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Abstract : 
[bookmark: _Hlk209189419]Cereal crops are vulnerable to climate change due to their dependence on predictable temperature, rainfall, and growing seasons. Consider this fact a field experiment was conducted to study the effect of planting date and spacing on phenology, growth, yield and quality of Gobindabhog rice during kharif season of 2010 and 2011 in New Alluvial Zone of West Bengal. Phenology, growth, yield and quality as influenced by agrometeorological indices i.e., accumulated growing degree days (GDD), heliothermal units (HTU), Photothermal units (PTU) various planting dates. The results of present study revealed that strong positive correlations with GDD4L-AT (0.756**) and GDDAT-PI (0.610**) suggest these stages are critical for vertical growth. Head Rice Recovery positively influenced by GDDPI-F (0.400**) and GDDD-M (0.319**). Again, GDDE-4L (-0.357**) and GDD4L-AT (-0.232*) show negative effects, possibly due to poor grain filling or mechanical damage. HTU show strong positive correlations with plant height (0.589**), grain yield (0.546**), and number of panicles/m² (0.318**). But negative effects on milling %, head rice recovery, and kernel length. HTUD-M is favourable for straw yield (0.320**), milling % (0.567**), and filled grains (0.370**), indicating strong post-harvest potential. However, amylose Content consistently shows negative correlations, strongest at PTUS-E (-0.272*), indicating early vegetative traits may reduce amylose levels. The equation includes six predictors, such as HTUPI-F, HTUS-E, HTUE-4L, PTUD-M, PTUMi-D, and GDDD-M, with most showing high significance. This implies that grain yield is strongly influenced by thermal conditions spanning from panicle initiation to dough stage.
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1. INTRODUCTION
[bookmark: _Hlk147752867]
Rice (Oryza sativa) is one of the world's prominent staple foods in Asia and Africa. Over time, different ethnic groups in these regions have selected rice varieties that suit their tastes and local growing conditions. As people migrated, they often brought their preferred rice varieties with them, contributing to the greater diversity of rice across regions [1]. Gobindabhog, is a native cultivar of lower Gangetic plains and rahr (red and laterite) region of Bengal, which is traditionally cultivated for about 400–500 years [2]. Major quality features of Gobindabhog are: golden-yellow coloured grain, kernel length 3.97 mm, L / B ratio 2.04, short bold type kernel, amylose 17.9%, protein 7.2%, elongation ratio 1.77, alkali spreading value 3.7 and medium-strong aroma [3]. 
Rice plants need certain temperatures for phenological responses, including panicle initiation, flowering, panicle exertion from the flag leaf sheath, and maturity. These temperatures are greatly modified by various thermal regimes [4]. Numerous meteorological factors, such as temperature, humidity, sunlight hours, and rainfall, have a major impact on crop growth response [5]. The prediction of plant behaviour under a range of environmental conditions has long been an aim of plant science. This aim is driven not just by scientific curiosity, but also by the practical needs of crop cultivation[6]. Variation in weather parameters determines the inter-annual variability of plant growth and yield. The accumulation of heat units by the crop which ultimately determines the crop productivity [7], link between yield attributes and agrometeorological indices, and the results were noteworthy [8]. Heat utilization efficiency acts as a key or vital determinant of crop yield. These results are supported by the findings of [9][10]. Various temperature-based indices like growing degree days (GDD), photothermal units (PTU) and heliothermal units (HTU) can be successfully used for describing phenological behaviour and other growth parameters like leaf area development, biomass production, yield etc. [11]

2. material and methods 

Description of Experimental Site: 
The experiment was conducted during wet (kharif) seasons of 2010 and 2011 at ‘C’ Block Farm (22°58’ N latitude, 88°26’ E longitude and 15.9 m altitude) of Bidhan Chandra Krishi Viswavidyalaya (BCKV), Kalyani, Nadia, West Bengal. Monthly maximum and minimum temperature throughout the crop season varied between 12.2 and 34.3°C and 13.4 and 33.2°C in 2010 and 2011 and the rainfall received for the seasons were 826.4 mm and 1720.3 mm, respectively. The bright sunshine ranged between 5.1 (June) and 7.5 hours (November) in 2010, and between 3.3 (August) and 8.2 hours (October) in 2011. It was lower in high rainfall months mainly due to cloud-cast days.
Meteorological observation
Daily maximum (Max-T), minimum temperature (Min-T), morning (RH-m) & evening (RH-e) relative humidity, rainfall, bright sunshine hours (BSH) were recorded at Agromet observatory installed at near the experimental farm (Fig. 1). The growing degree days (GDD), photothermal units (PTU) and heliothermal units (HTU) for different phenophases of rice were calculated using 10°C base temperature (Tb) as per the following formulas and accumulated from the date of transplanting to date of maturity. As the crop was taken during the Kharif season so the base temperature was taken as 10°C. 
Growing degree days (GDD):
Degree day was obtained as the difference between the mean daily temperature and the base temperature (Nuttonson, 1955)[12]:
[bookmark: _Hlk208487250]                                        n              T max.  + T min. 	                                                                                                                                                                    
                         GDD =∑ [(                                ) - Tb]                                
                                      i =1                    2

where Tmax. and Tmin. were the maximum and minimum air temperature of a day, Tb was the base temperature (100C for rice) and n was the number of days to attain a phenophase. The degree days for different phenophases of Gobindabhog rice were calculated, which were summed up from sowing to maturity of the crop.    
Heliothermal units (HTU):
The degree day multiplied by actual duration of bright sunshine hours of the corresponding day was termed as heliothermal unit (Chakravarthy and Sastry, 1985) [13]. The heliothermal units for different phenological stages of Gobindabhog rice were calculated and then they were summed up for the entire life cycle   
                           n
                         HTU = ∑ [GDD x Bright sunshine hour]
                           i =1                   
                 
Photothermal Units (PTU):
The photothermal unit was calculated by the following formula as suggested by Nuttonson (1955) [12]. The photothermal units for different phenophases were calculated and then they were summed up for the entire crop growing period. 
                             n
                PTU = ∑ [GDD x Average day length (hour)]
                          i = 1
[image: ][Source: Department of Agricultural Meteorology and Physics, Faculty of Agriculture, BCKV, Mohanpur, W.B., India]

3. results and discussion 

Growing degree days 
Strong positive correlations with GDD4L-AT (0.756**) and GDDAT-PI (0.610**) suggest these stages are critical for vertical growth (Table 1). GDDS-E (0.455**) also contributes, indicating early vegetative vigor matters. GDD4L-AT (0.301*) shows a moderate positive correlation, implying this stage influences final productivity. Interestingly, GDDF-Mi (-0.317**) has a negative correlation, possibly a stress-prone or inefficient phase for grain filling. Strongest correlation with GDD4L-AT (0.390**) and GDDD-M (0.317**), suggesting late stages contribute to biomass accumulation. High correlation with GDD4L-AT (0.443**) and GDDS-E (0.325**), taller plants at these stages may be more prone to lodging. Strong positive correlations with GDDF-Mi (0.412**), GDD Mi-D (0.429**), and GDDD-M (0.567**) and negative correlation with GDDE-4L (-0.340**) suggests early stress may reduce milling efficiency. Head Rice Recovery positively influenced by GDDPI-F (0.400**) and GDDD-M (0.319**). Again, GDDE-4L (-0.357**) and GDD4L-AT (-0.232*) show negative effects, possibly due to poor grain filling or mechanical damage. Kernel length positively correlates with GDDPI-F (0.395**), but is negatively affected by GDDE-4L (-0.286*) and GDD4L-AT (-0.289*). Kernel length after cooking is negatively impacted by GDDF-Mi (-0.247*), suggesting this stage affects cooking quality. Amylose and protein content show weak correlations across all stages, indicating minimal environmental influence. Elongation ratio is positively correlated with GDDE-4L (0.301*) but negatively with GDDPI-F (-0.296*), a curious contrast that may reflect starch structure changes. These are more genotype-dependent but still show some stage sensitivity. Aroma shows no strong correlations, but GDDS-E (0.116) and GDDPI-F (0.045) show slight positive trends.

[bookmark: _Hlk208237988][bookmark: _Hlk208495649]Table 1. Correlations between GDD at different growth stages, yield associated and grain quality parameters of Gobindabhog rice
	Parameter
	GDDS- E
	GDDE- 4L
	GDD4L- AT
	GDDAT- PI
	GDDPI- F
	GDDF- Mi
	GDD Mi- D
	GDDD- M

	Different growth stages
	
	
	
	
	
	
	
	

	Plant height (cm)
	0.455**
	0.293*
	0.756**
	0.610**
	0.485**
	0.010
	0.090
	0.297*

	Panicle length (cm)
	-0.026
	-0.062
	0.009
	-0.142
	0.002
	-0.061
	0.102
	0.072

	No. of Panicles m-2
	0.102
	0.054
	0.415**
	0.184
	0.104
	-0.136
	0.148
	0.105

	No. of Filled grains panicle-1
	-0.205
	0.108
	-0.040
	0.026
	0.279*
	0.220
	0.473**
	0.473**

	1000 grain weight (g)
	-0.119
	-0.143
	-0.094
	-0.277*
	-0.130
	-0.298*
	0.032
	-0.099

	Grain yield (t ha-1)
	0.030
	0.120
	0.301*
	0.025
	0.004
	-0.317**
	-0.066
	0.061

	Straw yield (t ha-1)
	-0.053
	0.124
	0.390**
	0.213
	0.228
	0.002
	0.276*
	0.317**

	Lodging (score)
	0.325**
	0.164
	0.443**
	0.322**
	0.224
	-0.029
	0.054
	0.152

	Grain quality parameters
	
	
	
	
	
	
	
	

	Hulling (%)
	0.018
	-0.235*
	-0.105
	0.004
	0.266*
	0.136
	0.107
	0.264*

	Milling (%)
	-0.130
	-0.340**
	0.219
	0.063
	0.102
	0.412**
	0.429**
	0.567**

	Head rice recovery (%)
	0.023
	-0.357**
	-0.232*
	-0.031
	0.400**
	0.216
	0.098
	0.319**

	Kernel length (mm)
	0.167
	-0.286*
	-0.289*
	-0.083
	0.395**
	-0.044
	0.040
	0.025

	Kernel breadth (mm)
	0.100
	-0.156
	-0.121
	0.125
	0.159
	0.100
	-0.160
	0.189

	Amylose (%)
	-0.097
	0.223
	-0.011
	-0.122
	-0.073
	-0.121
	-0.035
	-0.160

	Protein (%)
	0.016
	0.148
	-0.010
	0.205
	-0.081
	-0.038
	0.059
	0.125

	Alkali value (score)
	-0.058
	-0.193
	-0.074
	-0.119
	0.205
	0.150
	0.044
	0.107

	Kernel length after cooking (mm)
	0.081
	0.131
	-0.104
	-0.097
	-0.016
	-0.247*
	-0.137
	-0.225

	Elongation ratio
	-0.038
	0.301*
	0.118
	-0.008
	-0.296*
	-0.166
	-0.150
	-0.194

	Aroma (score)
	0.116
	0.035
	-0.100
	-0.035
	0.045
	-0.168
	-0.050
	-0.135


GDDS- E = GDD (sowing to emergence); GDDE- 4L = GDD (emergence to4th leaf emergence); GDD4L- AT = GDD (4th leaf emergence to active tillering); GDDAT- PI = GDD (active tillering to panicle initiation); GDDPI- F = GDD (panicle initiation to 50 % flowering); GDDF- Mi = GDD (50 % flowering to milk); GDDMI- D = GDD (milk to dough); GDDD- M = GDD (dough to maturity) : Sample size: n = 72; r value = 0.232* and 0.302** at 5% and 1% level of significance, respectively

Heliothermal units (HTU)
Strong positive correlations with plant height (0.589**), grain yield (0.546**), and number of panicles/m² (0.318**). However, it shows a negative impact on filled grains per panicle (-0.501**) and elongation ratio (-0.296*). HTUE-4L shows mixed effects: Negative correlation with lodging (-0.332**), suggesting better structural stability (Table 2). Positive correlation with filled grains (0.430**) and elongation ratio (0.301*). But negative effects on milling %, head rice recovery, and kernel length. HTUD-M is favourable for straw yield (0.320**), milling % (0.567**), and filled grains (0.370**), indicating strong post-harvest potential. HTUS-E consistently shows negative correlations across most traits, especially grain yield (-0.263*), panicle number (-0.339**), and filled grains (-0.379**). HTUD-M and HTUMi-D are top performers in milling %, head rice recovery, and grain quality. HTUD-M: Milling % (0.567**), head rice recovery (0.319**). HTU Mi-D: Milling % (0.429**), filled grains (0.401**) HTUPI-F shows strong quality traits. Head rice recovery (0.400**), kernel length (0.395**), and hulling % (0.266*). But slightly negative on protein content and elongation ratio. HTUE-4L has negative correlations with several quality traits: Milling % (-0.340**), head rice recovery (-0.357**), kernel length (-0.286*).

Table 2. Correlations between HTU at different growth stages, yield associated and grain quality parameters of Gobindabhog rice
	Parameter
	HTUS- E
	HTUE- 4L
	HTU4L- AT
	HTUAT- PI
	HTUPI- F
	HTUF- Mi
	HTU Mi - D
	HTUD- M

	Different growth stages
	
	
	
	
	
	
	
	

	Plant height (cm)
	-0.160
	-0.689**
	-0.093
	-0.242*
	0.589**
	0.475**
	0.236*
	0.357**

	Panicle length (cm)
	-0.250*
	0.228
	-0.087
	-0.128
	0.083
	0.031
	0.115
	-0.032

	No. of Panicles m-2
	-0.339**
	0.002
	-0.228
	-0.141
	0.318**
	0.140
	0.203
	0.100

	No. of Filled grains panicle-1
	-0.379**
	0.430**
	0.369**
	0.236*
	-0.501**
	0.127
	0.401**
	0.370**

	1000 grain weight (g)
	-0.095
	0.232*
	-0.157
	-0.149
	0.113
	-0.256*
	0.143
	-0.122

	Grain yield (t ha-1)
	-0.263*
	0.010
	-0.349**
	-0.304**
	0.546**
	-0.024
	0.140
	0.032

	Straw yield (t ha-1)
	-0.275*
	0.068
	0.036
	0.026
	0.077
	0.078
	0.334**
	0.320**

	Lodging (score)
	-0.006
	-0.332**
	-0.136
	-0.092
	0.391**
	0.167
	0.181
	0.214

	Grain quality parameters
	
	
	
	
	
	
	
	

	Hulling (%)
	0.018
	-0.235*
	-0.105
	0.004
	0.266*
	0.136
	0.107
	0.264*

	Milling (%)
	-0.130
	-0.340**
	0.219
	0.063
	0.102
	0.412**
	0.429**
	0.567**

	Head rice recovery (%)
	0.023
	-0.357**
	-0.232*
	-0.031
	0.400**
	0.216
	0.098
	0.319**

	Kernel length (mm)
	0.167
	-0.286*
	-0.289*
	-0.083
	0.395**
	-0.044
	0.040
	0.025

	Kernel breadth (mm)
	0.100
	-0.156
	-0.121
	0.125
	0.159
	0.100
	-0.160
	0.189

	Amylose (%)
	-0.097
	0.223
	-0.011
	-0.122
	-0.073
	-0.121
	-0.035
	-0.160

	Protein (%)
	0.016
	0.148
	-0.010
	0.205
	-0.081
	-0.038
	0.059
	0.125

	Alkali value (score)
	-0.058
	-0.193
	-0.074
	-0.119
	0.205
	0.150
	0.044
	0.107

	Kernel length after cooking (mm)
	0.081
	0.131
	-0.104
	-0.097
	-0.016
	-0.247*
	-0.137
	-0.225

	Elongation ratio
	-0.038
	0.301*
	0.118
	-0.008
	-0.296*
	-0.166
	-0.150
	-0.194

	Aroma (score)
	0.116
	0.035
	-0.100
	-0.035
	0.045
	-0.168
	-0.050
	-0.135


HTUS- E = HTU (sowing to emergence); HTUE- 4L = HTU (emergence to4th leaf emergence); HTU4L- AT = HTU (4th leaf emergence to active tillering); HTUAT- PI = HTU (active tillering to panicle initiation); HTUPI- F = HTU (panicle initiation to 50% flowering); HTUF- Mi = HTU (50% flowering to milk); HTU Mi- D = HTU (milk to dough); HTUD- M = HTU (dough to maturity)          
Sample size: n = 72; r value = 0.232* and 0.302** at 5% and 1% level of significance, respectively

Photothermal unit (PTU)
Plant Height shows consistently strong positive correlations across stages, peaking at PTU4L-AT (0.703**) (Table 3). This stage is critical for structural development. Panicle number is moderately influenced during PTU4L-AT (0.347**), indicating active tillering is vital for panicle density. Filled grains per panicle correlates most strongly at PTU Mi-D (0.491**), highlighting the importance of grain filling for reproductive success. Grain yield is moderately associated with PTUF-Mi (0.296*), suggesting mid-grain filling is a key yield-defining phase. Straw yield peaks at PTU4L-AT (0.377**), aligning with biomass accumulation during tillering. Lodging risk is highest at PTU4L-AT (0.395**), indicating a trade-off between height and stability. Milling (%) and Head Rice Recovery (%) show strong positive correlations, especially at PTU4L-AT (0.599** and 0.429** respectively), suggesting this stage influences grain processing quality. Amylose Content consistently shows negative correlations, strongest at PTUS-E (-0.272*), indicating early vegetative traits may reduce amylose levels. Kernel Length After Cooking and Elongation Ratio are negatively correlated, especially at PTUS-E and PTU4L-AT, suggesting early growth traits may compromise cooking quality. Aroma and Protein Content show weak or non-significant correlations across all stages.

[bookmark: _Hlk208495824]Table 3. Correlations between PTU at different growth stages, yield associated and grain quality parameters of Gobindabhog rice
	Parameter
	PTUS- E
	PTUE- 4L
	PTU4L- AT
	PTUAT- PI
	PTUPI- F
	PTUF- Mi
	PTU Mi - D
	PTUD- M

	Different growth stages
	
	
	
	
	
	
	
	

	Plant height (cm)
	    0.482**
	  0.480**
	 0.703**
	0.601**
	0.515**
	0.051
	0.122
	  0.327**

	Panicle length (cm)
	-0.021
	-0.151
	0.017
	    -0.125
	-0.003
	-0.057
	0.107
	0.048

	No. of Panicles m-2
	 0.119
	0.048
	 0.347**
	      0.182
	0.092
	-0.114
	0.158
	0.107

	No. of Filled grains panicle-1
	-0.157
	0.062
	      0.079
	      0.059
	0.245*
	0.243*
	  0.491**
	  0.432**

	1000 grain weight (g)
	-0.131
	-0.214
	     -0.110
	     -0.274*
	-0.162
	-0.291*
	0.013
	-0.143

	Grain yield (t ha-1)
	0.032
	-0.006
	 0.237*
	      0.020
	-0.013
	0.296*
	-0.040
	0.062

	Straw yield (t ha-1)
	-0.021
	0.126
	  0.377**
	0.217
	0.197
	0.030
	0.291*
	0.288*

	Lodging (score)
	  0.335**
	 0.277*
	  0.395**
	  0.308**
	0.231
	-0.007
	0.044
	0.177

	Grain quality parameters
	
	
	
	
	
	
	
	

	Hulling (%)
	0.169
	0.268*
	0.352**
	0.316**
	0.146
	0.073
	0.073
	0.206

	Milling (%)
	0.335**
	0.534**
	0.599**
	0.556**
	0.513**
	0.353**
	0.392**
	0.532**

	Head rice recovery (%)
	0.381**
	0.386**
	0.429**
	0.424**
	0.250*
	0.032
	-0.034
	0.268*

	Kernel length (mm)
	0.248*
	0.102
	0.176
	0.158
	0.028
	-0.141
	-0.103
	-0.063

	Kernel breadth (mm)
	0.169
	0.252*
	0.233*
	0.265*
	0.155
	0.178
	-0.090
	0.076

	Amylose (%)
	-0.272*
	-0.066
	-0.169
	-0.249*
	-0.245*
	-0.121
	-0.123
	-0.119

	Protein (%)
	0.113
	0.081
	0.064
	0.110
	0.008
	0.107
	0.117
	0.108

	Alkali value (score)
	0.200
	0.178
	0.208
	0.152
	0.080
	-0.100
	-0.005
	0.089

	Kernel length after cooking (mm)
	-0.304**
	-0.195
	-0.331**
	-0.298*
	-0.265*
	-0.220
	-0.188
	-0.231

	Elongation ratio
	-0.413**
	-0.221
	-0.391**
	-0.346**
	-0.231
	-0.064
	-0.080
	-0.145

	Aroma (score)
	-0.028
	-0.063
	-0.150
	-0.137
	-0.126
	-0.132
	-0.083
	-0.164


PTUS- E = PTU (sowing to emergence); PTUE- 4L = PTU (emergence to4th leaf emergence); PTU4L- AT = PTU (4th leaf emergence to active tillering); PTUAT- PI = PTU (active tillering to panicle initiation); PTUPI- F = PTU (panicle initiation to 50% flowering); PTUF- Mi= PTU (50% flowering to milk) PTU Mi- D = PTU (milk to dough); PTUD- M = PTU (dough to maturity)       
Sample size: n = 72; r value = 0.232* and 0.302** at 5% and 1% level of significance, respectively

Multiple regression 
The table presents regression models for 20 rice traits, each expressed as a linear equation incorporating thermal indices, namely Growing Degree Days (GDD), Helio Thermal Units (HTU), and Photo-Thermal Units (PTU) measured across specific growth stages such as 4-leaf (4L), panicle initiation (PI), milky (Mi), dough (D), and maturity (M). Each equation includes coefficients for these predictors, annotated with significance levels: ** for highly significant (p < 0.01) and * for significant (p < 0.05). The strength of each model is quantified by its R² value, indicating the proportion of variance explained.
Among all traits, grain yield stands out with the highest R² value of 0.710**, suggesting that 71% of its variability is explained by the model (Table 4). The equation includes six predictors, such as HTUPI-F, HTUS-E, HTUE-4L, PTUD-M, PTUMi-D, and GDDD-M, with most showing high significance. This implies that grain yield is strongly influenced by thermal conditions spanning from panicle initiation to dough stage. Similarly, number of filled grains per panicle shows a robust R² of 0.633**, with significant contributions from HTUE-4L, GDDD-M, GDDAT-PI, and PTUPI-F. This highlights the importance of thermal accumulation during early and reproductive stages for grain filling. Straw yield also demonstrates a strong model fit (R² = 0.523**), with GDD4L-AT, HTUF-Mi, HTUD-M, and PTUMi-D as predictors. The presence of early-stage (4L) and mid-stage (Mi) thermal indices suggests that biomass accumulation is sensitive to both vegetative and reproductive heat exposure.
Quality traits like head rice recovery (R² = 0.557**) and milling percentage (R² = 0.347**) are moderately well-explained. Head rice recovery is positively influenced by GDDAT-PI and negatively by HTUF-Mi and HTU4L-AT, indicating that excessive heat during early and mid-stages may compromise grain integrity. Milling percentage is positively associated with PTU4L-AT, reinforcing the role of early-stage photo-thermal conditions in grain processing quality. Traits such as plant height (R² = 0.097**) and panicle length (R² = 0.116*) show weak model fits, despite having multiple significant predictors like GDD4L-AT, HTUF-Mi, and HTUE-4L. This suggests that these morphological traits may be more influenced by genetic factors or unmeasured environmental variables. Kernel traits including kernel length (R² = 0.156**), breadth (R² = 0.072*), and KLAC (R² = 0.116**) exhibit low predictability, implying limited environmental control and stronger genotype dependency. Similarly, aroma (R² = 0.115*) and alkali value (R² = 0.054*) are weakly explained, though their equations include significant predictors like GDDAT-PI, GDDF-Mi, and PTUAT-PI. 
Across the table, GDD4L-AT appears in 6 models (e.g., plant height, straw yield, lodging, hulling, KLAC, alkali value), and HTUE-4L features in 5 models (e.g., grain yield, filled grains, protein), underscoring the consistent influence of early-stage thermal accumulation on both yield and quality traits.

Table 4. Multiple regression equations for prediction of yield and grain quality of Gobindabhog rice
	Parameter
	Equation
	R2

	Plant height (cm)
	Y = 87.616 + 0.091** GDD4L- AT + 0.003* HTUF- Mi - 0.009** HTU4L- AT - 0.008** HTUE- 4L - 0.011** HTUS- E + 0.095** GDD E- 4L
	0.097**

	Panicle length (cm)
	Y = 28.422 - 0.002** HTUS- E + 0.001* HTU4L- AT
	0.116*

	No. of Panicles m-2
	Y = - 41.954 + 0.686** GDD4L- AT - 0.049** PTUF- Mi + 0.018** HTUE- 4L
	0.352**

	No. of filled grains panicle-1
	Y = 93.397 + 0.010** HTUE- 4L + 0.162** GDDD- M - 0.065** GDDAT- PI + 0.004* PTUPI- F
	0.633**

	1000 grain weight (g)
	Y = 10.247 - 0.004** GDDF- Mi + 0.001** HTUE- 4L + 0.001** GDDPI- F
	0.194**

	Grain yield (t ha-1)
	Y = -1.348 + 0.001** HTUPI- F - 0.001** HTUS- E + 0.001** HTUE- 4L + 0.001** PTUD- M + 0.001* PTU Mi - D - 0.011* GDDD- M
	0.710**

	Straw yield (t ha-1)
	Y = 2.704 + 0.009** GDD4L- AT - 0.001** HTU F- Mi + 0.001** HTUD- M - 0.001 PTU* Mi - D
	0.523**

	Lodging (score)
	Y = -3.840 + 0.010** GDD4L- AT + 0.001* HTUPI- F
	0.205**

	Hulling (%)
	Y = 68.066 + 0.019** GDD4L- AT
	0.132**

	Milling (%)
	Y = 59.016 + 0.002** PTU4L- AT
	0.347**

	Head rice recovery (%)
	Y = 64.326 + 0.014** GDDAT- PI - 0.004** HTUF- Mi – 0.002** HTU4L- AT
	0.557**

	Kernel length (mm)
	Y = 3.203 + 0.001** HTUPI- F
	0.156**

	Kernel breadth (mm)
	Y = 1.340 + 0.002* GDDE- 4L 
	0.072*

	Amylose (%)
	Y = 18.450 + 0.001** PTUS- E
	0.123**

	Protein (%)
	Y = 5.042 + 0.003** HTUS- E + 0.002** HTUE-4L + 0.000* HTU 4L-AT - 0.002* HTUAT-PI - 0.001* PTUE- 4L+ 0.001** PTUAT- PI
	0.171*

	Alkali value (score)
	Y = 1.264 + 0.004* GDD4L- AT
	0.054*

	KLAC (mm)
	Y = 9.457 - 0.004** GDD4L- AT
	0.116**

	Elongation ratio
	Y = 2.627 - 0.001* GDD4L- AT - 0.003* GDDS- E
	0.243**

	Aroma (score)
	Y = 3.952 - 0.028* GDDAT- PI + 0.043* GDDF- Mi +0.001* HTUS- E + 0.002* PTUAT- PI - 0.004* PTUF- Mi + 0.001* PTU Mi - D 
	0.115*



4. Conclusion

GDD4L-AT is linked to high growth and yield but also higher lodging, while GDDD-M and GDD Mi-D stand out for grain quality traits. Early HTU stages (HTUS-E, HTUE-4L) mostly show negative correlations with plant height, panicle number, filled grains, and grain yield. Other traits like amylose, protein, aroma, and alkali value show weak or inconsistent correlations across stages. PTU4L-AT is a critical stage for boosting plant height, grain yield, and grain quality (milling and head rice recovery). The regression results reveal that traits like grain yield, filled grains, and head rice recovery are highly responsive to thermal conditions across multiple growth stages, particularly around panicle initiation and early vegetative phases. Meanwhile, kernel morphology and sensory traits show weaker environmental predictability, suggesting a need for genetic or non-linear modelling approaches. These insights can guide stage-specific agronomic interventions and trait prioritization for breeding programs.
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Fig. 1: Meteorological conditions pertaining to the periods of experimentaion (2010 and 2011)
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