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ABSTRACT 39 

 40 

The effect of pesticide mixtures and electromagnetic fields were evaluated on honeybees in three 41 

experimental sites located in northern Italy: a control site far from anthropogenic stress sources, a 42 

semi-natural site close to a high voltage electric line and an agricultural site with intensive pesticide 43 

treatments. From each experimental site, young workers and foraging bees were taken monthly 44 

from May to October and analysed for four enzymatic biomarkers: acetylcholinesterase (AChE), 45 
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catalase (CAT), glutathione S-transferase (GST) and alkaline phosphatase (AP). Results revealed 46 

time- and site-specific effects in respect to control site, confirming the role of biomarkers as 47 

diagnostic and early-warning tools for multi-stress sources on honeybees. In the electromagnetic-48 

stress site an effect of an over-activation of all analyzed biomarkers was observed at the end of the 49 

season. According to other literature findings, this event was related to a behavioral over-activation 50 

in a period in which bees should prepare themselves to overwintering. This finding poses potential 51 

problems to winter survival. In the pesticide-stress site, different pesticide-induced responses were 52 

identified. We demonstrated in the field that pesticide mixtures, currently used in agriculture, were 53 

able to greatly affect biochemical parameters of bees (with both enzymatic under- and over-54 

activations). 55 

 56 

 57 

Keywords: bees; biomarkers; pesticides; electromagnetic fields; stress effects. 58 

 59 

 60 

1. INTRODUCTION 61 

 62 

The general bee decline registered in many countries all over the world is a problem of great 63 

concern. Since the late ’90s, a complex pathology (Colony Collapse Disorder – CCD), described by 64 

Underwood and vanEngelsdorp (2007) and vanEngelsdorp et al. (2009), was linked to to 65 

widespread events of honeybee disappearance especially in the U.S. (vanEngelsdorp et al. 2007; 66 

Lee et al. 2015) and in Europe (Potts et al. 2010). Often, it was not possible to relate them to a 67 

specific cause and several authors proposed that they should be attributed to different stresses or to 68 

a combination of them (Maini et al. 2010; Nazzi et al. 2012; Goulson et al. 2015; Porrini et al. 69 

2016). Poor nutrition, depending to vegetation health status, can affect bee resistance and 70 

exacerbate the effect of other stresses (Naugh 2009; Huang 2012). Recurrence of old and new 71 
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pathologies (Berthoud et al. 2010) may be responsible of CCD events and of the general honeybee 72 

decline (Simon-Delso et al. 2014). Varroosis recrudescence (Le Conte et al.2010) and the 73 

emergence of new pathologies such as Nosema ceranae (Higes et al. 2009) and Israeli acute 74 

paralysis virus (IAPV) (Ribiere et al. 2008) are among the most studied biotic adversities. 75 

Urbanization, agricultural intensification and habitat fragmentation have strongly reduced natural 76 

areas for food foraging throughout the year. Pollinated crops are also subject to pesticide treatments 77 

and consequently bees are exposed to many pesticides during their development and their adult life 78 

(Halm et al. 2006; Johnson et al. 2009). Contamination from pesticides, such as neonicotinoid 79 

insecticides (Goulson 2013), are among the most cited causes but also the combined effects of more 80 

contaminants has to be considered (Gill et al. 2012). Emerging contaminants such as 81 

pharmaceuticals or nanoparticles should not be excluded even if not yet sufficiently inquired. 82 

General environmental stresses, including climate change, can also have important effect on honey- 83 

bee colonies at different levels as it can directly influence bee behaviour and physiology or it can 84 

alter the quality and quantity of plants in the foraging area (Le Conte and Navajas 2008). Man 85 

induced electromagnetic fields are among the potential causes of stress to honeybees (Favre 2011). 86 

It is known that honeybees possess magnetite crystals in their fat body cells able to respond to very 87 

small changes in the constant local geomagnetic field intensity. Korall (1987) observed a change in 88 

honeybees behaviour induced by electromagnetic fields.  89 

In order to better understand bee decline phenomena, different networks across European and 90 

Northern America countries were set up (e.g. Genersch et al. 2010). In Italy, since 2011 the network 91 

BeeNet recorded data from approximately 3,000 colonies from 303 apiaries on a) pathogen status of 92 

the colonies; b) pollen sources and its nutritional content; c) pesticide contamination; d) colony 93 

mortality (Porrini et al. 2016). In this context, this research proposes a field approach for analysing 94 

the effects of electromagnetic fields and pesticides on honeybees using a biomarker approach.  95 

Biomarkers are considered as promising prognostic and diagnostic tools in many species (Galloway 96 

et al. 2004) but studies in honeybees are still limited. Most of them have been performed in 97 
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laboratory (Badiou et al.  2008; Badiou- Bénéteau et al. 2012; Carvalho et al. 2013; Boily et al. 98 

2013; Badawy et al. 2015) less in the field (Badiou-Bénéteau et al. 2013; Boily et al. 2013; 99 

Wegener et al. 2016), looking mainly at the effects of pesticides (Stefanidou et al. 1996; Boily et al. 100 

2013; Carvalho et al. 2013; Badawy et al. 2015). Boily et al. (2013) reported that AChE activity 101 

increased in response to neonicotinoids. They supposed that, as neonicotinoids occupy the binding-102 

site of acetycholine, these compound tend to accumulate in the synapses, stimulating the action of 103 

AChE by a typical substrate-induced response. Other classes of pesticides are able to alter the 104 

AChE activity. Badiou et al. (2008) in laboratory experiments reported an important increase of 105 

AChE activity in surviving bees following deltamethrin exposure. In addition, this increase was not 106 

abolished by pirimicarb treatment, which is a typical AChE inhibitor. Claudianos et al. (2006) 107 

reported that honeybees have low levels of xenobiotic detoxifying enzymes (GST, P450 and 108 

carboxyl/cholinesterases) in relation to others insects, being so more sensitive to pesticides. 109 

Wegener et al. (2016) used a large battery of biomarker and behavioural indicators for studying in 110 

the field the chronic effects of the carbamate fenoxycarb and the neonicotinoid imidacloprid. 111 

Effects of electromagnetic radiations emitted by antennas, mobile phones, high-voltage transport 112 

lines have been studied in humans (e.g. Leszezynski et al. 2002; Gandhi and Singh 2005; Hardell 113 

and Sage 2008), rats (e.g. Lai and Singh 1996), bats (e.g. Nicholls and Racey 2007) birds (e.g. 114 

Everaert and Bauwens 2007), frogs (e.g. Balmori 2016) and insects (e.g. Weisbrot et al. 2003). In 115 

bees, several authors studied the effect of high frequency radiations (0.8-3 GHz) typical of mobile 116 

phones and mobile-phone transmission antennas (Sharma nd Kumar 2010; Favre 2011;Vilić et al. 117 

2017), as well as those of Extremely Low Frequency (ELF) typical of high voltage electric 118 

transmission lines (Greenberg et al. 1981; Martin et al. 1988; Kirschvink et al. 1997; Bindokas et al. 119 

1988). 120 

In the present work, the effects of electromagnetic fields and pesticides were studied on honeybees 121 

by means of three experimental sites: a ‘control’ site without stress sources, an exposure site with a 122 

direct source of electromagnetic fields (electromagnetic stress site) and a third site characterized by 123 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



6 
 

a specific pesticide exposure (pesticide-stress site). In each site, foraging and in-hive working bees 124 

were analysed by a battery of biomarkers: acetylcholinesterase (AChE), catalase (CAT), 125 

glutathione-S-transferase (GST), and alkaline phosphatase (AP). This research aims to characterize 126 

the physiological variation of the analysed biomarker in foraging and in-hive working bees in 127 

‘natural’ (control site) and ‘stress’ conditions (exposure sites), in order to test their sensitivity 128 

toward these stress sources. 129 

 130 

 131 

 132 

2. MATERIALS AND METHODS 133 

 134 

 135 

2.1. Experimental sites 136 

The three experimental sites and the land use around them are shown in Fig1. Control-site was 137 

located at Ramponio Verna (45° 59' 22.64" N of latitude and 9° 4' 2.64" E of longitude) in a 138 

forested mountain area near Lake of Como far from direct stress sources (urban centers or intensive 139 

agriculture areas).  140 

Electromagnetic-exposure site was located at Cantello (45° 48’ 51.63’’ N of latitude and 8° 53’ 141 

21.62’’ E of longitude) 20 km far the city of Varese in a hilly area below the Alps. In this site, the 142 

experimental hives were positioned just below a high-voltage transmission line (identified by the 143 

electric authority as ‘n° 525 Cagno-Induno Olona’ transmission line). The power line was always 144 

active with the following characteristics: 132 kV and frequency of 50 Hz. All around mixed forest 145 

and permanent lawns surround small villages. In the area there is also a small extension of high 146 

income horticultural crop pollinated by bees, such as an asparagus cultivar well known in the area.  147 

Pesticide-exposure site was located at Arcagna (45° 20' 18.20" N of latitude and 9° 27' 5.07" E of 148 

longitude), 20 km south of Milan, inside a farm of the Agricultural Faculty of the University of 149 
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Milan, where an orchard with a cultivar collection of different fruit species is maintained for 150 

experimental, teaching and productive purposes. Different cultivars with a different period of 151 

production are present in every fruiting crop: apple (1.32 ha), pear (1.3 ha), peach (2.5 ha), apricot 152 

(1 ha), plum (0.8 ha) and cherry (0.15 ha). During the year, 121 treatments were performed (77 with 153 

fungicides and 44 with insecticides) using 32 commercial products containing 34 active ingredients. 154 

In total 249 kg of a.i. were used (94 kg of fungicides and 155 kg of insecticides). Most of this huge 155 

amount is composed by few products such as white mineral oil (148 kg of a.i.) used as insecticide 156 

(95% of the total insecticide amount) or sulfur and copper oxychloride (22 and 20 kg of a.i., 157 

respectively) used as fungicides (45% of the total fungicide amount). 27 active ingredients were 158 

used at the level of 1 kg or less. Table 1 reports the pesticide list and the amount used and Figure S-159 

1 shows their time schedule during 2015. The applied pesticides were indexed, in terms of their 160 

potential impact towards bees, by the so called ‘toxicity ratio’ (the ratio between the used amount 161 

divided by the LD50 on bees). LD50 literature values and the resulting toxicity ratios are reported in 162 

Table S-1, as described in supplementary information. Used pesticides showed toxicity ratios 163 

ranging over more than 5 order of magnitude from 0.0008 for the plant regulator NAA (1-164 

naphthylacetic acid) to 351 for the insecticide imidacloprid. Figure S-2 shows the time sequence of 165 

the pesticide treatments expressed as toxicity ratios. 166 

Daily mean temperatures and cumulated daily precipitations for the three experimental sites are 167 

shown in Figures S-3, S-4 and S-5. Calculated mean monthly temperatures and cumulated monthly 168 

precipitations were reported in Table S-2. Data were obtained by the meteorological network of the 169 

Regional Environmental Protection Agency, as described in Supplementary Information. The 170 

comparison among the meteorological data in the three experimental sites is reported in 171 

Supplementary Information too.  172 

 173 

2.2. Experimental design and sampling modalities 174 
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In each experimental site, three hives were positioned during spring 2015; all hives were healthy 175 

and with a young and productive queen of the same age and they were regularly checked for general 176 

health conditions during the trial.  177 

From June to October 2015, 5 sampling campaigns were performed in each site on a monthly basis. 178 

For logistic reasons, samplings in Cantello and Ramponio-Verna were performed the same day (18th 179 

of June, 16th of July, 26th of August, the 22 of September, 19th of October), while those in Arcagna 180 

the day after (19th of June, 17th of July, 27th of August, the 23 of September, 20th of October). At 181 

every sampling date and in every experimental site, 20 forage bees and 20 young workers were 182 

sampled taking them equally from the different hives present in each site. Forage bees were 183 

manually collected among those at the entrance of the hive (excluding guard bees), and young 184 

workers from those on the comb near the brood (excluding foraging bees recognisable for their 185 

dancing behaviour). Bees were put in single vials, immediately frozen in liquid nitrogen, and 186 

carried to the laboratory for biomarker analyses.  187 

 188 

2.3. Biomarker analyses 189 

Four enzymatic biomarkers were measured on each single bee: acetylcholinesterase (AChE), 190 

catalase (CAT), glutathione S-transferase (GST) and alkaline phosphatase (AP). Sampled animals 191 

were suspended and homogenized with nine volumes of ice cold Hepes–Tris 10 mM, pH 7.5, 192 

containing 50 mM mannitol and 1 mM dithiothreitol. The homogenate was filtered at 4 °C through 193 

surgical gauze to remove tissue debris. The crude extract was then centrifuged at 15,000 × g (4 °C) 194 

for 30 min to eliminate mitochondria. The supernatant was used to measure cytosolic enzyme 195 

activities: alkaline phosphatase, glutathione-S-transferase and esterases other than 196 

acetylcholinesterase (AChE). For the AChE assay, bees were homogenized in a sodium phosphate 197 

buffer (20 mM, pH 7.4), containing 250 mM sucrose and 1% Triton X-100, and processed as above. 198 

Enzymes were assayed spectrophotometrically. Glutathione-S-transferase (GST) was assayed 199 

according to Habig et al. (1974) through the measurement of glutathione-1-chloro-2, 4-200 
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dinitrobenzene conjugate production. AChE was assayed at 412 nm in the presence of 0.5 mM 201 

acetylthiocholine iodide as substrate, as reported by Berra et al. (2004). Alkaline phosphatase (AP) 202 

was assayed at 405 nm using p-nitrophenylphosphate as substrate. All enzyme assays were 203 

performed in triplicate at 30 °C using sample volumes varying from 5 to 40 μl in 1 ml test cuvettes 204 

and a Cary3 UV–vis spectrophotometer. Enzyme activities were analyzed by Cary Win UV 205 

application software for Windows 2000, expressed as international units (U) in μmol min−1 mL -1 206 

and referred to protein concentration (mg ml−1) as determined according to Bradford (1976) using 207 

bovine serum albumin as standard. Catalase activity was determined according to Bergmeyer and 208 

Grassl (1983) using H2O2 12 mM as substrate. 209 

 210 

2.4. Electric and Magnetic field measurements  211 

Generated field intensities were measured with a tri-axial field meter PMM 8053. During bee 212 

sampling (May-October 2015), every sampling date, a 24-hours measurements of the electric and 213 

magnetic fields were performed, at the hive level, with a time-resolution of 5 min. In addition, in 214 

order to characterize the decreasing gradient as a function of the distance, in a free-field area (not 215 

shielded by vegetation), measurements of the magnetic and electric fields were performed at 1.5 m 216 

height at various distance from the transmission line. In all sites, we also monitored for the presence 217 

of high frequency electromagnetic field (HF-EMF) sources in the frequency range of 100 kHz-2.5 218 

GHz with a Chauvin Arnoux C.A. 43 field meter.  219 

 220 

2.5. Statistical analyses 221 

Biomarker activities were analyzed after Log transformation, because of the significant shift from 222 

normal distribution, considering all data (n=600) and each experimental site separately (n=200) 223 

(Kolmogorov-Smirnov test, P<0.002). On the contrary, Log transformed data, especially within 224 

experimental site, approached normal distribution (p>0,05) and outliers, identified by box-plot 225 
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analysis, were reduced to few cases, not excluded by graphical and statistical analyses because they 226 

were near the edges of the distribution boxes. 227 

Generalized Linear Models (GLM) of Log transformed data was performed, using enzymatic 228 

activities as dependent variables, and ‘site’, ‘date’ and ‘bee-type’ as factors. Bonferroni’s post-hoc 229 

test was used in order to establish significant differences between groups. Correlation analyses were 230 

performed using Pearson’s coefficient. Box plot and statistical analyses were performed using the 231 

program SPSS v. 15.0. 232 

 233 

3. RESULTS 234 

 235 

3.1. Electromagnetic field exposure  236 

In control and pesticide-stress sites, all measurements of electric and magnetic fields revealed 237 

background levels. On the contrary, in the electromagnetic-stress site, hives were subject to a mean 238 

magnetic field of 0.42±0.06 T with mean peak intensity of 0.65±0.07 T. At the hive position, the 239 

electric field was almost completely shielded by the presence of a bush all around the hive, while in 240 

the surrounding free-field area both magnetic and electric fields were present. The magnetic field is 241 

subject to time variation according to the line load (depending on electricity necessity), whereas the 242 

electric field is mainly determined by the transmission line characteristics. Under the electric line 243 

and when vegetation shield was present, the electric field was 0.58 V/m, while without vegetation it 244 

was around 1500 V/m (Fig2). The daily variation of the magnetic field and the decreasing gradient 245 

of the magnetic and electric field as a function of the distance from the transmission line is shown in 246 

Fig2 (graph above and below, respectively). Magnetic field reached negligible values at distances of 247 

about 50 m, whereas the electric one presented a bit slower decay.  248 

In the three sites, measures of high frequency electromagnetic field (HF-EMF) in the frequency 249 

range of 100 kHz-2.5 GHz showed background values. 250 

 251 
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3.3 Biomarker results in the control site 252 

In the control site, using ‘bee type’ and ‘date’ as factors and biomarker values as dependent 253 

variable, GLM showed that ‘date’ and the interaction between ‘date’ and ’bee type’ had a 254 

significant effect on each biomarker (p<0.001 and p<0.002, respectively), while ‘bee type’ had not 255 

(p>0.087). Generally, young workers and forager bees showed the same enzymatic activity (Figure 256 

3), only in some dates differences between the two bee types were present: enzymatic activities in 257 

forager bees were generally lower than those in young workers, but without a significant difference.  258 

On the contrary, the seasonal trends of all analyzed biomarker were evident (Fig3). AChE, CAT and 259 

AP showed a clear decreasing trend from June to October, while GST presented an initial increase 260 

between June and July followed by a plateau and then by a final slight decrease. Temporal trends 261 

found in the control site were mainly interpreted as physiological variations related to the seasonal 262 

cycle of the bee activity, which is higher in summer, because of food sources and brood rearing, and 263 

lower in Autumn, because bees are preparing themselves to overwintering. Seasonal trends of the 264 

analysed biomarkes were evaluated in the original unit, retransforming the marginal means of the 265 

seasonal trends from the Log values to the original one. AChE activity was halved from June to 266 

October from 0.5 to 0.25 U/mg prot., in the same period CAT activity strongly decreased from 17.8 267 

to 2.1 U/mg prot. and AP activity from 0.045 to 0.005 U/mg prot., while GST activity varied 268 

between 0.1 and 0.2 U/mg prot. 269 

The decreasing trends of AChE, CAT and AP from June to October suggest a relationship between 270 

enzymatic activity and the temperature. In order to test this thesis, we set a temperature value 271 

representative of the sampling period, comparing the mean temperatures of each sampling date with 272 

those of 3 and 6 days before. Among these data, high correlation exists (r>0.955; n=15; P<0.001), 273 

so the intermediate period of 3 days before sampling was chosen as representative value of the 274 

temperature condition of each sampling date. AChE, CAT and AP showed a highly significant 275 

correlations between the enzymatic activities and the mean temperature of each sampling period 276 

(n=200; P<0,001) with positive correlation coefficients (r = 0.60, 0.73 and 0.53 for AChE, CAT and 277 
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AP, respectively). On the contrary, GST showed a negative correlation with temperature (r = -0.28; 278 

n=200; P<0.001). Plotting the enzymatic activities of AChE, CAT and AP as a function of the mean 279 

temperature of the sampling period, we did not obtain regular increasing trends, but mainly two 280 

levels of activity: a higher activity over a mean temperature of 15-17°C (such as in summer) and a 281 

lower activity below 15°C (such as in October). This finding is consistent with the social-282 

physiology of bees. They are ectothermic organism, but they are able to finely regulate the inside 283 

temperature of the hive (they reduced temperature excesses in summer by wing ventilation, while 284 

they warm the hive microclimate in winter by muscular activity without wing movements). By this 285 

behavior they are not strictly dependent from temperature, anyway they present a typical cycle of 286 

activities linked to seasonal cycle. Biomarker activities are probably more related to the 287 

physiological cycle of the hive activities than directly to the specific temperature of the sampling 288 

period. In this way, 3-day-before-sampling mean temperatures do not predict directly the enzymatic 289 

activities, but it is the season and therefore the date of sampling a better predictor of such activities. 290 

The decrease of the biomarker activities at the end of the season may be related to the reduced hive 291 

activities at that time. In Autumn, bees are preparing themselves to overwintering, stopping the 292 

reproduction activities and the brood breeding until the next spring. If biomarker activities are more 293 

related to the seasonal cycle than to the specific temperature of the sampling period, the site 294 

comparability will be reinforced, despite temperature differences among them (up to 4°C between 295 

pesticide stress site and control one, Table S-1). At the sampling dates, the seasonal cycle of bee 296 

activity was highly comparable among the three sites.  297 

 298 

3.4 Biomarker results in the stress sites 299 

Acetylcholinesterase (AChE) 300 

The seasonal comparison of AChE activity in the three sites is graphically shown in Fig4a. For 301 

clarity, young workers and forager bees are plotted separately, but in statistical analyses they were 302 

analyzed together (GLM with ‘site’, ‘date’ and ‘bee-type’ as factors) in order to highlight 303 
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differences between bee types too. AChE levels in the three sites was significantly different  (GLM, 304 

P<0.001), in the pesticide-stress site, general mean inhibition of 22% was calculated in respect to 305 

control site (marginal mean difference). On the contrary, in the electromagnetic-stress site, a general 306 

over-activity of 14% in respect to control was found. The ‘date’ and ‘bee’ factors were highly 307 

significant (P<0.001) too, as well as their interactions. Fig4a visually shows these interactions: for 308 

example in the electromagnetic-stress site, AChE activity was lower than the control in the first two 309 

sampling, while later it was much higher (September and October). In addition only forager bees 310 

showed a high inhibition in June, while in July the inhibition was present in both bee types, on the 311 

contrary higher AChE activity in September and October was observed in both bee types. This 312 

evident interaction among all experimental factors, should be taken into account in the 313 

interpretation of the results. Electromagnetic-site is subject to a near constant stress (regardless 314 

intraday variations), especially to bees working inside the hive. In June only foraging bees 315 

presented a very large inhibition of AChE activity, which, a month later, was present on both types 316 

but with lower intensity. This effect can be better related to an external stress, taken up by forager 317 

bees via food collection and then transferred to the hive. A plausible hypothesis can be a 318 

contamination by AChE- inhibitors pesticides used nearby. The area is mainly characterized by 319 

wood and forage crops but, in the foraging area, there is also an asparagus crop which is pollinated 320 

by bees, and on which the use of insecticides (dimetoate, deltamethrin and spinosad) are indicated 321 

in the pest management guidelines. Then, bee exposure to AChE-inhibitor pesticides such as 322 

dimethoate has been possible. Electromagnetic field effects were not evident in the first period, 323 

while, at the end of the season, AChE levels, instead of decreasing, as in control and pesticide–324 

stress sites, rose up.  325 

In the pesticide-stress site, we observed an AChE inhibition in June only in forager bees and, a 326 

month later, in both bee types, like in electromagnetic-stress site. In pesticide-stress site, most of the 327 

insecticide treatments were performed before June, including the organophosphorus chlorpyrifos. 328 
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Later, at the end of the season, AChE levels in pesticide-stress site were exactly those observed in 329 

control site. 330 

 331 

Catalase (CAT) 332 

The seasonal comparison of CAT activity (in logarithm) in the three sites for young workers and 333 

forager bees is shown in Fig4b. CAT activity in the three sites was significantly different (GLM 334 

with ‘site’, ‘date’ and ‘bee-type’ as factors, P<0.001), with the lowest activity in the pesticide-stress 335 

site (5.62 with 95% confidence interval of 5.27-5.98) and similar mean levels in the other two 336 

(marginal means of 7.50 and 7.33 with 95% confidence interval of 7.03-7.98 and 6.87-7.80, for 337 

control and electromagnetic sites, respectively). The ‘date’ and ‘bee type’ factors were highly 338 

significant (P≤0.001) too, as well as their interactions. As shown in Fig4b, in the electromagnetic-339 

stress site, CAT activity was inhibited in June and July in both bee-types, while it was over-340 

activated in October. October levels in the electromagnetic-stress site were similar to maximum 341 

levels in control site (summer levels). In pesticide-stress sites, CAT activity was largely inhibited in 342 

June and July, and over activated in August and in October in both bee-types. 343 

 344 

Glutathione-S-transferase (GST) 345 

The seasonal comparison of GST activity (in logarithm) in the three sites for young workers and 346 

forager bees is shown in Fig4c. The three sites showed significantly different levels of GST activity 347 

(GLM, P<0.001): pesticide-stress site presented the lowest activity (marginal mean of 0.137 with 348 

95% confidence interval of 0.130-0.144), electromagnetic-stress site the highest one (0.213 with 349 

95% confidence interval of 0.206-0.220), and the control site was in between (0.163 with 95% 350 

confidence interval of 0.156-0.170). ‘Bee type’ didn’t affect GST activity (P=0.42). On the 351 

contrary, the interactions between ‘date’  and ‘site’, between ‘date’ and ‘bees’ and among ‘date’, 352 

‘site’ and ‘bees’ were highly significant (P<0.001), meaning that seasonal trends were different 353 

among sites in general and among sites depending on bee type (young workers or forager bees).  354 
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In electromagnetic-stress site, GST activity was over-activated in young workers in June, inhibited 355 

in both bee-type in July and, at the end of the season, a large over-activation was evident in both 356 

bee-types. In pesticide stress site, GST activity was inhibited in July in both bee types. 357 

 358 

Alkaline phosphatase (AP)  359 

The seasonal comparison of AP activity (in logarithm) in the three sites for young workers and 360 

forager bees is shown in Fig4d. AP activity in the three sites was significantly different (GLM, 361 

P<0.001), with the lowest activity in the control site (0.015 with 95% confidence interval of 0.014-362 

0.016) and higher mean levels in the two stress sites (marginal means of 0.022 and 0.021 with 95% 363 

confidence interval of 0.021-0.023 and 0.020-0.022, for electromagnetic- and pesticide-stress sites, 364 

respectively). The interactions between ‘date’ and ‘site’, between ‘site’ and ‘bees’ and among 365 

‘date’, ‘site’ and ‘bees’ were highly significant (P<0.001), meaning that seasonal trends were 366 

different among sites and between bee type depending on sites (Fig4d). 367 

In electromagnetic-stress site, AP activity was inhibited in June in young workers and over-368 

activated, at the end of the season, in both bee-types. In pesticide stress site, AP activity was 369 

inhibited in June in foraging bees and over-activated in August and October in both bee-types. 370 

 371 

4 DISCUSSION 372 

 373 

4.1 Biomarkers in bees: the control site 374 

A crucial point in the use of biomarker is their physiological variability, which typically depends on 375 

the environmental conditions (seasonal variability) (Ippolito et al. 2016) and on the individual 376 

characteristics (stage, age and sex) (Scarduelli et al. 2017). Belzunces et al. (1992) studied changes 377 

in AChE activity during post embryonic development, and Polyzou et al. (2017) during pupal 378 

development. In the control site of the present study, the four enzymatic activities did not 379 

significantly differ between the two different stages of adult bees (young workers and foraging 380 
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bees), while they greatly change according to the season. Badiou-Bénéteau et al. (2013) and Pfeifer 381 

et al. (2005) reported that biomarkers present a typical seasonal variability, due to a combination of 382 

climatic features and physiological characteristics of the life cycle. In the present work, enzymatic 383 

activities seemed to be more related to the season than to temperature. The lowest enzymatic 384 

activities were reached in October the higher in June (at least for AChE, CAT and AP). In October, 385 

bees interrupt their reproduction and prepare to overwintering, reducing their metabolism in order to 386 

safe food stocks (Goodman and Fisher 1991). AP is a metabolic biomarker involved in absorption 387 

processes (Vlahović et al. 2009), so its decrease can be related to reduced nutrition needs during 388 

low activity periods. CAT is an antioxidant enzyme which can be activated by stress-induced 389 

Reactive Oxygen Species (ROS) (Carvalho et al. 2013) as well as by metabolism-induced ROS 390 

production (ROS are increased by the intensity of the metabolism, Jimenes and Gilliam 1996). 391 

Therefore, the decrease of the CAT activity in October can be explained to the metabolic slowdown 392 

in this period. AChE activity followed the same seasonal trend as CAT and AP but within a lower 393 

gradient. This neurotransmitter enzyme is more linked to basal metabolism than CAT and AP, 394 

which appear to be modulated more efficiently. Differently from the other enzyme, GST presented a 395 

peculiar seasonal trend with a negative correlation with the temperature. This enzyme is a phase-II 396 

detoxifying enzyme, localized in bees mainly in the midgut region (Badiou- Bénéteau et al. 2012). 397 

Its activity can be induced by several classes of contaminants, including metals, poliaromatic 398 

hydrocarbons (PAHs) and polichlorinated byphenils (PCBs) (Badiou-Bénéteau et al. 2013). Among 399 

them, PAHs are linked to combustion processes, including vehicular traffic. The control site is 400 

localized in a mountain area where in summer anthropogenic activities grow up mainly for tourism 401 

(especially in the Como Lake which is 10 km far). High touristic flux increases traffic emissions 402 

(e.g. PAHs), and emitted contaminants could be transferred to bees trough their foraging activity, 403 

inducing GST for metabolic decontamination processes. According to this interpretation, in June, 404 

GST activities in foraging bees were higher to those in young workers, suggesting a transfer of 405 

contaminants from outside to inside the hive, when anthropogenic activities began to increase. The 406 
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opposite can be observed in September when anthropogenic contaminant sources are reduced and 407 

GST levels in foraging bees reduced as well. By this interpretation, the control site too appear to be, 408 

at least partially, involved by anthropogenic-stress sources. This fact is unavoidable because also 409 

mountain area, at least for atmospheric long-range transport, are subject to environmental 410 

contamination (Tremolada et al. 2015), and, in mountain areas, touristic activities caused a limited, 411 

but not negligible, summer impact (Tremolada et al. 2009). Nevertheless, mountain area must be 412 

taken as the most pristine areas in high industrialized countries, such as Italy. In this way, mountain 413 

environment can be considered the best control site for studying enzymatic activities under low 414 

human pressure. 415 

 416 

4.2 Effects of electromagnetic fields  417 

Electromagnetic fields of this study (transmission line of 50 Hz and 132 kV, producing a mean 418 

magnetic field of 0.45 T and electric field of 1.7 kV/m under the line) was less severe than that of 419 

Greemberg et al. (1981), and produced no evident behavioral effects at the population level 420 

(monitored by periodic inspections). Experiments of Greemberg et al. (1981) revealed that exposure 421 

to ELF electromagnetic fields (transmission line of 60 Hz and 765 kV, producing an electric field of 422 

7 kV/m) was associated to an increase of the bee activity, an increase of the inside temperature, a 423 

weight loss of the hive, an increased queen losses and abnormal real cell production, a reduced 424 

operculated brood and finally a reduced winter survival. The others studies experimented more 425 

intense electromagnetic stresses, not comparable with those of the present study. Despite we did not 426 

observed effects at the population level, biomarker activities appeared to be altered. Excluding the 427 

AChE inhibition in June, interpreted by a possible local contamination effect by pesticides, the most 428 

consistent effect was the over-activation of all the enzymes in both bee types at the end of the 429 

season, when normally bees prepare themselves to overwintering. In electromagnetic-stress site 430 

AChE, CAT, GST and AP activities in October were still hich as in June when bee activities were 431 

actually at maximum. On the contrary in control site and also in pesticide-stress one, enzymatic 432 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



18 
 

activities in October were much lower, indicating that bees reduced their metabolism for 433 

overwintering. This enzymatic over-activation at the end of the season, accords to the behavioral 434 

over-activation (higher bee activity), observed by Greemberg et al. (1981). Others literature studies 435 

on different species accord to indicate that ELF electromagnetic fields induce a large-spectrum 436 

enzymatic over-activation due to an increase of oxidative stress. Todorović et al. (2012) measured 437 

an increase of CAT and SOD (superoxide dismutase) activities in the larvae of the insect Baculum 438 

extradentatum exposed to magnetic field of 6 mT, and Regoli et al. (2005) revealed the presence of 439 

oxidative stress in the snail (Helix aspersa) in the presence of ELF electromagnetic fields 440 

comparable to ours (0.75 T). 441 

 442 

4.3 Effects of pesticides  443 

In pesticide-stress site, AChE activity was inhibited in June only in foraging bees and in July in 444 

both bee types. This effect suggests an indirect contamination via foraging bees, transferred later to 445 

the hive system. AChE inhibition is specifically caused by organophosphorous and carbamate 446 

pesticides (Stefanidou et al. 1996), and, indeed, a chorpyrifos treatment occurred the 7th of May. 447 

The pyrethroid deltamethrin and the neonicotinoid inidacloprid were used few days before sampling 448 

and one month before, respectively. Both pirethroid and neonicotinoid insecticides are known to 449 

induce AChE over-activation (Badieu et al. 2008; Boily et al. 2013), but we did not observe it. 450 

Glyphosate herbicide, which was used repeatedly for weed control within rows, is known to 451 

produce AChE inhibition (Boily et al. 2013) and it can have contributed to the observed inhibition. 452 

In parallel to the effects on AChE, we observed an evident inhibition of CAT activity in June only 453 

in foraging bees and in July in both bee types. It is known that ROS species act as activator of the 454 

anti-oxidant defenses until a threshold, but over it ROS are able to inhibit anti-oxidant enzymes and 455 

many pesticides are a well-known ROS activator. There are evidences that AChE activity can be 456 

generically inhibited by high ROS levels (preferentially H2O2), and therefore AChE and CAT can 457 

be inhibited by an increase of ROS induced by pesticide treatments. In August and October AP 458 
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activity was over-activated in both bee types, before these two months two treatment with the 459 

insecticide spinosad were performed (the 22nd of August and the 8th of October). In literature, an 460 

over-activation of AP is reported for this insecticide, together with an over-activation of CAT 461 

activity and an inhibition of AChE one (Carvalho et al. 2013). In parallel to the AP activation in 462 

both bee types, we observed an over-activation of CAT (in both bee types too), but not an inhibition 463 

of AChE. In August, there was treatments with deltamethrin, which may have masked the 464 

spinosad’s effect on AChE activity.  465 

 466 

5 CONCLUSION 467 

 468 

Biomarker results in the control site revealed a high seasonal variability mainly related the 469 

physiological cycle of honeybee activities. From the methodological point of view, the results in the 470 

control site have several implications:  471 

 bees might present very different enzymatic activities depending on the period and/or 472 

physiological status of the colony;  473 

 mountain areas too, can be impacted by anthropogenic contamination sources; touristic 474 

activities in such areas, which typically peak in July and August, can be considered a 475 

potential source of contamination as pointed out by several monitoring studies;  476 

 enzymatic activities can be measured successfully in both young workers and forager bees, 477 

but, between the two bee types, foraging bees appeared as more sensitive to stress factors, 478 

being more exposed to external stress sources.  479 

In the electromagnetic site, the most relevant observed effect was the wide-spectrum over-activation 480 

of the four enzymatic activities at the end of the season. This enzymatic over-activation was 481 

interpreted as a symptom of a behavioral over-activation of bees, according to the literature findings 482 

in which bees exposed to electromagnetic fields revealed a behavioral over-activation. This 483 

phenomenon at the end of the season may pose survival problems of the colony during 484 
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overwintering, because an excess of activity will cause an excess of food consumption (early stock 485 

exhaustion). The biochemical signal of the enzymatic over-activation in October can be interpreted 486 

as an early warning signal of a more severe effect which can happen later at the population level. In 487 

the same site, the severe inhibition of AChE activity in foraging bees in June was interpreted as 488 

specific exposure to AChE-inhibitor compounds, such as phosphorganic and carbamate pesticides, 489 

not prevented in the experimental plan (diagnostic tool).  490 

In the pesticide-stress site two main effects were observed: in June and July, a prevalent inhibition 491 

of AChE and CAT was present, interpreted as a specific pesticide-induced response or via ROS-492 

excess induction. Secondly, in August and October, a specific over-activation of AP and CAT was 493 

observed and it was interpreted as a consequence to spinosad treatments occurred before the two 494 

sampling dates. The complexity of the pesticide exposure in our experimental site makes the 495 

interpretation of the results very difficult and the cause-effect relation only speculative. However, it 496 

demonstrate that field exposure to pesticide mixtures, used currently in agriculture, was able to 497 

greatly affect biochemical parameters of bees (with both enzymatic under- and over-activations).  498 
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TABLE CAPTION 675 

 676 

Table 1 - List of commercial products and their active ingredients used in the pesticide-stress site 677 

(Arcagna) together with the amount used for each orchard crops.  678 

 679 

 680 

SI-TABLE CAPTION 681 

 682 

Table S-1 - Toxicity data, amount used and toxicity ratio values of the different pesticides in the 683 

Arcagna’s site.   684 

 685 

Table S-2 - Monthly mean temperature and monthly cumulated precipitation in the three 686 

experimental sites.  687 
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FIGURE CAPTION 690 

 691 

Figure 1 - Map of the Lombardy, Italy with the indication of the three experimental sites and the 692 

soil use around them (3 km radius): Ramponio Verna’s site (control site) is characterized by forest 693 

(green), lake (blu), forage crops (orange) and few urbanised area (grey), Cantello’s site 694 

(electromagnetic-stress site) by forest (green), large urbanised area (grey) and few forage crops 695 

(orange) and Arcagna’s site (pesticide-stress site) by mais (yellow) forage crops (orange) and 696 

urbanised area (grey). 697 

 698 

Figure 2 - Daily variation of the magnetic field in the proximity of the bee-hive in electromagnetic-699 

stress site (graph above) and magnetic and electric field gradient as a function of the distance from 700 

the transmission line (placed at the origin of x-coordinates) in an area adjacent the bee-hive not 701 

shielded by vegetation (graph below). 702 

 703 

Figure 3 - Box-plots of the analysed biomarkers, in logarithm, in control site (Ramponio-Verna) for 704 

young workers and foraging bees in function to the sampling date. 705 

 706 

Figure 4 - Box-plots of the analysed biomarkers, in logarithm, in the three experimental sites 707 

(control, electromagnetic- and pesticide-stress sites) for young workers and foraging bees separately 708 

(left and right, respectively) in function to the sampling date. (a) refers to Log AChE results; (b) to 709 

log CAT results; (c) to Log GST results; (d) to Log AP results. 710 
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 716 

SI-FIGURE CAPTION 717 

 718 

 719 

Figure S-1 – Time schedule of the pesticide amounts in the pesticide-stress site (Arcagna). 720 

 721 

 722 

Figure S-2 - Time schedule of the toxicity ratio of the pesticide used in the pesticide-stress site 723 

(Arcagna). 724 

 725 

Figure S-3 – Daily mean temperature with minimum and maximum hourly mean temperature and 726 

daily cumulated precipitations in the control site (Ramponio-Verna) during the experimental trial. 727 

Arrows indicate the sampling dates. 728 

 729 

 730 

Figure S-4 - Daily mean temperature with minimum and maximum hourly mean temperature and 731 

daily cumulated precipitations in the electromagnetic-stress site (Cantello) during the experimental 732 

trial. Arrows indicate the sampling dates. 733 

 734 

 735 

Figure S-5 - Daily mean temperature with minimum and maximum hourly mean temperature and 736 

daily cumulated precipitations in the pesticide-stress site (Arcagna) during the experimental trial. 737 

Arrows indicate the sampling dates. 738 
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Product Use Active Ingredient Tot

Apple Pear Peach Abricot Plum Cherry

Crop surface (ha) 1.32 1.3 2.5 1 0.8 0.15

kg a.i. kg a.i. kg a.i. kg a.i. kg a.i. kg a.i. kg a.i. 

Actara® 240 SC insecticide thiamethoxam a.i. 216 g/Kg 0.22 0.22

Affirm® insecticide emamectina benzoate a.i. 9.5 g/kg 0.1 0.1

Aliette® fungicide fosetyl-aluminium a.i. 800 g/kg 14.4 14.4

Alsystin® SC insecticide triflumuron a.i. 480.7 g/L 0.24 0.24

Applaud® Plus insecticide buprofezin a.i. 250 g/kg 0.25 0.75 1

Caddy fungicide cyproconazole a.i. 10% 0.18 0.18

Calypso® insecticide thiacloprid a.i. 80 g/L 0.36 0.36

Confidor® 200 SL insecticide imidacloprid a.i. 200 g/L 0.2 0.15 0.35

Coragen® insecticide chlorantraniliprole a.i. 200 g/L 0.08 0.08 0.16

Crittam WG® fungicide ziram a.i. 760 g/kg 14.8 1.9 1.5 1.1 19.3

Decis® Jet insecticide deltamethrin a.i. 15 g/L 0.05 0.015 0.0075 0.073

Delan® 70 WG fungicide dithianon  a.i. 700 g/kg 4.9 2.1 7

Dodina® 65 WG fungicide dodina a.i. 650 g/kg 0.33 0.33

DursbanTM 75 WG insecticide chlorpyrifos a.i. 750 g/kg 0.75 0.75

Enovit metile® FL fungicide thiophanate-methyl a.i. 417 g/kg 0.21 0.62 0.83

Epik SL insecticide acetamiprid a.i. 46.7 g/kg 0.19 0.11 0.3

Fixormon® plant regulator NAA (1-naphthylacetic acid) a.i. 85 g/L 0.013 0.013

trifloxystrobin a.i. 250 g/kg 0.125 0.125

tebuconazole a.i. 500 g/kg 0.25 0.25

Intrepid® insecticide methoxyfenozide a.i. 240 g/L 0.91 0.91

Iperion® fungicide copper oxychloride a.i. 60-70% 1.1 2.6 9.4 1.9 3.8 1.1 19.8

LaserTM insecticide spinosad a.i. 480 g/L 0.24 0.17 0.096 0.5

Mitran S insecticide amitraz a.i. 192 g/L 0.77 0.77

Movento 48 SC insecticide spirotetramat a.i. 48 g/L 0.24 0.12 0.12 0.48

Scala® fungicide pyrimethanil a.i. 400 g/L 0.6 1 1.6

boscalid a.i. 267 g/kg 0.53 0.53

pyraclostrobin a.i. 67 g/kg 0.13 0.13

Sipcamol E insecticide whilte mineral oil a.i. 80% 12 28 68 20 20 148

Sweel WDG 0.8 0.8 12.8 2.4 1.6 1.2

Tiovit JET® 1.2 1.2

cyprodinil a.i. 375 g/kg 0.24 0.24

fludioxonil a.i. 250 g/kg 0.16 0.16

Tebusip 46 fungicide tebuconazole a.i.  46 g/L 0.18 0.18 0.64 0.37 0.37 1.74

Teldor® Plus fungicide fenhexamid a.i. 500 g/L 1.5 0.5 1.1 2.4 5.5

Trebon® UP insecticide etofenprox a.i. 280 g/L 0.6 0.18 0.056 0.84

Fungicide treatment n° 14 16 19 6 9 13 77

Insecticide treatment n° 12 10 11 1 5 5 44

Total treatment n° 26 26 30 7 14 18 121

Fungicide kg a.i. 9 23 40 7 8 7 94

Insecticide kg a.i. 14 31 69 0.12 20 20 155

Pesticide kg a.i. 23 54 109 7 29 27 249

22

Switch® fungicide

Culture

Flint® Max fungicide

Signum® fungicide

fungicide sulphur a.i. 800 g/kg 

Table Click here to access/download;Table;Table-1Bees2019.xlsx

https://www.editorialmanager.com/ijer/download.aspx?id=56417&guid=eb5287aa-178e-41c3-8bd0-127174d10735&scheme=1
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SUPPLEMENTARY INFORMATION 

Meteorological data 

Meteorological parameters (temperature and precipitations) in the three experimental sites were 

obtained by the meteorological network of the Regional Environmental Protection Agency.  

For control site (Ramponio Verna), two meteorological stations ware selected because altitude 

differences between the experimental site (705 m a.s.l.) and the two nearest meteorological stations: 

Porlezza with an altitude of 291 m a.s.l. and 8 km far from the experimental site and Cavargna with 

an altitude of 1100 m a.s.l. and 11 km far from the experimental site. Correlation of temperature 

data between Porlezza and Cavargna were good only from March to September, with the higher 

station colder than the lower one. During this period, the mean temperature decreasing gradient (at 

daily basis) was 0.44 °C every 100 m of altitude (0.11-1.0 °C /100 m as min-max interval). On the 

opposite, in winter the higher station was frequently warmer than the lower one, because of the 

thermal inversion phenomena. For example in January increasing temperature gradients vs. altitude 

up to 0.76 °C/100 m were often observed together with typical decreasing gradients up to 0.81 

°C/100 m. Because of this climatic phenomenon (thermic inversion) temperatures in the 

experimental site were calculated on a daily basis, considering day by day the specific temperature 

gradient existing between the two meteorological stations. Daily temperatures were calculated 

proportionally to the altitude difference between the higher meteorological station (Cavargna) and 

the experimental site (446 m of altitude difference). Calculated mean daily temperatures in the 

experimental site resulted generally higher than those registered in Cavargna’s meteorological 

station because of the lower altitude, but, when the thermal inversion was present, temperatures in 

the experimental site resulted lower than those registered in Cavargna’s meteorological station, 

although this last is located at a higher altitude.  

24 h-cumulated precipitation data from the two reference stations (Porlezza and Cavargna) were 

well correlated (PCavargna=1.0778 * PPorlezza + 0.3658; n=365; R2 =0.85), with the last one showing 
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slightly higher precipitations, because of the orographic precipitation gradient. Because our 

experimental site (Ramponio Verna) was in between the two reference stations, mean values of the 

24 h-cumulated precipitation data of the two stations were considered. 

For electromagnetic stress site (Cantello), Arcisate’s meteorological station was chosen because of 

its proximity; it was 5.5 km far and 30 m of altitude below that of the experimental site, so that 

spatial and altitudinal differences were considered negligible. 

For pesticide stress site (Arcagna), two meteorological stations were selected (Tavazzano, 1.3 km 

far and Landriano, 15 km far). Both of them were at the same altitude than the experimental site, 

but the nearest one (Tavazzano) recorded data only until the 14th of June 2015. For this period, 

temperature and precipitation from that station were used, but for the second period (from the 16th 

June to the 31st of December 2015) those of the second station were taken. Between the two 

stations, the correlations of temperature and precipitation data were analysed during the first period 

in which data from both stations were available. Between the 1st of January and the 15th of June, 

hourly mean temperatures in Landriano were 1.0361 those of Tavazzano - 1.1158 (R2=0.988). 

Basing on this relationship, hourly mean temperatures in Tavazzano during the missing period were 

calculated from those in Landriano. For precipitation data the same scheme was followed: during 

the first period (1st of January and the 15th of June ), 24 h-cumulated precipitation data from the 

two stations (Landriano and Tavazzano) were compared and their correlation was very good 

(n=161; R2 =0.91). Basing on this evidence, precipitation from Landriano were taken as surrogate 

for the second period (from the 16th June to the 31st of December 2015).   

Daily mean temperatures and cumulated daily precipitations in the three experimental sites are 

shown in the figures S-3, S-4 and S-5. For an easier comparison, mean monthly temperatures and 

cumulated monthly precipitations were reported in Table S-2. Daily mean temperatures in the two 

stress sites were highly correlated with those in the control site (r=0,980; n=365; P= <0,001 and 

r=0,968; n=365; P=<0,001 for electromagnetic and pesticide stress sites vs control one, 

respectively), as well as 24-h cumulated precipitations (r= 0,780; n=364; P<0,001 and r= 0,383; 



n=361; P<0,001 for electromagnetic and pesticide stress sites vs control one, respectively). 

Meteorological conditions were much more similar between electromagnetic and control site than 

between pesticide and control one. This is due to the lower distance and the lower altitude 

difference of the formers. Annual mean temperature in the control site (12.4 °C) was quite identical 

to that in the electromagnetic one (12.5 °C), while that in the pesticide stress site was higher (14.9 

°C), according to the lower elevation. Minimum- maximum interval of the hourly mean temperature 

varied between -3.3°C to 33.9 °C (in January and July), between -5.2 °C to 35.2 °C (in January and 

July), and between -4.3°C to 37.8 °C (in February and July) in control, electromagnetic and 

pesticide stress sites, respectively. Even if the control site is located at a higher altitude in a pre-

alpine environment, its climate is warmer in winter (because of the thermic inversion phenomenon 

and the mitigation effect of the Lake of Como near it) and cooler in summer (because of the 

altitude). Total annual precipitation were 1361, 1390 and 720 mm, in the control, electromagnetic 

and pesticide stress sites, respectively. These data reflect the climatic similarity of the 

electromagnetic and control sites and the decreasing precipitation gradient in function to the 

distance from the mountains for the pesticide-stress site.  

 

Pesticide exposure  

 

In the pesticide-stress site, chemical exposure is directly affected by the treatment performed in the 

orchard farm, where the experimental hive were positioned. Pesticide list and treatment schedule 

are reported in Table 1 and Figure S-1, respectively). In the surrounding agricultural area, manly 

arable crops (maize and soybean) were present, which can be a secondary source of pesticide 

exposure. On maize, insecticides are used during sowing at the end of march. Seeds treated with 

neonicotinoids were forbidden since 2008, instead of them mainly pyrethroids, such as tefluthrin, 

are actually used (e.g. 5 g of tefluthrin /ha). Others insecticides are used during the growing season 

against the Lepidopteran Ostrinia nubilalis and the Coleopteran Diabrotica virgifera but their 



occurrence is limited. On soybean mainly herbicides are used both in pre- and post-emerging phase, 

while miticide against the mite Tetranychus urticae, are occasionally used. Despite these possible 

pesticide sources, orchard crops constitute a  pesticide exposure. 

In Europe, Pesticide risk assessment toward pollinators is currently evaluated according to EFSA 

Guidance Document on the risk assessment of plant protection products on bees (Apis mellifera, 

Bombus spp. and solitary bees) (EFSA 2013). Here, as a first approximation, the hazard quotient 

(HQ) or Toxicity Exposure Ratio (TER) concept of the EFSA approach was extremely simplified 

by the ratio between the actual application rate (g a.i. cm-2), as exposure index, and the acute 

toxicity (g a.i. bee-1), as toxicity measure. Between oral and contact acute toxicity data, the lower 

LD50 value was chosen, according to the precautionary principle. The application rate was expressed 

in g a.i. cm-2 to conform it to the LD50 unit which is usually expressed in g a.i. bee-1. In fact, the 

ratio between the amount used in g a.i./cm2 and the toxicity in g a.i. bee-1 results in the unit of 

bee cm-2. Considering that the projection surface of a bee can be roughly approximated to 1 cm2, the 

ratio of 1 conceptually means that the dispersed dose is equal to that able to cause a lethal effect on 

the 50 % of the cases. A ratio >1 means that used amount are x-time higher than the lethal doses of 

that pesticide, while the opposite for a ratio <1. We are conscious that the used approach is an 

extreme simplification of the current evaluation procedure (EFSA 2013), but we believe that is 

sufficient for indexing the toxicity of the pesticide used in the area (Table S-1) and we called it 

‘toxicity ratio’. Used pesticides showed toxicity ratios ranging over more than 5 order of magnitude 

from 0.0008 for the plant regulator NAA (1-naphthylacetic acid) to 351 for the insecticide 

imidacloprid. Figure S-2 shows the time sequence of the pesticide treatments expressed as toxicity 

ratios. From 15 of April to 8 of October, 15 treatments with active ingredients highly toxic toward 

bees were performed: 2 with Imidacloprid (toxicity ratio of 351) the 5th and the 16th of May; 1 with 

thiamethoxam (toxicity ratio of 340) the 25th of July; 1 with chlorpyrifos (toxicity ratio of 98) the 

7th of May; 8 with deltamethrin (toxicity ratio of 65) the 15th of April, the 30th of May, the 13th and 



the 26 of June, the 10th, the 17th and the 27th of July, and the 7th of August; and 3 with spinosad 

(toxicity ratio of 49) the 25th of May, the 22th of August, and the 8th of October. 

 



Chemical classs Active Ingredient Use LD50

contact 

acute-48h

mg/bee

Alkanes whilte mineral oil a.i. 80% insecticide >3814

Amidine amitraz a.i. 192 g/L insecticide 50

cyprodinil a.i. 375 g/kg fungicide >784

pyrimethanil a.i. 400 g/L fungicide >100

Anthranilic diamide chlorantraniliprole a.i. 200 g/L insecticide >4

Avermectine emamectina benzoate a.i. 9.5 g/kg insecticide -

Benzinidazole thiophanate-methyl a.i. 417 g/kg fungicide >100

Benzoylurea triflumuron a.i. 480.7 g/L insecticide >200

Carbamate ziram a.i. 760 g/kg fungicide >100

Carboxiamide boscalid a.i. 267 g/kg fungicide >200

Diacylhydrazine methoxyfenozide a.i. 240 g/L insecticide >100

Guanidine dodina a.i. 650 g/kg fungicide >100

Hydroxyanilide fenhexamid a.i. 500 g/L fungicide >200

copper oxychloride a.i. 60-70% fungicide -

sulfur a.i. 800 g/kg fungicide >100

acetamiprid a.i. 46.7 g/kg insecticide 8.09

imidacloprid a.i. 200 g/L insecticide 0.081

thiacloprid a.i. 80 g/L insecticide 38.82

thiamethoxam a.i. 216 g/Kg insecticide 0.024

chlorpyrifos a.i. 750 g/kg insecticide 0.059

fosetyl-aluminium a.i. 800 g/kg fungicide >1000

Phenylpyrrole fludioxonil a.i. 250 g/kg fungicide >100

deltamethrin a.i. 15 g/L insecticide 0.0015

etofenprox a.i. 280 g/L insecticide >0.13

Quinine dithianon  a.i. 700 g/kg fungicide >100

pyraclostrobin a.i. 67 g/kg fungicide >100

trifloxystrobin a.i. 250 g/kg fungicide >200

Synthetic auxin NAA (1-naphthylacetic acid) a.i. 85 g/L plant regulator >120

Tetramic acid spirotetramat a.i. 48 g/L insecticide >100

cyproconazole a.i. 10% fungicide >100

tebuconazole a.i.  46 g/L fungicide >200

tebuconazole a.i. 500 g/kg fungicide >200

buprofezin a.i. 250 g/kg insecticide >200

spinosad a.i. 480 g/L insecticide 0.05

Triazole

Unclassified

Anilinopyrimidine

Inorganic compound

Neonicotinoid

Organophosphate

Pyrethroid

Strobilurin
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LD50 Treatment Treatment Toxicity

oral        

acute-48h
dose dose ratio

mg/bee Kg a.i. /ha mg a.i. /cm
2

bee/cm
2

1474 25 250 0.17

- 0.59 5.9 0.12

112.5 0.12 1.2 0.011

>100 0.31 3.1 0.031

>104.1 0.061 0.61 0.15

- 0.04 0.4 -

>100 0.16 1.6 0.016

>226 0.18 1.8 0.009

- 2.6 26 0.26

100 0.21 2.1 0.021

>100 0.18 1.8 0.018

>200 2.2 22 0.22

>102.07 1.3 13 0.13

12.1 2.6 26 2.15

>106.8 2.2 22 0.22

14.53 0.27 2.7 0.33

0.0037 0.13 1.3 351

17.32 0.14 1.4 0.081

0.005 0.17 1.7 340

0.25 0.58 5.8 98

462 2.2 22 0.048

>100 0.081 0.81 0.0081

0.074 0.0098 0.098 65

0.27 0.095 0.95 3.52

>25.4 0.89 8.9 0.35

>73.1 0.054 0.54 0.0074

>200 0.047 0.47 0.0024

- 0.0097 0.097 0.00080

>107.3 0.15 1.5 0.015

>100 0.0087 0.087 0.00087

>83.05 0.15 1.5 0.018

>83.05 0.82 8.2 0.098

>163.5 0.38 3.8 0.023

0.049 0.24 2.4 49



Period

Temperature (°C)
Precipitation 

(mm)

Temperature 

(°C)

Precipitation 

(mm)
Temperature (°C)

Precipitation 

(mm)

January 3.8 149.2 3.1 124.8 4.3 39

February 3.5 100.2 3.3 149.4 4.7 152.9

Marc 7.8 24.4 8.2 39.2 10.3 48.7

April 11.8 103.7 12.4 105.6 14.8 82

May 15.4 193.5 16.4 194.4 19.9 81.4

June 19.6 111.9 20.9 152.8 23.7 69.8

July 24.4 86 25.2 83 28 5.8

August 20.8 133.1 21.6 161.2 24.2 100.4

September 15 289.4 16.3 165.2 19.3 59.2

October 11.2 166.6 11.2 208 14 70.4

November 9.1 1.7 6.9 3 8.9 6.4

December 5.5 1.3 3.4 3 5.7 3

Year mean 12.4 1361 12.5 1389.6 14.8 719

Reference site (Ramponio-Verna) Electromagnetic site (Cantello) Pesticide site (Arcagna)
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RAMPONIO VERNA
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Highlights 

Bees are subject to many stress-factors. Here the effects of electromagnetic fields and those of 

pesticides were evaluated by means of a battery of enzymatic biomarkers. In the electromagnetic-

stress site, an effect of an over-activation of all analyzed biomarkers was observed at the end of the 

season, posing potential problems to winter survival. In the pesticide-stress site, pesticide mixtures, 

currently used in agriculture, were able to greatly affect biochemical parameters of bees (with both 

enzymatic under- and over-activations). 

Highlights
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The submitted manuscript ‘Effects of pesticides and electromagnetic fields on honeybees: a field 

study using biomarkers’ presents interesting data on stress factors for pollinators using biomarkers 

as sensible stress markers. Pollinator health status is one the most relevant environmental problem 

in many countries, especially in developed countries because of anthropogenic stress factors. We 

found that pesticide and electromagnetic field effected enzymatic activities on honeybees under 

actual field conditions and that biomarkers were a very useful diagnostic and early-warning tool on 

honeybees. The most important result coming up from this research is the over-activation of all 

analyzed biomarkers at the end of the season following electromagnetic field exposure. This event 

was related to a behavioral over-activation in a period in which bees should prepare themselves to 

overwintering, posing potential problems to winter survival. 

By our advice, the obtained results are of scientific interest also from a methodological point of 

view: they show a marked seasonal cycle of the enzymatic activities under natural conditions 
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