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Abstract: Urban vegetation is generally exposed to high levels of air pollution in airborne particles,
with the greatest exposure in the EU being seen in Poland. With the continuing growth of urban
populations, there is a need to confirm whether honey produced from urban areas is of similar high
quality to that from rural areas. A total of 27 honey samples were collected from urban and rural
apiaries and tested for the concentrations of 19 elements by ICP-OES. The results were compared
with data on honey produced in old and new EU countries (metadata). Our evaluation used a novel
approach to determine threshold values in the identification of the bioproduct contamination index.
The analysed urban honey samples demonstrated higher concentrations of K, Sr, Ba, Ni, and Co,
and lower levels of Mn and B than rural honey samples. Contamination by PM10 particles and the
toxic elements contained in them proved to be a poor predictor of the content of these elements in
honey, in contrast to the effect of atmospheric pollution measured during firework shows, which
demonstrated higher concentrations of Ba, Pb, Ca, Cu, and Mg. The non-carcinogenic risk assessment
indicated that the analysed honey samples are of good quality and are comparable or of even better
quality than honey products from other EU countries.

Keywords: natural resources; food quality; PM10; heavy metals; micro- and macroelement; toxic
element; contamination ratio; metadata; health risk assessment

1. Introduction

The production of natural food products, such as those produced by bees, is strongly
influenced by local vegetation and animal resources. Out of numerous apiculture products,
honey is by far the most popular. As a bioproduct, it is a valuable nutrient produced from
plant nectar and the secretions of live plant parts and insects. Its quality is determined by
a complex mixture of carbohydrates, proteins, enzymes, as well as micro- and macroele-
ments [1,2]. Due to its complex chemical composition, honey is a common dietary element,
where it is a source of energy and plays a role in the formation and regulation of essential
nutrients needed for the proper development and functioning of the human organism.
The substances contained in honey have a stimulating effect on the immune system and
metabolism, prevent damage to some organs, and can even minimise the side effects of
chemotherapy [3–5]. However, their medicinal properties are not yet fully understood;
for example, studies suggest honey may be used in the glycaemia treatment of diabetic
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patients to increase the efficacy and safety of herbal medicines or improve resistance against
COVID-19 [6–8].

Greater awareness of environmental pollution brings forth the need for the proper
management of plant and animal resources. Regardless of their particular characteristics,
bees are inextricably linked with the environment that forms bee pastures; furthermore,
as their flight radius typically extends only as far as 1.5 km from the hive, the concen-
tration of pollutants in their bodies and in apiculture products is strongly determined
by local pollution levels. Therefore, their concentrations in honey can be used as indica-
tors of environmental pollution with heavy metals (HMs), xenobiotics, and radioactive
substances [9–12]. Otherwise, the quality of honey depends on the region of its origin,
i.e., the climatic conditions, plant resources, soil composition, water and air quality, as
well as storage conditions [13–15]. Honey may contain non-biodegradable toxic elements
originating from agricultural and industrial activities, coal combustion, deposition of atmo-
spheric pollutants due to melting of the snow cover, combustion of municipal waste, and
microplastic [16].

A significant source of pollution is the transport sector, whose influence is primarily
determined by the number and age of motor vehicles, road surface conditions, and traffic
organisation [17]. One of the key constituents of air pollution is particulate matter (PM),
which is present in more than 80% of urban areas [18]. Coarse grain size particulate matter
(PM10) consists primarily of particles originating from the earth’s crust; therefore, it is
enriched with Al, Ca, Fe, and Si oxides and numerous HMs. In contrast, fine-grained PM2.5
consists mainly of nitrates, sulphates, inorganic and organic C compounds, as well as HMs.

As contaminated honey may pose a risk for human health, in particular with respect
to small children, it is crucial to identify locations in which the concentration of harmful
elements significantly exceeds acceptable standards and determine the potential access
of living organisms [11]. Of particular concern are As (metalloid), and HMs such as Cd,
Cr, Ni, and Pb, as these are known to demonstrate a range of harmful effects, including
carcinogenic properties [19]. Long-term consumption of food contaminated with metals
such as Cd and Pb can lead to various complications such as kidney or liver damage, bone
demineralisation, cardiovascular diseases, disorders of the nervous and immune system,
and hyperglycaemia [3,15].

Until recently, pure and uncontaminated honey was associated with rural areas
only. Nowadays, however, apiaries are more frequently being established on the roofs
of tall buildings, and apiculture in rural areas is becoming increasingly popular or prof-
itable [20–22]. Urban bee pastures typically demonstrate more diverse plant resources, and
the resulting honey is believed to have a more full-bodied taste. In addition, in the contrast
to rural honey products, city honey products should not contain pesticides [23–25].

However, studies suggest that honey produced in anthropogenic regions is at an
increased risk of contamination with metals [15,26–29]; in particular, it was assumed that
honey products from apiaries located in urban agglomerations with high PM10 concentra-
tions demonstrate greater concentrations of metals than those produced in rural apiaries.
The aim of the present study was therefore to determine the micro- and macroelements
(MMs) quality of honey originating from the northwestern and central parts of Poland,
including HMs, and compare the findings with those of honey products from other EU
countries. In addition, the quality of urban honey was compared with that of rural honey
from the immediate area. It was also investigated whether PM10 air pollution, docu-
mented by monitoring studies considered a predictor of HM level, is indeed reflected in
the elemental composition of the analysed honey samples.

2. Materials and Methods
2.1. Study Areas

The analysis was conducted on honey samples obtained from three cities and rural
areas in their immediate vicinity. The samples were obtained directly from honey products
intended for sale, which were produced in six apiaries managed by five apiarists. Three
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cities with different physical and chemical parameters, viz. Warsaw, Szczecin, and Gorzów
Wielkopolski (Gorzów Wlkp.), were chosen as areas constituting the bee pasture. The main
factor of selection was the size of the city. The residence area in Warsaw was 200 km2

greater than in Szczecin, which was, in turn, similarly larger than Gorzów Wlkp. This
factor, when analysed jointly with the number of residents, may affect the diversity of
atmospheric air pollution. Similarly, the highest level of industrialisation and degree of
traffic system development was identified in Warsaw, followed by Szczecin and Gorzów
Wlkp. (Table 1).

Table 1. Characteristics of PM2.5 and PM10 particles in urban areas of the studied cities.

Features of Cities City

Warsaw Szczecin Gorzów Wlkp.

* PM10 dust average annual value [ug/m3] 30; 30; 32; 44 24; 24; 26 24; 27
* PM2.5 dust average annual value [ug/m3] 20; 21; 23; 25 19; 20 17
* Pb(PM10) average annual value [ng/m3] 10; 10 10 10; 10
* Ni(PM10) average annual value [ng/m3] 0.6; 2.1 0.9 1.9; 2.7
* As(PM10) average annual value [ng/m3] 0.6; 0.7 0.8 1.2; 1.1
* Cd(PM10) average annual value [ng/m3] 0.3; 0.2 0.2 0.2; 0.2

Classes for the protection of health C A A
Particulate pollutants emission from plants of

significant nuisance to air quality [t/y] 456 299 28

*: the number of presented results refers due to different numbers of measurement stations of air quality in individual cities in 2019.

Atmospheric pollution with PM10 was assessed, as was the presence of As, Cd, Ni,
and Pb. The factors were classified in terms of the protection of human health [30–32]. In
2018, the measuring points in Szczecin and Gorzów Wlkp. were found to demonstrate
class A with respect to PM10 concentration, i.e., the 24 h and mean annual levels of PM10
concentration did not exceed recommended values. In contrast, high values of PM10
concentration were recorded in Warsaw resulting in a classification of class C. In all the rest
of the analysed cities, the concentrations of As, Cd, Ni, and Pb in PM10 were classified as
class A (Table 1).

The rural apiaries were located (natural and cultivated plant species) in Celinów,
Kobylanka, and Chwalęcice, each of which is found within 20 km from the borders of
Warsaw, Szczecin, and Gorzów Wlkp., respectively.

2.2. Contamination of Air (PM and HMs)

Considering the element cycle in the environment and identified adverse effects of air
pollutants on human health and ecosystem status, air quality assessments are conducted
annually; these tests are particularly focused on PM2.5 and PM10 particulate matter levels,
as well as the As, Cd, Ni and Pb levels in the latter. The quality of honey is particularly
determined by levels of particulate matter, and its associated HMs, originating from low
emission sources [26,33]. Such particulate matter is more dangerous than that originating
from industrial sources, which are equipped with efficient filtering systems. Poland
demonstrates higher levels of particulate pollution than other EU countries, including its
neighbours (Table 2) [34].
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Table 2. Exposure people to air pollution by particulate matter in Poland and in the neighbouring EU countries of Poland.

Contamination State

Poland Germany Czech Slovakia Lithuania EU

G PS Republic

PM10 dust [µg/m3] 32.2 29.0 17.5 23.9 24.2 22.8 21.6
PM2.5 dust [µg/m3] 23.8 20.7 12.7 18.4 17.5 - 14.1

G: values of general, PS: mean values of three cities (Table 1).

2.3. Honey Samples

The biological material was obtained in 2019 directly from 27 locations of six apiaries
during veterinary inspections. The material was taken from randomly—selected glass
jars (from Robinia pseudoacacia L., Tilia sp., Brassica napus L. var. napus, honeydew, and
multiflower), intended for sale. Each sample weighed 80 g and was collected into clean
plastic containers. In total, 27 honey samples were taken (one for each location); these
were labelled as follows: sites 1–4 from Szczecin (veterinary identification number (PLW)
32625251); sites 5–7 from Kobylanka village (PLW 321442179); sites 8–9 from Gorzów Wlkp.;
site 10 from Chwalęcice village (PLW 08015686); sites 15–26 from Warsaw (PLW 146552210);
sites 11–14 and 27 from Celinów village (PLW 14125614) (Figure 1).

Figure 1. The location of cities and neighbouring rural areas in NW and central Poland (source:
https://pl.wikipedia.org/wiki/Polska (accessed on 30 July 2021)).

2.4. Selected Predictors of Climatic Conditions

Out of the analysed urban agglomerations, in the vegetation period of 2019, the highest
temperature values were recorded in Gorzów Wlkp. (Table S1, in Supplementary Materials).
However, in all locations, thermal conditions allowed for bee foraging as the temperature
values were higher than 12 ◦C. All cities included in the analysis demonstrated comparable
mean monthly precipitation values in the period April–August (from 54 to 56 mm), with the
lowest values recorded in April. On rainy days, bees flight and, consequently, bee foraging
ceases due to disruption of sensory signals and activation of mechanic and energetic
limitations [35]. In the analysed period, i.e., April–August 2019, meteorological conditions
were favourable for the development of bee pastures (Table S1).

https://pl.wikipedia.org/wiki/Polska
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2.5. Chemical Studies of Elements

All samples were stored at room temperature until processed. The analysis was
performed using inductively—coupled plasma optical emission spectrometry (ICP-OES,
ICAP 7400 Duo, Thermo Scientific, Waltham, MA, USA) equipped with a concentric
nebuliser and cyclonic spray chamber to determine their manganese, zinc, copper, iron,
strontium, sodium, potassium, lead, chromium, boron, phosphorus, magnesium, calcium,
barium, sulphur, nickel, cobalt, cadmium, arsenic content. Analysis was performed in
radial and axial modes.

The samples were mineralised using microwave digestion system MARS 5, CEM. The
weight of the sample for research was at least 0.5 g. The samples were transferred to clean
polypropylene tubes. Then, 2 mL of 65% HNO3 (Suprapur, Merck, Darmstadt, Germany)
was added to each vial, and each sample was allowed 30 min pre-reaction time in the clean
hood. After completion of the pre-reaction time, 1 mL of non-stabilised 30% H2O2 solution
(Suprapur, Merck) was added to each vial. Once the addition of all reagents was complete,
the samples were placed in special Teflon vessels and heated in microwaved digestion
system for 35 min at 180 ◦C (15 min ramp to 180 ◦C and maintained at 180 ◦C for 20 min).
At the end of digestion, all samples were removed from the microwave and allowed to
cool to room temperature. In the clean hood, samples were transferred to acid-washed
15 mL polypropylene sample tubes. A further 10-fold dilution was performed prior to
ICP-OES measurement. The samples were spiked with an internal standard to provide a
final concentration of 0.5 mg/L yttrium, 1 mL of 1% Triton (Triton X-100, Sigma-Aldrich,
Merck, Darmstadt, Germany), and diluted to the final volume of 10 mL with 0.075% nitric
acid (Suprapur, Merck). Samples were stored in a monitored refrigerator at a nominal
temperature of 8 ◦C until analysis.

Blank samples were prepared by adding concentrated nitric acid to tubes without
sample and subsequently diluted in the same manner described above.

Multielement calibration standards (ICP multi-element standard solution IV, ICP
Sulphur standard, Merck and Phosphorus ICP Standard (AccuStandard, Inc. New Haven,
CT, USA) were prepared with different concentrations of inorganic elements in the same
manner as in blanks and samples. Deionised water (Direct Q UV, Millipore, approximately
18.0 MΩ) was used for the preparation of all solutions.

Samples of reference material (NIST SRM 1486 Bone Meal) were prepared in the same
manner as samples.

The wavelengths (nm) were Ca 315.887, Mn 257.610, K 766.490, Zn 202.548, Cu 224.700,
Fe 238.204, Na 589.592, Pb 220.353, Cr 205.560, B 249.773, Sr 421.552, P 178.284, Mg 280.270,
Ba 233.527, S 180.731, Ni 221.647, Co 238.892, Cd 214.438, As 189.042.

2.6. Dataset on MMs Concentration in Honey Samples from EU Countries (Metadata)

The threshold values of low and high MMs concentrations in honey samples from
EU countries were determined based on data from 57 scientific articles (Table S2). The
reported data were from the period 1993–2020, and these were acquired from both old and
new EU countries. Regarding the numbers of publications used to construct the dataset on
MMs concentration in honey samples, the most among the old EU countries were obtained
for Spain (11 published articles), France and Italy (5 each), Greece and Germany (4 each),
Ireland (3), Portugal (2), and Austria and Finland (1 each) (metadata), while among the new
EU countries, the most were obtained for Poland (10), Hungary (6), Bulgaria and Croatia
(5 each), The Czech Republic and Romania (4 each), Slovenia (3), Lithuania (2), Latvia, and
Malta and Slovakia (1 each).

Of the 18 MMs discussed in the analysed literature, 12 were present in all analysed
honey samples from NW and central Poland, and these were selected for analysis. In total,
1243 studies had been performed on the levels of these elements within the EU (Figure S1).
In the analysed period, more studies on honey were conducted in the new EU countries
(n = 842) than in those of the old EU (n = 401). The most frequently analysed elements
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were K and Zn, followed by Mg and Ca, and Cu and Fe. In contrast, the least commonly
analysed were Sr, B, P, and S.

The mean concentrations of MMs and standard deviation in honey samples are given
in Figure S2. Other descriptive statistics are presented in Table 3 (see Section 2.9. Honey
Contamination Ratio). For the purposes of the comparative analysis, the threshold values
of a given element in honey were adopted based on the determined quartile I and III values
provided in the EU country dataset.

2.7. Statistical Analysis

Descriptive statistics (mean, min., max., standard deviation, median, quartile I, and III)
were calculated for the obtained MM concentrations in the analysed honey samples. The
distribution of data was assessed with the use of Shapiro–Wilk test. As the distribution was
not normal, the data were then further analysed using the non-parametric Mann–Whitney
U test and the Kruskal–Wallis test.

2.8. Non-Carcinogenic Risk Assessment

The non-carcinogenic risk associated with ingestion of the MMs at the content found
in honey was estimated using the following equation [28]:

THQi =
EDI
RfD

(1)

where THQi is the target hazard quotient of each MMs.
The estimated daily intake (EDI) was calculated by the following equation [28]:

EDI =
C × IR × EF × ED

BW × AT
(2)

where

• C: the concentration of MMs in honey was according to mg/kg dry weight (DW).
Hence, their unit was converted to mg/kg-wet weight via the following equation:

WW = DW × (100 − %M)/ 100 (3)

where
• WW: concentration according to wet weight; DW: concentration according to dry

weight and % moisture (M) is content in honey, i.e., 17.9% [28].
• IR: ingestion rate of honey is 0.575 g/350 d (day) for Poland but 0.671 kg/350 d for

EU countries [36,37];
• EF: exposure frequency is 350 days/year;
• ED: exposure duration is 6 years for children and 30 years for adults;
• BW: body weight is 15 kg for children and 70 kg for adults;
• AT (days), mean lifetime: AT for estimation non-carcinogenic risk in the children and

adults is 2190 and 10,950 days, respectively.

EDI µg/(kg·d), intake MMs per kilogram BW, and RfD mg/(kg·d). Oral reference
dose (RfD) for Mn, Fe, Cu, Zn, Sr is 0.14, 0.7, 0.04, 0.3, and 0.6 mg/(kg·d), respectively [38].

In order to consider the risk of MM accumulation, the total target hazard quotient
(TTHQ) was calculated using the following equation [28]:

TTHQ =
n

∑
k=1

TTHQk (4)

where TTHQk is the non-carcinogenic risk of each used MM.
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2.9. Honey Contamination Ratio

The honey contamination ratio (HCR) has been developed to assess MM contamina-
tion in terrestrial environments through the use of honey as a bioindicator. This calculation
method was adapted from HCI, developed for honeybees by Goretti et al. [11]. HCR is
calculated based on a combination of HCRhigh and HCRlow; this value allows the level of
MM contamination level in honey to be compared with the content of elements in honey
samples identified in EU countries and has the following attributes:

H, a high contamination level when HCRhigh is positive;
L, a low contamination level when HCRlow is negative;
I, an intermediate contamination level when HCRhigh is negative and HCRlow is positive.

HCRhigh and HCRlow are calculated using the following equation:

HCRlow = log(Cmean, PS/Cquartile I)

HCRhigh = log(Cmean, PS/Cquartile III)

where Cmean, PS/Cquartile is the ratio between the mean MMs concentration in honey, and
the I and III quartile MM concentration in honey from values of quartile (Table 3).

Table 3. Values of I and III quartiles and mean MM concentration (mg/kg WW) in honey samples from EU countries
(calculated using metadata references from Table S2).

MMs Mn Zn Cu Fe Sr Mg Ca K Na B P S

Mean 2.63 3.73 0.99 7.60 0.81 56.42 108.62 888.21 42.91 7.63 49.96 29.39
I quartile 0.53 1.53 0.28 2.20 0.21 10.40 28.20 150.30 12.10 4.55 27.80 14.00

III quartile 3.20 4.33 1.27 10.40 1.35 54.15 133.00 1421.00 47.12 7.80 66.10 41.88

3. Results

Considerable variation in MM concentration was observed between the analysed sam-
ples. The Shapiro–Wilk test indicated that the metals concentrations did not demonstrate a
normal distribution. Therefore, the urban and rural honey samples were compared using
the Mann–Whitney U test. Significantly higher concentrations of Mn and B were identified
in urban honey samples than rural honey samples. In turn, the results of the Kruskal–Wallis
test indicated that the concentrations of Cu, Fe, Ca, Na, and Sr in honey samples varied
according to the location of origin.

3.1. MMs Bioaccumulation in the Analysed Honey Samples

The MMs investigation involved 27 sites in the NW and central parts of Poland. The
data are presented in Tables 4 and S3.

Table 4. MM concentrations in studied honey samples (mg/kg WW).

MMs Mn Zn Cu Fe Sr Mg Ca K Na B P S

Mean 0.734 3.80 0.287 2.58 0.132 23.3 77.0 1255 16.43 5.90 104.1 42.6
Median 0.416 3.14 0.238 2.03 0.101 16.9 72.6 1501 11.98 4.38 72.8 32.1

I quartile 0.223 2.72 0.141 1.40 0.057 14.2 51.0 625 7.72 3.42 64.1 27.1
III quartile 0.752 4.22 0.420 3.33 0.160 21.7 89.8 1627 21.26 8.94 116.4 50.1

S.D. 0.911 2.06 0.193 1.80 0.104 21.1 38.6 759 13.86 3.26 80.9 25.6
Min. 0.105 1.97 0.047 1.01 0.024 6.8 28.00 166 2.98 2.38 42.1 17.8
Max. 3.764 12.8 0.826 9.73 0.477 109.3 200.2 3490 59.37 14.71 405.1 130.8

LOD (mg/kg WW): Mn 0.0027, Zn 0.0007, Cu 0.0069, Fe 0.0053, Sr 0.0058, Mg 0.0019, Ca 0.06, K 0.8601, Na 0.2647, B 0.0323, P 0.1010, S
0.0074.

The analysed honey samples were characterised by low concentrations of Pb, Cr, Ba,
Ni, and Co, with the identified values being below the limit of detection (LOD) in many
samples. As the concentrations of Cd and As were below LOD (0.001 and 0.008 mg/kg
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WW, respectively) in all tested honey samples, their values are not shown. Hence, only
low levels of contamination by these metals were noted. However, Pb was determined in
honey samples obtained from 18 sites—namely, Ni in eight sites; Cr in six sites, Ba in six
sites; Co in three sites (Figure 2). The presence of Co was found only in honey samples
from Warsaw, which were dominated by Pb and Cr.

Figure 2. Elements found to be of low concentrations (mg/kg WW) in the analysed honey samples (No of sites: 1, 2, etc.;
explanatory notes as in Table 4; LOD (mg/kg WW): Pb 0.0055, Cr 0.0037, Ba 0.0095, Ni 0.0036, Co 0.004).

3.2. Honey Contamination Ratio (HCR) Analysis

To compare the levels of MM contamination of the tested honey samples from NW and
central Poland with those from other EU countries, HCR was calculated and interpreted
for the 12 MMs present in all analysed samples.

The HCR analysis of Mn revealed a low level of contamination at 18 sites (67% of
all sites), intermediate at 7 (26%), and high at the remaining 2 sites (7%) (Figure 3a). The
highest number of honey samples with low Mn contamination were those from Warsaw;
however, 92% of all samples from Warsaw showed low levels of Mn. The highest values
were identified only in urban honey samples. The Zn HCR analysis revealed intermediate
contamination at 21 sites (78%) and high at the remaining 6 sites (22%) (Figure 3b). Despite
the generally high contamination of Zn in the analysed samples, only 25% of honey samples
from Warsaw were classified as belonging to the high contamination group, similar to
honey from Szczecin and its vicinity.

Copper HCR analysis revealed a low level of contamination at the remaining 16 sites
(59%) and intermediate at 11 sites (41%) (Figure 3c). Finally, Fe demonstrated low con-
tamination at 14 sites (52%) and intermediate at 13 sites (48%) (Figure 3d). Regarding
Cu and Fe, low concentrations were determined mainly in the Warsaw honey samples.
Strontium demonstrated a level of low contamination at 23 sites (85%), including all those
from Warsaw, and an intermediate level at four sites (15%) (Figure 3e).

Magnesium contamination was low at 3 sites (11%), intermediate at 22 sites (82%), and
high at the remaining 2 sites (7%) (Figure 3f). Low Mg contamination levels were identified
only in honey samples from Warsaw; however, as much as 75% of the samples from this
city demonstrated intermediate values. High HCR values were recorded in both rural and
urban honey samples from NW Poland. HCR demonstrated low calcium contamination
at 1 site (4%), intermediate at 23 sites (85%), including all honey samples from Warsaw,
and high at the remaining 3 sites (11%) (Figure 3g). Potassium demonstrated intermediate
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contamination at 13 sites (48%) and high contamination at the remaining 14 sites (52%)
(Figure 3h). Nearly all honey samples from NW Poland and less than a half from Warsaw
demonstrated high levels of contamination with K. Low levels of sodium contamination
were found at 14 sites (52%), intermediate at 11 sites (41%), and high at the remaining
2 sites (7%) (Figure 3i); interestingly, as much as 92% of results showing low contamination
with Na concerned the honey samples from Warsaw. High values of Na were identified
only in the sample from Szczecin and its rural vicinity.

Boron contamination was low at 14 sites (52%), intermediate at 6 sites (22%), and high
at the remaining 7 sites (26%) (Figure 3j). High concentrations of B were identified predom-
inantly in rural honey samples. In turn, approximately two-thirds of the honey samples
from Warsaw showed low contamination. Phosphorus contamination was intermediate at
8 sites (30%) and high at the remaining 19 sites (70%) (Figure 3k). A considerable majority
of urban honey samples (78%), as well as those from Warsaw (83%), demonstrated high
P contamination. In addition, sulphur contamination was intermediate at 18 sites (67%)
and high at 9 sites (33%) (Figure 3l). High S contamination was identified in both rural and
urban honey samples, though only in 17% of the honey samples from Warsaw.

Finally, further insight could be provided by the mean HCR value of five MMs: Mn,
Zn, Cu, Fe, and Sr (Figure 3m). Low contamination was detected at 15 sites (56%) and
intermediate contamination at 12 sites (44%). Low contamination was observed in 92%
of samples from Warsaw honey samples. Intermediate contamination was identified in
almost all honey samples from NW Poland.

Figure 3. Cont.



Resources 2021, 10, 86 10 of 22

Figure 3. Cont.
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Figure 3. HCR low and HCR high values for Mn (a), Zn (b), Cu (c), Fe (d), Sr (e), Mg (f), Ca (g), K (h), Na (i), B (j), P (k), S
(l), and mean Mn, Zn, Cu, Fe, Sr (m) in the 27 sampling sites in NW part and central of Poland: HCR low, green histogram;
HCR high, red histogram. H, I, and L letters represent HCR values that indicate high (HCR high 1 > 0), intermediate
(HCR high < 0 and HCR low > 0) and low (HCR low < 0) contamination condition, respectively; designation with completely
filled bars—part I (intermediate), hatched bar—only in H part (high) or only in L part (low).

4. Discussion
4.1. Atmospheric Pollution with Particulate Matter and Their Constituent As, Pb, Ni, Cd in the
Analysed Agglomerations

While 19 elements were analysed in the tested honey samples, only 17 were at de-
tectable levels. In addition, Pb, Cr, Ba, Ni, and Co were absent in many samples. Fortunately,
As and Cd, which are considered toxic, were not detected in any of the honey samples.
Other researchers have also noted a diversified mineral composition in honey. For example,
Karabagias et al. [39] report the absence of Ag, Cd, Co, Cr, Hg, Tl, Be from tested honey
samples.

The main sources of atmospheric pollution in the EU are industrial plants, power
stations, heat and power stations, municipal boiler houses, privately owned furnaces,
means of transport, fertilisers, and plant protection products. Generally, the emission of
PM10 in the EU was found to have decreased by 29%, and in PM2.5, by 32% in the period
2000–2018 [40,41].

Poland demonstrates higher levels of PM pollution than its neighbouring EU countries
(Table 2), with almost double the value, compared to Germany. In contrast, the Czech
Republic, Slovakia, and Lithuania demonstrate more comparable levels of PM pollution,
amounting to 75% of that recorded in Poland. Recently (2016 and 2017), the mean total PM
emission in Poland comprised 96% stationary sources and only 4% from mobile sources [42].
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Out of the three analysed agglomerations, Warsaw, the capital, was predictably char-
acterised by the highest level of atmospheric pollution, with a mean annual PM10 concen-
tration of 34 mg/m3 and a PM2.5 level of 22.3 mg/m3 (Table 1). Compared to Warsow,
Szczecin demonstrated 73% PM10 and 87% PM2.5, while Gorzów Wlkp. demonstrated
75% PM10 and 76% PM2.5.

The levels of air pollution were compared between the Polish cities (Warsaw, Szczecin,
Gorzów Wlkp.), and three selected EU cities with different mean annual air temperatures—
Vienna, Brno, and Göttingen. Among these, Brno demonstrated the highest PM level,
followed by Vienna, the capital of Austria, and then Göttingen (Table S4). The high level of
PM pollution recorded in Brno may result from the use of low-quality fuel in households;
for example, the mean % contribution of wood combustion in households to total PM10
pollution was 5.1–6.7% in Vienna (Austria) and 59% in southern Germany [43]. A higher
level of PM pollution was observed in Warsaw than in Vienna; this may be due to fact that
the mean annual air temperature was 2.2 ◦C lower in Warsaw (Table S1) than in Vienna,
which translated into greater demands for heating purposes in Warsaw [43].

In Vienna, the greatest issue is the presence of PM pollution related to tire and brake
pads abrasion [41,44]. Finally, the mean PM10 level in the three cities is approximately
24% lower than in the studied Polish cities, while the PM2.5 is approximately 30% lower
(Tables 1 and S4). These differences may be due to the type of energy sources used by
the power sector: in Poland, electricity production and the energy sector are generally
based on the combustion of hard coal [41]; therefore, the presence of HMs in PM10 was
expected. Despite this, our findings indicate the studied elements are only present at low
concentrations in the PM and are often below admissible levels. Even though the Warsaw
honey samples demonstrated the highest concentrations of PMs among the Polish samples,
their constituent toxic elements (As, Pb, Ni, Cd) were found in small quantities (Table 1).
The same PM concentrations of Pb and Cd were found in all analysed cities in Poland;
however, the concentration of PM10 As found in Gorzów Wlkp. was almost two times that
of Warsaw and 40% higher than in Szczecin. A similar relationship was observed for Ni: its
concentration was approximately two times higher in Gorzów Wlkp. than in the other two
cities. Additionally, the relationship between PM concentration and their constituent toxic
elements (Table S4) was also tested in Vienna, Brno, and Göttingen. In Vienna, PM pollution
was accompanied by a low level of toxic HMs with two times lower concentrations of As
and Ni and five times lower levels of Pb, compared to Warsow, and similar concentrations
of Cd. Interestingly, Gorzów Wlkp. Demonstrated twice the mean level of As, Pb, Ni, Cd
emission due to PM pollution as Göttingen. This was most likely connected with metal
emission due to the combustion of hard coal and other materials for electricity production
and household heating. Brno also demonstrated similar concentrations of As, Cd, and Ni
in PM as Szczecin, Poland; however, the Pb concentration was almost three times higher.

4.2. Comparative Assessment of MM Concentrations in Rural and Urban Honeys from NW and
Central Poland

Karabagias et al. [14] report that the mineral composition of honey can vary signifi-
cantly depending on the region of its origin. This was also observed between urban and
rural honey samples in the present research, as well as between the locations of the studied
apiaries.

Being characterised by the highest level of atmospheric pollution (Table 1) and know-
ing that air pollution is considerably greater in large agglomerations than in smaller cities,
it was assumed that the honey samples from the Warsaw area will be of inferior quality.
Due to MM uptake from the soil in urban areas polluted with PM, melliferous plants
tend to demonstrate higher concentrations of these elements in their pollen, nectar, and
honeydew [33]. However, these elements are generally present in lower concentrations
of honey than in the material from which honey is made. This is mainly because bees act
as a biofilter, retaining most of the elements in their organisms [11]. Despite the observed
anthropogenic transformations of urban soils in Warsaw, Szczecin, and Gorzów Wlkp.,
and their resulting pollution with HMs [45,46], these metals were not found in higher
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concentrations in urban honey samples than in rural honey samples (Table 5). Moreover,
urban honey samples were characterised by significantly lower concentrations of Mn and B.

Table 5. Mean concentrations of MMs (mg/kg WW) in honey samples from cities and nearby villages.

MMs Kind of Location MMs Kind of Location

City Village City Village

Zn 3.47 (n = 18) 4.48 (n = 9) B 4.71 (n = 18) 8.26 (n = 9)
Cu 0.29 (n = 18) 0.29 (n = 9) P 96.9 (n = 18) 118.6 (n = 9)
Mn 0.45 (n = 18) 1.30 (n = 9) S 42.2 (n = 18) 43.3 (n = 9)
Fe 2.50 (n = 18) 2.75 (n = 9) Pb 0.07 (n = 11) 0.07 (n = 7)
Ca 74.6 (n = 18) 81.8 (n = 9) Cr 0.03 (n = 5) 0.03 (n = 1)
Mg 21.6 (n = 18) 26.6 (n = 9) Ba 0.10 (n = 3) 0.04 (n = 3)
K 1411 (n = 18) 942 (n = 9) Ni 0.03 (n = 3) 0.02 (n = 5)

Na 15.3 (n = 18) 18.7 (n = 9) Co 0.03 (n = 3) below LOD
Sr 0.14 (n = 18) 0.12 (n = 9) As, Cd below LOD below LOD

n: number of attempts, bold: the significant differences.

In rural areas, atmospheric pollution with PM, and consequently with HMs, is mainly
connected with agricultural activities, and to a lesser degree with fuel combustion for
household heating purposes. Statistical data indicates that over 96% of arable land in
Poland is characterised by natural or only slightly elevated metalloid and HM concen-
trations. As a consequence, these soils can be classified as soils of high quality, enabling
melliferous plants to produce material for pure honey samples, i.e., those not contaminated
with HMs [42]. This was reflected in our obtained results regarding metal concentrations
in urban honey samples (Table 5).

Regarding mean MM concentrations, higher values of Zn, Ca, Mg, Na and P were
recorded in rural honey samples, as compared with urban honey samples (Table 5). This
could be indirectly due to fertilisation of arable land, particularly regarding the elements P,
Ca, and Na. Conversely, previous studies have reported higher concentrations of Zn in
urban honey samples than in rural honey samples [47]. In the present study, only Ba and K
demonstrated higher levels in urban honey samples (Table 5); interestingly, higher levels
of Ba were found in honey from Gorzów Wlkp., compared with Szczecin (Table S5). This
could result from pollution caused by a fireworks display held in Gorzów Wlkp., which
is in line with the literature on the subject [48–51]. In addition, the honey from Gorzów
Wlkp. was characterised by a higher concentration of Ca, Cu, Mg, K, Fe, Mn, Cr, B, Sr,
P, and S than that determined in honey samples from Szczecin. Pongpiachan et al. [48]
report that in addition to Ba, Pb is also a possible indicator of air pollution due to fireworks
displays. Furthermore, Pb/Ca, Pb/Al, Pb/Mg, and Pb/Cu ratios can pinpoint emissions
from firework displays; however, the only possible indicator was found to be the Pb/Mg
ratio identified in the honey from Gorzów Wlkp. (Table S5): a similar value, i.e., greater
than one, was noted previously in PM10 following fireworks display in Bangkok [48].
Nevertheless, since the Pb/K, Pb/Cr, and Pb/P ratios were found to be higher in the honey
samples from Gorzów Wlkp. than in those from Szczecin, these three binary diagnostic
indicators may well be potential indicators of firework displays, particularly in NW Poland.

4.3. The Assessment of MMs Concentration in Honey Samples from NW and Central Poland and
Other EU Countries

The mineral composition of honey samples can be a source of information about their
place of origin. These characteristics can be considered valuable for consumers as it marks
the uniqueness of the honey [14,39].

The level of environmental pollution with HMs in Poland is varied, and due to the
high degree of industrialisation and denser population, the highest values are recorded
in the southern part of the country [40]. This area is also characterised by the highest
emissions of PM10 and PM2.5. Therefore, the analysed honey samples demonstrated lower
concentrations of some metals, occasionally several times lower, than those indicated in
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honey samples from the south of Poland; for example, Ni, Pb, Fe, Zn, and Cd levels were
significantly higher in honey from the Małopolskie voivodship [52], and Ni, Fe, Cu and Cr
in the Świętokrzyskie voivodship [53]. Similar relationships have been noted by studies
concerning the industrialised Śląsk region in the southwest, though not for all the metals
in question [53].

The honey samples from the countries neighbouring Poland, such as Germany [13] and
The Czech Republic [54], characterised by lower emission of particulate matter (Table 2),
were demonstrated comparable or had lower concentrations of Zn and Cu than in the
analysed honey samples. However, Lithuanian honey was found to have higher concentra-
tions of these elements, despite having a lower PM10 level than in Poland [28,55]; similarly,
Slovakian honey demonstrated higher concentrations of Cu and Mn [54,56].

The HCR analysis found that HM concentrations (Mn, Zn, Cu, Fe, and Sr) in the anal-
ysed honey samples were generally lower or comparable to those in honey samples from
other EU countries (Figure 3a–e). While the statistical data show that particulate matter
pollution in Poland is higher than in other EU countries (Table 2), no clear relationship has
been observed between PM concentration and HM concentration in honey. In Poland and
the neighbouring countries, PM10 pollution level proves to be a poor predictor of honey
contamination with HMs.

Of the metalloid and HMs present in PM10, As, Cd, Ni, and Pb are particularly toxic
and can disturb various processes in the human body [57–59]. Fortunately, in the analysed
honey samples, the concentrations of As and Cd were below LOD. The three Polish cities
tested in the present study demonstrate similar mean annual Pb concentrations in PM10
(Table 1). Even though Pb was present mainly in honey samples from Warsaw and Szczecin,
and their respective rural areas, the highest concentration was found in Gorzów Wlkp.
(Figure 2). Murashova et al. [60] indicated that Pb concentration in plant pollen may be
influenced by distance from the motorway. Accordingly, it was assumed that greater
concentrations will be found in honey samples from apiaries located in close vicinity to
major transport lines characterised by high traffic volume (Figure 2).

In the case of Ni, the highest mean annual concentration in PM10 was identified in
Gorzów Wlkp., followed by Warsaw and Szczecin (Table 1), yet similarly to Pb, this was not
reflected in its concentration in the analysed honey samples. The higher levels of Ni were
recorded mainly in honey samples from Szczecin and its vicinity, as well as Gorzów Wlkp.,
whereas the concentration was below the detection limit in those for Warsaw (Figure 2).
The low concentration levels of Ni in the analysed honey samples showed no effect on
their quality since the toxicity of Ni at low concentrations is debatable [61,62]. Apart
from Ni, it was found that Cr, Co, and Ba were also present at low concentrations in the
analysed honey samples (Figure 2). The presence of Cr and Co was recorded in just a few
honey samples, predominantly rural honey samples (near Warsaw). These elements have a
positive effect on the human body only at low concentrations in food [63,64]. In contrast,
Ba, similarly to As, is an element particularly toxic for children and pregnant women and
found at higher levels in smokers [65]. It was identified in six honey samples, mainly from
NW Poland. The highest concentrations were found in the products from Gorzów Wlkp.
which, as has already been mentioned, could be connected with the fireworks display
held in close vicinity to the apiaries. All analysed toxic elements, i.e., As, Cd, Pb, and Cr,
were found to be considerably below the permitted concentration levels (0.24; 0.12; 0.50;
0.14 mg/kg, respectively) according to the norm in Poland [66]. Thus, both rural and urban
honey samples from NW and central Poland appear to be of high quality.

In small quantities, Cu, Sr, Mn, Fe, and Zn are vital elements for the correct functioning
of the human body [67–71]. Excessive quantities may cause poisoning, whereas deficiency
contributes to the development of numerous diseases [57,72,73]. Most of the analysed
honey samples were characterised by low HCR levels with respect to these elements
(Figure 3m); however, the honey samples from Warsaw were predominant in this group.
This parameter was at an intermediate level in other honey samples. This indicates that the
analysed honey samples were safe for consumers.
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The elements Na, Ca, Mg, K, S, P, and B are metals indispensable for the correct
functioning of all physiological systems in the human body [74–79]. Their presence in the
diet in excess or deficient quantities can lead to chronic diseases [80–83]. In the present
study, most honey samples were found to have intermediate HCR levels of Mg and Ca, with
only a small number demonstrating higher values. In addition, the samples demonstrated
a favourable HCR value for K concentration in comparison with honey samples from other
EU countries, which was high or intermediate in almost half of the samples. This element
is particularly important for the elderly as it is easily leached from the body. Shortages of K
are frequently reported, especially in the cases of coexisting impaired kidney function—the
organ responsible for regulating the level of potassium in the body [84]. It has previously
been found that K and Ba were the predominant ingredients of particulate matter emission
from any type of pyrotechnic product [51]. While the analysed honey samples generally
demonstrated low HCR values with respect to Na (except in two cases), the best levels
were observed in honey samples from Warsaw. Compared to S or P, it was found that B
demonstrated greater variability regarding its HCR values; however, the HCR level was
mostly low. The therapeutic value of B was demonstrated by Sogut et al. [85] in a study
on alcohol syndrome. High HCR values for P were observed in around two-thirds of the
samples; its presence in blood should be monitored in people who are overweight or eat
irregularly [86]. In turn, intermediate HCR values for S were found in more than two-thirds
of the samples, with high values observed in the remaining samples; this element is crucial
for untrained yet physically active people, especially those on a vegetarian diet [77].

4.4. Non-Carcinogenic Risk Assessment of the Studied Honey Samples Given the Different
Consumption Levels in Poland and Other EU Countries

In Mediterranean countries, it is assumed that the daily consumption of honey is
approximately 30 g [87]. Therefore, in the human diet, honey contributes to the supply of
many elements, such as 0.22% Ca, 1.56% Cu, 0.59% Fe, 0.33% Mg, 3.45% Mn, and 0.30% Zn.
Other eating habits in European countries (0.7 kg per year) indicate that consumption of
honey products represents a significantly lower coverage of the demand for elements. Due
to the higher concentration of B and Mn in honey products from rural apiaries, it appears
that rural honey products seem to be more valuable in terms of the amount of supplied
nutrients (Table 5).

For the purpose of calculating THQ, out of 12 MMs present in all of the honey samples
under analysis, 5 HMs were selected—Mn, Fe, Cu, Zn, and Sr. All five can have negative ef-
fects on human health when consumed at high concentrations. Regardless of the mean level
of honey consumption in Poland (0.6 kg/year) and in EU countries (0.7 kg/year) [36,37],
the calculated target non-carcinogenic risk factor for individual HMs of honey samples
from NW and central Poland or from EU countries was lower than 1. Therefore, there
are no expected negative health effects due to consumption for either adults or children
(Figure 4). Similarly, honey samples from Poland and other EU countries were found not
to have negative effects on consumer health in meta-analyses by Fakhri et al. [28] and by
Pipoyan et al. [15].

The intake of a given element due to honey consumption was calculated by multiply-
ing the mean concentration per unit of analysed honey (Table 4) or EU honey (Table 3) by
the mean level of consumption in Poland or EU countries. The results indicate that the
consumers (both children and adults) of honey from NW and central Poland ingested a
comparable amount of Zn (2.19 mg Zn/year) as EU consumers (2.15 mg Zn/year) at a dose
of honey 0.6 or 0.7 kg/year, respectively. Honey is not a major dietary component and only
partially covers the requirement for these elements. Nevertheless, it is crucial to determine
whether the ratio between the elements present in honey facilitates proper absorption.
Given the recommended daily allowance (RDA) with respect to Zn (≈10 mg Zn/day) [88],
the analysed honey samples only cover 0.61‰ of requirements. Moreover, the honey
samples provided significantly less Fe (1.4 mg Fe/year) than those from other EU countries
(4.0 mg Fe/year). Fe concentration in the studied honey samples constituted, on average,
only 0.42‰ of the requirements for men (RDA = 10 mg) and only 0.24‰ for women
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(RDA = 18 mg). Excess Fe supply may result in disorders of Zn absorption. Studies show
that when the Fe/Zn mass ratio in the diet was 1:1, a slight inhibition of Zn absorption was
observed. When the said ratio rose to 2:1 or 3:1, Zn absorption was markedly inhibited [88].
The ratio in the studied Polish honey samples was found to be ≈0.7, indicating no inhi-
bition of Zn absorption; however, in the honey samples from the other EU countries, this
ratio was ≈2.0, indicating inferior health quality due to reduced Zn absorption.

Figure 4. THQ for honey samples from NW and central Poland and other EU countries at different mean consumption
levels. PL* h—honey from Poland, EU h—honey from EU; * (NW and central part of Poland).

The concentration of selected HMs identified in the studied honey samples was lower
than data obtained for other regions of the country (Table S6). The same relationship
is indicated by Fakhri et al. [28] using the data from Poland based on Fe (5.225 mg/kg
DW) and Mn (4.958 mg/kg DW). These differences may indicate that highly urbanised
areas have negative effects on the quality of honey produced therein. Although Poland
demonstrates higher levels of particulate matter pollution compared to other EU countries
(Table 2), this was not generally reflected in terms of Fe and Mn concentration in the
analysed honey samples (Table S6).

The TTHQ analysis of honey samples from NW and central Poland and from other
EU countries found them to be perfectly safe for the health of young and adult consumers,
regardless of the level of consumption (Figure 5). The TTHQ values for adult consumers
of the analysed honey samples from NW and central Poland, assuming a consumption
level of 0.6 and 0.7 kg/year, ranged from 8.2E−05 to 9.5E−05, respectively. However, for
adult consumers of EU honey products, assuming the same consumption levels, the TTHQ
ranged from 1.7E−04 to 1.9E−04. According to Fakhri et al. [28], the lowest value was asso-
ciated with the consumption of Lithuanian honey products (6.17E−05) and the highest for
Bulgarian honey products (7.23E−03); the TTHQ results for adult consumers of the tested
Polish honey products lie within this range. In the case of children, assuming consumption
of 0.6 and 0.7 kg/year, TTHQ values associated with consumption of honey from NW and
central Poland were 3.8E−04 and 4.4E−04, respectively (Figure 5). In turn, the TTHQ value
for children consuming honey products from EU countries, assuming the same level of
consumption, ranged from 7.7E−04 to 9.0E−04. As in the case of adult consumers, Fakhri
et al. [28] determined the lowest TTHQ values for children consuming honey products from
Lithuania (2.88E−04) and the highest for those from Bulgaria (3.38E−02). Again, the TTHQ
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values for children were within the aforementioned range. Therefore, the studied honey
samples do not appear to represent a health risk when consumed (non-carcinogenic: THQ
and TTHQ < 1). Furthermore, consumption of EU honey at levels two times higher (annual
consumption in Greece is 1.0 kg/year/consumer) [89] or even four times higher [90] did
not cause negative health effects.

Figure 5. TTHQ for NW and central part of Poland and EU consumers of honey products: 1—children (0.6 kg/year);
2—adults (0.6 kg/year); 3—children (0.7 kg/year); 4—adults (0.7 kg/year).

5. Conclusions

The present paper examines the concentrations of 19 MMs (micro- and macroelements)
in honey products from NW and central Poland based on metadata for 12 MMs (Mn, Zn,
Cu, Fe, Sr, Mg, Ca, K, Na, B, P, S) present in all analysed samples. The presence of
PM10 and toxic elements proved to be a poor predictor of honey pollution with these
elements. HCR analysis found that the level of Mn, Cu, Fe, and Sr in the analysed honey
samples was generally lower or comparable with the data concerning other parts of Poland
or EU countries. In turn, macroelements such as K, P, and S were identified at higher
concentrations in the analysed honey samples than those from other EU countries.

Non-carcinogenic risk assessment found that consumption of the said honey products
does not cause negative health effects for children or adults of the studies, even assum-
ing the different consumption levels in Poland (0.6 kg/year) and in other EU countries
(0.7 kg/year). However, the honey samples from the EU countries were found to have a
higher Fe/Zn ratio (≈2.0), and thus reduced Zn absorption, indicating lower health quality.
The analysis of MMs concentration in urban and rural honey products shows both to be
of high health quality, despite differences in their mineral composition. It was found that
firework displays may represent a potential source of heavy metal contamination of honey;
however, the level of contamination can be estimated based on the binary indicators Pb/K,
Pb/Cr, and Pb/P. The obtained results indicate that it is inadvisable to locate apiaries in
close vicinity to areas with firework displays in urban agglomerations. Further research
should focus on determining the optimum location of beehives with respect to the range
of impact of heat and power stations, electricity production facilities, and major transport
lines to ensure high quality of honey.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/resources10080086/s1, Table S1: Characteristics of the average values of selected indicators
showing the climatic conditions of the studied cities in the vegetation season of 2019, Table S2: Data
set of the concentration of MMs in honey samples from EU countries (metadata), Table S3: Honey
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MMs concentrations in the 27 sites, Table S4: Average annual values of dusts and their concentration
of HMs in three selected EU countries (Vienna, Brno, Göttingen) with a similar number of inhabitants
as in the analysed cities in Poland, Table S5: Firework emission trace based on the Pb/element ratio
in the tested honey samples from Gorzów Wlkp. and Szczecin, Table S6: The rank order of HMs in
honey samples from Poland and neighbouring countries from EU (mg/kg WW), Figure S1: A set
of data on the concentration of MMs in honey samples originating from new and old EU countries,
Figure S2: Mean concentration of MMs: macroelements (a) and microelements (b) in honey products
originating from new and old EU countries.
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