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ABSTRACT: The present investigation, entitled “Morpho-phenotypic and biochemical
characterization of Juglans regia genotypes in the agroforestry systems at Benhama,
Ganderbal” was conducted to evaluate growth, flowering behavior, yield, and biochemical
traits of walnut genotypes grown under an agroforestry system. The study was carried out on an
eight-year-old walnut plantation spaced at 7 m x 7 m and intercropped with forage crops. Five
walnut genotypes CITH-Walnut-1, CITH-Walnut-2, CITH-Walnut-3, Sulaiman, and Hamdan
were evaluated using a replicated experimental design. The results revealed pronounced
genotypic variation in morpho-phenotypic, yield, and biochemical characteristics, indicating
the influence of genotype and environment. Flowering across all genotypes occurred during
early to mid-April. Among the genotypes, CITH-Walnut-1 exhibited superior growth and yield
performance, whereas CITH-Walnut-3 showed enhanced biochemical properties, including
higher phenolic content, antioxidant activity, and oil content. GC—MS analysis confirmed the
presence of important fatty acids, particularly linoleic and palmitic acids, across all genotypes.
Principal component analysis explained a substantial proportion of total variability, and
cluster analysis grouped the genotypes into distinct categories, reflecting considerable genetic
diversity. Overall, the findings highlight the potential of specific walnut genotypes for
improving productivity and nutritional quality in agroforestry systems, supporting sustainable
walnut-based land-use practices in the temperate Himalayan region.
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1. INTRODUCTION

Juglans regia L. (English or Persian walnut) is a high-
value temperate nut crop cultivated worldwide for its
premium kernels, nutraceutical properties, and timber
(Pollegioni et al., 2017). In India, walnut cultivation is
primarily confined to the temperate Himalayan
regions, with Jammu and Kashmir accounting for
nearly 90% of the national production (Taufique and
Khursheed, 2018). Despite this dominance, walnut
productivity in the region remains low, primarily due
to reliance on seedling-origin plantations, limited
access to elite planting material, and inadequate
orchard management practices (Shah et al., 2017).
These constraints have resulted in wide variability in
tree growth, yield stability, and nut quality across
plantations. In the Kashmir Himalayas, walnut
cultivation is increasingly integrated into agroforestry
systems, where trees are grown alongside forage or
agricultural crops to enhance land-use efficiency, farm
income, and ecological sustainability. Such systems
are particularly relevant in mountainous regions with
fragmented landholdings, where diversification and
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year-round income are critical for livelihood security.
However, the performance of walnut genotypes under
agroforestry conditions can differ markedly from
monoculture orchards due to altered microclimate,
interspecific competition, and management practices.
Despite the growing adoption of walnut-based
agroforestry systems, scientific evaluations of
genotype performance under such systems remain
limited. Walnut exhibits substantial genetic variability
in growth habit, flowering behavior, nut and kernel
characteristics, and yield potential, making genotype
selection a critical factor for improving productivity
and quality. In agroforestry systems, selecting
genotypes with suitable canopy architecture, stable
yield, and compatibility with intercrops becomes
particularly important. Alongside agronomic traits,
walnuts are increasingly valued for their biochemical
composition, including phenolics, antioxidants, and
polyunsaturated fatty acids that contribute to their
nutraceutical importance (Davis et al., 2007;
Amarowicz et al., 2016). While biochemical profiling
of walnuts has been reported, comparative evaluation
of locally important genotypes using advanced
analytical tools such as GC-MS, particularly under
agroforestry systems, is scarce. The five genotypes
evaluated in the present study CITH-Walnut-1, CITH-
Walnut-2, CITH-Walnut-3, Sulaiman, and Hamdan



represent a combination of improved selections and
widely cultivated local genotypes in the Kashmir
region. These genotypes are commonly preferred by
farmers for their adaptability and economic potential;
however, their relative performance in terms of
morpho-phenotypic traits, yield attributes, and
biochemical quality under agroforestry conditions has
not been systematically assessed using integrated
analytical approaches.

Research gap

There is a lack of integrated studies combining
morpho-phenotypic, yield, biochemical, and
multivariate analyses of walnut genotypes grown
under agroforestry systems in the temperate
Himalayan region.

Experimental methodology

The experiment was conducted during the 2022-23
growing season in an eight-year-old walnut-based
agroforestry plantation established at 7 m x 7 m
spacing at the Faculty of Forestry, Sher-e-Kashmir
University of Agricultural Sciences and Technology of
Kashmir (SKUAST-K), Benhama, Ganderbal (Jammu
and Kashmir, India). Five walnut (Juglans regia L.)
genotypes CITH-Walnut-1, CITH-Walnut-2, CITH-
Walnut-3, Sulaiman, and Hamdan were selected for
evaluation.

Floral phenotypic and Identification of different
bioactive molecules and antioxidant activity of
Juglans regia genotypes.

Floral and morpho-phenotypic traits were recorded
following the DUS guidelines for walnut as prescribed
by the Protection of Plant Varieties and Farmers’
Rights Authority (PPV&FRA, 2012). Observations on
flowering behavior, vegetative growth, nut, and kernel
traits were recorded at appropriate phenological stages
using standard field measurement procedures. (DUS
guidelines, 2012).

Identification and extraction of different bioactive
molecules of S walnut genotypes was carried out in
harvested walnuts at Kashmir University (KU) and
SKUAST-K Srinagar.

Reagents and chemicals and Preparation of
Extracts

Methanol, Ethanol, Gallic acid, Ferrous sulphate,
Sodium Carbonate, petroleum ether, Aluminium
chloride, potassium acetate, TPTZ (2,4,6-tripyridyl-s-
triazine), Folin—Ciocalteu, Ferric chloride, Ascorbic
acid, DPPH (1,1- diphenyl-2-picryl-hydrazyl).
Quercetin was obtained from Sigma, Germany; 1, 1-
Diphenyl-2-picryl-hydrazyl (DPPH) was obtained
from Sigma Aldrich Co., USA, Hydrogen chloride. All
chemicals and reagents utilized in the experiments
were of analytical grade.
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Fully matured walnut kernels were harvested, shade-
dried, and finely ground. Methanolic extracts were
prepared by extracting 2.5 g of powdered sample with
15 mL methanol using sonication at 4°C for 60
minutes, followed by centrifugation at 8,000 rpm for
11 minutes. The supernatant was filtered through a 0.2
pm membrane filter and stored at 4°C until analysis.

Determination of total polyphenolic content (TPC)
and total flavonoid and flavanols content

The modified Folin-Ciocalteu technique (Omoruyi et
al., 2012) was used to obtain the total phenol content
of walnuts. 1 ml of each extract (1 mg/ml), 5 ml of the
Folin-Ciocalteu reagent (previously diluted 1:10 v/v)
with distilled water, and 4 ml (75% w/v) of sodium
carbonate (Na,CO,) were combined. After that, the
tubes were vortexed and left at 40°C for 30 minutes to
allow the colour to develop. In order to quantify
absorbance, a spectrophotometer was used at 765 nm.
The standard curve was calibrated using gallic acid at
concentrations between 0 and 400 mg/l. The results
were expressed as mg of gallic acid equivalents/g of
walnut sample.

The method of Chang et al., (2002), which is based on
the flavonoid-aluminum complex formation, was used
to determine the total flavonoids in the walnut extract.
1 ml of extract (1 mg/ml) or quercetin (a standard
flavonoid compound) was combined with 1.5 ml of
60% methanol, 1 ml of 2% aluminum chloride, and 6
ml of 5% potassium acetate. The mixtures were then
left to stand at room temperature for 40 minutes in
order for the yellow colour to develop, signifying the
presence of flavonoid. A spectrophotometer was then
used to measure the absorbance at415 nm. To calibrate
the standard curve, quercetin was added to methanol at
concentrations of 0, 25, 50, 100, and 200 ppm. Total
flavanols were also expressed in terms of quercetin
equivalent (mg/g), which was the common reference
compound.

Antioxidant activity, Oil Content and GC-MS
analysis of bioactive compounds

With a few modest adjustments, the Benzie and Strains
method (1996) was used to perform the Ferric
Reducing Antioxidant Potential (FRAP) experiment.
The FRAP reagent was made by combining 20 mmol/l
FeCl, solution, 10 mmol/l TPTZ solution in 40 mmol/I
HCI, and sodium acetate buffer (300 mmol/l, pH 3.6)
in a ratio of 10:1:1 (v/v), respectively. Before use, the
FRAP reagent was freshly formed and heated to 37°C
in a water bath. 1.8 ml of the FRAP reagent was mixed
with 200 ml of extract. After 40 minutes, the
absorbance was measured at 594 nm. To calibrate the
standard curve, FeSO, solution (0, 40, 80, 160, 320,
640 Imol/1) was utilized.



Using the Soxhlet equipment and extraction
procedure, the oil content of nuts was ascertained.
Using a Soxhlet apparatus, 5 g of walnut kernels will
have their oil content extracted using petroleum ether
(b.p. 40-60'C). The residual solvent will be eliminated
using vacuum distillation. The oil content of the tubes
will be determined by comparing their weights before
and after the experiment.

GC-MS analysis was performed using a Varian GC
system coupled with a Varian 4000 mass spectrometer
equipped with a VF-5ms capillary column (30 m x
0.25 mm, film thickness 0.25 um). Helium was used as
the carrier gas at a flow rate of 1 mL min™" with a split
ratio of 1:10. The oven temperature was programmed
from 40°C (3 min hold) to 280°C at 15°C min!, with a
final hold of 15 minutes. Injector and detector
temperatures were maintained at 250°C. The MS was
operated in electron impact (EI) mode at 70 eV, with a
scan range of m/z 40-400. Compound identification
was carried out by comparing mass spectra with the
NIST and Wiley mass spectral libraries, along with
retention index matching and literature data.
Instrument calibration and tuning were performed
prior to analysis following manufacturer guidelines
(Matlawska et al., 2015).

Yield estimation

The total yield obtained from walnuts gave out the
total yield obtained. The fruit yield was observed
during harvesting by weighing the total number of
fruits on each tree and was expressed in tonnes per
hectare.

Statistical Analysis

The experimental data were analyzed using analysis of
variance (ANOVA) appropriate for a Randomized
Block Design (RBD), following the procedures
described by Gomez and Gomez (1984). Genotypes
were treated as fixed effects, while replications were
considered random effects. Prior to ANOVA, data
were tested for normality using the Shapiro—Wilk test
and for homogeneity of variance using Levene’s test.
Where necessary, appropriate data transformation was

Table 1: Tree characteristics of walnut genotypes

applied to meet ANOVA assumptions. Mean
separation among walnut genotypes was performed
using Tukey’s Honestly Significant Difference (HSD)
test at a 5% level of significance (p <0.05). Statistical
analyses were conducted using SPSS (version XX)
and GraphPad Prism (version XX) software. To
explore relationships among genotypes and to identify
patterns in biochemical and phenolic attributes,
Principal Component Analysis (PCA) and
Hierarchical Cluster Analysis (HCA) were performed.
PCA was used to reduce data dimensionality and
identify key variables contributing to total variability,
while HCA was carried out using Euclidean distance
and Ward’s linkage method to assess genetic similarity
among genotypes. Multivariate analyses were
conducted using XLSTAT/R software.

Results and Discussion
Tree characteristics of different walnut genotypes

Table-1, represents tree characteristics of walnut
genotypes pertaining to tree vigor revealed that high
vigor was observed in CITH-Walnut-1 and Hamdan
exhibited high vigor, whereas CITH-Walnut-3
showed comparatively low vigor. With respect to tree
growth habit, CITH-Walnut-1 and CITH-Walnut-2
displayed a semi-erect growth habit, while CITH-
Walnut-3, Sulaiman, and Hamdan exhibited a
spreading growth habit. Branch density varied among
genotypes, with dense branching observed in CITH-
Walnut-1 and Hamdan, whereas CITH-Walnut-2,
CITH-Walnut-3, and Sulaiman showed intermediate
branch density. All evaluated genotypes exhibited a
terminal bearing habit, and shoot colour was uniform
(brown) across genotypes, indicating no observable
variation for this trait. Variations in tree growth and
development are caused by a combination of
physiology and heredity, according to Mir et al.,
(2018) in Juglans regia and Zhebentyayeva et al.,
(2012) in Apricot.

Tree height showed moderate but consistent variation
among genotypes. CITH-Walnut-1 recorded the
maximum tree height (3.51 m), whereas CITH-

Genotype Tree Tree Tree Tree Density of | Bearing | Shoot

height (m) diameter vigour growth branches habit | colour
(cm) habit

CITH-W-1 3.51 12.81 High Semi erect Dense Terminal | Brown

CITH-W-2 3.15 10.70 Intermediate | Semi erect | Intermediate | Terminal | Brown

CITH-W-3 2.78 9.95 Low Spreading | Intermediate | Terminal | Brown

Sulaiman 3.00 11.22 Intermediate | Spreading | Intermediate | Terminal | Brown

Hamdan 3.22 11.86 High Spreading Dense Terminal | Brown

CD,s 0.06 1.10 - - - - -

W 0,05 Shapiro-wilk 0.09 0.54 - - - - -
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Walnut-3 exhibited the minimum average height (2.78
m). Likewise, significant differences were observed in
trunk diameter, with CITH-Walnut-1 recording the
highest trunk diameter (12.81 cm) and CITH-Walnut-
3 the lowest (9.95 cm). The findings imply that genetic
variants, resource competition, and other factors may
contribute to variations in height and diameter even in
trees of the same age and growing in the same
conditions. According to Pathak et al., (1984), a tree's
physical characteristics are determined by its genetic
composition and environmental conditions in which it
grows. Bernard et al., (2018) in walnut and Vishal ez
al., (2015) in Melia composita and have also revealed
that morphological characteristics of trees are
influenced by genetic factors.

Leaf characteristics of different walnut genotypes

Table-2, represents leaf characteristics of different
walnut genotypes showed maximum leaflet length in
CITH-Walnut-1 (17.68 cm), followed by Sulaiman
(16.49 cm) and Hamdan (16.35 cm), whereas CITH-
Walnut-2 (9.62 cm) and CITH-Walnut-3 (8.19 cm)
showed comparatively shorter leaflets. With respect to
leaflet shape, CITH-Walnut-1, Sulaiman, and Hamdan
exhibited a broad elliptic shape, while CITH-Walnut-2
and CITH-Walnut-3 showed an elliptic leaflet shape.
All genotypes uniformly exhibited an entire leaflet
margin, indicating no variation for this trait. Leaflet
colour also varied among genotypes. CITH-Walnut-1,
CITH-Walnut-2, CITH-Walnut-3, and Sulaiman
displayed dark green leaflets, whereas Hamdan

Table 2: Leaf characteristics of walnut genotypes

exhibited green-coloured leaflets. The rachis colour
was uniform (green) across all genotypes. Regarding
phenology, Sulaiman showed early leaf fall, while
CITH-Walnut-1, CITH-Walnut-2, CITH-Walnut-3,
and Hamdan exhibited mid leaf fall.The observed
variation in leaf morphological and phenological traits
among genotypes grown under similar environmental
conditions suggests a strong genetic control, possibly
modulated by phenotypic plasticity. Comparable
genotypic variability in leaf traits of Juglans regia.
Same results were shown by Mir et al., (2018), Lone
(2017),Khanet al., (2020) and Angmo et al., (2015).

Flower characteristics of different walnut
genotypes

Table-3, represents flower characteristics of walnut
genotypes all of which were protandrous, and warm
spring temperatures accelerated the flowering process
and shortened the overlap period between male and
female flowering. reported by Cosmulescu et al.,
(2010), Chandra and Tomar (2012) and Kumar and
Sharma (2013) in walnut. The initiation of female
flowers begins early in all the five varieties. The
average number of male catkins per cluster ranged
from 2.5 to 4, with the highest number observed in
CITH-Walnut-1 (4.0), followed by CITH-Walnut-2
(3.25), Sulaiman (3.0), CITH-Walnut-3 (2.75), and
Hamdan (2.5). The average number of female flowers
per cluster ranged from 1.50 to 3.00, with CITH-
Walnut-3 showing the maximum (3.0), followed by
CITH-Walnut-1 (2.5), CITH-Walnut-2 (2.0), Hamdan

Genotype Leaflet Leaflet Leaflet Leaflet Rachis Time of
length (cm) shape margin colour colour leaf fall
CITH-W-1 17.68 Broad elliptic Entire Dark green Green Mid
CITH-W-2 9.62 Elliptic Entire Dark green Green Mid
CITH-W-3 8.19 Elliptic Entire Dark green Green Mid
Sulaiman 16.49 Broad elliptic Entire Dark green Green Early
Hamdan 16.35 Broad elliptic Entire Green Green Mid
CD,, s 0.92 - - - - -
W 005 Shapiro-wik 0.09 - - - - -

Table 3: Flower characteristics of walnut genotypes

Genotype Dichogamy Initiation of 10% | Stigma | Number of male | Number of female
female flowering | colour |[catkins per cluster | flowers per cluster

CITH-W-1 Protoandrous Early Green 4.00 2.5

CITH-W-2 Protoandrous Early Green 3.25 2.00

CITH-W-3 Protoandrous Early Green 2.75 3.00

Sulaiman Protoandrous Early Green 3.00 1.5

Hamdan Protoandrous Early Green 2.5 1.75

CD,_s - - - 0.15 0.11

W 20,05 Shapiro-wik - - - 0.07 0.09
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(1.75), and Sulaiman (1.5). All genotypes displayed
green-colored stigmas. Minor variations observed
among trees within the same genotype likely reflect
microclimatic differences and inherent genetic
variability, in agreement with Milatovic et al. (2020)
for Juglans regia and Wilkie et al. (2008) for mango
and apple. These findings highlight the genetic control
of flowering traits, which is critical for optimizing
cross-pollination and nut set in agroforestry systems.

Fruit characteristics of different walnut genotypes

Table-4, represents the fruit characteristics of walnut
genotypes, showing clear genotypic differences in
fruit phenology, nut morphology, and kernel traits. The
onset of hulling occurred earliest in CITH-Walnut-3,
followed by CITH-Walnut-1, while CITH-Walnut-2,
Sulaiman, and Hamdan exhibited comparatively late
hulling, indicating variation in maturity behavior
among genotypes. Nut shape varied distinctly across
genotypes, with CITH-Walnut-1 producing long
trapezoid nuts, CITH-Walnut-2, CITH-Walnut-3, and
Hamdan showing ovate nuts, and Sulaiman producing
round nuts. Among the genotypes, CITH-Walnut-1
consistently recorded the largest nut size, with
maximum nut diameter and length, whereas CITH-
Walnut-3 produced the smallest nuts.
Correspondingly, average nut weight was highest in
CITH-Walnut-1, followed by Hamdan, Sulaiman, and
CITH-Walnut-2, while CITH-Walnut-3 recorded the
lowest nut weight. Shell characteristics also varied
among genotypes. CITH-Walnut-1 and Hamdan
exhibited smooth shell surfaces, whereas CITH-
Walnut-2, CITH-Walnut-3, and Sulaiman had rough
shells. Shell colour was predominantly light in most

Table 4: Fruit characteristics of walnut genotypes

genotypes, except Sulaiman, which showed a medium
shell colour. Although shell strength remained
intermediate across all genotypes, shell thickness
differed significantly, with CITH-Walnut-2 exhibiting
the thickest shell, followed by CITH-Walnut-3, while
Hamdan recorded the thinnest shell.

Table-5, represents the fruit parameters of walnut
genotypes, where kernel traits showed marked
genotypic variation; CITH-Walnut-1 recorded the
highest kernel weight, followed by CITH-Walnut-2
and CITH-Walnut-3, while Sulaiman exhibited the
lowest kernel weight. Kernel colour varied from extra-
light (CITH-Walnut-1 and Hamdan) to light (CITH-
Walnut-2, CITH-Walnut-3, and Sulaiman). The
observed positive association between nut size and
kernel weight aligns with earlier reports in Juglans
regia by Ebrahimi et al., (2011), Cerovic et al., (2010)
and Khadivi-Khub ef al., (2015a) in Juglans regia L.
genotypes and the findings revealed that nut
dimensions and weight were in significant positive
correlation with kernel weight.

Since all genotypes were grown under identical
environmental conditions, the variation in fruit and
kernel attributes can be primarily attributed to genetic
differences. Additionally, genotypes with lighter shell
colour tended to produce heavier nuts and kernels,
corroborating observations by Atefi (1990) in elevated
regions and Amiri et al., (2010) in walnut.

Total polyphenolic content (mg/g GAE)

Table-6, represents the bioactive molecules and
antioxidant activity of walnut genotypes, revealing
that dried kernels of CITH-3 exhibited the highest
phenolic content (47.89), followed by Sulaiman

Genotype | Time of hulling | Nut shape | Shell surface | Shell colour |Shell strength | Kernel colour
CITH-W-1 Mid Long Trapezoid|  Smooth Light Intermediate Extra light
CITH-W-2 Late Ovate Rough Light Intermediate Light
CITH-W-3 Early Ovate Rough Light Intermediate Light
Sulaiman Late Round Rough Medium Intermediate Light
Hamdan Late Ovate Smooth Light Intermediate Extra light
Table 5: Fruit parameters of walnut genotypes
Genotype Nut diameter Nut length Nut weight Shell thickness | Kernel weight
(mm) (mm) (2) (mm) (@
CITH-W-1 44.66 46.44 24.73 0.91 13.61
CITH-W-2 42.84 43.07 16.78 1.72 12.31
CITH-W-3 32.66 35.94 1591 1.56 11.16
Sulaiman 35.24 41.07 17.56 1.05 6.45
Hamdan 39.12 45.42 19.18 0.73 9.35
CD,s 0.97 1.10 0.89 0.17 0.92
W 005 Shapizo-witk 0.11 0.09 0.07 0.04 0.15




(44.63), CITH-1 (42.61), and Hamdan (40.55). The
lowest phenolic content (38.34) was found in CITH-2.
Similar results were reported by Oliveira (2008), Shah
etal., (2018) and Jan et al., (2022) in Juglans regia L.
The differences in total phenolic content may be due to
genetic structure, fruit ripeness and ecological
conditions as reported by Komur et al., (2023).

Total flavonoid and flavanols content (mg/g QE)

Table-6, represents the bioactive molecules and
antioxidant activity of walnut genotypes, revealing that
among the five genotypes, dried kernels of CITH-3
exhibited the highest flavanols and flavonoid content
(10.07), followed by Sulaiman (8.82), CITH-1 (6.81),
and Hamdan (5.92). The lowest flavanols and flavonoid
content was found in CITH-2 (5.21). Similar results
were reported by Ghasemi (2011), Shah et al., (2018)
andJanet al.,(2022) inJuglans regia L.

Antioxidant activity (uM Fe’'/g FW)

Table-6, represents the bioactive molecules and
antioxidant activity of walnut genotypes, showing that
the highest antioxidant activity was recorded in CITH-
3 (752.42), followed by Sulaiman (433.18), CITH-1
(414.69), and Hamdan (384.19). The lowest
antioxidants were found in CITH-2 (355.94). Similar
results were observed by Shah ez al., (2018) and Jan et
al.,(2022) in Juglans regia L.

QOil content (%)

Table-6, represents the bioactive molecules and
antioxidant activity of walnut genotypes, illustrating
that among the genotypes, the maximum oil content
was recorded in the kernels of CITH-3 (52.14%),
followed by Sulaiman (51.86%), CITH-1 (50.23%),
and Hamdan (50.14%). The minimum oil content was
present in the kernels of CITH-2 (50.02%). Similar
results were found by Kodad and Socias (2008) in
Prunus amygdalus, Li et al., (2014), Poggetti et al.,
(2018) and Shah et al., (2018) in Juglans regia L.
Since, the nuts of CITH-3 variety are smaller in size
but the biochemical activity is highest, due to the
reason that major portion of nutrients and minerals are
used up in building the secondary metabolites than
primary ones.

GC/MS analyses of the extracts

Table-7 represents the compound summary of CITH-
W-1, CITH-W-2, CITH-W-3, Sulaiman, and Hamdan,
where GC-MS analysis of walnut kernel extracts
revealed that fatty acids were the dominant class of
compounds across all five genotypes, with linoleic
acid (9,12-octadecadienoic acid) and palmitic acid (n-
hexadecanoic acid) consistently representing the
major constituents, indicating a broadly conserved
lipid profile among the evaluated walnut varieties.
Minor variation in the relative abundance of these
compounds was observed among genotypes, with
CITH-Walnut-3 and Hamdan showing comparatively
higher representation of linoleic acid, while palmitic
acid predominated in CITH-Walnut-2 and Sulaiman.
In addition, 2,4-decadienal was detected in Sulaiman,
contributing to genotype-specific compositional
differences. The predominance of unsaturated fatty
acids, particularly linoleic acid, is consistent with
earlier reports in walnut and other nut species. Similar
fatty acid-dominated profiles have been reported in
almond were observed by Sathe et al., (2008) in
almonds, Gupta et al., (2012) in wild apricot and Loo
and Foo (1998) in apple seeds that consist mainly of
fatty acids (80.19%) withlinoleic acid as the most
dominant one (51.2%), Ahad et al., (2020) and
Poggetti et al., (2018) in walnut kernels where major
phenolic component identified was linoleic acid.

Comparative yield/productivity of walnut varieties
in agroforestry systems.

Table-8 represents the yield of walnut genotypes,
showing that the productivity of walnut genotypes
grown under the agroforestry system varied
significantly among the evaluated varieties.
According to the data, there are variations in the
production of several genotypes of walnuts in the
agroforestry system, with CITH-Walnut-1 having the
maximum output (0.71 tonnes per hectare) followed
by CITH-Walnut-2 (0.63 tonnes per hectare), Hamdan
(0.60 tonnes per hectare), Sulaiman (0.52 tonnes per
hectare) and CITH-3 (0.37 tonnes per hectare). In
terms of nut production, CITH-1 continuously

Table 6: Bioactive molecules and antioxidant activity of walnut genotypes

Genotype Phenols Flavonoid and Antioxidant Qil content
flavanols activity (%)
CITH-W-1 42.61 6.81 414.69 50.23
CITH-W-2 38.34 5.21 355.94 50.02
CITH-W-3 47.89 10.07 752.42 52.14
Sulaiman 44.63 8.82 433.18 51.86
Hamdan 40.55 5.92 384.19 50.14
CD,s 1.11 0.52 18.77 0.18
W0 05 Shapizo-witk 0.06 0.09 0.06 0.07
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surpassed other kinds, demonstrating its potential as
the best option for walnut farming given the local
climate and soil conditions. The reduction in yield is
due to the competition between the roots of the trees

and the shading as observed by Newman et al., (1998)
and Rao et al. (1998). Zalac et al. (2021) reported that
a lack of water inhibits tree growth, which might

postpone and lower fruit production.

Table-7: Compound Summary of CITH-W-1, CITH-W-2, CITH-W-3, Sulaiman and Hamdan

Compound Formula Samples Retention Max Importance
Detected Time Area
Range %
n-Hexadecanoic acid C,H,,0, CITH-W-1, | 19.99-20.94] 100.00 Major fatty acid; antimicrobial,
(Palmitic acid) CITH-W-2, antioxidant
CITH-W-3,
Sulaiman,
Hamdan
9,12-Octadecadienoic C,H,,0, CITH-W-1, | 23.11-25.24] 100.00 | Essential PUFA; anti-inflammatory
acid(Z,2) CITH-W-2,
(Linoleic acid) CITH-W-3,
Hamdan
9-Octadecenoic acid, C,H,0, CITH-W-1, | 22.68-22.78| 17.83 Lipid metabolism, bioactive ester
methyl ester CITH-W-2,
(Oleic acid ester) Sulaiman
Octadecanoic acid C,H,0, CITH-W-1, | 24.09-25.31 16.60 Saturated fatty acid
(Stearic acid) CITH-W-2,
CITH-W-3,
Sulaiman,
Hamdan
v-Sitosterol C,,H,,0 CITH-W-1, | 40.36-40.47| 16.24 Phytosterol; cholesterol-lowering
CITH-W-2,
CITH-W-3,
Sulaiman,
Hamdan
v-Tocopherol C,H,0, CITH-W-3, | 37.16-37.20 6.22 Vitamin E; antioxidant
Sulaiman,
Hamdan
Eucalyptol C,H,O CITH-W-1, 4.15-4.16 8.31 Volatile monoterpene; antimicrobial
(1,8-Cineole) CITH-W-2,
CITH-W-3
Naphthalene C,Hq CITH-W-1, 5.78-5.83 14.15 Aromatic hydrocarbon
CITH-W-2,
CITH-W-3,
Sulaiman,
Hamdan
2,4-Decadienal (E,E) C,H,O CITH-W-1, 7.51-7.56 26.31 Flavour compound; bioactive aldehyde
Sulaiman
5B-Cholestane-30, C,H,O,Si; | CITH-W-1, 31.68 6.66 Steroidal compound
70,12a,240,25-pe CITH-2
9,19-Cyclolanost-24- C,,H;,0 CITH-W-2, | 29.83-29.89 8.08 Triterpenoid; bioactive
en-3-ol (B-form) Sulaiman

Table 8: Yield of walnut genotypes

Genotype Average yield per tree (kg) Yield (tonnes per hectare)
CITH-W-1 3.51 0.71
CITH-W-2 3.12 0.63
CITH-W-3 1.85 0.37
Sulaiman 2.54 0.52
Hamdan 2.96 0.60
CD,s 0.33 0.07
W eo.05 shapio-witk 0.09 0.12
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Principal component analysis

Table-9 represents, the principal component analysis of
parameters of walnut genotypes, where the first
principal component (PC1) explained 63.70% of the
total variance and was strongly associated with yield-
related traits, showing high positive loadings for total
yield (0.999), average yield (0.996), and nut length
(0.990). This indicates that PC1 primarily represents
productivity potential under agroforestry conditions.
The second principal component (PC2) accounted for
17.42% of the total variance and was mainly defined by
kernel weight (0.914), followed by number of female
flowers per cluster (0.746) and shell thickness (0.655),
reflecting variation in reproductive efficiency and nut
quality traits. Comparable patterns of trait contribution

have been reported in walnut germplasm evaluations,
where the first few principal components explained the
majority of phenotypic variation (Ara, 2023; Liu et al.,
2020), supporting the robustness of the present
multivariate analysis. (Figure 10). Hierarchical cluster
analysis further classified the five walnut genotypes into
four distinct clusters, highlighting clear genetic and
phenotypic differentiation. CITH-Walnut-1 formed an
independent cluster, reflecting its distinct superiority in
yield and growth attributes. CITH-Walnut-2 constituted
the second cluster, while Sulaiman and Hamdan
grouped together, indicating similarity in their
morphological and yield traits. CITH-Walnut-3 formed
a separate cluster, which is consistent with its
contrasting biochemical profile and comparatively
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Figure-1: Chromatogram of CITH-W-1

Figure-1, represents GC-MS chromatogram of methanolic extract of walnut (Juglans regia L.) kernel genotype CITH-1 showing the presence of
major phenolic and bioactive compounds identified based on retention time and mass spectral matching with NIST library. Peak intensities

indicate relative abundance of detected compounds.
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Figure-2: Chromatogram of CITH-W-2

Figure-2, represents GC-MS chromatogram of methanolic extract of walnut kernel genotype CITH-2 illustrating the qualitative and quantitative
distribution of phenolic and related bioactive constituents. Differences in peak number and intensity reflect genotypic variation in phytochemical

composition.
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Figure-3: Chromatogram of CITH-W-3

Figure-3, represents GC-MS chromatogram of walnut kernel genotype CITH-3 depicting dominant phenolic and lipid-derived compounds.
Higher peak intensities of selected compounds indicate comparatively greater accumulation of phenolics in this genotype.
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Figure-4: Chromatogram of Sulaiman

Figure-4, represents GC—MS chromatographic profile of walnut kernel genotype Sulaiman showing multiple phenolic and antioxidant-related
compounds identified by their retention times and mass spectra, suggesting moderate to high phenolic richness.
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Figure-5: Chromatogram of Hamdan

Figure-5, represents GC-MS chromatogram of walnut kernel genotype Hamdan indicating the presence of several phenolic acids, fatty acids,
and sterol compounds. The chromatographic pattern highlights genotypic differences in compound abundance and diversity.
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Figure-6 represents, the scree plot illustrates the eigenvalues of
principal components derived from the analyzed walnut genotype
parameters. The first principal component accounts for a
substantially higher proportion of variance compared to the
subsequent components, indicating its dominant contribution to
data variability. The sharp decline after PC1 suggests that only a few
principal components are sufficient to explain most of the variation
among the genotypes.

lower yield performance. Similarly, Arzani et al., (2008)
reported three clusters in Juglans regia genotypes and
other perennial fruit crops such as apple Gong et al.,
(2015).

CONCLUSION

The present study demonstrates that all five evaluated
walnut genotypes CITH-Walnut-1, CITH-Walnut-2,
CITH-Walnut-3, Sulaiman, and Hamdan are capable
of successful establishment and growth under walnut-
based agroforestry systems in the degraded lands of
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Figure 7: The component pattern plot illustrates the relationships
and contributions of different yield, morphological, and
biochemical parameters to the principal components of walnut
genotypes. Yield and nut size traits show strong positive loadings
along the first principal component, indicating their major role in
explaining variability among genotypes. In contrast, biochemical
attributes such as phenolic content, flavanols, flavonoids,
antioxidants, and oil content load in different directions, reflecting
their distinct and sometimes contrasting influence on genotype
differentiation.

Benhama, Ganderbal. However, clear and consistent
genotype-specific differences were observed in
growth, yield, and biochemical attributes. Among the
genotypes, CITH-Walnut-1 exhibited superior
vegetative growth, reproductive performance, nut and
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Figure-8, illustrates the contribution of individual variables to
Dimension 1, highlighting the relative importance of different traits
in explaining overall variability among walnut genotypes. Yield-
related and nut morphological traits, including total yield, average
yield, nut length, height, and diameter, show the highest
contributions, indicating their dominant influence on this
dimension. In contrast, biochemical attributes such as phenolic
content, shell thickness, and kernel weight contribute comparatively
less, suggesting a secondary role in structuring the variation along
Dimension 1.
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Figure-9, shows the relative contribution of variables to
Dimension-2. Kernel weight, number of filled pods, and shell
thickness contribute the most, indicating their strong influence on
this dimension. Biochemical and minor morphological traits
contribute less, falling below the reference line, showing minimal

impact on Dimension-2.
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Figure-10: The cluster dendrogram illustrates the hierarchical
relationships among the different samples. The vertical axis
represents the distance or dissimilarity between clusters, while the
horizontal branches indicate the clustering of individual samples. In
this dendrogram, the samples Sulaiman and Hamdan form a closely
related cluster, suggesting high similarity between them. CITH-W-2
joins this cluster at a higher level, indicating moderate similarity,
while CITH-W-1 and CITH-W-3 are more distantly related, forming
separate clusters. This hierarchical clustering provides a clear
visualization of the relative similarities and differences among the
samples.
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kernel traits, and overall yield, indicating its suitability
for productivity-oriented agroforestry systems where
higher nut yield and farm income are primary
objectives. In contrast, CITH-Walnut-3 consistently
recorded higher levels of phenolics, flavonoids,
antioxidant activity, and oil content, highlighting its
potential for quality- and nutraceutical-oriented
production systems. Multivariate analyses (PCA and
cluster analysis) further supported these findings by
clearly differentiating genotypes based on yield-
related and biochemical traits, thereby validating the
robustness of genotype selection under agroforestry
conditions. The distinct grouping of CITH-Walnut-1
and CITH-Walnut-3 emphasizes their contrasting but
complementary strengths. From a practical
perspective, the results provide clear guidance for
growers, extension agencies, and agroforestry
planners. CITH-Walnut-1 is recommended for large-
scale adoption in walnut-based agroforestry systems
aimed at enhancing nut yield and livelihood security,
while CITH-Walnut-3 may be promoted in systems
targeting value addition, nutraceutical markets, and
diversification of farm income. Overall, the study
supports informed genotype selection as a key strategy
for improving the productivity, quality, and
sustainability of walnut-based agroforestry systems in
the temperate Himalayan region.
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