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Abstract

:

The accumulation of heavy metals in plant pollen and nectar exposes pollinators to environmental contaminations. Although honeybees act as biofilters and impede the transfer of heavy metals to honey, possible antagonistic interactions could negatively affect the mineral composition of bee-processed nectar. The aim of this study was to assess the level of harmful metals (Cd, Pd, Hg, Al, Ni and Tl) in relation to essential macro- (K, Ca and Mg) and microelements (Mn, Fe, Zn, Cu and Se) in three melliferous plant species (n = 45)—rapeseed, dandelion, and goldenrod—using the ICP-OES method. Metal transferability to three types of monofloral honey (n = 45) produced from these plants was evaluated. Among the studied plants, goldenrod and dandelion were found to be Cd and Pb accumulators; however, regardless of the plant species, only traces of harmful metals were found in honey (<0.015 and <0.043 mg/kg, respectively). What is more, the adverse impact of accumulated toxic metals (Tl, Cd, Ni, Pb and Al) on Ca, Mg and K levels in plants was noted, though it was not reflected in honey. Our findings suggest that in moderately contaminated environments, toxic metals are not transferred to honey and do not disturb its beneficial mineral composition.
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1. Introduction


Melliferous plants are the primary food source for bees, providing valuable biological products such as honey, pollen, nectar and propolis [1]. Bees collect nectar and pollen from flowering plants primarily to obtain necessary nutrients, such as proteins, carbohydrates, minerals and vitamins. In addition to their nutritional value, plant nectar and pollen are also raw materials used to produce honey and other bee products [2]. Moreover, when bees visit plants, they pollinate their flowers, thus contributing to fruit growth and seed formation, making the pollination function an essential ecosystem service [3]. The relationship between plants and pollinators is one of the most important engines of biodiversity on Earth [4,5]. In natural habitats, honeybees seem to be the most common pollinators, with an average of 13% of floral visits, with 5% of plant species being visited exclusively by Apis mellifera [6].



A good location for an apiary would be a place where plants grow in proximity in relatively large areas and are characterized by a long flowering period. Therefore, highly nectariferous crops, such as blue phacelia, common buckwheat, white melilot, dandelion, goldenrod, and rapeseed, are grown in Poland especially for beekeeping [7]. In addition to the level of availability of bee forage and beehive technology, the efficiency of honey production and its quality are greatly influenced by weather and environmental conditions. Honey and bee products are associated with being natural, healthy and clean; however, nowadays bee products are produced in an environment polluted by different sources of contamination (pesticides, heavy metals, bacteria, GMO, radioactivity) [8]. It is believed that A. mellifera, together with their products, are the most complete biosensors (bioindicator and bioaccumulator) that can provide a significant amount of environmental health data [9,10,11,12,13]. As each foraging bee is able to cover a distance of more than 3 km from the hive, moving from flower to flower, it comes into contact with a large number of pollutants [10,11,14]. However, it has been confirmed that bees act as a biofilter and retain most of the pollutants [10,11,14], thanks to which bee products are safe for consumers. Nevertheless, the possibilities of filtering pollutants by bees are limited, and high pollution levels may have a detrimental effect on the organism. Therefore, the level of contamination of melliferous plants should be controlled to ensure the health safety of bees as well as honey consumers [11,14].



The productivity of bee colonies and the quality of their honey directly depend on the natural conditions of the environment. They concern the floristic composition of melliferous plant species as well as climatic, soil and phenological factors [15]. Melliferous plants serve as an intermediate link for carrying metals from water, air, and above all, from soil, to human and animal organisms. Thus, the development of methods to protect food chains against unacceptable concentrations of toxic agents is a necessity [11,16]. Even when the concentration of heavy metals in the environment is below the minimum levels of risk to human health, it may still pose a significant threat to pollinator activity and survival. Air and soil contain heavy metals, mainly from industry, motorcars or other sources. Lead (Pb) and cadmium (Cd) are considered the most toxic heavy metals and are therefore the most intensively studied. Lead, which is present in the air, originates mainly from motor vehicle traffic. It can pollute the air and then directly pollute the nectar and honeydew; however, Pb is generally not transported by plants. On the other hand, Cd, which originates from the metal industry and incinerators, is transported from the soil to the plants and then, as a consequence, can contaminate the nectar and honeydew [8].



Until now, the research on this topic was concerned mostly with the transfer of heavy metals from plants to honey. However, the authors have not yet tried to assess the impact of plant contamination with heavy metals on the content of beneficial bioelements in plants and honey produced from their nectar. Therefore, the aim of the study was to find a correlation between the heavy metal contamination in essential macro- and microelements levels in both plant flowers and corresponding honeys, in order to find the possible antagonistic metal–metal interactions that could negatively affect the honey mineral content.




2. Materials and Methods


2.1. Collection of Samples


Material for the study consisted of 45 plant samples of 3 different species: rapeseed Brassica napus L. var. napus (n = 15), dandelion Taraxacum officinale Weber ex Wigg. (n = 15), and goldenrod Solidago canadensis L. (n = 15). Dandelion and goldenrod samples were collected from wild plant habitats located about 0–500 m radius around the apiary, whereas rapeseed plants were from the crop field where the hives had been placed. Plant and honey samples were collected in cooperation with owners of 15 small apiaries located in a rural area in the southeastern part of Poland during the 2019 beekeeping season. Samples in the form of fully developed inflorescences (10 per each sampling point) were collected manually, based on the beekeepers’ advice, in the middle of their flowering season. For rapeseed, it was the end of April, for dandelion the beginning of May, and for goldenrod the beginning of September. Immediately after harvest, the plant material was dried at 60 °C in a laboratory convective dryer to a constant weight and then ground into powder using a laboratory mill. The obtained powder was later stored in tightly closed polyethylene bags in a desiccator until further analysis.



The honey samples of the three varieties were obtained from the same apiaries where the plants were collected. The honey variety was classified by a beekeeper according to nectar flow availability. Until analysis, honey samples were stored at room temperature in tightly closed glass jars.




2.2. ICP-OES Analysis


The contents of harmful elements (Cd, Pb, Hg, Al, Ni and Tl) as well as essential macro- (K, Ca and Mg) and microelements (Mn, Fe, Zn, Cu, Se) in plant flowers and honey samples were determined by optical emission spectrometry with inductively induced plasma (ICP-OES) using a Thermo iCAP 6500 spectrophotometer (Thermo Fisher Scientific Inc., Bridgewater, MA, USA) according to the procedure described by Dżugan et al. [10]. Before the determination, all tested samples were subjected to mineralization, which was performed using the microwave mineralizer Milestone Ethos Ultrawave-One (Milestone SRL, Sorisole, Italy) for approximately 45 min under pressure in Teflon containers. After cooling (approx. 45 min), the digested samples were transferred into sterile flasks with a capacity of 50 mL and supplemented with redistilled water to the mark. The detection threshold obtained for each element was no less than 0.01 mg kg−1 (with the assumed detection capacity of the measuring apparatus at a level exceeding 1 ppb). The curve-fit factor for the studied elements was above 0.99. All the analyses were made in replication for each sample. The targeted repeatability, expressed as the relative standard deviation (RSD), and the targeted recovery, were 20% and 97% to 102%, respectively. The method was validated using certified reference material (NIST–1515). In order to identify the relevant measurement lines and avoid possible interference, the method of adding an internal standard was applied. Yttrium and ytterbium ions (at concentrations of 2 and 5 mg dm−3, respectively) were used as internal standards to verify the correctness of the test method. Their choice was based on the fact that these are ions that are not found in the matrix of the analyzed samples, which is the basis for their correct use. The results were expressed as mg per kg of dm for plants and mg per kg for honey.




2.3. Translocation Factor (TF)


Honey contamination with toxic metals transferred from plants was also expressed as translocation factor (TF) based on the following formula proposed by Romeh [17]:


TF = concentration of element in honey/concentration of element in plant












2.4. Statistical Analysis


All data were analyzed using analysis of variance (ANOVA). Significant differences among the means (p < 0.05) were determined using Tukey’s multiple range test. Spearman’s rank-order correlations between individual elements’ concentrations were calculated. Principal components analysis (PCA) was applied as a pattern recognition unsupervised classification method. Analyses were performed using Statistica 13.1 software.





3. Results and Discussion


3.1. Heavy Metals and Mineral Nutrients in Plant


Harmful elements such as Cd, Pb, Hg, Al, Ni and Tl, as well as macro- (K, Ca and Mg) and microelements (Mn, Fe, Zn, Cu and Se), were determined in flower parts of three different melliferous plant species (Table 1). The concentration of Cd and Pb in plant inflorescences ranged from 0.167 to 0.575 and from 0.030 to 0.635 mg/kg, respectively. The content of toxic metals tested in plant inflorescences decreased in the following order: Al > Ni > Cd > Pb > Tl. Among the studied plants, goldenrod and dandelion were found to be Cd and Pb accumulators, as they were more polluted than rapeseed plants. Additionally, dandelion was extremely polluted by Al. Rapeseed seems to be the least susceptible to the accumulation of harmful metals among the tested plants. Measured levels of Cd, Pb, Al and Ni were consistently lower in rapeseed than dandelion or goldenrod.



Heavy metals influence includes also disturbances in plant mineral nutrition by competition with other nutrients. Typical symptoms of heavy metal toxicity are often similar or even the same, such as symptoms of essential nutrient deficiency [18]. In the case of macroelements, among the tested plants dandelion was distinguished by the highest content of K, while rapeseed had a slightly lower content of K and exceptionally high content of Ca. In the assessment of microelements, goldenrod was characterized by the highest content of Mn and Se, while dandelion of Fe and Cu.



These results are in line with our earlier study [11], where transfer of toxic metals from soil to honey was studied by the same ICP-OES testing method. The study showed migration of heavy metals in the soil–plant–bee–honey food chain, Cd (p < 0.05) especially was accelerated by soil acidity. Consistently with the present study, goldenrod and dandelion plants have been discovered to be cadmium accumulators. Back then, we found rapeseed plant was less contaminated. Other authors state that several Brassica species are known to be metal accumulators and have been evaluated as potential phytoextraction plants [19,20,21,22]. The fact that some plants, which are also food crops, can accumulate relatively high amounts of toxic metals without visible symptoms, leads to potential contamination of the food chain. Despite the fact that in our study, rapeseed showed the lowest content of heavy metals among the tested plants, the research carried out by Niedźwiedzka and Zamorska-Wojdyła [23] on rapeseed pods grown in industrial areas showed Zn and Cu content similar to our own research, within the range of 22.5–42.8 and 5.2–7.4 mg/kg, respectively. This would indicate that values tested for our samples are comparable to samples from contaminated sites. On the other hand, studies conducted by Zhang et al. [24] of blooming rapeseed collected in the middle of flowering season in a clean mountainous area showed similar concentrations for Cd (0.13 mg/kg), Zn (49.31 mg/kg) and Cu (6.12 mg/kg) and significantly higher for Pb (2.03 mg/kg). The quoted data confirmed that while in industrialized areas the level of plant heavy metals depends primarily on anthropogenic soil contamination (mainly agricultural and industrial), in ecological environments, the dominant factor may be the geochemical composition depending on the bedrock and soil pH [25].



In turn, dandelion is considered as a valuable indicator of heavy metal contamination and has been used to assess the bioavailability of As, Br, Cd, Co, Cu, Cr, Hg, Mn, Pb, Sb, Se and Zn [26,27,28,29]. Kano et al. [30] used Taraxacum officinale to remove Cd and Zn from the soil by phytoremediation, while Hammami et al. [31] showed that dandelion is one of the most effective weed species based on the rate of Cd (II) reduction in contaminated soil. Our findings of Cu, Mn and Zn measured for dandelion flowers are in agreement with results reported by Ligocki et al. [32], who tested dandelion leaves collected from northwestern Poland (Szczecin and its surroundings), found the following intervals: 6.88–15.22, 18.9–68.5 and 24.6–84.1 mg/kg, respectively. However, the Cd and Pb results that we have obtained were significantly higher compared to the author who reported values of 0.016–0.02 and 0.17–0.24 mg/kg, respectively [32]. This observation seems to be mainly the result of increased migration of heavy metals in the acidic soil of Podkarpacie, and in the case of cadmium, of the increased geochemical background [33].



Goldenrod (Solidago canadensis L.) is characterized by a high nectar yield, wide range of tolerance to physicochemical conditions, the ability to colonize contaminated soils, high biomass of aboveground parts, an extensive underground root system, as well as the possibility of accumulation of heavy metals and easy uptake from the environment. All of these features increase the usefulness of the plant not only for beekeeping purposes but also in biomonitoring and phytoremediation [34]. On the other hand, this plant is considered an invasive species in Europe. Consequently, even though it can be considered a good bioaccumulator and provider of resources for pollinators, the negative effects should be seriously considered, as it can have negative consequences for flora biodiversity. In beekeeping, goldenrod serves as food for bees during the period when most plants are no longer blooming (September), and they are the last opportunity for honeybees to collect nectar. It is important to assess the quality of this bee forage, because honey produced from this plant nectar serves as food for bees throughout the winter [35]. Bielecka and Królak [34] conducted research on goldenrod inflorescences collected in two locations in Poland: in agricultural and industrialized regions. They found significantly higher Pb content (7.2 and 13.0 mg/kg) than our own research. In the case of Zn, the content of this element in the agricultural region, as tested by the authors, was significantly lower (19.0 mg/kg) than in our research; however, in the industrialized region, it was comparable to our study (45.2 mg/kg). It has to be noted that it is commonly known that the level of bioaccumulation of the same plant species grown in different regions can be influenced by many variables, such as soil type, pH, organic matter, etc. [11,21]. The Subcarpathian environment is characterized by acidic soil that derives from a natural bedrock called the Carpathian flysch, which accelerates migration of heavy metals from soil to plant [11,33].




3.2. Heavy Metals and Mineral Nutrients in Honey


In our previous study, we evidenced that honeybees act as a filter of contaminants originating from the nectar that is later processed into honey, which in turn makes the honey free of these metals and safe for human consumption [10,11]. Similarly, current analyses of the honey samples showed that regardless of the kind of nectar flow, only trace amounts of Cd (<0.015 mg/kg), Pb (<0.043 mg/kg), Al (<1.819 mg/kg), Ni (<0.255 mg/kg) and Tl (<0.271 mg/kg) were found (Table 1). Moreover, with the use of ICP-OES, mercury (Hg) has not been detected in plant inflorescences or in honey, similarly to our previous studies [10,11,36]. As we did not find Hg in soil samples taken from the Subcarpathian region using the ICP-OES either [11], this result was easy to predict.



In the case of the analyzed macronutrients, the content of K, Ca and Mg was statistically lower (p < 0.05) in the honeys compared to the plant samples used as source material to produce these monofloral honeys. A similar trend was found in the analyzed micronutrients, with the exception of selenium (Se), where no significant differences (p > 0.05) were found between plant inflorescences and honeys (p > 0.05). The concentration of elements in honey samples is variety-dependent. Dark honey types (honeydew and buckwheat honey) contain more essential elements than light honeys [10,11,36,37,38]. Comparing the mineral composition of the varietal honey used in this research, it can be stated that rapeseed honey is less abundant in essential minerals than dandelion or goldenrod honey. This observation is in line with our previous findings where the level of certain elements was found to be the lowest in rapeseed honey, followed by goldenrod and dandelion honey [36]. In that study, the potassium levels for honey obtained from the same area of Poland were found to be 310.56, 836.06 and 1117.56 mg/kg for rapeseed (n = 10), goldenrod (n = 19) and dandelion (n = 9), respectively. The results obtained for calcium content were even more correspondent. These results clearly confirmed that the mineral composition of honey produced in the same place is strongly dependent on its botanical origin. However, when samples produced in different bee habitats were compared, the mineral composition of the honey was mainly determined by its geographical origin. For example, Uršulin-Trstenjak et al. [39] assessed the content of elements in black locust honey collected from different regions of Croatia and showed statistically significant differences in the levels of Ca, Na, K, Mg, Zn, Fe, Mn and Pb in honey of the same variety from different regions of the country. Similarly, Purcarea et al. [40] found significant difference in mineral composition of the same honey variety that originated from Romania and Poland. Cited studies combined with our findings confirm that mineral composition of honey is directly dependent of both botanical and geographical origin.




3.3. Interactions between Elements


One of the most important factors in heavy metals’ influence on plant metabolism are their relationships with other mineral nutrients. Plant responses to combinations of metals in the soil can be divided into three basic groups: additive, antagonistic or synergistic [18]. In order to examine the influence of individual element content on the overall elements concentration, a principal component analysis (PCA) study was carried out. In the PCA analysis, PC1 was mainly related with macroelements and PC2 was positively associated with toxic metals and microelements (Figure 1a). Regarding the influence of the parameters, it can be observed that Cu, Pb and Tl significantly influenced the model, while Ni level had no effect on the overall elements’ concentration in plants. On the basis of the model, it is also possible to find a negative relationship between individual macronutrients, i.e., Ca, Mg and K, and harmful elements, i.e., Tl, Cd, Ni, Pb and Al, which indicates their antagonistic effect. The tested plant samples were grouped by species, which indicates a species-dependent accumulation of elements (Figure 1b).



The results of the principal component analysis are reflected in Spearman’s rank-order correlations, which were calculated between individual elements’ concentrations in plants (Table 2). It shows a statistically significant (p < 0.05) positive relationship between Pb with Cd and Al (r = 0.512 and 0.652, respectively) as well as Pb and Cd (r = 0.512). Similar observations were made by other authors [26]. On the other hand, statistically significant (p < 0.05) negative correlations between Ca with Cd, Pb and Al (r = −0.670, −0.553 and −0.462, respectively), Mg with Pb and Al (r = −0.527 and −0.369, respectively) as well as K and Tl (r = −0.710) were calculated. These observations may indicate a protective effect of macronutrients against selected harmful elements. Literature data support our observations and state that harmful metals interfere with calcium signaling and homeostasis (particularly important in neurons) by interfering with calcium channels [41,42]. Moreover, calculations show a significant positive correlation between Zn and Cd (r = 0.463), which was proved earlier [8]. Such relationships between harmful metals and macronutrients have not been found in the tested honey (Table 3).



Among the tested elements, thallium (Tl) showed the highest translocation factor from plants to honey (from 0.66 to 0.84). This may indicate that in the case of this element, unlike other toxic metals, the bee does not have the ability to accumulate it and thus it does not constitute a barrier limiting honey contamination. Regarding the plant species, the highest translocation factors of Cd, Pb and Tl were calculated for rapeseed (Table 4). However, this does not reflect entirely the content of harmful metals in rapeseed honey, because the level of these elements in rapeseed plants was the lowest among the tested plant species. The translocation factor calculated for macroelements (K, Ca, Mg) was very low and did not exceed 0.06. This means that despite the relatively high content of these elements in honeys [11,39,40], only trace amounts of those elements are being transferred from plants to honey. Among the beneficial microelements, a specific tendency was observed for Se, where the translocation coefficient exceeded the value of 1 for rapeseed and goldenrod. Thus far, few studies have examined the effects of forage plant tissues containing soilborne Se on pollinators’ health. Se as a micronutrient is essential for survival, but higher concentrations can be toxic for an insect. Higher accumulation of heavy metals seems to increase the concentration of selenium in the plant, which results in the enrichment of honey in this element. However, this element is known as a valuable antioxidant; therefore, this tendency positively affects the antioxidant properties of honey [43].



While the negative effects of plant contamination on honey mineral composition were found to be insignificant, the consequences for pollinators were not evaluated in this research. The impact of heavy metals on the condition of bees was not studied, however, as they have frequent and direct contact with melliferous plants, filter heavy metals present in nectar, and accumulate toxic elements in their bodies. According to the Agency for Toxic Substances and Disease Registry, arsenic (As), lead (Pb), cadmium (Cd) and mercury (Hg) are some of the common heavy metal pollutants with serious health impact on the honeybee Apis spp. [44]. Nisbet et al. [45] studied the effect of metallic cocktails on bee physiology and showed that honeybees exposed to Pb, Cd and Cu not only accumulated significant levels of these metals in their bodies, but also had lower concentrations of dopamine in the brain compared to control honeybees. Additionally, according to Di et al. [46] Cd and Cu had a weak synergistic effect on honeybee survival. Research by Monchanin et al. [42] showed that low doses of Pb and Se also impair the behavior and cognition of honeybees, suggesting their widespread negative effects on pollinators. We think that this is a very interesting observation, which should be verified in laboratory studies in the future, as a continuation of this work.



Our results indicate that accumulation of heavy metals in plants lowers the level of K, Ca and Mg; however, this is not reflected in the composition of honey. It means that bees not only retain heavy metals but also ensure a constant level of macroelements in the honey. This observation indicates that the probable mechanism of heavy metal accumulation in bee bodies may involve antagonistic interelement interactions, e.g., Cd-Ca, Cd-Mg, as described in the literature. Moreover, the content of macro- and microelements in the examined honeys does not seem to be dependent on contamination with heavy metals. In dandelion and goldenrod honeys, higher contents of Ca and Mg were observed, with lower contamination with Cd and Pb. Our previous research indicated that there were no significant correlations between the concentrations of tested elements in honey and in bee bodies (p > 0.05) [10]. Interestingly, a weak inverse correlation between Cd and Pb and antagonistic elements in the bee body and honey was observed, but was nonsignificant, except Pb-Zn. Other studies have shown that properly supplying the body with selected nutritional elements might help counteract the effects of cadmium and lead accumulation [47]. However, the mechanisms of heavy metal–other nutrient interactions are very complex and may involve changes in subcellular distribution of nutrients, water balance, functioning of enzymes or even hormone levels of plants [18]. It has to be noted that simple observations of the mineral content of plants and honeys do not provide an extensive explanation for these mechanisms. Due to a large number of variables, their clarification is not possible based only on environmental samples. This would rather require a controlled experiment introducing a single factor to the soil. Similarly, controlled experiments are also required to prove that sufficient supply of beneficial elements to bee organisms can effectively prevent honey contamination. Only the use of molecular methods to assess the mineral balance in bees could explain the nature of metal–metal interactions, which can boost or limit transfer of elements from the plant to honey. It may suggest that a sufficient supply of bee organisms with beneficial elements could effectively prevent honey contamination.





4. Conclusions


The highest pollution with heavy metals was found for goldenrod and dandelion inflorescence, whereas rapeseed was less polluted. The pollution of plants decreases the level of essential metals in their flowers, which was observed for goldenrod and dandelion compared to rapeseed. However, these tendencies were not reflected in honey mineral composition. Regardless of the forage plant species, only traces of harmful metals were found in honey, what makes it safe for consumers. Moreover, the negative consequences of contamination of melliferous plants with heavy metals did not affect the mineral composition of honey. A high translocation factor from plants to honey was found only for thallium and selenium. On the other hand, our findings suggest that in contaminated environments, toxic metals could negatively affect pollinators, as they keep impurities in their bodies that in turn disturb their mineral balance. Such a tendency was found especially in the case of goldenrod and dandelion, which are known plant accumulators of toxic metals. Due to the research being carried out in a rural, clean bee habitat, the obtained results require confirmation for samples of plants and honeys collected from industrial, more polluted environments. In the next study, the control of soil mineral profile should be necessarily included, as it is a great limitation of this study. We suggested that soil composition and acidity play a key role in the studied components’ migration within the trophic chain; however, this should be confirmed with soil tests. Despite the presented study not being complete, the observations obtained give some new data that may be important for beekeepers, both in choosing the location of the apiary and in choosing a honey flow base for bees, as these are key factors for the high quality of honey.
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Figure 1. Principal component analysis (PCA) results combining the first two principal components (PC1 and PC2); variable loadings (a) and plant individual scores (b); R—rapeseed, D—dandelion, G—goldenrod. 
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Table 1. The concentration of elements in tested melliferous plant inflorescences and honey samples (mg/kg).
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Element

	
Rapeseed (n = 15)

(Brassica napus L. var. napus)

	
Dandelion (n = 15)

(Taraxacum officinale)

	
Goldenrod (n = 15)

(Solidago canadensis)




	
Plant

	
Honey

	
Plant

	
Honey

	
Plant

	
Honey






	
harmful elements




	
Cd

	
mean ± SD

	
0.168 ± 0.100 a

	
0.009 ± 0.008 b

	
0.410 ± 0.262 a

	
0.015 ± 0.014 b

	
0.575 ± 0.323 a

	
0.007 ± 0.006 b




	
min-max

	
0.040–0.370

	
n.d.–0.019

	
0.060–0.940

	
n.d.–0.038

	
0.070–1.040

	
n.d.–0.019




	
Pb

	
mean ± SD

	
0.030 ± 0.053 b

	
0.024 ± 0.037 b

	
0.561 ± 0.291 a

	
0.044 ± 0.043 b

	
0.635 ± 0.167 a

	
0.037 ± 0.031 b




	
min–max

	
n.d.–0.180

	
n.d.–0.095

	
0.130–0.890

	
n.d.–0.112

	
0.370–0.830

	
n.d.–0.093




	
Hg

	
mean ± SD

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
min–max




	
Al

	
mean ± SD

	
41.51 ± 19.50 bc

	
0.414 ± 0.307 d

	
321.81 ± 155.32 a

	
1.819 ± 2.094 cd

	
103.21 ± 40.84 ab

	
0.590 ± 0.386 d




	
min–max

	
21.38–83.04

	
n.d.-0.850

	
156.74–593.14

	
0.154–7.519

	
31.86–157.25

	
0.120–1.569




	
Ni

	
mean ± SD

	
0.668 ± 1.501

	
0.200 ± 0.168

	
1.141 ± 1.804

	
0.132 ± 0.153

	
0.388 ± 0.366

	
0.255 ± 0.236




	
min–max

	
n.d.-5.370

	
n.d.-0.483

	
n.d.-5.480

	
n.d.-0.429

	
n.d.-0.910

	
n.d.-0.635




	
Tl

	
mean ± SD

	
0.267 ± 0.218 ab

	
0.155 ± 0.254 b

	
0.247 ± 0.426 ab

	
0.147 ± 0.213 b

	
0.495 ± 0.381 a

	
0.271 ± 0.377 ab




	
min–max

	
0.020–0.730

	
n.d.-0.681

	
n.d.-1.150

	
n.d.-0.583

	
0.040–1.280

	
n.d.-0.959




	
macroelements




	
K

	
mean ± SD

	
21571 ± 4637 a

	
340.25 ± 95.17 b

	
26430 ± 11526 a

	
1055 ± 257.6 b

	
17014 ± 2608 a

	
803.88 ± 306.83 b




	
min–max

	
15084–31528

	
215.36–508.01

	
5260–37284

	
699.13–1476

	
13515–22158

	
438.63–1310




	
Ca

	
mean ± SD

	
14465 ± 5536 a

	
55.09 ± 8.22 c

	
9217 ± 3106 ab

	
82.20 ± 26.90 c

	
10059 ± 1186 a

	
105.81 ± 19.68 bc




	
min–max

	
9544–25417

	
41.73–68.56

	
5799–14919

	
41.95–123.06

	
7901–11997

	
79.79–143.45




	
Mg

	
mean ± SD

	
2900 ± 576 a

	
22.10 ± 4.18 c

	
2344 ± 700 a

	
30.33 ± 9.80 c

	
2124 ± 444 ab

	
36.22 ± 6.22 bc




	
min–max

	
2030–3982

	
16.67–28.59

	
1051–3252

	
12.57–50.44

	
1565–3053

	
23.91–46.09




	
microelements




	
Mn

	
mean ± SD

	
40.27 ± 16.22 a

	
0.53 ± 0.31 b

	
60.60 ± 35.33 a

	
2.56 ± 2.51 b

	
289.24 ± 167.14 a

	
1.21 ± 0.45 b




	
min–max

	
21.71–65.15

	
0.20–1.24

	
19.92–129.20

	
0.31–6.66

	
101.81–564.89

	
0.55–1.86




	
Fe

	
mean ± SD

	
76.61 ± 25.05 a

	
1.44 ± 2.35 b

	
163.47 ± 71.28 a

	
1.77 ± 2.79 b

	
101.88 ± 42.97 a

	
1.67 ± 2.30 b




	
min–max

	
50.02–139.20

	
n.d.–6.04

	
90.47–320.48

	
n.d.–8.04

	
56.37–217.08

	
n.d.–6.90




	
Zn

	
mean ± SD

	
35.48 ± 11.19 a

	
0.42 ± 0.29 b

	
40.18 ± 19.02 a

	
0.79 ± 0.38 b

	
54.67 ± 24.96 a

	
1.05 ± 0.70 b




	
min–max

	
20.09–53.82

	
n.d.-0.99

	
18.81–95.68

	
0.31–1.48

	
21.45–97.46

	
0.34–2.35




	
Cu

	
mean ± SD

	
5.52 ± 1.75 ab

	
0.05 ± 0.06 c

	
10.40 ± 3.81 a

	
0.28 ± 0.25 bc

	
7.13 ± 2.10 a

	
0.15 ± 0.11 c




	
min–max

	
3.08–8.75

	
n.d.–0.21

	
4.08–17.35

	
0.05–0.83

	
3.46–10.67

	
n.d.–0.37




	
Se

	
mean ± SD

	
0.09 ± 0.18

	
0.13 ± 0.13

	
0.11 ± 0.17

	
0.12 ± 0.17

	
0.19 ± 0.26

	
0.21 ± 0.16




	
min–max

	
n.d.–0.61

	
n.d.–0.36

	
n.d.–0.53

	
n.d.–0.48

	
n.d.–0.77

	
0.01–0.49








a, b, c, d—Means marked with different superscript letters within the line are significantly different (Tukey’s honest significant difference test, p < 0.05).
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Table 2. Spearman’s rank-order correlations calculated between individual elements’ concentrations in plants.
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	Element
	Al
	Cd
	Ni
	Pb
	Tl
	Ca
	Cu
	Fe
	K
	Mg
	Mn
	Se
	Zn





	Al
	-
	0.349
	0.179
	0.692
	−0.117
	−0.462
	0.516
	0.790
	0.186
	−0.369
	0.116
	0.138
	0.134



	Cd
	0.349
	-
	0.123
	0.512
	0.378
	−0.670
	0.349
	0.213
	−0.228
	−0.123
	0.571
	0.213
	0.463



	Ni
	0.179
	0.123
	-
	0.164
	0.191
	−0.290
	0.110
	0.001
	−0.089
	0.065
	0.060
	0.044
	0.127



	Pb
	0.692
	0.512
	0.164
	-
	0.132
	−0.553
	0.412
	0.505
	−0.179
	−0.527
	0.424
	0.281
	0.275



	Tl
	−0.117
	0.378
	0.191
	0.132
	-
	0.067
	−0.362
	−0.253
	−0.710
	−0.344
	0.654
	0.340
	0.370



	Ca
	−0.462
	−0.670
	−0.290
	−0.553
	0.067
	-
	−0.248
	−0.222
	0.082
	0.269
	−0.064
	−0.129
	−0.012



	Cu
	0.516
	0.349
	0.110
	0.412
	−0.362
	−0.248
	-
	0.582
	0.580
	0.233
	−0.010
	−0.086
	0.421



	Fe
	0.790
	0.213
	0.001
	0.505
	−0.253
	−0.222
	0.582
	-
	0.420
	−0.165
	−0.058
	0.039
	0.267



	K
	0.186
	−0.228
	−0.089
	−0.179
	−0.710
	0.082
	0.580
	0.420
	-
	0.493
	−0.562
	−0.387
	−0.072



	Mg
	−0.369
	−0.123
	0.065
	−0.527
	−0.344
	0.269
	0.233
	−0.165
	0.493
	-
	−0.419
	−0.292
	0.000



	Mn
	0.116
	0.571
	0.060
	0.424
	0.654
	−0.064
	−0.010
	−0.058
	−0.562
	−0.419
	-
	0.183
	0.459



	Se
	0.138
	0.213
	0.044
	0.281
	0.340
	−0.129
	−0.086
	0.039
	−0.387
	−0.292
	0.183
	-
	0.228



	Zn
	0.134
	0.463
	0.127
	0.275
	0.370
	−0.012
	0.421
	0.267
	−0.072
	0.000
	0.459
	0.228
	-







Results in red are statistically significant (p < 0.05).
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Table 3. Spearman’s rank-order correlations calculated between individual elements’ concentrations in honey.
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	Element
	Al
	Cd
	Ni
	Pb
	Tl
	Ca
	Cu
	Fe
	K
	Mg
	Mn
	Se
	Zn





	Al
	-
	0.197
	−0.090
	0.240
	0.166
	0.211
	0.354
	0.218
	0.371
	0.260
	0.209
	−0.135
	0.291



	Cd
	0.197
	-
	0.060
	−0.096
	0.017
	0.161
	0.047
	0.353
	0.077
	0.070
	0.200
	0.209
	−0.062



	Ni
	−0.090
	0.060
	-
	−0.077
	0.142
	0.056
	0.207
	0.082
	−0.051
	0.064
	0.093
	0.302
	−0.013



	Pb
	0.240
	−0.096
	−0.077
	-
	0.339
	0.179
	0.343
	0.055
	0.329
	0.332
	0.386
	0.048
	0.434



	Tl
	0.166
	0.017
	0.142
	0.339
	-
	0.112
	0.061
	−0.081
	0.149
	0.183
	0.215
	0.299
	0.400



	Ca
	0.211
	0.161
	0.056
	0.179
	0.112
	-
	0.432
	0.070
	0.557
	0.756
	0.471
	0.243
	0.548



	Cu
	0.354
	0.047
	0.207
	0.343
	0.061
	0.432
	-
	0.301
	0.644
	0.543
	0.481
	−0.011
	0.533



	Fe
	0.218
	0.353
	0.082
	0.055
	−0.081
	0.070
	0.301
	-
	0.147
	0.096
	0.204
	−0.068
	−0.003



	K
	0.371
	0.077
	−0.051
	0.329
	0.149
	0.557
	0.644
	0.147
	-
	0.482
	0.598
	0.133
	0.584



	Mg
	0.260
	0.070
	0.064
	0.332
	0.183
	0.756
	0.543
	0.096
	0.482
	-
	0.685
	0.086
	0.478



	Mn
	0.209
	0.200
	0.093
	0.386
	0.215
	0.471
	0.481
	0.204
	0.598
	0.685
	-
	0.184
	0.432



	Se
	−0.135
	0.209
	0.302
	0.048
	0.299
	0.243
	−0.011
	−0.068
	0.133
	0.086
	0.184
	-
	0.267



	Zn
	0.291
	−0.062
	−0.013
	0.434
	0.400
	0.548
	0.533
	−0.003
	0.584
	0.478
	0.432
	0.267
	-







Results in red are statistically significant (p < 0.05).
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Table 4. Translocation factors calculated for honey samples.
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	Element
	Rapeseed
	Dandelion
	Goldenrod





	Cd
	0.08 ± 0.11 a
	0.04 ± 0.05
	0.02 ± 0.02 b



	Pb
	0.32 ± 0.06 a
	0.08 ± 0.07 b
	0.06 ± 0.11 b



	Al
	0.01 ± 0.01
	0.01 ± 0.01
	0.01 ± 0.01



	Ni
	0.39 ± 0.03 a
	0.06 ± 0.06 b
	0.01 ± 0.07 b



	Tl
	0.84 ± 1.05
	0.66 ± 1.24
	0.67 ± 1.42



	K
	0.01 ± 0.01 a
	0.06 ± 0.07 b
	0.05 ± 0.02 b



	Ca
	0.00 ± 0.00
	0.00 ± 0.00
	0.01 ± 0.01



	Mg
	0.01 ± 0.01
	0.00 ± 0.00
	0.01 ± 0.01



	Mn
	0.01 ± 0.01 b
	0.05 ± 0.05 a
	0.01 ± 0.00 b



	Fe
	0.03 ± 0.04
	0.01 ± 0.02
	0.02 ± 0.03



	Zn
	0.01 ± 0.01
	0.02 ± 0.01
	0.03 ± 0.03



	Cu
	0.01 ± 0.01
	0.04 ± 0.04
	0.02 ± 0.02



	Se
	1.32 ± 0.80
	0.67 ± 0.96
	1.96 ± 2.69







a, b Different superscript letters within the line are significantly different (Tukey’s honest significant difference test, p < 0.05).



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  agriculture-13-00273


  
    		
      agriculture-13-00273
    


  




  





media/file0.png





media/file2.png
%I07TT TOd

10

05

0.0

0.5

-1.0

(a) 10}

05}

0.0}
-1.0

<05t

%I07TT - TOd

: 33.55%

PCl1

:33.55%

PCl1





media/file1.jpg





