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ABSTRACT 

 
Understanding the grain growth dynamics of wheat under changing climatic conditions is crucial for predicting yield 

stability and ensuring food security. Current study investigates the grain growth curve of wheat (Triticum aestivum L.) 

across three varying climatic conditions of Pothwar i.e., Islamabad (33◦ 40՛ N, 73◦ 10՛ E, 508m a.s.l.), having low 

temperature/high rainfall, URF-Koont (32◦ 93՛ N, 72◦ 86՛E, 506m a.s.l.) under variable temperature and moisture 

regimes associated with climate change. Field experiments were conducted using using Randomized Complete Block 

Design were conducted using five wheat genotypes (Dharabi, Chakwal-50, NARC-2009, Pakistan-2013  and AUR-809, 

four sowing dates i.e. SD1= (20-30 Oct of 2013-14 and 2014- 15, optimum viz. SD2= 10-20 Nov of 2013-14 and 2014- 

15, later i.e. SD3= 01-10 Dec of 2013-14 and 2014- 15 and very late sowing times i.e. SD4= 20-30 Dec of 2013-14 and 

2014- 15 at three varying climatic locations to monitor grain development from anthesis to physiological maturity. 

Results revealed that rising temperatures shortened the grain-filling duration, while fluctuating moisture availability 

significantly influenced the maximum grain growth rate and final grain weight. The grain growth curve followed a 

typical sigmoid pattern; however, under warmer and drier conditions, the curve shifted towards an earlier plateau with 

reduced asymptotic grain weight. These findings highlight the vulnerability of wheat grain development to climatic 

variability and suggest that genotypes with extended grain-filling capacity and tolerance to heat and drought stress 

should be prioritized in breeding programs. The study provides valuable insights for modeling crop growth under 

climate change and designing adaptive agronomic strategies to sustain wheat productivity. 
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INTRODUCTION 

 

Environment and climate of the globe is changing at adverse rates. Climate change refers to a statistically 

significant variation in either the mean state of the climate or in its variability, persisting for an extended period 

(typically decades or longer) (USEPA, 2011). It can also be defined as a change of climate which is attributed 

directly or indirectly to human activity that alters the composition of the global atmosphere and which is in addition 

to natural climate variability observed over comparable time periods  (IPCC, 2007). Climate variability is certainly 

resulted due to climate change (IPCC, 2013). Climate variability had significant impressions on living systems of 

small land holders, communities, and in larger term the countries. The variation in rainfall and temperature has 

direct influence on climate variability. Changes in rainfall intensity and duration during the whole year has 

relationship with the agricultural products (Thornton et al., 2014). Some positive impacts of climate variability are 

also there in parts of the world  located 55
o
 northern widths (Ewert et al., 2015), while areas under hot and dry 

climate  regions might see negative impacts (Aslam et al., 2018; Parry et al., 2005). 

Underdeveloped countries will be more affected due to less precipitation and raise in temperature. Similarly, 

intensity and frequency of extremes climatic events such as heat, flood, drought and coldness will be higher in 

future. Change in any climatic event has direct positive impact on agriculture productivity. Critical growth stages of 

the crop particularly reproductive phase have sever negative impact due to  high temperature, and IPCC 

(Intergovernmental Panel on Climate Change) has declared heat stress as an alarming threat to food production 

(IPCC,(2007). 

https://www.aup.edu.pk/institute.php?f_id=6
https://www.aup.edu.pk/institute.php?f_id=6
mailto:aqeel7016@parc.gov.pk
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Crop phenology directly affected by change in temperature. Under low temperature conditions crop phenology 

prolonged while under higher temperature plants fulfill their degree days in less number of days resulting to shorter 

crop duration (Ludwig and Asseng, 2006). Grain yield may also vary due to variation in genetic make up of 

genotypes as well (Alam, et. al., 2025). Sowing time also influence crop phenology. With late planting due to higher 

temperature during flowering the growth and development of crop retarded, source to sink activity disturbed, 

reduction in crop phenology and ultimately decreased economic yield (Sial et al., 2005; Mehmood et al., 2021a). 

Among cereals crop wheat being a basic necessity of Pakistan contributing 14.4 percent into value addition and 3.0 

percent to GDP.  Introduction of high yielding genotypes with increased use of chemical fertilizer has enhanced the 

crop productivity in past couple of decades (Curtis, 2002; Aslam et al., 2017
a,b

). Under rainfed conditions semi 

dwarf wheat varieties have key role to increase production. However, in a given environment, wheat growth, 

development and yield depend on cultivar, management practices, weed management and weather conditions (Ullah, 

et al., 2025). In Pakistan, wheat is sown over a wide range of sowing date in various cropping systems of rainfed and 

irrigated areas. This variation in sowing time is caused by various factors such as erratic rainfall in rainfed area, late 

planting or harvesting of preceding crop, lack or unavailability of farm machinery and inputs, etc. The sowing time 

of wheat in Pakistan generally starts from mid of October and extends until the end of December. Delayed planting 

reduces wheat yield. The reduction is almost linear (42 kg ha
-1

 day
-1

) after optimum planting time (generally 10th 

November) (Ahmed, 2011; Aslam et al., 2021; Begum, et al., 2025). Delayed sowing of wheat crop suffered from 

heat stress during grain filling period.  Keeping in view the current scenario of changing climate present study was 

planned to develop grain growth curve for rainfed wheat under different sowing dates and varying climatic 

locations.  

 

MATERIALS AND METHODS 

 

 The present research was carried out at three varied climatic locations of Pothwar, Pakistan, i.e., Islamabad 

(33◦ 40՛ N, 73◦ 10՛ E, 508m a.s.l.), having low temperature/high rainfall, URF-Koont (32◦ 93՛ N, 72◦ 86՛E, 506m 

a.s.l.), medium temperature/rainfall and Talagang (32◦ 55՛ N, 72◦ 25՛ E, 458m a.s.l.) with high temperature/low 

rainfall during wheat growing seasons of 2013-14 and 2014-15. Recommended fertilizer applications were applied 

i.e. 100 kg nitrogen and 50 kg phosphorus in the form of urea and DAP. Experiments using Randomized Complete 

Block Design were conducted using five wheat genotypes (Dharabi, Chakwal-50, NARC-2009, Pakistan-2013  and 

AUR-809 keeping in view the following treatments 

Sowing dates were planned in such a manner that early i.e. SD1= (20-30 Oct of 2013-14 and 2014- 15, optimum 

viz. SD2= 10-20 Nov of 2013-14 and 2014- 15, later i.e. SD3= 01-10 Dec of 2013-14 and 2014- 15 and very late 

sowing times i.e. SD4= 20-30 Dec of 2013-14 and 2014- 15 were kept in study. Five wheat genotypes (Dharabi, 

NARC-2009, Pakistan-2013, Chakwal-50 and AUR-809) at three varying climatic sites (Islamabad (Low 

temperature), URF-Koont (Medium temperature) and Talagang (High temperature)) were used to study the impact 

of climate change on wheat grain growth curve during two years (2013-14 and 2014-15).  

 

GRAIN GROWTH CURVE 

 Individual grain weight was recorded at milky, soft dough, hard dough and maturity stages from all treatments. 

Based upon grain development stages, grain growth curve was developed for three study sites under four sowing 

dates.  

 

RESULTS AND DISCUSSION 

 

Wheat Grain Growth Curve 

Grain weight at milky, soft dough, hard dough and maturity stage was recorded to develop grain growth curve 

for three study sites under four sowing dates during 2013-14 and 2014-15. Maximum grain weight was recorded for 

SD2 at Islamabad during 2013-14 than all other sowing dates. At URF-Koont and Talagang under SD2 maximum 

grain weight was recorded during 2013-14 while minimum grain weight was observed under SD4 during 2014-15.  

Individual grain weight (mg) at milky stage varied considerably among five wheat genotypes (NARC-2009, 

AUR-809, Pak-13, Dhurabi and Chakwal-50 at varying locations (Islamabad, URF-Koont, and Talagang) under four 

sowing dates (SD1, SD2, SD3 and SD4) while during both years (2013-14 and 2014-15). ANOVA table well-defined 

that main effects of G, L and SD were significantly changed at p ≤ 0.01 (Table 1). Individual grain weight at milky 

stage differed considerably among varying study sites (Table 2). Maximum individual grain weight at milky stage 

observed at Islamabad (10.835 mg) while minimum grain yield recorded at Talagang (6.27 mg). Forty-two % 

reductions in individual grain weight at milky stage noted at Talagang compared with Islamabad. Similarly, highest 
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individual grain weight at milky stage observed for SD2 (10.483 mg) followed by SD1 (10.303 mg) while lowest 

grain yield was observed under SD4 (5.768 mg). Individual grain weight at milky stage reduced by 44 % in late 

sowing date (SD4) compared with early sowing date (SD1).  Maximum individual grain weight at milky stage 

recorded for Pak-13 (9.5556 mg) followed by AUR-809 (9.3111 mg) while minimum individual grain weight at 

milky stage observed for Dhurabi (6.9931 mg). Maximum individual grain weight at milky stage (9.6461 mg) were 

observed during 2013-14 while minimum individual grain weight at milky stage
 
(72261 mg) was obtained during 

2014-15. During 2014-15, 24 % decrease in individual grain weight at milky stage observed than 2013-14. All the 

interactive effects except SD x G and Y x L x G were highly significant at p ≤ 0.05.  

Individual grain weight at soft dough stage differed significantly among five wheat genotypes (NARC-2009, 

AUR-809, Pak-13, Dhurabi and Chakwal-50 at varying locations (Islamabad, URF-Koont, and Talagang) under four 

sowing dates (SD1, SD2, SD3 and SD4) while during both years (2013-14 and 2014-15). ANOVA table well-defined 

that main effects of G, L and SD were significantly changed at p ≤ 0.01 (Table). Individual grain weight at soft 

dough stage differed substantially among varying study sites (Table 2). Maximum individual grain weight at soft 

dough stage observed at Islamabad (28.507 mg) while minimum individual grain weight recorded at Talagang 

(16.635 mg). Forty one percent decrease in individual grain weight at soft dough stage observed at Talagang 

compared with Islamabad. Similarly, highest individual grain weight at soft dough stage observed for SD2 (28.222 

mg) followed by SD1 (27.86 mg) while lowest individual grain weight was observed under SD4 (15.739 mg). 

Individual grain weight at soft dough stage reduced by 43 % in later sowing date (SD4) compared with early sowing 

date (SD1). Upper limit of individual grain weight at soft dough stage recorded for Pak-13 (26.097 mg) while 

minimal individual grain weight at soft dough stage observed for Dhurabi (18.843 mg). The percentage difference 

from maximum to minimum level of individual grain weight at soft dough stage among genotypes was 27 %.  

Maximum individual grain weight at soft dough stage (25.809 mg) were observed during 2013-14 while minimum 

individual grain weight at soft dough stage
 
(19.849 mg) was obtained during 2014-15. During 2014-15, 22 % 

decrease in individual grain weight at soft dough stage observed than 2013-14. All the interactive effects other than 

Y x L x G were significant at p ≤ 0.05. 

Individual grain weight at hard dough stage varied considerably during both years (2013-14 and 2014-15) 

among five wheat genotypes (NARC-2009, AUR-809, Pak-13, Dhurabi and Chakwal-50 at varying locations 

(Islamabad, URF-Koont, and Talagang) under four sowing dates (SD1, SD2, SD3 and SD4). ANOVA table well-

defined that main effects of G, L and SD were significantly changed at p ≤ 0.01 (Table 1). Maximum individual 

grain weight at hard dough stage (34.794 mg) were observed during 2013-14 while minimum individual grain 

weight at hard dough stage
 
(27.264 mg) was obtained during 2014-15. During 2014-15, 20 % decrease in individual 

grain weight at hard dough stage observed than 2013-14. Individual grain weight at hard dough stage differed 

considerably among varying study sites (Table 2). Maximum grain weight at hard dough stage observed at 

Islamabad (38.115 mg) while minimum grain weight recorded at Talagang (22.543 mg). Forty percent reduction in 

individual grain weight at hard dough stage noted at Talagang compared with Islamabad. Similarly, highest grain 

weight at hard dough stage observed for SD2 (38.101 mg) followed by SD1 (38.087 mg) while lowest individual 

grain weight was observed under SD4 (21.32 mg). Individual grain weight  at hard dough stage reduced by 44 % in 

late sowing date (SD4) compared with early sowing date (SD1). Maximum individual grain weight at hard dough 

stage recorded for Pak-13 (35.401 mg) while minimum individual grain weight at hard dough stage observed for 

Dhurabi (25.522 mg).  Other all the interactive remained non-significant at p ≤ 0.05. 

Individual grain weight   at maturity differed significantly during both years (2013-14 and 2014-15) among five 

wheat genotypes (NARC-2009, AUR-809, Pak-13, Dhurabi and Chakwal-50 at varying climatic locations 

(Islamabad, URF-Koont, and Talagang) under four sowing dates (SD1, SD2, SD3 and SD4). ANOVA table 

elaborated that main effects of Y, G, L and SD were significantly changed at p ≤ 0.01 (Table 1). Grain weight at 

maturity differed considerably among varying study sites (Table 2). Maximum grain weight at maturity observed at 

Islamabad (32.192 mg) while minimum grain weight recorded at Talagang (19.264 mg). Forty percent decrease in  

individual grain weight at maturity recorded at Talagang compared with Islamabad.  

Similarly, highest   grain weight   at maturity observed for SD2 (33.056 mg) followed by SD1 (32.747 mg) while 

lowest grain weight was observed under SD4 (18.997 mg). Grain weight   at maturity reduced by 41 % in late 

sowing date (SD4) compared with early sowing date (SD1). Maximum  individual grain weight at maturity recorded 

for Pak-13 (31.04 mg) whereas minimum   grain weight   at maturity observed for Dhurabi (24.00 mg).  Maximum 

grain weight at maturity (29.947 mg) was observed during 2013-14 while minimum grain weight   at maturity
 

(24.123 mg) was obtained during 2014-15. During 2014-15, 19 percent decrease in grain weight was recorded 

compared to 2013-14. The interactive effect other than Y x L x G and Y x L x SD x G remained significant at p ≤ 

0.05. Under higher temperature areas grain yield reduced than the low temperature sites. Grain growth curve 

developed at each study sites (Fig. 1 a-c) for four sowing dates. Grain development stages for all sowing dates at 
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each study site were completed at different days of the year. At Islamabad due to favorable climatic conditions grain 

development duration was higher than other two study sites so grain weight was higher at Islamabad than other 

locations.  

 

Table 1. SS and DF table of individual grain weight at Milky, Soft dough, Hard dough and Maturity stages. 

 

Source DF SS Milky SS Soft Dough SS Hard Dough SS Maturity 

R 2 813.66 5854.5 11112.8 7918.8 

Y 1 527.08*** 3196.3*** 5103.1*** 3052.7*** 

L 2 1260.11*** 8345.6*** 14903.7*** 11257.3*** 

SD 3 1471.54*** 10420.1*** 19225.6*** 13242.8*** 

G 4 357.47*** 2752.3*** 5148*** 4077.9*** 

YxL 2 537.91*** 2056.8*** 725.9*** 408.5*** 

YxSD 3 35.62*** 233*** 369.8*** 350.1*** 

YxG 4 36.5*** 235.8*** 397.7*** 245.4*** 

LxSD 6 290.69*** 1899.8*** 2349.1*** 2203.3*** 

LxG 8 20.97*** 172.2*** 380.6*** 332.5*** 

SDxG 12 15.38NS 111.1* 194.9* 153.2** 

YxLxSD 6 292.64*** 1500.8*** 3948.1*** 1095.3*** 

YxLxG 8 8.02NS 35NS 78.3NS 22NS 

YxSDxG 12 43.91*** 304*** 590.6*** 385.2*** 

LxSDxG 24 37.16** 306.7*** 531.2*** 411.4*** 

YxLxSDxG 24 43.81*** 192.4* 722.9*** 161.5NS 

Error 238 225.32 1307 2412.9 1479.7 

Total 359 6017.79 38923.5 68195.3 46797.6 

Where: Y= Years, G= Genotypes, L= Locations, SD= Sowing dates 

 

Northern Kyushu, Japan, have shown that excessive rainfall during the early vegetative stages can cause 

waterlogging, which hinders root development and nutrient uptake. . On the other hand, as research from China has 

shown, sufficient rainfall during the reproductive phases, especially during grain filling, is essential for optimizing 

grain weight and total production (Cetin et al., 2022). The grain growth curve was impacted by variations in rainfall 

patterns over the course of the various planting dates, according to data from the study locations. Better grain growth 

was observed in sites with more consistent rainfall during the grain filling stage. These results are consistent with 

earlier study that found a positive correlation between rainfall consistency and grain weight and yield (Ahmed et al., 

2010; Sereyrorth et al., 2020).  

Another important factor impacting the wheat grain growth curve is the temperature data that was gathered from 

the study sites over the course of the two growing seasons. Many physiological processes, like as germination, 

tillering, and grain filling, are impacted by temperature. According to research done in Pakistan's semi-arid regions, 

high temperatures during the grain filling stage can speed up the process but frequently lead to lower grain weight 

because of shorter filling durations. These experiments showed that grain yield might drop by about 2.5% for every 

1°C increase in temperature, particularly when temperatures rose beyond 30°C during crucial growth stages (Ahmed 

et al., 2011a; Hussain et al., 2021). 

Grain growth curves were developed using the individual grain weights that were recorded at several phases 

(milky, soft dough, firm dough, and maturity). The curves showed that heavier grains were typically produced by 

earlier sowing dates, especially in areas where rainfall and temperature were within ideal ranges during the grain 

filling stage. This trend is consistent with a research conducted in China's Loess Plateau, which discovered that the 

best grain production outcomes came from early sowing in conjunction with moderate soil moisture conditions. This 

was ascribed to the longer grain filling period at lower temperatures, which permitted more stable biomass buildup 

(Ahmed et al., 2011b; Li et al., 2022).  
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Fig. 1 (a-c). Wheat Grain growth curve under four sowing dates at three locations. 

 

  

(a) 

(b) 

(a) 

(c) 
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Table 2. Individual grain weight (mg) at Milky, Soft dough, Hard dough and Maturity stages. 

Years Milky Soft Dough Hard Dough Maturity 

2013-14 9.6461A 25.809A 34.794A 29.947A 

2014-15 7.2261B 19.849B 27.264B 24.123B 

LSD 0.2063 0.4866 0.6612 0.5178 

Locations     

Islamabad 10.835A 28.507A 38.115A 32.192A 

URF-Koont 8.203B 23.246B 32.431B 29.648B 

Talagang 6.27C 16.735C 22.543C 19.264C 

LSD 0.2475 0.596 0.8098 0.6341 

Sowing dates    

SD1 10.303A 27.86A 38.087A 32.747A 

SD2 10.483A 28.222A 38.101A 33.056A 

SD3 7.19B 19.496B 26.61B 23.339B 

SD4 5.768C 15.739C 21.32C 18.997C 

LSD 0.2857 0.6882 0.9351 0.3717 

Genotypes    

NARC-2009 8.7569B 23.706C 32.344C 28.28C 

AUR-809 9.3111A 25.082B 34.126B 29.627B 

Pak-13 9.5556A 26.097A 35.401A 31.04A 

Dhurabi 6.9931D 18.843E 25.522E 22.227E 

Chakwal-50 7.5639C 20.418D 27.753D 24D 

LSD 0.3195 0.7694 1.0454 0.8187 

Where: Y= Years; G= Genotypes; L= Locations; SD= Sowing dates 

 

Important insights into the impact of environmental conditions on wheat growth are provided by the 

examination of grain weight at several stages—milky, soft dough, hard dough, and maturity—across three study 

sites under varying sowing dates between 2013–14 and 2014–15. Notably, in 2013–14 at Islamabad, the maximum 

grain weight was reported during the second sowing date (SD2), emphasizing the importance of early sowing to 

achieve ideal grain development. This result is consistent with research emphasizing how crucial it is to time 

planting to coincide with ideal weather in order to optimize yield potential. The studies in the Pannonian 

environment have demonstrated that early sowing prolongs the grain filling phase, which is essential for attaining 

larger grain weights (Ahmed et al., 2014; Zhou et al., 2017). 

Similar findings were seen at URF-Koont and Talagang: SD2 in 2013–14 produced the highest grain weight, 

whereas SD4 in 2014–15 produced the lowest grain weight. Increased temperature stress throughout critical growth 

stages can be the cause of the notable decrease in grain weight under late planting conditions (SD4). According to 

Jat et al. (2018), late sowing exposes wheat plants to greater temperatures during grain filling, which speeds up the 

process but frequently results in lower grain weight due to shorter filling durations. 

Furthermore, the complex interaction between genetic variables and environmental circumstances is further 

shown by the variance in grain weight among various genotypes throughout varying sowing dates. At the milky 

stage, SD2 (10.678 mg) had the largest individual grain weight, followed by SD1 (10.5 mg), and SD4 (5.878 mg) 

had the lowest grain weight. The negative consequences of high temperatures during grain filling are responsible for 

the 44% reduction in grain weight under late sowing (SD4) compared to early sowing (SD1); these findings are 

consistent with findings from international studies that have documented similar patterns in wheat genotypes 

subjected to heat stress (Wu et al., 2018).  
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The grain growth curves exhibited clear variations across locations and sowing dates, reflecting the strong 

influence of environment and planting time on wheat grain development. Across all sites, grain filling duration and 

final grain weight consistently declined with delayed sowing, indicating that higher temperatures and moisture stress 

during late planting curtailed the effective grain growth period. These findings highlight the importance of optimal 

sowing time and favorable environments for maximizing grain filling and grain weight in wheat under changing 

climatic conditions. 

 

Effect of genotype and environment on grain growth 
The results of this research demonstrated the substantial influence of both genotype and environment on grain 

growth, as evidenced by the diversity in individual grain weight across the several wheat genotypes at the milky 

stage. In particular, Pak-13 had the highest grain weight (9.5556 mg), closely followed by AUR-809 (9.3111 mg), 

NARC-2009 (8.7569 mg) and Chakwal-50 (7.5639 mg). Dhurabi (6.9931 mg)  had the lowest grain weight at milky 

stage. Similar trends were also observed at soft dough, hard dough and maturity stages (Table 2). These variations 

align with results from earlier investigations that highlight the significance of genotype-environment interactions in 

influencing grain weight and total yield potential. Genotype-environment interactions significantly influenced grain 

weight in a study examining 18 wheat genotypes in several contexts. Certain genotypes consistently outperformed 

others in terms of production across different locales (Eltaher et al., 2021; Ahmed et al., 2014). 

Furthermore, the impact of environmental conditions on wheat development is shown by the reported drop in 

grain weight during the 2014–15 season compared to the 2013–14 season. The 2014–15 season's 24% decrease in 

individual grain weight at the milky stage is probably the result of less-than-ideal growing circumstances, including 

temperature swings or less precipitation, which are known to negatively impact grain filling and final grain weight. 

Other studies have found similar results, with significant decreases in grain weight and overall yield occurring 

during the grain filling stage due to unfavorable climatic conditions like heat stress or drought (Bilgin et al., 2018; 

Ahmed et al., 2019). 

 

Effect of sowing date on grain growth 
According to the study's findings, the sowing date had a substantial impact on grain weight at maturity. The 

second sowing date (SD2) had the highest grain weight, while the first sowing date (SD1), was closely behind. On 

the other hand, the late sowing date (SD4) had the lowest grain weight, demonstrating a significant 41% loss in grain 

weight as a result of delayed sowing. This decrease is in line with studies that show how late planting negatively 

affects grain weight, mostly as a result of exposure to higher temperatures during the filling phase, which speeds up 

grain development but shortens the filling time and lowers grain weight overall  (Ahmed at al., 2010
b
;Gyawali et al., 

2023). Previous research has demonstrated that postponing sowing can lead to notable decreases in both grain 

weight and yield, highlighting the significance of timely planting in order to maximize yield potential (Tamiru et al., 

2023). These variations imply that grain weight, which is further impacted by environmental factors, is largely 

determined by genotype. These results are supported by earlier research, which shows that genotypic variations in 

wheat can cause substantial diversity in grain weight and yield, with particular genotypes doing better in particular 

environmental circumstances (Bhagat et al., 2023). The study's year-to-year variability, which included a 19% drop 

in grain weight at maturity in 2014–15 compared to 2013–14, highlights the significance of incorporating 

environmental and genetic factors into wheat cultivation strategies in order to guarantee stable yields under a range 

of climatic conditions (Stella et al., 2023). 

Global analyses have shown that wheat yields decline by approximately 6% for each 1 °C increase in mean 

temperature, with South Asia identified as a hotspot of vulnerability (Zhao et al., 2017). Grain weight itself can 

decrease by 2.5–3% for each day of heat exposure above 30 °C during the grain-filling period (Asseng et al., 2015), 

which aligns with but also contextualizes the 40–44% reductions observed in our study under late sowing. 

Mechanistically, heat stress accelerates senescence, reduces starch synthase activity, and shortens endosperm cell 

division, while drought restricts assimilate flow to developing grains (Farooq et al., 2011; Djanaguiraman et al., 

2020). Although our study did not measure grain quality, previous reports indicate that heat stress often increases 

grain protein content while reducing carbohydrate accumulation, thereby altering nutritional value (Stone and 

Nicolas, 1995). Future climate projections suggest a 1.5–2.0 °C rise in Pakistan by mid-century, likely increasing the 

frequency of terminal heat stress during grain filling (Shaheen, 2020). These findings underscore the urgency of 

integrating heat- and drought-tolerant traits into breeding programs, such as ‘stay-green’ characteristics and stress-

responsive genes (Reynolds et al., 2016; Pinto et al., 2010), alongside adaptive agronomic practices like optimized 

sowing windows, conservation tillage, and nutrient sprays to safeguard yield stability. 
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CONCLSION 

By concluding, the current study underscores the importance of understanding grain growth curve dynamics in 

wheat and highlights the need for climate-resilient varieties and adaptive management practices to safeguard grain 

yield and food security under changing climate scenarios. The findings clearly suggest that in rainfed Pothwar, 

timely sowing plays a decisive role, with the optimum window falling between late October and mid-November to 

ensure prolonged grain filling and higher grain weight. Late sowing beyond December markedly shortened the grain 

growth duration and reduced yield potential due to exposure to higher temperatures during grain filling. Among the 

tested genotypes, varieties such as Pak-13 and AUR-809 exhibited superior grain development and should be 

prioritized under variable environments. Therefore, farmers in rainfed Pothwar are recommended to adopt optimum 

sowing dates and select climate-resilient genotypes to maximize productivity, while breeding programs should 

emphasize heat- and drought-tolerant varieties with extended grain-filling capacity to sustain wheat yields under 

changing climate conditions. 
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