Bhagalpur, Gaya, Khagaria, Madhubani, Munger, Nalanda, and Nawada). Significant variations in rainfall were noticed across the years, with the highest recorded at 1,306.775 mm in 2020 and the lowest at 841.225 mm in 2012. Percentage change from the base year (2011) for each subsequent year (2012–2021), it was (-11.20%) at 2012, (−1.95%) at 2013, (+16.67%) at 2014, (−2.92%) at 2015, (+10.01%) at 2016, (+6.67%) at 2017, (−5.16%) at 2018, (+15.79%) at 2019, (+37.81%) at 2020, and (+30.01%) at 2021.




3.2 Planting time

Data from the wheat experiments-cum-demonstrations area spanning ~566 hectares across 980 smallholding agroecological landscape of the Bihar revealed notable trends (Figure 6). Data showed that during the winter wheat season 2019–2020, most of the crop was planted from 13 November to 31 December 2019 in all eight district hubs (Banka, Bhagalpur, Gaya, Khagaria, Madhubani, Munger, Nalanda, and Nawada). In this region early planting of wheat was started from 13 November in Nalanda district hub followed by Banka and delayed (19–31 December) planted in Khagaria hub.


[image: Scatter plot showing the number of demonstrations against the date of sowing for different regions: Bhagalpur, Nalanda, Gaya, Nawada, Madhubani, Khagaria, Munger, and Banka. Dots are color-coded by region with varied distribution and density across the date range from November first to January tenth. ]
FIGURE 6
 Different planting dates for the rabi season and number of field demonstrations across eight project hubs (Banka, Bhagalpur, Gaya, Khagaria, Madhubani, Munger, Nalanda, and Nawada).


Farmers in this region predominantly cultivate the winter wheat (HD2967) crop from mid-November to the end of December. Analysis of around 220 combined experiments-cum-demonstrations indicated that planting dates across all locations extended over a planting window of more than 1 month. The peak planting period, observed across most districts in Bihar, occurred from the last week of November to the second week of December (Figure 6).



3.3 Impact of planting date on productivity and profitability
 
3.3.1 Banka project hub

The experiment was conducted in 168 ha area at 233 farmers field (Supplementary Table S2). In Banka project hub, wheat planting was started on 21 November and completed on 12 December with above mentioned planting methods. The productivity varied from 3.89 to 4.26 t/ha for different planting dates (Figure 7a). The highest productivity (4.26 t/ha) was observed with 21 November planting date followed by the next planting date. However, the lowest (3.89 t/ha) was reported with 12 December 9% lower than 21 November planting (Figure 7a). It was observed that the delaying of the wheat planting reduced the yield as compared to early sowing of wheat crop in Banka demonstration hub (Figure 7a).


[image: Eight line graphs display productivity over the date of planting for different districts: (a) Banka shows a steady decline from 4.30 to 3.85 tons per hectare. (b) Bhagalpur decreases from 3.80 to 3.50. (c) Gaya falls from 4.24 to 4.12. (d) Khagaria shows a decline from 4.00 to 3.50. (e) Madhubani drops from 4.00 to 3.70. (f) Munger decreases from 4.50 to 4.10. (g) Nalanda declines from 4.90 to 4.60, and (h) Nawada drops from 4.28 to 3.54. Each graph includes a map highlight of its respective district. ]
FIGURE 7
 Effect of planting time on wheat productivity across eight project hubs. (a) Banka, (b) Bhagalpur, (c) Gaya, (d) Khagaria, (e) Madhubani, (f) Munger, (g) Nalanda, and (h) Nawada.


The average cost of cultivation, gross return, and net return were ~$417, $1,047, and $630/ha, respectively. However, the benefit-to-cost ratio was 1.54 for the Banka project hub, the figures remained consistent, and indicating a robust economic outcome for the wheat cultivation practices implemented (Table 1).

TABLE 1  Effect of different crop establishment technologies on wheat profitability across all locations (Banka, Bhagalpur, Gaya, Khagaria, Madhubani, Munger, Nalanda, and Nawada).


	
	Adopted technology
	Cost of cultivation
	Gross return
	Net return
	B:C ratio



	
	
	US$ ha−1
	





	Crop establishment methods
	Banka district hub



	ZT
	378.66
	1,048.38
	669.72
	1.77



	RB
	420.43
	1,094.19
	673.76
	1.60



	HS
	398.87
	1,148.09
	749.23
	1.88



	FMP
	468.94
	897.45
	428.51
	0.91



	Bhagalpur district hub



	ZT
	360.26
	1,087.98
	727.72
	2.02



	RB
	461.37
	1,086.21
	624.85
	1.35



	HS
	376.67
	1,126.59
	749.91
	1.99



	FMP
	426.96
	1,057.36
	630.40
	1.48



	Gaya district hub



	ZT
	383.37
	1,077.02
	693.65
	1.81



	HS
	407.63
	1,092.08
	684.45
	1.68



	FMP
	464.90
	911.79
	446.89
	0.96



	Khagaria district hub



	ZT
	399.65
	1,576.20
	1,176.55
	2.94



	HS
	466.24
	1,226.79
	760.54
	1.63



	FMP
	548.61
	1,201.94
	653.32
	1.19



	Madhubani district hub



	ZT
	560.77
	1,382.29
	821.52
	1.46



	FMP
	623.26
	1,066.97
	443.71
	0.71



	Munger district hub



	ZT
	466.24
	1,251.85
	785.61
	1.68



	FMP
	521.49
	936.26
	414.77
	0.80



	Nalanda district hub



	ZT
	385.39
	1,185.42
	786.55
	2.04



	HS
	411.00
	1,267.35
	856.35
	2.08



	FMP
	471.63
	947.31
	475.68
	1.01



	Nawada district hub



	HS
	560.77
	1,464.09
	903.31
	1.61



	FMP
	623.26
	1,066.97
	443.71
	0.71








3.3.2 Bhagalpur project hub

Field experiments-cum-demonstrations was conducted in 45 ha land at 90 farmers field (Supplementary Table S1). In Bhagalpur project hub wheat planting was started on 25 November and completed on 12 December. The productivity varied from 3.54 to 3.76 t/ha under different dates of planting (Figure 7b). The highest productivity (3.76 t/ha) of wheat was observed with 25 November planted wheat followed by the rest of the planting dates. However, the lowest (3.54 t/ha) was reported on 12 December, 5.85% lower than 25 November planting (Figure 7b).

The average cost of cultivation, gross return, and net return were ~$406, $1,090, and $683/ha, respectively, with a benefit-to-cost ratio of 1.71. For farmer management practices, these values were $427, $1057, and $630/ha, respectively. The benefit-to-cost ratio was 1.48. For the Bhagalpur project hub, the figures remained consistent, indicating a robust economic outcome for the wheat cultivation practices implemented (Table 1).



3.3.3 Gaya project hub

A total 83 ha field experiments-cum-demonstrations was conducted at 162 farmers field (Supplementary Table S1). In Gaya project hub wheat planting was started on 28 November and completed on 17 December. The productivity was varied from 4.15-to-4.22 t/ha under different dates of planting (Figure 7c). The highest productivity (4.22 t/ha) of wheat was observed with 28 November planted wheat followed by the rest of the planting dates. However, the lowest (4.15 t/ha) was reported with 17 December ~2% lower than 28 November planting (Figure 7c).

The average cost of cultivation, gross return, and net return were ~$419, $1,027, and $608/ha, respectively, with a benefit-to-cost ratio of 1.48. For farmer management practices, these values were $465, $912, and $447/ha, respectively. The benefit-to-cost ratio was 0.96. For the Gaya project hub, these figures remained consistent, indicating a robust economic outcome for the wheat cultivation practices implemented (Table 1).



3.3.4 Khagaria project hub

A total of 47 ha land was covered for the field experiments-cum-demonstrations at 97 farmer's fields (Supplementary Table S1). In Khagaria project hub, wheat planting was started on 23 November and completed on 31 December. The productivity varied from 3.04 to 4.99 t/ha under different dates of planting (Figure 7d). The highest productivity (4.99 t/ha) of wheat was observed with 23 November planted wheat followed by the rest of the planting dates. However, the lowest (3.04 t/ha) was reported with 31 December lower (39%) than the 23 November planting (Figure 7d).

The average cost of cultivation, gross return, and net return were ~$472, $1,335, and $863/ha, respectively, with a benefit-to-cost ratio of 1.92. Under farmer management practices, these values were $549, $1,202, and $653 per hectare, respectively, with a benefit-to-cost ratio of 1.19 (Table 1).



3.3.5 Madhubani project hub

A total of 55 ha field experiments-cum-demonstrations was conducted at 104 farmers field (Supplementary Table S1). In Madhubani project hub, wheat planting was started on 20 November and completed on 20 December. The productivity varied from 2.71 to 4.77 t/ha under different dates of planting (Figure 7e). The highest productivity (4.77 t/ha) of wheat was observed with 20 November planted wheat followed by rest of the planting dates. However, the lowest (2.71 t/ha) was reported with 20 December ~42% lower than 20 November planting (Figure 7e). Meanwhile, reduced yields are reported from plots where sowing took place in November and beyond first week of December.

The average cost of cultivation, gross return, and net return were $592, $1,225, and $633/ha, respectively, with a benefit-to-cost ratio of 1.09. For farmer management practices, these figures were $623, $1,067, and $444/ha, with a benefit-to-cost ratio of 0.71 (Table 1).



3.3.6 Munger project hub

A total 48 ha field experiments-cum-demonstrations was conducted at 104 farmers field (Supplementary Table S1). In Munger project hub wheat planting was started on 21 November and completed on 17 December. The productivity varied from 2.30 to 4.30 t/ha under different dates of planting (Figure 7f). The highest productivity (4.30 t/ha) of wheat was observed with 21 November planted wheat followed by the rest of the planting dates. However, the lowest (2.30 t/ha) was reported with 17 December ~47% lower than 21 November planting (Figure 7f). Meanwhile, reduced yields are reported from plots where sowing took place in November and beyond the first week of December.

Average cost of cultivation, gross return, and net return were approximately $494, $1,096, and $600/ha, respectively, with a benefit-to-cost ratio of 1.24. For farmer management practices, these values were $522, $936, and $415/ha, respectively, with a benefit-to-cost ratio of 0.80 (Table 1).



3.3.7 Nalanda project hub

A total 69 ha field experiments-cum-demonstrations has been conducted at 113 farmers field (Supplementary Table S1). In Nalanda project hub wheat planting started on 13 November and completed on 5 December. Results showed that the wheat productivity varied from 4.32 to 4.96 t/ha under different dates of planting (Figure 7g). The trend line showed that there is a clear decreasing trend in yield as sowing proceeds from 13 November to 5 December. The highest productivity (4.96 t/ha) of wheat was observed with 13 November planted wheat followed by the rest of the planting dates. However, the lowest (4.32 t/ha) was reported with 5 December ~13% lower than 13 November planting (Figure 7g). The average cost of cultivation, gross return, and net return were approximately $423, $1,133, and $706/ha, respectively, resulting in a benefit-to-cost ratio of 1.71. For farmer management practices, the values were $471, $947, and $476/ha, with a benefit-to-cost ratio of 1.01 (Table 1).



3.3.8 Nawada project hub

A total 51 ha field experiments-cum-demonstrations has been conducted at 77 farmers field (Supplementary Table S1) planting started on 30 November and continued till 7 December. Results showed that the wheat productivity varied from 3.54-to-4.28 t/ha under different dates of planting (Figure 7h). The trend line showed that there is a clear decreasing trend in yield as sowing proceeds from 30 November to 7 December. The highest productivity (4.28 t/ha) of wheat was observed with 30 November planted wheat followed by rest of the planting dates. However, the lowest (3.54 t/ha) was reported with 7 December ~18% lower than 30 November planting (Figure 7h).

The average cost of cultivation, gross return, and net return were ~$592, $1,266, and $674/ha, respectively, with a benefit-to-cost ratio of 1.16. For farmer management practices, these values were $623, $1,167, and $444/ha, resulting in a benefit-to-cost ratio of 0.71 (Table 1).



3.3.9 Cumulative of eight project hubs

A total of 220 field experiments-cum-demonstrations were conducted at 566 ha land of 980 farmers (Supplementary Table S1). Maximum area covered (30%) by Banka followed by Gaya (15%), Nalanda (12%), Madhubani (10%), Nawada (9%) and lowest area covered by Bhagalpur, Khagaria and Munger (8% each) (Supplementary Figure S2a). Meanwhile, in the case of the number of farmers covered, the maximum covered Banka (24%), followed by Gaya (16%), Madhubani, Munger and Nalanda (11% each), Khagaria (10%), Bhagalpur (9%), and lowest was covered by 8% Nalanda (Supplementary Figure S1a, b). All project hubs (Banka, Bhagalpur, Gaya, Khagaria, Madhubani, Munger, Nalanda, and Nawada) planting was started on 13 November and completed on 31 December. Results reflect the variation in wheat productivity (2.14-to-4.96 t/ha) under different dates of planting (Figure 8).


[image: Line graph showing productivity in tons per hectare decreasing over time from November 13 to December 31. The decline is more pronounced around mid-December. The x-axis represents dates, and the y-axis represents productivity levels. ]
FIGURE 8
 Effect of planting time on average wheat productivity across all experimental sites (Banka, Bhagalpur, Gaya, Khagaria, Madhubani, Munger, Nalanda, and Nawada).


The trend line showed that there is a clear decreasing trend in yield as sowing proceeds from 13 November to 31 December. The highest productivity (4.96 t/ha) of wheat was observed with 13 November planted wheat followed by the rest of the planting dates (Figure 8). However, the lowest (2.14 t/ha) was reported with 31 December ~57% lower than 13 November planting (Figure 8; Table 1).




3.3 Impact of crop establishment methods on productivity and profitability
 
3.3.1 Banka project hub

Results showed that all three planting technologies (ZT, RB, and HS) achieved higher grain yields compared to FMP (Table 2). The average wheat grain yield was 3.89 t/ha and straw yield was 5.81 t/ha. In contrast, under FMP, the grain yield was 3.33 t/ha and straw yield was 4.98 t/ha. The HS method produced the highest grain yield of 4.26 t/ha, followed by RB at 4.06 t/ha, while the lowest yield was recorded at ZT (3.89 t/ha). For straw yield, HS also resulted in the highest yield of 6.26 t/ha, followed by RBP at 6.02 t/ha and ZT at 5.96 t/ha (Table 2).

TABLE 2  Effect of different crop establishment technologies on wheat productivity across all locations (Banka, Bhagalpur, Gaya, Khagaria, Madhubani, Munger, Nalanda, and Nawada).


	Crop establishment methods
	Banka
	Bhagalpur
	Gaya
	Khagaria
	Madhubani
	Munger
	Nalanda
	Nawada



	
	Grain
	Straw
	Grain
	Straw
	Grain
	Straw
	Grain
	Straw
	Grain
	Straw
	Grain
	Straw
	Grain
	Straw
	Grain
	Straw





	
	Productivity (t/ha)



	ZT
	3.89
	5.96
	3.6
	4.89
	4.15
	5.31
	4.99
	4.84
	4.71
	4.68
	4.3
	4.78
	4.63
	6.5
	–
	–



	RB
	4.06
	6.02
	3.65
	4.72
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–



	HS
	4.26
	6.26
	3.74
	5.01
	4.21
	5.63
	4.99
	4.81
	–
	–
	–
	–
	4.95
	6.75
	4.61
	6.68



	FMP
	3.33
	4.98
	3.47
	4.86
	3.52
	5.57
	3.04
	3.35
	2.71
	2.84
	2.3
	2.79
	3.82
	3.46
	3.46
	4.99






Regarding profitability, the average values were $417, $1,047, and $630/ha for cost of cultivation, gross return, and net return, respectively, with a benefit-to-cost ratio of 1.54 (Table 1). However, the maximum profitability was observed with the HS method, with values of $399, $1,148, and $749/ha for cost of cultivation, gross return, and net return, respectively, and a benefit-to-cost ratio of 1.88. Meanwhile, the lowest benefit-to-cost ratio (0.91) was recorded with FMP (Table 1).



3.3.2 Bhagalpur project hub

The average wheat grain yield was 3.62 t/ha and straw yield was 4.87 t/ha. Under FMP, the grain yield was 3.47 t/ha and straw yield was 4.86 t/ha. HS method achieved the highest grain and straw yields of 3.74 and 5.01 t/ha, followed by RB at 3.65 and 4.72 t/ha, with the lowest yields recorded with ZT at 3.60 and 4.89 t/ha, respectively (Table 2).

In terms of profitability, the average values were $406, $1,090, and $683/ha for cost of cultivation, gross return, and net return, respectively, with a benefit-to-cost ratio of 1.71 (Table 1). The highest profitability was observed with the ZT method, with values of $360, $1,088, and $728/ha for cost of cultivation, gross return, and net return, respectively, and a benefit-to-cost ratio of 2.02. This was followed by the HS and RB methods (Table 1).



3.3.3 Gaya project hub

Date showed that the average wheat grain yield was 3.96 t/ha and straw yield was 5.50 t/ha. In contrast, under FMP, the grain yield was 3.52 t/ha and straw yield was 5.57 t/ha. HS produced the highest grain and straw yields of 4.21 and 5.63 t/ha, respectively, while ZT yielded 4.15 and 5.31 t/ha, respectively (Table 2).

Regarding profitability, the average values were $419, $1,027, and $608/ha for cost of cultivation, gross return, and net return, respectively, with a benefit-to-cost ratio of 1.48 (Table 1). However, the maximum profitability was achieved with the ZT method, with values of $383, $1,077, and $694/ha for cost of cultivation, gross return, and net return, respectively, and a benefit-to-cost ratio of 1.81. This was followed by HS, while the lowest profitability was reported with FMP (Table 1). On average, wheat grain yield increased by 19.4% with HS and 17.6% with ZT, compared to FMP.

Data showed that profitability (Table 1), adopting these technologies resulted in higher economic returns. The average net return increased by 12.6% with HS and 14.5% with ZT compared to the overall average. Specifically, the highest profitability was observed with ZT, which recorded a net return increase of 14.5%, with a benefit-to-cost ratio of 1.81. HS followed closely with a 12.6% net return increase and a benefit-to-cost ratio of 1.68 (Table 1).



3.3.4 Khagaria project hub

Results indicated that both ZT and HS achieved significantly higher grain yields compared to FMP (Table 2). The average wheat grain yield was 4.34 t/ha and straw yield was 4.33 t/ha. In contrast, under FMP, the grain yield was 3.04 t/ha and straw yield was 3.35 t/ha. HS produced the highest grain yield of 4.99 t/ha and straw yield of 4.81 t/ha, while ZT also yielded 4.99 and 4.81 t/ha for grain and straw, respectively (Table 2).

Meanwhile, profitability, the average values were $472, $1,335, and $863/ha for cost of cultivation, gross return, and net return, respectively, with a benefit-to-cost ratio of 1.92 (Table 1). The maximum profitability was observed with the ZT method, yielding $400, $1,576, and $1,177/ha for cost of cultivation, gross return, and net return, respectively, and a benefit-to-cost ratio of 2.94. HS followed closely in profitability. In contrast, FMP reported the lowest profitability with a benefit-to-cost ratio of 1.19 (Table 1). Additionally, the percentage increase in grain yield with HS compared to FM was approximately 64.8%, while with (64.8%) at ZT (Table 1).



3.3.5 Madhubani project hub

Results demonstrate that ZT significantly increases wheat yields compared to FMP (Table 2). The average wheat grain yield was 3.71 t/ha and straw yield was 3.76 t/ha. In contrast, under FMP, the grain yield was 2.71 t/ha and straw yield was 2.84 t/ha. ZTP resulted in the highest grain yield of 4.71 t/ha and straw yield of 4.68 t/ha (Table 2), showcasing substantial improvements in productivity. Grain yield was 73.4% higher with ZT compared to FMP, while straw yield showed a 65.5% increase with ZT.

Data showed that profitability (Table 1), the average values were $592, $1,225, and $633/ha for cost of cultivation, gross return, and net return, respectively, with a benefit-to-cost ratio of 1.09 (Table 1) However, ZT exhibited the highest profitability, with values of $561, $1,382, and $822/ha for cost of cultivation, gross return, and net return, respectively, and a benefit-to-cost ratio of 1.46 (Table 1). ZT had +29.8% higher net returns compared to average. In contrast, FMP reported the lowest profitability, underscoring the economic advantages of adopting ZT in wheat cultivation practices (Table 1).



3.3.6 Munger project hub

Data showed that adopting ZT significantly enhances wheat yields compared to FMP (Table 2). The average wheat grain yield was 3.30 t/ha and straw yield was 3.79 t/ha. In contrast, under FMP, the grain yield was 2.30 t/ha and straw yield was 2.79 t/ha. ZT achieved the highest grain yield of 4.30 t/ha and straw yield of 4.78 t/ha (Table 2), demonstrating substantial increases in productivity. ZT outperformed FMP with a remarkable 86.9% increase in grain yield and a substantial 71.3% increase in straw yield.

Results showed that profitability (Table 1), the average values were $494, $1,094, and $600/ha for cost of cultivation, gross return, and net return, respectively, with a benefit-to-cost ratio of 1.24. However, ZT exhibited the highest profitability, with values of $466, $1,252, and $786/ha for cost of cultivation, gross return, and net return, respectively, and a benefit-to-cost ratio of 1.69 (Table 1). ZT showed a significant 31.0% increase in net return compared to the average, highlighting its economic advantage over other practices (Table 1).



3.3.7 Nalanda project hub

Data showed that both ZT and HS significantly outperformed FMP in terms of wheat yields (Table 2). The average wheat grain yield was 4.47 t/ha and straw yield was 5.57 t/ha. In contrast, under FMP, the grain yield was 3.82 t/ha and straw yield was 3.46 t/ha. HS achieved the highest grain yield of 4.95 t/ha and straw yield of 6.75 t/ha, while ZT recorded 4.63 t/ha for grain and 6.50 t/ha for straw yield (Table 2), indicating substantial improvements in productivity. HS achieved 29.3% higher grain yield, and 94.8% higher straw yield compared to FMP. ZT also showed increases of 21.1% in grain yield and 87.3% in straw yield over FMP.

Regarding profitability (Table 1), the average values were $423, $1,133, and $706/ha for cost of cultivation, gross return, and net return, respectively, with a benefit-to-cost ratio of 1.71. However, HS showed the maximum profitability, with values of $411, $1,267, and $856/ha for cost of cultivation, gross return, and net return, respectively, and a benefit-to-cost ratio of 2.08 (Table 1). HS showed a 21.1% increase in net return compared to the average. Conversely, FMP reported the lowest profitability, highlighting the economic advantages of adopting ZT and HS in wheat cultivation practices (Table 1).



3.3.8 Nawada project hub

Results indicated that adopting HS significantly increased grain yields compared to FMP (Table 2). The average wheat grain yield was 4.04 t/ha, and straw yield was 5.84 t/ha. In contrast, under FMP, the grain yield was 3.46 t/ha, and straw yield was 4.99 t/ha. HS achieved the highest grain yield of 4.61 t/ha and straw yield of 6.68 t/ha (Table 2), highlighting substantial improvements in productivity. HS exhibited 33.5% higher grain yield and 34.7% higher straw yield compared to FMP.

Meanwhile, average profitability (Table 1) was recorded at $592, $1,266, and $674/ha for cost of cultivation, gross return, and net return, respectively, with a benefit-to-cost ratio of 1.16. However, HS exhibited maximum profitability, with values of $561, $1,464, and $903/ha for cost of cultivation, gross return, and net return, respectively, and a benefit-to-cost ratio of 1.61 (Table 1). HS showed a 33.7% increase in net return compared to the average. Conversely, FMP reported the lowest profitability, emphasizing the economic advantages of adopting HS in wheat cultivation practices (Table 1).



3.3.9 Cumulative of eight project hubs

Results showed that the method of crop establishment significantly varied (3.45-to-4.29 t/ha) wheat productivity (Figure 9). The highest 4.29 t/ha (+20%) wheat productivity was observed with HS method, followed by ZT method 4.11 t/ha (+16), RB 3.86 t/ha (+11%) and compared with FMP 3.45 t/ha (Figure 9).


[image: Bar chart comparing the productivity of four crop establishment methods: Zero tillage (4.11), Raised bed (3.86), Happy Seeder (4.29), and FMP (3.45). Error bars indicate variability. ]
FIGURE 9
 Effect of different crop establishment technologies on average wheat productivity: mean data from 980 farmers across 566 ha of field experiments in eight district Hubs (Banka, Bhagalpur, Gaya, Khagaria, Madhubani, Munger, Nalanda, and Nawada).


Mean profitability ranges $480-to-760/ha among the different planting techniques (Figure 10a). The highest $760/ha (+37%) wheat profitability was observed with the HS method, followed by ZT method $730/ha (+34), RB $649/ha (+26%) and lowest was reported with FMP $480/ha (Figure 10a).


[image: Panel A shows a box plot of net returns for four crop establishment methods: Zero Tillage (ZT), Raised Bed (RB), Happy Seeder (HS), and Furrow Making Practices (FMP). ZT has the highest outlier at 1200 US dollars per hectare. Panel B illustrates a flowchart connecting climate-resilient agriculture strategies, with images of different crop methods and benefits, such as improved crop establishment, productivity, and profitability. ]
FIGURE 10
 (a) Effect of different crop establishment technologies on wheat profitability: mean data from 980 farmers across 566 ha of field experiments in eight district hubs (Banka, Bhagalpur, Gaya, Khagaria, Madhubani, Munger, Nalanda, and Nawada). (b) Different stages of crop establishment technologies.






4 Discussion


4.1 Planting time

Wheat is one the most sensitive crop to the temperature among all the major cereals (Arshad et al., 2017), thus planting time of the wheat plays a crucial role in wheat productivity (Bhatt et al., 2021; Fu et al., 2025), where high temperature during planting influences the germination and early growth stages, whereas terminal heat, affects reproductive stage (Akter and Islam, 2017; McDonald et al., 2022). Selected areas in the current study belong to Eastern Indo-Gangetic planes (E-IGP) where the climatic conditions are humid and subtropical type. These sites i.e., Bhagalpur, Banka, Gaya, Khagaria, Madhubani, Nawada, Nalanda, and Munger, represent different agro-climatic conditions (Figure 3). Data showed that wheat plating started on 13 November to avoid the effect of high temperature on critical flowering and grain filling periods, and continued it till December 31, to study the adverse effect of high temp on net yield. During the 48-day planting window for field experiments-cum-demonstrations, over 566 hectares were covered across 980 farmers' fields (Supplementary Figures S1a, b). Earlier studies also suggest the wheat planting 15 days earlier than the usual date (Jalota et al., 2013; Islam et al., 2022; Ray et al., 2019). Interestingly, the selected sites show up to 4°C temperature difference during wheat crop season where minimum temperature ranges 8–12°C while the maximum ranges 31–35°C (Supplementary Table S1).

Based on temperature differences, early sowing of wheat started from 13th November in Nalanda, followed by Banka, whereas in Khagaria, sowing was delayed until 19th to 31st December (Figure 3). This wide sowing window facilitated the analysis of yield variation across different planting dates. The yield advantage in early sowing can be attributed to optimal temperature during the critical growth stages (tillering and grain filling), reduced biotic and abiotic stress pressure, and longer duration for crop maturity. In contrast, late sowing exposed the crop to terminal heat stress during grain filling, which is known to accelerate senescence and reduce grain weight (Sattar et al., 2023; Wen et al., 2023)

Rainfall distribution varied considerably across districts and years, with peak rainfall concentrated between June and September. This seasonal variability influenced soil moisture availability during the sowing window (Patel et al., 2024). Delayed sowing beyond late November consistently reduced wheat productivity across all districts. Together, these findings emphasize the need to align sowing dates with residual soil moisture conditions and avoid exposure to terminal heat, reinforcing the importance of timely planting as a climate-resilient strategy (Chhokar et al., 2023; Hussain et al., 2018).



4.2 Impact of planting time on productivity and profitability

Major objectives of the study were to evaluate the impact of planting time on wheat yield across various agro-climatic zones of Bihar. To achieve this, the planting window was extended to 48 days, spanning from November 13 to December 31 (Figure 4). Timely planting of wheat optimizes growing conditions, enhancing establishment, growth, and yield potential (Jalota et al., 2013; Islam et al., 2022; Lobell et al., 2008; Demyanyuk et al., 2023). Conversely, late planting, often due to delayed rice harvesting, exposes wheat crops to high temperature stress during grain filling, leading to terminal heat stress and significant yield reductions (20–30%). Rainfall variability across districts also played a critical role in influencing the sowing window. Inconsistent post-monsoon rainfall impacted soil moisture availability for early planting, especially in years with below-average rainfall, leading to delayed sowing in some locations. This further increased exposure to terminal heat stress, compounding the yield penalty from late planting (Gupta et al., 2019; Rehman et al., 2021; Nagar et al., 2015; Sharma and Majumder, 2017; Agarwal et al., 2021; Rohini et al., 2016). Similar outcomes were observed in the previous year's Rabi season 2019–2020 (Table 2). Analysis of the yield from all eight locations well explained the effectiveness of timely planting of wheat in these agro-climatic zones (Figures 4–11). Traditionally, farmers in Bihar start wheat planting in late November, continue till end of the December resulting, an average of 2.9 t/ha of wheat yield significantly below the average yield in India i.e., 3.4 t/ha, almost 15% less than the national average. The same was reflected in our results, where we observed the fall in wheat yield, ranging from 3.2 to 56.85%, starting from 15 November to 31 December (Figure 9). Combined data from all locations clearly indicates the reduction (~1.18%) yield on each day delay in the wheat planting (Figures 10a, b). An average of 6.2% yield reduction was observed on December 1st planting. Our findings suggest the planting of wheat during November 10 to 20 could be suitable in these regions to save from the yield penalty due to the terminal heat. Earlier studies, Jalota et al. (2013), also suggest, sifting the planting 15 days earlier can reduce 4% of yield loss, also Dubey et al. (2020) argues, 10 days earlier from recommended sowing date. In context to Bihar, (McDonald et al., 2022), predicted an increase production up to 69% with achievable adjustments to wheat sowing dates in Mid-November.
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FIGURE 11
 Flowchart illustrating strategies for enhancing food security through climate-resilient agriculture in subtropical landscapes. Sections include optimal planting times, planting methods, and yield advantages, with steps from early planting to profitability increase. Key elements involve the use of a Happy Seeder, raised bed, and zero tillage. Focus areas include economic gain, yield increase, and minimizing yield reduction. Future study foundations and robust model development are emphasized. Strategies for maximizing wheat productivity while minimizing climate impact.


The profitability is negatively correlated with cost of cultivation whereas positively with productivity and price of the crop. The cost of cultivation includes costs of seeds, human labor, service provider cost, irrigation, Agro-chemicals and other operational cost (Shirsath et al., 2017; Hasanain et al., 2024). However, FMP productivity plays a crucial role in net profitability as the price of the grain and cost of cultivation increases parallelly. The benefit-to-cost ratio for our study was 1.60 under the FMP; however, this could increase to 1.83 or higher with the adoption of timely or early planting practices (Table 1). Timely planting induced yield benefit may lead to the economic gain of $10/ha by every 1% increased yield. Recent studies emphasize integrated approaches: conservation agriculture (Jat et al., 2025a; Dubey et al., 2020), long-term fertilization (Panday et al., 2024), and precise nutrient-tillage-residue management (Hasanain et al., 2025) as key to boosting wheat productivity. These sustainable strategies enhance soil quality (Jat et al., 2025a), improve water-use efficiency (Panday et al., 2024), and buffer wheat systems against climate stress across diverse agro-ecologies (Meena et al., 2024).



4.3 Impact of crop establishment methods on productivity and profitability

The analysis of the data from all project sites confirms the significant impact of different wheat planting methods on the productivity and profitability (Keil et al., 2015; Ahmed et al., 2024). Specially, the HS gave significantly higher yield among all the technologies followed by ZT and RB (Figure 9). Similar observation was recorded in earlier studies by Jat et al. (2019), Thind et al. (2023), and Chaudhary et al. (2023). In context to Bihar, data also reflects +19% higher yield using HS technology, followed by ZT (+16%) and RBP (+10%), as compared to traditional FMP, which could increase the income of every household up to $140/h. However, HS and ZT system allows farmers to plant directly into untilled soil which help to reduce the cost of cultivation, save time and resources in field preparation (Jat et al., 2022; Kumar et al., 2024). A study in south-eastern Punjab, Keil et al. (2020), suggests the significant saving in wheat production cost (~$2/100 kg of wheat) using HS. Interestingly, our results also revealed that the FMP was significantly more expensive than the other technologies: ~15% more than ZT, and 17% and 25% more than HS and HS, respectively.




5 Conclusions

The study identifies optimal planting times and techniques for wheat in Bihar, India, emphasizing the role in enhancing food security and farm income. Demonstrations across 566 ha showed that early planting (13–20 Nov) maximizes wheat productivity. Adoption of climate-resilient agriculture strategies, particularly using suitable planting times and techniques like HS, RB, and ZT offers potential to mitigate climate risks and improve economic outcomes for farmers in diverse landscapes of Bihar (Figure 11). Conclusions are:

(a) Optimal planting times: Large-scale field data from 980 demonstrations across eight project sites indicated that early planting (13-to-20 Nov) resulted in the highest wheat productivity.

(b) Optimal planting methods: Most suitable planting method identified was HS for wheat, followed by RB and ZT.

(c) Time advantage: HS and ZT methods provide a time advantage by allowing wheat planting to be advanced by 10–15 days, thereby saving on land preparation time.

(d) Yield advantages: HS planting can maximize yields by up to 20%, while timely wheat planting can minimize yield reductions by up to 57%, particularly by avoiding terminal heat stress during crucial stages like heading and grain filling.

(e) Economic advantage: +37% increases in profitability can be achieved with timely planting and using the HS for wheat cultivation.

Future studies should focus on integrating climate-resilient agriculture strategies to meet global food demand amidst challenging climatic conditions in subtropical agroecological landscapes. Overall, adopting and integrating the different climate-resilient agriculture (CRA) strategies with advanced technological interventions to achieve global food demand and mitigate the adverse climatic conditions.
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