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Many recent studies have shown that bees and bee products can selectively accumulate heavy metals, radioactive substances,
pesticides, and other contaminants. The work aimed to assess the ecological quality of beekeeping products and adult bees for
the content of some inorganic elements. The amount of inorganic elements was determined using the method of X-ray
fluorescence analysis. We experimentally proved that the qualitative and quantitative composition of inorganic elements in
honey varies both in one area and when it is harvested from one species of honey plant. Sunflower honey has the ability to
accumulate such inorganic elements as zinc (max 49.87 mg/kg), calcium (max 862.47 mg/kg), strontium (max 0.647 mg/kg),
cobalt (max 0.147 mg/kg), chromium (max 0.589 mg/kg) and lead (max 1.09 mg/kg); in addition to the above, herbaceous honey
can accumulate as most iron (max 10.27 mg/kg) and selenium (max 0.175 mg/kg); buckwheat honey has the ability to
accumulate manganese (max 8.36 mg/kg). Collected from horticultural and forest crops, honey is relatively safe, as the content
of most heavy metals (lead, chromium, nickel, strontium, selenium, and cobalt) was below the limit of the method but has the
potential to accumulate iron and copper. The least dangerous in terms of the accumulation of inorganic elements is honey,
which is collected from linden. The location of the apiary affects the accumulation of trace elements like zinc, manganese, and
indirectly iron (Kirovohrad: max 22.10, 6.52, and 10.27 mg/kg, respectively, Zhytomyr: max 7.48, 8.64 and 13.20 mg/kg,
respectively, Luhansk: max 7.69, 8.36 and 6.54 mg/kg according to the region). In environmental terms, the safest of the results
of the analysis can be considered Poltava and Mykolayiv regions, and with the risk of heavy metal accumulation - Luhansk,
Kirovohrad, Kharkiv, Sumy, Odessa, and Zhytomyr regions, as evidenced by the high content of inorganic elements in adult
bees, in particular, from Luhansk and Sumy region.
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Introduction

One of the most essential branches of agriculture is beekeeping. Beekeeping is a branch of agricultural production, the basis
of which is the breeding, keeping, and use of bees for pollination of entomophilic plants for agricultural purposes and increase
their yield, production of food, and raw materials for industry (Turinsky & Adamchuk, 2016; Abejew & Zeleke, 2017; Dudar,
2020).

Thus, the primary function of beekeeping is to breed bees, which in turn provide various types of agricultural products, namely:
honey, wax, operculum, royal jelly, merva, bee venom, dead bees, perga, pollen, propolis, and drone homogenates. Beekeeping
products are widely used in more than 40 industries and in medicine and pharmacology (Stanhope et al., 2017; Ahmed et al.,
2020).

Of course, the main product of beekeeping is honey. Natural bee honey, which does not contain harmful compounds, is
beneficial because it strengthens the immune system, saturates the body with essential vitamins and minerals (Khan et al.,
2007; Ajibola et al., 2012).

Honey quality is a concept that covers a quite wide range of characteristics and properties of this unique product. During the
storage of honey, from the moment of pumping, it undergoes many natural biochemical processes. As a result, its composition
is constantly changing (Madas et al., 2020; Zeinab et al., 2020). Like any food product, bee honey is characterized by organoleptic
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and physicochemical quality indicators (Samarghandian et al., 2017). In addition, the safety indicators of honey are determined
- toxicity, the content of pesticides, antibiotics, radionuclides, and heavy metals (Simanonok et al., 2020).

Bee honey is one of the most complex natural products, containing more than four hundred different components (El Sohaimy
etal., 2015). It should be noted that the chemical composition of honey is not constant and depends on the type of honey plants
from which nectar is collected; the soil on which they grow; the time elapsed from nectar collection to honey extraction from
honeycombs; terms of storage of honey; weather and climatic conditions, but the main groups of substances in honey are
constant (Soares et al., 2017; Don & Petrusha, 2019).

Some scientists argue that two global environmental problems directly affect beekeeping and the quality of bee products: global
warming and changes in the living conditions of bees due to anthropogenic influences (Brovarskiy et al., 2020; El-Sofany et al.,
2020). Therefore, for the sustainable development of beekeeping in Ukraine, it is necessary to analyze the factors that can
negatively affect the quality and safety of bee honey and the domestic regulatory framework for all stages of production and
sale of this product to harmonize with European one (Arnauta et al., 2013; Yefimova & Kasyanchuk, 2013). In addition, it is
necessary to consider climate change in the context of its impact on honey quality indicators; it is necessary to systematize the
results of research and the formation of a database. This, in turn, will allow assessing the relevance and compliance of quality
indicators, which are enshrined in national regulations governing the quality of beekeeping products.

Qualitative and ecological indicators of honey harvest products in different localities and climatic zones differ depending on the
type and safety of agricultural land, weather conditions (air temperature, precipitation), and other factors, including negative.
In particular, itis the anthropogenic activity and the intensity of artificial load, which directly or indirectly affect both quantitative
and qualitative indicators of beekeeping production (Karadas & Birinci, 2018).

It is known that solid, gaseous, and liquid air components can be harmful or toxic to bees. Once in the upper layers of open
water bodies, rivers, streams, soils, and the trophic parts of plants, they reflect the atmospheric influence of nature on the
biological systems of a particular agroecological zone, territory, or agricultural area. Studies conducted in different
agroecological conditions have shown that all this diversity of organic and mineral substances is present in beehives and bee
products produced under the influence of relevant environmental factors (Underwood et al., 2019).

Bee pollination, perga, and honey, as products of processing of pollen and nectar of plants by honey bees with the participation
of enzymes produced by salivary glands, reflect the agroecological conditions of the feeding of these insects. The conversion of
nectar into honey is associated with complex physiological and physicochemical processes in bees. As a result of the
transformation of these plant components with the participation of bees, a natural product is formed, characterized by the
presence of nutrients and minerals and various biologically active substances, and under certain conditions, harmful or toxic
chemical elements. As a valuable food and medicinal product containing carbohydrates, enzymes, minerals, proteins, vitamins,
amino acids, and hormones, honey concentrates easily digestible sugars. Under physiological conditions, small amounts
corresponding to their presence in honeybees, honey contain ash elements, the concentration of most of which can increase
under conditions of high levels in biological objects of the environment, which is relevant for World Beekeeping (Solayman et
al., 2016). It is known that honey bees are the most sensitive to the ecological state of the environment. Recent studies have
shown that bees and bee products can selectively accumulate some heavy metals, radioactive substances, pesticides, and other
contaminants (Kiryanova & Ulanova, 2001; Paranyak et al., 2007). It has been found that even a small concentration of some
toxic substances in water, air, nectar, or pollen of honey plants often leads to mass destruction and death of bees. The bee
family, collecting raw materials for its products on a plot of 12-28 km?, carries information about the ecological condition of the
territory within a radius of 2-3 km around the hive (Razanov, 2007).

Pollution of the environment by heavy metals is known to pose a serious threat to ecosystems and human health. Particularly
dangerous are heavy metals that exhibit high toxicity in small quantities - mercury, lead, cadmium. These substances, which
are part of the emissions of industrial enterprises and road transport, get into the hive with the help of bees when they collect
nectar, pollen, propolis. The migration of heavy metals occurs along the chain of soil - plants - bee products - humans. Heavy
metals enter the soil with precipitation, emissions, and effluents from nearby industrial plants, exhaust gases from motor
vehicles, pesticides, and fertilizers. Work on the determination of heavy metals in honey first appeared in Germany in 1935.
After that, researchers in Italy, France, Germany, and other countries published numerous data showing heavy metal
contamination of honey from apiaries located near highways and industrial enterprises (Sperandio et al., 2019).

Despite the declining trend of some harmful substances in the environment, the recent environmental situation in certain
regions remains unfavorable for safe beekeeping products. The most contaminated products are obtained from hives located
in radioactively contaminated areas near extensive forests, wet meadows and pastures, and nutrient-poor soils. Therefore, in
solving the production of environmentally friendly beekeeping products, it is essential to carry out constant control of its quality
and safety against contamination by toxic elements. Considering the importance of this problem, the purpose of our work was
to assess the environmental quality of bee products for the content of inorganic elements.

Materials and methods

Experimental studies were conducted in specialized laboratories of the National Scientific Center "Institute of Experimental and
Clinical Veterinary Medicine" (Kharkiv). Samples of honey (from 11 regions of Ukraine, from 7 different honey plants, n=94) and
adult bees (from 3 regions, from 3 honey plants, n=30) were taken at exhibitions and fairs of beekeeping products held in
Kharkiv and Sumy during 2017-2018 and were also delivered to the laboratory for analysis.

The content of inorganic elements in honey and imago of bees was determined using the method of X-ray fluorescence analysis
(XRF) with the device "Spectroscan-Max-G" NPO "Spectron" (St. Petersburg) (Declarative patent of Ukraine for utility model Ne
72574).
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The main parameters of the device for measuring the spectral parameters we used were: the first display - from 950 mA to
3150 mA, the second display - from 315 mA to 1575 mA. The step size of the device and the exposure time were 4. The method
is based on X-ray fluorescence of elements with subsequent analysis of the spectra with the device "Spectroscan-MAX". When
the sample is irradiated with X-rays, the sample, previously subjected to dry mineralization, begins to emit (fluoresce) in the X-
ray range. The spectrum of this secondary fluorescence adequately reflects the elemental composition of the analyzed sample.
The atom of each element has its characteristic spectral line. Certain characteristic lines in the recorded spectrum indicate the
presence of the corresponding elements in the sample. The concentration of this elementis judged by the change in the number
of pulses along the characteristic line. The depth of penetration of X-rays into the irradiated sample (matrix) depends on its
structure (material). The greater the atomic number of the material, the shallower the radiation penetrates. For heavy matrices
(metal alloys), this depth is a fraction of a millimeter, and for light is a few millimeters. This layer is functional (information on
the sample's elemental composition is removed from it). When fluorescent radiation (secondary) leaves the sample, it is also
absorbed by the matrix. Softer longwave lines are absorbed more than hard (shortwave) lines. The wavelength of fluorescent
radiation increases with decreasing atomic number of the corresponding element. The method provides measurements with a
relative error not exceeding 15% with a confidence level of 0.95. The method of determining inorganic elements by X-ray
fluorescence analysis differs from other methods due to the simplicity, convenience, computer data processing, wide range,
and quality of the results. According to the spectrum of elements, the method allows to determine several elements
simultaneously (in the range from Ca to U), including those that have crucial toxicological significance (Sr, Br, Se, Pb, Zn, Cu, Ni,
Fe, Co, Mn, Cr, Ca).
To prepare honey samples for analysis, porcelain crucibles with a volume 5 times larger than the sample volume were selected.
For the analysis of chemical elements by X-ray fluorescence method, an average sample of honey weighing 25.00-30.00 g was
taken, and the bodies of bees - 3.00-5.00 g (with a weighing accuracy of 0.01 g). Then the honey was dried: in the first stage,
the crucible and the sample were placed in an oven for 4 hours at 130 °C; in the second stage (after caramelization of the
sample), the temperature was gradually raised to 150°C and dried for 4 hours.
The test material was subjected with incineration (ashed to black or gray ash). Perhydrol (=5.0 cm?®) was added to the crucible
for more efficient combustion of the material. The crucibles were then placed in a muffle furnace with an adjustable and
controlled heating system. When burning honey samples, the optimal amount of ash is formed at a temperature of 350-400°C
for 4-6 hours, and bee samples - 2 hours at the same temperature.
To correct the individual fluorescence intensity of each separate matrix, an internal standard in the form of gallium silica powder
was applied to each ash sample. The weight of the internal standard was selected based on the weight of ash and the
concentration of the gallium element in the standard and weighed with accuracy to 0.01 g (usually 0.02-0.06 mg of internal
standard was added to the ash samples of honey and bee bodies - the concentration of gallium was 5.0 mg/g). The mixture of
ash and internal standard was stirred with a glass rod and ground in a mortar. The mass of ash was then determined together
with the weight of the standard by weighing to 0.001 g. The crushed material was transferred to glass vials with a volume of
10-20 cm?, capped, and stored for analysis on the device.
Measurements were performed on the device "Spectroscan-MAX," following the instructions for its use. First, the device was
calibrated by analyzing a standard matrix (silicon oxide, which contains preknown concentrations of the analyzed elements).
The ash samples prepared for the study were placed in the cuvette of the instrument and thickened. The radiation intensity of
an element in the sample depends on the qualitative and quantitative composition of each specific test sample. Therefore, in
the quantitative calculation of the element, this shortcoming was eliminated by introducing into the basic formula the coefficient
(K1), which was calculated by the fluorescence intensity of the internal standard (gallium) in each sample and the fluorescence
intensity of gallium in the standard on silicon oxide.
The calculation of the coefficient K1 was performed according to the formula:

Kl AlxCmGax Mz +st

A2 x Gax Mst

where: A1 - the number of Ga pulses in a particular test sample;
CmGa - the concentration of Ga in the standard calibration matrix of silicon oxide, measured on the device (1.0 mg/g);
Mz.st - the mass of ash obtained after combustion of the test material in combination with the mass of the introduced internal
standard of silicon oxide, g;
A2 - the number of Ga pulses in a standard calibration matrix of silicon oxide, with a concentration of 1.0 mg/g;
Ga - the concentration of gallium on silicon oxide in the internal standard (5.0 mg/g);
Mst - weighting of the internal standard included in the sample (g);
The calculation of the amount of the element determined in the sample was performed according to the formula:

_ Iprx Mz +st <1000
Istx M x K1

where: X - the amount of element in the test sample, mg/kg of natural weight;
Inp - the number of pulses of the element in the test sample;
Mz+st - the mass of ash obtained after combustion of the test material in combination with the mass of the introduced internal
standard of silicon oxide;
Ist - the number of pulses of the element in the standard calibration matrix of silicon oxide, with a concentration of 1.0 mg/g;
M - the amount of weight of the test material, g;
K1 - conversion factor;
1000 - conversion factor to convert the element's content in milligrams per 1 kg of natural mass of honey and bees.
Each sample of honey and adult bees was examined in 3 replicates.
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The results were processed by methods of variation statistics using the analysis of software package (ANOVA) StatPlus 5 (6.7.0.3)
(AnalystSoft Inc., USA). The probability of the obtained results was evaluated by Tukey's criterion at a probability level of 95.0-
99.9% (p<0.05 - p<0.001).

Results and discussion

According to the results of the study of 94 samples of honey and 30 samples of adult bees, we found that the quantitative
composition of inorganic elements differed significantly both in samples from one area and in samples from one species of
honey plant (Tables 1 & 2).

It should be noted at once that in two samples of honey, the presence of lead was found at the level of 1.09 mg/kg from
herbaceous and 0.92 mg/kg from sunflower, which is on the border with the maximum permissible level (MPL) of 1.00 mg/kg
according to DSTU 4497: 2005, also in two samples the zinc content was 45.51 mg/kg in honey from herbaceous and 49.87
mg/kg - from sunflower, which exceeded the MPL, which is equal to 30 mg/kg in food products according to SanPin 2.3.2.1078-
01, indicating the impossibility of selling this honey. Given the above, these samples were not included in the overall analysis.
Inorganic elements such as zinc, copper, iron, manganese, and calcium were found in all studied samples of honey, while
strontium -in 71.1%, selenium - in 66.7%, nickel - in 41.1%, cobalt - in 34.4%, chromium - in 26.7%, lead - in 17.8% of samples,
respectively. In the remaining relevant samples, the content of the above elements was below the limit of determination (b.l.d.)
of the method (0.01 mg/kg).

Analyzing the content of zinc in honey (min-max: 0.59-22.10 mg/kg) relative to hone plant, it was found that the highest content
of the element was found in honey from sunflower: the average content of zinc was 1.9 times higher than in herbaceous
(p<0.001), 2.5 times - than in buckwheat (p<0.001) and horticultural crops (p<0.05), 4.1 times - than from forest crops (p<0.001),
4.4 times - than from acacia (p<0.001) 0.001) and 4.9 times - than from linden (p<0.001). The copper content in honey ranged
in the bounds (min-max: 0.57-8.63 mg/kg). The highest content of the element was found in honey from horticultural crops,
while the content of copper in other honey plants was slightly lower: in honey from linden and herbaceous, the decrease was
8.8 and 2.4 times (p<0.001); in sunflower and buckwheat - 1.6 and 1.5 times, respectively (p<0.05), and in honey from acacia
and forest crops, no significant deviations were found, although the average copper content in honey from the above honey
plants was lower than in horticultural crops 1.4 and 1.3 times, respectively (Table 1).

Table 1. The content of inorganic elements in honey depends on the main honey plant in the area of the apiary (Mtm, n=90, *
- p<0.05, ** - p<0.001 - relative to the highest value of the element)

The average content of inorganic elements in honey depends on the honey plant, mg/kg

Element, Herbaceous, Sunflower, Buckw- Acacia, Linden, Horticultural  Forest crops,
mg/kg heat,
n=36 n=21 =8 n=5 n=6 crops, n=5 n=3
Zinc 3.649+ 6.881+ 2.738+ 1.558+ 1.417+ 2.756+ 1.667+
0.609%* 0.632 0.326** 0.219%* 0.129%* 0.219* 0.076*%*
Copper 3.603+ 4.626+ 4.865+ 5.163+ 0.840+ 7.242+ 5.463+
PP 0.256** 0.270%* 0.464* 0.441 0.084** 0.514 0.530
Iron 4.365+ 3.823+ 3.255+ 3.131+ 1.218+ 4,100+ 5.950+
0.361 0.433 0.555 0.611 0.111 1.145 3.626
Manganese 1.381+ 1.220+ 4,923+ 0.531+ 0.807+ 3.02+ 1.05+
& 0.127** 0.121%* 2.515 0.073** 0.165%* 1.420%* 0.268**
Calcium 245.879+ 365.379+ 177.675+ 267.704+ 77.26+ 298.486+ 259.750+
16.759* 38.691 76.016* 76.016 9.206%** 31.750 30.666
Strontium 0.163+ 0.282+ 0.122+ 0.165+ 0.0483+ bld 0.253+
0.019* 0.041 0.026* 0.026 0.0387* T 0.063
) 0.0633+ 0.0248+ 0.0363+ 0.0521+
Selenium 0.008 0.0042% 0.0089 0.0097 b.l.d. b.l.d. b.l.d.
. 0.0257+ 0.0210+ 0.0075+ 0.0041+
Nickel 0.0044 0.0056 0.0033 0.0031 b.l.d. b.l.d. b.l.d.
0.0241+ 0.0454+ 0.0183+ 0.0109+
Cobalt 0.0053 0.0113 0.0089 0.0109 b.l.d. b.l.d. b.l.d.
. 0.0677+ 0.0864+ 0.0318+ 0.0230+
Chromium 0.0200 0.039 0.0138 0.0109 b.l.d. b.l.d. b.l.d.
0.0434+ 0.123+ 0.0125+ 0.0034+
Lead 0.0180 0.044 0.0084 0.0034 b.l.d. b.l.d. b.l.d.

The studied samples of honey were iron content (min-max: 0.84-13.20 mg/kg). It should be noted that relative to the highest
rate of honey plants, no significant deviations in the content of this element were found; the exception was the excess of iron
(p<0.05) in honey from forest crops and herbaceous relative to linden honey in 4.9 and 3.6 times, respectively. Analyzing the
manganese content in honey (min - max: 0.32-8.64 mg/kg) relative to honey plants, it was found that the highest element
content was found in buckwheat honey: the average manganese content was 9.3 times higher than that from acacia (p<0.001),
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6.3 times - than from linden (p<0.001), 4.7 times - than from forest crops (p<0.001), 4.0 times - than from sunflower (p<0.001),
3.6 times - than from herbaceous (p<0.001) and 1.6 times - than from horticultural crops (p<0.05). In addition, a significant
difference (p<0.05) in the direction of increasing manganese content was found in honey from horticultural crops relative to
honey from acacia, linden, sunflower, and herbaceous - in 5.7; 3.7; 2.5 and 2.2 times, respectively. The calcium content in honey
was the highest of all studied elements regardless of honey plant and was (min-max: 45.89-862.47 mg/kg). Its highest content
was determined in sunflower honey: the average calcium content was 4.7 times higher than that of linden (p<0.001), 2.1 times
higher than that of buckwheat (p<0.05), and 1.5 times higher than that of herbaceous <0.05), while reliable differences with
other honey plants and between them were not observed. The selenium content in the studied samples of honey was (min-
max: n.m.v.-0.175 mg/kg), and in honey from linden, horticultural, and forest crops, the microelement was not detected. The
highest selenium content was determined in honey from herbaceous, but a reliable difference was found only with the indicator
of selenium content in honey from sunflower (2.6 times, p<0.05). No significant deviations were found in buckwheat and acacia
honey, although the average content of the element in honey from the above honey plants was 1.7 and 1.2 times lower than in
herbaceous honey, respectively. The studied samples of honey were strontium content (min-max: n.m.v.-0.647 mg/kg), and in
honey from horticultural crops, the microelement was not detected.

The highest strontium content was determined in sunflower honey, but a reliable difference was found only with the indicator
of strontium content in honey from linden, buckwheat, and herbaceous (5.8; 2.3 and 1.7 times, respectively, p<0.05). No
significant deviations were found in acacia and forest honey, although the average content of the element in honey from the
above honey plants was 1.7 and 1.1 times lower than in honey from herbaceous, respectively. Nickel and cobalt in honey
samples were detected in small amounts (min-max: b.l.d.-0.076 mg/kg) and (min-max: b.l.d.-0.147 mg/kg): mainly in honey
from herbaceous, sunflower, and buckwheat, while in acacia honey - only in one sample, and in linden honey and honey from
horticultural and forest crops they were not detected at all. The obtained data of the analysis concerning the content of honey
plant by these elements did not have probable deviations. Chromium and lead (min-max: b.l.d.-0.114 mg/kg) and (min-max:
b.l.d.-0.646 mg/kg) were detected in even fewer samples of honey, and their maximum amount accumulated in honey from
sunflower and herbaceous (Table 1).

Thus, as a result of the analysis of the content of inorganic elements in honey depending on the honey harvest, it can be stated
that sunflower honey can accumulate such inorganic elements as zinc, calcium, strontium, cobalt, chromium, and lead, most of
which are heavy metals. In an unfavorable environmental situation, this can cause its culling and damaging consequences when
consumed by humans. Herbaceous honey has a similar potential, which in addition to the above, can accumulate as most iron
and selenium. Acacia and buckwheat honey has a slightly lower environmental risk by the possibility of accumulating inorganic
elements; the latter can accumulate manganese. Honey, collected from horticultural and forest crops, is relatively safe, as it
does not contain the most heavy metals (lead, chromium, nickel, strontium, selenium, and cobalt) but can accumulate iron and
copper. The least dangerous in terms of accumulation of inorganic elements is honey, collected from linden because it has the
lowest concentrations of all investigated metals.

When analyzing the content of inorganic elements in honey in different regions of Ukraine, the following results were obtained
(Table 2).

The content of zinc in honey from different regions of Ukraine fluctuated within (by the total number of samples min-max: 0.59-
22.10 mg/kg), and on average by region: from 2.050+0.424 mg/kg in Poltava region to 10.34+2.26 mg/kg in the Kirovohrad
region. The highest zinc content was determined in honey from the Kirovohrad region, which is 2.4 times higher than in the
Kharkiv region (p<0.001); 2.5 times - than from the Kyiv region (p<0.001); 3.8 times - than from the Odessa region (p<0.001);
4.4 times - than from Cherkasy region (p<0.001); 4.0 times - than from Mykolayiv region (p<0.001); 3.8 times - than from
Kherson region (p<0.001); 2.0 times - than from Zhytomyr region (p<0.05); 5.0 - than from Poltava region (p<0.001) and 3.0
times - than from Luhansk region. It should be noted that no significant differences in zinc content in honey samples were
found between other areas. According to the copper content in honey relative to the area of the apiary location, no significant
differences were found between the groups, the fluctuations in the content were (min-max: 0.57-8.63 mg/kg), and on average
by region: from 2.658+0.532 mg/kg in Cherkasy region to 5.064+0.447 mg/kg in Sumy region.

The situation was similar with the iron content - no significant differences were found between the regions, the fluctuations in
the element content were (min-max: 0.84-13.20 mg/kg), and on average by region: from 2.395+0.156 mg/kg in Sumy region to
5.673+1.441 mg/kg in Zhytomyr region. The manganese content in different regions of Ukraine fluctuated within (by the total
number of samples min-max: 0.32-8.64 mg/kg), and on average by region: from 0.767+0.127 mg/kg in the Odessa region to
4.6791£0.943 mg/kg in the Zhytomyr region. The highest content of manganese was determined in honey from the Zhytomyr
region, which is 5.4 times more than in honey from the Kharkiv region (p<0.001); 4.8 times - than from Kyiv, Poltava, and
Cherkasy regions (p<0.001); 6.1 times - than from Odessa region (p<0.001), 2.7 times - than from Mykolayiv region (p<0.001);
3.4 times - than from Kherson region (p<0.001) and 4.3 times - than from Sumy region (p<0.001).

In addition to honey samples from the Zhytomyr region, honey samples from Kirovohrad and Luhansk regions had a high
manganese content, accompanied by statistically significant deviations. In samples of honey from the Kirovohrad region
(3.086+£0.596 mg/kg), the manganese content was 3.2 times higher than in samples from Kyiv and Cherkasy regions (p<0.05);
4.0 times - from the Odessa region (p<0.05); 3.1 times - from Poltava region (p<0.05); 2.8 times - from Sumy region (p<0.05)
and 3.6 times - from Kharkiv region (p<0.05).

The manganese content in samples from the Luhansk region exceeded similar ones from the Kharkiv region by 4.8 times
(p<0.001); Sumy, Poltava, Odessa, and Kyiv regions by 3.8; 4.2; 5.4 and 4.3 times (p<0.001); and from Mykolayiv, Kherson and
Cherkasy regions by 2.4; 3.0 and 4.3 times, respectively (Table 2).
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Table 2. The content of inorganic elements in samples of honey from different regions of Ukraine, mg/kg (M+m, n=90, * -
p<0.05, ** - p<0.001 - relative to the highest value of the element)

Zn Cu Fe Mn Ca Sr Se Ni Co Cr Pb

Kharkiv region (n=15)
4.273+ 4337+  3.022% 0.867+ 273.695+ 0.184+ 0.0701+ 0.0169+ 0.0338+ 0.119+ 0.0804+
0.593** 0.438 0.439 0.071** 38.286 0.041 0.0147 0.0061 0.0134 0.0382 0.0423

Kirovohrad region (n=8)
10.34+ 4380+ 5.001% 3.086+ 341.31+ 0.239+ 0.0534+ 0.0100+ 0.0243+ 0.0819+ 0.0571+%
2.26 0.526 1.14 0.596 93.13 0.065 0.0151 0.0049 0.0145 0.0726 0.0363

Kyiv region (n=7)
4.076+ 4349+  4.087% 0,976+ 234.47+ 0.184+ 0.0197+ 0.0107+

0.428** 1.01 0.736 0.107** 48.74 0.036 0.0095 0.0072 b.l.d. b.l.d. b.l.d.
Odessa region (n=6)

2.703+ 3.985+ 3.572+ 0.767+ 176.28+ 0.134+ 0.0592+ 0.0303+ 0.0175z% bld 0.132+

0.492** 0.486 1.012 0.127** 4417 0.045 0.0190 0.0138 0.0082 o 0.0819
Cherkasy region (n=6)

2.372+ 2.658+  3.652+ 0.970+ 223.79+ 0.225+ 0.0260+ 0.0150+ 0.0372+  0.0593+ bld

0.486** 0.532 0.692 0.220** 53.49 0.091 0.0070 0.0078 0.0169 0.0411 o
Mykolayiv region (n=8)

2.616+ 3.795+ 4.481+ 1.750+ 223.60+ 0.124+ 0.0096+ 0.0183+ 0.0261+ bld bld

0.471*%* 0.883 0.863 0.444** 21.58 0.041 0.0050 0.0010 0.0128 o o
Kherson region (n=6)

2.728+ 4,405+ 4,723+ 1.372+ 147.76+ 0.113+% bld 0.0322+ 0.0165+ bld bld

0.460** 1.279 0.740 1.141%* 29.85 0.040 o 0.0147 0.0142 o o
Zhytomyr region (n=7)

5.139+ 3.827+ 5.673+ 4.679+ 259.44+ 0.259+ 0.0284+  0.0229+ bld bld bld

0.798* 0.714 1.441 0.943 24.24 0.077 0.0092 0.0012 o o o
Poltava region (n=9)

2.050+ 4113+ 3.608% 0.981+ 286.41+ 0.149+ 0.0616% 0.002+ 0.0204+ bld. bld.

0.424%* 0.336 0.759 0.065** 32.13 0.032 0.0073 0.0013 0.0088
Sumy region (n=12)
2.318+ 5.064+  2.395% 1.097+ 269.81+ 0.155+  0.0548+ 0.0131+ 0.0302+ 0.1625+ 0.0463+
0.441%* 0.447 0.156 0.117%* 27.14 0.042 0.0094 0.0055 0.0127 0.0343 0.0324
Luhansk region (n=6)
3.402+ 4592+  3.580+% 4147+ 361.93+ 0.115+ 0.0208+ 0.0377+ 0.1685% 0.239+

1.15%* 0.634 0.943 0.9318 107.37 0.044 b.l.d. 0.0092 0.0172 0.0859 0.105

According to the calcium content in honey relative to the apiary location, no significant differences were found between the
groups, the content fluctuations were (min-max: 45.89-862.47 mg/kg), and on average by region: from 147.76+29.85 mg/kg in
Kherson region to 361.93+107.37 mg/kg in Luhansk region. The situation was similar with the strontium content - no significant
differences were found between the regions, the fluctuations of the element content were (min-max: b.l.d.-0.647 mg/kg), and
on average by region: from 0.113+0.018 mg/kg in Kherson region to 0.259+0.077 mg/kg in Zhytomyr region. The fluctuations of
the selenium content were (min-max: b.l.d.-0.175 mg/kg), and on average by region: from 0.0096+0.0050 mg/kg in Mykolayiv
region to 0.0701+0.0147 mg/kg in Kharkiv region. Selenium was not detected in honey samples from the Luhansk and Kherson
regions (it was below the limit of determination). The highest content of the element was determined in samples of honey from
the Kharkiv region, which reliably exceeded 7.3 times the content of selenium in honey from the Mykolayiv region (p<0.05),
while between the other regions, no reliable deviations were found. The content of nickel in honey did not reveal significant
differences between regions; fluctuations in the content of the element were (min-max: b.l.d.-0.076 mg/kg), and the average
for the regions: from 0.002+0.0013 mg/kg in Poltava region to 0.0322+0.0147 mg/kg in Kherson region. There were also no
significant changes in the cobalt content between the regions. Fluctuations in the content of the elements were (min-max: b.l.d.-
0.147 mg/kg), and on average by region: from 0.0165+0.0142 mg/kg in Kherson region to 0.0377+0.0172 mg/kg in Luhansk
region, and in samples of honey from Kyiv and Zhytomyr regions we did not detect cobalt (it was below the limit of
determination). Chromium was detected only in samples of honey from Kharkiv, Kirovohrad, Cherkasy, Sumy, and Luhansk
regions (in the rest of the samples, it was below the limit of determination), the fluctuations of the element content were (min-
max: b.l.d.-0.114 mg/kg), and on average by regions: from 0.0593+0.0411 mg/kg from Cherkasy region to 0.01685+0.0859 mg/kg
from Luhansk region. The lead content was detected only in samples of honey from Kharkiv, Kirovohrad, Odessa, Sumy, and
Luhansk regions (in the rest of the samples, it was below the limit of determination), the fluctuations of the element content
were (min-max: b.l.d.-0.646 mg/kg), and on average by regions: for 0.0463+0.0324 mg/kg from Sumy region to 0.239+0.105
mg/kg from Luhansk region (Table 2).
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Thus, as a result of analysis of the content of inorganic elements in honey depending on the location of the apiary, it can be
argued that the area affects the accumulation of trace elements such as zinc, manganese, and indirectly iron (Kirovohrad,
Zhytomyr, Luhansk regions). In contrast, the accumulation of other inorganic elements in honey largely depends on
intraregional features, anthropogenic (remoteness of the apiary from industries, roads, large settlements), and natural
(geochemical provinces) nature. There is a slight dependence of the accumulation of heavy metals (zinc, copper, cobalt,
chromium, and lead) on the capacity of regional centers; in particular, a significant number of them are in samples from Kharkiv
Luhansk, Odessa, Sumy, and Kirovohrad regions. According to the analysis results, Poltava and Mykolayiv regions can be
considered the safest in the ecological aspect, and Luhansk, Kirovohrad, Kharkiv, Sumy, Odessa, and Zhytomyr regions - with
the risk of accumulation of heavy metals.

The studied inorganic elements were found in all tested samples of adult bees. According to the results of research, the highest
zinc content was found in adults of bees that collected nectar from sunflower, which was 1.4 times higher than from
horticultural crops (p<0.001) and 1.1 times higher than from herbaceous (p<0.05), fluctuations in the content of the element in
adult bees was (min-max: 110.25-191.27 mg/kg). Fluctuations in the copper content in adult bees were (min-max: 11.23-26.58
mg/kg), and the highest content was determined in adult bees that collected nectar from horticultural crops, which was 1.5
times higher than in bees that collected nectar from herbaceous and sunflower, respectively (p<0.001). For iron content in adult
bees, no significant deviations were found relative to the honey plant; the element content fluctuations were (min-max: 315.28-
436.28 mg/kg). The highest manganese content was determined in bees that collected nectar from horticultural crops, which
was 1.2 times higher than from herbaceous (p<0.05) and 1.1 times higher than from sunflower (p<0.05), fluctuations in the
content of the element in adult bees (min-max: 69.37-97.58 mg/kg). The calcium content in adult bees ranged from 1793.48 to
2997.24 mg/kg. Its highest content was determined in bees that collected nectar from sunflower, which was 1.2 times higher
than from herbaceous (p<0.05), while at the rate of horticultural crops, no significant difference was found. The highest
strontium content was determined in bees that collected nectar from sunflower, which was 1.3 times higher than from
herbaceous (p<0.05) and 1.7 times higher than from horticultural crops (p<0.001), in addition, the strontium content in bees
from herbaceous was reliably 1.3 times higher than in horticultural crops value (p<0.05); fluctuations in the content of the
element in adult bees was (min-max: 3.26-8.69 mg/kg).

The nickel content in adult bees fluctuated within (min-max: 0.66-1.91 mg/kg); no significant difference was found between the
groups. The highest lead content was determined in bees that collected nectar from sunflower, which was 2.4 times higher than
from herbaceous (p<0.001) and 11.3 times higher than from horticultural crops (p<0.001), in addition, the lead content in bees
from herbaceous was reliably 4.7 times higher than in bees from horticultural crops (p<0.001), and fluctuations in the element
content in adult bees were (min-max: 0.52-10.47 mg/kg) (Table 3).

The chromium content in adult bees fluctuated within (min-max: 0.02-0.52 mg/kg); the average content of the element in bees
from sunflower exceeded the corresponding indicator from herbaceous and horticultural crops by 2.0 (p<0.05) and 5.6 times
(p<0.001). The selenium content in adult bees fluctuated within (min-max: 0.073-0.39 mg/kg), the highest element content was
determined in adult bees that collected nectar from sunflower, which is 2.2 times higher than the indicator from horticultural
crops (p<0.05) and 1.5 times higher than from herbaceous, but the indicator was not reliable. The content of cobalt in adult
bees fluctuated within (min-max: 0.034-0.132 mg/kg), the highest content of the element was determined in adult bees that
collected nectar from sunflower, which is 1.7 times higher than the indicator from horticultural crops (p<0.05) and 1.2 times
higher than from herbaceous, however, the indicator was not reliable, and the cobalt content in imago bees from herbaceous
was 1.4 times higher than from forest crops (p<0.05) (Table 3).

Table 3. The content of inorganic elements in the samples of adult bees depends on the main honey plant in the area of the
apiary (Mtm, n=30, * - p<0.05, ** - p<0.001 - relative to the highest value of the element)

The average amount of inorganic elements in imago samples depending on the honey plant

Element,
/k:
me/ks Herbaceous, n=16 Sunflower, n=7 Horticultural crops, n=7
Zink 146.48+5.32* 166.09+7.00 122.97+£3.79%*
Copper 15.11+0.65** 14.84+1.14%* 22.87+1.00
Iron 398.36+7.94 411.53+8.48 412.87+5.46
Manganese 75.57+0.811%* 78.74+1.978* 87.12+2.25
Calcium 2258.99+55.68* 2681.65+109.06 2531.07+100.09
Strontium 5.70+0.09** 7.13+0.39 4.17+0.35%*
Nickel 1.31+£0.04 1.3240.16 1.20+0.11
Lead 3.7940.22%* 9.04+0.46 0.80+0.070**
Chromium 0.21+0.023* 0.41+0.034 0.07340.022**
Selenium 0.151+0.020 0.227+0.036 0.104+0.013*
Cobalt 0.0969+0.0056 0.118+0.0043 0.068+0.0061*
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Therefore, as a result of the analysis of the content of inorganic elements in adult bees depending on the honey harvest, it can
be argued that the most significant potential for the accumulation of inorganic elements has sunflower, which confirms the
results of their content in honey.

When analyzing the content of inorganic elements in adult bees concerning different regions of Ukraine, the following results
were obtained (Table 4).

Table 4. The content of inorganic elements inimago samples depends on the location of the apiary (Mtm, n=30, * - p<0.05, **
- p<0.001 - relative to the highest value of the element)

The average amount of inorganic elements in imago samples depends

Element, On the location of the apiary

me/ke Kharkiv, n=8 Sumy, n=8 Odessa, n=7 Luhansk, n=7
Zink 137.90+7.36 152.82+7.47 139.7049.31 151.91+£10.67
Copper 17.80+1.58 18.41+1.85 15.18+1.09 15.68+1.48
Iron 409.52+8.21 394.31+£14.15 405.46+7.74 410.82+6.95
Manganese 75.98+0.77* 74.59+1.49* 78.56+1.40% 87.95+1.91
Calcium 2511.51+89.24 2357.14+51.41 2182.50+138.13* 2629.47+103.38
Strontium 6.60+0.38 6.09+0.33 5.10+0.33* 4.71+0.45*
Nickel 1.24+0.070 1.20£0.13 1.38+0.06 1.37+0.11
Lead 3.57+0.82 2.82+0.41 4.75+1.44 6.46+1.37
Chromium 0.162+0.0187* 0.325+0.0358 0.079+0.022** 0.343+0.059
Selenium 0.224+0.027 0.196+0.034 0.112+0.012 0.084+0.003
Cobalt 0.103+0.007 0.104+0.007 0.066+0.007* 0.105+0.010

The zinc content in adult bees ranged from 137.90+7.36 mg/kg in the Kharkiv region to 152.82+7.47 mg/kg in the Sumy region
and had no significant deviations. The copper content in adult bees ranged from 15.18+1.09 mg/kg in the Odessa region to
18.41+1.85 mg/kg in the Sumy region and had no significant deviations. The iron content in adult bees on average in the region
ranged from 394.31£14.15 mg/kg in the Sumy region to 410.82+6.95 mg/kg in the Luhansk region and had no significant
deviations. The manganese content in adult bees ranged from 74.59+1.49 mg/kg in the Sumy region to 87.95+1.91 mg/kg in the
Luhansk region. The highest content of the element was determined in samples from bees from the Luhansk region, which
exceeded the indicator in Kharkiv, Sumy, and Odessa regions by 1.2; 1.2 and 1.1 times, respectively (p<0.05) (Table 4). The
calcium content in adult bees ranged on average from 2182.50+138.13 mg/kg in the Odessa region to 2629.47+103.38 mg/kg
in the Luhansk region. The highest content of the element was determined in samples from bees from the Luhansk region,
which exceeded the indicator in the Odessa region by 1.2 and 1.1 times (p<0.05), while in Kharkiv and Sumy regions, no
significant deviations were noted. The strontium content in adult bees ranged from 4.71+0.45 mg/kg in the Luhansk region to
6.60+0.38 mg/kg in the Kharkiv region.

The highest content of the element was determined in samples from bees from the Kharkiv region, which exceeded the
indicator in Odessa and Luhansk regions by 1.3 and 1.4 times, respectively (p<0.05), while relative to the strontium content in
bees from the Sumy region no significant deviations were observed. The nickel content in adult bees on average in the regions
ranged from 1.20+£0.13 mg/kg in the Sumy region to 1.38+0.06 mg/kg in the Odessa region and had no significant deviations.
The lead content in the imago samples did not differ significantly from the areas of apiary location. Moreover, the highest
content of the element was determined in bees from the Luhansk region, which exceeded its average content in Kharkiv, Sumy,
and Odessa regions by 1.8; 2.3 and 1.4 times, and fluctuations in lead content averaged in the regions from 2.82+0.41 mg/kg in
Sumy to 6.46+1.37 mg/kg in Luhansk region. The chromium content in adult bees ranged on average from 0.079+0.022 mg/kg
in the Odessa region to 0.343+0.059 mg/kg in the Luhansk region. The highest content of the element was determined in
samples from bees from the Luhansk region, which exceeded the indicator for Kharkiv and Odessa regions by 2.1 (p<0.05) and
4.3 times (p<0.001), respectively, while relative to the indicator in Sumy region no probable deviations were found. For the
chromium content, there was also found significant exceeding in content between samples from Sumy, Kharkiv, and Odessa
regions (p<0.05) (2.0 and 4.1 times, respectively). The selenium content in the samples of adult bees did not have a significant
difference concerning the areas of apiary location. However, the highest content of the element was determined in bees from
the Kharkiv region, which exceeded its average content in Sumy, Odessa, and Luhansk regions by1.1; 2.0 and 2.7 times, and
fluctuations in selenium content averaged over the regions from 0.084+0.003 mg/kg in Luhansk region to 0.224+0.027 mg/kg
in Kharkiv region.

The highest cobalt content was determined in bees from the Luhansk region, which exceeded its average content in the Odessa
region by 1.6 times (p<0.05). The fluctuations in cobalt content averaged in the region from 0.066+0.007 mg/kg in Odessa region
to 0.105+0.007 mg/kg in the Luhansk region; in addition, its content in bees from the Odessa region was 1.6 times lower than
in imago samples from Kharkiv and Sumy regions (p<0.05) (Table 4).

Therefore, as a result of the analysis of the content of inorganic elements in adult bees, depending on the location of the apiary,
it can be argued that bees have a relatively stable elemental composition, except for manganese content. The obtained data
confirm that the Luhansk region of Ukraine has the potential to accumulate inorganic elements.

Thus, according to the results of the research, it was determined that the qualitative and quantitative composition of inorganic
elements in honey and samples of adult bees varied significantly both in one area and from one honey plant. These data indicate
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that the content of inorganic elements in honey and adult bees largely depends on the area of honey collection: climatic
conditions during nectar collection, the presence of large highways, developed chemical and metallurgical industries, chemical
fertilizers, and a variety of honey plants. Higher rates in adult bee samples than in honey indicate that inorganic elements are
accumulated more in bee tissues and enter honey by trophic bonds at lower concentrations, respectively. The level of intensity
of technogenic load on the ecological conditions of Ukraine generally determines the pronounced complex physiological
influence on the content of some mineral elements in various tissues of the body of honey bees and the transformation of
these elements directly into beekeeping products.

However, the data obtained by us are consistent with the data of other researchers. Thus, determined by us zinc content in
honey samples (0.59-22.10 mg/kg) was close to that in honey from China (0.59-22.85 mg/kg) (Ru et al., 2013) and India (2.50-
16.77 mg/kg) (Nanda et al., 2003). The copper content (0.57-8.63 mg/kg) was close to honey from Israel (3.18-9.00 mg/kg) (Dag
et al., 2006), Palestine (b.l.d.-7.60 mg/kg) (Swaileh & Abdulkhalig, 2013), Ethiopia (0.37-13.99 mg/kg) (Nigussie et al., 2012), Libya
(0.80-10.40 mg/kg) (Ahmida et al., 2013). The iron content (0.84-13.20 mg/kg) was similar to that in honey from many countries
around the world, but the closest values were in honey from Israel (0.90-9.30 mg/kg) (Dag et al., 2006), Turkey (0.57-8.74 mg/kg)
(Silici et al., 2016), Spain (b.l.d.-7.59 mg/kg) (de Alda-Garcilope et al., 2012), Argentina (1.13-10.32 mg/kg) (Cantarelli et al., 2008)
and Chile (0.78-7.66 mg/kg) (Fredes & Montenegro, 2006). The manganese content (0.32-8.64 mg/kg) was mainly similar to that
in European countries (Bulgaria, Poland, Spain, Morocco), respectively (0.06-12.70 mg/kg), (0.10-8.00 mg/kg), (0.98-10.90
mg/kg), (0.08-9.76 mg/kg) and Venezuela (0.50-10.70 mg/kg) (Belouali et al., 2008; Vit et al., 2010; de Alda-Garcilope et al., 2012;
Atanassova et al., 2012; Grembecka & Szefer, 2013). The calcium content (45.89-862.47 mg/kg) was similar to that in Malaysia
(65.80-567.27 mg/kg) and Italy (9.10-402.60 mg/kg) (Conti et al., 2007; Moniruzzaman et al., 2014). The strontium content (b.l.d.-
0.647 mg/kg) was close to the content in honey from Bulgaria (0.12-0.40 mg/kg) and Chile (0.04-22.06 mg/kg) (Fredes &
Montenegro, 2006; Atanassova et al., 2012). The similarity of selenium content (b.l.d.-0.175 mg/kg) was established with honey
from Iran (0.06-0.260 mg/kg) and Turkey (0.01-0.450 mg/kg) (Samimi et al., 2001; Silici et al., 2016).

Nickel in honey samples was detected in small amounts (b.l.d.-0.076 mg/kg), which was consistent with data on honey from
Palestine (Swaileh & Abdulkhalig, 2013.) (b.l.d.-0.13 mg/kg); Bulgaria (Atanassova et al., 2012) (0.01-1.00 mg/kg); Spain (de Alda-
Garcilope et al., 2012) (0.05-0.75 mg/kg); USA (Birge & Price, 2001) (b.l.d.-0.13 mg/kg), Chile (Fredes & Montenegro, 2006) (0.01-
1.48 mg/kg) and New Zealand (Vanhanen et al., 2011) 0.02-0.65 mg/kg). The content of cobalt (b.l.d.-0.147 mg/kg) in honey was
consistent with the content from countries such as Turkey (0.125-3.0 mg/kg), France (0.100-0.230 mg/kg), Poland (b.l.d.-
0.300 mg/kg) and Spain (b.l.d.-0.136 mg/kg) (Devillers et al., 2002; de Alda-Garcilope et al., 2012; Grembecka & Szefer, 2013;
Silici et al., 2016). The chromium content (b.l.d.-0.114 mg/kg) was close to the content in honey from Bulgaria (0.100-0.200
mg/kg) (Atanassova et al., 2012) and France (0.08-0.360 mg/kg) (Devillers et al., 2002). The lead content (b.l.d.-0.646 mg/kg)
found in honey from Ukraine was close to that from France and Italy (0.28-1.08 mg/kg) and (0.10-1.53 mg/kg) (Devillers et al.,
2002; Conti et al., 2007).

Regarding adult bees, there are data that the keeping of honey bees in agroecological conditions with a low level of artificial
pollution is accompanied by a lower content of heavy metals in beekeeping products. Significantly lower concentrations of Fe,
Zn, Cu, Cr, Ni, Pb, Cd were found in the tissues of the head of honey bees, kept at a distance of 15 and 30 km from the zone of
intensive artificial load. The abdominal tissues showed a significantly lower concentration of all investigated heavy metals,
except Cu. It has been established that agroecological conditions of the foothills and mountain zones of the Carpathians with
different anthropogenic loads contribute to a reliable decrease in Cu and Ni in the tissues of the head, thorax, and abdomen of
honey bees, as well as in honey and bee pollen against a significant decrease in Pb and Cb in products (Kovalchuk & Fedoruk,
2013).

Thus, when evaluating honey and adult bees from different regions of Ukraine, the influence of agroecological and climatic
conditions on the mineral composition of beekeeping products has been proved. The obtained results will be used to form a
database of honey quality indicators further and assess data stability over time. Further research of honey samples of different
botanical origins in comparison with honey samples from other regions of Ukraine is considered promising. It is necessary to
provide sustainable prerequisites for developing an innovative science-based methodological framework for organic
beekeeping in Ukraine. It is advisable to study the content of heavy metals in the tissues of bees and the reproductive capacity
of queens, which will be the subject of further research.

Conclusions

It has been experimentally proved that the qualitative and quantitative composition of inorganic elements in honey varies both
in one area and when itis harvested from one species of honey plant. As a result of analysis of the content of inorganic elements
in honey depending on the honey harvest, it can be stated that sunflower honey can accumulate such inorganic elements as
zinc (max 49.87 mg/kg), calcium (max 862.47 mg/kg), strontium (max 0.647 mg/kg), cobalt (max 0.147 mg/kg), chromium (max
0.589 mg/kg) and lead (max 1.09 mg/kg), most of which are heavy metals, which under an unfavorable environmental situation
can cause culling of honey and have negative consequences when consumed by humans. These data are confirmed by a certain
maximum content of the above inorganic elements in adult bees. Herbaceous honey has a similar potential, which in addition
to the above can accumulate as most iron (max 10.27 mg/kg) and selenium (max 0.175 mg/kg). Acacia and buckwheat honey
has a slightly lower environmental risk due to the possibility of accumulating inorganic elements; the latter can accumulate
manganese (max 8.36 mg/kg). Honey collected from horticultural and forest crops are relatively safe, as the content of most
heavy metals (lead, chromium, nickel, strontium, selenium, and cobalt) was below the limit of the method but has the potential
to accumulate iron and copper. The least dangerous in terms of accumulation of inorganic elements is honey, which is collected
from linden because it has the lowest concentrations of all investigated metals.
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As a result of analysis of the content of inorganic elements in honey depending on the location of the apiary, it can be argued
that the area affects the accumulation of trace elements such as zinc, manganese, and indirectly iron (Kirovohrad: max 22.10,
6.52 and 10.27 mg/kg, respectively, Zhytomyr: max 7.48, 8.64 and 13.20 mg/kg, respectively, Luhansk: max 7.69, 8.36 and 6.54
mg/kg, respectively). There is a slight dependence of the accumulation of heavy metals (zinc, copper, cobalt, chromium, and
lead) on the capacity of regional centers; in particular, a significant amount of them is in samples from the Kharkiv, Luhansk,
Odessa, Sumy, and Kirovohrad regions. According to the results of the analysis, Poltava and Mykolayiv regions are considered
the safest from the ecological aspect, and Luhansk, Kirovohrad, Kharkiv, Sumy, Odessa, and Zhytomyr regions are considered
at risk of heavy metal accumulation, which is confirmed by the high content of inorganic elements in adult bees, in particular,
from Luhansk, Kharkiv and Sumy regions.

The obtained data are consistent with the content of inorganic elements in honey from around the world.
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