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ABSTRACT:

The study investigated morphometric variation in Apis cerana F. and the influence of altitude on honey composition in
Bharot Valley, Western Himalaya. Worker bees were sampled from three elevations (Jogindernagar, Multhan, Chelra Di
Malahn). Morphological traits including head, thorax, abdomen, body length, proboscis, antenna, wing dimensions, and
hamuli number increased with elevation, and body pigmentation darkened at higher altitudes. Physicochemical analysis
of honey showed all samples met FSSAI and international standards. pH, moisture, electrical conductivity, and HMF
indicated good quality and maturation. Low sucrose and appropriate fructose:glucose ratios confirmed fully ripened
floral honey. Multhan honey exhibited comparatively higher vitamin C, phenolics, proline, and minerals, suggesting
richer biochemical profiles linked to floral origin. Acidity remained within permissible limits. Proline exceeded Codex
standards, confirming natural origin. Overall, A. cerana honey from Barot Valley is high quality with favorable
nutrition. Altitudinal variation supports region-specific characterization of Himalayan honey and potential for niche
commercialization.

KEYWORDS: Worker bee morphology; elevational gradient; physicochemical properties; mineral content; honey
quality

1. INTRODUCTION

The Asiatic honey bee, Apis cerana Fabricius, is a key pollinator in many Asian ecosystems and plays a vital role in
sustaining both natural vegetation and agricultural productivity (Ji et al., 2023). Honey bees contribute significantly to
global food security, being responsible for the pollination of nearly three-fourths of cultivated crop species. The
evolution and diversification of honey bees have been strongly shaped by ecological and geographical heterogeneity
(Sheoran et al., 1998). Geographic barriers such as mountain ranges, along with variations in altitude, temperature, floral
availability, and anthropogenic influences, contribute to phenotypic differentiation among populations (Zhu et al.,
2011). As a result, A. cerana exhibits considerable morphological variability, particularly in traits such as body size,
wing dimensions, and appendage structure, which facilitate adaptation to local environmental conditions (Abou-Shaara
etal., 2012).

Morphological characteristics represent an important interface between genotype and environment and are widely used
to assess population variability and adaptation (Ajao et al., 2014; Chen et al., 2018). Functional traits such as body size,
proboscis length, and hind leg structure influence foraging efficiency and pollen-carrying capacity (Narayanan et al.,
1960), while wing dimensions are directly associated with flight performance and honey production potential
(Szentgyorgyi et al., 2016). Wing morphometry has also been extensively applied in the classification of honey bee
races and populations (Ibrahim and Chandel, 2019). Regional differences in floral abundance and diversity further
interact with these morphological traits to influence foraging behaviour and productivity (Alburaki and Alburaki, 2008).
Previous morphometric studies on A. cerana have documented substantial regional variation, highlighting the role of
environmental pressures in shaping population structure (Zhu et al.,, 2009; Zhu et al.,, 2011). Understanding such
variation is essential for interpreting adaptive responses and for designing conservation strategies under changing
environmental conditions (Balanya et al., 2009).

Honey, a natural product synthesized by bees from floral nectar, is valued for its nutritional, therapeutic, and
commercial importance (Iglesias et al., 2004). During honey production, nectar undergoes enzymatic transformation,
dehydration, and maturation within the hive, resulting in a complex mixture of bioactive compounds (Council, 2002).
Carbohydrates, primarily fructose and glucose, constitute the major fraction of honey, accounting for approximately
82% of its composition (Chang et al., 1988). In addition, honey contains a wide range of minor constituents, including
organic acids, enzymes, amino acids, vitamins, minerals, and phenolic compounds, which collectively determine its
physicochemical properties and biological activity (Bogdanov et al., 2008). These components influence key attributes
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such as flavour, colour, viscosity, crystallization behaviour, and shelf stability, while also contributing to antioxidant
and antimicrobial properties (deAlmeida-Muradian et al., 2013).

The composition of honey is influenced by multiple interacting factors, including floral source, bee species, climatic
conditions, and geographical origin, as well as post-harvest handling and storage practices (Tornuk et al., 2013;
Escuredo et al., 2014). Since honey bees forage over large areas, honey integrates environmental inputs from soil,
vegetation, and atmospheric conditions. Consequently, mineral composition and associated parameters such as electrical
conductivity are considered reliable indicators of geographical origin and environmental characteristics (Przybylowski
and Wilczynska, 2001; Atrouse et al., 2004). Physicochemical characterization of honey is therefore essential for
assessing quality, authenticity, and market value, with parameters such as moisture, acidity, pH, sugar profile, and
mineral content directly influencing its stability, sensory properties, and nutritional significance (Devi et al., 2021; Ratiu
etal., 2019).

Increasing demand for natural honey, coupled with limited supply, has led to widespread adulteration through the
addition of sugar syrups, thereby compromising quality and consumer trust (Se et al., 2018). This has necessitated the
establishment of strict quality standards and regulatory frameworks at national and international levels (Thrasyvoulou et
al., 2018). In India, honey holds considerable cultural and medicinal importance and is widely used for its therapeutic
properties, including antimicrobial, anti-inflammatory, and antioxidant effects (Minhas et al., 2016; Nweze et al., 2020).
Its applications extend to the food, pharmaceutical, and cosmetic industries (Crane, 1979), further driving demand for
high-quality, authentic products (Pasias et al., 2017). The bioactivity of honey is largely attributed to compounds such as
phenolics, proline, and ascorbic acid, whose concentrations are influenced by floral origin and environmental conditions
(Oryan et al., 2016; Brunet et al., 2014; Anklam 1998; Abu-Tarboush et al., 1993; Dustmann, 1979).

Given the ecological and economic significance of A. cerana, morphometric analysis provides a valuable tool for
assessing population diversity and adaptive variation across regions. The present study investigates the morphometric
characteristics of A. cerana workers and the physicochemical and mineral composition of their honey across different
altitudinal locations in the Barot Valley, Himachal Pradesh. By integrating morphological and compositional analyses,
the study aims to evaluate regional variation, assess honey quality in relation to established standards, and provide
baseline information relevant to conservation, sustainable management, and value addition of Himalayan honey.

MATERIAL AND METHODS

Study area and sample collection

Field sampling was conducted in Barot Valley, Himachal Pradesh, India, a remote Himalayan valley located along the
Uhl River and flanked by the Dhauladhar mountain range. The valley spans an elevation gradient of approximately 1210
to 2150 m above mean sea level, between 32°8°1.096” N longitude and 75°55°28.37” E latitude. The region experiences
a temperate climate with an average annual temperature of around 13 °C and winter temperatures that may drop below
freezing, often accompanied by snowfall. Traditional beekeeping with the Asiatic honey bee, A. cerana, remains widely
practiced in the region, making it a suitable landscape for studying altitudinal variation in bee morphology and honey
characteristics.

Sampling was carried out during 2021-2022 at three representative locations along the altitudinal gradient of the valley:
Jogindernagar (1220 m asl; low elevation), Multhan (1852 m asl; mid elevation), and Chelra Di Malahn (2117 m asl;
high elevation). These sites were selected based on the presence of actively managed colonies maintained under
traditional beekeeping practices. For morphometric analysis, a total of 70 foraging worker bees were randomly collected
from the entrance of seven colonies at each location. The collected individuals were immediately transferred into vials
containing 70% ethanol to preserve morphological structures prior to laboratory measurements.

Honey samples were obtained during the peak nectar flow period from mature capped combs of the same apiaries. At
each location, seven independent honey samples (approximately 100 g each) were collected from different colonies,
resulting in a total of 21 samples across the three altitudinal zones. Immediately after collection, the honey samples were
homogenized and stored in sterile, airtight glass containers to prevent contamination or moisture absorption prior to
physicochemical analysis.

Morphometric analysis

Worker specimens of A. cerana preserved in ethanol were carefully dissected and mounted on clean glass slides for
morphometric examination. Measurements were obtained using a stereo microscope (Olympus SZ61) fitted with a
calibrated ocular micrometer (0.67x magnification). Morphological traits representing major body regions were
recorded for each individual. Head length was measured from the upper margin of the head to the lower edge of the
clypeus. Thorax and abdomen lengths were determined along the dorsal midline. Wing measurements included the
length of the forewing and hindwing from the articulatory base to the distal tip, while wing breadth was taken at the
widest point of each wing. Additional characters measured included proboscis length (cardo to labellum) and antennal
length. The number of hamuli (hooks) present along the margin of the hindwing was also counted under magnification.
Body coloration of individual bees was assessed visually and categorized along a gradient from lighter to darker
pigmentation. All morphometric measurements were expressed in millimeters (mm).

Physicochemical Parameters

Pollen density, Moisture, pH, Electrical Conductivity (EC), Colour

Pollen density was estimated following the method described by ISI, 1974. Briefly, 10 g of honey was diluted with 100
mL of distilled water and centrifuged to obtain the pollen sediment. The recovered sediment was stained and pollen
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grains were enumerated using a hemocytometer under a microscope. Moisture content of the honey samples was
determined by the oven-drying method. Approximately 5 g of honey was dried in a hot air oven at 103 °C until a
constant weight was achieved, and moisture percentage was calculated as described by Ranganna, 2007. For pH
determination, 10 g of honey was dissolved in 100 mL of distilled water and the pH of the solution was recorded using a
calibrated digital pH meter (EcoTestr pH 2) according to the procedure outlined by AOAC, 2012. Electrical
conductivity (EC) was measured using a calibrated conductivity meter (Thermo Scientific EUTECH CON 150). The
electrode was immersed in a solution prepared by dissolving 10 g of honey in 20 mL of distilled water, and conductivity
readings were recorded following the method described by Jackson, 2005. Honey colour was assessed
spectrophotometrically by measuring the absorbance of a honey solution at 560 nm using a Spectronic-20
spectrophotometer (Bausch and Lomb). Distilled water was used as the blank, following the procedure of Townsend,
1969.

Sucrose, Fructose and Glucose, Fructose: Glucose ratio

Sucrose content of honey samples was determined after acid inversion of the honey solution. For this purpose, Fehling’s
solution A and B were used along with hydrochloric acid (specific gravity 1.18 at 20 °C) to estimate sucrose
concentration. A standard invert sugar solution was prepared by dissolving 0.95 g sucrose in 500 mL distilled water,
followed by the addition of 2 mL concentrated hydrochloric acid. The solution was subsequently neutralized with
sodium carbonate prior to analysis. Total reducing sugars were then calculated according to the standard ISI, 1974
method.

The concentrations of fructose and glucose in the honey samples were also determined using the same standard
analytical protocol (ISI, 1974). Based on the quantified values of these sugars, the fructose-to-glucose (F:G) ratio was
calculated using the following relationship:

Fructose: Glucose ratio =Fructose (per cent by weight)Glucose (per cent by weight)

Acidity, HMF (Hydroxy methyl furfural) content, Total phenols, amino acid, Vitamin C

Free, lactonic and total acidity of honey samples were determined using the titrimetric procedure described by AOAC,
1984. Free acidity was measured by titrating the honey solution with standard alkali, while lactonic acidity was
estimated after neutralization and subsequent hydrolysis of lactones. Total acidity was calculated as the sum of free and
lactonic acidity, and the results were expressed as milliequivalents of acid per kilogram of honey.
Hydroxymethylfurfural (HMF) content was initially screened qualitatively using the Fiehe test, where the development
of a cherry red colour after reaction with resorcinol-hydrochloric acid indicated the presence of HMF (ISI, 1974).
Quantitative estimation of HMF was performed following the method of Schade et al., 1958. Ether extracts of honey
samples were evaporated, reacted with resorcinol reagent, and the absorbance of the resulting coloured complex was
observed at 490 nm using a spectrophotometer with distilled water as the blank. HMF concentration was determined
from a standard calibration curve and expressed as mg/kg.

Total phenolic content of the honey samples was estimated using the Folin-Ciocalteu colorimetric method (Bray and
Thorpe, 1954). The absorbance of the developed colour was measured at 650 nm with a spectrophotometer, and
phenolic concentration was calculated from a catechol standard curve. The results were expressed as mg phenols per
100 g of honey on fresh weight basis.

Proline the major amino acid in honey, was determined according to the method described by Bogdanov, 2009. Diluted
honey samples were reacted with formic acid and ninhydrin reagent and heated in a boiling water bath for 15 min. After
cooling, the reaction mixture was diluted with aqueous isopropanol and the absorbance was read at 520 nm. Proline
concentration was calculated from a standard curve and expressed as mg per 100 g honey.

Vitamin C content was determined by titration with 2,6-dichlorophenol-indophenol dye following the AOAC, 2004
method. Honey extracts prepared in 3 % metaphosphoric acid were titrated until a faint pink endpoint. The vitamin C
concentration was calculated using the standard formula

Vitamin C (mg/100g) = titer value x dye factor x volume made x 100Aliquot of extract taken for estimation x Wt. of
sample taken for estimation

Mineral content

For mineral determination, honey samples were first dried and subjected to wet digestion. Approximately 1 g of each
sample was digested using a diacid mixture of nitric acid (HNOs) and perchloric acid (HCIO4) in a 4:1 ratio until a clear
digest was obtained. The resulting solution was diluted with distilled water and used for subsequent mineral analysis.
Major mineral elements, including potassium (K), calcium (Ca), and sodium (Na), were quantified using a flame
photometer. Trace and secondary elements such as zinc (Zn), iron (Fe), manganese (Mn), and magnesium (Mg) were
determined using atomic absorption spectrophotometry. Phosphorus (P) content was estimated colorimetrically using a
Spectronic 20-D spectrophotometer following the procedures described by Jackson, 1973 and Sharma et al., 1987.

Data analysis

Morphometric measurements of worker bees were summarized as mean + standard error for each sampling location.
Differences among altitudinal sites were evaluated using one-way analysis of variance (ANOVA). Similarly, the
physicochemical and mineral characteristics of honey samples were analyzed using one-way ANOVA to assess
variation among the three locations, with seven independent replicates per site. Whenever the ANOVA indicated
significant differences at P < 0.05, treatment means were compared using Duncan’s Multiple Range Test (DMRT) to
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determine pairwise differences among sites. All statistical analyses were performed using the statistical software
OPSTAT (Sheoran et al., 1998).

RESULTS

Body length

The mean body length of worker bees of A. cerana collected from different altitudinal locations of Barot Valley ranged
from 11.89-13.19 mm. The lowest mean body length was recorded in workers from Jogindernagar (11.89 mm), followed
by Multhan (12.12 mm), with both populations being statistically similar. In contrast, workers from Chelra Di Malahn
exhibited the greatest body length (13.19 mm), which was significantly higher than those from the other two locations.
The lengths of the head, thorax, and abdomen varied from 2.92-3.18 mm, 3.57-4.01 mm, and 5.72-6.03 mm,
respectively. Head length did not differ significantly among the three locations, with measurement of 3.18 mm in Chelra
Di Malahn, 3.01 mm in Multhan, and 2.92 mm in Jogindernagar. However, thorax length showed significant variation
across sites, with the highest value recorded in Chelra Di Malahn (4.01 mm), followed by Multhan (3.89 mm), while the
lowest value was observed in Jogindernagar (3.57 mm). A similar trend was observed for abdomen length, where
workers from Chelra Di Malahn recorded the highest value (6.03 mm), followed by Multhan (5.99 mm), with both being
statistically similar. The lowest abdomen length was observed in Jogindernagar (5.72 mm), which differed significantly
from the other two locations (Table 1).

Table 1. Variation in total body length of A. cerana workers

Locations Head length (mm) Thorax length (mm) | Abdomen length | Body length (mm)
(mm)
Mean = | Range Mean = | Range Mean = | Range Mean =+ | Range
S.E. S.E. S.E. S.E.
Jogindernagar | 2.92 £+ | 2.84- 3,57 +|3.37- 572 £|541-599 | 11.89 £ | 11.48-
0.021b 2.93 0.05b 3.77 0.07b 0.17b 12.63
Multhan 3.01 + | 2.99- 3.89 +]3.82- 599 +|577- 12.12 =+ | 11.16-
0.01b 3.07 0.02a 3.99 0.06a 6.29 0.27b 13.40
Chelra Di|3.18 +]3.03- 401 +£|3.92- 6.03 +|577- 13.19 +| 12.84-
Malahn 0.06a 3.36 0.03a 4.10 0.06a 6.31 0.10a 13.47
C.D. (0.05) 0.12 - 0.10 - 0.13 - 0.61 -

Proboscis and antennal length

The mean proboscis length of worker bees varied from 5.11-5.34 mm across the studied locations. The longest proboscis
was observed in workers from Chelra Di Malahn (5.34 mm), followed by Jogindernagar (5.22 mm), whereas the shortest
length was recorded in bees from Multhan (5.11 mm) (Table 2).

Table 2. Variation in proboscis and antennal lengths of A. cerana workers

Proboscis length (mm) Antennal length (mm)
Locations
Mean = S.E. Range Mean = S.E. Range
. 5.18-
Jogindernagar | 5.22 +0.02ab 53] 3.89+£0.01b 3.86-3.91
4.94-
Multhan 5.11+0.05b 530 3.89+0.01b 3.85-3.94
Chelra Di 5.11-
Malahn 5.34+0.06a 559 4.02+0.01a 3.99-4.07
C.D. (0.05) 0.14 - 0.02 -

Antennal length ranged from 3.89-4.02 mm. Workers collected from Chelra Di Malahn exhibited the greatest antennal
length (4.02 mm), which differed significantly from the other locations. The shortest antennae were recorded in workers
from Multhan and Jogindernagar (3.89 mm), which were statistically at par (Table 2).

Wing dimensions and hamuli

Forewing length and breadth ranged from 8.68-8.78 mm and 2.79-2.96 mm, respectively. The longest forewings were
recorded in workers from Chelra Di Malahn (8.78 mm), whereas the shortest were observed in Jogindernagar (8.68
mm), which were statistically at par with Multhan (8.71 mm). Similarly, forewing breadth was highest in Chelra Di
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Malahn (2.96 mm), followed by Jogindernagar (2.92 mm), while the lowest value was observed in Multhan (2.79 mm),
with all differences being statistically significant (Table 3).

Hindwing length and breadth ranged from 5.91-6.19 mm and 1.59-1.73 mm, respectively. The longest hindwings were
recorded from Chelra Di Malahn (6.19 mm), which was statistically similar to Multhan (6.19 mm), whereas the shortest
were observed in Jogindernagar (5.91 mm). In terms of hindwing breadth, the highest value was observed in Chelra Di
Malahn (1.73 mm), followed by Jogindernagar (1.61 mm), while Multhan recorded the lowest value (1.59 mm), which
was statistically similar to Jogindernagar (Table 3).

Table 3. Variation in wing dimensions of A. cerana workers

Forewings Hindwings
Locations
Length (mm) Breadth (mm) Length (mm) Breadth (mm)
Mean + | Range Mean + | Range Mean + | Range Mean = S.E. | Ra
S.E. S.E. S.E. nge
Joginderna | 8.69 + | 8.62- 2.92+0.02b | 2.90-2.98 | 591 +|588 -|161+£0.01b | 1.59
gar 0.17b 8.76 0.01b 593 -
1.66
Multhan 8.71 + | 8.60- 2.79+0.0lc | 2.76-2.85 | 6.19 +16.05 -|159+£0.01b | 1.54
0.02b 8.78 0.03a 6.30 -
1.61
Chelra Di | 8.78 + | 8.68- 296+0.0la | 2.95-2.98 | 6.19 + 610 -|1.73+0.0la | 1.69
Malahn 0.04a 8.94 0.02a 6.23 -
1.76
C.D. (0.05) | 0.07 - 0.03 - 0.07 - 0.03 -

The number of hamuli on the hindwing margin ranged from 18.27 to 19.33. The highest number was recorded in
workers from Chelra Di Malahn (19.33), which was statistically at par with Jogindernagar (18.91). The lowest value was
observed in Multhan (18.27), which differed significantly from the other locations (Table 4).

Table 4. Variation in number of hamuli

Locations Hamuli number

Mean = S.E. Range
Jogindernagar 18.91 £ 0.15a 18.33-19.33
Multhan 18.27 £ 0.01b 18.00- 18.50
Chelra Di | 19.33£0.23a 18.17-19.67
Malahn
C.D. (0.05) 0.52 -

Body colour

Body colour of worker bees varied from yellowish-brown to brownish-black. Bees collected from the lower elevation
site at Jogindernagar (1220 m amsl) exhibited comparatively lighter coloration, whereas individuals from higher
elevations, particularly Multhan (1852 m amsl) and Chelra Di Malahn (2117 m amsl), showed darker pigmentation.

Physical properties

Pollen density, Moisture, pH, Electrical Conductivity (EC), Optical density (OD)

The pollen density of honey samples ranged from 74,435-77,726 pollen grains per 10 g of honey. The highest pollen
density was recorded in samples from Chelra Di Malahn (77,726 pollen grains/10 g), followed by Jogindernagar (75,319
pollen grains/10 g), while the lowest value was observed in samples from Multhan (74,435 pollen grains/10 g) (Table 5).
Moisture content of honey samples varied between 17.05-18.13 per cent. The highest moisture level was recorded in
honey from Multhan (18.13%), followed by Chelra Di Malahn (17.89%), whereas the lowest value was observed in
samples from Jogindernagar (17.05%). Moisture content differed significantly among the three locations and remained
within the permissible limit (<20%) prescribed by the Food Safety and Standards Authority of India (FSSAI, 2018)
(Table 5).

The pH of honey samples ranged from 3.98-4.49. The highest pH value was recorded in samples from Multhan (4.49),
followed by Chelra Di Malahn (4.28), while the lowest value was observed in honey from Jogindernagar (3.98). The pH
values differed significantly among the sampling sites and fell within the acceptable range for honey (3.90-6.10)
specified by FSSAI (2018) (Table 5).

Electrical conductivity (EC), which reflects the mineral and organic acid content of honey, ranged from 0.46-0.52
mS/cm. The highest EC value was recorded in honey from Multhan (0.52 mS/cm), whereas the lowest value was
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observed in samples from Jogindernagar (0.46 mS/cm). Honey from Chelra Di Malahn recorded an intermediate EC
value of 0.49 mS/cm, which was statistically comparable with the other two locations (Table 5).

The optical density (OD) of honey samples measured at 560 nm ranged from 0.78-1.02. The highest absorbance was
observed in honey from Chelra Di Malahn (1.02), which was statistically at par with samples from Multhan (0.93),
while the lowest value was recorded in honey from Jogindernagar (0.78). According to the colour classification
described by White (1975), all analysed samples fell within the absorbance range of <3.008 at 560 nm, corresponding to
honey colours ranging from white to amber-white (Table 5).

Table 5. Physical properties of A. cerana honey from Barot valley

Locations Physical Parameters
Pollen Density | Moisture | pH EC (mS/cm) | Optical
(pollen grain per | (%) density  at
10g) 560 nm
Jogindernagar | 75319b 17.05¢ 3.98¢c 0.46b 0.78b
Multhan 74435c¢ 18.13a 4.49a 0.52a 0.93a
Chelra Di | 77726a 17.89b 4.28b | 0.49ab 1.02a
Malahn

Chemical properties

Sucrose, Fructose and Glucose, Fructose: Glucose ratio

Sucrose content of honey samples ranged from 3.86-4.05 per cent across the three locations. The highest sucrose
concentration was recorded in honey from Chelra Di Malahn (4.05%), followed by Multhan (3.97%), while the lowest
value was observed in samples from Jogindernagar (3.86%). The differences among locations were statistically
significant, and all values remained within the permissible limit (<5%) prescribed by the Food Safety and Standards
Authority of India (FSSAI 2018) (Table 6).

Glucose content varied from 23.73-24.61 per cent. The highest glucose concentration was observed in honey from
Chelra Di Malahn (24.61%), which was statistically similar to samples from Multhan (24.51%). The lowest glucose
level was recorded in honey from Jogindernagar (23.73%) (Table 6).

Fructose content ranged from 26.70-27.75 per cent. The highest fructose concentration was recorded in honey from
Jogindernagar (27.75%), followed by Chelra Di Malahn (26.86%), while the lowest value was observed in samples from
Multhan (26.70%). Significant differences were observed among the locations (Table 6).

The fructose-to-glucose (F:G) ranged from 1.06-1.16. The highest ratio was recorded in honey from Jogindernagar
(1.16), followed by Chelra Di Malahn (1.09) and Multhan (1.06). The F:G ratios observed in the present study were
within the acceptable range (0.95-1.5) specified by FSSAI (2018) (Table 6).

Table 6. Chemical properties of A. cerana honey from Barot valley

Locations Chemical Parameters
Sucros | Gluco | Fruct | F: G | Acidity HM | Total Amino Vit C
e se ose (mili- F phenols acid (mg/100g
(%) (%) (%) equi/kg) (mg/ | (mg/100g | (mg/100g |)
100g |) )
)
Joginderna | 3.86¢ 23.73b | 27.75a | 1.16a | 31.57c 3.43c | 78.07b 71.61b 20.60c
gar
Multhan 3.97b 24.51a | 26.70c | 1.07¢ | 33.55a 3.56b | 78.50a 71.88a 21.28a
Chelra Di | 4.05a 24.61a | 26.86 | 1.09b | 32.79b 3.98a | 78.43a 71.89a 20.99b
Malahn b

Acidity, HMF (Hydroxy methyl furfural) content, Total phenols, amino acid,

Vitamin C

The acidity of honey samples ranged from 31.57-33.55 milliequivalents/kg. The highest acidity was observed in honey
collected from Multhan (33.55 meq/kg), followed by Chelra Di Malahn (32.79 meq/kg), while the lowest value was
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recorded in samples from Jogindernagar (31.57 meq/kg). All analysed samples were within the acceptable limit (<50
meq/kg) specified FSSAI (2018), indicating good freshness and absence of fermentation (Table 6).
Hydroxymethylfurfural (HMF) content varied from 3.43-3.98 mg per 100 g of honey. The highest HMF concentration
was recorded from Chelra Di Malahn (3.98 mg/100 g), followed by Multhan (3.56 mg/100 g), whereas the lowest value
was observed in samples from Jogindernagar (3.43 mg/100 g). The differences among locations were statistically
significant (Table 6).

Total phenolic content ranged from 78.07-78.50 mg per 100 g. The highest phenolic concentration was recorded in
samples from Multhan (78.50 mg/100 g), which was statistically similar to Chelra Di Malahn (78.43 mg/100 g). The
lowest value was recorded in honey from Jogindernagar (78.07 mg/100 g) (Table 6).

Total amino acid varied from 71.61-71.89 mg per 100 g. The highest concentration was observed in honey samples from
Chelra Di Malahn (71.89 mg/100 g), which was statistically at par with Multhan (71.88 mg/100 g). The lowest value
was recorded in honey from Jogindernagar (71.61 mg/100 g) (Table 6).

Ascorbic acid (vitamin C) content ranged from 20.60-21.28 mg per 100 g. The highest concentration was recorded in
samples from Multhan (21.28 mg/100 g), followed by Chelra Di Malahn (20.99 mg/100 g), while the lowest value was
observed in honey from Jogindernagar (20.60 mg/100 g). The differences among locations were statistically significant.

Mineral content

The mineral composition of honey samples varied among the three sampling locations. Honey collected from Multhan
showed comparatively higher concentrations of several mineral elements, including magnesium (0.05%), calcium
(0.29%), potassium (10.2%), zinc (1.13%), phosphorus (94 ppm), sodium (182 ppm), and manganese (3.9 ppm). In
contrast, the highest iron concentration was recorded in honey samples from Jogindernagar (76.5 ppm) (Table 7).

Table 7. Mineral content of A. cerana honey from Barot valley

Locations Minerals
Mg Ca(%) | K(%) | Zn P Na Fe Mn (ppm)
(%) (%) | (ppm) | (ppm) | (ppm)

Jogindernagar | 0.04b | 0.21b 8.00b 0.10c | 53¢ 173b 76.5a 3.2b

Multhan 0.05a 0.29a 10.2a 1.13a | 94a 182a 56.1c 3.9a

Chelra Di | 0.036¢ | 0.16¢ 8.40b 0.12b | 75b 165¢ 66.6b 2.6¢
Malahn

DISCUSSION

A. cerana, an important pollinator in Asian ecosystems, exhibits remarkable ecological adaptability and occurs across
diverse regions and climatic zones. This wide distribution contributes to considerable morphological variation among its
populations. Several environmental factors, including subspecies differentiation, climatic conditions, altitude, latitude,
seasonal variation and temperature have been reported to influence body size and morphological characteristics
(Baskaran, 2016; Nunes et al., 2012; Techer et al., 2017). Intraspecific variation in body size is considered an indicator
of environmental conditions and resource availability (Banaszak-Cibicka et al., 2018), while worker body weight and
size can also respond to nectar and pollen availability and seasonal fluctuations (Hepburn et al., 2001; Liu et al., 2018;
Tan et al., 2006). Previous studies have reported a positive relationship between body size and altitude (Dar and Ahmad,
2017), supporting the present findings that morphological traits of A. cerana populations from Barot Valley vary along
the altitudinal gradient.

Proboscis length, a key trait associated with nectar foraging efficiency, also showed regional variation in earlier studies.
Proboscis lengths ranging from 5.26-5.72 mm have been reported across different agro-climatic zones, while 5.35-5.46
mm were documented in Kashmir and 5.11-5.45 mm in Northern China (Dar and Ahmad, 2017; Radloff et al., 2005).
Variation in proboscis length is generally associated with adaptation to local floral resources and nectar accessibility.
The antennae of honey bees are key sensory organs involved in environmental perception and foraging behavior (Kumar
et al., 2016). The antennal length recorded in the present study aligns with earlier reports from Shimla (4.01-4.17 mm)
(Mattu and Verma, 1984), but is greater than values reported for A. cerana populations from Tamil Nadu (3.04 mm)
(Baskaran, 2016), indicating clear geographic variation. While such differences have been attributed to altitude-related
environmental pressures (Dar and Ahmad, 2017), the present data do not directly establish a causal relationship.
Morphological variation may also arise from genetic differentiation or developmental factors.

The recorded values of forewing length and breadth were comparable with those reported from different parts of India,
including Himachal Pradesh, Kashmir and Allahabad (Indhu et al., 2023; Dar and Ahmad, 2017; Ken et al., 2003). Wing
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dimensions are influenced by environmental variables such as altitude, latitude, climate and seasonal conditions
(Montero-Mendieta et al., 2019, Dar and Ahmad, 2017). Larger wing size can enhance flight efficiency in cooler
mountainous environments where air density and temperature differ from lowland regions. Hindwing measurements
recorded in the present investigation were also consistent with some reported ranges (Indhu et al., 2023). The number of
hamuli recorded in the present study falls within the range reported by earlier studies, 18.43-18.96 (Mattu and Verma,
1984), 18.58-20.73 (Dar and Ahmad, 2017), 18.64-19.90 (Ibrahim et al., 2019), and 17.55-19.60 across different agro-
climatic zones of Himachal Pradesh (Singh, 2020). Notably, previous investigations (Akahira and Sakagami, 1959;
Singh, 1989) have reported no significant association between altitude and hamuli number, suggesting that this trait
remains relatively conserved and less influenced by environmental gradients. The present findings are in agreement with
these observations, reinforcing the view that hamuli count is a stable morphological characteristic with limited
ecological plasticity.

Body colour exhibited noticeable variation among sampling locations. Darker body pigmentation has frequently been
associated with higher altitudes, where darker coloration may improve thermoregulation by facilitating heat absorption
under cooler environmental conditions (Indhu et al., 2023; Wang et al., 2021). Such pigmentation differences likely
represent adaptive responses that enhance survival in cooler mountainous habitats.

Physicochemical characteristics of honey are widely used indicators of honey quality, authenticity, and market value
(Grassi et al., 2025). In the present study, honey samples collected from Barot Valley locations (Chelra Di Malahn,
Multhan, and Jogindernagar) exhibited physicochemical properties within the limits prescribed by the Food Safety and
Standards Authority of India (FSSAI, 2018). Variations observed among locations may be attributed to differences in
floral sources, climatic conditions, and micro-environmental factors that influence nectar composition and bee foraging
behaviour.

Pollen content is widely recognized as a reliable indicator of honey authenticity and processing history. The pollen
density recorded in the present study falls within previously reported ranges, including a mean of 71,250 pollen grains
per 10 g (Gupta, 2019) and a broader range of 20,000-126,000 pollen grains per 10 g from the lower hills of Himachal
Pradesh (Yadav, 1995), indicating that the observed values are regionally consistent. Variation in pollen density is
primarily influenced by floral diversity, climatic conditions, and the geographical location of apiaries (Cherian et al.,
2011). Based on absolute pollen counts, all samples fall within Group II (20,000-100,000 pollen grains) as defined by
Louveaux et al., 1978, classifying them as moderately pollen-rich honeys.

The pH values of the analysed honey samples fell within the typical acidic range of 3.90-6.10 as reported for natural
honey by FSSAI, 2018. Honey acidity is primarily due to the presence of organic acids and contributes to its
antimicrobial stability and resistance to microbial spoilage (Hajian-Tilaki et al., 2024; Da Silva et al., 2016). Similarly,
EC values recorded were also within the acceptable limit (<0.8 mS/cm) (FAOSTAT, 2020) for floral honey, indicating
normal levels of mineral salts, organic acids, and proteins. Electrical conductivity is often correlated with mineral
composition and botanical origin, reflecting the environmental characteristics of the region where nectar is collected
(Addi and Bareke, 2021; Can et al., 2015). Moisture content is an important quality parameter influencing honey
stability, fermentation susceptibility, and storage characteristics (Dung et al., 2005). All honey samples analysed in the
present study contained moisture levels within the permissible limit of 20 % recommended by Codex Alimentarius
Commission, 2001, indicating proper maturation of honey within the hive. Variations in moisture content among the
locations may be associated with local climatic conditions, humidity levels, and nectar composition.

Sugars constitute the major component of honey, primarily in the form of fructose and glucose along with minor
amounts of disaccharides and oligosaccharides (Bogdanov et al., 2004). In the present study, fructose content was higher
than glucose in all honey samples collected, resulting in F:G ratios >1.0. Such ratios indicate a lower tendency for
crystallization and contribute to better storage stability of honey (Abselami et al., 2018). The sucrose content of the
analyzed samples remained below the maximum limit of 5 % recommended by FSSAI, suggesting adequate enzymatic
conversion of nectar sucrose into fructose and glucose during honey maturation. This enzymatic hydrolysis is primarily
facilitated by invertase enzymes secreted by honeybees during nectar processing within the hive (Al-Farsi et al., 2018).
Low sucrose levels therefore indicate well-ripened honey and support the authenticity of the analysed samples (Anklam,
1998).

Acidity values recorded for honey samples from Chelra Di Malahn, Multhan, and Jogindernagar were within the
maximum limit of 50 meq/kg specified by international standards (FAOSTAT, 2020), indicating good quality and
absence of significant deterioration. Acidity contributes to the characteristic flavour of honey and enhances its resistance
to microbial growth (Rani and Verma, 2025). The relatively higher acidity observed in Multhan samples may reflect
increased organic acid content, while lower values in Jogindernagar suggest comparatively fresher honey (Gomes et al.,
2010; Habib et al., 2014; Shobham and Nayar, 2017). However, as all values remain within acceptable limits, these
differences are more plausibly attributed to variation in floral origin and nectar composition rather than pronounced
fermentation effects.

HMF levels were very low (<4 mg/kg), indicating minimal heating and good freshness of the honey samples. HMF
formation generally increases during prolonged storage or thermal processing of honey; therefore, low HMF content
confirms that the samples were fresh and not subjected to excessive heating or adulteration (Choudhary et al., 2021;
Godoy et al., 2022).

Bioactive compounds such as phenolic substances, amino acids, and vitamin C contribute to the nutritional and
antioxidant properties of honey.

The total phenolic content observed, reflects the presence of bioactive phytochemical compounds derived from floral
nectar. Variation among locations is primarily attributed to differences in botanical origin and environmental conditions,
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which strongly influence chemical profile of the nectar (Anklam, 1998; Aljadi and Kamaruddin, 2004). The
comparatively higher phenolic content in Multhan and Chelra Di Malahn samples indicates greater antioxidant potential,
consistent with the established role of phenolic compounds in determining the functional properties of honey (Gheldof
et al., 2002).

Proline, the dominant free amino acid in honey, is introduced largely through bee-derived secretions during nectar
conversion and is widely used as an indicator of honey maturity and authenticity (Da Silva, 2016). In the study
conducted, proline levels ranged from 716.1 to 718.9 mg/kg, substantially exceeding the minimum standard of 180
mg/kg set by the Codex Alimentarius Commission, 2001, confirming proper ripening and absence of adulteration. The
observed variation among locations is more likely associated with differences in floral sources and foraging conditions
than with processing or storage factors, given that all samples showed sufficiently high values. Considering that proline
constitutes a major fraction of total amino acids in honey, its elevated levels further support the overall quality and
biochemical integrity of the samples (Iglesias et al., 2006; Truzzi et al., 2014).

Vitamin C content varied across locations, with Multhan honey exhibiting comparatively higher levels, likely reflecting
differences in floral origin. Although more labile than phenolic compounds, vitamin C contributes to the overall
antioxidant capacity of honey and may act synergistically with other bioactive constituents (Da Silva et al., 2016). The
observed variation is therefore primarily attributed to differences in botanical sources rather than post-harvest factors.
Mineral composition of honey is strongly influenced by soil properties, plant species, and environmental conditions of
the foraging area (Escuredo et al., 2013; Madejczyk and Baralkiewicz, 2008). It was recorded that electrical
conductivity increased in parallel with mineral content, indicating that EC is primarily governed by the concentration of
dissolved ionic constituents. The relatively higher mineral levels observed in Multhan honey further support this
relationship. Overall, these variations reflect the combined influence of geographical and botanical factors in the Barot
Valley.

The results indicate that variation in environmental conditions, altitude, and floral diversity across Barot Valley is
associated with differences in both worker morphology of A. cerana and the physicochemical characteristics of the
honey. These patterns underscore the ecological responsiveness of A. cerana and the strong influence of regional factors
on honey composition. The findings provide a basis for region-specific characterization of honey quality, which may
support value addition and targeted marketing of locally produced honey.

CONCLUSION

The present study demonstrates that variation across elevations in the Barot Valley is associated with differences in both
the morphology of A. cerana workers and the physicochemical characteristics of their honey. Bees from higher
elevations exhibited comparatively larger body size and darker coloration, suggesting possible adaptation to local
climatic conditions, although genetic influences cannot be excluded. Physiochemical analysis confirmed that all honey
samples met established quality standards, reflecting proper ripening and overall compositional integrity. Overall, these
findings provide baseline data for region-specific characterization of A. cerana populations and their honey, with
implications for conservation, sustainable management, and potential value addition of Himalayan honey.
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