


Multi-Environment Evaluation of Wheat Genotypes for Growth and Yield Attributes" in Bread Wheat (Triticum aestivum L.)
Abstract
Wheat (Triticum aestivum L.) productivity is increasingly threatened by rising temperatures, particularly during the reproductive and grain-filling stages, posing a major challenge to global food security. Although heat tolerance is a critical breeding target, limited understanding of key morpho-physiological traits under thermal stress constrains the development of resilient genotypes. This study aimed to identify heat-tolerant wheat lines and determine the traits associated with yield stability across contrasting temperature regimes. Fifty wheat genotypes were evaluated during the 2019–2020 and 2020–2021 Rabi seasons at the Zonal Agricultural Research Station, Pawarkheda, Madhya Pradesh, under early (cool), normal (optimal), and late (terminal heat stress) sowing conditions using a randomized complete block design with three replications. Comprehensive data were recorded on phenological, physiological, and yield-related traits, including germination percentage, heading date, maturity duration, plant height, tillers per plant, grains per spike, spike length, canopy temperature, chlorophyll content, thousand-grain weight, and grain yield. Results showed highly significant (p < 0.01) genotypic differences across all environments for most traits, including germination percentage, heading and maturity duration, plant height, spike characteristics, thousand-grain weight, and grain yield, demonstrating substantial genetic variability. Pooled ANOVA confirmed significant effects of environments, genotypes, and genotype × environment interactions for nearly all traits, indicating differential adaptability and the impact of temperature regimes on trait expression. Analysis of variance revealed highly significant differences (p < 0.01) among genotypes and environments for most traits, with pronounced genotype × environment interactions, demonstrating substantial genetic variability and differential responses to temperature stress. Considerable variation in canopy temperature depression, chlorophyll retention, and key yield components identified several promising and stable genotypes under heat stress. These findings provide a strong foundation for future wheat improvement programs targeting heat-resilient cultivars adapted to warming climatic scenarios.
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Introduction
Wheat (Triticum aestivum L.) is one of the most widely cultivated cereal crops in the world, playing a key role in global food security by providing a substantial portion of human calorie and protein intake, (Yassin et al.,2025). However, despite its global importance, wheat production is increasingly constrained by climatic stresses, with heat stress being one of the most significant abiotic threats, particularly in subtropical and tropical wheat-growing regions. (Yassin et al.,2025).
High temperatures, especially during the reproductive and grain-filling phases, can severely impair wheat growth, development and yield. (Yassin et al.,2025). Such thermal stresses reduce grain-filling duration, impair assimilate translocation, accelerate leaf senescence, reduce chlorophyll content, elevate canopy temperature, and thereby result in significant yield losses. In wheat, even small increases in ambient temperature, (Salam et al.,2025).To address this challenge, breeding for heat-tolerant wheat genotypes has become a priority in many wheat-producing countries. Effective selection of heat-tolerant genotypes relies on the thorough characterization and understanding of morpho-physiological traits that confer resilience under high-temperature stress, (Balmuk et al.,2025). Traits such as chlorophyll retention (“stay-green”), canopy temperature depression (CTD), number of grains per spike, thousand grain weight, days to maturity, and others have been shown to be associated with better performance under heat stress (Yassin et al.,2025).
Furthermore, the presence of genetic variability among wheat genotypes for these traits is a prerequisite for effective selection and breeding. Without sufficient variation and sufficient association of traits with yield under stress, breeding efforts will be less efficient.In this context, the present study titled "Multi-Environment Evaluation of Wheat Genotypes for Growth and Yield Attributes" in Bread Wheat (Triticum aestivum L.)"was conducted over the Rabi seasons of 2019-2020 and 2020-2021 at the Zonal Agriculture Research Station, Pawarkheda (an extension of Jawaharlal Nehru Krishi Vishwavidyalaya, Jabalpur), Madhya Pradesh, India. The experimental design incorporated three sowing stages early, normal and late—with the late sowing window meant to impose heat stress conditions. A set of fifty wheat genotypes were evaluated under these differing thermal regimes for a suite of morpho-physiological attributes and their inter-relationships and associations with yield under heat stress were examined.
By exploring trait variability, associations and their contribution to yield under heat stress, this research aims to support the development of wheat genotypes better adapted to higher temperatures an endeavour of increasing relevance given projected climate warming and the vulnerability of wheat cropping systems in India and elsewhere.
Materials and Methods
Experimental Site and Duration
The present investigation entitled "Multi-Environment Evaluation of Wheat Genotypes for Growth and Yield Attributes" in Bread Wheat (Triticum aestivum L.)" was conducted during two consecutive Rabi seasons of 2019–2020 and 2020–2021 at the Zonal Agricultural Research Station, Pawarkheda, Narmadapuram, Madhya Pradesh, which functions under Jawaharlal Nehru Krishi Vishwavidyalaya (J.N.K.V.V.), Jabalpur, India. The experimental site is situated at 22°40′ N latitude, 77°43′ E longitude, and an altitude of approximately 302 meters above mean sea level, representing the typical agro-climatic conditions of the central Narmada valley region. The soil of the experimental field was clay loam in texture, slightly alkaline in reaction, medium in organic carbon, and moderately fertile with respect to available nitrogen, phosphorus, and potassium.
Experimental Material and Design
A total of fifty bread wheat (Triticum aestivum L.) genotypes of diverse origin were evaluated for their morpho-physiological responses to varying thermal environments. The experiment was laid out in a randomized complete block design (RCBD) with three replications, (Gomez & Gomez, 1984). Each genotype was sown in a plot consisting of six rows of 2.5 m length with a row-to-row spacing of 20 cm. 
To assess the effects of temperature variation, three distinct sowing windows were employed: (Reynolds et al., 1994; Joshi et al., 2007).
1. Early sowing – intended to expose plants to relatively cool growing conditions;
2. Normal sowing – representing the recommended sowing time for optimal growth; and
3. Late sowing – designed to impose terminal heat stress during the reproductive and grain-filling phases.
All standard agronomic practices were followed to ensure optimal crop growth, including recommended doses of fertilizers (120:60:40 kg N:P₂O₅:K₂O per hectare), timely irrigation, and effective weed and pest control.(ICAR, 2019; Pask et al., 2012).
Observations to be recorded
A field experiment was conducted to assess the variability and performance of wheat (Triticum aestivum L.) genotypes under four distinct environments. Morpho-physiological and yield-related traits were recorded using standard protocols as follows:
a) Germination percentage – tested using ISTA germination standards (ISTA, 2018).
b) Days to heading and days to maturity – recorded using growth scale (Zadoks, Chang & Konzak, 1974).
c) Plant height, tillers per plant, spike length, peduncle length – measured using standard wheat descriptor guidelines (IBPGR, 1985).
d) Spikelets per spike, spikes per plant, grains per spike, grain number per plant – recorded following wheat yield component measurement methods (Fischer & Maurer, 1978).
e) Spike weight and thousand-grain weight – determined using standard grain evaluation procedures (Pask et al., 2012).
f) Physiological traits such as canopy temperature (CT) and canopy temperature depression (CTD) – measured using infrared thermometry following Reynolds et al., (1998).
g) Chlorophyll content – assessed using a SPAD meter (Minolta SPAD-502) following methods described by Ramesh et al., (2002).
Analysis of variance (ANOVA) was performed for each trait to test the significance of differences among genotypes and environments using the RCBD model (Gomez & Gomez, 1984). These results aid in identifying stable and high-performing genotypes across variable thermal environments.
Result and Discussion
3.1 Analysis of Variance for Environment 1 
The analysis of variance (Table 1) revealed highly significant differences (p < 0.01) among the 50 wheat varieties for most of the studied traits under Environment 1, indicating the presence of substantial genetic variability. The analysis of variance across all three environments demonstrated highly significant differences among the 50 wheat genotypes for nearly all morpho-physiological and yield-related traits, confirming the presence of substantial genetic variability. This variability is essential for effective selection and breeding programs aimed at improving heat tolerance in wheat. The significant genotypic effects observed in traits such as germination percentage, phenology (heading and maturity), plant height, tillering ability, spike traits, and grain yield are consistent with earlier reports highlighting broad genetic diversity in wheat gene pools (Gezahegn et al., 2015; Singh & Rajput, 2019). Similar patterns have been observed in multi-environment wheat trials where heat stress intensifies phenotypic differentiation, particularly for canopy temperature, chlorophyll content, and yield components (Reynolds et al., 1994; Joshi et al., 2007).
Analysis of Variance for Environment 2
The mean square values due to varieties were found to be highly significant (p < 0.01) for all the traits studied, except for replication and interaction effects, which were non-significant for most traits. The ANOVA results for normal sowing in the study on bread wheat (Triticum aestivum L.) indicate a significant genetic differentiation among the 50 wheat genotypes regarding various morpho-physiological traits. Most parameters, including germination percentage, phenological attributes like date of heading and days to maturity, structural properties such as plant height, yield attributes, and physiological responses, showed highly significant variances among the varieties, denoted by '**'. This suggests a strong genetic influence and potential for selection. The consistency across replications, inferred from the non-significant interaction between replication and variety for most traits, confirms the genetic variances' reliability. The significant differences among varieties for most traits indicate strong genetic control under favorable climatic conditions. Earlier studies by Tadesse et al., (2019) and Chandra et al., (2017) also observed that cooler environments enable maximum expression of genetic potential, especially for traits like plant height, spike length, and grain number.
The non-significant replication × variety interaction validates experimental precision. This agrees with the findings of Gezahegn et al., (2015), who reported consistent genotype performance under early-sown conditions due to stable environmental parameters. Compared to their results, the present study recorded even greater variability for physiological traits such as canopy temperature depression and chlorophyll content, suggesting wider genetic diversity in the evaluated material. The replication effects were non-significant for most traits, while the replication × variety interaction was also found to be non-significant, suggesting uniform performance of genotypes across replications and the reliability of the experimental design. The high significance of varietal effects for major yield-contributing and morpho-physiological traits again emphasizes the wide range of genetic diversity present in the studied material, offering ample opportunity for selection and breeding improvement under this environment.These outcomes demonstrate the inherent genetic diversity among the wheat genotypes and underline the potential for enhancing heat tolerance through selective breeding, leveraging the variability observed. Similar findings have been quoted by 
Analysis of Variance for Environment 3
The analysis of variance for Environment 3 (Table 3) revealed that mean squares due to varieties were highly significant (p < 0.01) for all the traits studied, indicating the presence of substantial genetic variability among the 50 wheat genotypes. Significant varietal differences were observed for germination percentage, date of heading, days to maturity, plant height, number of tillers per plant, spikelets per spike, spikes per plant, grains per spike, number of grains per plant, spike length, spike weight, and peduncle length.The replication effects were non-significant for all traits except spike per plant, which exhibited slight variation, suggesting uniformity of experimental conditions. The significant genotype effects observed for all traits in Environment 3 reflect differential genotypic responses to terminal heat stress. Heat stress caused considerable variation in physiological parameters such as canopy temperature, chlorophyll retention, and flag leaf area—traits known to be critical indicators of heat tolerance (Reynolds et al., 1998; Pask et al., 2012). The reduction in phenological durations under heat stress, particularly early heading and shortened grain-filling periods, supports the findings of Farooq et al., (2011), who reported accelerated phenology under high temperatures. Similarly, significant reductions in grains per spike and thousand-grain weight echo earlier studies by Tewolde et al. (2006) and Mondal et al., (2013), which reported compromised reproductive and grain-filling processes under heat.
The mean squares due to error were relatively low for most traits, confirming the precision and reliability of the experiment.Similarly, highly significant varietal differences were recorded for number of leaves per plant, 1000-grain weight, biological yield, harvest index, flag leaf area, canopy temperature (vegetative and flowering stages), chlorophyll content (vegetative and flowering stages), hectolitre weight, and grain yield per plant. The high varietal mean squares compared with corresponding error terms demonstrate a broad range of genetic variability among genotypes under this environment.Overall, the presence of significant genetic differences for most morpho-physiological and yield-contributing traits indicates the existence of considerable potential for genetic improvement and selection of superior genotypes in wheat under Environment 3. Consistent findings have been described by (Gezahegn et al., 2015) and Puneet et al., (2020). 
Analysis of Variance for Pooled Over Environments
The pooled analysis of variance (Table 4) across four environments revealed highly significant (p < 0.01) differences among environments, varieties, and their interactions for most of the recorded traits. This indicates that both genetic and environmental factors, as well as their interactions, had a significant influence on the expression of morpho-physiological and yield-related traits in wheat.Mean squares due to environments were highly significant for almost all traits, including germination percentage, date of heading, days to maturity, plant height, number of tillers per plant, spikelets per spike, spikes per plant, grains per spike, number of grains per plant, spike length, spike weight, and peduncle length. This reflects the strong effect of environmental conditions on trait performance. Varietal mean squares were also highly significant for all these characters, confirming the existence of wide genetic variability among the 50 wheat genotypes.The environment × variety (E × V) interaction was found to be significant for most of the studied traits, suggesting that the relative performance of genotypes varied across environments. This interaction indicates differential adaptability and stability of the genotypes under varying environmental conditions.Similarly, in yield-contributing and physiological traits, including number of leaves per plant, 1000-grain weight, biological yield, harvest index, flag leaf area, canopy temperature (vegetative and flowering stages), chlorophyll content (vegetative and flowering stages), hectolitre weight, and grain yield per plant, significant mean square values were recorded for environments, varieties, and E × V interaction. The significant environmental and interaction effects emphasize the strong influence of climatic and edaphic factors on genotype performance and the importance of multi-environment evaluation for reliable selection.The comparatively low error mean squares across all traits indicate high experimental precision.  These findings agree with the observations of Muhammad et al., (2017), Kumari et al., (2018), and Puneet et al., (2020), who reported strong G × E interactions for yield and physiological traits across diverse wheat-growing conditions. Significant environmental effects for phenology, yield traits, and physiological attributes highlight the importance of multi-environment evaluation to identify stable genotypes. Low error mean squares confirm the reliability and precision of the experimental design, similar to ANOVA-based studies reported by Nishant et al., (2018) and Sharma et al., (2018).
Overall, the pooled ANOVA results confirm substantial genetic variability among genotypes, significant environmental influence, and notable genotype × environment interaction for most morpho-physiological and yield traits, providing opportunities for identifying stable and high-yielding wheat genotypes suitable for diverse environmental conditions. These results corroborate the findings of (Muhammad et al.,2017; Koshraj et al.,2019 and Puneet et al.,2020).
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Table 1. ANOVA of Environment 1
	Source of variation
	DF
	Germination %
	Date of heading
	Days to maturity
	Plant height (cm)
	Tiller/pl
	Spikelet/spike
	spike/plant
	grain/spike
	no grain/pl
	spike length
	spike wt.11
	Peduncle length (cm)

	REP
	1
	0.84
	32.49
	6.41
	0.38
	1.11
	0.73
	2.95
	1.93
	171.30
	0.012
	0.004
	3.85

	Variety
	49
	2.14**
	19.10**
	18.02**
	37.41**
	1.40**
	3.88**
	1.60**
	96.11**
	10402.3**
	2.240**
	0.157**
	7.18**

	R x V
	49
	1.23
	3.41
	0.57
	1.99
	0.32
	0.67
	0.37
	0.97
	140.39
	0.193
	0.009
	1.93

	Source of variation
	DF
	No leaf per plant
	1000 weight (g)
	Biological yield (q/ha)
	Harvest index (%)
	Flag leaf area (cm2)
	Canopy temp. (Veg)
	Canopy temp. (Flow)
	Chlorophyll. (Veg)
	Chlorophyll. (Flow)
	HW
	Grain yield /plant (g)

	REP
	1
	9.61
	12.68
	0.00
	1.74
	5.72
	4.73
	1.74
	2.41
	0.11
	4.17
	0.92

	Variety
	49
	6.16**
	151.91**
	41.29**
	77.21**
	31.83**
	2.43**
	4.91**
	37.87**
	36.27**
	10.11**
	30.73**

	Error
	49
	1.49
	2.11
	7.22
	7.99
	4.16
	0.80
	1.74
	2.86
	2.82
	1.80
	1.73


Table 2. ANOVA of Environment 2
	Source of variation
	DF
	Germination %
	Date of heading
	Days to maturity
	Plant height (cm)
	Tiller/pl
	Spikelet/spike
	spike/plant
	grain/spike
	no grain/pl
	spike length
	spike wt.11
	Peduncle length (cm)

	REP
	1
	0.81
	6.25
	53.29
	7.69
	0.01
	1.48
	0.07
	6.17
	2.57
	0.301
	0.023
	5.07

	Variety
	49
	4.43**
	36.74**
	36.69**
	40.45**
	1.32**
	5.04**
	1.47**
	79.67**
	6138.67**
	1.324**
	0.199**
	35.99**

	R x V
	49
	0.95
	0.86
	0.25
	2.80
	0.16
	0.40
	0.22
	3.07
	215.50
	0.235
	0.015
	1.89



	Source of variation
	DF
	No leaf per plant
	1000 weight (g)
	Biological yield (q/ha)
	Harvest index (%)
	Flag leaf area (cm2)
	Canopy temp. (Veg)
	Canopy temp. (Flow)
	Chlorophyll. (Veg)
	Chlorophyll. (Flow)
	HW
	Grain yield /plant (g)

	REP
	1
	0.25
	4.22
	6.25
	9.39
	4.20
	0.35
	0.77
	0.68
	3.34
	5.11
	9.44

	Variety
	49
	10.63**
	11.51**
	49.70**
	129.20**
	65.27**
	3.79**
	4.95**
	40.86**
	31.61**
	6.55**
	29.71**

	Error
	49
	2.80
	4.26
	7.78
	5.85
	6.45
	0.53
	0.45
	5.57
	5.36
	2.23
	2.04




Table 3. ANOVA of Environment 3
	Source of variation
	DF
	Germination %
	Date of heading
	Days to maturity
	Plant height (cm)
	Tiller/pl
	Spikelet/spike
	spike/plant
	grain/spike
	no grain/pl
	spike length
	spike wt.11
	Peduncle length (cm)

	REP
	1
	0.20
	8.41
	6.25
	45.74
	0.15
	1.74
	23.52
	0.57
	119.46
	0.392
	0.065
	5.30

	Variety
	49
	3.40**
	28.59**
	27.48**
	52.10**
	0.91**
	4.92**
	1.45**
	108.78**
	2762.36**
	0.831**
	0.093**
	14.64**

	Error
	49
	0.45
	0.55
	1.15
	4.26
	0.08
	0.19
	0.06
	0.54
	57.39
	0.122
	0.006
	0.46



	Source of variation
	DF
	No leaf per plant
	1000 weight (g)
	Biological yield (q/ha)
	Harvest index (%)
	Flag leaf area (cm2)
	Canopy temp. (Veg)
	Canopy temp. (Flow)
	Chlorophyll. (Veg)
	Chlorophyll. (Flow)
	HW
	Grain yield /plant (g)

	REP
	1
	0.64
	4.93
	1.61
	0.17
	1.24
	3.40
	0.02
	12.53
	1.98
	4.85
	1.17

	Variety
	49
	5.87**
	39.70**
	68.25**
	77.37**
	104.36**
	5.92**
	3.43**
	29.54**
	47.67**
	16.74**
	35.55**

	Error
	49
	1.40
	2.63
	3.50
	8.98
	1.92
	0.85
	0.85
	2.79
	5.50
	3.30
	1.69


Table 4. ANOVA of pooled Environment
	Source of variation
	DF
	Germination %
	Date of heading
	Days to maturity
	Plant height (cm)
	Tiller/pl
	Spikelet/spike
	spike/plant
	grain/spike
	no grain/pl
	spike length
	spike wt.11
	Peduncle length (cm)

	REP
	1
	4.75
	1.13
	17.75
	30.75
	14.35
	15.67
	32.66
	2.91
	1930.00
	2.54
	0.000
	14.13

	Env
	2
	8.75**
	3.19*
	56.25**
	753.88**
	16.88**
	125.49**
	41.53**
	921.75**
	87917.00**
	21.83**
	0.416**
	83.86**

	variety
	49
	4.00**
	68.66**
	72.72**
	55.27**
	1.40**
	6.81**
	1.55**
	98.08**
	6762.18**
	1.20**
	0.195**
	25.82**

	E x R
	2
	2.00
	3.06
	0.25
	11.13**
	3.38**
	7.64**
	6.94**
	12.88**
	489.00**
	1.08**
	0.045**
	0.05

	E x V
	98
	2.99**
	7.89**
	4.73**
	37.35**
	1.11**
	3.52**
	1.48**
	93.24**
	6270.69**
	1.60**
	0.126**
	16.00**

	Error
	147
	0.88
	1.61
	0.65
	3.02
	0.19
	0.42
	0.22
	1.52
	137.63
	0.18
	0.010
	1.43

	Source of variation
	DF
	No leaf per plant
	1000 weight (g)
	Biological yield (q/ha)
	Harvest index (%)
	Flag leaf area (cm2)
	Canopy temp. (Veg)
	Canopy temp. (Flow)
	Chlorophyll. (Veg)
	Chlorophyll. (Flow)
	HW
	Grain yield /plant (g)

	REP
	1
	1.08
	53.28
	0.50
	0.81
	39.48
	6.91
	1.63
	11.75
	3.13
	2.25
	0.34

	Env
	2
	2.37
	32.94**
	513.53**
	395.38**
	26.30**
	94.95**
	103.56**
	48.81**
	398.06**
	21.75**
	511.46**

	variety
	49
	7.24**
	66.48**
	42.20**
	101.92**
	81.40**
	3.60**
	5.63**
	37.13**
	30.78**
	16.95**
	27.93**

	E x R
	2
	4.71**
	5.78
	3.66
	5.22
	12.84**
	0.79
	0.44
	1.94
	1.16
	6.00**
	5.60**

	E x V
	98
	7.71**
	68.32**
	58.52**
	90.93**
	60.03**
	4.27**
	3.83**
	35.57**
	42.39**
	8.23**
	34.03**

	Error
	147
	1.89
	3.00
	6.17
	7.61
	4.18
	0.73
	1.01
	3.74
	4.56
	2.44
	1.82






