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ARTICLE INFO ABSTRACT
Editor: Henner Hollert Urbanization and the increasing use of wireless technologies lead to higher emission rates of radiofrequency electro-
magnetic fields (RF-EMF) in populated areas. This anthropogenic electromagnetic radiation is a form of environmental
Keywords: pollution and a potential stressor on bees or other flying insects. Cities often have a high density of wireless devices
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operating on microwave frequencies, which generate electromagnetic frequencies e.g. in the 2.4 and 5.8 GHz bands
commonly used by the wireless technologies. To date the effects of nonionizing electromagnetic radiation on the vital-
ity and behavior of insects are poorly understood. In our experiment we used honey bees as model organisms and an-
alyzed the effects of defined exposures to 2.4 and 5.8 GHz on brood development, longevity and homing ability under
field conditions. To generate this radiation, we used a high-quality radiation source which generates a consistent, de-
finable and realistic electromagnetic radiation, engineered for this experiment by the Communications Engineering
Lab (CEL) at the Karlsruhe Institute of Technology. Our results show significant effects of long-term exposures on
the homing ability of foraging honey bees, but no effects on brood development and adult worker longevity. Using
this novel and high-quality technical set-up, this interdisciplinary work provides new data on the effects of these
widely used frequencies on important fitness parameters of free-flying honey bees.

1. Introduction

More than 90 % of the world's population has access to mobile broad-

band networks, and the number of people actively using the internet has
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twice as high as in rural areas (International Telecommunication Union,
2021). Wireless communication technologies generate a form of nonioniz-
ing radiation called radiofrequency electromagnetic fields (RF-EMF)
(Malkemper et al., 2018) which are widely utilized for a broad number of
technologies including mobile phone networks, Bluetooth and Wi-Fi. Typi-
cally measured in the unit of Hertz, RF-EMF range from 100 kHz up to
300 GHz coupled with different wavelengths (ICNIRP, International
Commission on Non-Ionizing Radiation Protection, 2020). The commonly
used Wi-Fi (IEEE802.11-Standard) is responsible for more than a half of
all data traffic and typically utilizes the 2.4 or 5 GHz bands (Khorov et al.,
2020). Due to the increasing use of these technologies, these fields have be-
come ubiquitous in Europe (Sagar et al., 2018). However, these technolo-
gies and the possible threats to human health and wildlife are intensely
debated as there are still large knowledge gaps about the acute or long-
term effects, including the almost unknown effects on the diversity or abun-
dance of invertebrates and vertebrates, such as bees or birds (Bandara and
Carpenter, 2018; Malkemper et al., 2018; Russell, 2018; Sutherland et al.,
2018; Vanbergen et al., 2019). Part of the challenge is that the effects of
the tested electromagnetic fields (EMF) depend strongly on their frequency
range, radiation intensity, or the tested organism, and therefore the results
of one study do not automatically provide insight into possible effects on
other organisms, especially at other frequencies or exposure scenarios.

Whether electric and magnetic fields can in principle be perceived by
different species has been examined in various studies. For example, evi-
dence has shown that migratory birds perceive these fields (Engels et al.,
2014), bumble bees use their mechanosensitive hairs to detect electric
fields (Sutton et al., 2016), Drosophila responds to geomagnetic fields
(Bae et al., 2016), whereas honey bees also perceive them (Lambinet
et al., 2017; Liang et al., 2016). Further research focusing on effects of
EMF on insects used different frequency ranges and different exposure sce-
narios. We can roughly distinguish here between studies on low frequency
electromagnetic radiation, as generated by overhead powerlines, and radio-
frequency (high-frequency) electromagnetic radiation.

Negative effects on honey bees of extremely low frequency EMF has
been shown in various studies using Helmholtz Coils, such as in Shepherd
et al. (2018), who confirmed negative impacts of 50 Hz EMFs on learning
ability measured via the proboscis extension response and for the flight-,
foraging- and feeding-behavior. In a more recent work, Shepherd et al.
(2019) demonstrated that 50 Hz EMF treated bees are more aggressive to-
ward colony intruders. Laboratory studies using similar 50 Hz frequencies
resulted in inconsistent effects on various behavioral traits (Migdat et al.,
2021; Migdat et al., 2022). In the field, the study of Molina-Montenegro
et al. (2023) describes the effects of low frequencies emitted by transmis-
sion towers. This includes the induction of physiological stress and reduced
flower visitation rates of honey bees, impacts on plant diversity and abun-
dance, and reduced seed production of California poppy.

We know from simulation studies, that higher frequencies also lead to a
higher energy absorption rate in honey bees (Thielens et al., 2020; Toribio
et al., 2022). Due to these increased absorption rates, higher frequencies
may also lead to stronger effects. What are the actual effects of such high-
frequency or so-called radiofrequency EMF (RF-EMF) on honey bees or
other insects? There are some field studies showing effects of RF-EMF on
different insects or pollinators including honey bees. The correlational
study of Lazaro et al. (2016) conducted at different island locations high-
lights negative effects of mobile telecommunication antennas on wild polli-
nator abundance and composition, though interestingly the severity of the
effect depended on the nesting behavior of the insects; above ground spe-
cies were more strongly impacted than bees that nest underground. Other
studies using extant mobile phone stations noted negative effects on the
number of leaving and returning worker bees per minute in close proximity
to the towers (Taye et al., 2017) or no effects on fecundity and number of
offspring (Vijver et al., 2014). Using the alternative technical setup of indi-
vidual mobile phones or signal generators, other negative influences of the
900 MHz band have been documented, including altering the communica-
tion signal of worker piping, disregulating the development of queen
pupae, decreasing catalase activity and the lipid peroxidation levels, or
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causing possible DNA damages (Favre, 2011; Odemer and Odemer, 2019;
Vili¢ et al., 2017). As seen with low frequencies, there are some indications
that 2.4 GHz alter short-term memory (Lopatina et al., 2019), but not lon-
gevity under laboratory conditions (Westerdahl and Gary, 1981). Unfortu-
nately, only a few studies can be found that examine effects of the Wi-Fi
frequencies.

A detailed review (Vanbergen et al., 2019) outlined the accumulated ev-
idence of negative impacts and current knowledge gaps of EMF on pollina-
tors, highlighting that many impacts are unresolved and that the methods
used in future studies urgently need to be improved. Recommendations in-
cluded increasing the number of repetitions, use of appropriate controls, re-
alistic exposure scenarios, and field realistic conditions. In particular, the
authors demand that radiation sources are exactly described to allow repli-
cation of such studies.

In light of this review, our current interdisciplinary experiment imple-
mented these recommendations and we present the effects of realistic 2.4
and 5.8 GHz (Wi-Fi) exposure scenarios on important fitness parameters
of free-flying honey bees using a definable and high-quality radiation sim-
ulator. The radiation simulator was designed specifically for this experi-
ment by the Communications Engineering Lab (CEL) at the Karlsruhe
Institute of Technology. We investigated if exposure to the selected RF-
EMF affects the development of honey bee worker brood, homing success,
and adult worker longevity.

2. Materials & methods
2.1. Field site & experimental setup

The experiments were performed from July through September 2020
and again in July through October 2021 at the State Institute of Bee Re-
search, University of Hohenheim, Germany.

For our experimental setup we used 16 queenright colonies, established
in April 2020 and headed by newly reared sister queens in 6-frame MiniPlus
Styrofoam hives. All colonies were equalized and established with two
brood combs, two full honey combs, and two empty combs. The Styrofoam
hive materials were used due to their transparency to microwave radiation.
To further reduce the impacts on the regularity of radiation propagation, all
metallic objects in and around the hives were avoided, including removing
all the wires traditionally used in pure beeswax combs to provide stability
to the frames during honey extraction. Then colonies were split randomly
into two groups (EMF, Control) of 8 colonies each.

In the EMF group, these 8 colonies were placed at the optimal angles to
the radiation source (0° and 180° at a distance of 2 m; Figs. 1 and 2) to en-
sure a defined and equal radiation exposure for all colonies. The 8 control
colonies were placed in the same pattern at a distance 5 m away from the
EMF colonies. The distance between the treatment and control group was
set to a distance of 5 m based on the measured radiation pattern (Fig. 2)
to prevent unwanted exposure of the control group. The resulting angle,
combined with the increased distance of the control group to the emitter,
reduced the exposure relative to the treatment group by a factor of >100.
Nine additional colonies were used to test the effects of short-term
exposures on homing ability of honey bees (Section 2.4). These colonies
were also kept in MiniPlus Styrofoam hives and were located at the same
apiary as the other experimental hives, but outside the exposure range of
the radiation source.

2.2. RF-EMF exposure & technical system

For our experiment we used a high-quality radiation source which gen-
erates consistent, well-defined and realistic electromagnetic radiation emis-
sions, designed and constructed for this experiment by the Communications
Engineering Lab (CEL) at the Karlsruhe Institute of Technology. This radia-
tion source generates packets which are identical to those used for Wireless
LAN (Wi-Fi) transmission at frequencies of 2.450 and 5.805 GHz and which
are license-free simulatable. The two different frequencies are generated si-
multaneously. There is no fundamental technical difference between our
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Fig. 1. Experimental setup (bird's eye view) of the RF-EMF exposure setup. The
apiary configuration includes 8 colonies with radiation exposure (EMF) and 8
adjacent colonies outside of the radiation pattern as control (C).

radiation source and commercially used Wi-Fi-Devices (IEEE802.11a stan-
dard), except that our set-up does not try to establish communication.
This is because, over longer time scales, the duration a common Wi-Fi sta-
tion uses a channel is determined by the amount of data it has to transmit.
We could describe this communication-caused changing presence of power
as long-term power-varying (i.e. pulsed) transmissions. Since data usage is
neither constant nor predictable, this leads to a situation where an experi-
mental setup like ours needs to have adjustability in the percentage of
time it is emitting. On a shorter time scale, the methods used to transport
data on the radiofrequency signal lead to a short-term irregularly pulsed
power transmission. Common Wi-Fi stations, as well as our setup, use
such signals with the fine structure of Wi-Fi packets (OFDM). This means
that for very short durations (in the range of 50 ns to 100 ns) power
peaks occur sparsely, which is typical for Wi-Fi and should be reproduced
in our setup with a representative signal.

270°

450 GHz
—— 5.805GHz

Fig. 2. Radiation pattern of the RF-EMF-System “Beefi” (power density in relation to
the main direction in decibels), made by the Communications Engineering Lab
(CEL) at the Karlsruhe Institute of Technology. Frequencies: 2.450 and
5.805 GHz. The angles were specified on the device.

180°
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By using Software Defined Radio (SDR)-Technology, the total output
power, packet rate, and radiation direction did not change dynamically
and was thus consistent, reliable, and quantifiable. The transmitting device
was controlled via a notebook (Lenovo ThinkPad T480, Intel Core® i7™
Version) using software based on the popular Software Defined Radio
framework GNU Radio designed for the measurement purpose, and the
transmitted power could be visualized on this computer. In addition to con-
trolling the transmission intensity, the duty cycle (percentage of time dur-
ing which Wi-Fi packets are sent), and the duration of the period (ms)
over which the duty cycle applies could be set. In this experiment, we
chose a duty cycle of 100 % over a period of 100 ms to simulate a heavily
loaded access point with multiple connected devices located far away.
This is a relevant scenario for outdoor access points, because in most
cases the user devices will not be very close to the access point. It is a real-
istic scenario that honey bee colonies of urban beekeepers, which have
grown in popularity and are now quite common, could receive multiple ex-
posures from several Wi-Fi access points or routers. To verify the RF-EMF-
System, the output power was measured by using a direction-independent
dual-band antenna and a calibrated Signal Analyzer (Rohde&Schwarz
FSQ 8), which enabled us to determine the radiation pattern (Fig. 2) and
Equivalent Isotropic Radiated Power (EIRP, Table 1). Additionally, the cho-
sen parameter setting and consequently the intensity of the radiation expo-
sure was recorded over the whole trial period. These data were auto-saved
on the notebook using comma-separated values (CSV), segregating the de-
tails of output for 2.450 and 5.805 GHz. The radiation system ran continu-
ously with the same settings for approximately 12 weeks in 2020 and
14 weeks in 2021 until the experiments were completed. To protect the
technical system from the weather, it was covered with a plastic barrel (ra-
diation permeable) and the power supply was provided by a waterproof
power cable.

2.3. Brood development

At the beginning of the brood assessment, one brood comb with eggs
was chosen from each colony (8 colonies EMF, 8 colonies control) and ap-
proximately 200 cells were marked on a transparent acetate sheet (brood
area fixing day, BFD) according to Schur et al. (2003). As eggs don't hatch
for three days, the exact age of eggs at the begin of documenting their devel-
opment varied between 1 and 72 h. The development of the brood was sub-
sequently recorded every second day after the BFD for a period of 18 days,
when the first bees emerged (3 days as an egg + 18 days of development =
21 days). BFD + 16 was chosen for a reliable assessment period for the
termination rate of development, because the onset of emergence at
BFD + 18 did not permit us to distinguish with certainty whether bees
emerged or the cells were cleared out by worker bees at that time. The
brood termination rate was calculated according to the proportion of cells
that failed to complete brood development and the expected number of suc-
cessfully developed brood cells.

2.4. Homing ability

To assess the effects on the homing success, two different approaches
were used to examine long-term and short-term effects separately
(Table 2). The homing experiments require flight activity and the absence
of precipitation, so those trials were only performed under good weather
conditions.

2.4.1. Long-term exposure

At the start of the homing trials, the colonies had already been irradi-
ated for about 7 weeks and the irradiation was continued throughout the
entire trial period. Adult worker bees that had been foraging were collected
into plastic specimen containers directly from the hive entrances of four
different colonies in each group (EMF, Control). A total of around 160 indi-
vidual bees were tested in 8 replicate trials with pairwise comparisons of
control and EMF bees. In each trial, the homing behavior of bees from
one EMF treated colony was simultaneously compared with bees from
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Table 1
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Equivalent Isotropic Radiated Power (EIRP) and free space loss in relation to the used frequencies. The EIRP defines the radiated power of the transmitting device per side.
The free space loss is the reduction of the power density in free space due to the two-meter distance between the honey bee colonies and radiation device.

Frequency EIRP (on each side) Free space path loss (a) at a distance of 2 m
2.450 GHz 22.5 dBm = 177.83 mW Q2450 gHz = (40.23 + 20log,(2)) dB = 46.25 dB
5.805 GHz 10.0 dBm = 10 mW s 805 Gz = (47.72 + 20log,(2)) dB = 53.74 dB

one control colony (@10 bees/colony). The selection of individual colonies
per trial was randomized, but with the constraint that each colony must be
tested twice in total. The bees of each trial were individually marked using
numbered plastic colored disks (one color per group), by briefly
immobilizing after the bees post collection at the entrance. We immobilized
them by cooling (Human et al., 2013; Scheiner et al., 2013) using a temper-
ature of 2 °C for a period of 10 min. After marking, the bees were fed ad
libitum with sugar syrup (Apiinvert®, Siidzucker) in ventilated specimen
containers (@10 bees per group/2 specimen containers) and were posi-
tioned in front of their own hives again for a duration of 40 min to ensure
appropriate exposure prior to testing (both: EMF/Control). Thus bees
taken from colonies with long-term EMF exposure received an additional
direct radiation exposure outside the hive, while bees from the control
group remained without this EMF exposure.

2.4.2. Short-term exposure

In this experiment we used 9 additional colonies that were located away
from the radiation source and collected foraging adult worker bees at the
hive entrances. The worker bees were collected into specimen containers
directly from the hive entrances. Using a total of around 200 individual
bees we performed 11 trials with pairwise comparisons between the treat-
ments. For each trial, both the control bees and the bees that would receive
short-term irradiation were collected from the same colony (@ 18 bees/col-
ony, 9 control, 9 to irradiate). The collected bees were individually marked
as described above and fed with sugar syrup in ventilated specimen con-
tainers (@9 bees per container). Each specimen container of the EMF
group with on average 9 bees was irradiated for 40 min at the same location
and with the same RF-EMF exposure as the bees experienced in the long-
term exposure experiment. The exposure time of 40 min was chosen as a
compromise between a realistic foraging time per day for a worker bee in
EMF-exposed areas, recovery time after cooling for marking, time for
food consumption, and a not too long waiting time. The control bees re-
mained unexposed for the same period of time.

2.4.3. Release site and homing recording

The bees in the specimen containers were transported to a remote re-
lease site, about 500 m from the location of the colonies. Previous trials
at the same field site have shown that a 500 m return distance results in
high rates of successful homing, which is why this distance was chosen.
All specimen containers were opened at the same time, the bees released
and the timer started. Another observer counted all the returning bees at
the hive entrance, noted the individual plate number and recorded the
flight duration. After an observation period of at least 45 min (exception:
short-term, two trials with a minimum of 37 min) the counting was halted
and bees that had not arrived were recorded as “not returned”. To prevent
unwanted radiation exposures, RFID and harmonic radar technologies
could not be used for tracking individual bees in this experiment. The

Table 2

Treatment variants for homing success examinations. The continuous exposure
(long-term variant) began about 7 weeks before the start of the experiment and con-
tinued without interruption for the entire experimental period. The sampled bees
received the (additional) 40 min exposure as direct exposure outside the hives.

Variant Exposure time Number of Number of hives Flight
trials distance

Long-term  Continuously +40 min 8 8 (4 EMF, 4 Control) 500 m

Short-term 40 min 11 9 (EMF and Control) 500 m

counts were thus recorded visually. In the first year (2020), the return of
the homing bees was recorded via observations of hive entrances fitted
with transparent tunnels approximately 10 cm in length (Fig. 3). Due to
high personnel requirements of observers at each tested hive entrance,
the method was adjusted for the second year (2021). Instead of observing
the returning bees in real-time, video was recorded with a high resolution
camera (GoPro Hero7 silver) and the bees returning successfully were de-
termined from the recording. The percentage rate of homing success was
calculated by dividing the number of “bees returned successfully” by the
number of “released bees”.

2.5. Longevity

Newly emerged worker bees were collected from four brood combs
pulled from two different colonies in another apiary that contained suffi-
cient brood stages (20/21 days old) from which young bees would soon
emerge. These brood combs were placed in a cage in an incubator for
about 24 h until approximately 1500 bees emerged. These bees were
mixed, divided into groups, and then marked with eight different colors, ei-
ther on the thorax or the abdomen. Unfortunately, some colors (gold, silver,
purple) were not permanent and could be poorly recognized as bees aged,
so these groups had to be excluded from the analysis. Thus 675 newly
emerged worker bees in 9 groups (5 EMF, 4 control) with 75 bees each
were followed for lifespan, by being introduced into one of the 16 experi-
mental hives (8 irradiated and 8 control colonies). One day post introduc-
tion we started tracking lifespan by verifying their continued presence in
the hive by counting the number of marked bees that had been accepted
by the colony. This value served as the initial population for the longevity
evaluations. The total observation period was 28 days, with observations
made on 11 days. On each counting day, all frames of the colonies and
the inner walls and bottom of the hives were carefully inspected and the
total number of marked bees on the frames and on the interior walls of
the hive was counted. The counted frames were temporarily removed
into a separate box to minimize the possibility of double counting an indi-
vidual. These counts were performed early in the morning before flight ac-
tivity commenced so that all bees including foragers could be documented.

Fig. 3. Transparent tunnels of about 10 cm on the mini-hives entrances to facilitate
the observations of the homing honey bees (individual marked).
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2.6. Statistical analysis

The data was analyzed using the IBM SPSS Statistics 26 (IBM, Armonk,
USA) and JMP Pro 16 (SAS Institute, Cary, USA) computer software.

Brood development data-samples were checked with a Shapiro-Wilk
test to examine normal distribution (rejecting = p < 0.05). Because of
parametric characteristics of the data, we used the t-test for independent
samples (o = 0.05) for the comparison.

To analyze the homing ability data sets, we used a generalized linear
mixed model (GLMM) with binomial (homing rate: 1 = returned, 0 =
not returned) and inverse Gaussian (duration, min) distribution, which
allowed us to include inter-colony and trial effects of the experiments.
The model was designed setting homing rate and homing duration as
variables, treatment as a fixed factor, and hive and trial number as random
factors.

Brood mortality and bee longevity data were analyzed by using the
Kaplan-Meier-Survival analysis including a pairwise comparison and test
for significance with the commonly used Log-Rank (Cox-Mantel) test
(a = 0.05). In addition to the analysis of the longevity data for the entire
lifespan, we also analyzed this dataset for the period when bees typically
transition to foraging (day 11 to 29). For this subset analysis, we used the
Wilcoxon test (o = 0.05) to compare treatment groups because of its sensi-
tivity to early differences between survival curves.

3. Results
3.1. Brood development

We investigated brood development, comparing colonies by following
bee development from egg to emergence. The brood termination rate indi-
cates the percentage of brood not reared to completion. The final brood ter-
mination rate at day 16 post BFD, the day when eggs are recorded, was not
significantly different (p = 0.862) between the group exposed to radiation
(33.5 %) and the untreated control (35.4 %) (Fig. 4). The number of bees
that developed all the way through to BFD + 16 did not differ, confirming
an equal survival probability over time (Kaplan-Meier-Survival with the
Log-Rank: p = 0.262) (Fig. 5). Our results thus do not indicate any negative
effects of the tested RF-EMF on the development of honey bee brood and
adult bee emergence.

3.2. Homing ability
We investigated the impacts on homing ability by transporting bees

500 m away from their colonies, then comparing the number of successful
return flights of treated and control bees.

3
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Fig. 4. The average brood termination rate at day 16 after BFD = SD revealed no
significant differences (p = 0.862). We used t-test for independent samples (a =
0.05) to compare the two groups (EMF, Control). n = 8 colonies/each group.
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Fig. 5. The Kaplan-Meier-Survival analysis including a pairwise comparison and
test for significance with Log-Rank (Cox-Mantel) test (o« = 0.05) revealed no
significant differences of brood mortality over time between the two groups
(EMF, Control). n = 8 colonies/each group.

Long-term RF-EMF exposure had a clear negative impact on the orienta-
tion ability of foraging honey bees (GLMM, p = 0.0064) (Fig. 6a+b). The
number of bees that successfully found their way back to their hives dif-
fered significantly, with 95.2 % of the bees in the control group returning
home successfully compared to only 78.6 % of the bees in the treatment
group. The long-term treated bees also required approximately 20 %
more time on their return homing flights compared to the controls (median:
EMF 9:58 min vs. Control 8:14 min), however these differences were not
significant (GLMM, p = 0.4224) (Fig. 6). When honey bees were only irra-
diated for a short time (40 min) and not for the entire brood and imaginal
developmental period, the RF-EMF had no effect on the number of success-
fully returning bees (average: EMF 90.0 %, Control 86.6 %; GLMM, p =
0.4696), nor did it impact the time needed for the bees to return to their col-
ony (GLMM, p = 0.0596) (Fig. 6, Table 3).

3.3. Longevity

To understand the impact of RF-EMF on adult bees, we tracked the lon-
gevity of newly emerged adults that were reared in other colonies without
exposure during development and then placed into the treatment and con-
trol hives. The bees were accepted at the start of the experiment at similar
rates (72.3 % control vs. 74.7 % EMF). Bees in the RF-EMF treated hives
lived on average 17.7 = 0.61 days compared to the slightly longer-lived
controls with 19.0 = 0.68 days. However, survival analysis over their en-
tire lifespan of 28 days showed no significant differences between the
treated and untreated group (Kaplan-Meier-Survival with the Log-Rank:
p = 0.102), which indicates that the tested RF-EMF has no negative impact
on overall life span. Honey bees typically spend the first 7-10 days engaged
in in-hive tasks, in the relatively safe environment of the colony. As we
showed above RF-EMF impacts homing activity, and thus the impact on
longevity might only become noticeable once bees start foraging. We thus
compared survival during the normal window when bees begin foraging
(day 11 to 29) and found significant differences between the two groups
(p = 0.042, Wilcoxon) (Fig. 7).

4. Discussion

Anthropogenic electromagnetic radiation is a form of environmental
pollution that is suspected of having negative effects on flying insects in-
cluding bees. We currently lack high-quality studies on the precise impact
of electromagnetic fields (EMF) on bees. Broad consensus demands more
robust research to understand the potential impacts of EMF on bee health
coupled with an appropriately controlled setup of quantifiable exposure
(Balmori, 2021; Malkemper et al., 2018; Vanbergen et al., 2019). We
sought to help fill some of these knowledge gaps with our comprehensive
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Fig. 6. The results show a) the homing rate, b) the absolute number of homing bees as well as ¢) the homing duration of the long-term and short-term exposure variants.
a) Homing rate is defined as the return rate of released bees (%) per trial (long-term n = 8, short-term n = 11). ¢) The homing duration refers to the time (min) for
individual bees to return to the colony. The absolute number of returned and missing bees can be found in the pie charts b).

study on the effects of field-realistic electromagnetic radiation at frequen-
cies commonly used in Wi-Fi signals on honey bees, by evaluating how si-
multaneously exposures to 2.4 and 5.8 GHz frequencies affected homing
ability, longevity, and brood development of honey bees under field condi-
tions. Such exposure frequencies are fairly common in Wi-Fi devices
(Khorov et al., 2020), ubiquitously present in the environment (Sagar
et al., 2018), and are considered harmless to human health. But what are
their impacts on honey bees? We chose these three key markers of health,
because brood development gives insight into the potential growth of a col-
ony, adult longevity allows us to determine if exposure could reduce
lifespan and thus potentially lead to reduced productivity and if severe,
colony collapse, and finally homing behavior, as the successful return of for-
agers to their colony is critical for normal colony development and provides
insight into potential negative impacts on insect cognition and memory.

Much prior research into EMF used unpredictable and irregular radia-
tion sources, which make the results difficult to evaluate. In our experi-
ment, we used a high-end radiation source which generates a consistent
and definable electromagnetic radiation developed in an interdisciplinary
cooperation with electrical engineers (see methods for details). This source
allowed a precise alignment of the radiation so that only the eight EMF col-
onies were impacted, eliminating site differences common in other EMF re-
search where an exposure and a control location are compared. Our results
clearly demonstrate a significant negative effect on the homing behavior of
foraging bees, which could act as an additional stressor with potential con-
sequences on healthy colony development.

Possible negative effects of EMF on animal orientation were already
supposed in the review of Vanbergen et al. (2019) and summarized by
Balmori (2015). Some animals can perceive electric or magnetic fields
and EMF exposure might thus modify their orientation behavior as it

Table 3

interferes with their perception of the naturally occurring fields (Bae
et al., 2016; Lambinet et al., 2017; Liang et al., 2016; Sutton et al., 2016;
Zhang and Pan, 2021). To date little evidence exists on the effect of EMF
on the orientation or homing behavior of wild bees or honey bees. Taye
et al. (2017) showed an effect on returning ability (number of returning
bees), but in the experiment they simply varied the distance of the colony
location to a single mobile tower. In the non-peer reviewed study of
Kimmel et al. (2007) the effects of 1900 MHz (DECT base stations, average
power used in stand-by modus: 2.5 mW) on homing behavior were exam-
ined and a significant difference of approximately 14 % in homing duration
and rate (calculated in one index) of individual marked bees was found be-
tween the treatment group and control. However, long-term and close ex-
posure of bee colonies to the direct radiation from DECT base stations is
not field realistic, as they only exist in homes and pollinators would have
no exposure to them in the field. Despite the limitations of this study and
the use of a different exposure scenario, we show similar negative impacts
on homing ability, although bees with long-term RF-EMF exposure in our
experiment had a reduced homing success of approximately 17 % com-
pared to controls. More than 95 % of our control bees were able to success-
fully return to their colonies, confirming that the handling of the bees had a
negligible effect. Although not significantly different, long-term RF-EMF ex-
posed bees that did successfully return home required 1:44 min (median)
longer than their control counterparts. The short-term exposure of only
40 min directly before the tests did not negatively impact homing rate. Be-
cause the long-term irradiated bees also received renewed irradiation for
about 40 min before the homing flight, the exposure of the two variants
(long-term/short-term) differed only in terms of the long-term exposure
during development and in their early life as in-hive bees. Our results indi-
cate that an exposure of 2.4 and 5.8 GHz over days or even weeks is

Results of the GLMM with binomial (homing rate) and inverse Gaussian (duration, min) distribution. A model was estimated for the homing rate and homing duration of each

exposure variant. Long-term: n = 8 trials, short-term: n = 11 trials. Estimate and p-value (*p < 0.05, **p < 0.01, ***p < 0.001) of the intercept and treatment (EMF, Control).

Significant effects of the treatment are highlighted in bold.

Exposure variant Coefficients Homing rate Homing duration

Long-term Intercept 2.017%** (p = 0.0001) 0.008** (p = 0.0041)
Treatment [EMF] —0.897%* (p = 0.0064) —0.001 (p = 0.4224)

Short-term Intercept 1.977*** (p = 0.0001) 0.009** (p = 0.0015)

Treatment [EMF]

0.162 (p = 0.4696) 0.002 (p = 0.0596)
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Fig. 7. The Kaplan-Meier-Survival analysis including a pairwise comparison and
test for significance with Log-Rank (Cox-Mantel) test (o = 0.05) revealed no
significant differences in overall longevity between the two groups (EMF,
Control). The partial analysis for the period from day 11 to 29 (possible flight
period) with Wilcoxon test (o = 0.05) shows significant differences between the
two groups (p = 0.042). EMF n = 280 bees, Control n = 217 bees.

necessary for bees to lose significant homing ability and that there is no ha-
bituation effect to the radiation. This suggests that free-flying foragers from
colonies not directly exposed to EMF would continue to return home suc-
cessfully, even if their foraging flight trajectories took them through expo-
sure fields for short durations. Prior studies have also shown effects on
short-term memory in bees (Lopatina et al., 2019; Shepherd et al., 2018),
which could translate into lower homing rates of foraging bees, as they
need good spatial memory to navigate home. Exactly how EMF exposure
impacts learning and memory is still unclear and would benefit from in-
depth research into changes in neurochemical signaling, memory retention,
learning acquisition, and gene expression patterns.

In our studies, RF-EMF did not impair overall longevity, confirming the
laboratory results demonstrated by Westerdahl and Gary (1981) under field
conditions. They found no effect of 2.45 GHz on longevity of honey bees,
regardless of the different intensities of 3, 6, 12, 25, and 50 mW/cm? tested
(Westerdahl and Gary, 1981). Another experiment that tested magnetic
fields increased longevity, but this was accompanied with reduced flight ac-
tivity (Martin et al., 1989), which inherently increases longevity (Neukirch,
1982). Since colonies exposed to RF-EMF had lower homing ability, we
would expect this increased failure to return home to cascade into reduced
longevity of the bees once they begin foraging. When survival was exam-
ined during this later life stage when flight activity is presumed to begin
for the majority of bees (day 11 to 29), we see a significantly elevated
death rate among the treatment bees compared to the controls. As losses
did not occur in the early in-hive stages, we see this increased mortality
later in life as a validation of reduced homing success in RF-EMF
treated bees.

The development of healthy brood is critical for colony growth and con-
sequently for the survival of honey bee colonies (Medrzycki et al., 2013).
The impacts of electromagnetic radiation on brood development in Dro-
sophila have been mixed with some studies showing reduced eclosion
rates and delayed development, while others demonstrated a shortened de-
velopment time (Agrawal et al., 2021; Wang et al., 2022; Zmejkoski et al.,
2017). One study on honey bee development focused on queens and
showed an increase in queen mortality during pupation under 900 MHz ir-
radiation, however, the authors note that their testing scenario mimicked a
worst-case situation and was not a realistic exposure (Odemer and Odemer,
2019). Even if the EMF of this frequency influence the oxidative stress re-
sponse by changing antioxidant enzyme activity (Vili¢ et al., 2021), to our
knowledge there is no further evidence of larval or pupal mortality of
honey bees. We investigated the brood mortality rate of around 1600 indi-
vidual bees per treatment in free-flying colonies based on an assessment
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method commonly used to document pesticide impacts on preimaginal
stages of honey bees (Medrzycki et al., 2013; Schur et al., 2003) and
found no difference in brood termination rates, demonstrating that RF-
EMF had no measurable effect on ontogenesis. Future research should in-
vestigate the long-term effects on the total amount of brood produced and
thus colony growth, as this was not addressed in our current experiment.

Honey bee colonies are robust and adaptable, because they have a large
work force that can buffer and compensate some losses, reallocating
workers to different tasks as needed. Unfortunately, solitary bees lack this
buffer workforce (Straub et al., 2015) and may therefore be more affected
by EMF. Future studies should investigate impacts on wild bees, especially
those with solitary lifestyles and above-ground nesting species. Under-
ground nests, such as those of Bombus terrestris, should be shielded from ra-
diation and thus their brood would be less exposed, with lower potential for
long-term impacts on homing success once they become active as adults,
while those nesting above-ground would receive much higher exposure.
As radiation clearly impacted homing ability in honey bees, we must inves-
tigate if the orientation and homing ability of solitary bees are negatively
influenced by RF-EMF radiation.

It is worth noting that modern cellular mobile communications technol-
ogy, i.e. 4G/LTE and 5G, use the same method of transporting data
(OFDM), albeit at different parameterizations. It is reasonable to assume
that a 4G/5G system working on the same frequency band as Wi-Fi will
have similar effects, but the fact that the current spectrum allocations are
in bands with frequencies ranging from the lower microwave region
(412 MHz, LTE band 88) with wavelengths roughly six times that of the
2.4 GHz band used by Wi-Fi, to a 1/3 shorter wavelength (3.6 GHz, LTE
band 43) (3GPP, 2023a) implies that inferring the effects of existing cellular
infrastructure on organisms from the results of this study should be done
under the premise of experimental verification. 5G opened up further
bands for operation: While the New Radio (NR) bands of Frequency
Range 1 (3GPP, 2023b) cover similar bands as LTE, they are especially uti-
lized by the growing number of so-called campus networks. These are pri-
vate installations of cellular infrastructure, especially in the context of
industrial automatization, in bands very close in frequency to the 2.4 GHz
band used by Wi-Fi. Here, further investigation using a similar experimen-
tal setup appears warranted. The bands of Frequency Range 2 (3GPP,
2023c) are above 20 GHz, and the physiological effects of these frequencies
can be expected to differ from the effects causing the results of this study. As
a general tendency, higher frequencies are more readily absorbed by the at-
mosphere, vegetation, etc., so spatial separation of the bee colony from the
emitter will reduce exposure more drastically than in this study.

The effect of RF-EMF depends heavily on output power and frequency,
as well as the consistency of the body absorbing the radiation. The type of
frequency used influences the tissue penetration depth and which organ-
isms can best absorb it depending on their body size (resonance). The reso-
nance frequency specifies that a body whose size is close to half the length
of the emitted frequency will have the highest specific energy absorption
rate (ICNIRP, International Commission on Non-Ionizing Radiation Protec-
tion, 2020). For example, we can calculate that a bee is a much better re-
ceiver for 5.8 GHz (half wavelength = 2.6 cm) than bigger animals or
humans and therefore absorbs more radiation energy. As body size also
strongly influences absorption rate, results from one study organism cannot
be easily transferred to another, highlighting that we need additional stud-
ies with different types of electromagnetic fields and their impacts on vari-
ous insects.

Our study looked at the impacts of EMF exposure during development,
and its influence in three key elements of honey bee health. However, we
did not track the potential long-term consequences of continuous exposure
on colony development throughout the beekeeping year and if sublethal
losses of returning foragers impact colony overwintering strength, a key
marker of winter survival. The topic should be investigated in long-term
studies that track colony populations over time. Due to the intricacies of
working with RF-EMF, we highly encourage interdisciplinary coopera-
tions that overcome the high technical hurdles of a standardizable
set up.
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5. Conclusion

The complex effects of radiofrequency electromagnetic fields (RF-EMF)
on insects needs increased attention. Our results suggest that there are no le-
thal or highly obvious impacts on honey bee health, however RF-EMF acts as
a sublethal stressor, reducing the homing success of honey bees and thus gen-
erating a loss of foragers. This disorientation only occurs in colonies continu-
ously exposed to the tested and field realistic RF-EMF, a signal commonly
used for Wi-Fi. RF-EMF did not impact other important fitness parameters,
such as the overall development of healthy brood or longevity. Due to their
different nesting habitats and degrees of sociality, wild bees may be more sus-
ceptible to negative effects of electromagnetic radiation. These knowledge
gaps must be urgently addressed, as many wild bee species are threatened
by extinction. In our globalized and interconnected world, few environments
are free of electromagnetic radiation. A better understanding of the sublethal
effects of electromagnetic radiation exposure on communication, learning,
memory, and development of bees and insects are urgently needed.
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