Trait Interrelationships Governing Yield and Nut Quality in Walnut (Juglans regia L.)
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[bookmark: _8l62eafduhu6]Understanding relationships among various parameters of vegetative growth, flowering behaviour, yield and nut quality traits is important for improving selection efficiency in walnut. The present study evaluated the phenotypic correlations among different vegetative traits, flowering stages, yield and quality parameters in walnut genotypes. Yield showed low significance with vegetative traits such as bud break (r = −0.17), leaf length (r = 0.06) and leaflet length (r = 0.04). Several vegetative traits exhibited negative correlations with nut size parameters, including leaf length with nut diameter at suture (r = −0.54) and nut diameter at cheek (r = −0.52). Leaflet width showed a significant positive correlation with protein content (r = 0.44). Flowering traits showed significant positive correlation with kernel recovery percentage, particularly first male bloom (r = 0.45), peak male bloom (r = 0.46), last male bloom (r = 0.46) and first female bloom (r = 0.52). Flower number per inflorescence (r = 0.38) and flowering overlap (r = 0.44) showed positive but weak associations with yield. The results indicate that flowering behaviour is more closely associated with kernel recovery than vegetative growth traits in walnut.
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1. Introduction
Walnut (Juglans regia L.) is an important temperate nut crop with high economic and nutritional value, which is extensively cultivated for its kernels which are rich in oil, protein, and other nutrients. In addition to the nutritive value, walnut cultivation contributes significantly to the living standards of people in the temperate regions (Mukarram, et al., 2024). Despite its high importance walnut productivity as well as the quality varies extensively due to genetic diversity, environmental factors and cultural practices (Vahdati, et al., 2020; Devin and Bujdoso, 2022). Enhancement in the quality of the kernel and production is a prime objective of walnut breeding programme. Productivity is a complicated trait which is affected by a set of morphological, phenological and physiological attributes, making it less effective for direct selection (Manthos, et al., 2023; Einollahi, et al.,2024).
For walnuts grown in plantations, the kernel quality and yield potential can pay an even more role in terms of economic performance. Such traits are linked to growth habit, flowering and development of the walnuts (McGranahan & Leslie, 2012; Lone, et al., 2023).
The role of vegetative morphological parameters like bud break timing as well as parameters like leaf and leaflet size in regulating photosynthetic potential and allocation of assimilates is very fundamental (Solar and Stampar, 2011). In walnuts, reproductive effectiveness is highly dependent on flo9wering coordination based on dichogamy requirements to ensure synchronization between male and female flowering phases (Germain, 1997; Kumar et al., 2024). Understanding the interaction between vegetative parameters and yield parameters is essential for identifying the useful parameters in walnut improvement. 
Correlation helps to identify the traits that are positively or negatively associated with yield or quality traits (Panahi et al., 2022). But correlation analysis does not elucidate the relationship between cause and effect, besides the fact that related traits can affect the yield indirectly. Although several studies have described the relationships between the traits related to the nut, kernel, and flower in the walnut species, there is a lack of information available about the relationship between the vegetative morphological traits related to the yield or quality parameters in temperate regions. Specifically, there is a lack of understanding about the relationship between the bud break, leaf, and leaflet traits related to the yield parameters or the kernel quality (Sovelli and Khadivi, 2023).
In the light of the above considerations, the present study was conducted to examine the relationship of bud break, leaf length, leaf width, leaflet length, leaflet width, and the number of leaflets with the parameters of yield, nut, kernel, flowering, and quality of walnut (Juglans regia L.). The findings of this study are expected to provide valuable information for identifying key traits for walnut improvement programme.
2. Materials and Methods
The experiment was carried out at the Walnut orchard in the Faculty of Agriculture, Wadura, SKUAST-K (at 1,610 MSL) in the 2023-2024 growth year. The experimental material comprised of twenty-one walnut (Juglans regia L.) genotypes evaluated under uniform orchard management practices. The trees selected for the study were healthy, of similar age, vigorous, and grown under recommended agronomic conditions. Vegetative morphological observations included the bud break, leaf length, leaf width, leaflet length, leaflet width, and number of leaflets.
Parameters related to yield and nut quality, like yield per tree, nut weight, length, diameter at the suture and cheek, shell thickness, kernel weight, kernel recovery, protein, and oil, were determined using standard analytical procedures (AOAC, 2000). The yield parameters included first, highest, and final male and female bloom, and the extent female flower overlap with the staminate bloom.
The correlation coefficients (r) were computed to estimate the extent and nature of association that existed between the vegetative morphological traits and the yield and quality related characters. The levels of statistical significance were tested at 5%, 1%, probability levels following the standard procedures of statistical analysis (Panse and Sukhatme, 1985). All the statistical analysis was conducted using the standard statistical software.
3. Results and discussion
The phenotypic correlation coefficients among the variables of vegetative, flowering, yields and quality parameters are given in Table 1.  The majority of the variables under vegetation showed low to moderate correlation values with the variables related to yields as well as the physical parameters of the nut, though the phenology of flowering demonstrated relatively stronger association with the kernel recovery percentage. The time of bud break showed a low non-significant correlation with the given yields (r = −0.17) and most of the physical parameters for the nut. However, significant positive correlation values between the bud break phenology and the parameters: first male bloom(r = 0.54), peak male bloom (r = 0.50), last male bloom (r = 0.54), first female bloom (r = 0.55), peak female bloom (r = 0.44) as well as flowering overlap phenology (r = 0.44), measures were found, indicating the indirect contribution of the initial or synchronized bud break to the increase of the overlap duration between the male as well as female flowering, which is a vital component for the successful process of pollination of the walnut trees. 
Leaf length was found to have a highly significant negative relationship with nut diameter at suture (correlation coefficient= −0.54) and nut diameter at cheek (correlation coefficient = −0.52). Whereas, was found to have a highly significant positive relationship with the first male bloom (correlation coefficient = 0.57), peak male bloom (correlation coefficient = 0.50), last male bloom (correlation coefficient = 0.54), first female bloom (correlation coefficient = 0.55), and peak female bloom (correlation coefficient = 0.44).
Leaf width was found to be highly significantly and negatively correlated with nut diameter at suture (-0.54) and nut diameter at cheek (-0.53) whereas, it was non-significantly correlated with other traits. Likewise, the values of leaflet length recorded positive correlations with first male bloom, which was (0.55), peak male bloom (0.49), last male bloom (0.54), first female bloom (0.53) and peak female bloom (0.43). Leaflet length was also found to be negatively correlated with the persistence of female flowers (r =-0.38).
Leaflet width showed significant positive correlation with the protein content of the kernel (r = 0.44) although highly significant negative correlation exists between width of leaflets and overlap of female flowering and staminate inflorescences (r = -0.56). The variable number of leaflets is not significantly associated with most of the characters measured.
Flowering characteristics were generally displayed to possess relatively stronger and more significant associations with kernel recovery percentage. First male flowering (r = 0.45), peak male bloom (r = 0.46), last male bloom (r = 0.46), and first female flowering (r = 0.52) revealed significantly positive associations with kernel recovery percent, underscoring the significance and role of flower characteristics in determining the kernel efficiencies and recoveries. It is clear that genotypes with synchronized and longer flowering phases are associated with enhanced fertilization and kernel development and are responsible for improved recoveries to a higher extent. Flowering coordination and association with kernel characteristics has been established in walnut and other nut trees, to emphasize reproduction and the role of successful nut-production phases and efficiencies in determining the quality and yield. 
Yield per tree was generally weakly associated with vegetative growth traits, indicating a limited direct influence of leaf morphology on productivity in walnut. Bud break showed a weak negative association with yield (r = −0.17), whereas the correlation of yield with leaf length was almost negligible (r = 0.06). Similarly, the associations of yield with leaflet length (r = 0.04) and leaf width (r = −0.04) were also weak. Furthermore, the number of leaflets was also weakly associated with yield (r = −0.05), suggesting that variability in leaf number did not have a major impact on yield under the studied conditions.
The high correlation between the timing of bud break and the floral traits indicates that the dormancy breaks in vegetative buds influences the control of flowering time in walnut trees (Charrier, et al., 2011; Bernard, et al., 2020). The early bud break, in this case promotes the male and female phases in the emergence of the flowers, which can influence pollination process in temperate regions (Germain, 1997; Solar and Stampar, 2011; Szot and Lysiak, 2025).
Leaf length, leaf width, leaflet length and leaflet width were vegetative traits that depicted the strong negative, non-significant correlation with the nut size characters, such as nut diameter at suture and cheek. The result indicated that an increase in vegetative growth does not necessarily increase the nut growth, possibly affected by the competition from the vegetative and reproductive sinks for assimilates. This was witnessed in some other nut trees, (McGranahan & Leslie, 2012; Zhang et al., 2021; Marino, et al., 2023). Similar studies in walnut and other fruit crops were witnessed in earlier studies, in which the result showed that a large vegetative growth does not exhibit positive correlation with the fruit/nut size (Aslamarz et al., 2009; Gandev, 2014; Christopoulos, et al., 2021). The positive correlation of leaflet width and kernel protein concentration depicted the positive influence of the vegetative traits on the kernel biochemical constituents. The non-significant correlation of the vegetative traits with the total yield of the trees depends on various factors such as synchronicity of flowers (Abedi and Parvaneh, 2016; Bogdziewicz, et al., 2020). The efficacy of the pollination system and the environment in which it grows (Falconer & Mackay, 1996; Chen et al., 2023).
Flowering phenology was found as the most relevant component that influenced kernel recovery percentage. The significant positive correlation of kernel recovery with first male bloom, peak male bloom, last male bloom, and first female bloom indicates that timely and longer flowering phases favor better fertilization and kernel filling. These results are in agreement with the previous studies indicating the importance of flowering synchronization and duration in determining kernel development and nut quality in walnut (Germain, 1997; Solar et al., 2012; Marrano, et al., 2019; Gurjar, et al., 2025). The strong association of first female bloom with kernel recovery further supports that early receptivity of female flowers may favor effective fertilization, leading to higher kernel proportion (Banyal, et al., 2023). Yield per tree had a significant positive relation with flowering overlap that again underlined the role of reproductive synchrony in yield determination. Sufficient coincidence between male and female flowering phases guarantees efficient pollen transfer and fertilization, culminating in improved fruit set and stability of yield (Mutke, et al., 2012; Sharma and Kumar, 2015; Din, et al, 2019). In this regard, previous studies have alsos reported flowering overlap as the key yield determinant factor in walnut and other wind-pollinated nut crops (Polito et al., 1998; Koubouris et al., 2010; Pollegoni,et al., 2010; Soleimani, et al., 2023).
5. Conclusion



The present study revealed that the vegetative morphological traits in walnut genotypes have a closer association with flowering behaviour and kernel quality attributes as comparison to yield per tree. Traits such as time of bud break, leaf and leaflet dimensions, and leaflet width showed the significant relationships with flowering synchrony and kernel protein content. These vegetative characters may therefore be considered as the useful indicators for indirect selection aimed at improving flowering behaviour and kernel quality in walnut breeding programmes.




	Trait
	Yield
	Nut weight
	Nut Length
	Nut Diameter Suture
	Nut Diameter Cheek
	Shell Thickness
	Kernel weight
	Kernel percentage
	Protein Content
	Oil Content

	First Male Bloom
	0.21
	-0.09
	-0.10
	-0.14
	-0.24
	0.12
	0.21
	0.45**
	0.20
	-0.21

	Peak Male Bloom
	0.20
	0.07
	0.06
	-0.02
	-0.09
	0.30
	0.38
	0.46**
	0.16
	-0.25

	Last Male Bloom
	0.16
	0.02
	-0.01
	0
	-0.03
	0.22
	0.33
	0.46**
	0.22
	-0.20

	First Female Bloom
	0.14
	-0.05
	-0.04
	-0.10
	-0.20
	0.2
	0.31
	0.52**
	0.14
	-0.33

	Peak Female Bloom
	-0.05
	0.11
	0.07
	-0.03
	-0.14
	0.18
	0.35
	0.36
	0.06
	-0.36

	Last Female Bloom
	-0.09
	0.03
	0
	0.01
	-0.09
	0.09
	0.30
	0.39
	0.08
	-0.36

	Female flower per inflorescence
	0.38
	0.36
	0.30
	0.33
	0.35
	0.20
	0.11
	-0.25
	-0.07
	0.24

	Duration of female flower overlapped by staminate bloom
	0.44**
	0.09
	0.05
	0.12
	0.31
	0.34
	0.09
	0.06
	0.25
	0.38


Table1: Correlation coefficients among vegetative morphological, yield and quality traits of walnut genotypes (Juglans regia L.)
Table 1 shows the value of correlation coefficients between the various trait characters in both vegetative and flower phases and those related to yield and quality. The nature and trend in the correlation coefficients are also demonstrated in the heatmap below (Figure 1). The graph indicates the intensity and signs associated with the correlation coefficients in the various traits involves in the study. The correlation in the various characters was higher in vegetative features, and those related to yield and quality /kernel biochemical constituents.
Figure 1. Heatmap showing phenotypic correlation coefficients (r) among vegetative morphological, yield, and quality traits in 21 walnut (Juglans regia L.) genotypes. Red indicates positive correlations and blue indicates negative correlations, while colour intensity represents the magnitude of the correlation coefficient (r).
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