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Abstract

Honey adulteration represents a significant food safety and economic concern globally, yet comprehensive data from North
Macedonia remains lacking. This study evaluated 538 honey samples (391 domestic, 147 imported) collected between
2020 and 2024 for compliance with national and EU quality standards. Overall, 9.48% of samples failed at least one
quality parameter, with domestic honey showing higher non-compliance (12.53%) than imported (1.4%). The primary
causes of non-compliance were elevated hydroxymethylfurfural (64.7%) and reduced diastase activity (43.1%), indicating
heat-related exposure. Among 16 samples failing C4 sugar analysis, 7 (43.8%) met all other regulatory requirements, sug-
gesting sophisticated adulteration methods that evade routine testing. Statistical analysis revealed very strong associations
between heat-related parameters. Temporal analysis showed declining overall non-compliance but increasing prevalence
of diastase-related failures. These findings, representing the first systematic assessment of honey adulteration in North
Macedonia, indicate that while basic market surveillance appears effective, current testing protocols may miss economi-
cally motivated adulteration. Implementation of routine C4 sugar analysis, particularly for samples passing conventional
parameters, is essential for comprehensive fraud detection and consumer protection.

Keywords Honey authentication - Physicochemical compliance - Hydroxymethylfurfural - Diastase activity - Food fraud
surveillance - C4 sugar adulteration

Introduction

Food fraud, defined as the deliberate adulteration or mis-
representation of food products, presents persistent public
health and economic concerns, particularly for high-value
commodities [ 1-3]. Evidence indicates a rise in such activi-
54 Tome Nestorovski ties, notably during the COVID-19 pandemic, prompting

tome.nestorovski@fvm.ukim.edu.mk evolving preventative measures from regulatory bodies
worldwide [3-7].

Among food products susceptible to fraud, honey has
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intensive agricultural practices, climate change, and increas-
ing bee diseases have significantly constrained authentic
honey supply, widening the gap between consumer demand
and available product [18]. This supply-demand imbalance
has created favorable conditions for fraudulent practices,
with global trade data and laboratory analyses confirming a
significant presence of adulterated or non-compliant honey
in international markets [9, 19, 20].

Honey adulteration typically manifests through the addi-
tion of C3 and C4 sugar syrups, the harvesting of imma-
ture honey requiring artificial thermal dehydration, and the
masking of geographical origin via transshipment or resin
technology [20-24]. While traditional quality parameters
such as hydroxymethylfurfural (HMF) levels, diastase
activity, electrical conductivity, and sugar profiles serve as
established indicators of freshness, and processing history,
the detection of sophisticated fraud increasingly relies on
advanced techniques like Liquid Chromatography-Isotope
Ratio Mass Spectrometry (LC-IRMS) and Nuclear Mag-
netic Resonance (NMR) to mitigate public health risks [9,
21,25, 26].

Recognizing the scale of this problem, the European
Commission has implemented Coordinated Action Plans in
2015 and 2021 to assess honey compliance with regulations
such as the EU Honey Directive (2001/110/EC) [21, 22].
These initiatives have revealed concerning levels of non-
compliance across member states, highlighting the need
for enhanced surveillance at national levels. While regional
studies in neighboring Serbia and earlier preliminary work
in North Macedonia have investigated honey quality based
on regional characteristics, according to the National rule-
book for standards and determination of bee products qual-
ity, comprehensive and ongoing assessment remains vital
for consumer protection and market integrity [27-29].

North Macedonia presents a unique context for honey
quality assessment. The country has experienced growth in
beekeeping operations, driven by strong cultural traditions
and steady domestic demand for honey for both medicinal
and culinary purposes [30]. Honey production plays a cru-
cial role in rural livelihoods and agricultural sustainability.
Despite this economic significance, current knowledge is
limited to sporadic, cross-sectional assessments that fail
to capture the evolving nature of food fraud. To date, no
longitudinal analysis has evaluated how honey adulteration
patterns in the region respond to changing regulatory pres-
sures over time. This absence of systematic, multi-year data
hinders the development of predictive risk models essential
for alignment with EU food safety protocols. The Food and
Veterinary Agency has an annual monitoring program for
honey quality that includes laboratory testing of compli-
ance with the national legislation that is harmonized with
the EU Honey Directive (2001/110/EC). The laboratories
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performing these analyses must be ISO 17,025 accredited
and participate in proficiency tests.

The aim of this study was to conduct a multi-year assess-
ment of the quality and authenticity of honey in North
Macedonia (2020-2024), in accordance with national and
European regulations, with particular emphasis on the fre-
quency of non-compliance and potential indicators of adul-
teration as well as to propose evidence-based surveillance
strategies for future monitoring.

Materials and methods
Honey samples

All samples in this study (n=538) were provided to the
Faculty of Veterinary Medicine-Skopje, from 2020 to 2024,
by the Food and Veterinary Agency as part of the national
monitoring program and included inspector targeted, by
beekeepers and private citizens as voluntary submissions.
All samples were stored at 4 °C and handled according to
the internal SOP within the ISO 17,025 standard. Although
botanical metadata was not available for every sample,
this limitation does not preclude the assessment of market
compliance. Consequently, the study applied the universal
regulatory baselines established in the National Rulebook
and EU Directive 2001/110/EC, which define the legality of
honey regardless of its specific floral source.

Determination of physicochemical parameters

The determination of the physicochemical parameters fol-
lowed methods described by the International Honey Com-
mission [31], to check the compliance with the National
and European legislative values, referred later as regula-
tory values (RV). All physicochemical assessments utilized
analytical-grade reagents (purity > 99%). The methods are
accredited under ISO 17025 standard and have undergone
full validation to ensure analytical reliability. For moisture
content determination, the refractive index of the samples
was measured using a KRUSS Optronic GmbH (Germany).
The conductometer used for measuring the electrical con-
ductivity of the samples was InoLab Cond 7110 (Ger-
many). A Binder drying oven (model 53, Germany), with
a temperature of 135 °C, was used to determine insoluble
matter. Hydroxymethylfurfural and diastase activity were
determined using an ultraviolet/visible (UV/Vis) spectro-
photometer (model Cary 60, Agilent Technologies, USA).
High-Performance Liquid Chromatography (HPLC) - with
a Refractive Index Detector (RID) 1260 Infinity II series,
Agilent Technologies, USA) was used to analyze fructose,
glucose, and sucrose. The sugars were separated on an
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amino column (4.6 x 250 mm, 5 pm particle size, Zorbax
Carbohydrate, Agilent Technologies, USA). C4 sugar anal-
ysis was carried out using 13 C/12 C EA/LC-IRMS (Detec-
tion of C4/C3 sugars) ICS SOP 520 — 13 (2021-03) method
[32]. Due to the high analytical costs and specialized infra-
structure required for Isotope Ratio Mass Spectrometry, C4
sugar analysis was performed on a subset of samples (n =
49) provided by the Food and Veterinary Agency.

Data collection and Preparation

Quality parameters were categorized according to estab-
lished standards as outlined in the National and European
legislation [27, 33]. For HMF, diastase activity, and C4
sugar content, additional subcategories were created to bet-
ter distinguish values as indicators of honey age, heat treat-
ment, sugar feeding to bees, and the association between
these parameters (Table 1). Import status was categorized as
“Yes” (imported) or “No” (domestic).

Statistical analysis
Descriptive statistics
Frequency distributions (counts and percentages) were cal-
culated for all quality parameters to identify the most com-

mon causes of non-compliance. Cross-tabulations were
performed to examine relationships between parameters.

Table 1 Subcategorization of HMF, diastase activity and C4 sugar val-
ues

Parameters Reference values Subcategorization Categori-
zation
HMF <10 mg/kg Fresh honey Compliant
10-30 mg/kg Compliant aged or Compliant
heat-treated honey
3040 mg/kg Compliant aged or Compliant
heat-treated honey
with higher content
>40-200 mg/kg  Non-compliant Non-
values compliant
200.00 mg/kg Extremely high non- Non-
compliant values compliant
Diastase >20.00 DN Fresh honey Compliant
activity 8.00-20.00 DN Compliant aged or ~ Compliant
heat-treated honey
<8.00 DN Non-compliant value Non-
compliant
C4 sugar <7.00% Compliant Compliant

7.00-15.00% Indicates potential Non-
bee feeding with compliant
sugar during nectar

flow

Indicates blending Non-
with a larger amount compliant
of sugar syrup

>15.00%

Association analysis

Chi-square tests of independence were conducted to exam-
ine associations between pairs of non-compliance param-
eters. For each pair, a 2x2 contingency table was created,
and the chi-square statistic (x?) was calculated. The strength
of association was quantified using Cramer’s V coeffi-
cient, with values interpreted as: < 0.1 (negligible), 0.1-0.2
(weak), 0.2-0.4 (moderate), 0.4-0.6 (relatively strong),
0.6-0.8 (strong), and 0.8-1.0 (very strong). Odds ratios
(OR) with 95% confidence intervals (CI) were calculated to
quantify the magnitude of associations. The OR represents
how likely a sample is to be non-compliant for one param-
eter when it is non-compliant for another. For contingency
tables with expected cell frequencies less than 5 (particu-
larly analyses involving import status), Fisher’s exact test
was used instead of the chi-square test.

Temporal trend analysis

The samples were grouped by year (2020-2024) based on
their identification codes. For each year, we calculated the
total number and percentage of non-compliant samples, as
well as the percentage of non-compliant samples that failed
on each quality parameter.

Simple linear regression was used to assess temporal
trends in non-compliance rates for each parameter. The
slope coefficient (B) indicates the average annual percent-
age point change, while the coefficient of determination (R?)
quantifies the proportion of variance explained by the linear
trend.

Multi-parameter analysis

We analyzed the number of parameters for each non-com-
pliant sample failed (ranging from one to five or more) to
understand the complexity of quality issues. Co-occurrence
analysis was performed to identify which parameters most
frequently failed together, expressed as counts and percent-
ages of the total non-compliant samples.

Statistical analyses were performed using R statistical
software (version 4.2.0; R Foundation for Statistical Com-
puting, Vienna, Austria). All p-values<0.05 were consid-
ered statistically significant.

Results
Physicochemical characterization

Of the 538 samples analyzed, 147 (27%) were imported
and 391 (73%) were domestically produced. In total, 51
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Table 2 Annual distribution of non-compliant samples and parameter-specific non-compliance

Year Total samples Non-compliant samples (%) HMF (%) Diastase activity (%) Reducing sugars (%) Sucrose (%) C4 sugar (%)
2020 104 11 (10.6%) 63.6 27.3 455 27.3 0.0
2021 117 20 (17.1%) 50.0 35.0 25.0 20.0 35.0
2022 78 8 (10.3%) 87.5 50.0 0.0 12.5 50.0
2023 123 7 (5.7%) 71.4 57.1 57.1 0.0 28.6
2024 116 5 (4.3%) 80.0 80.0 80.0 20.0 60.0

Table 3 Compressed table of Raw data showcasing the annual and total number of samples, with parameter compliance according to the National

and EU honey directive (2001/110/EC) [27, 33]

Parameter and Compliance

Year (number of samples)

HMF 2020 2021
(104) (117)
< 10 mg/kg 58 59
10-30 mg/kg 31 34
30-40 mg/kg 8 14
40-200 mg/kg 7
> 200 mg/kg 0 2
Reducing sugars (fructose + glucose)
Compliant 100 112
Noncompliant 5 5
Sucrose
Compliant 101 113
Noncompliant 3 4
Water content
Compliant 104 117
Noncompliant 0 0
Electrical conductivity
Compliant 104 117
Noncompliant 0 0
Free acid
Compliant 104 117
Noncompliant 0 0
Water-insoluble mater
Compliant 104 116
Noncompliant 0 1
Diastase activity 2020 2021
(€] (52)
>20.00 DN 0 25
8.00-20.00 DN 6 20
< 8.00 DN 3 7
C4 sugar 2020 2021
0 an
<7.00% 0 12
7.00-15.00% 0 3
>15.00% 0 4

2022 2023 2024 (116) Total (538)
(78) (123)

54 99 94 364

16 16 13 110

1 3 5 31

6 4 4 29

1 1 0 4

78 119 112 521

0 4 4 18

77 123 115 529

1 0 1 9

78 123 116 538

0 0 0 0

78 123 116 538

0 0 0 0

78 123 116 538

0 0 0 0

78 123 116 537

0 0 0 1

2022 2023 2024 Total (213)
(25) (67) (60)

12 50 56 143

9 13 0 48

4 4 4 22

2022 2023 2024 Total (49)
(13) (13) @)

9 1 1 33

3 2 0 8

1 0 3 8

Non-compliant categories and samples are in bold

samples (9.48%) were identified as non-compliant for at
least one parameter according to the RV of National and
International Regulations [27, 33]. The annual distribu-
tion showed: 11 (10.6%) non-ompliant samples out of 104
in 2020, 20 (17.1%) non-ompliant samples out of 117 in
2021, 8 (10.25%) non-ompliant samples out of 78 in 2022,
7 (5.7%) non-ompliant samples out of 123 in 2023, and 5
(4.3%) non-ompliant samples out of 116 in 2024 (Table
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2). Of the imported honey, only 2 samples (1.4%) out f
147 were non-compliant, whereas 49 (12.53%) out f 391
domestically produced honey samples were non-compliant.
Compressed data of all the analyzed honey samples for their
regulatory compliance, with additional subcategorization, is
presented in Table 3.
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Table 4 Contingency table for HMF and diastase activity for all sam-
ples

Table 5 Contingency table for HMF and reducing sugars for all sam-
ples

Low diastase ~ Normal diastase  Total Low reducing  Normal reducing  Total
activity activity sugars sugars
High HMF 21 (9.9%)* 1 (0.5%) 22 (10.3%) High HMF 13 (2.4%)* 20 (3.7%) 33 (6.1%)
Normal HMF 1 (0.5%) 190 (89.2%)* 191 Normal HMF 5(0.9%) 500 (92.9%)* 505
(89.7%) (93.9%)
Total 22 (10.3%) 191 (89.7%) 213 Total 18 (3.3%) 520 (96.7%) 538
(100%) (100%)

*Statistically significant result

Parameter specific compliance

Out of the 538 samples tested for HMF, there were 364
(67.7%) samples that were classified as fresh and properly
stored honey with value under 10 mg/kg, 110 (20.4%) were
aged or heat-treated honey samples with value between 10
and 30 mg/kg, 31 (5.8%) were aged or heat-treated honey
samples on the upper limit of acceptance between 30 and
40 mg/kg, 29 (5.40%) were non-compliant samples with
value between 40 and 200 mg/kg and 4 (0.7%) were sam-
ples with extremely high values over 200 mg/kg (Table 3).
Nine (1.67%) of the 538 samples tested failed to comply
with the sucrose standard. Of the 18 (3.35%) non-compli-
ant samples for reducing sugars, 3 samples had exceeded
the sucrose values, indicating adulteration (RV<5.0%)
(Table 3). Out of the 213 samples tested from 2020 to 2024,
22 (10.33%) were non-compliant, 47 (22.07%) had values
between 8 and 20 DN, and 143 (67.13%) had high diastase
activity (above 20 DN) (Table 3). Out of 49 samples tested,
16 (32.7%) were non-compliant. Eight samples (16.33%)
had C4 values between 7 and 15%, and 8 samples (16.33%)
had values above 15% (Table 3). Only 1 sample was found
to be non-compliant, exceeding the maximum value. All
538 tested samples were compliant with the prescribed RV
of water content, electrical conductivity, and free acid for
honey (Table 3).

Statistical analysis
Association analysis: HMF vs. diastase activity

A significant and very strong association was found between
HMF levels and diastase activity (x> = 192.11, df=1,
»<0.0001, Cramer’s V=0.95). Among non-compliant sam-
ples with high HMF levels and tested for diastase activity,
95.5% also had low diastase activity. Among non-compliant
samples with low diastase activity, 95.5% also had high
HMF levels (95% CI [181.5, 18248.7]) (Table 4).

*Statistically significant result

Table 6 Contingency table for diastase activity and reducing sugars
for all samples

Low reducing Normal reduc- Total
sugars ing sugars
Low diastase activity 12 (5.6%)* 10 (4.7%) 22
(10.3%)
Normal diastase activity 0 (0%) 191 (89.7%)* 191
(89.7%)
Total 12 (5.6%) 201 (94.4%) 213
(100%)

*Statistically significant result

Association analysis: HMF vs. Reducing sugars

A relatively strong association was found between HMF
levels and reducing sugars (y* = 141.85, df=1, p>0.0001,
Cramer’s V=0.51). The odds ratio analysis indicated that
samples with non-compliant reducing sugars were 65 times
more likely to have non-compliant HMF levels (95% CI
[21.14, 199.82]) (Table 5).

Association analysis: diastase activity vs. reducing sugars

A strong association was found between diastase activity
levels and reducing sugars (¥* = 110.35, df=1, p>0.0001,
Cramer’s V=0.72). The odds ratio analysis indicated that
samples with non-compliant reducing sugars were 456
times more likely to have non-compliant diastase activity
(95% CI [25.2, 8279.5]) (Table 6).

Temporal trends in quality parameters

The yearly pattern of parameter-specific non-compliance
is shown in Fig. 1. Within the non-compliant samples, the
percentage with specific parameter issues showed distinct
trends over time. The percentage of non-compliant samples
with high HMF levels followed a variable pattern: in 2020
(63.6%), 2021 (50.0%), 2022 (87.5%), 2023 (71.4%), and
2024 (80.0%). Linear regression analysis indicated an annual
increase of 5.42% points (R? = 0.35), suggesting a moder-
ate increasing trend in the proportion of HMF-related non-
compliance among non-compliant samples. Low diastase
activity showed a strong and consistent increasing trend: in
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Fig. 1 Temporal trends in parame-

Trends in Non-Compliant Parameters in Honey Samples (2020-2024)
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Table 7 Distribution of non-compliant samples by number of failed
parameters

Number of non-compliant Number of samples Per-
parameters cent-
age
1 parameter 23 45.1
2 parameters 13 25.5
3 parameters 11 21.6
4 parameters 3 5.9
5+ parameters 1 2.0

2020 (27.3%), 2021 (35.0%), 2022 (50.0%), 2023 (57.1%),
and 2024 (80.0%). Linear regression analysis revealed an
annual increase of 12.75% points (R? = 0.96), indicating a
highly significant upward trend in diastase activity prob-
lems. Reducing Sugars non-compliance showed a vola-
tile pattern: in 2020 (45.5%), 2021 (25.0%), 2022 (0.0%),
2023 (57.1%), and 2024 (80.0%). Despite the variability,
linear regression analysis indicated an overall increasing
trend of 10.11% points per year (R? = 0.27). Non-compli-
ant sucrose levels showed a generally improving trend: in
2020 (27.3%), 2021 (20.0%), 2022 (12.5%), 2023 (0.0%),
and 2024 (20.0%). This low R? (0.28) strongly supports that
the pattern is highly volatile and suggest the trend is weak
and may be unstable over longer periods. Linear regression
analysis confirmed a decreasing trend of 3.46% points annu-
ally (R? = 0.28). C4 Sugar levels non-compliance showed
substantial variation: in 2021 (35.0%), 2022 (50.0%), 2023
(28.6%), and 2024 (60.0%). Linear regression revealed a
moderate increasing trend of 5.36% points annually (R? =
0.24).

Multi-parameter non-compliance

The number of samples found non-compliant for one or
more parameters is shown in Table 7, while the distribution
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of non-compliant parameters throughout the years is pre-
sented in Fig. 2.

Co-occurrence analysis

The co-occurrence patterns of non-compliance parameters
are presented as a heatmap in Fig. 3. The most frequent co-
occurrence was between high HMF levels and low diastase
activity, found in 21 samples (41.2% of all non-compliant
samples). Other notable co-occurrences included HMF and
reducing sugars (25.5%), diastase activity and reducing
sugars (23.5%), HMF and C4 sugar (15.7%), and diastase
activity and C4 sugar (11.8%). The heatmap visualization
reveals clusters of related quality issues centered on HMF
and diastase activity parameters.

Discussion

This study provides the first comprehensive assessment of
honey quality compliance in North Macedonia, revealing
a 9.48% non-compliance rate among tested samples over
2020-2024, with marked differences between domestic
(12.53%) and imported (1.4%) honey. This is lower than
the first coordinated action plan (14%) [22], second coor-
dinated action plan (46%) arried out in the EU [21], the
study in Serbia (14.1%) [28] and study in North Macedo-
nia that tested 45 samples of forest honey obtained directly
from local beekeepers [34]. Because only 2 (1.4%) of
147 impored samples were non-compliant, the number of
imported samples sent for analysis decreased yearly from
45,41, 27, 19, and 15, respectively. However, the stark dis-
parity between domestic failure rates and imported honey
suggests that North Macedonia’s quality challenges may be
driven by localized processing inconsistencies or “amateur”
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Fig. 2 Distribution of non-
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adulteration rather than the highly sophisticated, large-scale
fraud often found in global supply chains. The sudden rise
of non-compliant samples in 2021 (17.1%) is in line with
the European data in the second CAP in 2021, which had a
sudden surge of adulterated samples (46%) [21], compared
to the first CAP in (14%) [22]. National limittions on move-
ment and working restrictions most likely played key roles,

shifting honey sales towards online platforms where over-
sight was weaker and consumers could not verify authen-
ticity. Heightened demand and significant economic gain
for honey as a perceived health product during COVID-19
potentially fueled fraud.

Hydroxymethylfurfural was the most frequent cause of
non-compliance (64.7%) (Fig. 2), with variable percentage
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patterns throughout the years (Fig. 1). By structure a cyclic
aldehyde, HMF is formed from sugar degradation through
the Maillard reaction during heat processing or extended
storage [35, 36]. The presence of glucose, fructose, acids,
and minerals in honey accelerates its formation [37]. The
RV of honey for HMF is set at a maximum value of 40 mg/
kg. What stands out from the results in Table 3 are the 4
samples with extremely high values exceeding 200 mg/kg,
which indicate that they may not be honey, but be composed
of sugar products likely created by hydrolysis with exces-
sive thermal treatment [19] .

Diastase activity is widely recognized as a key indicator
of honey freshness and quality because it is a thermolabile
enzyme naturally present in honey that decreases signifi-
cantly upon aging or excessive thermal processing [26, 28].
The assigned RV for diastase activity is above 8§ DN. The
extent of diastase activity depends on the types of flowers,
the timing of nectar collection, environmental factors, and
the bees themselves [38]. Reduced diastase activity was the
second most frequent cause of non-compliance, with 43.1%
(Fig. 2. Low values suggest lower nectar content, which
may indicate heat treatment or adulteration [39]. Out of the
213 samples tested, 47 (22.07%) had values btween 8 and
20 DN, suggesting they were aged or heat-treated but com-
pliant, and 143 (67.14%) were classifed as fresh honey with
high diastase activity (above 20 DN) (Table 3).

Reducing sugars (35.3%) shown in Fig. 2 were the third
most frequent non-compliant parameter. Glucose and fruc-
tose, the primary components of honey, typically account
for over 65% of its content [22, 26]. According to RV, nec-
tar honey should have a glucose and fructose sum of at
least 60%, whil honeydew honey (or its blends with nectar
honey) should not fall below 45% of toal sugars. However,
18 samples failed to meet these standards. Factors like adul-
teration or dilution with water, syrups, or other sugars can
reduce monosaccharide levels. Additionally, heating may
caramelize sugars, breaking down monosaccharides into
other compounds [28]. Another study reported similarly low
glucose and fructose levels (19.6-59.1%) in non-cmpliant
samples, attributing this to early harvesting due to the bee
enzymes not having enough time to process the oligosac-
charide content from the nectar or honey dew [40].

The C4 sugar content is highly valued when testing the
authenticity of honey. Honey adulteration can occur by
directly adding sucrose syrups from sugar beet, mixing in
industrial sugar (glucose and fructose) syrups derived from
starch through heat, enzyme, or acid processing, or by over-
feeding bee colonies with these syrups during peak nectar
flow [41, 42]. Syrups used to adulterate honey, which are
much cheaper than honey, may come from C3 or C4 plants,
categorized by their carbon metabolism. C3 plants, using
the Calvin (C3) cycle to fix CO,, have a lower '*C/'*C ratio
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(8'3C) compared to C4 plants, which use the Hatch-Slack
(C4) cycle. Most plants contributing to honey are C3, while
corn and sugarcane used for adulteration and bee feeding
are C4. It is widely agreed that the difference in 8'°C val-
ues between honey protein and honey (A3'*C) should not
exceed 1%o, as values above this indicate at least 7% adul-
tration, which is the maximum accepted value for honey
[41, 43]. The C4 sugar content was the fourth most frequent
non-compliant parameter (31.4%) (Fig. 2). ight samples had
C4 values between 7 and 15%, indicating ptential bee feed-
ing with sugar during nectar flow, and 8 samples with values
above 15%, which indicaes blending with a larger amount
of sugar syrup (Table 3). Critically, 7 (43.8%) (Table 3)
saples failing C4 sugar analysis met al.l other regulatory
requirements, indicating that current routine testing may
miss sophisticated adulteration with sugar syrups. This
finding strongly supports implementing regular C4 sugar
analysis, particularly for samples that pass conventional
physicochemical tests.

Unlike monosaccharides, oligosaccharides are found in
smaller quantities in honey [44]. Among them, the disac-
charide sucrose is notable, as elevated levels may suggest
adulteration, particularly from added sugar syrup [45].
Sucrose content was the fifth most frequent cause for non-
compliance (17.6%) (Figre 2), and its concentration should
not exceed 5 g/100 g. During honey ripening, sucrose
interacts with enzymes and is converted by hydrolysis to
glucose and fructose [38]. Osaili et al. [40] noted that high
sucrose paired with low monosaccharide levels could result
from overfeeding bees or harvesting honey too early, before
sucrose fully converts to glucose and fructose.

Our findings of a significant and very strong associa-
tion between HMF levels and diastase activity confirm that
samples having non-compliant values for HMF or diastase
activity are more than 95% likely to be non-compliant for the
other parameter. Only two samples (0.9%) showed excep-
tions to this association (Table 4). The odds ratio analysis
indicated that samples with non-compliant diastase activity
were 3990 times more likely to have non-compliant HMF.
The relatively strong association found between HMF lev-
els and reducing sugars (Table 5) and the strong association
found between diastase activity levels and reducing sugars
(Table 6) are also likely because all three parameters are
temperature-influenced. While diastase activity degradation
and HMF formation are more susceptible to heat exposure,
the caramelizing process of the sugars needs more time [28].
The results confirmed no non-compliant samples with low
reducing sugars and regular diastase activity, while there
were non-compliant samples with normal reducing sugars
and low diastase activity (Table 6). These findings suggest
that the reducing sugar content, HMF, and diastase activity
is interrelated, with the strongest association being between
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HMF content and diastase activity. This was also confirmed
by the co-occurrence patterns of non-compliance parame-
ters shown in Fig. 3, where the most frequent co-occurrence
is observed with high HMF levels and low diastase activity,
followed by HMF and reducing sugars, and diastase activity
and reducing sugars.

The modes of honey adulteration are constantly evolv-
ing. The temptation for adulteration has increased due to the
high price of honey compared to adulterants and the limita-
tions of official detection methods [9, 18]. Usage of tailor-
made syrups designed to mimic the sugar composition of
natural honey makes detection as well as indirect adultera-
tion, where bees are fed sugar syrups during the main nectar
flow period, also exists and is considered extremely difficult
to detect [20, 22]. Environmental factors such as humidity,
combined with beekeeper practices during harvest, han-
dling, storage and the degree of maturity reached in the
hive are documented to have a negative impact on the water
content of honey and may influence noncompliance rates
in some regions [26, 28]. The samples in our study were
all compliant for water content. On the other hand, storage
duration and temperature as well as thermal processing to
prevent crystallization can have direct impact on the fresh-
ness parameters like Hydroxymethylfurfural and diastase
activity. Prolonged storage or storage at high temperatures
leads to a significant increase in HMF and a decrease in
enzymatic activity, causing the honey to exceed permitted
limits [19, 46]. Training is crucial to avoid these mistakes
that might have led to the noncompliance of some of the
samples tested. Beyond adding sugars, other forms of fraud
include mislabeling the geographical and/or botanical origin
of honey, using ion exchange resins to remove residues and
lighten color, as well as masking the true country of origin,
often by removing pollen [18, 22]. These modes of adultera-
tion constantly vary, requiring different detection strategies
[20]. Traditional methods for assessing honey authentic-
ity are often time-consuming, subjective, or not sensitive
enough for sophisticated adulteration [24, 38]. The need for
effective control and detection methods has grown as honey
consumption and imports have increased, and the develop-
ment of new analytical methods has been a major focus
[20, 22, 47]. Isotope Ratio Mass Spectrometry (IRMS)
combined with Liquid Chromatography (LC) has been
developed as an improvement, enabling the determination
of 813C isotopic ratios of individual sugars. This method
offers better sensitivity, reportedly detecting adulteration
with C4 sugars at 1% and C3 sugars at 10% [20]. Despite
these advancements, no single universal method exits that
can detect all types of honey adulterants with sufficient sen-
sitivity and robustness. This means several complementary
methods must often be applied. The rapid development of
new adulteration modes and materials contrasts with the

slow pace of establishing official methods [20, 22]. The fact
that sophisticated adulteration was detected in 32.7% of the
subset tested for C4 sugars, with nearly half of those passing
coventional tests, confirms that traditional parameters are no
longer sufficient as a sole line of defense. While the selec-
tive nature of this testing is a limitation of current national
monitoring resources, it provides a statistically significant
‘proof of concept’ for the inadequacy of current regulatory
frameworks in detecting economically motivated fraud.

The study’s limitations, particularly the non-random
sampling based on inspector suspicion, suggest that the
actual prevalence of non-compliance in the general market
may differ from our findings. Based on these results, we rec-
ommend: (1) mandatory C4 sugar testing for at least 20%
of samples passing routine tests, (2) establishment of a ran-
dom sampling protocol alongside targeted enforcement, (3)
enhanced focus on storage, handling and processing prac-
tices to prevent enzyme heat degradation and HMF forma-
tion, and (4) continued annual monitoring with expanded
sample sizes to confirm temporal trends. These measures
will protect both consumers from fraudulent products and
legitimate beekeepers from unfair market competition,
while supporting North Macedonia’s alignment with EU
food safety standards.

Conclusions

Our study, as the first comprehensive assessment of honey
quality in North Macedonia successfully identified critical
vulnerabilities in the honey market integrity, specifically
within domestic production which exhibited a 12.53% non-
compliance rate compared to only 1.4% in imported sam-
ples. The findings demonstrate that while most failures stem
from heat-related degradation evidenced by the very strong
association between elevated HMF and reduced diastase
activity, a significant portion of sophisticated fraud remains
undetected by conventional testing. Specifically, nearly half
of the samples failing C4 sugar analysis would have passed
as compliant under standard physicochemical screening,
highlighting a clear gap in current surveillance protocols.
To strengthen consumer protection and ensure the eco-
nomic viability of legitimate beekeepers, we propose
several evidence-based policy shifts. First, the Food and
Veterinary Agency should implement mandatory C4 sugar
testing for a minimum of 20% of samples that pass routine
parameters to detect economically motivated adulteration.
Second, the current suspicion-based monitoring should be
augmented with randomized sampling protocols to obtain a
more accurate prevalence of market-wide non-compliance.
Third, targeted educational initiatives and stricter enforce-
ment of storage and handling practices are necessary to
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mitigate enzymatic degradation and HMF formation during
processing. These measures are essential for aligning North
Macedonia’s honey sector with the rigorous standards of the
EU Honey Directive (2001/110/EC) and ensuring a trans-
parent, competitive market environment.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s00217-0
26-05076-x.

Author contributions T.N. A.C and B.S. wrote the main manuscript
text; T.N., S.J. and R.U. worked on sample analysis; M.T. and M.J.
were coordinating the sample selection; Z.H.M., A.U. and T.N. worked
on data analysis; A.C. prepared Figs. 1, 2 and 3;All authors reviewed
the manuscript.

Funding The authors did not receive support from any organization
for the submitted work. This research received no external funding.

Data availability No datasets were generated or analysed during the
current study.

Declarations

Conflict of interest The authors declare that they have no conflicts of
interest relevant to the content of this manuscript. No financial, per-
sonal, or professional relationships have influenced the preparation or
presentation of the data or findings described in this work. On behalf
of all authors, the corresponding author states that there is no conflict
of interest.

References

1. Shears P (2010) Food fraud: a current issue but an old problem.
Br Food J 112:198-213. https://doi.org/10.1108/0007070101101
8879/FULL/XML

2. Spink J, Moyer DC (2011) Defining the public health threat of
food fraud. J Food Sci 76:R157-R163. https://doi.org/10.1111/J.1
750-3841.2011.02417.X

3. LottaF, Bogue J (2015) Defining food fraud in the modern supply
chain defining food fraud in the modern supply chain. Eur Food
Feed Law Rev 10:2 114-122

4. Strayer SE, Everstine K, Kennedy S (2014) Economically moti-
vated adulteration of honey: quality control vulnerabilities in the
international money market. Food Prot Trends 34:8—-14

5. European Commission (2019) Food fraud: what does it mean?
Food Safety. https://food.ec.europa.eu/food-safety/eu-agri-food-f
raud-network/what-does-it-mean_en. Accessed 13 Jun 2025

6. Selvarani Elahi J, Spink K-M-L Tay (2021) Has COVID-19
caused a significant increase in observed food fraud incidents?
Food Sci Technol. https://doi.org/10.1002/fsat.3510 1.x. https://
doi.org/

7. Marvin HJP, Hoenderdaal W, Gavai AK et al (2022) Global media
as an early warning tool for food fraud; an assessment of MedI-
Sys-FF. Food Control 137:108961. https://doi.org/10.1016/J.FO
ODCONT.2022.108961

8. Crane E (1999) The world history of beekeeping and honey hunt-
ing. Routledge, New York

9. Garcia NL (2016) A study of the causes of falling honey prices in
the international market. Am Bee J 156(8):877—882

@ Springer

10.

12.

13.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Diibecke A, Schwarzinger S (2021) Honey regulations: where is
the (reasonable) limit? Bee World 98:9—11. https://doi.org/10.108
0/0005772X.2020.1838171

Kanelis D, Liolios V, Tananaki C, Rodopoulou M-A (2022)
Determination of the carbohydrate profile and invertase activity
of adulterated honeys after bee feeding. Appl Sci 12:3661. https:/
/doi.org/10.3390/app12073661

Zhang G, Abdulla W (2022) On honey authentication and adulter-
ant detection techniques. Food Control 138:108992. https://doi.o
rg/10.1016/j.foodcont.2022.108992

Alvarez-Suarez JM, Tulipani S, Diaz D et al (2010) Antioxidant
and antimicrobial capacity of several monofloral Cuban honeys
and their correlation with color, polyphenol content and other
chemical compounds. Food Chem Toxicol 48:2490-2499. https
://doi.org/10.1016/J.FCT.2010.06.021

Giil A, Pehlivan T (2018) Antioxidant activities of some mono-
floral honey types produced across Turkey. Saudi J Biol Sci
25:1056-1065. https://doi.org/10.1016/J.SJBS.2018.02.011
Feknous N, Boumendjel M Natural bioactive compounds of
honey and their antimicrobial activity. Czech J Food Sci 40:163—
178. https://doi.org/10.17221/247/2021-CJFS

. Weis WA, Ripari N, Conte FL et al (2022) An overview about

apitherapy and its clinical applications. Phytomedicine Plus 2:. h
ttps://doi.org/10.1016/J.PHYPLU.2022.100239

Sanchez G, Chen Y-W, Peng C-C et al (2023) Physicochemical
parameters, antioxidant capacity, and antimicrobial activity of
honeys from tropical forests of Colombia: Apis mellifera and
Melipona eburnea. Foods 12:1001. https://doi.org/10.3390/FOO
DS12051001

Garcia NL (2018) The current situation on the international honey
market. Bee World 95:89-94. https://doi.org/10.1080/0005772X.
2018.1483814

Shapla UM, Solayman M, Alam N et al (2018) 5-Hydroxymeth-
ylfurfural (HMF) levels in honey and other food products: effects
on bees and human health. Chem Cent J 12:1-18. https://doi.org/
10.1186/S13065-018-0408-3

Garcia NL, Amadei Enghelmayer M (2025) The complexity of
honey fraud detection. Bee World 102:8—14. https://doi.org/10.10
80/0005772X.2025.2467474

Zdiniakova T, Carolin Lérchner, De Rudder, Olivier et al (2023)
EU coordinated action to deter certain fraudulent practices in the
honey sector: analytical testing results of imported honey. https://
doi.org/10.2760/184511

Aries E, Burton J, Carrasco L et al (2016) Scientific support to
the implementation of a coordinated control plan with a view to
establishing the prevalence of fraudulent practices in the market-
ing of honey. https://doi.org/10.2788/187397

Zhou J, Qi Y, Ritho J et al (2014) Analysis of maltooligosaccha-
rides in honey samples by ultra-performance liquid chromatogra-
phy coupled with evaporative light scattering detection. Food Res
Int 56:260-265. https://doi.org/10.1016/J.FOODRES.2014.01.01
4

Guler A, Kocaokutgen H, Garipoglu AV et al (2014) Detection
of adulterated honey produced by honeybee (Apis mellifera L.)
colonies fed with different levels of commercial industrial sugar
(C3 and C4 plants) syrups by the carbon isotope ratio analysis.
Food Chem 155:155-160. https://doi.org/10.1016/j.foodchem.20
14.01.033

Shapla UM, Solayman M, Alam N et al (2018) 5-Hydroxymeth-
ylfurfural (HMF) levels in honey and other food products: effects
on bees and human health. Chem Cent J 12(1):35. https://doi.org/
10.1186/S13065-018-0408-3

Da Silva PM, Gauche C, Gonzaga LV et al (2016) Honey: chemi-
cal composition, stability and authenticity. Food Chem 196:309—
323. https://doi.org/10.1016/J.FOODCHEM.2015.09.051


https://doi.org/10.1080/0005772X.2020.1838171
https://doi.org/10.1080/0005772X.2020.1838171
https://doi.org/10.3390/app12073661
https://doi.org/10.3390/app12073661
https://doi.org/10.1016/j.foodcont.2022.108992
https://doi.org/10.1016/j.foodcont.2022.108992
https://doi.org/10.1016/J.FCT.2010.06.021
https://doi.org/10.1016/J.FCT.2010.06.021
https://doi.org/10.1016/J.SJBS.2018.02.011
https://doi.org/10.17221/247/2021-CJFS
https://doi.org/10.1016/J.PHYPLU.2022.100239
https://doi.org/10.1016/J.PHYPLU.2022.100239
https://doi.org/10.3390/FOODS12051001
https://doi.org/10.3390/FOODS12051001
https://doi.org/10.1080/0005772X.2018.1483814
https://doi.org/10.1080/0005772X.2018.1483814
https://doi.org/10.1186/S13065-018-0408-3
https://doi.org/10.1186/S13065-018-0408-3
https://doi.org/10.1080/0005772X.2025.2467474
https://doi.org/10.1080/0005772X.2025.2467474
https://doi.org/10.2760/184511
https://doi.org/10.2760/184511
https://doi.org/10.2788/187397
https://doi.org/10.1016/J.FOODRES.2014.01.014
https://doi.org/10.1016/J.FOODRES.2014.01.014
https://doi.org/10.1016/j.foodchem.2014.01.033
https://doi.org/10.1016/j.foodchem.2014.01.033
https://doi.org/10.1186/S13065-018-0408-3
https://doi.org/10.1186/S13065-018-0408-3
https://doi.org/10.1016/J.FOODCHEM.2015.09.051
https://doi.org/10.1007/s00217-026-05076-x
https://doi.org/10.1007/s00217-026-05076-x
https://doi.org/10.1108/00070701011018879/FULL/XML
https://doi.org/10.1108/00070701011018879/FULL/XML
https://doi.org/10.1111/J.1750-3841.2011.02417.X
https://doi.org/10.1111/J.1750-3841.2011.02417.X
https://food.ec.europa.eu/food-safety/eu-agri-food-fraud-network/what-does-it-mean_en
https://food.ec.europa.eu/food-safety/eu-agri-food-fraud-network/what-does-it-mean_en
https://doi.org/10.1002/fsat.3510_1.x
https://doi.org
https://doi.org
https://doi.org/10.1016/J.FOODCONT.2022.108961
https://doi.org/10.1016/J.FOODCONT.2022.108961

European Food Research and Technology

(2026) 252:146

Page 11 of 11 146

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Official gazette of R. M (2011) National rulebook for standards
and determination of bee products quality No. 68 of 19.05.2011
in Macedonian. ciyx6en Becuuk Ha PM

Tasi¢ A, Pezo L, Loncar B et al (2024) Assessing the impact of
botanical origins, harvest years, and geographical variability on
the physicochemical quality of Serbian honey. Foods 13:1530. ht
tps://doi.org/10.3390/foods13101530

Dzimrevska I (2016) Quality and botanical origin of honey from
different. Regions of the Republic of Macedonia

Gerginova D, Simova S, Popova M et al (2020) NMR profiling of
North Macedonian and Bulgarian honeys for detection of botani-
cal and geographical origin. Molecules 25:4687. https://doi.org/1
0.3390/molecules25204687

Bogdanov S (2002) Harmonized methods of the international
honey commission. Swiss Bee Research Centre, FAM, Liebefeld,
1-62 https://www.ihc-platform.net/ihcmethods2009.pdf

ICS (Interne-Control-Systeme)/Eurofins (2024) Analysis of
honey-determination of honey adulteration by 13 C/12 C. EA/
LC-IRMS (Detection of C4/C3 sugars)

The council of the European Union (2001) Council directive
2001/110/EC of 20 December 2001 relating to honey. Offic J Eur
Union L10/47:47-52

Sulejmani E, Hajrulai Musliu Z, Uzunov R, North Macedonian
(2021) Forest honey: a study of the hydroxymethylfurfural, sugar
profile and physical quality parameters. Int J Food Technol Nutr 4
Markowicz D, Monaro E, Siguemoto E, Sefor M (2012) Mail-
lard reaction products in processed food: pros and cons. In: Food
industrial processes—methods and equipment. InTech. https://do
i.org/10.5772/31925

Yan S, Zhang M, Yuan Y et al (2023) Chaste honey in long term-
storage: occurrence and accumulation of Maillard reaction prod-
ucts, and safety assessment. Food Chem 424:136457. https://doi.
org/10.1016/j.foodchem.2023.136457

Kuster BFM (1990) 5-Hydroxymethylfurfural (HMF). A review
focussing on its manufacture. Starch (Stérke) 42:314-321. https:/
/doi.org/10.1002/star.19900420808

Tarapoulouzi M, Mironescu M, Drouza C et al (2023) Insight
into the recent application of chemometrics in quality analysis
and characterization of bee honey during processing and storage.
Foods 12:473. https://doi.org/10.3390/foods12030473

Abdi GG, Tola YB, Kuyu CG (2024) Assessment of physi-
cochemical and microbiological characteristics of honey in
Southwest Ethiopia: detection of adulteration through analytical

40.

41.

42.

43.

44,

45.

46.

47.

simulation. J Food Prot 87:100194. https://doi.org/10.1016/j.jfp.2
023.100194

Osaili TM, Odeh WAMB, Al Sallagi MS et al (2023) Quality of
honey imported into the united Arab Emirates. Foods 12:729. htt
ps://doi.org/10.3390/foods12040729

Padovan G (2003) Detection of adulteration of commercial honey
samples by the 13 C/12 C isotopic ratio. Food Chem 82:633-636.
https://doi.org/10.1016/S0308-8146(02)00504-6

Gonzalez Martin I, Marqués Macias E, Sanchez Sanchez J,
Gonzélez Rivera B (1998) Detection of honey adulteration with
beet sugar using stable isotope methodology. Food Chem 61:281—
286. https://doi.org/10.1016/S0308-8146(97)00101-5
Ruiz-Matute Al, Weiss M, Sammataro D et al (2010) Carbohy-
drate composition of high-fructose corn syrups (HFCS) used for
bee feeding: effect on honey composition. J Agric Food Chem
58:7317-7322. https://doi.org/10.1021/j£100758x

Pita-Calvo C, Vazquez M (2017) Differences between honeydew
and blossom honeys: a review. Trends Food Sci Technol 59:79—
87. https://doi.org/10.1016/j.tifs.2016.11.015

Bogdanov S, Jurendic T, Sieber R, Gallmann P (2008) Honey for
nutrition and health: a review. J Am Coll Nutr 27:677-689. https:
//doi.org/10.1080/07315724.2008.10719745

Pasias IN, Kiriakou IK, Proestos C (2017) HMF and diastase
activity in honeys: a fully validated approach and a chemometric
analysis for identification of honey freshness and adulteration.
Food Chem 229:425-431. https://doi.org/10.1016/j.foodchem.20
17.02.084

Gustafson CR, Champetier A, Tuyizere O, Gitungwa H (2024)
The impact of honey fraud information on the valuation of honey
origin: evidence from an incentivized economic experiment.
Food Control 155:110070. https://doi.org/10.1016/J.FOODCON
T.2023.110070

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer


https://doi.org/10.1016/j.jfp.2023.100194
https://doi.org/10.1016/j.jfp.2023.100194
https://doi.org/10.3390/foods12040729
https://doi.org/10.3390/foods12040729
https://doi.org/10.1016/S0308-8146(02)00504-6
https://doi.org/10.1016/S0308-8146(02)00504-6
https://doi.org/10.1016/S0308-8146(97)00101-5
https://doi.org/10.1021/jf100758x
https://doi.org/10.1016/j.tifs.2016.11.015
https://doi.org/10.1080/07315724.2008.10719745
https://doi.org/10.1080/07315724.2008.10719745
https://doi.org/10.1016/j.foodchem.2017.02.084
https://doi.org/10.1016/j.foodchem.2017.02.084
https://doi.org/10.1016/J.FOODCONT.2023.110070
https://doi.org/10.1016/J.FOODCONT.2023.110070
https://doi.org/10.3390/foods13101530
https://doi.org/10.3390/foods13101530
https://doi.org/10.3390/molecules25204687
https://doi.org/10.3390/molecules25204687
https://www.ihc-platform.net/ihcmethods2009.pdf
https://doi.org/10.5772/31925
https://doi.org/10.5772/31925
https://doi.org/10.1016/j.foodchem.2023.136457
https://doi.org/10.1016/j.foodchem.2023.136457
https://doi.org/10.1002/star.19900420808
https://doi.org/10.1002/star.19900420808
https://doi.org/10.3390/foods12030473

	﻿Systematic multi-year surveillance of honey compliance and fraud in North Macedonia, 2020–2024
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Honey samples
	﻿Determination of physicochemical parameters
	﻿Data collection and Preparation
	﻿Statistical analysis
	﻿Descriptive statistics
	﻿Association analysis
	﻿Temporal trend analysis
	﻿Multi-parameter analysis


	﻿Results
	﻿Physicochemical characterization
	﻿Parameter specific compliance



