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Biological Effects of Radiofrequency Electromagnetic Fields above 100 MHz on Fauna
and Flora: Workshop Report

Blanka Pophof,1 Bernd Henschenmacher,1 Daniel R. Kattnig,2 Jens Kuhne,1

Alain Vian,3 and Gunde Ziegelberger1
Abstract—This report summarizes the effects of anthropogenic
radiofrequency electromagnetic fields with frequencies above
100 MHz on flora and fauna presented at an international work-
shop held on 5–7November 2019 inMunich, Germany. Anthropo-
genic radiofrequency electromagnetic fields at these frequencies are
commonplace; e.g., originating from transmitters used for terres-
trial radio andTVbroadcasting,mobile communication,wireless in-
ternet networks, and radar technologies. The effects of these radio-
frequency fields on flora, fauna, and ecosystems are not well studied.
For high frequencies exceeding 100 MHz, the only scientifically es-
tablished action mechanism in organisms is the conversion of elec-
tromagnetic into thermal energy. In accordancewith that, no proven
scientific evidence of adverse effects in animals or plants under real-
istic environmental conditions has yet been identified from exposure
to low-level anthropogenic radiofrequency fields in this frequency
range. Because appropriate field studies are scarce, further studies
on plants and animals are recommended.
Health Phys. 124(1):31–38; 2023
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INTRODUCTION

FOR MANY decades, the environment has been exposed to
manmade radiofrequency electromagnetic fields (RF-EMFs)
at frequencies exceeding 100 MHz, which mainly originate
from VHF and UHF radio and TV-towers, military and civil
radiocommunication services, and radar devices. In many
countries, the implementation and expansion of mobile com-
munication infrastructure, including the introduction of
the new 5G mobile wireless communication technology,
and the increase of digitally transmitting devices as well
as radar-sensing technologies into almost all areas of ev-
eryday life has led and is still leading to changing expo-
sure conditions of the environment to RF-EMFs.

Based on recognized scientific evidence, the guidelines
of the International Commission on Non-Ionizing Radiation
Protection (ICNIRP 2020) set out to protect against scientif-
ically substantiated adverse health effects of RF-EMFs.
However, these guidelines are established for the protection
of humans. While it is generally assumed that animals, plants,
and ecosystems are protected if humans are protected
(ICNIRP 2000), different actual exposure conditions and in-
teraction mechanisms could give rise to specific effects on
flora and fauna. Flying animals may, for example, approach
the close vicinity of transmitters, resulting in exposures at
intensity levels exceeding the accepted limits. Furthermore,
due to resonance effects and smaller body dimensions, the
power absorption efficiency in the GHz range is higher
for small animals like insects compared to humans.

In view of the above intricacies, the scientific knowl-
edge of the effects of RF-EMFs on the environment, flora,
and fauna is limited. The last comprehensive summary
was provided by ICNIRP over 20 y ago (ICNIRP 2000).
In order to summarize the current state of knowledge and
to identify research needs, the German Federal Office for
Radiation Protection (BfS) organized the international work-
shop “Environmental effects of electric, magnetic and electro-
magnetic fields: flora and fauna” in Munich, 5 – 7 November
2019. This report deals with the current knowledge of
bioeffects of RF-EMFs with frequencies above 100 MHz,
as presented during this meeting. This cutoff frequency has
been chosen becauseweak RF-EMFswith frequencies below
100 MHz are known to potentially interfere with the
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perception of the geomagnetic field by the Radical Pair
Mechanism (but not by other pathways, e.g., magnetite or in-
duction). This mechanism and related effects are discussed in
an accompanying contribution ( Pophof et al. 2022) focusing
on static fields and electromagnetic fields with frequencies
below 100 MHz. Here, we concentrate on results presented
at the workshop, documented by publications of the speakers
(see acknowledgements) and references in their presentations
and abstracts. The titles and abstracts of all presentations are
accessible online (BfS 2020). Additionally, peer-reviewed
publications co-authored by the presenters and/or directly re-
lated to the topics presented at the workshop, published be-
tween the workshop (November 2019) and the end of 2021,
were considered. The literature search was based on the data-
base EMF-Portal, which systematically summarizes scientific
research data on the effects of EMFs and covers most of the
relevant databases (e.g., Medline/Pubmed and IEEE Explore).

Key questions to be answered at the workshop were:

• What are the effects of RF-EMFs on animals, plants, and
ecosystems?

• Are there any adverse effects of anthropogenic RF-EMFs
on animals, plants, and ecosystems?

• What are the most significant research gaps?
• How can such gaps in the research be closed?

RESULTS

Anthropogenic RF-EMFs
High-power radiofrequency transmitters are used for

providing terrestrial radio and TV broadcast services. Only
a small number of transmitters are necessary to cover large
areas. In contrast, public mobile communications require a
dense network of fixed transmitters with significantly
smaller transmitting power at each site. Both types of trans-
mitters emit RF-EMFs into the surrounding environment,
which are commonly characterized in terms of their power
density and/or electric field strengths.

Detailed knowledge about EMF exposure is necessary to
assess possible RF-EMF-related effects on animals and plants.
Physical phenomena, such as absorption, reflection, and dif-
fraction, influence the propagation of RF-EMFs. Therefore,
the field distribution nearby an antenna does not only depend
on the complex antenna characteristics but also on the sur-
rounding topography and the presence of objects. Hence, both,
RF-source and RF-propagation path features can introduce
significant temporal and spatial field heterogeneity, which ne-
cessitates precisemeasurement or modeling to correctly assess
field distributions and properties. The distance to the source
alone is a poor proxy for exposure; measurements and calcu-
lations are a prerequisite for a valid exposure assessment.

In most cases, a biological response will not be directly
elicited by the ambient RF-EMF outside of the body (body/
tissue external exposure metric) but by the RF-EMF coupled
www.health-phy
to or induced in the exposed object (body/tissue-internal ex-
posure metrics). Depending on the (putative) biophysical
mechanism, either the absorbed RF power (or energy) per
unit mass or the body/tissue-internal electric or magnetic
field is of interest for assessing the effect of RF-EMF expo-
sure on a biological system.

In contrast to frequencies below 100MHz, where there
is strong evidence that induced electric fields and tissue in-
ternal magnetic fields can also give rise to specific biologi-
cal effects (as discussed at the workshop; BfS 2020, Pophof
et al. 2022), at higher frequencies, only a power (or energy)-
dependent biophysical mechanism, namely conversion into
thermal energy, is substantiated by current scientific evidence.

Thewidely accepted exposure metric for this biological
mechanism is the specific absorption rate (SAR) expressed
in W kg−1. The magnitude and distribution of the SAR
strongly depend on the frequency, polarization, field strength,
and field distribution of the external RF-EMFaswell as on the
electric properties (conductivity and permittivity) and structure
of the exposed object. Complex numerical simulations using
anatomically resolved specimen models, as well as far-field
or near-field EMF source models appropriate for the inves-
tigated exposure situation, are required for a valid exposure
assessment.

Compared to international guidelines, typical ambient
RF-EMF levels are quite low at places where humans are
typically present, but some animals may easily approach
the exclusion zones surrounding the transmitters.

The current and earlier mobile telecommunication net-
works mainly operate at frequencies between 100 MHz and
6 GHz. However, due to increased numbers of users and de-
mand for bandwidth, it is expected that future networks will
also use carrier frequencies up to 300 GHz (Colombi et al.
2015). Due to the resonance phenomenon, at higher frequen-
cies and smaller wavelengths, the energy absorption in small
animals, e.g., insects, will increase disproportionately.

Specifically, the absorption of RF-EMFs by insects was
recently studied using numerical simulations (Thielens et al.
2018) based on the finite-difference time-domain (FDTD) al-
gorithm. The approach relied on measurements of dielectric
parameters and the development of accurate 3D models with
high spatial resolution; i.e., small model features relative to
the studied wavelengths. X-ray microtomography was used
to obtainmodels for a set of insect simulations (Thielens et al.
2018) with sufficient spatial resolution for FDTD in the fre-
quency range of interest.

The far-field exposure to RF-EMFs in the 0.6 to 120 GHz
frequency band was investigated using these models and
corresponding dielectric parameters obtained from a literature
survey. The absorbed power in insects depended on insect size,
morphology, and EMF frequency. In the 0.6-6 GHz frequency
range, RF-EMF absorption efficiency increased with fre-
quency for all studied insect species. Normalized to an
sics.com
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33Biological effects of RF-EMFs above 100 MHz c B. POPHOF ET AL.
incident field strength of 1 V m−1, the RF-EMF absorption
was either constant or increased slightly with frequency in
the 6–120 GHz range (Thielens et al. 2018).

In honeybees, a relatively small shift of 10% of the en-
vironmental incident power density from frequencies below
3 GHz to higher frequencies led to a relative increase in ab-
sorbed power by a factor larger than three. Such a shift in fre-
quencies is expected in future networks, which implies that
exposure to RF-EMFs will significantly increase for insects
in future telecommunication networks (Thielens et al. 2020).

The energy absorption due to far-field RF exposure in
the yellow fever mosquito Aedes aegypti was examined be-
tween 2 and 240 GHz. For a given incident power, the ab-
sorption increased with increasing frequency between 2 and
90 GHz with a peak between 90 and 240 GHz. The authors
conclude that higher absorption of RF power by future tech-
nologies can result in dielectric heating and potentially influ-
ence the biology of this mosquito (De Borre et al. 2021).

Biological effects
Most studies on possible long-term effects of RF-EMFex-

posure have been performed in laboratories on well-established
animal models, without consideration of thewildlife and eco-
systems. A review (Cucurachi et al. 2013) focused on ecolo-
gically relevant endpoints, like growth, development, and
fertility in five groups of organisms (birds, insects, other
vertebrates, other organisms, and plants). In the majority
of the identified studies, possible ecologically relevant ef-
fects were observed. However, the lack of a dose-response
relationship and standardization and the low number of
field studies presently limit the possibility to draw conclu-
sions on the ecosystem level.

Thermal effects. Tissue heating as a result of the ab-
sorption of RF-EMF electromagnetic energy is a well
proven effect and the basis for exposure limit recommenda-
tions (ICNIRP 2020b). Absorption of RF-EMFs above cer-
tain levels may lead to elevation of body temperature in ex-
posed animals, as demonstrated in primates (de Lorge et al.
1984; D'Andrea et al. 2003a and b) and laboratory rodents.
At low ambient temperatures, the absorbed power may help
to save energy otherwise invested in heat production, and
the actual metabolic rate of the animal is reduced (Gordon
1987). At higher ambient temperatures, within and above
the thermoneutral zone, the animals cannot compensate by
reducing their basal energy turnover any more, resulting in
exposure-induced body temperature increase and conse-
quently heat stress. To maintain thermal homeostasis, the
thermoregulatory system uses multiple autonomic and be-
havioral strategies to either reduce heat production or in-
crease heat loss (e.g., via peripheral vasodilation and sweat-
ing) when exposed to high temperatures (Gordon 2017).

Behavioral thermoregulatory responses, such as seeking
a cooler environment, are indeed the most frequently used
www.health-phy
thermo-effectors to minimize thermal stress. Like humans,
mice and rats are able tomaintain a relatively stable core tem-
perature over a wide range of ambient temperatures. While
humans are better adapted to establish a stable core temper-
ature during heat stress (e.g., by sweating and a more effi-
cient regulation of blood flow), small rodents are less sensi-
tive to high levels of RF-EMFexposure, as their larger surface
area per body mass allows for a more rapid dissipation of
heat by convection, conduction, and radiation (Gordon
and Ferguson 1984; Gordon 2017). Consequently, one finds
an allometric (i.e., not isometric) relationship between the
efficacy of RF-EMFs to induce hyperthermia and the spe-
cific absorption rate (SAR), which is inversely proportional
to body size and weight. As an example, in a mouse (m =
30 g), significant body temperature increases are detected
at SARs of 10–30W kg−1, while similar responses in rhesus
monkeys (m = 4 kg) are already observed at SARs below
1 W kg−1 (Gordon and Ferguson 1984).

This strong dependency of threshold SAR on body
mass might have contributed to the results of a large study
on chronic cell phone RF-EMF exposure on mice and rats,
which was published by the National Toxicology Program
(NTP 2018a and b). The NTP concluded that under their
experimental conditions (all exposure levels were above
recommended limits for whole body exposure), there was
clear evidence of a carcinogenic activity of GSM and
CDMA-modulated RF-EMFs in male rats. This conclusion,
which has been challenged by other EMF-scientists and or-
ganizations (ICNIRP 2020a; US FDA 2020), was based on
a correlation between RF-EMF exposure strength and inci-
dences of malignant schwannoma in the heart of male rats.
In contrast to male rats, NTP rated the quality of evidence as
“equivocal” for female rats and male and female mice, be-
cause it was unclear whether cancers were associated with
exposure in these animals with lower body mass.

Extrapolating from preceding pilot studies on up to
9 mo-old male rats (Wyde et al. 2018) and accounting for
the fact that the exposure was switched off twice during
the day for technical reasons, there is evidence that the ex-
posure pattern-induced temperature fluctuations in adult
male rats exceeded the normal physiological range (Kuhne
et al. 2020). This suggests that chronic thermoregulatory
stress might have caused a chronic excessive load on the
heart in the aging male rats, as both hyper- and hypothermia
can significantly affect heart rate and blood pressure in rats
(Lin et al. 1994). If so, this could explain the finding of a
significantly elevated incidence of cardiomyopathy in ex-
posed male rats and may also have contributed to the in-
creased incidence of malignant schwannoma in the heart
(Kuhne et al. 2020).

Surprisingly, exposed male rats lived longer due to an
exposure-related reduced severity of chronic progressive ne-
phropathy and its corresponding side effects. As the animals
sics.com
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were held in a cool laboratory, the potential mechanism of
substituting metabolism by RF-EMF absorption might have
led to a reduced food intake, which could explain the observed
reduced severity of the chronic progressive nephropathies.
It was shown in the past that restriction of caloric intake is
an efficient measure to prevent the disease (Hard and Khan
2004; Deerberg et al. 1990). However, high exposures are
necessary to absorb a specific power that is comparable to
the metabolic rate of animals (a prerequisite for both a drastic
impact of thermal energy on metabolism and/or whole-body
temperature elevations), which animals do not typically ex-
perience outside of the laboratory.

Invertebrates. There are only a few relevant field stud-
ies focusing on insects. One carefully designed field expe-
rimental study (Vijver et al. 2014) on the impact of the ex-
posure to GSM base station signals (900 MHz) was per-
formed on different endpoints of the reproductive capacity.
Four insect species (the predatory bug Orius laevigatus,
the springtail Folsomia candida, the parasitic wasp Asobara
japonica, and the fruit fly Drosophila melanogaster) were
exposed or sham-exposed (shielded by a Faraday cage) for
48 h at a distance of 16 m to 151 m from a GSM
900 MHz base station. The measured power density for the
exposed groups varied from 0.1 to 4.3 mW m−2 and did
not correlate significantly with distance, but the changes over
time were similar between locations. The reproductive ca-
pacity of the exposed insect species was monitored for three
weeks after initial exposure in the laboratory and was found
to be unaffected by the short-term RF-EMF exposure.

The vast majority of flowering plants, including many
important crops, rely on pollination by animals. For this rea-
son, it is important to assess whether anthropogenic EMFs
represent an additional and growing threat to pollinators.
The EUEKLIPSE project (www.eklipse-mechanism.eu) or-
ganized a foresight activity identifying the state of scientific
research and gaps in knowledge concerning the emerging is-
sue of anthropogenic EMF impact on wildlife. The evidence
assessment protocols of the Intergovernmental Platform on
Biodiversity and Ecosystem Services (IPBES, www.ipbes.net)
were used to assess the level of risk to pollinators from an-
thropogenic EMFs and to highlight uncertainties and knowl-
edge gaps. A literature study was performed to gather a rep-
resentative but not exhaustive set of relevant peer-reviewed
papers published from 2000 onward, coincident with the on-
set of the proliferation of mobile technologies. Studies were
scored according to their scientific and technical quality,
and key messages were extracted. The EKLIPSE report doc-
umented the sparseness of high-quality scientific literature
and the scarcity of data regarding anthropogenic EMF im-
pacts on wildlife (Malkemper et al. 2018).

Overall, the lack of high-quality scientific studies means
that knowledge of the risk to pollinators from anthropogenic
www.health-phy
EMF is either inconclusive, unresolved, or established only
partially (Vanbergen et al. 2019). Few experimental studies
concerning the effects of RF-EMFs on honeybees were per-
formed (Kimmel et al. 2007; Favre 2011; Odemer and
Odemer 2019), but these studies lack proper dosimetry,
controls, and exposure assessments. Exposure by commer-
cial DECT or mobile phones is far from realistic and does
not provide evidence that anthropogenic RF-EMFs affect
insect behavior in ecosystems under natural conditions. It
is worth mentioning that radar at 900 MHz has been used
for many years in research for tracking flight pathways of
bees, and even long-term radar exposure did not appear to
induce adverse effects (Woodgate et al. 2016).

A well-designed field study on potential effects of mo-
bile telecommunication base stations on wild pollinator com-
munities was carried out on twoAegean islands (Lazaro et al.
2016). The field strengths of RF-EMFs were measured at
four distances between 50 and 400m in the vicinity of 10 base
stations located in comparable, homogeneously flower-rich
landscapes. The frequency of the RF-EMFs ranged from
800 MHz to 2.6 GHz. The electric field strengths did not
differ significantly between the islands or with distance to
the base station and ranged from 0.01 V m−1 to 0.63 V m−1.
The abundance of key wild pollinator groups (wild bees,
hoverflies, bee flies, remaining flies, beetles, butterflies,
and wasps) was recorded at all measurement points using
traps. Additionally, the species richness of wild bees and
hoverflies was estimated. On both islands, beetle, wasp,
and hoverfly abundance decreased with increasing field
strengths, whereas the abundance of underground-nesting
wild bees and bee flies increased. The species richness of
hoverflies tended to decrease with field strength solely on
one island. The species richness of wild bees was not signif-
icantly related to RF-EMFs. The correlative approach of the
study does not allow controlling for other confounding var-
iables that could have affected the abundance. If causal, the
negative impact on the abundance of some species and the
altered species composition of wild pollinator communities
in natural habitats might be of ecological relevance.

Scientific evidence that anthropogenic RF-EMFs might
impact the abundance or diversity of pollinators is limited to
the single study described above (Lazaro et al. 2016). Conse-
quently, whether anthropogenic RF-EMFs pose a signifi-
cant threat to insect pollinators and the benefits they pro-
vide to ecosystems and humanity remains to be established
(Vanbergen et al. 2019); given the overall decline of insect
diversity and abundance, hence further investigations are
urgently needed.

Vertebrates. There are fewobservational studies on the
effects on RF-EMFs of mobile communications on bird
populations. From 26 ecologically relevant studies on birds,
70% found an effect (Cucurachi et al. 2013). Only five
sics.com
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studies were performed in the field. The focus of the labora-
tory studies was on the development of chicken embryos;
the most frequent endpoints were growth, development,
and fertility. Overall, while the results were heterogeneous,
the authors of the review study concluded that mobile phone
radiation, in particular 900 MHz GSM, could be a factor
effecting bird ecology (Cucurachi et al. 2013).

In a field study, the abundance of house sparrows
(Passer domesticus) was estimated in the city of Valladolid,
Spain, from 2002 to 2006 (Balmori and Hallberg 2007).
Sparrow abundance correlated negatively with field strength
(1MHz - 3 GHz range, maximal field strength 4 Vm−1), i.e.,
more sparrows were observed at locations with lower field
strength. A similar correlation was found between sparrow
densities and electric field strengths at 900/1,800 MHz in
Belgium (Everaert and Bauwens 2007). These findings report
correlations that do not necessarily imply a causal relationship
between mobile phone radiation and bird abundance because
covarying factors cannot be excluded. These findings cannot
be explained by the disruption of magnetoreception of birds
by weak broadband radiofrequency magnetic fields, as this ef-
fect is prominent in the low MHz region (Engels et al. 2014)
but not expected at the frequencies typical for mobile commu-
nication. Specifically, frequencies above 100 MHz do not in-
terferewith the radical-pair mechanism likely underlyingmag-
netic orientation of nightmigratory birds (Hiscock et al. 2017).

Two studies tested the effect of radar signals in the
1–4 GHz range on bats and found a significant reduction
in their activity at field strengths above 2 V m−1. The bats
appeared to avoid areas with RF-EMFs in the GHz range.
The avoidance did not correlate with insect abundance
(Nicholls and Racey 2007, 2009). There is no known inter-
action with the magnetic sense at this frequency; instead it is
hypothesized that the animals hear (microwave hearing; Lin
andWang 2007) or thermally perceive the radar pulses close
to the transmitter.

Public reports and case studies have reported adverse
effects on farm animals, but controlled scientific investiga-
tions are scarce. In one study (Hässig et al. 2012), a 10 times
higher risk for calves to be born with strong nuclear cata-
racts in the eye was observed after a mobile phone base sta-
tion had been erected in the vicinity of a farm. Common
causes, such as infection or poisoning, could be excluded.
However, the coincidence in time is not sufficient proof of
a causal relationship. Other reasons, e.g., a genetic predispo-
sition, were discussed, but the exact cause of the increased
incidence of cataracts remained unknown.

The prevalence and etiology of nuclear cataract in veal
calves was assessed in another investigation (Hässig et al.
2009) using a histological approach to study the lens, along
with measurements of glutathione peroxidase, catalase, and
superoxide dismutase activity as indicators of oxidative stress
in the aqueous humor of each eye. Nuclear cataracts of vari-
www.health-phy
able severity were found in 32% of the calves. This is still
within the normal prevalence in Switzerland, which is rela-
tively high. However, the prevalence of nuclear cataract and
the parameters of oxidative stress were significantly increased
at locations with higher field strength in comparison to lo-
cations with lower field strength. The role of confounders
and other environmental agents was not assessed. A more
controlled, although not blinded, study was performed on
dairy cows (Hässig et al. 2014). Here, the activities of gluta-
thione peroxidase, catalase, and superoxide dismutase were
measured in blood samples taken before and after a 14-d ex-
posure to 900 MHz electric fields (range 3.4-29 V m−1).
The results showedmixed effects on the activity of the three
investigated enzymes and marked inter-individual differ-
ences. Overall, no clear picture emerged with respect to
possible mobile telecommunication radiation-dependent ef-
fects on oxidative stress levels in farm animals.

The few field studies on vertebrates show some corre-
lations between RF-EMFs and adverse biological effects,
but due to possible confounders, a causal relationship can-
not be established. Possible ecological effects should be
followed up, especially in flying animals capable of closely
approaching transmitters.

Plants. An older field study (Schmutz et al. 1996) in-
vestigated the effect of RF-EMFs (2,450 MHz, 0.007–
300Wm−2) on young spruce and beech trees, documenting
a temperature increase of up to about 4 °C at highest expo-
sure. Therewere no observable visual symptoms of damage,
e.g., reduced crown transparency. The floral concentrations
of some nutrients were reduced but remained within the suf-
ficiency range.

Over the past 15 y, several laboratory studies (Vian
et al. 2006; Roux et al. 2008) were performed to character-
ize plant responses to RF-EMFs at 900 MHz. The aim was
to establish a formal and unequivocal link between the ex-
posure and changes in plant metabolism. To avoid contribu-
tion of external parameters to the experiment, a short time
exposure (10 min) in a mode stirred reverberation chamber
was used. This approach allowed generating an, on average,
spatio-temporally homogeneous and isotropic high frequency
electromagnetic field. Immediate responses of tomatoes, i.e.,
gene expression and ATP synthesis, were investigated. Ex-
posure to a low amplitude (5 V m−1) RF-EMF (900 MHz)
caused a rapid increase in the accumulation of several
mRNAs, such as calmodulin and other stress-related genes.
These accumulations appeared within 15 min, sustained for
an hour, and did not show up in the control, non-exposed
plants (Vian et al. 2006). The same experimental protocol
caused a rapid drop in adenylate energy charge. Treatments
with calcium counteracting drugs prevented the molecular
responses (Roux et al. 2008). The response was systemic,
i.e., it occurred in the whole plant if only part of it was
sics.com
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exposed to RF-EMF. The phytohormone abscisic acid was
crucial for the distant response in non-exposed tissues
(Beaubois et al. 2007). All these effects represented reactions
of the plants to an environmental influence but not an injury.
There were no changes in the morphology and growth of to-
matoes.

To follow plant development for the duration of several
weeks, rose plants were used instead of tomatoes. Plant or-
gans exposed to RF-EMF (5 V m−1, 900 MHz) were unaf-
fected in their development. In contrast, the meristems that
were exposed led to the production of shorter axes, demon-
strating a delayed response (Gremiaux et al. 2016).

RF-EMFs at frequencies of 3.350 MHz, 8.800 MHz,
and 900 MHz caused reduced root growth in the common
onion (Allium cepa), whichwas accompanied by chromosomal
aberrations and genotoxic effects that increased with exposure
duration (1–4 h) (Chandel et al. 2019; Kumar et al. 2020).

Long-term exposure (120 d) of the common bean
(Phaseolus vulgaris) at 915MHz resulted in a considerable
increase of plant height, root length, and dry mass, accompa-
nied bymorphological modifications of plant tissue (Surducan
et al. 2020).

Kundu et al. (2021a) indicated changes in rice seed ger-
mination and gene expression of stress-related genes as well
as phytochrome B and C in 12- and 32-d-old seedlings after
periodic exposure (1837.5 MHz, 2.75 mW m−2). A single
2.5-h exposure of 12-d-old seedlings also caused changes
in gene expression (Kundu et al. 2021a). Upregulation of
stress-related genes, e.g., calmodulin and phytochrome B,
was also observed after a single exposure of 40-d-old rice
plants (Kundu et al. 2021b).

The current scientific knowledge concerning effects of
weak RF-EMFs on plant development and the underlying
physiological, biochemical, and molecular mechanisms is
summarized in Kaur et al. (2021).

Environmental exposures to RF-EMFs have increased
in the last two decades, and this trend may continue. The ef-
fects of this exposure at plant community level are unknown
and difficult to assess in a scientifically appropriate manner.
An observational study (Waldmann-Selsam et al. 2016) de-
scribed damage of tree canopy on the side facing mobile
phone base stations. However, due to the selective approach
(i.e., not all trees were selected randomly), no scientific con-
clusion can be drawn on the basis of these observations alone.

Czerwinski et al. (2020) proposed recently new indicators
and methods (e.g., altered species composition, altered bio-
mass production, and changed plant canopy structure) to study
the effects of EMF exposures on plant communities through a
comparison between control and exposed pre-defined areas,
for which the plant community, the climatic conditions, and
the levels of exposure to EMF are well known.

Laboratory experiments at field strengths of several
Vm−1 showed responses of plants to RF-EMF, which are
www.health-phy
comparable to a mild stress but not injurious to the plant.
Well-controlled field studies are still lacking. The question
is to decipher if the effects observed in the laboratory would
still be visible under field conditions where the influence of
other environmental factors, including light, temperature
extremes, and pollution, may predominate.
CONCLUSION AND
RESEARCH RECOMMENDATIONS

The results presented at the workshop did not show any
sound scientific evidence of adverse effects of low-level an-
thropogenic RF-EMFs at frequencies exceeding 100 MHz
on animals or plants under realistic environmental condi-
tions. Extrapolations from laboratory animal studies, often
performed at higher exposure levels, do not allow conclu-
sions on ecological effects of RF-EMFs at low levels. Field
studies of an appropriate quality are scarce in both animals
and plants and so far do not show clear evidence supporting
adverse effects of RF-EMFs. Some correlations between
RF-EMFs and adverse biological effects were observed, but
bias and confounding factors cannot be excluded. If the ef-
fects of weak RF-EMFs were confirmed independently by
high quality studies, a logical next step would be to seek
the corresponding biophysical mechanism(s).

In contrast to EMFs with frequencies below 100 MHz,
for which there is evidence supporting several potential in-
teraction mechanisms based on both theory and experiment
(as discussed at the workshop; BfS 2020, Pophof et al.
2022), only the conversion of electromagnetic into thermal
energy has been substantiated as a biophysical mechanism
for frequencies exceeding 100 MHz. The efficiency to in-
duce biologically significant temperature effects at a given
SAR in animals is inversely dependent on body size and
mass. For critical body heating, high exposures are required,
which non-flying animals typically do not experience outside
of the laboratory. The lack of a potential biophysical mecha-
nism that could convincingly explain effects of low-level
RF-EMFexposure complicates the design of future laboratory
studies. So far, no clear suggestions for further laboratory re-
search on effects of weak RF-EMFs on wild animals have
emerged. In flying species (insects, birds, bats), which can
approach typical RF-EMF sources closer than can humans,
biological effects should be further investigated in the field.

In plants, the scientific literature (Kaur et al. 2021) and
the results of the workshop imply that plants react to weak
RF-EMFs under laboratory conditions by modifying various
physiological parameters. Although some datasets have been
acquired, it is difficult to establish an accurate picture of the
molecular and developmental events following RF-EMF
exposure. This is attributable to various factors, including
the diversity of exposure sources and experimental designs.
It could therefore prove fruitful to focus research on a few
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model species (e.g., tomato, Arabidopsis, alfalfa) for which
the genomes have been sequenced and well-established ex-
perimental methods are available. This should be addressed
by two different strategies, mainly at the molecular and
biochemical scales (with focus on possible mechanisms)
and at the whole plant scale. In a next step, the results
of laboratory experiments should be verified by field
studies to investigate whether or not effects, if any, extend
to plant populations.
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