


Comparative Evaluation of Morphological and Nut Yield Traits of Indigenous and Exotic Hazelnut Germplasms in Temperate Hotspots of Kashmir Region

 Abstract: 
Background: Hazelnut genotypes differ significantly in morphology and agronomic traits, with exotic cultivars offering higher yields and easier orchard management, while indigenous types provide genetic diversity and resilience. Combining both sources supports sustainable cultivation and breeding.
Aim: This study evaluated 35 genotypes of hazelnut, comprising 32 indigenous and 3 exotic types, for vegetative and yield traits to plan selection and breeding strategies of hazelnut in different hotspots of Kashmir region.
Study design: Survey and trait comparison based on Duncan Multiple Range Test. Promising growth-based genotypes of Hazelnut were selected, the data was recorded according to descriptor (Biodiversity International and FAO, 2008). Survey was based on frequency tests and yield was compared using Duncan Multiple Range Test.
Place and duration of study:   The present study was carried out in the Northern and Southern parts of Kashmir valley during the years 2020-2022. 
Methodology: The study was carried out in the Northern and Southern part of Kashmir valley and all growth attributes were measured on basis of frequency in selected promising indigenous and exotic genotypes to evaluate their performance and scope for germplasm propagation whereas yield was estimated by applying Duncan Multiple Range Test as per Gomez and Gomez (1984).
Results: All indigenous genotypes were tree type with reddish buds, whereas exotic genotypes were shrub type with brown green buds, highlighting clear morphological differentiation. Indigenous genotypes predominantly displayed spreading (47%) and semi erect (44%) habit while exotic lines were only spreading, reflecting potential adaptation for high-density orchards versus dense hedges. Suckering intensity varied, with most indigenous genotypes showing weak to strong suckering, and exotic genotypes exhibiting very strong suckering, suggesting differences in vegetative propagation potential. Bud shape varied among indigenous genotypes (conical 66%, ovoid 34%) but was uniform and globular in exotic types. Nut yield ranged from 11.467–20.800 kg in indigenous and 5.60–9.33 kg in exotic genotypes, identifying high-yielding potential germplasms for commercial cultivation. Overall, the observed morphological and yield variation provides a basis for selecting superior genotypes and informs breeding programs targeting productivity, management efficiency, and vegetative propagation.
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Introduction:
Hazelnut (Corylus spp.) is a major temperate nut crop valued worldwide for its nutritional quality, commercial uses, and adaptability to diverse environments. Among the nine recognized Corylus species, Corylus avellana L., the European hazelnut, is the most economically important and dominates global production due to its kernel quality and market demand. C. avellana is indigenous to Europe and Western Asia, with a natural range extending from the British Isles and Scandinavia eastward into Russia and the Caucasus, and southward into the Mediterranean region. Archaeological and genetic evidence suggests hazelnuts were a vital food resource in prehistoric Europe and later cultivated in classical Mediterranean agriculture, underlining both historical and agronomic significance. (Thompson et al., 1996).
Genotypic variation in hazelnut is reflected in vegetative and reproductive traits including tree architecture, growth habit, suckering tendency, bud morphology, and yield. These traits are significant for taxonomy, germplasm characterization, and orchard management decisions. Indigenous landrace genotypes have evolved under natural and farmer-mediated selection, developing resilience to environmental stress, while exotic cultivars have been bred to optimize yield and agronomic performance (Frary et al., 2019; Pacchiarelli et al., 2022).
A key morphological difference between indigenous and exotic genotypes is tree type. The wild growth habit of hazelnut is multi-stemmed and shrubby, resulting from the plant’s natural suckering and coppicing tendency. Indigenous types often retain this architecture, which allows survival under minimal management but complicates orchard operations and limits mechanization (Pacchiarelli et al., 2022). In comparison, exotic cultivars are often trained to a single-trunk form with a more uniform canopy, facilitating pruning, harvesting, pest management, and efficient light interception (Cristofori et al., 2018).
Growth habit further differentiates genotypes. Indigenous landraces typically exhibit vigorous vegetative growth with dense canopies, which can result in excessive shading and reduced light penetration, negatively affecting reproductive development and yield potential (Cristofori et al., 2018). Improved cultivars, however, are selected for balanced growth, where moderate vigor and semi-erect habits support open canopy structures that enhance light distribution and flower bud differentiation, contributing to stable and higher yields (Cristofori et al., 2018).
Suckering—a natural production of basal shoots—is another important agronomic trait. Indigenous genotypes often display extensive suckering, which may be beneficial for vegetative propagation but can divert assimilates from nut production and increase labor requirements in commercial settings (Pacchiarelli et al., 2022). Exotic cultivars are selected for reduced suckering, allowing more resources to support nut formation and facilitating mechanized orchard systems (Pacchiarelli et al., 2022).
Bud morphology varies between genotypes and serves as a descriptor for adaptive variation. Indigenous hazelnut populations often exhibit diverse bud colors and shapes, reflective of their genetic heterogeneity, while bred cultivars tend to have more uniform and compact buds (Grisafi, 2022). Uniform bud traits contribute to synchronous flowering and improved pollination efficiency by aligning phenology across plants (Grisafi, 2022).
Yield potential is the most economically significant trait differentiating genotypes. Indigenous types typically show moderate to low and variable yields due to excessive vegetative growth, high suckering rates, irregular canopy structure, and absence of targeted breeding for kernel traits (Frary et al., 2019). In comparison, exotic cultivars have been selected for high and consistent yields, improved nut size, kernel percentage, and other commercially valuable traits (Frary et al., 2019). Domestication and breeding have enhanced many agronomic traits but may also influence aspects such as nut cluster composition and kernel morphology (Frary et al., 2019).
Despite the advantages of exotic cultivars, their introduction to new environments may be constrained by Indigenous climatic suitability, pest and disease pressures, and pollinizer compatibility. Thorough evaluation of both Indigenous and exotic germplasm is essential before widespread adoption. Integrating adaptive traits from Indigenous populations into breeding programs may support sustainable hazelnut improvement.
In conclusion, morphological, physiological, and agronomic differences between Indigenous and exotic hazelnut genotypes have direct implications for cultivar selection, orchard design, and breeding strategy development. Exotic cultivars typically offer superior yield performance and management benefits, while Indigenous genotypes contribute important genetic diversity and ecological resilience. A balanced approach that leverages the strengths of both sources of germplasm is essential for sustainable hazelnut cultivation worldwide (Frary et al., 2019; Pacchiarelli et al., 2022).
The present investigation, Comparative Evaluation of Growth Traits, Bud Morphology, and Nut Yield of Indigenous and Exotic Hazelnut Germplasm in Northwestern Himalayan Temperate Hotspots of Kashmir Region, was undertaken to evaluate promising genotypes from different hotspot regions.
Materials & Methods.
The present study entitled was carried out in the Northern and Southern part of Kashmir valley during the years 2020-2022. Promising growth-based genotypes of Hazelnut were selected, the data was recorded according to descriptor (Bioversity International and FAO, 2008). 
Geographical features and climate
The Gurez Valley in Kashmir is situated in the northernmost region of Jammu and Kashmir, India, and is encircled by the high ranges of the Himalayas at an elevation of approximately 8,000 feet (2,400 meters) above sea level. The valley is traversed by the Kishanganga River, which flows through its central axis and serves as a primary source of water and sustenance for the Indigenous population. The river originates within this region and subsequently enters Pakistan-administered Kashmir, where it is referred to as the Neelum River. The valley is enclosed by towering, snow-covered Himalayan peaks, contributing to its dramatic mountainous landscape. A prominent and culturally significant peak is visible from the area and is historically recognized as the mountain from which K2 was first identified. Climatically, Gurez experiences prolonged and severe winters. Heavy snowfall, often ranging between 7 and 14 feet, results in the valley remaining cut off from the rest of the region for nearly six months each year, typically from November to May. Access to the valley is primarily through the Razdan Pass (also known as Tragbal), situated at an elevation of approximately 11,672 feet. This mountain pass remains closed during winter due to substantial snow accumulation. The northernmost part of the Gurez region is particularly remote and is characterized by extreme isolation, traditional wooden houses constructed without the use of nails, and a rugged yet scenic landscape.
South Kashmir is predominantly a mountainous region bounded by the high-altitude Pir Panjal range to the southwest and the greater Himalayan slopes. The area is characterized by elevated valleys, swift-flowing rivers such as the Lidder, and fertile alluvial soils that are well suited for the cultivation of fruits and saffron. Geographically, it serves as a transitional zone between the plains of Jammu and the central Kashmir Valley. The terrain ranges in elevation from approximately 1,500 meters to over 4,000 meters above sea level, reflecting significant altitudinal variation. The region includes fertile plains and karewas—elevated, flat-topped tablelands formed from alluvial deposits—which provide ideal conditions for the cultivation of apple, almond, saffron, and other horticultural crops. Climatically, South Kashmir experiences a temperate regime marked by cold winters with heavy snowfall and relatively mild summers. .The natural vegetation comprises dense coniferous forests on mountain slopes, deciduous tree species in lower elevations, and alpine pastures at higher altitudes.
The climate of Gurez Valley in northern Kashmir is chiefly alpine and cold, primarily due to its high altitude. The region experiences prolonged and harsh winters, usually lasting from November to May, characterized by heavy snowfall that often accumulates to several feet. During this period, temperatures frequently drop far below the freezing point. Summers are comparatively short and cool, with mild conditions that allow only a limited growing season. Most of the annual precipitation occurs in the form of snowfall during winter, while moderate rainfall is received in the summer months. In contrast, South Kashmir is characterized by a temperate climate shaped by the influence of the Pir Panjal range and the adjoining Himalayan slopes. The area displays pronounced seasonal variation, with cold winters accompanied by snowfall, especially at higher elevations, and mild to moderately warm summers. The majority of annual precipitation is brought by western disturbances during winter, supplemented by occasional rainfall in summer.
	 The survey was carried out in the Northern and Southern part of Kashmir valley and growth attributes were measured to evaluate Indigenous and exotic genotypes. The growth attributes were measured on basis of following categories.
1. Plant type
	1. Tree
	2. Shrub 
2. Tee Growth habit
	1. Very erect	
	2. Erect
	3. Semi erect
	4. Spreading
	5. Drooping
	6. Contorted
3. Suckering (based on scale of performance)
	1. Absent (0 Scale)
	2. Very weak (1 Scale)
	3. Weak (3 Scale)
	4. Medium (5 Scale)
	5. Strong (7 Scale)
	6. Very strong (9 Scale)
4. Bud Colour
	1. Green
	2. Brown green
	3. Reddish
5. Bud Shape
	1. Conical/ Pointed	
	2. Ovoid
	3. Globular 
6. Yield (kg per plant)
7. Nut Maturity Period (Observed when nuts start to drop from tree)
8. Nut Falling (observed at maturity)
	1. Free of the husk
	2. Not free of the husk 
The data analysis for yield was carried out as per the standard procedures as suggested by Gomez and Gomez (1984), whereas growth features were discussed on basis of frequency pattern.
Results
Plant Type.
There is complete uniformity within each genotype for Plant type. All 32 indigenous genotypes are Tree type. Tree type growth form is preferred in commercial plantations for ease of pruning, harvesting, and pest management. This uniformity suggests that all genotypes may have been selected for high-quality trunk formation, reducing competition from multiple stems. No variation here indicates that plant type is genetically stable in this population. All three exotic genotypes are Shrub type. Multi-stemmed shrubs have multiple main stems arising from the base, leading to bushier growth. Multi-stemmed plants may be preferred for dense planting, hedgerows, or ornamental use, but can be harder to manage in terms of pruning and pest control.
Table 1. Frequency distribution of plant type among Indigenous and Exotic genotypes of Hazelnut.
	Genotypes
	Plant Type
	Frequency (Number of Genotypes)
	Percentage (%)

	Indigenous
	Tree
	32
	100.00

	Exotic
	Shrub
	3
	100.00

	Total
	—
	35
	—


Growth habit
Among 32 Indigenous genotypes 3 genotypes (~9%) were erect, 14 genotypes (~44%) were semi erect and 15 genotypes (~47%) were spreading. 14 semi erect and 15 spreading genotypes, showing dominance of these habit in indigenous. Erect or semi erect types may be ideal for high-density orchards whereas spreading favours lateral branch development. Erect or semi erect types may be better for high-density planting and mechanical harvesting. All 3 exotic genotypes had a spreading growth habit. Spreading growth indicates lateral branch development dominates over upright growth. This trait can maximize canopy coverage and potentially increase vegetative yield in shrubs. Combined with the multi-stem habit, these genotypes are likely to form dense, bushy structures suitable for hedges or soil cover. The observed differences between Indigenous and exotic genotypes highlight morphological differentiation, which can be important for selection in breeding programs or cultivation planning.
Table 2. Frequency distribution of Tree growth habit among Indigenous and Exotic genotypes of Hazelnut.
	Genotypes
	Tree Growth Habit
	Frequency (Number of Genotypes)
	Percentage (%)

	Indigenous
	Erect
	3
	09.38

	Indigenous
	Semi Erect
	14
	43.75

	Indigenous
	Spreading
	15
	46.87

	Exotic
	Spreading
	3
	100

	Total
	—
	35
	—


Suckering
Suckering reflects vegetative propagation from the base and influences orchard maintenance. The data highlight clear differences in vegetative traits between Indigenous and exotic germplasm, which can inform selection for breeding or cultivation purposes. Majority (~60%) of 32 Indigenous genotypes were medium to weak suckering, suggesting manageable vegetative growth. Strong suckering (005, 007, 014, 023, 032) may require more labor for removal but can be used for breeding vigorous rootstocks. Very weak suckering (010, 017, 021, 025) indicates genotypes likely to conserve energy in the main stem, potentially increasing fruit or bud quality. All 3 exotic genotypes were very Strong suckering types. Very strong suckering indicates vigorous vegetative propagation from the base. This trait supports rapid bush establishment and potential clonal propagation. However, it may require regular management to prevent overgrowth or competition between stems.
Table 3. Frequency distribution of suckering among Indigenous and Exotic genotypes of Hazelnut.
	Genotype Type
	Suckering
	Frequency (Number of Genotypes)
	Percentage (%)

	Indigenous
	Very Weak
	4
	12.50

	Indigenous
	Weak
	8
	25.00

	Indigenous
	Medium
	13
	40.63

	Indigenous
	Strong
	4
	12.50

	Exotic
	Very Strong
	3
	100.00

	Total
	—
	35
	—


Bud colour
There is clear morphological differentiation between Indigenous and exotic genotypes for bud colour, which could be an important trait for genetic characterization and breeding programs. All buds among 32 Indigenous genotypes were reddish. This uniformity is useful for visual identification of the population. Reddish buds might indicate high anthocyanin content, which can be correlated with stress resistance in some plants. Lack of variation means this trait is fixed, making it a reliable selection criterion. All 3 exotic genotypes had Brown Green buds. Uniform bud colour suggests genetic consistency in pigmentation. Brown Green buds may indicate less pigmentation than reddish types, possibly reflecting a different stage of development or genetic background compared to the SKUA-GHN genotypes. The observed uniformity within each genotype type suggests low intra-group variation for bud colour, but high inter-group variation between Indigenous and exotic germplasm.
Table 4. Frequency distribution of bud colour among Indigenous and Exotic genotypes of Hazelnut.
	Genotype Type
	Bud Colour
	Frequency (Number of Genotypes)
	Percentage (%)

	Indigenous
	Reddish
	32
	100.00

	Exotic
	Brown Green
	3
	100.00

	Total
	—
	35
	—


 Bud shape
The evaluation of bud shape among the studied genotypes revealed considerable variation within the Indigenous germplasm, whereas exotic genotypes exhibited uniformity for the trait (Table 5). Among 32 Indigenous genotypes, 22 were conical/pointed genotypes (~69%) and 9 ovoid genotypes (~28%). Conical buds may indicate a faster or more vigorous shoot development. Ovoid buds are often associated with compact growth, which could affect flowering patterns or timing. The prevalence of conical buds suggests selection preference for upright growth and rapid bud development. The predominance of Conical/Pointed buds among Indigenous genotypes suggests that this trait may be more widely adapted or genetically stable under Indigenous agro-climatic conditions. All three exotic genotypes exhibited a globular bud shape. A globular bud is generally associated with compact floral development and uniform growth. The uniformity of this trait among the exotic lines suggests genetic stability and may reflect their common origin or similar breeding background.
Table 5. Frequency distribution of bud shape among Indigenous and Exotic genotypes of Hazelnut.
	Genotype Type
	Bud Shape
	Frequency
	Percentage (%)

	Indigenous
	Conical/Pointed
	21
	65.63

	Indigenous
	Ovoid
	11
	34.37

	Exotic
	Globular
	3
	100.00

	Total
	—
	35
	—



Nut yield (kg)
Nut yield varied significantly among 32 Indigenous genotypes, ranging from 11.467 kg (SKUA-GHN-012) to 20.800 kg (SKUA-GHN-021). Highest yield: SKUA-GHN-021 (20.800 kg) and SKUA-GHN-006 (20.600 kg), making them suitable for high-yield selection. Moderate yield: Genotypes in the 16–19 kg range, showed reasonable productivity. Lowest yield: SKUA-GHN-012, -011, and -020, which may be less desirable for commercial cultivation. 
Nut yield varied among 3 exotic genotypes from 5.60 kg to 9.33 kg. Highest yield in Exotic-001 (9.33 kg), made it the most productive genotype among the three. Lowest yield was observed in Exotic-003 (5.60 kg), though Exotic-002 was slightly higher at 7.23 kg. Superscript letters indicate statistically significant differences: 
Nut maturity period
The 32 Indigenous genotypes showed variation in nut maturity, ranging from 2nd week of September to 1st week of October. Early maturing genotypes (2nd week of September) include SKUA-GHN-001, -002, -007, -013, -014, -015, -019, -021, -023. Mid-maturing genotypes (3rd week of September) include SKUA-GHN-003, -005, -008, -016, -017, -020, -022, -024, -027. Late-maturing genotypes (4th week of September to 1st week of October) include SKUA-GHN-004, -006, -009, -012, -018, -025, -026, -028, -029, -010, -011, -030, -031, -032. Most genotypes matured in September, with only a few extending into the first week of October, suggesting adaptability to a mid-September harvesting window. 
The 3 exotic genotypes showed variation in nut maturity: Exotic-001 matures in the 1st week of September (early). Exotic-002 and Exotic-003 mature in the 2nd week of September (little late). There is a difference of about 7 to 10 days in maturity among genotypes, indicating potential for staggered harvesting and extended nut availability. Indigenous genotypes predominantly mature from September to October, indicating comparatively delayed maturity. Exotic genotypes tend to mature slightly earlier. This suggests potential genetic differences in phenological behaviour between Indigenous and exotic materials. 

Nut falling
All 32 Indigenous genotypes and 3 exotic genotypes were recorded as “free of the husk”, indicating uniformity in the harvesting stage, which reflects that nuts reached full maturity and were ready for collection.  This uniformity simplifies harvesting and post-harvest handling.
Table 6. Nut yield, nut maturity period and nut falling comparison among different Indigenous and exotic hazelnut genotypes.
	Genotype category
	Genotype
	Nut Yield (kg)
	Nut maturity period
	Nut falling

	Indigenous
	SKUA-GHN-001
	19.433ab
	2nd Week of September
	Free of the Husk

	
	SKUA-GHN-002
	18.333bc
	2nd Week of September
	Free of the Husk

	
	SKUA-GHN-003
	16.700cd
	3rd Week of September
	Free of the Husk

	
	SKUA-GHN-004
	14.367efgh
	4th Week of September
	Free of the Husk

	
	SKUA-GHN-005
	18.433bc
	3rd Week of September
	Free of the Husk

	
	SKUA-GHN-006
	20.600a
	4th Week of September
	Free of the Husk

	
	SKUA-GHN-007
	14.600efgh
	2nd Week of September
	Free of the Husk

	
	SKUA-GHN-008
	16.833cd
	3rd Week of September
	Free of the Husk

	
	SKUA-GHN-009
	16.867cd
	4th Week of September
	Free of the Husk

	
	SKUA-GHN-010
	18.500bc
	1st Week of October
	Free of the Husk

	
	SKUA-GHN-011
	11.567ij
	1st Week of October
	Free of the Husk

	
	SKUA-GHN-012
	11.467j
	4th Week of September
	Free of the Husk

	
	SKUA-GHN-013
	12.667hij
	2nd Week of September
	Free of the Husk

	
	SKUA-GHN-014
	13.900fgh
	2nd Week of September
	Free of the Husk

	
	SKUA-GHN-015
	15.367defg
	2nd Week of September
	Free of the Husk

	
	SKUA-GHN-016
	16.867cd
	3rd Week of September
	Free of the Husk

	
	SKUA-GHN-017
	15.633def
	3rd Week of September
	Free of the Husk

	
	SKUA-GHN-018
	16.667cd
	4th Week of September
	Free of the Husk

	
	SKUA-GHN-019
	16.033de
	2nd Week of September
	Free of the Husk

	
	SKUA-GHN-020
	11.567ij
	3rd Week of September
	Free of the Husk

	
	SKUA-GHN-021
	20.800a
	2nd Week of September
	Free of the Husk

	
	SKUA-GHN-022
	19.367ab
	3rd Week of September
	Free of the Husk

	
	SKUA-GHN-023
	19.333ab
	2nd Week of September
	Free of the Husk

	
	SKUA-GHN-024
	15.033defg
	3rd Week of September
	Free of the Husk

	
	SKUA-GHN-025
	15.367defg
	4th Week of September
	Free of the Husk

	
	SKUA-GHN-026
	13.400ghij
	4th Week of September
	Free of the Husk

	
	SKUA-GHN-027
	18.467bc
	3rd Week of September
	Free of the Husk

	
	SKUA-GHN-028
	18.467bc
	4th Week of September
	Free of the Husk

	
	SKUA-GHN-029
	19.233ab
	4th Week of September
	Free of the Husk

	
	SKUA-GHN-030
	16.867cd
	1st Week of October
	Free of the Husk

	
	SKUA-GHN-031
	14.500efgh
	1st Week of October
	Free of the Husk

	
	SKUA-GHN-032
	13.533ghi
	1st Week of October
	Free of the Husk

	Exotic
	Exotic-001
	9.333
	1st Week of September
	Free of the Husk

	
	Exotic-002
	7.233 b
	2nd Week of September
	Free of the Husk

	
	Exotic-003
	5.600a
	2nd Week of September
	Free of the Husk


Data followed by different alphabetical letters as per Duncan multiple range test differ significantly
Discussion
Tree or Shrub Type
The analysis of tree type revealed complete uniformity within each genotype group. All 32 Indigenous genotypes exhibited tree type growth form, whereas all three exotic genotypes were shrub type (Table 1). Tree type plants are preferred in commercial plantations due to the ease of pruning, harvesting, and pest management (Hartmann et al., 2011). The genetic stability of this trait among Indigenous genotypes suggests that selection has favored high-quality trunk formation, minimizing competition from multiple stems and promoting uniform growth. In contrast, the shrub habit of exotic genotypes aligns with their potential use in dense planting, hedgerows, or ornamental settings, though it may complicate management practices such as pruning and pest control (FAO, 2013). This distinction between Indigenous and exotic germplasm highlights the importance of morphological traits in determining suitability for specific cultivation systems. According to Mehlenbacher (1991), tree architecture in hazelnut is an important selection criterion, particularly when developing cultivars suited for mechanized orchard systems.
Growth Habit
Indigenous genotypes exhibited variable growth habits, with 9% erect, 43% semi erect and 47% spreading, while all exotic genotypes displayed a spreading habit (Table 2). The predominance of semi-erect Indigenous genotypes may indicate a natural tendency for lateral branch development, which enhances canopy light penetration and potentially improves bud and fruit quality (Li et al., 2017). Erect types, though fewer, are advantageous for high-density orchards and mechanized harvesting due to their compact vertical growth. Spreading growth in exotic genotypes, combined with a multi-stemmed habit, is consistent with a dense, bushy architecture suitable for vegetative cover and hedge formation. These morphological differences between Indigenous and exotic genotypes demonstrate the potential for selecting growth habit traits according to target cultivation objectives. Our findings are similar to that of Beyhan (2005), who reported that genotypes with moderate lateral branching exhibited improved productivity due to optimized photosynthetic surface distribution.

Suckering
Suckering patterns varied significantly between Indigenous and exotic germplasm (Table 3). Among Indigenous genotypes, the majority (~60%) exhibited medium to weak suckering, which is favorable for manageable vegetative growth. A few genotypes (005, 007, 014, 023, 032) showed strong suckering, indicating potential use in breeding vigorous rootstocks, albeit with higher maintenance requirements. In contrast, all exotic genotypes exhibited very strong suckering, reflecting vigorous vegetative propagation from the base. While this trait facilitates rapid bush establishment and clonal propagation, it necessitates regular management to prevent competition among stems (Singh & Sharma, 2016). These findings underscore the relevance of suckering as a key vegetative trait influencing orchard maintenance and selection strategies. Similarly, Silva et al. (2001) observed that strong suckering genotypes require increased labor inputs for sucker removal, thereby raising production costs.
Bud Colour
Bud colour was uniform within genotype types but divergent between Indigenous and exotic germplasm (Table 4). All Indigenous genotypes exhibited reddish buds, which may be linked to anthocyanin accumulation, potentially conferring stress resistance and photoprotection (Chalker-Scott, 1999). In contrast, exotic genotypes had green buds, indicating lower pigmentation and possibly reflecting different developmental stages or genetic backgrounds. In temperate fruit species, reddish bud pigmentation has been linked to stress adaptation under low-temperature conditions (Steyn et al., 2002).The high intra-group uniformity for this trait suggests genetic stability, making it a reliable marker for genotype identification, while the inter-group variation provides an opportunity for breeding programs aimed at introducing novel pigmentation traits.
Bud Shape
Bud shape exhibited moderate variability among Indigenous genotypes, with 65.6% conical/pointed and 34.4% ovoid, whereas exotic genotypes were uniformly globular (Table 5). Conical buds may facilitate rapid shoot development and erect growth, enhancing bud break and flowering potential, whereas ovoid buds are generally associated with compact growth and potentially delayed flowering (Khan et al., 2014). The globular buds in exotic genotypes suggest uniform and compact floral development, reflecting their common origin or selective breeding history. The predominance of conical buds in Indigenous genotypes indicates potential adaptation to Indigenous agro-climatic conditions, highlighting the utility of bud shape as a selection criterion for growth and reproductive performance. Similarly, Cristofori et al. (2008) highlighted the importance of morphological descriptors, including bud characteristics, in cultivar identification.
Nut Yield
Nut yield varied substantially among Indigenous genotypes, ranging from 11.467 kg to 20.800 kg, with SKUA-GHN-021 and SKUA-GHN-006 achieving the highest yields (Table 6). The variation underscores the potential for selecting high-yielding genotypes for commercial cultivation. Moderate-yielding genotypes (16–19 kg) may offer a balance between productivity and maintenance requirements, while low-yielding genotypes (e.g., SKUA-GHN-012) may be less suitable for intensive production. Among exotic genotypes, yields ranged from 12.623 kg to 15.573 kg, with SKUA-GHN-002 significantly outperforming the others. Although exotic genotypes demonstrated lower overall productivity compared to Indigenous high-yielding genotypes, their traits such as multi-stemmed growth and strong suckering may be leveraged in breeding programs targeting vegetative propagation and hedge-type cultivation. These results align with previous studies highlighting the influence of genotype on yield variability and the importance of selecting traits tailored to production objectives (Zhao et al., 2015). Germain (1994) reported that yield potential in hazelnut varies widely among cultivars, often ranging between 10–25 kg per tree under similar management practices.
The study reveals significant variability among Indigenous genotypes for maturity traits. The superior performance of genotypes such as SKUA-GHN-021 and SKUA-GHN-006 suggests their potential for recommendation in breeding programs or direct cultivation. The relatively lower performance of exotic genotypes indicates possible limitations in adaptation compared to Indigenous germplasm. In conclusion, the observed variability provides strong opportunities for selection and genetic improvement. High-yielding, early- to mid-maturing genotypes with desirable nut falling characteristics can be prioritized for further evaluation and commercialization.
Conclusion:
The study revealed distinct morphological and yield differences between Indigenous and exotic hazelnut genotypes. Indigenous genotypes were tree type, semi-erect to erect, with reddish, mostly conical buds, and moderate to weak suckering, supporting high nut productivity, particularly SKUA-GHN-021 and SKUA-GHN-006. Exotic genotypes were shrub type, spreading, with green, globular buds, and very strong suckering, favoring dense, bushy growth despite lower yields. These results highlight the suitability of Indigenous genotypes for commercial orchards and the potential of exotic germplasm for hedgerows, vegetative propagation, or ornamental use. The findings provide valuable guidance for selection, breeding, and cultivation strategies targeting growth management and productivity.
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