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ABSTRACT 

	[bookmark: _Hlk205932561][bookmark: _Hlk205932464][bookmark: _Hlk205932485][bookmark: _Hlk205932505]Wheat (Triticum aestivum L.) is a major staple crop globally and a key contributor to food and nutritional security in India. Climate change-induced variations in temperature, radiation, and atmospheric CO₂ concentration are expected to significantly influence wheat productivity. A sensitivity analysis was conducted using the APSIM-Wheat model to quantify the effects of changes in maximum temperature (Tmax), minimum temperature (Tmin), bright sunshine hours (BSS), and CO₂ levels on the grain yield of three wheat varieties GW 496, GW 451 and GW 513 under the climatic conditions of Anand, Gujarat. Simulation results indicated that increasing Tmax had a substantial negative impact on yield, with a +5 °C rise reducing grain yield by 19.5-23.1%, whereas a −5 °C decrease enhanced yields by up to 19.2%. Similarly, elevated Tmin reduced productivity, with GW 496 showing the highest loss (-27.3% at +5 °C), while lower Tmin values improved yields by up to 10.9%. Variations in BSS strongly influenced yield outcomes; a +2.5 h increase enhanced productivity by 7.1-9.2%, while the same reduction caused substantial losses of 20.2-24.4%. Elevated atmospheric CO₂ concentrations consistently improved yields due to enhanced photosynthetic rates and biomass accumulation, with maximum gains of 13.6% recorded at 570 ppm CO₂. Among the varieties, GW 496 exhibited the greatest sensitivity to temperature fluctuations, while all varieties responded positively to increased BSS and CO₂ enrichment. These findings emphasize the dual challenge and opportunity posed by climate change-while rising temperatures threaten yield stability, strategic management of sowing dates, irrigation, and cultivar selection, combined with the potential benefits of CO₂ fertilization, could help sustain wheat production. This study provides valuable insights for climate-resilient agricultural planning and underscores the importance of integrating crop simulation modeling into policy and farm-level decision-making to ensure long-term wheat productivity under changing environmental conditions.
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1. INTRODUCTION

Wheat (Triticum aestivum L.) is one of the most widely cultivated cereal crops worldwide, playing a pivotal role in global food and nutritional security. Originating from the Fertile Crescent region of the Levant, wheat has adapted to diverse agro-climatic zones. In India, it is the second most important staple food crop after rice, locally known as gehun or kanak. Out  of the three cultivated species T. aestivum (bread/common wheat), T. durum (macaroni wheat), and T. dicoccum (emmer wheat) T. aestivum dominates, covering about 95% of the wheat area due to its adaptability and higher yield potential. The area, production, and productivity of wheat in India have increased significantly due to the introduction of high-yielding varieties during the Green Revolution, irrigation expansion, mechanization, quality input supply, and improved agronomic practices. In 2020-21, wheat occupied 31.12 million hectares with a production of 109.59 million tonnes, rising to 113.5 million tonnes in 2023-24, with projections of 117.5 million tonnes by 2025–26 (Anonymous, 2023). In Gujarat, wheat is cultivated on ~1.25 Mha, producing 3.5-4.0 million tonnes annually, aided by irrigation from the Sardar Sarovar Canal network. Wheat can be cultivated from sea level to 3000 m, with optimal germination at 20–25°C and possible germination between 3.5°C and 35°C. It grows well under 50–60% humidity, with rainfall ranging from 25-150 cm annuallyi and it requires warm, dry conditions at maturity. Winter wheats require vernalization at 0-7°C for 30-60 days, though this requirement may be partially met by short-day conditions at 16-21°C (Evans, 1987; Ahrens and Loomis, 1963; Evans et al., 1975). Climate change is expected to significantly affect wheat productivity through rising temperatures, altered rainfall patterns and elevated atmospheric CO₂ levels. Crop simulation models are essential tools to study these impacts, offering cost-effective, time-efficient, and integrative analysis of crop–soil–climate–management interactions (Jones et al., 2003; van Ittersum et al., 2003; Rosenzweig et al., 2014; Holzworth et al., 2014a, 2014b; Aggarwal et al., 2006). The Agricultural Production Systems sIMulator (APSIM), developed by the Agricultural Production Systems Research Unit (APSRU), is a dynamic daily time-step model capable of simulating crop growth, yield, soil water and nutrient dynamics under varying environmental and management scenarios (Keating et al., 2003; Probert et al., 1997). This study uses the APSIM-Wheat model to evaluate the sensitivity of wheat grain yield to variations in maximum temperature (Tmax), minimum temperature (Tmin), bright sunshine hours (BSS) and atmospheric CO₂ concentration for three wheat varieties under the agro-climatic conditions of Anand, Gujarat, providing insights for climate-resilient wheat production.	Comment by Motunrayo Adebayo: annually 	Comment by Motunrayo Adebayo: Simulator

2. material and methods 
2.1 Field Experimental Detail
The field experiment was conducted during the Rabi season of 2024–25 at the Agronomy Farm, B.A. College of Agriculture, Anand Agricultural University, Anand, Gujarat (22°35′ N, 72°55′ E, 45.1 m MSL). The site has a semi-arid, subtropical climate with an average annual rainfall of 860 mm, mostly during the south-west monsoon. The soil was loamy sand (“Goradu soil”), moderately alkaline (pH 8.19), medium in organic carbon (0.63%), available phosphorus (36.2 kg ha⁻¹), and potassium (208.69 kg ha⁻¹). The experiment was laid out in a split-plot design with four replications, having three sowing dates in the main plots (1st November, 15th November, and 30th November) and three wheat varieties (GW 496, GW 451, and GW 513) in sub-plots. Recommended fertilizer dose (120:60:0 N:P₂O₅:K₂O kg ha⁻¹) and standard agronomic practices were followed for all treatments.

2.2 Description of model
The APSIM-Wheat module, part of the Agricultural Production Systems sIMulator (APSIM), was used to simulate crop growth and yield. APSIM is a process-based model operating on a daily time step, integrating soil, crop, and management modules. The model simulates phenology based on accumulated thermal time, biomass production from intercepted radiation and radiation use efficiency, and yield from biomass partitioning to grains. Input data included daily weather variables (maximum and minimum temperature, bright sunshine hours, and rainfall), soil physical and chemical properties, variety-specific genetic coefficients, and management practices. Model calibration was performed using field data from the recommended sowing date (15th November) for all varieties, adjusting genetic coefficients until simulated and observed phenology, plant growth, and yield matched closely. Validation was carried out using data from early (1st November) and late (30th November) sowing dates	Comment by Motunrayo Adebayo: !!

2.3 Sensitivity analysis to different climatic factors
Sensitivity analysis was undertaken to assess the effect of changes in climatic conditions on wheat yield. Baseline simulations used 2024-25 season weather data and a CO₂ concentration of 350 ppm. Climatic variables were altered individually to create scenarios: maximum and minimum temperature were varied by ±0.5 °C to ±3 °C; bright sunshine hours were modified by ±0.5 to ±3.0 h/day; and CO₂ concentration was increased from 350 to 570  ppm in increments of 50 ppm. For each scenario, APSIM-Wheat simulated phenology and yield for all varieties and sowing dates and the percentage change from baseline yield was computed to quantify sensitivity to each climatic factor.	Comment by Motunrayo Adebayo: The baseline CO₂ concentration is mentioned as 350 ppm; however, this is lower than current atmospheric levels (~420 ppm in 2024). Justification for using 350 ppm as a baseline should be clarified.	Comment by Motunrayo Adebayo: The increments of climatic changes (±0.5°C to ±3.0 °C/hours, CO₂ up to 570 ppm) are reasonable, but their basis (literature or projected scenarios) should be referenced.

3. results and discussion
3.1	Effect of changes in Maximum Temperature on Yield
Table 1 and Fig. 1 present the effect of changes in maximum temperature (Tmax) on the grain yield of three wheat varieties (GW 496, GW 451, and GW 513). As Tmax increased above normal, yields declined in all varieties. At +3.0°C, yields fell to 4087 kg ha⁻¹ for GW 496, 4180 kg ha⁻¹ for GW 451, and 4084 kg ha⁻¹ for GW 513, corresponding to reductions of 10.3%, 6.0%, and 6.5%, respectively. The highest yield loss occurred at +3°C, with declines of 22.7%, 19.5%, and 23.1%, respectively. These yield reductions are attributed to the adverse effects of heat stress, particularly during the flowering and grain-filling stages, which likely shortened the grain development period. When Tmax decreased below normal, grain yields steadily improved across all varieties. The highest yield gain was recorded at -3°C, with GW 496 achieving a 19.2% increase, GW 451 an 18.6% increase, and GW 513 a 17.3% increase. These improvements suggest that cooler conditions result in higher seed germination rate and vegetative growth, which enhance photosynthetic efficiency and prolong the grain-filling period. Similar results were found by Bai et al. (2019).	Comment by Motunrayo Adebayo: Clarity in reporting yield changes: In Section 3.1, there’s a mismatch, you first say that at +3°C yields fell to ~4087 kg/ha, 4180 kg/ha and 4084kg/ha corresponding to reductions of 10.3%, 6.0%, and 6.5%, but later mention yield declines of 22.7%, 19.5%, and 23.1% at +3°C. This looks like a mistake. Please check the table vs text consistency.
[bookmark: _Hlk205941259]Table 1:  Change in Grain Yield relation to change in maximum temperature (TMax)
	Change in TMax (°C)
	Grain Yield (kg ha-1)
	% Change to Normal

	
	GW 496
	GW 451
	GW 513
	GW 496
	GW 451
	GW 513

	+3.0
	4087
	4180
	4084
	-10.3
	-6.0
	-6.5

	+2.5
	4152
	4219
	4102
	-8.8
	-5.1
	-6.1

	+2.0
	4281
	4282
	4118
	-6.0
	-3.7
	-5.7

	+1.5
	4358
	4318
	4192
	-4.3
	-2.9
	-4.0

	+1.0
	4412
	4391
	4281
	-3.1
	-1.2
	-2.0

	+0.5
	4481
	4421
	4318
	-1.6
	-0.6
	-1.1

	0
	4555
	4446
	4367
	0.0
	0.0
	0.0

	-0.5
	4611
	4468
	4391
	1.2
	0.5
	0.5

	-1.0
	4676
	4497
	4428
	2.7
	1.1
	1.4

	-1.5
	4698
	4530
	4500
	3.1
	1.9
	3.0

	-2.0
	4710
	4578
	4568
	3.4
	3.0
	4.6

	-2.5
	4789
	4654
	4627
	5.1
	4.7
	6.0

	-3.0
	4842
	4714
	4719
	6.3
	6.0
	8.1



      Fig 1: Deviation (%) in grain yield with change in Tmax from normal
3.2 Effect of Changes in Minimum Temperature on Yield
Table 2 and Fig. 2 show the effect of changes in minimum temperature (Tmin) on grain yield. When Tmin increased above normal, yields dropped for all three varieties. At +3.0°C, GW 496 lost 9.4% of yield, GW 451 dropped by 4.8%, and GW 513 by 5.2%. This is likely because warmer nights increase plant respiration, reducing the energy available for grain development. Conversely, cooler Tmin improved yields, with the highest increase recorded at -3.0°C 8.1% in GW 451, 7.3% in GW 496, and 4.6% in GW 513. Cooler nights likely helped plants conserve energy, allowing more resources to be used for grain filling. Among the varieties, GW 451 performed more consistently, with smaller yield losses under higher Tmin and the highest gains under lower Tmin. GW 496 was more sensitive, showing larger yield fluctuations. Similar results for deviation trend were also found in all three scenarios, change in Tmax, Tmin, and BSS by Pandey et al. (2007) in CERES-Wheat and Mishra et al. (2015) in WOFOST model.
Table 2:  Change in Grain Yield relation to change in minimum temperature (TMin)
	Change in Tmin (°C)
	Grain Yield (kg/ha)
	% Change to Normal

	
	GW 496
	GW 451
	GW 513
	GW 496
	GW 451
	GW 513

	+3.0
	4126
	4232
	4142
	-9.4
	-4.8
	-5.2

	+2.5
	4246
	4289
	4200
	-6.8
	-3.5
	-3.8

	+2.0
	4307
	4318
	4285
	-5.4
	-2.9
	-1.9

	+1.5
	4451
	4391
	4303
	-2.3
	-1.2
	-1.5

	+1.0
	4504
	4421
	4340
	-1.1
	-0.6
	-0.6

	+0.5
	4523
	4430
	4352
	-0.7
	-0.4
	-0.3

	0
	4555
	4446
	4367
	0.0
	0.0
	0.0

	-0.5
	4601
	4489
	4371
	1.0
	1.0
	0.1

	-1.0
	4638
	4521
	4396
	1.8
	1.7
	0.7

	-1.5
	4697
	4577
	4421
	3.1
	2.9
	1.2

	-2.0
	4746
	4620
	4476
	4.2
	3.9
	2.5

	-2.5
	4807
	4741
	4508
	5.5
	6.6
	3.2

	-3.0
	4887
	4808
	4567
	7.3
	8.1
	4.6




Fig 2: Deviation (%) in grain yield with change in Tmin from normal	
3.3 Effect of Changes in Bright Sunshine Hours on Yield
Table 3 and Fig. 3 indicate a positive relationship between bright sunshine hours (BSS) and grain yield for all three varieties. Increased BSS enhanced yields, with a +2.5-hour increase raising yields by 9.0% in GW 496, 9.2% in GW 451, and 7.1% in GW 513. Even a +1.0 hour increase improved yields by 4.0%, 3.0%, and 1.9%, respectively. Reduced BSS had a detrimental effect on yield. A 1.0 hour reduction caused declines of 5.4% (GW 496), 5.6% (GW 451), and 9.3% (GW 513), while a 2.5 hour reduction led to substantial losses of 21.9%, 20.2%, and 24.4%, respectively.
	Change in BSS (Hr)
	Grain Yield (kg ha-1)
	% Change to Normal

	
	GW 496
	GW 451
	GW 513
	GW 496
	GW 451
	GW 513

	+2.5
	4967
	4855
	4676
	9.0
	9.2
	7.1

	+2.0
	4895
	4704
	4598
	7.5
	5.8
	5.3

	+1.5
	4821
	4608
	4529
	5.8
	3.6
	3.7

	+1.0
	4735
	4581
	4449
	4.0
	3.0
	1.9

	+0.5
	4676
	4471
	4408
	2.7
	0.5
	0.9

	0
	4555
	4447
	4367
	0.0
	0.0
	0.0

	-0.5
	4420
	4307
	4056
	-3.0
	-3.1
	-7.1

	-1.0
	4311
	4198
	3963
	-5.4
	-5.6
	-9.3

	-1.5
	4232
	4224
	3898
	-7.1
	-5.0
	-10.7

	-2.0
	3892
	3887
	3673
	-14.6
	-12.6
	-15.9

	-2.5
	3556
	3548
	3300
	-21.9
	-20.2
	-24.4


Table 3:  Change in Grain Yield relation to change in Bright Sunshine hour (BSS)
Fig 3: Deviation (%) in grain yield with change in BSS from normal
3.4  Effect of different CO2 level on wheat yield
The table 4 shows the effect of increasing CO₂ levels from baseline of 350 ppm to 570 ppm on the grain yield of three wheat varieties GW 496, GW 451, and GW 513. All varieties showed a consistent increase in yield with rising CO₂, indicating enhanced photosynthetic activity and biomass accumulation. GW 513 recorded the highest percentage increase at each level, reaching a 13.62% gain at 570 ppm. GW 496 and GW 451 also showed significant yield improvements of 13.55% and 13.25%, respectively. Although GW 513 had the lowest base yield, it was most responsive to elevated CO₂. These results suggest that all three varieties benefit from increased CO₂, with GW 513 showing the greatest relative gain. Similar results was found by Xiao et al. (2016) in APSIM wheat and Pandey et al. (2007) in CERES wheat model.
Table 4:  Effect of different CO2 levels on Grain Yield
	CO2 (ppm)
	Grain Yield (kg ha-1)
	% Change to Normal

	
	GW 496
	GW 451
	GW 513
	GW 496
	GW 451
	GW 513

	Base
	4555
	4447
	4367
	0.0
	0.0
	0.0

	370
	4633
	4518
	4439
	1.71
	1.62
	1.65

	420
	4751
	4676
	4614
	4.30
	5.17
	5.66

	470
	4941
	4813
	4749
	8.47
	8.25
	8.75

	520
	5057
	4925
	4863
	11.02
	10.77
	11.36

	570
	5172
	5035
	4962
	13.55
	13.25
	13.62



Fig 4: Deviation (%) in Grain Yield at different level of CO2 from base line yield	Comment by Motunrayo Adebayo: Temperature changes had a marked influence on wheat yield. An increase in maximum temperature (Tmax) consistently reduced grain yield, while a decrease in Tmax improved yield. Minimum temperature (Tmin) showed a similar trend 

warmer nights had a negative effect, whereas cooler Tmin values increased yield. Bright sunshine hours (BSS) also played a crucial role in wheat productivity. Extending BSS by +2.5 hours enhanced yields in all three tested varieties, whereas reducing BSS by the same amount resulted in significant yield losses. 
4. Conclusion

Changes in temperature had marked influence on wheat yield. Increase in Tmax consistently reduced grain yield, while decrease in Tmax improved yield. Changes in Tmin followed a similar trend. Wormer nights had negative effect, while cooler Tmin value had increased in wheat yield. BSS is another crucial factor influencing the productivity of wheat. Extending BSS by +2.5 enhanced yield in all three tested varieties. Controversially reducing BSS by the same amount resulted in significant losses in wheat yield. Elevated CO2 concentration also showed a consistent positive impact with yield increasing across all tested varieties. Overall, the findings emphasize the wheat production in Anand is particularly vulnerable to increase in temperature and reduction in sunshine hours, but could benefit from elevated atmospheric CO2 levels, provided other growth factors remain optimal.	Comment by Motunrayo Adebayo: warmer
. 
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