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ABSTRACT
	Quercus robur L. (European oak) is a large, broadleaved deciduous tree characterised by its wide-spreading crown, gray-brown bark that is deeply fissured, and a short, sturdy trunk. It has the potential to live for up to 1,000 years. It belongs to the genus Quercus and family Fagaceae.  The present investigation was conducted to evaluate the influence of tree genotype and cold-moist stratification on seed germination and seedling vigour. Seeds were collected from eighteen mother trees located at six ecologically distinct sites: Rajbagh, Lalchowk, Harwan, Hazratbal, Jawaharlal Nehru Memorial Botanical Garden, and Cheshmashahi were subjected to moist chilling treatment for a 20 to 60-day duration with a 0-day interval at 4±1oC under laboratory and field conditions. Cold stratification is necessary to break epicotyl dormancy in white oak acorns. The duration of cold stratification needed to release dormancy depends on the degree of dormancy and can vary among populations from different elevations. Significant genotypic variation was observed among the trees in terms of germination and seedling characteristics. Seeds from tree T6 in Rajbagh exhibited superior performance, recording the highest mean daily germination (2.33), peak value (2.72), germination speed (15.54), total seedling length (49.72 cm), number of leaves per plant (12.91), and leaf area per plant (236.20 cm²). In contrast, seeds from T1 in Lalchowk consistently showed the lowest values across these parameters. Cold-moist stratification treatments revealed that both the stratification period and temperature significantly affected seed and seedling traits. A stratification duration of 60 days resulted in the highest germination speed (13.56), seedling length (44.99 cm), leaf area (234.21 cm²), and number of leaves per plant (13.82). Similarly, outdoor stratification at 6±1ºC outperformed indoor conditions, enhancing germination and seedling growth. The results indicate that stratification breaks seed dormancy by activating enzymatic systems and enhancing the availability of soluble nutrients, ultimately improving seedling vigour. The study underscores the importance of genetic selection and optimal stratification treatments in improving propagation success for Quercus robur L., offering valuable insights for conservation and afforestation efforts in temperate regions. Such findings are vital for forest conservation, afforestation planning, and the development of improved seed sources for this ecologically and economically significant tree species.
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INTRODUCTION 
Quercus robur L. (European oak) belongs to the genus Quercus and family Fagaceae. Its alternative names include English oak and Pedunculate oak. It is widely distributed across Europe and serves critical ecological, economic, and recreational functions (Krutovsky et al.,2025; Chmielarz et al.,2023). Quercus robur L. is a large, broad-leaved deciduous tree characterised by its wide-spreading crown, gray-brown bark that is deeply fissured, and a short, sturdy trunk. It has the potential to live for up to 1,000 years (Iqbal et al., 2014). Its leaves are alternately arranged, lobed with very short stalks or sessile, and exhibit pinnate venation. The leaves remain deep green until autumn, when they turn brown and fall. The male flowers are slender catkins that are brownish-yellow, while the female flowers are pale brown and appear as solitary spikes or in clusters of two to three in the axils of leaves or bracteoles on new growth. Approximately one-third of the acorn (fruit) of Quercus robur L. is enclosed by a half-round cup known as a cupule, and they are borne in clusters on long stalks called peduncles, which is why Quercus robur L. is also referred to as Pedunculate Oak.Each acorn contains a single seed and is initially green, turning light brown upon maturation (Iqbal et al., 2017). 
Quercus robur L. primarily thrives in riparian zones and is distributed across temperate regions of the northern hemisphere. Its range extends into subtropical and tropical areas of the Americas and Asia at higher elevations, as well as parts of North Africa. Various oak species (Quercus spp.) dominate the Himalayan forests at different altitudes (Singh et al., 2016). In the Kashmir valley, it is found between the altitudinal range of 1600-1900 m amsl (Dar and Khuroo, 2020). A comprehensive survey conducted across all districts of Kashmir Valley during 2010 and 2011 revealed that the highest population of Quercus robur L. trees was found in Central Kashmir, followed by North and South Kashmir (Iqbal et al., 2017). However, during our study in the Srinagar district of Central Kashmir, a significant number of trees were observed to have been felled, further diminishing the already limited population of Quercus robur L. in the region. Oaks, as vital forest tree species, play a key role in sustaining rural ecosystems. They are crucial for soil and water conservation and aid in recharging the mountain springs (Valdia, 1998). Oaks are also well-suited for the successful rearing as well as harvesting of high-quality oak tasar cocoons (Pandey and Tamta, 2014). Oak has been a sign of persistence, strength and endurance throughout history, having higher ecological and practical value as they are the source of fodder and firewood in the Himalayan region (Fartyal et al.,2022). These trees offer habitat to numerous plants and animals, with their trunks and branches often supporting a dense layer of epiphytic plants. Additionally, oaks foster rich faunal diversity and are essential for biodiversity conservation and watershed protection (Tashi, 2004). Natural dye extracted from the cupules of Quercus robur L., combined with a mordant made from wood ash of Salix alba L. and Populus deltoides Bartram ex Marsh., produces various shades on fabrics such as pashmina, silk, and wool (Geelani et al., 2016). Additionally, extracts from its acorns, when prepared with methanol, ethanol, acetone, acetonitrile, and chloroform, exhibit antimicrobial properties (Kaynar, 2017). Oak trees have long been used for medicinal purposes. Species of Quercus spp. (oak) have traditionally been used in medicine and have been the subject of numerous studies due to their many pharmacological properties, including anti-inflammatory, antimicrobial, and antioxidant activity (Rojas-Velis et al.,2025; Skwarek‐Fadecka et al.,2022). The seeds of Quercus robur L. are noted for their high energy content of 17.38 MJ kg⁻¹ and contain 97.66% oleic acid, a monounsaturated fatty acid, along with 28.71% cis-linoleic acid, a polyunsaturated fatty acid. They also have low levels of phytate-phosphate and fibre, making them a potentially energy-rich and highly nutritious supplement (Ayayee and Chivandi, 2018). 
The intricacies of genetic factors and environmental conditions during seed formation, as well as the subsequent treatment and handling processes, contribute to the diversity observed in seed germination (Wang et al., 1982). There is also a difference in the seed germination response of the seeds collected from different provenances of either the same or different species, and the same knowledge is very important to understand. Germination patterns can vary based on the provenance of seeds, originating from diverse climatic regions. Environmental conditions are critical for seed formation, influencing germination responses, often manifesting as different types of seed dormancy. Divergent growth performances in seedlings from various provenances can arise as adaptations to ecological conditions (Vasques et al., 2013) and trees exhibit phenotypic plasticity (i.e, the capacity of a genotype to modify its morphology and physiology in reaction to shifts in environmental conditions) as they adapt to alterations in environmental conditions (Nicotra et al., 2010), which enables species to thrive in a variety of environments (Corcuera et al., 2010). 
Notably, Quercus robur L. has been reported to exhibit epicotyl dormancy, where the shoot bud remains dormant even after the root has initiated growth (Wigston, 1987). Techniques such as stratification, including moist chilling or cold stratification, are commonly employed to break dormancy in many species (Wang and Berjak, 2000). Cold stratification is necessary to break epicotyl dormancy in white oak acorns (Farmer, 1977). The duration of cold stratification needed to release dormancy depends on the degree of dormancy (Baskin and Baskin, 2001; Wang, 2006) and can vary among populations from different elevations.
The initial step in selection and breeding is to utilise this natural variability. The collection and evaluation of different genotypes is the fundamental and first step for the breeding of a high kernel-yielding Quercus robur L. source. Despite its significance, there is insufficient data regarding the seed germination and seedling growth measurements among different tree genotypes of Quercus robur L. in the Srinagar district. The main objective of the work is to determine the variability in the seed and seedling parameters among the different tree genotypes of Quercus robur L. in the Srinagar district. And since epicotyl dormancy has been reported in the seeds of Quercus robur L., which can be broken down by chilling, it is necessary to study the effect of cold, moist stratification on seed germination and seedling growth parameters. 
MATERIALS AND METHODS 
The present study was undertaken at the Division of Forest Biology and Tree Improvement, Faculty of Forestry, Benhama, Ganderbal, Sher-e-Kashmir University of Agricultural Sciences and Technology of Kashmir, J&K, located at an altitude of 5,850 feet amsl and lies in southern aspect between 34o-16/N longitude and 74o-46/E latitude during 2022-2023. 
For this study, mature acorns/seeds of trees selected from six sites, viz. Lalchowk, Rajbagh, Harwan, Hazratbal, Jawaharlal Nehru Memorial Botanical Garden, and Cheshmashahi were subjected to moist chilling treatment for a 20 to 60-day duration with 20 20-day interval at 4±1oC under laboratory and field conditions (Gupta, 2015). After completion of chilling treatment, all the treated seeds were sown simultaneously in polybags in 3 replicates per chilling treatment per tree per site. Subsequently, all recorded phenotypic seed parameters were subjected to rigorous statistical analysis using R software to derive meaningful inferences.
RESULTS AND DISCUSSION
Effect of tree genotype: Table 1 illustrates the influence of tree genotype (T) on seed germination and seedling traits of Quercus robur L. collected from different mother trees in the Srinagar district. Among all genotypes, seeds obtained from tree T6, located in Rajbagh, exhibited the highest mean daily germination rate (2.33), followed by T4 from the same location (2.27). The lowest mean daily germination (1.41) was observed in seeds from tree T1 in Lalchowk, which was statistically similar to T2 from Lalchowk (1.44).
In terms of peak germination value, seeds from tree T6 again ranked highest (2.72), followed by T4 (2.65), which was statistically on par with T5 (2.60), all from Rajbagh. Conversely, the lowest peak value was recorded in T1 from Lalchowk (1.64), statistically comparable to T2 (1.67) from the same area.
When assessing germination speed, seeds from T6 in Rajbagh led with a value of 15.54, followed closely by T4 (15.14) and T5 (14.89), both statistically similar. The slowest germination speed was seen in T1 from Lalchowk (9.37), statistically comparable to T2 (9.56).
Total seedling length was also highest in seeds from T6 (49.72 cm), followed by T4 (47.73 cm), while the shortest seedlings (33.35 cm) emerged from seeds of T1. The number of leaves per plant peaked in T6 (12.91), closely followed by T4 (12.84), with the fewest leaves (11.64) observed in T1. Finally, leaf area per plant was largest in T6 (236.20 cm²), followed by T4 (232.02 cm²), whereas the smallest leaf area was recorded in T1 (168.22 cm²).
Germination and seedling growth characteristics revealed distinct differences among all eighteen trees, which likely reflect the underlying genetic variation. The wide distribution and extensive ecological range of Quercus robur L., along with the presence of relatively small and isolated populations, make significant population differentiation possible. According to Baliuckas and Pliura (2003), progeny studies of Quercus robur L. reveal that genetic variation within populations may be greater than the variation observed between different populations in terms of growth characteristics. Similar results were presented by Proffitt and Travis (2010) in Rhizophora mangle, Rix et al. (2015) in Eucalyptus globulus and Gunaga et al. (2020) in Saraca asoca (Roxb.) de Wilde.
Table 1: Effect of tree genotype (T) on seed germination and seedling characteristics from different Quercus robur L. mother trees in the district of Srinagar
	                 
             Parameters
                               

Tree genotype

	Mean
Daily
Germination
	Peak
value
	Germination
Speed
	Total
seedling
length
	Number 
of leaves
per plant
	Leaf
area
per plant

	T1
	1.41
	1.64
	9.37
	33.35
	11.64
	168.22

	T2
	1.44
	1.67
	9.56
	34.03
	11.69
	172.79

	T3
	1.46
	1.71
	9.76
	34.63
	11.72
	176.72

	T4
	2.27
	2.65
	15.14
	47.73
	12.84
	232.02

	T5
	2.23
	2.60
	14.89
	47.01
	12.68
	228.13

	T6
	2.33
	2.72
	15.54
	49.72
	12.91
	236.20

	T7
	2.06
	2.40
	13.70
	43.68
	12.30
	214.75

	T8
	2.11
	2.46
	14.07
	45.18
	12.62
	221.61

	T9
	2.18
	2.54
	14.50
	46.44
	12.62
	224.93

	T10
	1.93
	2.25
	12.88
	40.28
	12.16
	209.67

	T11
	1.99
	2.32
	13.28
	41.78
	12.23
	208.87

	T12
	1.87
	2.18
	12.46
	39.56
	12.13
	205.54

	T13
	1.81
	2.11
	12.04
	38.33
	12.06
	200.57

	T14
	1.69
	1.98
	11.24
	37.13
	11.90
	191.48

	T15
	1.75
	2.03
	11.63
	38.05
	11.99
	196.12

	T16
	1.56
	1.83
	10.39
	36.32
	11.85
	184.37

	T17
	1.53
	1.79
	10.21
	35.47
	11.79
	180.63

	T18
	1.60
	1.88
	10.64
	36.66
	11.85
	187.73

	C.D (p ≤ 0.05)
	0.04
	0.05
	0.37
	0.26
	0.04
	3.13







Effect of Cold-moist stratification: The data presented in Table 2 clearly demonstrate that the stratification period significantly influenced mean daily germination. Seeds stratified for 60 days (P3) exhibited the highest mean daily germination (2.04), followed by those stratified for 40 days (P2) with a value of 1.91. The lowest germination rate was observed in the control group (P0) at 1.48, followed by 1.76 for seeds stratified for 20 days (P1). Similarly, Table 3 shows that stratification temperature also had a notable effect on mean daily germination. Outdoor stratification at 6±1°C resulted in the highest mean daily germination (1.94), whereas indoor stratification at 4±1°C yielded the lowest (1.77).
The stratification period also had a significant impact on peak value (Table 2). Seeds stratified for 60 days (P3) recorded the highest peak value (2.38), followed by 2.23 for 40 days (P2). The control group (P0) showed the lowest peak value (1.72), while seeds stratified for 20 days (P1) showed a peak value of 2.06. As for stratification temperature (Table 3), the highest peak value (2.27) was recorded under outdoor conditions (6±1°C), and the lowest (2.07) was under indoor conditions (4±1°C).
Germination speed was also significantly affected by the stratification period (Table 2). The maximum speed was observed in seeds stratified for 60 days (P3) at 13.56, followed by 12.73 for 40 days (P2), and 11.76 for 20 days (P1). The control group (P0) recorded the lowest speed (9.86). Stratification temperature, too, influenced germination speed (Table 3). Seeds stratified outdoors at 6±1°C germinated the fastest (12.91), while those indoors at 4±1°C showed the slowest speed (11.80).
Table 2 further indicates a significant effect of the stratification period on total seedling length. Seeds stratified for 60 days (P3) produced the longest seedlings (44.99 cm), followed by 42.22 cm for 40 days (P2), and 36.66 cm for 20 days (P1). The shortest seedlings were from the control (P0), measuring 34.01 cm. Similarly, stratification temperature had a noticeable impact on seedling length (Table 3). Outdoor stratification (6±1°C) resulted in the longest seedlings (42.11 cm), while indoor stratification (4±1°C) produced shorter seedlings (38.85 cm).
The number of leaves per plant was also significantly influenced by the stratification period (Table 2). The highest leaf count was observed in seeds stratified for 60 days (P3) at 13.82, followed by 12.44 for 40 days (P2), and 11.18 for 20 days (P1). The fewest leaves (10.18) were recorded in the control group (P0). Stratification temperature (Table 3) showed a similar trend, with outdoor stratification (6±1°C) producing the highest number of leaves (12.68), compared to indoor stratification (4±1°C) with 11.75 leaves.
Lastly, the leaf area per plant was significantly affected by both the stratification period and temperature. Table 2 shows that seeds stratified for 60 days (P3) had the largest leaf area (234.21 cm²), followed by 207.92 cm² for 40 days (P2), and 182.52 cm² for 20 days (P1). The smallest leaf area was recorded in the control group (P0) at 163.24 cm². According to Table 3, outdoor stratification (6±1°C) resulted in a larger leaf area (217.95 cm²), while indoor stratification (4±1°C) produced the smallest leaf area (189.67 cm²).
Seed dormancy is primarily governed by interactions among plant growth regulators, which may either inhibit or promote germination. Stratification helps overcome dormancy by activating enzyme systems, converting stored food into soluble forms, and altering the hormonal balance in favour of germination. The duration of stratification required varies by species and is influenced by the level of dormancy. Longer stratification periods have been shown to enhance levels of reducing sugars, total sugars, and soluble proteins, which are crucial for embryo development.
Numerous studies support this relationship. For instance, extended stratification significantly improved germination in Pinus gerardiana (Kumar, 2013), Acer caesium (Bhat, 2015), and Corylus avellana (Gupta, 2015), with optimal germination commonly occurring around 60 days of stratification. Our study corroborates these findings, highlighting that seeds stratified in outdoor pits displayed significantly improved germination parameters—including germination percentage, energy, speed, and value—compared to those stratified indoors. Outdoor stratification also resulted in enhanced seedling traits such as shoot length, collar diameter, leaf number, leaf area, root length, and biomass. These outcomes are consistent with the recommendations of researchers like Banyal (2010), Katoch (2014), and Malik and Shamet (2008), all of whom emphasised outdoor stratification as the most effective method for promoting seed germination and robust seedling growth across various species.
Table 2: Effect of stratification period (P) on seed germination and seedling characteristics from different Quercus robur L. mother trees in the district of Srinagar
	                 
             Parameters
                               

Stratification
period (days)

	Mean
Daily
germination
	Peak
Value
	Germination
Speed
	Total
seedling
length
	Number 
of leaves
per plant
	Leaf
area
per plant

	P0 (control)
	1.48
	1.72
	9.86
	34.01
	10.18
	163.24

	P1 (20 days)
	1.76
	2.06
	11.76
	36.64
	11.18
	182.52

	P2(40 days)
	1.91
	2.23
	12.73
	42.22
	12.44
	207.92

	P3(60 days)
	2.04
	2.38
	13.56
	44.99
	13.82
	234.21

	C.D (p ≤ 0.05)
	0.02
	0.03
	0.17
	0.15
	0.02
	1.92











Table 3: Effect of stratification temperature (S) on seed germination and seedling characteristics from different Quercus robur L. mother trees in the district of Srinagar
	                 
             Parameters
                               

Stratification
 temperature (ºC)

	Mean
Daily
germination
	Peak
value
	Germination
Speed
	Total
seedling
length
	Number 
of leaves
per plant
	Leaf
area
per plant

	T1
(4±1ºC)
	1.77
	2.07
	11.80
	38.85
	11.75
	189.67

	T2
(6±1ºC)
	1.94
	2.27
	12.91
	42.11
	12.68
	217.95

	C.D (p ≤ 0.05)
	0.01
	0.02
	0.15
	0.14
	0.01
	2.01





CONCLUSIONS The present study highlights the significant influence of tree genotype and cold-moist stratification treatments on seed germination and seedling growth parameters of Quercus robur L. in the Srinagar district of Kashmir Valley. Among the eighteen mother trees evaluated, considerable variability was observed in germination and seedling traits, suggesting strong genetic diversity within the population. Seeds from tree T6 in Rajbagh consistently recorded superior performance across all germination and seedling growth parameters, including mean daily germination, peak value, germination speed, total seedling length, number of leaves per plant, and leaf area. In contrast, seeds from trees located in Lalchowk, particularly T1, exhibited the lowest values for these parameters, reflecting genotypic differences likely influenced by local ecological conditions or intrinsic genetic makeup.
Cold-moist stratification significantly enhanced seed germination and seedling vigour. A stratification period of 60 days (P3) resulted in the highest germination speed, peak value, total seedling length, leaf number, and leaf area per plant, indicating that extended stratification helps overcome physiological dormancy more effectively than shorter periods or no stratification. Similarly, stratification at outdoor temperatures (6±1°C) was more effective than indoor conditions (4±1°C), likely due to a more natural simulation of the environmental cues necessary for dormancy release. The enhanced performance under outdoor stratification emphasises the importance of temperature dynamics and environmental conditioning in seedling development.
These results collectively confirm that both genotypic selection and appropriate stratification treatments play a crucial role in optimising the propagation and establishment of Quercus robur L. The study also supports previous findings across various temperate species, recommending a 60-day outdoor cold-moist stratification protocol for improved germination and early seedling vigour. Such findings are vital for forest conservation, afforestation planning, and the development of improved seed sources for this ecologically and economically significant tree species.
FUTURE SCOPE Future studies could explore molecular characterisation of Quercus robur genotypes to enhance selection for high-vigour seed sources under varying climatic conditions.
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