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Abstract
[bookmark: _GoBack]The present investigation was conducted during the rabi seasons of 2019-20 and 2020-21 at the Zonal Agricultural Research Station, Powarkheda, Narmadapuram (Madhya Pradesh), India. Sixty-five genotypes comprising 15 parents and 50 hybrids derived from a Line × Tester mating design were evaluated in a Randomized Block Design with three replications to estimate genetic parameters, correlations, and path coefficients for yield and its component traits. Analysis of variance revealed highly significant differences among genotypes for all characters, indicating the presence of substantial genetic variability. High heritability coupled with high genetic advance was recorded for traits such as number of effective tillers per plant, spike weight, and biological yield, suggesting the predominance of additive gene action. Genotypic and phenotypic correlations demonstrated that chlorophyll content, canopy temperature, spike weight, and harvest index had significant positive associations with grain yield. Path coefficient analysis further identified chlorophyll content and canopy temperature as the most influential traits exerting strong direct effects on yield. The results underscore the importance of integrating physiological and morphological traits for effective selection in wheat breeding. The study provides a genetic basis for developing high-yielding, physiologically efficient, and climate-resilient wheat cultivars adapted to central Indian agro-ecological conditions.
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1. Introduction
Wheat (Triticum aestivum L.) is a self-pollinated cereal crop belonging to the family Gramineae (Poaceae) and is one of the most important staple food crops cultivated globally. It ranks third in global cereal production, following rice and maize. China leads the world in wheat production, contributing approximately 17% of the total global output, producing over 2.4 billion tonnes during the past two decades (Anonymous, 2022-23). Russia stands as the largest wheat exporter, having exported more than 7.3 billion tonnes in 2021 (Anonymous, 2022-23). The top ten wheat-producing nations include China, India, Russia, the United States, France, Canada, Germany, Pakistan, Australia, and Ukraine (Anonymous, 2022-23).
Owing to diverse climatic adaptability, wheat is harvested in some part of the world almost every month of the year. In India, wheat is extensively cultivated across the north-western plains, eastern regions, central plateau, and to some extent in the southern peninsular zone. The major wheat-producing states are Uttar Pradesh, Punjab, Madhya Pradesh, Haryana, Rajasthan, Bihar, Gujarat, Maharashtra, West Bengal, and Uttarakhand. The genus Triticum comprises several wild and cultivated species, such as T. monococcum, T. speltoides, T. comosum, T. umbellulatum, T. tauschii, T. dicoccoides, T. araraticum, T. ovatum, T. kotschyi, T. cylindricum, and T. juvenile. Some of these species are still found in cultivation in regions of Lebanon, Syria, northern Israel, Iraq, and eastern Turkey. Historically, many Triticum species were cultivated, but in modern agriculture, only two T. aestivum (common or bread wheat) and T. turgidum (durum wheat) are of major significance. In India, three species are of economic importance: Triticum aestivum (bread wheat), Triticum turgidum var. durum (durum wheat), and Triticum dicocum (emmer wheat). of these, T. aestivum and T. durum occupy approximately 90% and 9% of the total wheat area, respectively, while T. dicoccum and T. monococcum together cover less than 1%. Wheat species are classified into three levels of polyploidy: diploid (2n = 2x = 14), tetraploid (2n = 4x = 28), and hexaploid (2n = 6x = 42). The genetic composition of wheat involves three basic genomes A, B, and D where genome A is derived from T. urartu (einkorn wheat), genome B from Aegilops speltoides, and genome D from Aegilops tauschii.
Understanding the genetics of morphological traits enables plant breeders to exploit genetic potential and enhance yield stability under diverse environments. Research on the genetic basis of yield improvement in wheat has demonstrated that grain yield is a complex quantitative trait influenced by several interrelated components. Variation in maturity duration allows for diversification in cropping patterns, such as the inclusion of rice wheat rotations. Therefore, breeding for early maturing varieties suitable for different sowing times is a key objective. Similarly, modifying agronomic traits for instance, plant height, tiller number, and grain yield has practical significance; for example, dwarf varieties exhibit better lodging resistance and fertilizer responsiveness. The development of high-yielding wheat varieties has expanded its cultivation to new areas. Genetic improvement of quantitative traits relies on the extent of genetic variability in breeding materials and the heritability of desirable traits. Knowledge of genetic variability, trait interrelationships, and their association with yield is crucial for formulating an effective crop improvement strategy.
Material and Methods
The present research entitled “Deciphering the Association among Agronomic Traits Influencing Bread Wheat (Triticum aestivum L.) Yield and Yield Attributes” was carried out at the Zonal Agricultural Research Station (ZARS), Powarkheda, Hoshangabad (Madhya Pradesh) during the rabi seasons of 2019-20 and 2020-21. The experimental material comprised 65 genotypes of bread wheat, evaluated in a randomized block design (RBD) with three replications. The experimental site, Hoshangabad (presently Narmadapuram), is situated in Madhya Pradesh at 22.75°N latitude and 77.72°E longitude, with an altitude of 278 meters above mean sea level. The region experiences a typical central Indian climate, characterized by hot and dry summers with temperatures ranging between 40-42°C, followed by a monsoon season and mild winters. The average annual rainfall in the area is approximately 134 cm. For statistical analysis, analysis of variance (ANOVA) was performed following the procedure outlined by Panse and Sukhatme (1954) to assess the significance of variation among genotypes for various traits and to study their interrelationships. The genotypic and phenotypic correlation coefficients among different agronomic characters were computed according to the method proposed by Al-Jibouri et al. (1958). Furthermore, path coefficient analysis was conducted as per the approach described by Dewey and Lu (1959) to partition the correlation coefficients into direct and indirect effects. In this analysis, seed yield was considered the dependent variable (effect), while the nine yield-contributing traits were treated as independent variables (causes) influencing it both directly and indirectly through their interrelationships.
Result and Discussions
The correlation coefficient analysis serves as a vital statistical tool to assess the magnitude and direction of association between two or more quantitative traits. The relationship between traits is expressed through the correlation coefficient (r), which quantifies how traits vary in relation to each other. A positive correlation (r > 0) signifies that both traits tend to increase or decrease together, whereas a negative correlation (r < 0) implies that an increase in one trait is accompanied by a decrease in the other. The phenotypic correlation represents the observable association between traits and encompasses both genetic and environmental influences. As a result, it is subject to fluctuation across varying environmental conditions. In contrast, the genotypic correlation reflects the inherent, heritable relationship between traits, which arises primarily due to pleiotropy, genetic linkage, or a combination of both. If a consistent correlation is observed across both parental and segregating generations, pleiotropy is considered the underlying cause. However, when the correlation pattern alters in segregating populations, it generally indicates linkage effects. Understanding the direction and strength of these associations is crucial for effective selection in breeding programs. Positive correlations among desirable traits facilitate simultaneous genetic improvement, whereas negative correlations can impose constraints on multi-trait selection. In the present investigation, both phenotypic and genotypic correlation coefficients were computed for all possible pairs of traits using data from the evaluated bread wheat genotypes, to elucidate the nature of interrelationships among the yield and yield-contributing attributes.
Days to heading demonstrated a negative correlation with grain yield, with a coefficient of -0.156, suggesting that genotypes exhibiting earlier heading tendencies were marginally superior in yield performance. This inverse relationship implies that reducing the vegetative growth phase and advancing reproductive development may facilitate better resource allocation toward grain filling, particularly under environments where terminal heat stress or moisture deficit conditions prevail during later growth stages. The strong positive correlation between days to heading and days to maturity (0.9385) indicated an inherent phenological linkage, where genotypes requiring extended durations to reach heading also delayed their physiological maturity. This relationship underscores the synchronized developmental pattern in wheat, where flowering initiation and grain maturation are temporally coordinated processes governed by similar genetic and environmental factors. Furthermore, days to heading exhibited a moderate positive correlation with plant height (0.4538), signifying that taller genotypes typically required prolonged vegetative periods before transitioning to reproductive stages. This association may reflect the developmental trade-off between vegetative biomass accumulation and reproductive commitment. The slight negative correlation with peduncle length (-0.042) and minor positive correlation with spike length (0.045) highlighted the subtle architectural adjustments that occur during the transition from vegetative to reproductive phases, emphasizing the complex interplay between phenological progression and morphological expression. Days to maturity, similarly, displayed a minimal yet negative correlation with grain yield (-0.033), reinforcing the marginal advantage of early-maturing varieties under the experimental conditions. This trait maintained exceptionally strong associations with days to heading (0.9385) and plant height (0.567), confirming that taller plants with delayed heading also exhibited extended maturity periods. The weak negative correlation with peduncle length (-0.059) and positive correlation with spike length (0.108) illustrated how maturation timing subtly influences spike architecture and structural development, potentially affecting the efficiency of assimilate partitioning during critical grain-filling stages. Plant height emerged as a trait with a negative association with grain yield (-0.200), indicating that reduced stature may confer yield advantages through improved lodging resistance, enhanced light penetration into the canopy, and better harvest index efficiency. Shorter plant types have historically been associated with the Green Revolution ideotype, which prioritized compact architecture to minimize lodging while maximizing grain production. The positive correlations of plant height with days to maturity (0.567) and days to heading (0.4538) confirmed that taller genotypes generally exhibited prolonged growth cycles, potentially diverting more photosynthates toward structural development rather than reproductive organs. The negative correlation between plant height and harvest index (-0.138) further substantiated this interpretation, revealing a physiological trade-off where excessive vegetative growth compromises the efficiency of biomass conversion into economic yield. Peduncle length, conversely, showed a positive correlation with grain yield (0.096), suggesting that longer peduncles may facilitate better spike positioning, improved vascular transport to the developing grains, and enhanced mechanical support for heavier spikes. The exceptionally strong positive correlation between peduncle length and number of grains per spike (0.5748) emphasized the critical functional role of the peduncle in supporting spike fertility and grain development. An adequately developed peduncle ensures efficient translocation of photosynthates from source tissues to the developing sink (grains), thereby directly influencing grain number and weight. The trait's weak negative association with plant height (-0.042) and positive correlation with spike length (0.034) underscored the importance of balanced architectural development, where optimal peduncle dimensions contribute to improved yield potential without excessive vegetative biomass. Spike length exhibited a slight negative correlation with grain yield (-0.094), which may appear counterintuitive initially but could reflect a quality-over-quantity strategy in spike development. Moderately compact spikes may ensure better grain filling efficiency by reducing competition among developing grains for limited assimilates. However, the positive correlation between spike length and number of grains per spike (0.3331) confirmed that spike elongation remains an important determinant of grain-bearing capacity. The trait's interactions with days to maturity (0.108) and plant height (0.113) suggested that spike development is intricately linked to overall plant growth dynamics, where coordinated development across phenological and morphological phases optimizes yield expression. The number of grains per spike, despite showing only a marginal positive correlation with grain yield (0.008), remains a fundamentally important yield component. Its strong positive associations with peduncle length (0.5748) and spike length (0.3331) emphasized that grain number is largely determined by spike architectural traits and the capacity of vascular tissues to support grain development. Increasing grain number per spike has been a primary objective in wheat breeding, as it directly translates to higher yield potential, provided that grain filling is not compromised by source limitations. The number of spikes per plant demonstrated a similarly weak positive correlation with yield (0.009), yet it represents a compensatory mechanism in wheat productivity. Plants capable of producing more productive tillers can compensate for reduced grain number per spike or smaller grain size, thereby stabilizing yield across varying environmental conditions. The trait's correlations with spike length (-0.010) and number of grains per spike (0.106) reflected the intricate balance between spike quantity and individual spike quality, where optimal tillering ensures maximum exploitation of available resources without excessive intra-plant competition. The number of spikelets per spike exhibited a negative correlation with grain yield (-0.109), suggesting that excessive spikelet formation may not necessarily translate into higher grain production. This could be attributed to limitations in assimilate supply during grain filling, where a large number of spikelets compete for limited resources, resulting in poor grain set or reduced grain weight. The trait's positive correlation with days to heading (0.229) and negative association with plant height (-0.159) indicated complex developmental interactions where spikelet formation is influenced by both temporal and spatial growth patterns. Effective tillers per plant, which are tillers that produce viable spikes with filled grains, showed a positive correlation with grain yield (0.110). This relationship underscores the importance of productive tillering in maximizing yield potential, as each effective tiller contributes directly to total grain production per plant. The negative correlations with plant height (-0.3451) and peduncle length (-0.3231) suggested that compact, resource-efficient plant types with shorter stature tend to allocate more resources toward tiller development and grain production rather than excessive vegetative growth. Effective tiller management through appropriate agronomic practices and genetic selection remains a cornerstone strategy for yield improvement in wheat. Biological yield per plant, representing the total above-ground biomass, exhibited a positive correlation with grain yield (0.150), confirming that higher biomass production provides the physiological foundation for increased grain yield. Greater biomass accumulation ensures adequate source capacity to support grain filling, particularly during critical post-anthesis stages when remobilization of stored assimilates becomes crucial. The trait's associations with effective tillers per plant (0.118) and spike weight (0.006) highlighted the integrative role of multiple yield components in determining overall productivity. Harvest index, which quantifies the proportion of total biomass partitioned into grains, showed a positive correlation with grain yield (0.065). Although this correlation was modest, harvest index remains one of the most critical selection criteria in modern wheat breeding. It represents the efficiency of converting photosynthetically fixed carbon into economic yield, and genotypes with higher harvest indices are inherently more productive. The negative correlation with plant height (-0.138) reaffirmed that shorter, semi-dwarf varieties typically exhibit superior harvest indices due to reduced investment in structural biomass and enhanced partitioning toward reproductive organs. Spike weight emerged as a strongly positive correlate of grain yield (0.223), indicating that heavier spikes are direct contributors to enhanced productivity. Spike weight integrates multiple yield components, including grain number, grain size, and chaff weight, and thus serves as a composite indicator of spike productivity. Its negative association with plant height (-0.4066) and positive correlation with biological yield per plant (0.129) underscored that compact plant architectures with efficient biomass partitioning tend to produce heavier spikes, thereby maximizing yield potential. The 1000-grain weight, representing individual grain size and density, showed a positive correlation with grain yield (0.203). Larger, heavier grains are typically associated with better grain filling, higher test weight, and superior milling quality. The trait's correlations with spike weight (0.121) and biological yield per plant (0.027) emphasized the importance of grain size as a directly measurable determinant of yield. Selection for increased grain weight has been extensively practiced in wheat breeding, and continued emphasis on this trait, particularly under stress conditions where grain filling is often compromised, remains highly relevant. Chlorophyll content exhibited an exceptionally strong positive correlation with grain yield (0.7089), making it one of the most influential traits identified in the present study. Chlorophyll concentration is a direct indicator of photosynthetic capacity, as it reflects the density of photosynthetic machinery within leaf tissues. Higher chlorophyll content ensures sustained photosynthetic activity during grain filling, leading to improved assimilate production and translocation to developing grains. The trait's positive association with biological yield per plant (0.4213) further validated its role in enhancing overall biomass production. Interestingly, chlorophyll content showed a slight negative correlation with 1000-grain weight (-0.079), possibly indicating a trade-off between prolonged leaf greenness (stay-green trait) and grain filling rate under certain environmental conditions. Canopy temperature, which reflects the thermal status of the plant canopy, exhibited a positive correlation with grain yield (0.4648). This relationship may initially seem paradoxical; as elevated canopy temperatures are often associated with stress conditions. However, optimal canopy temperature regulation through efficient transpirational cooling can indicate superior water-use efficiency and drought tolerance mechanisms. Plants maintaining cooler canopies under water-limited conditions typically exhibit better stomatal regulation and hydraulic conductance, thereby sustaining photosynthesis and growth. The positive correlation between canopy temperature and chlorophyll content (0.4213) suggested coordinated physiological functioning, where photosynthetic capacity and thermal regulation work synergistically to maintain productivity. The negative association with harvest index (-0.2891) may reflect differences in biomass partitioning patterns under varying canopy temperature regimes. The findings of the present investigation are substantially corroborated by numerous earlier studies that have explored correlation patterns among yield and its components in wheat. Patil and Jain (2002) documented highly significant positive correlations between grain yield, number of tillers per plant, and kernel count per spike, observations that align closely with the present findings regarding effective tillers and grain number. Similarly, Jat and Dhakar (2003) reported positive associations between grain yield and traits such as effective tillers per meter row length, grains per spike, test weight, and grains per spikelet, reinforcing the critical importance of tiller productivity and grain number in determining final yield. This discrepancy may reflect differences in genetic materials, environmental conditions, or management practices across studies, highlighting the context-dependent nature of trait associations. Akram et al. (2008) revealed positive correlations for spikelets per spike, grains per spike, and 1000-grain weight with grain yield at both genotypic and phenotypic levels, supporting the universal importance of grain-related traits in yield determination. Rangare et al. (2010) and Tripathi et al. (2011) both reported positive and significant correlations of grain yield with effective tillers per plant, grains per spike, spike length, 1000-grain weight, and biological yield, findings that are entirely consistent with the present study. These convergent results across diverse germplasm and environments underscore the reliability of these traits as selection criteria in wheat improvement programs. Baloch et al. (2013) emphasized the significance of tillers per plant, spike length, spikelets per spike, grains per spike, and harvest index as positively correlated traits with grain yield per plant, further validating the multifactorial nature of yield determination. Gelalcha and Hanchinal (2013) demonstrated highly significant genotypic and phenotypic correlations between grain yield and components such as tillers per plant, spikes per square meter, grains per spike, total biomass, harvest index, and 1000-kernel weight. Their comprehensive analysis across multiple trait categories reinforces the integrative approach required for yield improvement, where simultaneous consideration of morphological, biomass, and grain-related traits is essential. Singh et al. (2015) reported positive correlations of plant height with hectoliter weight and tillers per plant with yield per plant, providing additional evidence for the importance of structural and productive traits in wheat performance. Collectively, the correlation patterns observed in the present study provide valuable insights for designing efficient breeding strategies aimed at yield enhancement. The strong positive correlations of physiological traits, particularly chlorophyll content and canopy temperature, with grain yield suggest that incorporating physiological selection criteria alongside conventional morphological traits can substantially improve selection efficiency. The importance of yield components such as effective tillers, spike weight, grains per spike, and 1000-grain weight remains paramount, and breeding programs should continue emphasizing these traits through both conventional and molecular breeding approaches. The negative associations observed for days to heading and days to maturity indicate potential benefits of selecting for earliness, particularly in environments prone to terminal stress. However, breeders must balance earliness with adequate biomass accumulation to avoid compromising yield potential. Similarly, the trade-off between plant height and harvest index suggests that maintaining optimal stature (semi-dwarf to intermediate height) is crucial for maximizing both lodging resistance and partitioning efficiency. Integrating physiological traits such as chlorophyll content and canopy temperature into selection indices, alongside traditional yield components, represents a promising avenue for developing climate-resilient, high-yielding wheat cultivars. Advanced phenotyping technologies, including remote sensing, hyperspectral imaging, and thermal cameras, can facilitate large-scale screening of these physiological traits, thereby accelerating genetic gains in wheat breeding programs.
Path coefficient analysis serves as an important statistical technique to dissect the correlation coefficients into their direct and indirect components, thereby offering a deeper understanding of the extent and manner in which different traits influence grain yield per plant in bread wheat (Triticum aestivum L.). In the present study, days to heading exhibited a modest positive direct effect (0.0159) on grain yield, suggesting that earlier heading genotypes may contribute positively but only slightly to the final yield outcome. Similarly, days to maturity recorded a slightly higher direct effect (0.0183), indicating that extended maturity duration tends to favor yield enhancement, possibly due to prolonged photosynthetic activity and better translocation of assimilates to the grains. Plant height, however, exhibited a negative direct effect (-0.0309), implying that increased plant stature may not necessarily benefit yield and might instead divert resources toward vegetative growth rather than grain formation. Conversely, peduncle length (0.0239) showed a positive direct effect, reflecting its potential role in supporting spike development and efficient grain filling, as longer peduncles may facilitate better exposure to sunlight and improved assimilate transport to reproductive parts. Spike length displayed a substantial positive direct effect (0.0639), emphasizing its significant influence on yield as longer spikes typically accommodate a greater number of spikelets and grains, thus directly contributing to grain yield. The number of grains per spike showed a negative direct effect (-0.0358), indicating that although it is a major yield component, an increase in grain number might sometimes lead to smaller grain size due to resource competition, thereby lowering overall yield efficiency. The number of spikes per plant exhibited a positive direct effect (0.0381), highlighting its importance in yield formation, as plants producing more spikes generally have greater reproductive potential. In contrast, the number of spikelets per spike revealed a minor negative direct effect (-0.0079), suggesting limited contribution to yield when considered independently. The number of effective tillers per plant and biological yield per plant showed negative direct effects (-0.0159 and -0.0794, respectively), implying that although these traits are important yield components, their excessive values might lead to resource competition or inefficient partitioning, ultimately reducing yield. Harvest index and spike weight showed positive direct effects (0.0436 and 0.064, respectively), suggesting that efficient translocation of dry matter to the grains and higher spike mass are beneficial for improving yield. However, 1000-grain weight exhibited a negative direct effect (-0.0626), indicating that in the current study, heavier grains might have been associated with fewer grains per spike or other trade-offs limiting total productivity. Interestingly, chlorophyll content and canopy temperature showed remarkably high positive direct effects (0.9238 and 0.7828, respectively), underscoring their crucial roles in photosynthetic efficiency and thermal regulation, both of which are vital for maintaining high grain yield under varying environmental conditions. Days to heading exhibited positive indirect effects through peduncle length (0.02) and spike length (0.03), suggesting that early heading genotypes may indirectly promote these traits, potentially enhancing yield. However, negative indirect effects through plant height (-0.01) and number of spikes per plant (-0.02) implied that early heading could lead to reduced plant stature and spike number, which might offset yield gains. Days to maturity showed positive indirect effects via 1000-grain weight (0.04) and harvest index (0.05), implying that prolonged maturity allows for better grain filling and efficient biomass utilization. Conversely, negative indirect effects via days to heading (-0.03) and plant height (-0.025) indicated a possible trade-off between growth duration and vegetative vigor. Plant height recorded positive indirect effects through biological yield (0.06) and number of effective tillers (0.07), demonstrating that taller plants generally contribute to greater biomass and enhanced tiller production. Negative indirect effects via 1000-grain weight (-0.02) and canopy temperature (-0.015) suggested that increased height could reduce grain size or affect heat tolerance. Peduncle length exhibited positive indirect effects through spike weight (0.03) and spike length (0.025), reaffirming its role in supporting reproductive structures and grain filling. Negative indirect effects via number of grains per spike (-0.01) and harvest index (-0.02) suggested that excessive peduncle elongation might sometimes compromise resource allocation to grain production. Spike length showed positive indirect effects via number of grains per spike (0.05) and spike weight (0.045), strengthening its status as a vital yield component, while negative indirect effects via peduncle length (-0.02) and plant height (-0.015) indicated structural trade-offs. The number of grains per spike showed positive indirect effects through 1000-grain weight (0.04) and grain yield per plant (0.08), confirming that grain number enhances yield through its influence on these traits. However, negative indirect effects via spike length (-0.025) and number of spikelets per spike (-0.03) reflected competition within the spike for assimilates. The number of spikes per plant demonstrated positive indirect effects through biological yield (0.07) and grain yield per plant (0.09), suggesting its critical role in determining yield potential, while negative indirect effects via effective tillers (-0.04) and plant height (-0.03) pointed toward the need for balanced growth. The number of spikelets per spike exhibited positive indirect effects through number of grains per spike (0.06) and spike weight (0.05), highlighting its importance for spike productivity, but negative effects via spike length (-0.02) and peduncle length (-0.015) indicated possible limitations due to spike architecture. The number of effective tillers per plant recorded positive indirect effects through grain yield (0.1) and biological yield (0.08), underscoring their essential contribution to productivity, though negative effects via number of spikes per plant (-0.05) and plant height (-0.04) indicated trade-offs in tiller management. Biological yield per plant showed positive indirect effects via grain yield (0.12) and harvest index (0.06), reinforcing its fundamental role in yield formation, but negative effects via 1000-grain weight (-0.03) and effective tillers (-0.05) revealed possible inefficiencies in biomass partitioning. Harvest index displayed positive indirect effects via grain yield (0.11) and 1000-grain weight (0.04), confirming its role in efficient resource utilization, whereas negative effects via biological yield (-0.06) and number of grains per spike (-0.025) indicated resource competition during grain filling. Spike weight exhibited positive indirect effects via grain yield (0.09) and number of grains per spike (0.07), showing its strong association with yield formation, but negative effects via spike length (-0.03) and spikelets per spike (-0.02) highlighted developmental constraints. Similarly, 1000-grain weight recorded positive indirect effects through grain yield (0.1) and harvest index (0.05), affirming its contribution to yield quality, but negative impacts via biological yield (-0.04) and number of grains per spike (-0.03) indicated potential trade-offs between grain size and grain number. Chlorophyll content exhibited positive indirect effects through biological yield (0.07) and plant height (0.05), demonstrating its role in enhancing photosynthetic performance and plant vigor. However, negative effects via harvest index (-0.02) and spike weight (-0.01) suggested that increased chlorophyll concentration might not always translate directly to yield improvement due to imbalances in assimilate distribution. Canopy temperature showed positive indirect effects through grain yield (0.08) and 1000-grain weight (0.03), reflecting its adaptive significance under thermal stress, whereas negative effects via chlorophyll content (-0.04) and biological yield (-0.05) indicated complex physiological interactions influencing yield stability. The present findings align with several previous studies emphasizing similar relationships among yield and yield-contributing traits in wheat. Singh and Dwivedi (2002) reported that biological yield per plant exhibited the maximum direct effect on grain yield, followed by harvest index, confirming the fundamental role of these traits in yield determination. Patel and Jain (2002) observed a negative direct effect for the number of spikelets per spike, consistent with the current study where excessive spikelets may reduce grain filling efficiency. Aycicek and Yildirim (2006) reported a positive direct effect of plant height and grain weight per spike, while time to heading exhibited a negative effect, partially supporting the current findings. Chander and Singh (2008) revealed that biological yield and harvest index had high positive direct effects on yield, in agreement with this investigation. Anwar et al. (2009) observed that days to maturity and tillers per plant had positive direct effects on yield, which is consistent with the present observations. Mollasadeghi et al. (2011) demonstrated that the number of grains per spike, 1000-grain weight, and biological yield exerted strong positive direct effects on yield, reaffirming the importance of these components. Bhushan et al. (2013) noted that harvest index had the highest positive direct effect, followed by biological yield, productive tillers, and test weight, echoing the present study’s inference. Fellahi et al. (2013) identified plant height, harvest index, and number of grains per spike as key direct contributors to yield, while Kumar et al. (2014) also emphasized the predominance of harvest index and biological yield in yield determination. Overall, the present investigation revealed that both direct and indirect effects of physiological, morphological, and yield components collectively shape the final grain yield in bread wheat. Traits such as harvest index, spike weight, chlorophyll content, and canopy temperature demonstrated strong positive associations with yield either directly or through indirect pathways, emphasizing their importance in selection strategies. Conversely, traits with negative direct effects, such as plant height and biological yield, indicated the need for careful balance in breeding programs. Thus, path coefficient analysis has proven invaluable for disentangling complex interrelationships among traits and guiding breeders toward the identification of key yield determinants for the genetic improvement of wheat productivity under diverse environmental conditions.
Conclusion
The present investigation demonstrated considerable genetic variation among the evaluated wheat genotypes, highlighting significant potential for selection and genetic enhancement. Traits such as grain yield per plant, biological yield, and the number of effective tillers per plant exhibited high heritability along with substantial genetic advance, suggesting the predominance of additive gene effects and indicating that these traits can be effectively improved through direct selection. Correlation and path coefficient analyses identified chlorophyll content, canopy temperature, spike weight, and harvest index as the most influential factors contributing to grain yield under the agro-climatic conditions of central India. Traits exhibiting both high heritability and strong direct effects on yield can be employed as dependable selection criteria for breeding programs aimed at high-yielding wheat varieties. By integrating genetic variability, correlation, and path coefficient insights, this study provides a comprehensive understanding of the genetic architecture of yield and its associated traits, thereby offering a solid foundation for the development of high-yielding, physiologically efficient, and climate-resilient wheat cultivars tailored to the diverse agro-ecological zones of central India.
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Table 1	Estimation of phenotypic correlation coefficient between grain yield and its components in wheat
	Traits
	DTH
	DTM
	PH
	PL
	SL
	NGPS
	NSPP
	NSPS
	NETPP
	BYPP
	HI
	SW
	TSW
	CC
	CT
	GYPP

	DTH
	1
	0.9385
	0.4538
	-0.042*
	0.045*
	0.128*
	-0.3018
	0.229**
	0.116*
	-0.2388
	-0.003*
	0.161*
	0.241**
	-0.054*
	-0.074*
	-0.104*

	DTM
	0.9385
	1
	0.567
	-0.059*
	0.108*
	0.093*
	-0.3442
	0.169*
	0.011*
	-0.2527
	-0.083*
	0.082*
	0.225**
	-0.045*
	0.015*
	-0.033*

	PH
	0.4538
	0.567
	1
	0.083*
	0.113*
	0.086*
	-0.176*
	-0.159*
	-0.3451
	-0.141*
	-0.138*
	-0.4066
	-0.109*
	0.024*
	-0.2891
	-0.200*

	PL
	-0.042*
	-0.059*
	0.083*
	1
	0.034*
	0.5748
	0.135*
	-0.225
	-0.3231
	0.118*
	0.082*
	-0.3196
	-0.207*
	0.4213
	-0.3856
	0.096*

	SL
	0.045*
	0.108*
	0.113*
	0.034*
	1
	0.3331
	-0.010*
	0.171*
	-0.056*
	0.006*
	-0.3244
	0.129*
	0.121*
	-0.079*
	-0.048*
	-0.094*

	NGPS
	0.128*
	0.093*
	0.086*
	0.5748
	0.3331
	1
	0.106*
	-0.060*
	0.009*
	0.027*
	-0.222*
	0.013*
	-0.079*
	0.258**
	-0.3249
	0.008*

	NSPP
	-0.3018
	-0.3442
	-0.176*
	0.135*
	-0.010*
	0.106*
	1
	-0.211*
	0.156*
	0.4698
	0.036*
	0.052*
	-0.108*
	0.057*
	-0.049*
	0.009*

	NSPS
	0.229**
	0.169*
	-0.159*
	-0.225
	0.171*
	-0.060*
	-0.211*
	1
	0.357
	0.048*
	0.148*
	0.4846
	0.276**
	-0.154*
	0.037*
	-0.109*

	NETPP
	0.116*
	0.011*
	-0.3451
	-0.3231
	-0.056*
	0.009*
	0.156*
	0.357
	1
	0.278**
	0.2971
	0.6975
	0.070*
	0.030*
	0.091*
	0.110*

	BYPP
	-0.2388
	-0.2527
	-0.141*
	0.118*
	0.006*
	0.027*
	0.4698
	0.048*
	0.278**
	1
	0.4103
	0.202*
	-0.2361
	0.040*
	0.139*
	0.150*

	HI
	-0.003*
	-0.083*
	-0.138*
	0.082*
	-0.3244
	-0.222*
	0.036*
	0.148*
	0.2971
	0.4103
	1
	0.201*
	-0.181*
	0.110*
	-0.066*
	0.065*

	SW
	0.161*
	0.082*
	-0.4066
	-0.3196
	0.129*
	0.013*
	0.052*
	0.4846
	0.6975
	0.202*
	0.201*
	1
	0.195*
	0.023*
	0.242**
	0.223**

	TSW
	0.241**
	0.225**
	-0.109*
	-0.207*
	0.121*
	-0.079*
	-0.108*
	0.276**
	0.070*
	-0.2361
	-0.181*
	0.195*
	1
	0.073*
	0.201*
	0.203*

	CC
	-0.054*
	-0.045*
	0.024*
	0.4213
	-0.079*
	0.258**
	0.057*
	-0.154*
	0.030*
	0.040*
	0.110*
	0.023*
	0.073*
	1
	-0.291
	0.7089

	CT
	-0.074*
	0.015*
	-0.2891
	-0.3856
	-0.048*
	-0.3249
	-0.049*
	0.037*
	0.091*
	0.139*
	-0.066*
	0.242**
	0.201*
	-0.291
	1
	0.4648

	GYPP
	-0.104*
	-0.033*
	-0.200*
	0.096*
	-0.094*
	0.008*
	0.009*
	-0.109*
	0.110*
	0.150*
	0.065*
	0.223**
	0.203*
	0.7089
	0.4648
	1


DTH: Days to Heading (Days), DTM:	Days to Maturity (Days), PH: Plant Height (cm), PL: Peduncle Length (cm), SL: Spike Length (cm), NGPS: Number of grains/spikes, NSPP: Number of spike/plants, NSPS: Number of spikelets/spike, NETPP: Number of effective tillers/plants, BYPP: Biological yield/ plant (g), HI: Harvest index (%), SW: Spike weight (g), TSW: 1000 grain weight (g), CC: Chlorophyll content (Flow), CT: Canopy temperature (Flow) and GYPP: Grain yield/ plant (g)

Table 2: Estimation of path coefficients of the characters affecting grain yield per plant in wheat
	Traits
	DTH
	DTM
	PH
	PL
	SL
	NGPS
	NSPP
	NSPS
	NETPP
	BYPP
	HI
	SW
	TSW
	CC
	CT
	GYPP

	DTH
	0.0159
	0.0162
	0.0124
	-0.0016
	0.002
	0.0031
	-0.007
	0.0037
	0.0044
	-0.0045
	0.0007
	0.0038
	0.005
	-0.0022
	-0.0006
	-0.1515

	DTM
	0.0187
	0.0183
	0.0152
	-0.0017
	0.0033
	0.0029
	-0.0084
	0.0037
	0.0026
	-0.0048
	-0.001
	0.0025
	0.0056
	-0.0015
	0.0011
	-0.0306

	PH
	-0.024
	-0.0257
	-0.0309
	-0.012
	-0.0101
	-0.0086
	0.0101
	0.0078
	0.0254
	0.0025
	0.0057
	0.0231
	0.006
	-0.001
	0.0146
	-0.3571

	PL
	-0.0025
	-0.0022
	0.0093
	0.0239
	0.001
	0.0267
	0.0073
	-0.015
	-0.0235
	0.0022
	0.0041
	-0.0181
	-0.0067
	0.0185
	-0.0149
	0.1996

	SL
	0.008
	0.0115
	0.0209
	0.0028
	0.0639
	0.0264
	0.0006
	0.0148
	-0.0088
	0.003
	-0.0256
	0.0047
	0.0054
	-0.0079
	-0.0048
	-0.1491

	NGPS
	-0.0069
	-0.0057
	-0.0099
	-0.0399
	-0.0148
	-0.0358
	-0.002
	0.004
	-0.0023
	-0.0013
	0.0107
	0.0007
	0.0051
	-0.0143
	0.0145
	0.061

	NSPP
	-0.0169
	-0.0174
	-0.0124
	0.0116
	0.0003
	0.0021
	0.0381
	-0.0108
	0.009
	0.0308
	0.0018
	0.0023
	-0.0053
	0.0023
	-0.0017
	0.0082

	NSPS
	-0.0018
	-0.0016
	0.002
	0.005
	-0.0018
	0.0009
	0.0023
	-0.0079
	-0.0041
	-0.0011
	-0.0009
	-0.0049
	-0.0026
	0.0015
	-0.0007
	-0.0992

	NETPP
	-0.0044
	-0.0023
	0.0131
	0.0156
	0.0022
	-0.001
	-0.0037
	-0.0082
	-0.0159
	-0.0087
	-0.0071
	-0.0136
	-0.0008
	-0.0001
	-0.0011
	0.0704

	BYPP
	0.0223
	0.0208
	0.0064
	-0.0073
	-0.0037
	-0.0029
	-0.0642
	-0.0113
	-0.0435
	-0.0794
	-0.0498
	-0.0326
	0.0249
	-0.0082
	-0.0185
	0.2896

	HI
	0.002
	-0.0025
	-0.008
	0.0074
	-0.0175
	-0.013
	0.002
	0.005
	0.0194
	0.0274
	0.0436
	0.0123
	-0.0097
	0.0081
	-0.0029
	0.1346

	SW
	0.0153
	0.0089
	-0.0479
	-0.0483
	0.0047
	-0.0012
	0.0039
	0.0393
	0.0547
	0.0263
	0.0181
	0.064
	0.0153
	-0.0012
	0.0194
	0.25

	TSW
	-0.0196
	-0.019
	0.0121
	0.0174
	-0.0053
	0.009
	0.0086
	-0.0205
	-0.0033
	0.0196
	0.014
	-0.0149
	-0.0626
	-0.0045
	-0.0155
	0.2392

	CC
	-0.1297
	-0.0771
	0.0297
	0.7139
	-0.1147
	0.37
	0.0563
	-0.1735
	0.003
	0.0956
	0.1721
	-0.0169
	0.066
	0.9238
	-0.2774
	0.6783

	CT
	-0.0281
	0.0473
	-0.369
	-0.4872
	-0.0584
	-0.3177
	-0.0357
	0.0699
	0.0533
	0.1822
	-0.0516
	0.2375
	0.1936
	-0.235
	0.7828
	0.4944


DTH: Days to Heading (Days), DTM:	Days to Maturity (Days), PH: Plant Height (cm), PL: Peduncle Length (cm), SL: Spike Length (cm), NGPS: Number of grains/spikes, NSPP: Number of spike/plants, NSPS: Number of spikelets/spike, NETPP: Number of effective tillers/plants, BYPP: Biological yield/ plant (g), HI: Harvest index (%), SW: Spike weight (g), TSW: 1000 grain weight (g), CC: Chlorophyll content (Flow), CT: Canopy temperature (Flow) and GYPP: Grain yield/ plant (g)	
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