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Abstract 15 

Honey bees (Apis mellifera L.) can be considered as interesting biosamplers for 16 

integrating contaminants over distance and time, as they are exposed to these compounds 17 

either directly or indirectly. The aim of this research was to investigate how the levels of 18 

essential and non-essential trace elements in honey bees and plants are altered by hive 19 

management (organic or conventional), agricultural practices, and seasonal conditions. 20 

The levels of iron, zinc, copper, lead, and cadmium were determined in honey bees and 21 

wild plants from six different apiaries located in four Italian regions using atomic 22 

absorption spectrometry. Iron was the most abundant essential trace element, followed by 23 

zinc, while copper was an order of magnitude less abundant. Regarding the non-essential 24 

elements, all honey bee samples from apiary 6 (conventional) showed cadmium levels of 25 

around 0.1 µg/g wet weight, and only some samples from apiary 4 (conventional) showed 26 

an average lead level of 0.83 µg/g wet weight. Additionally, honey bee samples from 27 

apiary 3 (organic) showed a lead value of 2.25 µg/g at T1. Season (spring and summer) 28 

and apiary management were critical factors affecting honeybees trace element content. 29 

Honey bees from conventional farms had significantly higher copper levels than those 30 

from organic farms; these results highlight the importance of trace element levels in honey 31 

bee populations from Italian apiaries. 32 

 33 

Keywords Honey bees, Trace elements, Wild plants, Farm management, Environmental 34 

contamination.  35 
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1. Introduction 36 

Some trace elements, such as iron, zinc and copper, are essential for all living organisms 37 

because they play a crucial role in metabolism and maintain the structure of biomolecules, 38 

while others, such as cadmium and lead are non-essential and toxic (Ilijevic et al. 2021). 39 

It is well known that honey bees (Apis mellifera, L.), like other Hymenoptera, accumulate 40 

these elements from the environment and have therefore been used as environmental 41 

bioindicators (Skorbilowicz et al. 2018; Andreani et al. 2020; Girotti et al. 2020; Mair et 42 

al. 2023). Honey bees, especially foragers, are exposed to these elements in two ways: 43 

directly during flight, as the presence of hairs on their cuticle allows them to function as 44 

living microsamplers capable of binding and transporting airborne particulate matter 45 

(Negri et al. 2015); and indirectly, by collecting trace elements from various sources such 46 

as water, nectar, pollen, resins, and honeydew, which in turn exhibit a characteristic 47 

profile of macro- and microelements. In particular, the honey bee’s foraging range of up 48 

to 7 km² (Crane 1984), and its continuous foraging activity (foragers can visit up to nine 49 

flowers per minute) make it suitable for environmental monitoring (Couvillon et al. 50 

2015).  51 

Many factors can influence the accumulation of trace elements by honey bees. The 52 

most important factor is undoubtedly the amount of trace elements in the environment 53 

surrounding the colony (Skorbilowicz et al. 2018; Goretti et al. 2020; Catalano et al. 54 

2024). The age of honey bees is also an important factor, as young honey bees that have 55 

never been outside the hive, are only exposed to contaminants through their diet, while 56 

foraging honey bees are directly and continuously exposed to environmental 57 

contaminants. For this reason, it is important to use foraging honey bees when conducting 58 

monitoring studies (Taylor et al. 2023; Zaric et al. 2024). Finally, the management of the 59 
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apiary, e.g. organic or conventional management, can influence the levels of trace 60 

elements in honey bees. Current recommendations for organic beekeeping in the United 61 

States include a pesticide-free forage zone of a 3 km radius with an additional surveillance 62 

radius of 3.4 km around the apiary (Underwood et al. 2023). The Italian regulation 63 

requires organic beekeepers to manage all their apiaries according to the organic 64 

approach: the apiaries must be located in such a way that the sources of nectar and pollen 65 

within a radius of 3 km consist of organic crops, spontaneous flora and crops that have 66 

undergone low environmental impact cultivation treatments (Commission 2008; Italian 67 

Ministry of Agricultural 2009). 68 

In addition to the natural presence of trace elements into the environment surrounding 69 

the hive, their levels have increased in the last decades as a result of human activities 70 

(Nujkic et al. 2016; Tadesse et al. 2018). New activities and manufacturing processes, 71 

including those that produce nanomaterials, can increase the input of trace elements in 72 

the environment (Das et al. 2015). Agricultural practices and crop treatments alter the 73 

levels of trace elements in the environment; arsenic, copper, and lead are present in many 74 

pesticides (He et al. 2005) and copper sulphate is widely used to treat vineyards and 75 

horticultural crops, even in organic farming (Zaric et al. 2016). For example, Defarge et 76 

al. (2018) reported that most glyphosate-based herbicides contained a cocktail of 77 

elements, in particular all herbicides tested contained arsenic. 78 

Honey bees are a paradigm of the One Health approach (Lerner and Berg 2015) 79 

because they can be seen as a living bridge between the environment and humans who 80 

consume the products of the hive. Environmental pollution, climate change, pathogens, 81 

and antimicrobial resistance threaten the health of honey bee and ultimately also human 82 

health (De Jongh et al. 2022). An increasing number of published studies highlight the 83 
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importance of biomonitoring to protect human health, thereby underscoring the 84 

significance of using honey bees in environmental health research (Mair et al. 2023; 85 

Zavrtnik et al. 2024).  86 

  In this study we analysed which factors, namely sampling time (April and July) and 87 

farm management (organic and conventional), could influence the levels of three essential 88 

(iron, zinc and copper) and two non-essential and potentially toxic trace elements 89 

(cadmium and lead) in honey bees from hives located in different Italian regions. The 90 

hypothesis underlying the choice of these factors, among many others, is that the season 91 

could have a direct impact on the metabolism of honey bees, including the metabolism of 92 

trace elements; in addition, we hypothesised that the organic management of the apiaries 93 

could determine lower levels of potentially toxic elements. To complete the study, the 94 

levels of the same elements were also determined in wild plants collected around the 95 

hives.  96 

 97 

2. Materials and Methods 98 

2.1. Experimental design and colony management 99 

The samples analysed in this study were collected in six different apiaries. The apiaries 100 

were in 4 different Italian regions, namely 3 in Abruzzo, one in Emilia Romagna, one in 101 

Veneto and one in Friuli Venezia Giulia. The apiaries and sites were characterised in 102 

terms of apiary management and apiary dimension, wild flora composition and presence 103 

of cultivated areas. Supplementary Table SI shows the main characteristics of the apiaries, 104 

while the apiary location is reported in supplementary Figure 1. During the study, 105 

beekeepers managed the colonies normally and carried also out regular Varroa 106 

treatments. Organic apiaries were treated only with authorized chemicals, such as formic 107 
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acid, acetic acid, lactic acid, oxalic acid, and in some specific treatment with menthol, 108 

eucalyptol, thymol and camphor according to the Italian legislation (Italian Ministry of 109 

Agricultural 2009). 110 

Forager honey bee samplings were performed in two different times, April (T1) and 111 

July 2022 (T2), following the recommendations reported by Mair et al. (2023). Due to 112 

technical difficulties, the T2 sample from apiary 3 could not be obtained. For each apiary, 113 

three hives were randomly selected for the study and three samples of forager honey bees 114 

were sampled at the hive entrance for each beehive. At least 60 foragers honey bees were 115 

collected from each hive by using 50-mL conical sterile polypropylene centrifuge tubes 116 

(Falcon®, Corning Optical Communications S.r.l. Turin, Italy). Honey bees returning to 117 

the hives, excluding those carrying pollen, were left unwashed to prevent the removal of 118 

dust and microparticles from their bodies. Wild plants and herbs from the spontaneous 119 

flora in areas surrounding the hives of the six apiaries involved in the study were sampled 120 

during the same months to assess the concentrations of essential trace elements (iron, 121 

zinc, and copper) and potentially toxic elements (cadmium and lead). Plant specimens 122 

were randomly selected and collected from four different points around each hive, 123 

preferably corresponding to the four cardinal directions of the apiary, at a distance of 124 

approximately 5 to 10 meters from the hives. Samples were transported under refrigerated 125 

conditions and subsequently stored at -20°C until analysis. Samples of honey bees and 126 

herbs were transported refrigerated to the Department of Veterinary Medical Sciences 127 

(University of Bologna) and stored at -20 °C.  128 

 129 
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2.2. Trace element determination using Atomic Absorption Spectrometry (AAS) 130 

For each apiary, at each sampling time, three pools of honeybees were sampled from three 131 

hives (9 pools) and four pools of whole wild herbs were collected around the same hives 132 

at the four cardinal points (12 pools). Three honey bees (250-300 mg) for each replicate 133 

were placed in individual acid-washed Teflon tubes and digested as reported by Andreani 134 

et al. (2020). Herbs were dried in an oven at 65°C for 24 h to obtain the dry weight and 135 

then 300 mg were digested. Briefly, samples were mixed with 1 (honey bees) or 2 (herbs) 136 

mL of 65% HNO3 and 0.25 (honey bees) or 0.5 (herbs) mL of 30% H2O2, digested in a 137 

microwave digestion system, transferred to 5 (honey bees) and 10 (herbs) mL 138 

polyethylene volumetric flasks, diluted with bidistilled water, and analysed using a flame 139 

atomic spectrophotometer (ContrAA 300, Analytical Jena, Jena, Germany). All the 140 

reagents were purchased from Merck (Darmstadt, Germany), with the acids and 141 

bidistilled water being of Suprapur grade. The accuracy of the method was assessed using 142 

ERM®–BB422 fish muscle. The concentrations found with the method used in this study 143 

fell within the certified uncertainty interval provided by ERM, corresponding to a 95% 144 

confidence level. The detection limits (LOD) were 0.09 µg/mL for Fe, 0.04 µg/mL for 145 

Zn, 0.01 µg/mL for Cu, 0.05 µg/mL for Cd and 0.4 µg/mL for Pb. The levels of trace 146 

elements were expressed as µg/g wet weight (ww) for honey bees and as µg/g dry weight 147 

(dw) for wild plants.  148 

 149 

2.3. Statistical analysis 150 

Different groups were created based on the factors supposed to influence the element 151 

content in honey bees and wild plants: sampling time (T1 and T2), apiary dimension, and 152 

apiary management (organic and conventional). The distribution and homoscedasticity of 153 
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the variables in each group were assessed using the Shapiro-Wilk and Levene tests, 154 

respectively. Differences in element content due to the sampling time  (T1 vs T2) were 155 

evaluated with the t-test for paired samples when the distribution was normal and 156 

homoscedasticity was confirmed and with the robust t-test for paired samples and the 157 

Wilcoxon test when the distribution was normal with no equality of variances of the data 158 

and when the distribution was not normal. Differences in element content due to apiary 159 

management (organic or conventional apiaries) were evaluated by t-test for independent 160 

samples (normal distribution and homoscedasticity confirmed), robust t-test for 161 

independent samples (normal distribution with no equality of variances), and by Mann-162 

Whitney test (non-normal distribution). Differences in element content due to farm 163 

dimension (Small, Medium, and Big, depending by the numbers of total hives owned) 164 

were analysed using different methods. When the distribution was normal and the data 165 

showed equality of variances, one-way ANOVA with Tukey HSD post-hoc test was used; 166 

when the distribution was normal and the data didn’t show equality of variances, robust 167 

one-way ANOVA with Tamhane post-hoc test was used; finally, if the normality of 168 

distribution wasn’t confirmed, Kruskal-Wallis one-way ANOVA with Dunn's post-hoc 169 

test for multiple comparisons was applied. 170 

In multiple comparison tests, the p-values underwent to Bonferroni correction.  Spearman 171 

correlation coefficient rho and p values were calculated to investigate the correlation 172 

between element levels in honey bees and in wild plants. 173 

Multiple mixed models fitting by REML were performed to investigate which covariates 174 

have a greater influence on the trace elements (iron, zinc, and copper) in honey bees. 175 

Considering the presence of possible replicates within the hives of the same apiary or 176 
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bees from the same hive, the random effect was set as Farm ID. The model for each trace 177 

element analysed in bees was carried out using the following equation: 178 

Trace element (Fe, Cu, Zn) in bees = α + β0*Time (T1 or T2) + β1 *apiary management 179 

(organic or conventional) + β1 *apiary dimension (small, medium or large) + 1|Farm-ID. 180 

The efficacy of the random models was tested by ANOVA comparison with fixed models 181 

(where Farm_ID was excluded) and the Akaike Information Criterion (AIC) was used to 182 

determine which model was better.  183 

Statistical analyses were performed using R 4.2.1 (R foundation for statistical computing; 184 

Vienna, Austria; https://www.R-project.org/ accessed on 7 April 2025, (RStudio Team 185 

2020). Data are reported as mean ± SD (standard deviation).  186 

 187 

3. Results and Discussion 188 

3.1. Levels of cadmium and lead in honey bees 189 

Cadmium and lead levels above the LOD were detected in some honey bee samples from 190 

three apiaries (Supplementary Table ). In detail, all samples from the apiary 6 191 

(conventional) showed cadmium levels of around 0.1 µg/g wet weight in both the first 192 

and second sampling, while in all other samples cadmium was below the LOD. However, 193 

this value is relatively low compared to the range of mean cadmium levels in honey bees 194 

reported in other studies carried out in Italy, which vary between 0.04 µg/g dw 195 

(corresponding to 0.014 µg/g ww, considering a percentage of 28% wet to dw) reported 196 

by Perugini et al. (Perugini et al. 2011) in honey bees sampled in a natural wildlife reserve 197 

(Riserva dei Calanchi di Atri, Abruzzo region) and 3.27 µg/g dw (corresponding to 0.91 198 

µg/g ww in honey bees from anthropized sites in the province of Rome (Conti and Botrè 199 

2001). 200 
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With regard to lead, some samples of honey bees(conventional) showed lead levels above 201 

the LOD, with an average value of 0.83 µg/g fresh weight (Table V). The high levels of 202 

lead found in two samples of honey bees from the apiary 3 (organic) in the second 203 

sampling (5.1 and 15 µg/g fresh weight) deserve separate discussion. These values, found 204 

only in two of the nine replicates of honey bees taken from the same hive, suggest a point 205 

source of contamination of unknown nature highlighting the variability between honey 206 

bees in the same hive, as reported by other authors (Zaric et al. 2022). After all, it is 207 

known that honey bees in the same hive may be exposed to different sources of pollution, 208 

as they may forage in different environments or drink contaminated water. Lead levels in 209 

honey bees sampled in Italy are highly variable depending on the sampling area, ranging 210 

from 0.19 µg/g dw (corresponding to 0.05 µg/g ww) in Umbria (Goretti et al. 2020) to 211 

0.52±0.03 µg/g dry in honey bees sampled near the Rome airport (Perugini et al. 2011), 212 

with a higher level of 1.84 µg/g dw (corresponding to 0.51 µg/g ww) in honey bees 213 

sampled from hives near a motorway (Leita et al. 1996).  214 

Lead is known to have a negative effect on bee survival and development, resulting 215 

in smaller adults and affecting foraging activity (Hladun et al. 2016) and Ferrari et al. 216 

(2024) reported that honey bees with the highest lead levels were significantly smaller 217 

and had smaller wings. Finally, it should be mentioned that the honey bees used in this 218 

study were not washed before digestion and element analysis and their element content 219 

includes the airborne particles bound to the hairs covering the bee’s body; in fact, it has 220 

been reported by Sadowska et al. (2019) that the content of lead deposited on the surface 221 

can be significant (about 60%) with respect to the burden in the whole bee’s body.  222 

 223 
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3.2. Levels of iron, zinc, and copper in honey bees 224 

Iron, zinc, and copper, among the most abundant essential trace elements in living 225 

organisms, were measured in honey bees sampled  from different apiaries (Friuli Venezia 226 

Giulia, Veneto, Emilia-Romagna, and Abruzzo) in April and July 2022 (Figure 1) and the 227 

results were compared with those of other studies carried out on Italian honey bees 228 

(Supplementary Table . Although this study reports data on a wet weight basis, the values 229 

can be easily compared by assuming that the dry weight (dw) is 28% of the wet weight 230 

(Brodschneider et al. 2009). 231 

The average content of the three elements in honey bees followed this decreasing 232 

order: Fe>Zn>Cu, with copper levels being one order of magnitude lower than those of 233 

iron and zinc, which is in accordance with the cellular levels of these essential elements 234 

in humans and in other animals (Maret 2016). . 235 

The average values of zinc and copper found in this study are in the same order of 236 

magnitude as those reported by other authors in honey bees from different Italian regions 237 

(Table III) (Brodschneider et al. 2009; Goretti et al. 2020; Conti et al. 2022 aa; Conti et 238 

al. 2022 bb; Catalano et al. 2024). The mean levels of zinc and iron measured in this 239 

research in honey bees from Italian apiaries (35.06 µg/g ww for zinc, and 49.7 µg/g ww 240 

for iron) are very similar to those reported by Rudelli et al. (2024) in August in honey 241 

bees from apiaries in Emilia-Romagna (33.9 µg/g ww for zinc, and 48.3 µg/g ww for 242 

iron), suggesting that these values may represent the physiological levels for these trace 243 

elements in Italian summer honey bees. The higher levels of copper in honey bees from 244 

the province of Bologna found in the study of Rudelli et al. (2024) may be due to the 245 

location of the apiaries, which were mostly located in the cultivated areas of the Pianura 246 

Padana, where copper sulphate treatments are applied to vineyards in July and August. 247 
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Similar values were also found in studies performed in European countries, e.g. by 248 

Ciric et al. (2021) in worker honey bees sampled in Serbia (from 47.79 to 64.50 μg/g for 249 

iron, from 29.14 to 47.56 μg/g for zinc and from 6.27 to 7.67 μg/g wet weight for copper), 250 

by Zaric et al. (2022) in honey bees from Serbia and Austria (from 102 to 265 µg/g dw 251 

for iron, from 60 to 142 µg/g dw for zinc, and from 15 to 31 µg/g dw for copper), by 252 

Skorbilowicz et al. (2018) in honey bees from an urban area in Poland (from 132.6 to 253 

317.2 µg/g dw for iron, from 54.6 to 85.7 µg/g dw for zinc, and from 13.7 to 34.6 µg/g 254 

dw for copper), and finally by van der Steen et al. (2016) in honey bees from the 255 

Netherlands (from 56.6 to 170.0 µg/g dw for zinc and from 11.7 to 32.2 µg/g dw for 256 

copper).  The values can be compared by assuming that the dry weight (dw) is 28% of the 257 

wet weight (Brodschneider et al. 2009). 258 

Overall, despite sampling sites with different anthropogenic impacts and 259 

geomorphological characteristics, different sampling seasons and years, different 260 

botanical species in the environment, and, finally, different apiary management, it is 261 

evident that the three main essential trace elements show limited variations in European 262 

honey bees. Interestingly, similar levels of iron, zinc and copper were also measured by 263 

Andreani et al. (2020) in hornets (Vespa crabro and Vespa velutina), reflecting their 264 

central role in living systems and the presence of common homeostatic mechanisms 265 

controlling their cellular levels. 266 

The determination of trace elements in honey is beyond the scope of this research. 267 

However, due to the presence of cadmium and lead in some honey bee samples, samples 268 

of honey from each of the six apiaries were analysed to assess the possible transfer of 269 

these toxic elements to honey. The results obtained are shown in supplementary figure 2. 270 

The levels of these two non-essential metals were below the LOD and the levels of iron, 271 
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zinc and copper were in the range of those reported by other authors in Italian honey 272 

(Pisani et al. 2008; Squadrone et al. 2020; Perna et al. 2021). 273 

Despite the extensive foraging activity of honey bees which determines the transport 274 

of environmental contaminants, including metals, into the hive, these data and those 275 

reported by other authors (Borsuk et al., 2021) indicate a low transfer of toxic elements 276 

from bees to honey. In addition, the low levels of trace elements in honey suggests that 277 

the feeding of honey by honey bees represents a low potential source of contamination 278 

for the honey bees. 279 

 280 

3.3. Factors affecting trace element levels in honey bees 281 

Detailed data for each metal, for each apiary, and for each sampling time are presented in 282 

Figure 1. Significant statistical differences were found between apiaries due to the 283 

sampling time and the apiary management, while no significant differences were found 284 

due to the apiary dimension.  285 

Copper content was significantly higher (p<0.01) in July (T2) than in April (T1) in honey 286 

bees from the three conventional apiaries. A similar situation was observed in honey bees 287 

from Poland by Skorbilowicz et al. (2018): the lowest copper content was recorded in 288 

March (mean content of 16.3 µg/g dw) and the highest in June (mean content of 25.2 µg/g 289 

dw). It could be speculated that the increase in copper in July could be due to the increased 290 

temperature and the increased foraging activity of honey bees, but this is not a general 291 

finding as this increase was not observed in honey bees from the organic apiaries nor for 292 

zinc and iron. Possible causes may be related to apiary management and are discussed in 293 

the next paragraph.  294 
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Zinc content was significantly higher (p<0.05) in July (T2) in honey bees from the apiary 295 

4 (conventional) and significantly lower in those from the apiary 6 (conventional) 296 

(p<0.05), while the iron content (p<0.01) was significantly lower in July in honey bees 297 

from the apiary 6. Honey bees from the apiary 6 showed significant differences between 298 

T1 and T2 for all the elements studied.  One possible explanation has to do with the 299 

location of the apiary. It is in a place where the flora changes from one month to another, 300 

and honey bees have different plant species available to them in spring and summer.  301 

The average content of trace elements in honey bees from organic and conventional 302 

apiaries at the sampling times of April and July, and the averages calculated over all 303 

samples tested are shown in Supplementary Table IV. In general, honey bees from the 304 

conventional apiaries showed more variability between the two sampling times. 305 

Significantly lower (p<0.01) at T1 and significantly higher (p<0.01) at T2 levels of copper 306 

were found in honey bees from the conventional apiaries compared to those reared in 307 

organic apiaries. This could be related to the different timing of application of copper 308 

sulphate treatments to crops in the vicinity of the hives. To the best of authors’ knowledge 309 

these are the first data comparing trace element levels in honey bees from organic and 310 

conventional apiaries. Studies on this important topic are scarce, only Siebert et al. (2020) 311 

observed an upregulation of prophenoloxidase in honey bees from conventionally 312 

managed hives. This enzyme is of particular interest, because it is a multicopper oxidase 313 

playing an important role in melanin synthesis, wound healing and cuticle pigmentation. 314 

In addition, honey bees from organically managed hives had increased levels of 315 

vitellogenin transcripts (Siebert et al. 2020), suggesting better immune function and 316 

increased longevity, useful during the overwintering period.   317 
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Multiple mixed models were performed to investigate which covariate among 318 

sampling time (April vs July), apiary management (organic and conventional), and apiary 319 

dimension (small, medium and big) has a greater influence on the trace elements (iron, 320 

zinc, and copper) in honey bees. The model outputs for iron, zinc and copper in honey 321 

bees are reported in Supplementary Tables XX, respectively. Sampling time is the 322 

variable that most influences the iron and copper content of the honey bees among those 323 

considered (p=0.006 for iron, and p=0 for copper). Independently of the other variables 324 

(i.e. if the other variables remained fixed as if they were a constant), the iron content in 325 

the bees sampled at T2 would be lower than at T1, and that copper of the bees at T2 would 326 

be higher than those at T1. In addition, a significant negative correlation was found 327 

between copper and iron levels in both April (T1) and July (T2) sampling times (p=0.001 328 

and p=0.0003, Supplementary Table S). These data are of particular interest, as iron and 329 

copper are two redox elements involved in many physiological processes and at the same 330 

time they can be involved in unwanted reactions and oxidative damage. Studies 331 

conducted on A. mellifera reported that carbohydrates are used as the primary fuel for 332 

muscles (Suarez et al. 2005) and iron is an important cofactor of complexes of the 333 

respiratory chain. It can be hypothesized that lower levels of iron might be related to a 334 

lower energy production in foragers honey bees. This could be a problem in late summer 335 

and early autumn, when diutinus honey bees appear; these honey bees ensure the survival 336 

of the colony over the winter until the next spring. In addition, in previous research, 337 

Rudelli et al. (2024) reported a significant negative correlation between the Varroa 338 

infestation and the iron content in honey bees sampled in October. Therefore, summer 339 

treatments of crops with copper sulphate may lead to increased copper levels in the 340 

environment and in honey bees, potentially affecting also iron homeostasis and leading 341 
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to a concomitant decrease in iron, which, in turn, may impair the response to pathogens 342 

and colony survival in winter. This effect may be particularly relevant in conventionally 343 

managed apiaries, where honey bees accumulate higher levels of copper than those reared 344 

in organic apiaries, or in apiaries located in less anthropized landscapes. 345 

 346 

3.4.  Levels of iron, zinc, and copper in wild plants  347 

Descriptive statisticsata on iron, zinc and copper levels in the herbs collected around the 348 

hives are presented in Figure 2 and Supplementary Table VI. The element content 349 

followed the same decreasing order as in the honey bees: Fe>Zn>Cu. The levels of 350 

cadmium and lead were below the LOD in all the samples examined. The large variability 351 

found within some samples taken from the same apiary is due to the presence of different 352 

plant species in the different pools. The wild plants collected have been identified and the 353 

main species corresponded to Poaceae, Asteraceae, Apiaceae, Lamiaceae, Boraginaceae, 354 

Fabaceae, Cornaceae, Rosaceae, Araliaceae species. Further details on wild plants, herbs 355 

and cultivated plants are reported in Supplementary Table 1.  356 

In plants, the levels of essential elements that become part of bioactive molecules 357 

and perform important functions related to photosynthesis and energy metabolism as well 358 

as potentially toxic elements, such as cadmium and lead, depend on various factors, such 359 

as soil chemical and physical characteristics, agriculture, livestock farming, and are 360 

highly species-dependent. For example, some plants are known to be hyperaccumulators 361 

of metals (Suman et al. 2018) and can tolerate high levels of one or more trace elements 362 

(van der Ent et al. 2013) without showing toxic effects. Some of these metallophyte are 363 

used by honey bees as a source of nectar and pollen; however, the levels of metals in 364 

leaves and flowers are lower than those present in the roots, except for chromium (Pietrelli 365 
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et al. 2022), and should not represent a threat for honey bee health. Of interest are the 366 

high levels of elements in wild plants from apiary 2. This apiary is located along the banks 367 

of the Adige River and is surrounded by fruit trees, especially apples, pears and cherries. 368 

On the other hand, the plants collected around the hives of the apiary 3 and apiary1, except 369 

for iron at T2, contain low levels of iron and copper. 370 

With regard to copper, different average values were observed, varying between 371 

2.40±1.20 (conventional apiary 6, T1) and 16.9±7.67 µg/g dw (conventional apiary 2, 372 

T1); in this respect it should be noted that the average copper levels in the samples from 373 

the apiary 2 is always higher compared to those of other apiaries. This result is not 374 

surprising, given the conventional management of the apiary and the proximity of apple, 375 

pear and cherries trees. The use of copper-based fertilizers and a balanced fertilization 376 

program with macro and micronutrients can serve as an alternative to synthetic fungicides 377 

and contributes to the production of high crop yield, without having adverse impact on 378 

the environment. As an essential micronutrient for plant growth, copper is involved in 379 

many biochemical reactions in plants, such as redox reactions, regulation of enzyme 380 

activity, and synthesis of plant cell walls. Moreover, copper promotes photosynthesis and 381 

respiration in plants and plays a key role in the normal growth and development of plants. 382 

Additionally, certain fertilizers, such as those rich in phosphorus and potassium, can 383 

directly influence a plant's resistance to fungal pathogens (Su et al. 2024). Similar copper 384 

levels have been reported in Italian wild herbs by Volpe et al. (2015), with values ranging 385 

from 4.10 (Sonchus asper) to 19.85 µg/g dw (Borago officinalis), and by Pietrelli et al. 386 

(2022) with mean values ranging from 1.93 ± 0.11 to 21.25 ± 5.89 µg/g dw in the leaves 387 

from Plantago lanceolata and Cichorium intybus, respectively. Values in the range of 388 
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2.68-4.68 µg/g ww have been reported in wild plants of Mediterranean flora by Ceccanti 389 

et al. (2021). 390 

Zinc values varied considerably depending on the location and season, ranging from 391 

an average minimum of 2.88 ± 0.74 (organic apiary 1, T1) to an average maximum of 392 

93.9 ± 31.5 µg/g dw (conventional apiary 2, T1). A value of 84.5 µg/g dw has been 393 

reported by Volpe et al. (2015) in B. officinalis. Values in the range of 4.53-6.85 µg/g ww 394 

have been reported in herbs of Mediterranean flora by Ceccanti et al. (2021). 395 

For iron, the mean values varied from an average minimum of 65.1±31.1 (apiary 4, 396 

T1) to an average maximum of 283±141 µg/g dw (apiary 1, T2). Values included in the 397 

previous range were reported in Italian wild herbs by Volpe et al. (2015): 91.84 (B. 398 

officinalis) and 120.40 µg/g dw (C. intybus). Values from 22.73 to 28.55 µg/g ww have 399 

been reported in wild herbs of Mediterranean flora by Ceccanti et al. (2021). 400 

 401 

3.5. Factors affecting trace element content in wild plants 402 

Detailed data for each trace elements, for each apiary, and for each sampling time are 403 

presented in Figure 2. 404 

Sampling time - In the samples of wild plants from apiary 4 (conventional) and apiary 5 405 

(organic), copper levels are significantly higher in the second sampling (T2) (p<0.01), 406 

probably related to the copper sulphate treatments, due to the proximity of vineyards for 407 

both apiaries. In fact, copper is the only product effective against the downy mildew of 408 

grapevine (Vitis vinifera L.), caused by the oomycete Plasmopara viticola that is accepted 409 

under the European Organic Farming Regulation (EC 889/2008) (Commission 2008). No 410 

significant differences were found for zinc between T1 and T2. In the second sampling, 411 

significantly higher levels of iron were found in herbs from the organic apiary 1 compared 412 
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to the other apiaries (p<0.01). The iron content of plants is mainly affected by absorption 413 

of iron from the soil and the transport and accumulation in the plant body. With 5% of 414 

the earth's crust, iron is the fourth most abundant element in the geosphere, and the iron 415 

content in soil varies from 1% to 20%, averaging 3.2%, but its normal percentage in plants 416 

is only 0.005% (Meng et al. 2005). 417 

Apiary management- The average content of essential elements in plants from organic 418 

and conventional apiaries at the sampling times of April and July, and the averages 419 

calculated over all samples tested are shown in Table VII. The mean copper values are 420 

significantly lower (p<0.05) in the wild herbs sampled in the organic apiaries than in those 421 

sampled in the conventional apiaries, in agreement with what was found in the honey bees 422 

(Table IV).  423 

 424 

3.6. Correlations between the levels of trace element in honey bees and wild 425 

plants 426 

An analysis was conducted to determine possible correlations between trace element 427 

levels in honey bees and plants at the two sampling times. The p values of Spearman 428 

correlation coefficients are reported in Supplementary Table S2. For honey bees, the 429 

inverse significant correlation between copper and iron levels was discussed in 3.3. 430 

 At both sampling times, the levels of copper, zinc, and iron in plants were significantly 431 

and positively correlated with each other. The levels of essential elements in wild plants 432 

are influenced by a number of factors, including the characteristics of the soil and the 433 

ability of plants to selectively accumulate these elements. In spring, the normal 434 

physiological process causes the roots to absorb a lot of water and nutrients from the soil, 435 

and at the same time transpiration occurs abundantly from the leaves, favouring the 436 
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uptake from the roots; water and nutrients are needed for the growth of the shoots, so in 437 

this period, corresponding to T1, plants accumulate higher levels of elements, among 438 

which zinc and iron, than in the summer period (T2). In summer, plants no longer have 439 

shoots that need to grow, the transpiration process decreases (the transpiration process is 440 

controlled by trying to limit it so as not to lose water in the form of vapour), so the roots 441 

absorb less water and nutrients including trace elements. Other sources of elements for 442 

plants concern rainfall, traffic density, use of oil or fossil fuels for heating, atmospheric 443 

dusts, pesticides and fertilisers, which could be adsorbed through the leaf blades (Divrikli 444 

et al. 2006). In particular, the leaf surface is not smooth, under the microscope it appears 445 

to be composed of micro-ridges, grooves, epicuticular waxes, trichomes, which contribute 446 

to the particulate capture; moreover, the density of the stomatal apparatus and the 447 

presence of large stomata favour the capture of micro- and nano-particles and the 448 

polluting gases. In addition, the bioavailability of the elements depends on the type of 449 

chemical bonds with the components of soil (Lozak et al. 2002). 450 

Finally, correlations have been found between the levels of trace elements in honey 451 

bees and in wild plants sampled around the hives. In April, zinc and iron in honey bees 452 

are significantly and positively correlated with zinc (p=0.0067 and p=0.011) and copper 453 

(p=0.020 and p=0.018)) in plants, while in July, zinc levels in honey bees are significantly 454 

but negatively correlated with copper (p=0.038), zinc (p=0.029), and iron (0,021) levels 455 

in plants. One possible interpretation, with caution as correlation is not causation, could 456 

be related to different diets and absorption of these elements in the two seasons studied. 457 

In April, honey bees may be accumulateing these elements directly from the nectar of 458 

plants on which they forage. Nectar contains trace elements of the same order of 459 

magnitude as honey bees (Borsuk et al., 2021) In July, however, this relationship may be 460 
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more complex, as honey bees also feed on honey and pollen stores that have accumulated 461 

in the hive over the previous months. Honey has a content of trace elements much lower 462 

than nectar and honey bees This finding highlights the intricate relationship between 463 

honey bees and their environment. Further research can shed light on the factors 464 

influencing trace element levels in honey bees and their potential impact on bee health 465 

and ecosystem function. 466 

 467 

4. Conclusions 468 

Overall, the data obtained in this study agree with those reported by other authors and 469 

represent a contribution to the knowledge on the levels of copper, zinc, iron, cadmium, 470 

and lead in honey bee populations from Italian regions. However, although many studies 471 

have now been conducted on the subject, there is still a lack of reference intervals for the 472 

essential trace elements.  473 

Several differences have been highlighted, based on the nature of the chemical 474 

element: in both honey bees and wild plants, iron is the most abundant essential trace 475 

element, followed by zinc, while copper is an order of magnitude less abundant. The 476 

season and the environment around the hives, including agricultural practices and crop 477 

treatments, are critical factors in determining the levels of trace elements in plants and 478 

consequently in honey bees. Moreover, beekeeping practices are also important.  479 

In our study we found that honey bees and wild plants around the hives on 480 

conventional apiaries had higher average copper levels than those on organic apiaries due 481 

to crop treatments with copper sulphate. These results highlight the importance of 482 

foraging honey bees as environmental bioindicators and emphasise the importance of the 483 

“One Health” approach. Among the factors tested, the season is the one that has the 484 
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greatest influence on elemental content, highlighting the possible adverse effects of 485 

climate change on honey bee health. As copper and iron levels are significantly but 486 

negatively correlated, an increase in copper in the environment and in honey bees due to 487 

copper sulphate crop treatments may determine a decrease in iron in honey bees, possibly 488 

leading to a dysregulation of the metabolism of this essential trace element. This 489 

interesting issue deserves attention and future studies are needed.  A 490 
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 713 
 714 
 715 
Figure 1. Trace element levels in honey bee samples. Data are presented as the mean ± standard deviation 716 
(SD) and expressed in µg/g wet weight. The grey bar represents the April sampling (T1), the black bar 717 
represents the July sampling (T2). The dots pattern represents organic apiaries, while the plain pattern 718 
represents conventional apiaries. For each apiary, the same letter indicates a significant difference between 719 
T1 and T2. 720 

Figure 2. Trace element levels in wild plants sampled around the hives. Data are presented as the mean ± 721 
standard deviation (SD) and expressed in µg/g dw. The grey bar represents the April sampling (T1), the 722 
black bar represents the July sampling (T2). The dots pattern represents organic apiaries, while the plain 723 
pattern represents conventional apiaries. For each apiary, the same letter indicates a significant difference 724 
between T1 and T2. 725 

 726 
Supplementary Table SI. Hive localization, farm dimension in term of number of hives and management 727 
of the apiary are indicated. 728 
 729 
Apiary Region Apiary management FarmApiary Dimension 

1 Emilia Romagna Organic Small 200/300 hives 

2 Veneto Conventional Small 200/300 hives 

3 Abruzzo Organic Medium 900/1300 hives 

4 Abruzzo Conventional Medium 900/1300 hives 

5 Abruzzo Organic Big > 1300 hives 

6 Friuli Venezia Giulia Conventional Big > 1300 hives 

 730 
Table II. Summary table of descriptive statistics for trace element content in honey bees. Data are expressed 731 
in µg/g wet weight (ww) and are reported separately for the four regions and in total, n= indicate the 732 
numbers of honey bees analyzed. 733 
 

 Copper Zinc Iron 

Friuli-Venezia Giulia  Apiary 6 (n=18) 4.46±1.46 62.3±31.6 55.4±19.2 

Veneto  Apiary 2 (n=18) 5.45±1.44 25.5±11.0 45.8±9.88 

Emilia-Romagna  Apiary 1 (n=18) 5.20±1.06 38.2±7.04 35.0±16.9 

Abruzzo  Apiariesy 3 (n=9) 3.96±1.56 26.6±18.9 73.4±25.0 

Abruzzo Apiary 4 (n=18) 5.34±1.44 27.8±18.7 41.9±7.71 

Abruzzo Apiary 5 (n=18) 3.86±0.88 29.5±8.39 57.1±7.12 

Median  4.72 31.85 46.5 

SD  1.43 21.9 18.0 

Min  2.16 4.17 13.9 

Max  8.65 142 126 

First quartile  3.61 21.5 38.1 

Third quartile  5.81 44.2 58.3 

 734 

  735 
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Table III Content of copper, zinc and iron (µg/g dw or ww; $ww can be converted to dw by multiplying by 736 
3.57) detected in honey bee samples in different Italian regions. Data are reported as the mean ± SD, with 737 
two exceptions: *median, °interval min-max. 738 

 
Copper Zinc Iron Reference 

Friuli Venezia-Giulia (Trieste)  

µg/g dw 

17.93±0.98 58.11±4.61 - (Giglio et al. 

2017) 

Friuli Venezia-Giulia (suburban)  

µg/g dw 

12.82±0.92 45.92±3.64 -  

Umbria (different sites)  

µg/g dw 

14.4±2.9 132.4±32.1 125.8±52.4 (Goretti et 

al. 2020) 

Umbria (Perugia)  

µg/g dw 

10.06 58.40 73.06 (Goretti et 

al. 2023) 

Lazio (Rome province) 

µg/g dw 

17.9* 87* 108* (Astolfi et 

al. 2022) 

Lazio (Rome province) 

µg/g dw 

23.7±4.7 - 135±46 (Conti et al. 

2022 a) 

Lazio (Rome province) 

µg/g dw 

- 106±31 - (Conti et al. 

2022 b) 

Lombardia (parco Adda) 

µg/g dw 

21.7±0.3 110±2 312±5 (Ferrari et 

al. 2024) 

Campania (Acerra) 2021 

2022 

µg/g ww$ 

6.19-8.03° 

0.34-8.26° 

23.7–22.7° 

21.6–27.7° 

34.2–43.1° 

40.5–59.9° 

(Catalano et 

al. 2024) 

Campania (Caivano) 2021 

2022 

µg/g ww$ 

6.94-9.57° 

7.37-8.07° 

22.4–32.4° 

24.8–28.3° 

39.4–54.7° 

43.1–83.7° 

(Catalano et 

al. 2024) 

Emilia-Romagna (Bologna province) 

µg/g ww$ 

9.03±2.58 35.1±7.81 40.9±17.0 (Rudelli et 

al. 2024) 

Italy (mean of different regions)  

µg/g ww$ 

4.78±1.43 35.1±21.9 49.7±18.0 This study 

 739 
 740 
 741 
Table IV. Levels of trace elements in bees sampled from the three organic and the three conventional 742 
apiaries in 2022. Values are given as the mean ± SD and expressed in µg/g wet weight and divided by 743 
samplings: T1, sampling in April 2022, and T2, sampling in July 2022. The mean refers to both samplings.  744 

 Cu T1 Cu T2 mean Zn T1 Zn T2 mean Fe T1 Fe T2 mean 

Organic 4.53* 4.23* 4.41* 31.3 32.3* 31.7 56.6 46.3 52.7 

DS 1.13 1.48 1.28 14.2 7.60 11.9 22.1 20.5 21.8 

Conventional 3.84* 6.34* 5.09* 35.7 39.7* 37.7 54.8 40.6 47.9 

DS 0.65 1.82 1.49 37.1 12.6 27.3 15.6 7.77 14.2 
* indicates statistically significant differences (p<0.05) between organic and conventional apiaries. 745 

 746 

 747 
Table V. Cadmium and lead levels in bees sampled on the six apiaries in 2022. Values are given as the 748 
mean ± SD and expressed in µg/g fresh weight and divided by sampling: T1, sampling in April 2022 and 749 
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T2, sampling in July 2022. Na: at T2 it was not possible to obtain honey bee samples from apiary 3. The 750 
detection limits (LOD) were 0.05 µg/mL for Cd and 0.4 µg/mL for Pb. 751 

        Cd        Pb  

 T1 T2 T1 T2 

Apiary 1 <LOD <LOD <LOD <LOD 

Apiary 2 <LOD <LOD <LOD <LOD 

Apiary 3 <LOD na 2.25±7.08 na 

Apiary 4 <LOD <LOD <LOD 0.83±0.90 

Apiary 5 <LOD <LOD <LOD <LOD 

Apiary 6 0.09±0.07 0.11±0.05 <LOD <LOD 

 752 
Table VI. Summary table of descriptive statistics for average trace element content in wild plants. Data are 753 
expressed in µg/g dw and are reported separately for the four regions and in total. 754 
 755  

Copper Zinc Iron 

Friuli Venezia-Giulia, apiary 6 (n=24) 2.40±1.20 15.6±12.1 110±42.4 

Veneto, apiary 2 (n=24) 17.2±8.38 85.3±27.3 214±103 

Emilia-Romagna, apiary 1 (n=24) 3.14±1.16 4.25±1.95 179±145 

Abruzzo, apiaries 3, 4, 5 (n=60) 9.44±4.60 49.6±21.1 122±78.4 

Mean 8.11 41.1 145 

Median 6.04 34.2 110 

SD 6.56 33.6 103 

Min 0.84 0.72 16.3 

Max 28.2 154 550 

First quartile 2.95 8.35 68.5 

Third quartile 11.4 60.1 205 
 756 

Table VII. Average content of trace elements in wild plants sampled on the three organic and the three 757 
conventional apiaries during 2022. Values are given as the mean ± SD and expressed in µg/g dw and divided 758 
by sampling: T1, sampling in April 2022 and T2, sampling in July 2022. The mean refers to both samplings.  759 

 Cu T1 Cu T2 mean Zn T1 Zn T2 mean Fe T1 Fe T2 mean 

Organic 5.92 7.51 6.87* 32.4 30.1 31.7 119 179 142 

DS 4.44 4.68 5.49 30.3 29.3 11.9 73.4 102.4 92.5 

Conventional 8.07 10.2 9.12* 44.9 52.0 48.5 146 130 138 

DS 7.52 6.93 7.36 41.4 27.8 34.5 108 66.9 90.8 
* indicates statistically significant differences (p<0.05) between organic and conventional apiaries. 760 

 761 
 762 
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 764 
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 766 



31 
 

767 

768 

 769 
Figure 1. Trace element levels in honey bee samples. Data are presented as the mean ± standard deviation 770 
(SD) and expressed in µg/g wet weight. The grey bar represents the April sampling (T1), the black bar 771 
represents the July sampling (T2). The dots pattern represents organic apiaries, while the plain pattern 772 
represents conventional apiaries. For each apiary, the same letter indicates a significant difference between 773 
T1 and T2. 774 
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775 

776 

 777 
Figure 2. Trace element levels in wild plants sampled around the hives. Data are presented as the mean ± 778 
standard deviation (SD) and expressed in µg/g dw. The grey bar represents the April sampling (T1), the 779 
black bar represents the July sampling (T2). The dots pattern represents organic apiaries, while the plain 780 
pattern represents conventional apiaries. For each apiary, the same letter indicates a significant difference 781 
between T1 and T2. 782 
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