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Stingless bee honey (SBH) is prized for its unique composition and health benefits, but its quality
varies widely due to differences in bee species, flower sources, and processing techniques.
Conventional physicochemical tests provide useful clues but not sufficient for reliable
classification and differentiation from Apis mellifera honey (BH). The integration of these
tests with advanced methods, such as Fourier transform infrared-attenuated total reflectance
(FTIR-ATR) spectroscopy, provides a more robust and direct approach for authentication of
the honey. SBH exhibited wide variation of moisture (11.33 —37.33%), pH (2.89 — 4.66), free
acidity (10.69 — 35.27 meq/kg), and electrical conductivity (66.63 — 1080.73 puS/cm), with
some samples exceeding the Malaysian Standard (MS 2683:2017). Meanwhile, the FTIR-ATR
spectra revealed distinct carbohydrate and organic acid bands and chemometric analyses
provided robust classification. The principal component analysis (PCA) explained up to 100%
variance clearly separating SBH from BH and clustering samples according to floral and
compositional differences. Agglomerative hierarchical clustering (AHC) further distinguished
three major classes based on physicochemical attributes reflecting differences in mineral content
and acidity. The partial least squares-discriminant analysis (PLS-DA) achieved the most
effective discrimination in the 3500 — 3000 ¢cm™! region with strong model performance
(R?Y = 0962, 0% = 0.684) and 100% correct classification of training samples, suggesting
hydroxyl-rich compounds as key discriminators. Collectively, these findings demonstrate
that integrating physicochemical tests with FTIR-ATR-chemometric modelling provides
a rapid, reliable, and non-destructive framework for classifying and authenticating SBH,
supporting the establishment of species-specific quality standards and strengthening consumer
confidence in its commercialisation.
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Stingless bee honey (SBH), produced by various
Meliponini species, has gained significant attention
due to its unique composition and associated health
benefits [1]. Compared to Apis mellifera honey
(BH), SBH is typically richer in organic acids,
phenolic compounds, flavonoids, and other bioactive
constituents that contribute to its antioxidant,
antimicrobial, and anti-inflammatory properties [2].
These attributes highlight SBH’s potential as a
valuable functional food and nutraceutical ingredient
[3]. However, the composition of SBH is highly
variable, influenced by bee species, floral sources,

and geographical factors, making it challenging to
establish consistent quality standards [4].

Beyond its nutritional components, several
physicochemical properties, such as moisture content,
pH, free acidity, electrical conductivity (EC), and
colour, are important indicators of SBH’s quality,
stability, and authenticity. SBH often has higher
moisture content and acidity, as well as greater
variability in EC and colour, due to its hygroscopic
nature and diverse botanical origins [5]. While these
characteristics contribute to its distinctive sensory
profile, they can also increase its susceptibility to
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fermentation and quality deterioration if not properly
handled [6]. To address these challenges, Malaysia
introduced MS 2683:2017, the first national standard
specifically for SBH, which sets limits for moisture,
pH, free acidity, and EC to ensure product stability,
safety, and consumer confidence [7].

Although physicochemical parameters provide
valuable information, they may not offer sufficient
discriminatory power for reliable classification and
authentication of SBH, given its inherent variability.
Modern analytical tools such as Fourier transform
infrared (FTIR) spectroscopy provide a rapid, non-
destructive method for obtaining chemical fingerprints
of honey by detecting vibrations associated with
carbohydrates, organic acids, proteins, and minor
constituents [8]. When combined with chemometric
techniques, such as principal component analysis
(PCA) and hierarchical clustering, FTIR data can be
translated into meaningful multivariate patterns that
differentiate samples according to their chemical
composition [9]. This combined approach strengthens
both quality assessment and authentication efforts.

Despite increasing research on SBH, many
existing studies have examined physicochemical
properties or FTIR characteristics separately, resulting
in fragmented insights into SBH classification.
To address this gap, the present study integrates
physicochemical characterisation with FTIR-ATR
chemometric analysis to comprehensively evaluate
Malaysian SBH in comparison with BH. Specifically,
the study aims to determine the physicochemical
properties of SBH, identify key FTIR spectral
features, and apply chemometric clustering to classify
SBH according to compositional attributes. Based on
these objectives, we hypothesised that SBH exhibits
distinct physicochemical, spectral, and pollen-related
characteristics compared to Apis mellifera honey,
and that integrating physicochemical analysis with
FTIR-ATR chemometric modelling enables effective
discrimination and classification of SBH samples. By
combining these methods, the study provides a more
comprehensive framework for quality assessment and
supports the development of robust standards and
authentication strategies for SBH, thereby promoting
marketing and consumer confidence.

MATERIALS AND METHODS
Materials and Chemicals

A total of 9 local SBH samples were obtained from
local stingless bee farmers in Pagoh, Muar, Johor,
Malaysia. The samples were labelled and coded as
follows: Apis mellifera (BH), Commercial SBH 1
(SBHC1), Commercial SBH 2 (SBHC2), Commercial
SBH 3 (SBHC3), and raw SBH samples from Tetrigona
binghami (KP), Heterotrigona erythrogastra (PM),
Geniotrigona thoracica (TH), Homotrigona aliceae
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(TP), and Heterotrigona itama (IT). The honey samples
were collected in sterile plastic containers and
transported to the laboratory under refrigerated
conditions (4°C). They were then stored in their
original containers at the same temperature until
further analysis and all analyses were done within
two weeks of sample collection. Sodium hydroxide
and ethanol were from R&M Chemicals, UK. All
chemicals used in this study were of analytical grade.

Sample Pre-Treatment

Before analysis, all honey samples were allowed to
stand at room temperature for 2 hours. The samples
were then stirred gently with a spatula for 10 minutes
to dissolve the sedimented sugar crystals and obtain a
homogeneous liquid. Then, the samples were used for
the determination of moisture content, pH, colour,
electrical conductivity, and acidity.

Physicochemical Analysis

The moisture content of the samples was done based
on AOAC method (AOAC 934.01) (AOAC, 2023).
Briefly, 1 g of honey sample was placed in a pre-
weighed crucible and then dried at 105°C for 5 hours in
a drying oven (Memmert, Germany), after which the
moisture content was calculated. pH was measured
using a pH meter (Mettler Toledo, USA) by preparing
10% (w/v) honey solutions. Colour was analysed using
a colorimeter (Hisuc, China) using CIE colour system.
The electrical conductivity (EC) was measured using a
conductivity probe (Mettler Toledo SevenExcellence,
USA) by preparing 10% (w/v) honey solutions. The
results are expressed in microSiemens per centimetre
(uS cm™). The free acidity (expressed in meq acid/kg
honey) was determined according to Pauliuc et al.
(2021) [8]. About 10 g of honey sample was mixed with
75 mL of free CO, water and titrated with 0.1 M NaOH
until reaching a pH of 8.30. The free acidity was
calculated using the following equation:

Free acidity = volume (mL) of 0.1 M NaOH X 10
(Eqn. 1)

Pollen Analysis

The pollen analysis was performed based on the
method proposed by Pauliuc ef al. (2021) [8], with
minor modification. About 10 g of honey was diluted
with 40 mL of MiliQ water in a 50 mL volumetric
flask and then filled to the mark. Then, the mixture
was homogenised using a magnetic stirrer. The diluted
honey was transferred into a 50 mL falcon tube and
centrifuged using a refrigerated centrifuge (Kubota,
Japan) at 4°C, 4500 rpm for 15 min, and the supernatant
was removed. The remaining residue was filled up
again to 50 mL with MiliQ water, vortexed for 1 min
and re-centrifuged at 4°C, 4500 rpm for 15 min and
the supernatant removed. The precipitate was spread
in a thin layer on a microscope slide, and the pollen
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grains were observed at 40x magnification using a
light microscope (Olympus CX23, China) with at
least 800 pollen grains counted and the pollen percent
was estimated.

FTIR-ATR Analysis

The FTIR spectra were obtained using a Nicolet iS5
FTIR spectrometer (Thermo Scientific, USA) with a
4 cm! resolution and 32 scans per spectrum (4000 —
650 cm!). An ATR cell analysed a drop of the
honey samples with a blank diamond ATR scan
for reference. The spectra were processed using
OMNIC™ software (v8.2) with ATR correction,
baseline correction, and smoothing before being
saved as a CSV file.

Chemometric Analysis
and

Dataset Pre-Processing, KMO Test
Transformation

The FTIR-ATR spectral data were compiled in
comma-separated values (CSV) files and imported
into XLSTAT software (2019 version, France) [10].
The transmittance data were separated into seven
wavenumber ranges: 4000 — 3501 ¢cm™, 3500 — 3001
cm, 3000 — 2501 cm!, 2500 — 2001 ¢cm™, 2000 —
1501 cm™, 1500 — 1001 cm™, and 1000 — 650 cm™'.
The important wavenumbers were then identified and
the PCA was performed to determine their contribution
across all the honey samples. Then, before running the
PCA, the dataset’s suitability was confirmed using
two tests with a significance level of a = 0.05,
respectively. Firstly, the Kaiser-Meyer-Olkin (KMO)
test was used to check for data adequacy. A KMO
score was ranked as KMO < 0.5 = inadequate, 0.5 <
KMO < 0.7 = mediocre, 0.7 <KMO < 0.8 = good, 0.8
<KMO <0.9 =very good, and KMO > 0.9 = excellent
to indicate the dataset adequacy, and only KMO > 0.5
was considered acceptable for PCA [11]. Secondly,
the Shapiro-Wilk test was performed to ensure the
data followed a normal distribution. To achieve a
normal distribution, the datasets were processed
using several transformation methods of standardised
(n-1), standardised (n), centre, standard deviation-1
(n-1), standard deviation (n), and Pareto. The normality
of each transformed dataset was then re-assessed
using the Shapiro-Wilk at o = 0.05. The best-
performing transformation method was selected
based on these results.

Principal Component Analysis (PCA)

The full FTIR-ATR spectra were extracted based on
their transmittance values to generate a comprehensive
dataset for PCA. Wavenumber ranges of 1000 —
650 cm™!, 1500 — 1001 cm™, 2000 — 1501 ecm!, 2500 —
2001 ecm™', 3000 — 2501 cm™', 3500 — 3001 cm™', and
4000 — 3501 cm! were selected as they represent both
the functional group and fingerprint regions of the
spectra. These spectral regions were chosen due

Quality Evaluation of Stingless Bee Honey by
Physicochemical Properties and FTIR-ATR-
Chemometric Classification

to their high potential in capturing key molecular
vibrations that can effectively distinguish between
different sample groups. Prior to PCA, the dataset was
pre-processed using the Pareto scaling technique,
which centres the data and scans each variable by the
square root of its standard deviation. This method
enhances moderate variations while preserving the
data structure, making it particularly suitable for
spectroscopic analysis. As a result of Pareto scaling,
the distribution of the variables approached normality
through the Gaussian distribution of the transformed
data. The number of principal components (PCs) was
optimised to obtain optimum differentiation among
samples. The differentiation result of the samples was
observed using PCA score plot. Moreover, the PCA
model was evaluated using its R’ and @° values to
justify the good of fitness and predictivity of the PCA
model, respectively [12].

Agglomerative Hierarchical Clustering (AHC)
Analysis

Agglomerative hierarchical clustering (AHC) was
applied on the datasets of the honey samples in order
to classify them to obtain the classification based
on their physicochemical analysis using Euclidian
distance and Ward’s method as aggregation criterion
without data pre-treatment. Noteworthy, hierarchical
clustering is an important and inherent process in
unsupervised machine learning. It begins with each
variable signifying an individual cluster. The clusters
are then subsequently merged according to their
similarity. Initially, the most similar clusters (usually
those with the smallest distance between them) are
merged to form a new cluster at the bottom of the
hierarchy. In the next step, another pair of clusters is
merged and linked to a higher level of the hierarchy,
and so forth [13]. Graphical representation of results
is a tree graph called a dendrogram.

Partial Least Squares-Discriminant Analysis
(PLS-DA)

Partial least squares-discriminant analysis (PLS-DA)
was used to develop a model for identifying different
types of stingless bee honey using the FTIR-ATR
spectra. A ‘cluster’ label was added to the datasets to
classify samples as either pure or SBH (stingless bee
honey). The PLS-DA was performed at a significance
level of a = 0.05, projecting the spectral data onto a
latent variable space optimised to distinguish between
classes. The model assigned each sample to a class
based on its FTIR spectrum and calculated discriminant
scores for classification [14]. The model’s performance
was evaluated using several metrics: R°Y (goodness-
of-fit to the response), R’X (variance explained in the
predictors), and Q? (predictive accuracy via cross-
validation). Cluster differences were assessed using
Fisher distance and corresponding p-values. The
model’s predictive power was further validated on
cross-validation and test datasets by calculating the
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percentage of correctly classified samples. Based on
these statistical parameters and classification results,
the most effective PLS-DA model was selected [15].

Statistical Analysis

The experiments were performed in triplicate, and the
results are expressed as mean + standard deviation.
Data were analysed using ANOVA with Tukey’s post-
hoc test in SPSS v16.0, with significance set at p<0.05.

RESULTS AND DISCUSSION
Physicochemical Properties of SBH

The physicochemical properties of the SBH samples
in this study showed considerable variability between
stingless bee and bee honey species samples (Table
1). The moisture content of the honey samples ranged
from 11.33% (SBHC1) to 37.33% (KP). There was an
inverse relationship with total solids content as higher
water content is associated with lower solids content.
According to the Malaysian Standard MS 2683:2017,
the maximum allowable moisture content for raw
SBH is 35%, while processed SBH should not exceed
22% [16]. Most raw samples in this study met the
requirements for raw honey, except KP (37.33%),
which exceeded the standard. SBHC1, a commercial
honey, had the lowest moisture content (11.33%),
which is well below the maximum value for processed
honey [16]. This low value likely reflects post-harvest
processing, such as controlled dehydration, which is
commonly applied to commercial stingless bee
honey to reduce water content, improve storage
stability and minimize fermentation risks. In contrast,
raw honeys such as KP, PM, and IT retained a
higher moisture content, which is related to their
natural hygroscopicity, storage in honey pots, and
open harvesting methods [17].

The pH of the honey samples ranged from 2.89
(SBHC2) to 4.66 (SBHC1), while the free acidity
ranged from 10.69 meq/kg (TH) to 35.27 meq/kg
(SBHC2). According to the Malaysian Standard, the
acceptable pH range for raw and processed SBH is
2.5-3.8 (Malaysian Standard, 2017); all samples except
SBHC1 (4.66) met this value [16]. Lower pH and
higher acidity, as observed in SBHC2 (2.89; 35.27
meq/kg), indicate higher levels of organic acids, which
may enhance antimicrobial activity but may increase
the risk of fermentation in honey with high moisture
content [17,18]. In contrast, SBHC1 exhibited a higher
pH with lower acidity, likely due to processing
reducing acidity, resulting in a milder flavour but
possibly lower microbial stability. Overall, pH and
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free acidity complement each other in determining
the acidity profile of honey and, together with EC,
serve as important indicators of quality, stability,
and authenticity.

The EC value of the honey samples ranged
from 66.63 puS/cm (SBHC1) to 1080.73 uS/cm
(SBHC2), reflecting the differences in mineral and
ion content. Higher EC values, such as those in
SBHC2 and BH, indicate higher concentrations of
minerals and organic acids, while the low EC value in
SBHCI is consistent with commercial processing and
lower mineral content. The EC value is considered a
reliable indicator of the authenticity and botanical
origin of honey, as it is less affected by storage than
moisture or pH. The typically higher EC value of SBH
compared to Apis mellifera honey is related to the
diverse floral sources and mineral-rich nectar [19].
Meanwhile, the colour of the samples ranged from
very light (PM, TH) to darker shades (BH, SBHC1),
with SBHC3 from the mountains showing medium
values. The colour of honey is determined by the floral
source, phenolic content, and pigments, which are
closely related to the pollen profile [5]. Darker honeys
tend to contain higher phenolic content and higher
antioxidant activity, while lighter samples generally
have a milder flavour and lower levels of bioactive
compounds [35]. Thus, colour serves not only as
a sensory and qualitative attribute, but also as a
complementary indicator of botanical origin.

Compared to Apis mellifera honey, SBH
generally contains higher moisture levels, reaching up
to 37.33% compared with 20.33% in BH, and lower
total solids content due to its hygroscopic nature and
harvesting methods. BH exhibited moderate acidity (pH
3.33; 32.39 meq/kg), which is within the range of SBH,
but showed less variability. The EC of BH (653.23
uS/cm) was comparable to that of mineral-rich SBH
samples such as SBHC2 (1080.73 uS/cm) and PM
(799.60 pS/cm). In terms of colour, SBH samples
showed a wide range of lightness values, with several
samples (such as KP and PM) appearing significantly
darker than BH, while others, such as TH, displayed
similar colour characteristics. These variations reflect
differences in floral sources, pollen composition, and
bee species [20]. Overall, SBH has distinctly different
properties than BH, which emphasizes the importance
of considering its unique characteristics when evaluating
quality. The observed variations in moisture, acidity,
EC and colour illustrate the strong influence of bee
species and flower origin on the quality of stingless bee
honey. Since the pollen directly reflects the botanical
origin, the pollen analysis provides further information
to explain these physicochemical differences.
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Table 1. Physicochemical properties of SBH based on some physicochemical analyses of moisture, total solid,
pH, free acidity, electrical conductivity, and colour.

Parameters
Electrical
Sample Moisture Total solids Free acidity conductivity Colour
%) %) i (meqkg)  (uS/em)
L a b
BH 20.3340.58>  79.67+0.58° 3.33+£0.01¢¢  32.39+£0.25°  653.23+4.36° 64.39+0.46%  0.28+0.02*  55.47+0.45¢
SBHC1  11.33£2.89*  88.67+2.89¢  4.66+0.01%  11.57+0.25¢  66.63£12.97°  47.74+0.24" 30.83+£0.08%  76.55+0.56"
SBHC2  29.33#2.31¢  70.67+2.31°  2.89+0.07° 35.27+0.88° 1080.73£2.97" 35.63+£0.43¢ 34.58+0.44"  60.60+0.25"
SBHC3  28.00+0.00°  72.00£0.00°  3.37+0.01¢ 14.96+1.33%°  579.63+1.53¢  37.9440.12¢ 21.82+0.26°  60.37+0.44"
KP 37.33£0.58¢  62.67+£0.58*  3.23+0.02f 22.9240.48%  681.13£4.50'  0.17+0.02*  14.56+0.52°  8.43+0.42%
PM 31.00+3.46%  69.00+3.46%°  3.29+0.02¢  26.69+3.62¢  799.60+6.66¢  0.16£0.01*  4.88+0.07° 1.44+0.052
TH 25.67£2.31% 74334231  3.54+0.01°  10.6942.13*  518.43+3.96°  63.42+0.458  4.50+0.02®  57.00+0.19¢
TP 26.00+£0.00*  74.00+0.00>  4.50+0.00F 17.70+0.34>  398.37+1.83"  45.56+0.45¢ 18.23+0.02¢  65.88+0.162
IT 29.67+4.73¢  70.33+4.73%  3.49+£0.01° 13.62+0.39%  585.30+£9.82¢  26.07+0.72° 22.69+0.24"  43.65+0.32¢

Remark: The results shown are mean + standard deviation (n=3). Values in the same column with different subscripts are
significantly different at p<0.05. BH: Apis mellifera, SBHC1: Commercial SBH 1, SBHC2: Commercial SBH 2, SBHC3:
Commercial SBH C, KP: SBH of Tetrigona binghami, PM: SBH of Heterotrigona erythrogastra, TH: SBH of Geniotrigona
thoracica, TP: SBH of Homotrigona aliceae, and IT: SBH of Heterotrigona itama.

Pollen Analysis

The pollen analysis revealed clear differences in
pollen density between the honey samples (Figure 1).
The densest pollen concentrations were observed in
SBHC3, KP, PM, SBHC3, and TH, while TP and IT
showed moderate densities with more scattered pollen
grains. In contrast, SBHC1 and SBHC2 contained
very few pollen grains, probably due to processing and
filtration, while BH had larger and more distinct
pollen grains. As the hives where the SBH collected
were located within palm oil plantations, the observed
pollen morphology was consistent with oil palm
(Elaeis guineensis), thus it is very likely that oil palm
served as the dominant floral source. Nevertheless,
the overall pollen profiles suggest that the SBH
retained a polyfloral character, as stingless bees
typically visit multiple nectar sources. Similar trends
have been reported in previous studies where raw
honeys had a richer pollen content, while processing
significantly reduced palynological traits [21,22].
These results confirm that pollen analysis is useful
for distinguishing raw from processed SBH and
assessing floral contributions, although their irregular
distribution suggests that complementary approaches
such as FTIR-ATR chemometrics are required for
reliable authentication.

Although the pollen data obtained in this
study were qualitative and based on microscopic
observation, meaningful relationships could still be
inferred by comparing pollen density patterns with
quantitative physicochemical parameters. Samples
with the highest moisture content of KP, PM, and
elevated EC values (681 — 799 uS/cm) exhibited
the densest pollen presence, consistent with raw,
unprocessed honey that retains more botanical
residues. These darker samples (L < 1.0) also had
higher free acidity, suggesting that organic acids
and mineral-rich nectar collected from diverse
floral sources contribute to both pollen load and
chemical characteristics. Conversely, commercial
SBH samples, particularly SBHC1 and SBHC2,
showed very low pollen density alongside low
moisture (11.33%) or processing-associated reduction
in mineral content (EC = 66.63 uS/cm). The lighter
colour and reduced acidity of these samples further
support the influence of filtration and dehydration on
pollen depletion. Overall, the physicochemical data
corroborate the pollen findings by demonstrating that
raw SBH samples with higher moisture, EC, acidity,
and darker colour tend to contain more pollen, while
processed honeys show minimal pollen due to post-
harvest handling.
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Figure 1. Morphology analysis of pollens in honey samples. BH: Apis mellifera, SBHC1: Commercial SBH 1,
SBHC2: Commercial SBH 2, SBHC3: Commercial SBH C, KP: SBH of Tetrigona binghami, PM: SBH of
Heterotrigona erythrogastra, TH: SBH of Geniotrigona thoracica, TP: SBH of Homotrigona aliceae, and IT:
SBH of Heterotrigona itama.

FTIR-ATR Spectra of Honey

The medium IR region between 4000 — 650 cm’!
contains some information from molecular vibrations
and is sensitive to the chemical and physical
conditions of the samples, as this spectral region has
aided to identify prominent samples with different
composition and concentration. Moreover, this FTIR
method is known to be a simple, fast, and non-
destructive analysis. The FTIR spectra of the SBH
samples analysed in this study are shown in Figure 2.

A strong and broad peak of the O—H group
with a stretching vibration at ~3250 cm™! was

observed in the studied honey samples. A weak
absorption band of the C—H stretching mainly from
carboxylic acid was defined at ~2850 cm™!. Moreover,
a weak C—H stretching was observed at ~2300 cm’!
and at the lower energy region, the C=O stretching
was observed at ~1600 cm™', and the characteristics of
carbohydrates of C—O bond stretching of the C—O-C
linkage of a strong and sharp peak at ~1100 cm™!.
The sweetness of SBH attributed to the chemical
components of sucrose, glucose, and fructose can
be observed in the spectral region of 1500 — 900 cm™!,
as reported by Hungerford ef al. [23]. The FTIR
spectra indicated the characteristic for saccharide
configuration at 978 — 700 cm’.
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Figure 2. FTIR spectra of the honey samples. BH: Apis mellifera, SBHC1: Commercial SBH 1, SBHC2:
Commercial SBH 2, SBHC3: Commercial SBH C, KP: SBH of Tetrigona binghami, PM: SBH of Heterotrigona
erythrogastra, TH: SBH of Geniotrigona thoracica, TP: SBH of Homotrigona aliceae, and IT: SBH of
Heterotrigona itama.

Chemometric Analysis
Principal Component Analysis (PCA)

Principal component analysis (PCA) was employed to
evaluate the clustering trend and variance structure of
the honey samples, providing an overview of the
underlying similarities and differences. As illustrated
in Figures 3(a-g), the first two principal components
(PC1 and PC2) accounted for a significant proportion
of the total variance, ranging between 99.99% and
100% depending on the dataset with KMO test of the
value 0.644 — 0.782, suggesting the data are within the
acceptable range [24]. This indicates that the PCA was
successful in capturing the major sources based on the
compositional variation of FTIR-ATR spectral of the
honey samples.

Distinct clustering was observed, where
samples tended to group according to their floral,
geographical origin or molecular composition of
the honey [21]. For example, KP and PM formed a

separate cluster along PC1 throughout the FTIR-ATR
wavenumber region of 4000 — 650 cm!, reflecting
differences in the chemical components, such as
sugars (sucrose, glucose, and fructose), amino acids,
phenolic compounds, and organic acids [25]. Other
than that, SBHG and TP also formed a clear and
separate cluster for the aforementioned wavenumber.
The observed separation demonstrates that the PCA
can discriminate honey samples based on their intrinsic
chemical fingerprints without requiring prior class
information. The tight grouping of each honey sample
type further supports the reliability of the method,
suggesting good homogeneity within groups and
minimal experimental noise [26]. Conversely, the
inter-group variation captured by the PCA highlights
the contribution of specific compounds or functional
groups that differ between honeys of different
botanical or geographical sources. These findings are
in line with previous reports where PCA successfully
differentiated monofloral and multifloral of honey
samples [27, 28].
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Figure 3. Principal component analysis (PCA) based on the FTIR-ATR spectra of the honey samples by
different wavenumber regions: (a) 1000 — 650 cm™'; (b) 1500 — 1001 cm™; (c) 2000 — 1501 em™; (d) 2500 — 2001
cm’'; (€) 3000 — 2501 cm’!; (f) 3500 — 3001 cm™'; and (g) 4000 — 3501 cm™.

Noteworthy, the PCA results confirm that the
compositional variability of honey can be successfully
captured and visualised through multivariate analysis.
This highlights the utility of spectroscopic data
coupled with PCA as a rapid, non-destructive, and
cost-effective approach for honey authentication
and quality assurance, which is increasingly important
for consumer protection and regulatory compliance.
Further studies should focus on identifying the
chemical compounds responsible for differences
in FTIR-ATR of all honey samples.

Agglomerative Hierarchical Clustering (AHC)
Analysis

Agglomerative hierarchical clustering (AHC)
analysis was used to visualise the classification

of the honeys based on the physicochemical analysis
of moisture, total solid, electroconductivity,
pH, and free acidity. The AHC focused mainly
on finding similarities between samples using
different classification algorithms. The descriptive
statistics of the honey dataset (Table 2) showed
that all the honey samples exhibited relatively
narrow ranges of moisture and total solids, but
the electrical conductivity (EC), pH and free
acidity showed wider variation. In particular, the
EC ranged from 65.20 to 1093.30 uS/cm, reflecting
strong differences in mineral content among all the
honeys. Similarly, free acidity varied substantially
(17.40 — 720.84 meq/kg), suggesting diverse
botanical origins and fermentation states of the
honeys, respectively.

Table 2. Summary of the collected dataset.

Variable Minimum Maximum Mean Std. deviation
Moisture 95.33 97.18 96.41 0.57
Total solid 2.82 4.67 3.589 0.57

EC 65.20 1093.30 595.89 265.93
pH 2.82 4.67 3.59 0.57
Free acidity 17.40 720.84 320.03 206.61
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Table 3. Summary of the resultant AHC of collected dataset.

Class 1 2 3
Objects 3 15 9
Sum of weights 3 15 9
Within-class variance 28.799 18749.777 46532.973
Minimum distance to centroid 2.088 28.502 46.353
Average distance to centroid 4.065 111.311 188.357
Maximum distance to centroid 6.096 206.528 284.035

Table 4. Central objects with respect to the resultant classes.

Class Moisture Total solids EC pH Free acidity
1 (SBHC_3) 95.340 4.660 66.000 4.660 25.124
2 (TH_2) 96.459 3.541 519.600 3.541 248.680
3(PM 1) 96.727 3.273 810.900 3.273 568.520

Next, the agglomerative hierarchical clustering
(AHC) of the dataset produced three distinct classes,
as shown in Table 3. Class 1 consists of three samples
characterised by low within-class variance of 28.799
and short distances to the centroid, indicating high
internal homogeneity. Class 2 groups the largest
number of samples (n=15) with moderate within-class
variance of 18749.777, while Class 3 contains 9
samples with the highest within-class variance of
46532.973, providing more pronounced internal
diversity. The distance measures also indicate that
Class 1 samples were the most compact, whereas
Classes 2 and 3 exhibited progressively larger
dispersion.

In Table 4, representing each class based
on the central objects provides insight into the
compositional signatures based on the clusters. Class
1, which is represented by SBHC1 3, displays low EC
(66 nS/cm) and low free acidity (25.12 meq/kg). Next,
Class 2, represented by TH_2, exhibits intermediate
characteristics with higher EC (519.6 pS/cm) and
moderate free acidity (248.68 meq/kg). In contrast,
Class 3, represented by PM_1, is characterised by the
highest EC (810.9 puS/cm) and marked elevation of
free acidity (568.2 meq/kg). These findings suggest

that the AHC successfully differentiates all the honey
samples according to their physicochemical profiles,
with distinct clusters likely reflecting differences in
floral sources, post-harvest handling, and storage [29].

Figure 4 shows the AHC of the honey samples
showing three principal clusters at the selected
dissimilarity threshold, reflecting clear compositional
distinctions among all the honey samples. The first
cluster encompasses of KP and PM, indicating a high
degree of homogeneity within their chemical profiles.
Moreover, the second cluster groups SBHC1 and BH,
which exhibited moderately divergent characteristics
relative to the first cluster and maintained internal
consistency. The third cluster comprises of TP, SBHG,
IT, and TH, which were markedly differentiated
among all the samples. Notably, technical replicates
for each sample type, for example SBHC2 1-3,
KP_1-3, clustered tightly withing their respective
groups, attesting to the reliability and reproducibility
of the analytical approach. These clustering patterns
are in agreement with previous studies that utilisied
AHC, together with PCA or PLS-DA, to infer
the botanical and geographical origins of honey
based on physicochemical and FTIR-ATR spectral
characteristics [28,30].
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Figure 4. Agglomerative hierarchical clustering (AHC) of the honey samples (SBHC2, KP, PM, SBHCI, BH,
TP, SBH3, IT, and TH) based on the honey physicochemical analysis.

Partial Least Square-Discriminant Analysis
(PLS-DA)

The application of PLS-DA towards the FTIR-ATR
spectral data revealed that specific spectral regions
hold significant potential for discriminating between
BH and SBH. The most effective classification was
achieved at the 3500 — 3000 cm™! spectral range, which
corresponds to the O—H stretching vibrations from
water, carbohydrates, and organic acids [31]. This
model demonstrated strong predictive capability,
as indicated by a high cumulative Q? value of
0.684 and R?Y of 0.962 and it successfully classified
100% of the samples in the training set (Table 5).
The model’s predictive power was confirmed
through cross-validation, which showed consistent
classification trends and acceptable Q7 values across
multiple spectral ranges.

Although the present study relied on internal
cross-validation rather than external validation,
the agreement between the R’Y and Q? parameters

suggests that the model was not overfitted and
maintained good internal predictive reliability.
Previous studies have also demonstrated that cross-
validation provides a reliable approximation of model
generalizability when the available sample size
is limited and external datasets are not feasible.
According to Ciursd et al. (2021) and Tarapoulouzi
et al. (2024), internal cross-validation can effectively
mimic the performance of independent testing by
repeatedly partitioning the data into training and
testing subsets, therefore reducing model bias and
variance. Furthermore, this approach allows for an
objective estimation of how the PLS-DA model would
perform on unseen data while ensuring the optimal
number of latent variables is selected to prevent
overfitting, respectively. In chemometric applications
involving FTIR data, particularly in food authentication
studies with small sample sets, cross-validation has
been shown to yield predictive accuracies comparable
to those obtained from external validation, thus
supporting its uses as a statistically valid alternative
for evaluating model robustness.
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Table 5. Classification matrix of training and validation datasets of PLS-DA of pure honey and stingless bee
honey (SBH) samples.

Discriminating Discriminating model quality R’Y, R’X and O’
model cumulated indices and permutation test % correct
wavenumber Dataset classification
9 RY R’X o’ p-value
(cm™)
Training
Pure 0
SBH 100
1000 — 650 0.298 0.999 0.143 p<0.05
Validation
Pure 0
SBH 100
Training
Pure 0
SBH 100
1500 — 1001 0.295 0.999 0.191 p<0.05
Validation
Pure 0
SBH 100
Training
Pure 100
SBH 100
2000 — 1501 0.592 1.000 0.039 p<0.05
Validation
Pure 0
SBH 100
Training
Pure 0
SBH 100
2500 -2001 0.307 1.000 0.140 p<0.05
Validation
Pure 0
SBH 100
Training
Pure 0
SBH 100
3000 — 2501 0.303 1.000 0.141 p<0.05
Validation
Pure 0
SBH 100
Training
Pure 100
SBH 100
3500 — 3001 0.962 1.000 0.684 p<0.05
Validation
Pure 0
SBH 0
Training
Pure 0
SBH 100
4000 - 3501 0.294 1.000 0.137 p<0.05
Validation
Pure 0

SBH 100
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In contrast, models developed using other
spectral regions of 1000 — 650 cm™, 1500 — 1001 cm!,
2500-2001 cm!, 3000 —2501 cm™!, and 4000 — 3501
cm! provided poor predictive models with low Q?
values (all below 0.2), indicating a lack of correlation
between the spectral variations in these regions and
the honey type. Furthermore, the model for the 2000 —
1501 cm! region, despite perfect classification in the
training set was clearly overfitted evidenced by a
negligible O value of 0.039 and a failure to classify
pure honey in the validation set. Therefore, the
significant difference observed in the 3500 — 3001 cm’!
region suggests that variations in the content of
hydroxyl-containing compounds, primarily water
and sugars, are the most reliable indicators for
distinguishing between pure and SBHC2 using FTIR-
ATR spectroscopy. This analysis demonstrates the
critical importance of using O? and an independent
validation set to assess the true performance of a PLS-
DA model, rather than relying solely on the training
set results.

CONCLUSION

This study demonstrated that SBH exhibits substantial
variation in moisture, pH, free acidity, electrical
conductivity, and colour, with some raw samples
exceeding the limits of MS 2683:2017, while processed
SBH generally met the defined specifications. Pollen
analysis qualitatively confirmed the presence of
botanical residues in raw SBH, with higher pollen
densities observed in samples with higher moisture,
acidity, and EC, whereas commercial samples showed
very low pollen due to filtration. FTIR-ATR spectra
provided characteristic chemical fingerprints, and the
integration of FTIR data with chemometric analyses
(PCA, AHC and PLS-DA) successfully differentiated
SBH from Apis mellifera honey and classified SBH
according to compositional traits. Collectively, the
combined physicochemical—spectral approach offers
a rapid and robust framework for evaluating SBH
quality and authenticity. The findings support the
continued development of species-specific standards,
such as MS 2683:2017, and highlight the need for
expanded datasets with broader floral origins to
further strengthen classification and authentication
models.
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