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In the last 60 years, there has been a steady increase in ambient exposures from 
nonionizing electromagnetic fields (EMF) between 0 and 300 GHz, primarily in 
the radiofrequency (RF) ranges between 30 kHz and 3 GHz. Each technology 
has introduced a layer of exposures with different transmission characteristics 
into the environment, creating what is today a broad scope of complex chronic, 
low-intensity, ambient exposures known to be biologically active in human and 
nonhuman species alike. The next generation of broadband technology employs 
a wide span of simultaneous frequency exposures for pervasive civilian use with 
signaling characteristics heretofore never deployed. Fifth and sixth generation (5G, 6G) 
networks utilize significantly higher areas of the electromagnetic spectrum >3.5 GHz 
unlike previous wireless technologies. The scale at which this EMF deployment 
unfolded has now reached documented proportions that simply do not exist in 
nature, creating 24/7 exposures to a novel energetic form of air pollution. While 
there are extensive local variations in exposure intensities, e.g., rural versus urban 
environments with proximity to transmission sources being the controlling variable, 
the advent of significantly increased satellites in low earth orbits, disseminating 
radiofrequency EMF (RF-EMF) toward Earth in broad radiation patterns, has now all 
but erased such demographic distinctions. Nowhere on Earth today is completely 
RF-EMF free. Nonhuman species are highly sensitive to the Earth’s geomagnetic fields 
which are used for orientation, migration, mating, food finding, territorial defense, 
and all of life’s activities. Compared to human abilities, myriad species have evolved 
an exceptionally sensitive physical array of electro/magneto-receptors with which 
to perceive environmental EMF often at, or very near, natural geomagnetic fields. 
Today’s exposures are capable, even at very low intensities, of disrupting critical 
fauna/flora functions. Any existing exposure standards are strictly for humans. 
Discussed are nonhuman unique physiologies and potential resonant matches 
at ambient levels today. Policy recommendations for wildlife protection includes 
discussion of “airspace as habitat,” adherence to existing laws, and mitigation that 
could include frequency re-allocation, redesign of hardware and network engineering, 
and societies moving away from certain competitive economic models, as well as 
EMF-free zones during migration and breeding seasons where possible.

KEYWORDS

electromagnetic fields, radiofrequency radiation, wildlife, nonhuman species, 
low-intensity effects, airspace-as-habitat, aeroecology, National Environmental Policy 
Act

OPEN ACCESS

EDITED BY

Dariusz Leszczynski,  
University of Helsinki, Finland

REVIEWED BY

Frank Barnes,  
University of Colorado Boulder, United States
Victor Alan Leach,  
Oceania Radiofrequency Scientific Advisory 
Association, Australia

*CORRESPONDENCE

B. Blake Levitt  
 blakelevitt2@gmail.com;  
 blakelevit@cs.com

RECEIVED 27 August 2025
ACCEPTED 20 October 2025
PUBLISHED 19 November 2025
CORRECTED 12 February 2026

CITATION

Levitt BB, Lai HC, Manville AM II and 
Scarato T (2025) Flora and fauna: how 
nonhuman species interact with natural and 
man-made EMF at ecosystem levels and 
public policy recommendations.
Front. Public Health 13:1693873.
doi: 10.3389/fpubh.2025.1693873

COPYRIGHT

© 2025 Levitt, Lai, Manville and Scarato. This 
is an open-access article distributed under 
the terms of the Creative Commons 
Attribution License (CC BY). The use, 
distribution or reproduction in other forums is 
permitted, provided the original author(s) and 
the copyright owner(s) are credited and that 
the original publication in this journal is cited, 
in accordance with accepted academic 
practice. No use, distribution or reproduction 
is permitted which does not comply with 
these terms.

TYPE  Review
PUBLISHED  19 November 2025
DOI  10.3389/fpubh.2025.1693873

https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpubh.2025.1693873&domain=pdf&date_stamp=2025-11-19
https://www.frontiersin.org/articles/10.3389/fpubh.2025.1693873/full
https://www.frontiersin.org/articles/10.3389/fpubh.2025.1693873/full
https://www.frontiersin.org/articles/10.3389/fpubh.2025.1693873/full
https://www.frontiersin.org/articles/10.3389/fpubh.2025.1693873/full
https://www.frontiersin.org/articles/10.3389/fpubh.2025.1693873/full
mailto:blakelevitt2@gmail.com
mailto:blakelevit@cs.com
https://doi.org/10.3389/fpubh.2025.1693873
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/public-health#editorial-board
https://www.frontiersin.org/journals/public-health#editorial-board
https://doi.org/10.3389/fpubh.2025.1693873


Levitt et al.� 10.3389/fpubh.2025.1693873

Frontiers in Public Health 02 frontiersin.org

Part 1. Introduction: historical 
background

The extraordinary perceptual abilities of some nonhuman 
species—e.g., avian, insect, and cetacean abilities to migrate thousands 
of miles; mammalian and reptile species’ ability to predict coming 
storms and earthquakes days/weeks in advance; and nocturnal species’ 
keen vision and resourceful predation abilities among many others—
have long fascinated humans and researchers alike. Early humans 
attributed these abilities to mystical powers. We now know much 
more about highly sensitive electromagnetic perception mechanisms 
(1) controlling these abilities in both fauna and flora and to many it is 
no less wondrous. It also, however, makes many species highly 
vulnerable to the predilections of the singular dominant species that 
mostly lacks such abilities—humans (The human eye is the only 
recognized organ evolved to perceive the electromagnetic spectrum, 
e.g., visible light).

Harold Saxon Burr, MD (1889–1973), who taught anatomy and 
neuro-anatomy at The Yale School of Medicine for 43 years, was the 
first scientist to conduct precise long-term field studies of natural 
electromagnetic field (EMF) effects on flora and fauna. Burr focused 
on establishing the first unified electrodynamic field theory of life, 
using hydra, frog, and salamander models because of their 
morphogenic properties (2, 3). Much was learned due to Burr’s 
painstaking pioneering work about amphibian electrophysiology and 
cellular microcurrent in wound healing (4, 5), including the 
electrophysiological properties of cell differentiation, and eventually 
dedifferentiation pertinent to all contemporary stem cell research. 
Today Burr’s work has implications regarding endogenous 
microcurrent and limb regeneration in humans, as well as 
dedifferentiation/stem cell/morphogenesis for cancer treatment and 
other healing modalities (6).

Burr also took exacting interest in the electric potential of trees, 
measuring how they changed in relationship to atmospheric 
alterations. He measured the electric potential in two tree species 
(maple [Acer spp.] and elm [Ulmus spp.]) located on one property, 
and another maple tree for comparison 40 miles (64.4 km) away. 
Numerous measurements via embedded electrodes recorded hourly 
readings from 1953 to 1961. Simultaneous records of temperature, 
humidity, barometric pressure, sunlight, moon cycles, sunspot 
activity, weather conditions, atmospheric-potential gradients, earth-
potential gradients, and cosmic rays were correlated with tree 
electric potentials. It was found that the electrical environment 
correlated most closely with tree potentials while meteorological 
factors like light, temperature and atmospheric pressure did not in 
an immediate relationship (7). Burr also installed equipment that 
measured the potential between electrodes in the earth (about 
10 miles/16.1 km apart) and the potential gradient of the air, finding 
that the air and earth potentials fluctuated exactly with the phase of 
the tree potentials.

Burr found that trees completely changed polarity when 
thunderstorms were approaching; the natural electrical environment 
correlated closely with tree potentials in a kind of entrainment to 
diurnal, lunar and annual cycles; and passing thunderstorms elicited 
anomalous behavior in the trees in direct parallel to measurements 
with the earth electrodes.

There are no other long-term field studies as detailed as Burr’s of 
atmospheric EMF effects on plant species. His early research set the 
framework regarding how plants sense natural EMF and take 
immediate information from it. It is only recently that a research team 
in Italy (8) took up the mantle with an interest in spruce tree (Picea 
ables) reactions to solar events to assess their individual and collective 
bioelectrical responses to a solar eclipse. They found trees anticipated 
the eclipse and synchronized their bioelectrical behavior hours in 
advance, with older trees showing greater anticipatory behavior in 
early time-asymmetry and entropy increases. They concluded that a 
collective relationship between trees exists with perception of 
upcoming celestial events; that it is shaped by individual tree age, and 
that there’s a collective history pointing to the significance of 
synchrony in plants with natural phenomena.

As with flora, so with fauna.

Ecosystem perspective and low-intensity 
exposures

Similar synchronicities as noted above with the natural 
environment exist throughout diverse species. All of life evolved 
within the Earth’s natural electromagnetic fields. This paper addresses 
potential adverse anthropogenic effects at ecosystem levels due to 
human technology. We  examine nonionizing bands of the 
electromagnetic spectrum (EMF 0–300 GHz) which include the 
frequencies that fall between visible light below the ultraviolet range 
and the Earth’s natural static fields with a particular focus on the 
radiofrequency (RF) bands between 30 kHz and 300 GHz—the 
primary wireless technologies contributing to rising ambient 
background levels today [see Supplementary material 1 in Reference 
(9)]. Since biological effects of static and ELF-EMF and RF are 
inevitably related, discussion of studies on these fields are 
juxtapositioned throughout this text.

In its natural state, very little radiofrequency radiation (RFR) 
reaches the Earth’s surface. Aside from the Earth’s natural extremely 
low frequency (ELF) direct current (DC) static magnetic fields and the 
Schumann Resonances, lightning and sunlight would primarily 
comprise our ecological exposures to the electromagnetic spectrum.

Of particular concern are the low-intensity anthropogenic 
exposures comparable to environmental exposures today (see 
Supplementary material 1). Animal species move in and out of these 
near-and far-fields constantly. At 100–200 ft. (30.5–61 m) distance 
from cell phone antenna arrays, an animal moving through the area 
can be exposed to a power density (energy moving through space) of 
0.001 mW/cm2 (i.e., 1.0 μW/cm2). Depending on the frequency and 
object exposed, e.g., bird, insect, etc., the Specific Absorption Rate 
(SAR) at such a distance can be 0.001 W/kg (i.e., 1.0 mW/kg). Avian, 
bat, and insect species can often reach very close lateral proximities to 
transmitting infrastructure like small cells and cell tower antennas and 
experience much higher exposures. Depending on radiation patterns, 
absorption rates for small animals at ground level can be significantly 
higher too due to their smaller size. In Supplementary material 1, 
there are 33 starred citations at or significantly lower than SAR of 
0.001 W/kg that include myriad effects capable of translating to effects 
in the wild.
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Unique wildlife sensitivities

All living organisms evolved in a matrix of the Earth’s static 
geomagnetic fields. Biological disturbance occurs at very low 
intensities to unfamiliar fields, sometimes even far below geomagnetic 
fields. Natural cellular biocurrent—minute electric current involved 
with all ‘excitable’ cells, e.g., nerve and muscle cell activities, can also 
be disturbed by exposures to various EMFs.

It has long been known that the Earth’s geomagnetic field is 
needed to coordinate embryonic development in many species, and 
provides directional information for many migratory species, 
including: amphibians, birds, fish, turtles, insects, and even some 
bacteria (See Supplementary material 2 for a sampling of research 
citations per species). Natal homing behavior in some turtle, salmon, 
eel, cetacean, avian and insect species, e.g., Monarch butterflies 
(Danaus plexippus), also rely on natural geomagnetic fields to guide 
them over thousands of miles annually (10–13). Species that migrate 
according to the geomagnetic field are capable not only of detecting 
the field but also the orientation of the field.

Highly sensitive biological mechanisms are widely found in many 
nonhuman species in specialized electro/magneto-receptor cells that 
differ greatly between species according to environment. These enable 
living organisms to detect the presence, and immediate changes in, 
environmental fields at very low intensities. Unfamiliar low-intensity 
anthropogenic fields can disturb perceptions (14).

In aqueous environments with high conductivity and low 
impedance, electric fields as low as 5 nV/cm (similar to that 
produced by the muscles of a shrimp) can be  detected in many 
species. Electroreceptors are the primary mechanisms and minute 
electric currents/fields are used to find mates and food and thought 
to be  a form of communication in many species (15). In 
elasmobranch fish (sharks, rays, and skates), electric fields are 
perceived via highly conductive gel-filled canals near the head called 
Ampullae of Lorenzini, and magnetic fields through receptors in 
their mouths and eyes (16–18). Anthropogenic RF may even play a 
role in increased cetacean strandings in specific areas near coastal 
military radars (19).

In ground-based and aerial environments, electromagnetic 
perception is via a combination of a natural ferrous mineral called 
magnetite that has been found in every species studied (20), and 
through a complex free-radical pair reaction and conversion of 
electrons in a group of protein compounds known as cryptochromes 
(21, 22).

Cryptochromes are found in the retinas of nocturnal migratory 
songbirds showing complex communication with the brain for 
orientation when relying on magnetoreception (23, 24). 
Cryptochromes are also found to be  a critical magnetoreception 
component in fruit flies [Drosophila melanogaster (25, 26)] and are 
also present in the retinas of other animals (27). Research also 
indicates cryptochromes in plants, which may be responsible for the 
effect of EMF on plant growth (28, 29). Cryptochromes are also 
known to be involved with circadian rhythms (30).

Oscillating magnetic fields have been reported to disrupt the 
migratory compass orientation in migratory birds (31–33), which are 
known to use a radical pair mechanism located in the eye that provides 
compass-like directional information, while magnetite in the upper 

beak senses magnetic intensity, thus providing positional information 
(34, 35).

The above are some examples of the information available; for 
more see Supplementary material 2.

What the research shows

Anthropogenic EMFs in all frequencies affect biological systems 
in vastly different ways than natural fields (36). Decades of in vitro 
and in  vivo studies have found effects at very low intensities 
comparable to ecosystem levels today. Researchers have been 
experimenting on animal models for over 100 years and know how 
EMF couples with all animal taxa. Many biological effects have been 
documented at low intensities comparable to what wildlife experience 
within 200–500 ft. (61–152 m) of a cell tower. Reported effects 
include: genetic, growth, and reproductive alterations; increases in 
permeability of the blood brain barrier; stress protein increases; 
behavioral changes; molecular, cellular, and metabolic alterations; 
and increases in cancer risk (see Supplementary material 1).

Major literature reviews exist in all frequencies on low-level EMF 
effects to non-human species (37–46). Most environmentalists and 
regulators are unaware of this body of work.

Ecosystem effects

Between 2021 and 2022, three of the authors (BBL, HCL, 
AMM) published four papers (9, 47–49) that matched for the first 
time the measured rising ambient RF levels in various environments 
to the low-intensity effects literature comparable to far-field 
exposures that wildlife encounters today. They found enough recent 
research on increasing ambient levels, and an overwhelming 
amount of evidence in all five animal kingdoms and taxa studied, 
to warrant concern. Extensive tables of biological effects contained 
in the papers’ Supplements found: 27 studies on measured rising 
background levels; 123 studies on combined fauna/flora effects; and 
59 studies on genetic effects (12 on ELF; 47 on RF). For flora: 16 
studies were found on static magnetic fields; five studies on pulsed 
magnetic fields; eight studies on ELF magnetic fields; and nine 
studies on RF. The flora studies alone pointed to the fact that plant 
growth and physiology—with root systems anchored in the ground 
while tree tops thrive in the air—are affected by exposure to EMF 
in complex synergistic ways and are susceptible to multi-frequency 
exposures throughout their life spans.

Three of the above mentioned papers (9, 47, 48) when combined, 
cited over 1,000 studies and many more have been added to the 
database since the 2021 publications. Ambient RF-EMF low-intensity 
levels are a growing ubiquitous unrecognized environmental cyto-
and- genotoxin: in a 2010 paper on cell tower exposures, two of the 
authors (BBL, HCL) cited 57 low-intensity papers (50); in the 2021 
papers 123 were cited (47); today (October 2025) there are at least 248 
updated studies (see Supplementary material 1). Increases in ambient 
levels between the 1980’s and today directly parallel unprecedented 
species losses, among other factors like climate change and habitat 
destruction (46).

https://doi.org/10.3389/fpubh.2025.1693873
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Levitt et al.� 10.3389/fpubh.2025.1693873

Frontiers in Public Health 04 frontiersin.org

A clear pattern emerged in the flora studies (over 200 were found): 
plants, trees, and seeds respond positively, e.g., increased germination, 
cell growth, and vitality to natural static and ELF-EMF, but react 
adversely to RFR with failure to germinate or thrive, and with 
increased dieback. One explanation is that static and ELF-EMF’s 
positive effects and RFR’s negative effects is based on morphological 
differences in plant cells (versus animal cells) in that plant cell walls 
are active organelles that regulate cell division and growth, as well as 
control cellular communications. Plant cell walls contain significant 
amounts of water. It is thus possible that cell-wall absorption of RF 
causes a microthermal effect that adversely affects plant cell functions, 
including apoptosis, while ELF-EMF is not likely to cause such heating 
effects. [See Supplementary material 4 in reference (47)].

Small cells mounted on utility poles now commonly used for 5G 
bring RF very close to flora. Progressive defoliation has been 
documented in Europe (51) in slow tree dieback after cell towers/
antennas were installed nearby. The same can be expected of small 
cells. This is particularly relevant for urban forestry efforts, parks, and 
tree cover in a warming world. Cell infrastructure is the largest 
contributor to increasing ambient exposures over the last three 
decades (52).

Extrapolations from laboratory research to the wild are difficult to 
make. In the wild, there is more genetic variation and mobility, as well 
as variables that confound precise data assessment. But there is clearly 
a growing body of evidence that finds damage to numerous wildlife 
species near communications infrastructure, especially where 
radiation measurements have been made. Far more field research 
needs to be done as the ambient levels continue to rise with each new 
technology. This is a serious new environmental concern.

5G is different

Novel EMF exposures do not allow living organisms to adjust 
since signaling characteristics change rapidly as new technologies are 
developed. Species cannot adapt or evolve with them.

Compared to natural geomagnetic fields and Schumann 
Resonances, anthropogenic EMFs, since their inception, have infused 
the environment with unusual signaling characteristics, odd 
waveforms, and modulations at intensities not found in nature. But 
5G utilizes for the first time even more novel signaling 
characteristics—i.e., phased arrays with high peak exposures, Massive 
MIMO (multiple-in, multiple out sequencing), and focused beam 
steering that targets devices but passes through everything in its 
path—at higher frequencies >6 GHz that are capable of affecting 
insect populations in particular. Nothing like 5G has ever been used 
in broad civilian applications. And it is being deployed without 
environmental review of any kind.

5G in particular may impact insect populations as its carrier 
frequency, (millimeter waves [mmw]), couples maximally with some 
insects (53). Insects the size of fruit flies reach peak absorption in the 
upper microwave bands. Both thermal and nonthermal effects will 
likely occur.

Insects are inefficient thermoregulators and are especially 
vulnerable to temperature changes. One review of 73 reports found 
extinction rates had greatly accelerated. Insects in particular showed 
dramatic declines that could lead to a 40% extinction rate over the 
next several decades (54).

All radiofrequency transmissions contain ELF components in the 
form of pulsations and other signal characteristics used in modulation 
(55, 56), including broadband 5G. Honey bees are a seminal 
thoroughly modeled insect species for ELF and RF, including analysis 
of ecological effects. In a recent well-designed study, Molina-
Montenegro et al. (57), found adverse effects in honey bees (Apis 
mellifera) exposed to ELF-EMF near high-tension powerline pylons 
in California, U.S. They assessed effects on pollination efficiency using 
both field and laboratory experiments via measured levels of gene and 
protein expression in metabolic pathways involved in stress and 
behavioral responses; and secondarily on honey bee behavior and seed 
production by measuring pollination failure on plant communities 
richness/abundance. They found that ELF-EMF caused a strong stress 
response in bees as demonstrated by enhanced heat-shock proteins 
(Hsp70) and antioxidant gene expression as well as increased 
expression of behavior-related genes. Ecological impacts to California 
poppy plants (Eschscholzia californica) growing near powerlines 
translated to lower floral visits by honey bees which then reduced seed 
production, which, in turn, lowered diversity and plant abundance. 
Adverse ELF effects between bees and plants were a proven closed 
loop. Negative effects were related to distance from the source and 
were observed only when transmission towers were online. They 
concluded that ELF-EMF has impacts on honey bees leading to 
ecological diminishment. There are many studies on honey bees going 
back decades (47, and see Supplementary material 2).

Environmental EMFs may also play a role in colony collapse 
disorder in bees (58), among many other factors.

5G’s potential lethality to insects has recently been studied by 
researchers using computer modeling of honey bees and other 
insects based on frequency alone to determine power absorption 
rates with an eye toward understanding higher frequency effects 
>6 GHz. Thielens et al. (59) used numerical simulations of honey 
bee models to determine absorbed RF power as a function of 
frequency between 0.6 and 120 GHz which includes 5G and 
6G. Computer simulations were then matched for the first time 
with in-situ measurements of environmental RF-EMF exposure 
near beehives in Belgium to estimate realistic exposure and 
absorbed power values in honey bees. They found that a relatively 
small shift of 10% of environmental incident power density from 
frequencies below 3 GHz used in 2–4G networks to the higher 
frequencies for 5G leads to a relative increase in absorbed power 
by a factor higher than 3. Frequency was the determining 
component. Thus, the shift to higher frequencies alone is 
detrimental to insects because their absorption rate is higher and 
thermoregulation abilities are lower.

Toribio et al. (60) investigated honey bee absorption rates in 
near-field exposures at 5G frequency ranges between 6 and 
240 GHz, and also looked to see if the radiation performance of 
antennas remains stable when an insect is nearby. Using 
numerical simulations and micro-CT scanning, they found that 
in near-field exposures, the absorbed power can increase by a 
factor of 53, e.g., higher by a factor of 7 than the reported far-field 
increases noted in the above study. The simulations also found 
antenna radiation efficiency decreased by up to −40% when a bee 
appears in the near-field (the bee is absorbing RF). RF 
transmission gain patterns were also found to depend on the 
separation distance between the bee and the antenna, with a 
stronger higher frequency dependence.
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Jeladze et al. (61) modeled honey bee exposures to RF between 2.5 
and 100 GHz using numerical simulations based on the finite-
difference time-domain (FDTD) technique with the goal of creating 
predictive SAR estimates in honey bee tissues. Whole-body and brain 
tissue-averaged honey bee SAR values were determined for all 
considered frequencies and normalized on 1 mW/cm2 incident plane-
wave power density; SAR values were also averaged over a volume of 
1 milligram of tissue. They found, not surprisingly, that EMF 
absorption in insects depends on E-field polarization, frequency, and 
the insect’s body peculiarities.

In a follow-up study, Jeladze et al. (62) broadened their inquiry 
with several other adult insect models: ladybug (Coccinellidae 
septempunctata), worker honey bee, wasp (Vespidae spp.), and mantis 
(Mantis spp.) at frequencies between 2.5 and 100 GHz. The goal was 
the same: estimate SAR values in tissues to inform predictive potential 
via energy absorption values per insect species. Whole-body and 
tissue-averaged, and using 1 mg SAR values were determined in 
insects for all considered frequencies for 10 different incident plane 
waves. SAR values were normalized to 1 mW/cm2 incident power 
density. Maximal EMF absorption in brain tissues was determined at 
6, 12, and 25 GHz for the most considered insects while ladybug brain 
tissue reached maximal absorption at 60 GHz. This was the first study 
to estimate SARs for multiple insects over a wide range of RF 
frequencies using 3-tissue heterogenous insect 3D models created 
specifically for this research. They validated tissues’ dielectric 
properties and found EMF insect energy absorption highly dependent 
on frequency, polarization, and insect morphology.

The above body of studies alone should trigger a halt to any broad 
deployment of RF technologies in higher frequency ranges >3 GHz 
without significant environmental review and may indicate the need 
to reengineer 5G and newer networks altogether into lower 
frequency ranges.

One glaring problem is that newest exposure regulations for 
humans by The International Commission on Non-ionizing Radiation 
Protection (63) that are widely adopted throughout Europe and 
elsewhere now allow for higher RF exposures in the 5G ranges and are 
expected to top heating thresholds even for humans. U.S. regulations 
created by The Institute of Electrical and Electronics Engineers (64) 
and adopted by the U.S. Federal Communications Commission (65), 
already allow higher exposures in 5G frequencies.

Higher allowances for humans may have widespread catastrophic 
environmental impacts from insect mortality alone, capable of 
punching holes in the entire food web. The human food supply is 
potentially endangered from just this one new technology and the 
above describes just a few insect species. For additional species, see 
Supplementary material 2.

Part 2. Addressing radiation impacts to 
wildlife: policy ramifications

Defining the problem

In the United States, the Federal Communications Commission 
(FCC), which has jurisdiction over RF exposure standards, has 
systematically allowed wireless infrastructure to be excluded from 
environmental review, delegating oversight to industry players while 
disregarding public and scientific input. People are sometimes 

confused by the term “standards” (which indicate enforceability), 
versus “guidelines” (which imply choice and voluntary adherence). 
Guidelines are what the professional panels of scientists at IEEE and 
ICNIRP recommend in their advisory roles to regulatory entities, but 
once guidelines are adopted by regulatory agencies, they become 
enforceable standards. The problem is getting agencies to enact that 
enforcement. The same is true of existing laws that could protect 
wildlife from EMFs if they were applied to environmental EMFs.

The current regulatory framework is insufficient to protect 
humans (66) and even less equipped to address nonhuman species. 
There are no acute or chronic EMF exposure guidelines or standards 
for wildlife in the U.S. by the FCC or IEEE, nor any licensing and/or 
regulatory rules and procedures. The same is true internationally 
regarding the recommended limits by ICNIRP adopted throughout 
Europe, Australia and other countries. There are other U.S. agencies 
besides the FCC with enforcement powers to address this, e.g., the 
U.S. Environmental Protection Agency (EPA) and the U.S. Fish and 
Wildlife Service (USFWS), but the EPA has been completely defunded 
for nonionizing radiation research, even as they maintain oversight 
for all environmental radiation effects, and the USFWS has no 
in-house expertise to investigate it.

Any suppositions that standards written for humans are sufficient 
to protect wildlife too completely miss the point of nonhuman species’ 
unique physiologies and extreme sensitivities far beyond that 
of humans.

Despite a growing call for action to address nonionizing radiation 
impacts, efforts to strengthen protections have been stalled by a 
politically and financially influential industry, coupled with a lack of 
political will and regulatory capture of U.S. Federal agencies (67)—all 
worsened by recent cuts to federal funding, staffing, and research 
capacity. A critical barrier to environmental protection lies in the fact 
that federal agencies have not formally recognized or evaluated the 
ecological effects of nonionizing radiation.

Airspace as habitat

One of the first steps toward effective integration of EMF 
ecological effects into the larger regulatory picture is to understand 
that airspace is “habitat” for many species, like water and ground is for 
species we already protect against various pollutants and interferants. 
Many wildlife species, especially birds, bats, and insects, depend on 
airspace for migration, mating, foraging, nesting/roosting, and 
territorial defense. It is time to recognize nonionizing EMF as a 
biologically active form of air pollution (acknowledging it is also a 
form of ground and water pollution too), and develop rules at the 
pertinent regulatory agencies to designate ‘airspace as habitat’ so EMF 
can be regulated like other pollutants. Defining airspace as habitat 
would provide a legal foundation to assess cumulative EMF impacts 
as well as mitigate exposures. With that definition established, the 
framework within which anthropogenic EMF acts as a biological agent 
in the biosphere would then be clarified.

It must be pointed out that EMFs do not always act according to 
standard toxicology models. EMFs are on a continuum of 
physiological “process” effects, not unlike endocrine disruptors, 
rather than chemical toxin effects. EMFs are capable of both directly 
and indirectly impacting numerous biological processes, cell types, 
and organs at both high and low intensities. The variables depend on 
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frequency, tissue type, species, size, orientation toward the radiating 
source, dose rate, exposure intensity, duration, and modulation, 
among others. The relationship is often nonlinear with the greatest 
effects occurring at lower intensities unlike classic linear dose–
response toxin models. Such nonlinear dose–response relationships 
are common for many environmental toxins. [For a more in-depth 
discussion of airspace-as-habitat, see reference (48)].

Existing laws that could protect wildlife

There are numerous effective laws in the U.S. and in other countries 
that could protect many species of wildlife if we apply them to EMF like 
other pollutants. The discussion below pertains to U.S. laws but similar 
protective laws exist throughout Europe, in Canada, and elsewhere and 
U.S. laws can be used as models for other countries to adopt. In addition, 
some U.S. laws are regional with cooperative agreements between 
Canada and Mexico too, especially for migratory species (Box 1).

National Environmental Policy Act

NEPA is a critical federal law designed to ensure that all major 
actions undertaken by federal agencies, including the approval of 
communications towers and wireless infrastructure, are evaluated for 
their environmental, ecological, and cumulative impacts. Enacted in 
1970 under the Nixon Administration, it is an iconic environmental 
law constantly under attack by industries of all kinds (There are again 
current attempts to get it thrown out altogether). Under NEPA, 
federal agencies must assess any action with foreseeable 
environmental effects. However, the Federal Communications 
Commission has failed to comply with NEPA in numerous ways.

Erica Rosenberg, an environmental/public lands policy attorney 
with over 30 years’ experience in U.S. Federal agencies, Congress, and 
academia, worked at FCC’s Wireless Telecommunications Bureau 
(2014–2021) as a NEPA specialist. In 2022, Rosenberg wrote a 
definitive report on FCC environmental procedures and NEPA (68) in 
which she details how FCC systematically fails to comply by improperly 
categorizing major federal actions, like wireless infrastructure 
deployment, as exempt from review, thereby delegating environmental 
assessments to industry with no agency oversight; suppressing public 
involvement; ignoring cumulative and aesthetic impacts; and treating 
community concerns as legal complaints rather than legitimate input.

Rosenberg’s paper is a roadmap for how to incorporate EMF into 
NEPA reviews in which she states:

	•	 “Effects” need to be regulated as a part of National Environmental 
Policy Act (NEPA; 42 U.S.C. 4,321 et  seq.) by a thorough, 
meaningful, and scientifically valid site review of all 
communications towers, structures, satellites, and related 
platforms whose transmitting and receiving frequencies are 
authorized and permitted by the FCC.

	•	 “Effects” under NEPA are defined (40 CFR 1,508.1) as, “changes 
to the human environment from a proposed action or alternatives 
that are reasonably foreseeable,” including direct and indirect 
impacts, and cumulative effects, and can encompass 
environmental, social, and economic changes that may occur as 
a result of the action, whether happening at the same time and 
place or later in time and further removed in distance from the 
impact (69). The terms “effects” and “impacts” are used 
interchangeably in NEPA analysis.

	•	 “Direct effects” are impacts that occur at the time and place of a 
proposed action (e.g., the release of EMF from a communication 
tower killing or injuring migratory birds at specific times and 
durations at a specified tower).

	•	 “Indirect effects” are impacts occurring later in time (e.g., impacts 
from EMF affecting the breeding and nesting behavior of 
migratory birds over time).

	•	 “Cumulative effects” include the combined impacts of a proposed 
action when added to other past, present, and reasonably 
foreseeable future actions affecting the same area or wildlife 
species. These, for example, could collectively include the impacts 
to resident, breeding, feeding, transient, and migrating birds 
from cell tower radiation in the immediate area over time; 
ambient EMF in the immediate area and from nearby 
communication towers; habitat clearing for a tower; construction 
and maintenance site disturbance; herbicide use to maintain 
vegetation around towers; and other radiation impacts including 
from colocation of other antennas on a specified tower adding to 
the levels of EMF released.

Major impediments to NEPA

A major complicating factor for NEPA enforcement is the 
U.S. Environmental Protection Agency (EPA), which should 
be responsible for determining what constitutes an “effect,” but has 
failed to define EMFs as having any such effects. EPA research into 
EMF bioeffects was halted in the mid-1990s and has since suffered 
from further staffing cuts. There is no dedicated EMF research effort 
in any agency for humans or wildlife. Without formal recognition of 
EMF effects, the NEPA process cannot function as intended, leaving 
wildlife unprotected.

Equally important, FCC’s procedures now allow most cell towers 
and wireless infrastructure to be “Categorically Excluded” (Cat-Exed) 
under the FCC’s NEPA review process (70). Examples include FCC’s 
approval/fast tracking of the 5G network (71) which includes 
hundreds of thousands of new small cell transmitters mounted on 
utility poles, plus the agency’s approval of the use of higher frequency 
millimeter-waves (72) for 5G without any environmental or wildlife 
assessment review.

BOX 1  Existing U.S. laws/advisories that can apply 
to EMF environmental policy.

• The National Environmental Policy Act (NEPA)

• �NEPA Interagency Agreement with the U.S. Fish and 
Wildlife Service

• The Migratory Bird Treaty Act

• The Bald and Golden Eagle Protection Act

• The Fish and Wildlife Conservation Act

• The Endangered Species Act

• …other agency regulatory agreements
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Also categorically excluded from NEPA reviews or environmental 
assessment are all satellite systems, despite the U.S. Government 
Accountability Office concluding a multitude of possible 
environmental impacts, including increased space debris, atmospheric 
pollution, and interference with astronomical observations (73). The 
FCC continues to approve new iterations of Elon Musk’s StarLink 
communications system, with no radiation impact assessments to 
humans, wildlife or their habitats from satellites transmitting in broad 
radiation patterns (like a flashlight beam) to and from ground-based 
and low-earth orbit infrastructure respectively, contributing 
significant 5G radiation to every corner on Earth for the first time at 
such a significant scale.

NEPA inter-agency cooperation

In February 2014, the U.S. Fish and Wildlife Service’s Division of 
Migratory Bird Management played a key role in prompting the 
U.S. Department of the Interior to formally request that the National 
Telecommunications and Information Administration (NTIA), part 
of the Department of Commerce, conduct a cumulative radiation 
impact study as part of a NEPA Environmental Impact Statement 
(EIS) review of their emergency broadcast First Responder Network 
(FirstNet).

The request included a letter and technical attachment (74) 
co-authored by one of this paper’s authors (AMM) and was aimed to 
evaluate radiation exposure and infrastructure impacts to migratory 
birds such as tower collision mortalities. The letter notes studies in 
Europe have documented nest and site abandonment, plumage 
deterioration, locomotion problems, reduced survivorship, and death.

The groundbreaking proposal in interagency collaboration, which 
saw an Environmental Impact Statement (EIS) initiated under the 
Obama administration (2014), was ultimately terminated during the 
first Trump administration. But since it set a precedent for establishing 
studies between federal agencies, it can hopefully be incorporated 
again in the future.

U.S Fish and Wildlife Service

Migratory Bird Treaty Act
U.S. Fish and Wildlife Service (USFWS) plays several important 

roles by implementing steps to “avoid or minimize bird take.” “Take” 
under the Migratory Bird Treaty Act (MBTA; 16 U.S.C. 703 et. seq.) 
and its implementing regulations is defined as the un-permitted death, 
injury or crippling loss of migratory birds. USFWS does not normally 
issue permits for “incidental or accidental take” of migratory birds but 
when a protected migratory bird (under endangered or species- 
of-special-concern status) is involved, MBTA currently provides 
virtually no provision for “accidental or incidental take,” e.g., causing 
injury or death, even when otherwise normal, legal business practices 
or personal activities are involved (70). The U.S. Congress noted the 
“take” of even one protected migratory bird to be a violation of the 
statute, with fines and criminal penalties that can be extensive (A 
federal permit is also required to possess a migratory bird and/or its 
parts). Where “take” can be  avoided or minimized by the 
implementation of published/scientifically valid conservation 
measures (e.g., the USFWS’s 2021 voluntary communication tower 

guidelines) (75), bird “take” and other negative impacts to the avian 
community can be reduced or even avoided. This applies to EMF 
exposure too. Injury, crippling loss, and death from nonionizing 
radiation can be considered “take” under the MBTA.

Bald and Golden Eagle Protection Act
Bald Eagles (Haliaeetus leucocephalus) and Golden Eagles (Aquila 

chrysaetos) are protected by the Bald and Golden Eagle Protection 
Act (BGEPA; 50 C.F.R. 22.3, 22.26 and 22.27). “Take” under BGEPA 
is more expansive than under MBTA (70) and includes the pursuit, 
shooting, poisoning, capturing, killing, trapping, collecting, 
molesting, and disturbing both species (50 C.F.R. 22.3). Permits are 
required for “disturbance take” (e.g., construction near an active Bald 
Eagle nest) and “take resulting in mortality” where an activity may 
result in eagle deaths (50 C.F.R. 22.26; e.g., collisions with Bald Eagle 
fledglings near an airport), as well as for “take of nests,” for example 
where nests need to be removed when too close to an active airport 
approach/departure runway (50 C.F.R. 22.27).

As cell towers and wireless antennas are increasingly sited near 
eagle habitats and nesting areas, there are real concerns regarding the 
“take” of eagles from wireless infrastructure exposure. However, the 
U.S. Fish and Wildlife Service, which enforces BGEPA, has yet to 
address this. There is no clear guidance or permitting protocols to 
monitor, assess or mitigate EMF-related impacts. But with proper 
refunding at EPA, new staffing at USFWS, and inter-agency 
cooperation, there could be.

Fish and Wildlife Conservation Act
The Fish and Wildlife Conservation Act authorizes/guides the 

U.S. Fish and Wildlife Service to monitor, assess, and promote the 
conservation of non-game (i.e., nonhunted) birds, especially declining 
species, to prevent the need for federal listing and to maintain bird 
populations at stable or increasing numbers. This is a daunting 
challenge due to the direct and indirect effects of the many structural 
issues impacting migratory birds—e.g., collisions with towers, wind 
turbines, power lines, bridges, and building glass; electrocutions at 
power lines; impacts from climate change, habitat loss/degradation, 
pesticides, predation by domestic cats—and now from rising ambient 
levels of EMFs too (48). USFWS also tracks the growing numbers of 
Birds of Conservation Concern (BCCs), e.g., species in decline but not 
yet ready for Federal listing as threatened or endangered (50). 
Currently, there are some 273 species and subspecies on the national 
BCC, Service Regional BCC, and Bird Conservation Region BCC lists, 
providing an early warning of likely peril unless the population trends 
are reversed. These BCC lists require periodic reviews and updates 
under provisions of the Fish and Wildlife Conservation Act 
(16 U.S.C. 2,901–2,912).

Nonionizing EMFs should be systematically considered in the 
USFWS’s conservation efforts since its impacts on bird populations 
add to the cumulative threats already identified, plus it aligns with the 
agency’s responsibility under the Fish and Wildlife Conservation Act.

Endangered Species Act
Federally listed bird species, whose populations (based on systematic 

reviews) are declining (some precipitously), are those designated and 
protected under the Endangered Species Act (ESA; 7 U.S.C. 136, 
16 U.S.C. 1,531 et seq.). Current species include some 78 endangered and 
15 threatened bird species on the List of Threatened and Endangered 
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Species. An “endangered species” faces a significant risk of extinction in 
the near, foreseeable future throughout all or a significant portion of its 
range. A “threatened species” is at risk of becoming endangered in the 
near future. Collectively, BCC and ESA-listed birds represent at least 366 
bird species (36% of the total U.S. bird population) in decline (some 
seriously), with numbers of both listed and BCC species growing (76). 
Additionally, the USFWS is also tasked to maintain stable or increasing 
breeding populations of Bald and Golden Eagles under regulations of 
BGEPA through compliance with NEPA.

Additionally, habitats are often despoiled by tower construction/
operation, resulting in degradation, as well as bird and bat attraction/
collision with towers, guy-wires, and lights. This is in addition to 
habitat fragmentation, noise disruptions, and other impacts (70). 
Studies have shown that cell tower radiation can couple with avian 
brain/eye tissue and act as an attractant to migratory birds, while also 
disrupting and disorienting them (14).

Next steps: changes needed at key federal 
agencies

All must recognize and address wildlife impacts under whatever 
statutory authority is within their purview. The two major agencies 
discussed below would have the most immediate impact.

U.S. Environmental Protection Agency

Background
The U.S. Environmental Protection Agency [EPA, with a dedicated 

team of researchers (77)], was once the lead federal agency responsible 
for researching the health effects of nonionizing electromagnetic fields 
backed by legal authority concerning radiation protection under the 
Public Health Services Act, Atomic Energy Act, and National 
Environmental Policy Act (NEPA) (78). However, EMF bioeffects 
research was defunded in the mid-1990s and the agency no longer 
conducts EMF research even though all radiation fields, including the 
nonionizing bands, remain under its environmental purview.

As noted in a 1978 GAO report, the EPA’s responsibility for 
eliminating/reducing harmful EMF effects had initiated the agency’s 
research effort because there was insufficient data upon which to base 
a safety standard (79). In 1994, a GAO report (80) updated Congress 
that the EPA was still actively evaluating the biological effects of 
radiofrequency radiation and was in the process of developing 
exposure guidelines, which the agency later indicated were nearing 

completion and expected to be released in 1995 (81). However, amidst 
the heavy industry lobbying around the 1996 Telecommunications Act 
of 1996 (82) that would permanently change the wireless landscape 
forever, there was a provision giving exposure standards-setting and 
enforcement to the FCC for the first time (Since 1968, FCC’s guidelines 
had been voluntary and states could create their own too). Near that 
time, Congress also defunded EPA’s research efforts, effectively halting 
its work on developing science-based safety limits. FCC, which is a 
licensing and engineering entity that relies on outside health/
environmental expertise to help formulate policy, lost its major 
independent government research/advisory partner on RF exposures 
just as wireless technologies were about to take off.

Today, the EPA has formally acknowledged that it “does not have 
a funded mandate” to evaluate wireless bioeffects. When asked in 2020 
(83), and again in 2023 (84), about potential RF impacts on birds, 
bees, and trees, the agency stated it was “not aware of any EPA reviews 
that have been conducted on this topic.”

Federal RF bioeffects research has all but ceased. There is no federal 
entity with expertise to evaluate the biological effects with implications to 
wildlife and the environment. The sole remaining federally funded 
initiative was in the 2000 National Toxicology Program’s (NTP) 
$30 million animal study, which found “clear evidence” that RF exposure 
causes cancer and DNA damage in animals. Ironically, the U.S. Food and 
Drug Administration FDA, which originally nominated the NTP study 
in 1999 due to concern over long-term health effects in humans, later 
dismissed NTP’s findings, arguing that animal studies were not applicable 
to human health (85) (Reverse logic would then imply the findings are 
more directly applicable to animals, such as small mammals nesting in 
trees near cell antennas and airborne species).

Despite its statutory authority, EPA is failing to protect the 
environment from EMF’s increasingly pervasive ambient pollution. 
The agency should be refunded for this particular area.

Federal Communications Commission

The FCC is the only U.S. federal agency with an active role in 
ambient EMF control from infrastructure and some devices like cell 
phones which are also controlled by the U.S. Food and Drug 
Administration (Antennas and devices transmitting at or under 1,000 
watts of effective radiated power are categorically exempt from FCC 
licensing requirements but documenting compliance is up 
to manufacturers).

FCC procedures to check for standards compliance regarding 
ambient RF levels are also designed exclusively around humans and 
fail to consider wildlife exposure conditions, e.g., compliance 
measurements near cell towers involve testing RF at ground level or 
other areas accessible to people, neglecting exposure in zones where 
birds, bats, insects, and tree canopies inhabit, including upper tree 
canopies and airspace at the height of the tower in a direct lateral 
exposure. As a result, towers can be deemed compliant even when 
they emit RF levels that exceed federal limits by thousands of times in 
near-field zones around transmitting antennas where wildlife exists. 
Further, in the U.S. there is no national measurement, oversight, or 
enforcement program/strategy in place to monitor levels near humans, 
much less in wildlife and ecologically sensitive areas. This void 
represents a significant omission in the U.S. regulatory framework.

As of this writing, there is one pending federal court mandate 
against the FCC to respond to research on wildlife impacts that could 

BOX 2  Federal agencies with a stake in recognizing 
airspace-as habitat and EMF effects to wildlife 
include but are not limited to:

• The U.S. Environmental Protection Agency (EPA)

• U.S. Fish and Wildlife Service (USFWS)

• The Bureau of Land Management (BLM)

• U.S. Geological Survey (USGS)

• U.S. Forest Service (USFS)

• The Army Corps of Engineers (ACORE)

• The Federal Communications Commission
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alter this. In 2021, the U.S. Court of Appeals, DC Circuit, ruled in 
Environmental Health Trust et al. v. FCC (86) that the FCC’s refusal to 
update its 1996 limits was “arbitrary and capricious,” and in violation 
of the Administrative Procedures Act because the FCC did not show 
adequate review of the submitted evidence related to numerous issues 
such as long-term health effects and children’s vulnerability. Further, 
the Court stated the FCC had “completely failed” to address the 
“substantive evidence of potential environmental harms” on the 
record, which included dozens of studies showing serious impacts to 
birds, bees, trees, and plants, some of which was previously provided 
by the USFWS’s Migratory Bird Division to the FCC (74). As of this 
writing, the FCC has not responded to the Court’s mandate, despite 
the submission to the FCC of numerous research studies published 
since the ruling.

No government worldwide has established science-based RF 
standards reflecting a threshold below which no adverse effects occur 
in animals and plants. This is a critical regulatory gap, given the 
low-intensity effects literature that now exist and is pertinent to 
ambient exposures (see Supplementary material 1). Exposures are 
expected to exceed even thermal thresholds throughout Europe and 
elsewhere that adopted ICNIRP standards (see Section ‘5G is 
Different’ above). We are headed in the wrong direction.

Recommendations to protect wildlife

It is essential that science-based non-ionizing electromagnetic 
field exposure limits be  developed specifically to protect wildlife, 
including continuous, chronic, low-intensity exposures. Meaningful 
RF limits will require large-scale, long-term research initiatives that 
include: laboratory experiments, field-based ecological studies, cross-
species assessments for varying sensitivities among taxa, engineering 
studies that characterize real-world exposure scenarios, and species-
specific dosimetry.

On a more granular level, it’s critical to broaden the database that 
has begun matching RF resonant absorption in insects >3 GHz to 
include other species across the nonionizing frequency bands, with at 
least representative species per taxa computer modeled for resonance 
relationships. Many species experience significant EMF resonance 
effects depending on body size, water content, and morphology (62). 
Modeling resonance relationships via computational simulations with 
laboratory validation can identify at-risk species to various 
frequencies, including species-specific absorption peaks and exposure 
thresholds to better predict impacts across taxa. Because of the 
complexity of biological responses (often nonlinear and species-
specific), this will require computational, engineering, biology, and 
federal/state expertise.

Different exposure guidelines for wildlife

There may be  circumstances in which specific ELF/RF-EMF 
exposures need to be  mitigated, e.g., during mating or migration 
periods when endangered or species-of-special-concern are known to 
inhabit particular habitats for shorter durations than year-round 
species. For instance, shallow springtime vernal pools that dry up 
during the rest of the year are the only breeding grounds for some 
endangered amphibians and salamanders in certain regions and it is 

known that both species are sensitive to anthropogenic ELF ground 
currents as well as RF (87, 88). Many avian and insect species also have 
a short-term seasonal presence in specific locations.

Anthropogenic ELF/RF-EMF is extraordinarily different in kind, 
field strength, duration, frequency, and signaling characteristics than 
anything that exists in nature. EMF can, and does, interrupt normal 
migration, mating, and food finding functions in nonhuman species, 
including in all environments (ground, air, aquatic) and in all taxa 
from microbiota to mammals (9, 38–43, 47, 49, 89, 90).

Any attempt to create exposure guidelines for flora and fauna 
needs to include the lowest intensity effects in both EMF static and 
anthropogenic exposures because that is where nonhuman species 
have evolved their unique physiological electromagnetic receptors. To 
exclude that literature is to miss essential human and nonhuman 
physiological difference. This is not an area where we  can ignore 
fundamental differences in order to justify existing exposure standards 
for humans or conjure that such standards are sufficient for nonhuman 
protection too. That simply will never be the case.

Unfortunately, there is currently a new working group under 
ICNIRP’s umbrella (91) whose mission is to do just that and there are 
a handful of studies pointing to the direction they will go and the 
methodology to be used. Several of the people in the working group 
are ICNRP members, including current and former ICNIRP chairs 
(91), and were instrumental in forming the criteria for a recent series 
of systematic reviews for the World Health Organization regarding 
human exposures which have come under heavy criticism for conflicts 
of interest, flawed methodology and failure to include critical 
information in their meta-analyses via their intentional exclusion 
criteria (92–96).

One example of a flawed research approach pertinent to wildlife 
that parallels the same flaws in the WHO systematic reviews is the 
proposal by Karipidis et al. (97) for a mapping protocol in which the 
authors described their criteria for review of existing evidence of 
anthropogenic RF-EMF effects on flora and fauna. Notably excluded 
was the most salient research at the lowest intensities at or near natural 
background levels where many nonhuman species have finely tuned 
electromagnetic sensory receptors. The protocol’s elimination criterion 
defines study controls as: “Sham exposure, no exposure beyond the 
background exposure level (which can be assumed to be negligibly 
low), or exposure at a lower level” (97).” Therefore the lowest most 
biologically active exposures to wildlife were likely mixed in with 
controls and vanish into the analysis as a non-exposure, if they were 
included at all. The final publication from that proposal was Brzozek 
et al. (98) and it was inevitably skewed toward a biased outcome (The 
final paper interestingly left out the statements on low-level 
exclusions). Karipidis is the current director of ICNIRP, the first 
author of the proposal, and a co-author of the Brzozek et al. systematic 
review (98) with the stated purpose to see if current exposure 
standards for humans can also be considered protective of wildlife and 
plants. Their conclusion is that the research reviewed “…raises doubts 
on whether animals and plants are truly affected at levels below human 
exposure limits.” Their exclusion criteria are also similar to the WHO 
systematic reviews methodology: 24,000 papers screened for inclusion 
but only 334 were considered eligible (277 fauna, 97 flora). Thus, like 
the flawed WHO systematic reviews that Karipidis played a leading 
role in conducting, ICNIRP’s standards could be justified as applying 
to nonhuman species too. But that is fundamentally an insupportable 
conclusion when the most pertinent research is factored in.
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The recent effort with conflicts of interest is by Prokscha et al. (99) 
which was heavily funded by industry associated/pro-technology 
development entities in Europe (See their paper’s Acknowledgements 
and Funding). This study contains impressive modeling of simulated 
honey bee whole body and individual organ/body parts under THz 
frequency exposures which are significantly higher frequencies than 
similar studies conducted by some of the same authors (59–62). The 
study involved detailed material characterization of honey bee 
anatomy using resin-manufactured model bees to enhance 
computational accuracy in the THz range. RF-EMF exposure 
simulations estimated at 300 GHz revealed that at very short distances 
(1 mm) from the antenna, the authors said that bees: “…can absorb up 
to 26% of the input power into an antenna. In the near-field, the 
majority of the power is absorbed in the bee’s exoskeleton. However, 
in the far-field, the inner tissues absorb a slightly higher relative 
fraction of the absorbed power. Observing compliance with the 
ICNIRP reference levels in the THz application, the maximally allowed 
far-field exposure of 10 W/m2 corresponds to an average absorbed 
power of 0.29 mW into a honey bee worker.” These absorption values 
are well within the range of many low-intensity effects studies in 
Supplementary material 1. Honey bees reach resonance in frequency 
ranges below the THz bands but this study shows that a quarter of the 
transmitted THz power is absorbed by the bee.

What is most problematic about this study however, is the fact that 
the purpose was to create THz technology to monitor bees and other 
small insects in the wild and in apiculture. It was intended to facilitate 
the development of new technologies using additional introduced 
frequencies in environmental settings to which insects are highly 
sensitive and reactive in order to monitor how they are doing in their 
natural environments. The paper envisions selling such equipment to 
bee keepers. There is a serious disconnect here, and potential damage 
to the very animals they are trying to observe.

It is possible that wildlife species could be afforded some level of 
protection if the recommendations as discussed in the “Science-Based 
Policy” section of “Recommendations to Protect Wildlife” below 
regarding allowable exposures are adopted. The values are based on 
the median of the low-level effects literature in Supplementary  
material 1 with a 10-fold safety protection factor built in as a 
reference level.

This is a highly inexact method of wildlife protection but is a 
beginning approach. The preferred model would be to systematically 
delineate specific resonance factors in representative sizes per species 
families that expands upon the approach of Thielens (53); Thielens 
et al. (59); Herssens et al. (100); Toribio and Thielens (101); Velghe 
et al., (102); Jeladze et al. (61, 62) beyond insects. It is possible to create 
an exposure model for all taxa with some clarity, but it will take time/
research funding by appropriate independent investigators separate 
from industry influence as is unfortunately the current situation with 
the ICNIRP special working group that closely mirrors the mistakes 
of the former WHO papers mentioned. Their approach is 
methodologically flawed from the start.

Agency reform

Ethical model for environmental radiation 
protection already exists

There is a risk management approach for environmental radiation 
protection for ionizing radiation (IR), i.e., high intensity exposures, 

lasting significantly longer in the environment, capable of damaging 
DNA directly as well as causing a number of long-term devastating 
multi-generational effects to humans and nonhumans alike. Such 
ionizing effects are well established. No such risk management approach 
exists for nonionizing radiation (NIR). The physical mechanisms of 
action between ionizing and nonionizing radiation are different in some 
ways and similar in others. For instance, they break molecular bonding 
differently. IR has enough energy (>12 eV) to break certain atomic 
bonds directly whereas NIR breaks bonds via indirect mechanisms such 
as the creation of reactive oxygen species (ROS) leading to oxidative 
stress. In many ways, cellular reactions to NIR are more subtle than with 
IR via complex cellular stress responses at various exposure intensities, 
frequencies, and modulations that can affect multiple cell types with 
different long-term reactions (103). What NIR and IR have in common 
is that long-term biological damage is caused by excessive production 
of ROS and the inability of biology to repair damage other that via cell 
death which is a living organism’s natural self-defense in order to 
preserve the entire organism. But when cells are sufficiently damaged 
beyond repair yet do not die, cells can continue to reproduce in a 
damaged state, capable of passing on mutant conditions.

IR and NIR effects are different enough that there are good 
reasons to regulate them separately, but some of the definitional divide 
is also based on professional “cultural territoriality” too.

The International Commission on Radiation Protection [ICRP; 
(104)] is a respected independent nongovernmental organization that 
provides government entities with recommendations/guidance 
associated with ionizing radiation from artificial sources used in 
medicine, industry, nuclear enterprises, and naturally occurring 
sources. It was founded in 1928 by the International Congress of 
Radiology to advance science and radiological protection for 
public benefit.

In recent years, ICRP has also created a framework for wildlife 
protection via risk management that could be useful in regulating 
nonionizing radiation as well. Their approach is based on ethical 
imperatives as first principles to prevent/reduce the frequency of 
deleterious environmental radiation effects to a level of negligible 
impacts on biological diversity maintenance, as well as species 
conservation and the health/status of natural habitats, communities, 
and ecosystems. ICRP also recognizes the need for national authorities 
to demonstrate such protection within legislative frameworks.

ICRP’s focus is commensurate with overall level of risk and 
compatible with other environmental protections. They further 
acknowledge that there are necessary numerical guidelines regarding 
exposure/dose, dose/effect, and effect/consequence relationships. Their 
goal is to create for the environment “a sound scientific system” similar 
to that for human protection via a set of reference animals and plants. 
ICNIRP Publication 108 (104) defines a small set of reference species 
and relevant databases, discusses pathways of exposure, and collates/
discusses best-available dosimetry data at different stages of life cycles. 
The publication further developed data sets for ionizing radiation 
measurements that may be within, or external to, each organism.

Their intention is that such information be  used by national 
entities to develop more applied/specific numerical approaches to the 
assessment and management of risks to non-human species as 
national needs and situations arise. It is not intended to set regulatory 
standards per se, but rather as a practical tool for high-level guidance 
to help regulators/technology operators demonstrate compliance with 
existing legislation and to provide the basis for the creation of 
environmental standards by other entities.
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The general outlines of ICRP’s recommendations can be adapted 
to nonionizing wildlife protection too but much definitional ground 
work needs to be laid first, e.g., the recognition of airspace-as habit/
aeroecology and database creation of representative species effects.

Changes at key federal agencies are important. Below are 
recommendations (see Supplementary material 3 for a consolidated table).

Environmental Protection Agency

	•	 Define airspace as habitat: The Environmental Protection Agency 
(EPA), and all relevant agencies, should recognize nonionizing EMF 
as a biologically active form of pollution to air, ground and water. 
Airpsace should be designated as “habitat” so EMF can be regulated 
like other pollutants. Many wildlife species, especially birds, bats, and 
insects, depend on airspace for migration, mating, foraging, and 
territorial defense. Defining airspace as habitat provides a legal 
foundation to assess cumulative EMF impacts as well as 
mitigate exposures.

	•	 EPA should launch a dedicated research program to evaluate the 
biological and ecological impacts of radiofrequency (RF) 
radiation, treating it as an environmental pollutant akin to lead 
and pesticides.

	•	 This program should include hazard identification, long-term 
exposure studies, cumulative risk assessments, and synergies with 
other environmental stressors with a focus on both human health 
as well as wildlife.

	•	 Determine what ICRP flora/fauna protection for ionizing 
radiation can/does apply to nonionizing protection; institute 
regulations according to ethical and biological constraints.

	•	 The EPA should ensure that rigorous independent science, 
separate from industry influence, guides the development of 
science-based, federally developed safety standards that protect 
the public and the environment.

	•	 EPA should maintain at least one bioelectromagnetics scientist to 
guide any programs.

U.S. Fish and Wildlife Service

	•	 Re-initiate the inter-agency USFWS/NTIA EIS collaboration that 
provides the framework/preliminary study design for a radiation 
research bird study, which has already been developed.

	•	 Acknowledge/address EMF effects to migratory birds, federally 
listed fish and wildlife, and other protected plants and animals. 
Exposure standards for wildlife need to include guidelines for 
“avoiding or minimizing take” of birds/listed species to include 
exposure standards for wildlife from chronic, low-level 
exposures to EMF.

	•	 In December 2021, the USFWS updated a migratory bird “take” 
rule which overturned a Trump administration rule (M-37050) 
that had allowed incidental take. Amend the 2021 “take” rule to 
include known/suspected impacts from EMF radiation on 
migratory birds.

Federal Communications Commission

	•	 The FCC should respond to the Court mandate in EHT et al. v. 
FCC by requesting relevant expert agencies evaluate current 
scientific evidence on flora and fauna.

	•	 FCC should request research in relevant agencies to address data 
gaps to address updating regulations to include wildlife 
protections for chronic, low-level exposures.

	•	 The FCC should include thorough assessment of wireless 
technology effects in tower permitting processes and incorporate 
changes into their rulemaking regarding “effects of 
communication towers on migratory birds.”

	•	 The FCC should work with USFWS to help private landowners 
develop ESA Section 10 Habitat Conservation Plans, especially 
in “critical habitat” where recovery goals for listed species have 
been designated and where impacts from cell towers and other 
radiation sources are at issue.

	•	 The FCC should establish a measuring/monitoring program for 
transparency and environmental oversight to include a 
centralized, publicly accessible registry of all existing/proposed 
cell towers, 4G, 5G, and base station wireless facilities.

	•	 The FCC should implement a nationwide EMF monitoring 
program that prioritizes ecologically sensitive areas where 
wildlife are vulnerable, e.g., national/state parks, forests, wildlife 
refuges, wetlands, coastal ecosystems, migratory corridors, and 
designated wilderness areas, along with human populations in 
other areas.

	•	 The monitoring program should collaborate with environmental 
agencies to include environmental surveillance to track 
potential effects on wildlife, plants and trees. Monitoring species 
behavior, reproduction, and population trends in high-exposure 
areas would help identify risks and inform responsible 
infrastructure deployment, just as public health systems track 
human outcomes.

	•	 FCC needs to bring its environmental review process in line with 
NEPA and restore public accountability. This includes developing 
NEPA-compliant procedures to assess cumulative environmental 
impacts on wildlife, insects, and flora.

	•	 The agency should require documentation of categorically 
excluded (CE) facilities, such as small cells, and make 
environmental assessments, including RF compliance reports, 
publicly accessible.

	•	 Regular, independent spot checks, particularly of RF levels pre- 
and post-construction, should be  mandated for base station 
wireless facilities (cell towers, 4G and 5G).

	•	 FCC should no longer allow industry advocates to self-determine 
the extent or need for environmental review. Further, public 
notice and comment periods must be meaningful, transparent 
and genuinely considered in the decision-making.

	•	 FCC should implement NEPA reviews for all satellite systems, 
present and proposed.

	•	 FCC should request congressional funding for at least one 
wildlife biologist on staff.

General

	•	 Pre-market testing: All relevant agencies should premarket test 
technologies within their purview before deployment to include 
a cost–benefit/cumulative effects analysis regarding their impacts.

	•	 Pre-deployment environmental consultation and assessment: 
Federal agencies should conduct full environmental reviews prior 
to licensing and national buildout of major new technologies like 
5G, 6G and beyond.
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	•	 Post-market environmental surveillance reporting systems: 
Biologists, local governments and the public should have 
accessible transparent mechanisms to report ecological impacts. 
Such a system would support timely investigations; help identify 
patterns and inform mitigation measures.

	•	 Submit mitigation recommendations: The relevant federal/state/
local agencies related to natural resources should be consulted on 
proposed networks and deployment of wireless facilities and submit 
recommendations on protecting sensitive species.

	•	 Interagency coordination: Agencies should develop internal 
expertise in bioelectromagnetics, establish formal interagency 
coordination, convene regular meetings to include the FCC, EPA, 
USFWS, NTIA, and others. Collaboratively assess/manage EMF/
RFR effects through joint research, analysis and advisement 
to policymakers.

Science-based policy
Due to the many variables involved with biological effects—

frequency, signal strength, duration, pulsing, modulation, resonance 
effects, and fluctuating wildlife presence, it is indeed a challenge to 
designate “safe” levels of radiation exposure in the environment, but a 
number of key steps can be taken to make facilities and habitats safer 
for wildlife. Compromises are understood as necessary but they must 
be science-based.

No one exposure limit can encompass protection for all flora and 
fauna given the variables, vast physical differences, and environments. 
What may protect one species may prove detrimental to another. It will 
be years before we have a general framework of frequency-dependent 
whole-body and-organ specific resonance factors per species. Thielens 
et al. (53); Toribio et al. (60); Jeladze et al. (61, 62) and Velghe et al. (102) 
have charted a computer modeled way forward for representative insect 
species that should be expanded to all taxa. There will always be unique 
absorption capacities per species and variations within those species. 
The best we can do at present is acknowledge the limitations of any 
broad approach and proceed accordingly over time to fill in the gaps.

One generalized method is to use the median of the low-intensity 
effects literature in Supplementary material 1 (see Box 2) to which 
most species are exposed today with an additional safety factor of 10 
built in, knowing that this may not be enough to fully protect many 
avian, bat, and insect species capable of reaching very close proximities 
to infrastructure transmitters like small cells/towers. Until research is 
completed on resonance and other factors that clearly characterize risk 
to myriad species, we can only approximate exposure reduction based 
on data we do have for the most vulnerable species. It then becomes a 
question of what safety factor is most effective to potentially cover a 
broader range.

	•	 Exposures limits: Set evidence-based RFR exposure limits and 
regulations for wildlife. As a starting point based on the median 
of the low-intensity studies in Supplementary material 1 with a 
10-fold protection level, for wildlife this equals: SAR: 0.003 W/kg 
(3 mW/kg); Incident Power Density: ~0.005 mW/cm2 (5.0 μW/
cm2). This lowers the ICNIRP and FCC exposure standards by a 
factor of more than 100.

	•	 Resonance modeling: Evaluate species sensitivity and model 
whole-body and organ-specific resonance relationships per taxa; 
create a comprehensive database that is species- and frequency-
specific, based on computer modeling matched with laboratory 
and/or field validation.

	•	 Update compliance procedures: Tower/small cell compliance 
testing procedures must be  updated to include RF exposure 
assessments at antenna height and in nearby wildlife habitats, not 
just at human-occupied ground levels.

	•	 Robust environmental evaluations: Agencies need to conduct 
detailed environmental evaluations (e.g., EIS NEPA reviews that 
include mitigation) where new communication networks are 
proposed for wildlife/wilderness areas. Public consultation 
should be mandatory.

	•	 Environmental impact statements (EIS): reviews should 
include proposed levels of electromagnetic radiation emissions 
as well as assessments of strategic design modifications to 
mitigate RF exposure including: directing antenna emissions 
away from critical wildlife areas like foraging, nesting, and 
denning sites; ELF mitigation could include designating 
appropriate locations for high-tension corridors and modifying 
existing wire configurations to reduce/cancel magnetic field 
intensity in sensitive habitats.

	•	 Satellite systems subject to NEPA: All satellite systems, especially 
in low earth orbits like StarLink, must be subject to full NEPA 
reviews for effects to humans, wildlife, and atmospheric 
perturbations capable of adversely affecting habitat. Satellites 
have been categorically excluded from review from the start 
under the assumption that radiation reaching Earth was too low 
to matter. That is not accurate with the lower orbits used at today’s 
satellite deployment scale occurring from many countries. Some 
migratory bird species fly at heights that increase their exposures 
significantly, especially from 5G networks. We are unfortunately 
going in the wrong direction with FCC rulings and political 
influence that exempt satellites from all NEPA review (105, 106).

	•	 Targeted protections for wildlife and habitats: Wildlife does 
not have the luxury of EMF avoidance that humans do. 
Shielding and physical avoidance barriers around towers and 
high tension corridors are options to deter terrestrial 
ungulates, carnivores and small mammals but are not 
effective at blocking birds, bats, and flying insects. Only RF 
reduction can do that. Since the intensity of natural RFR is 
low (i.e., low noise level), and wireless communications use 
specific frequencies and modulations, reducing the emission 
intensity should have little effect on signal-to-noise detection 
by a sensitive receiver species.

	•	 Setbacks in federal parkland and state-protected areas: Enhanced, 
species-specific targeted protections for wildlife and habitats should 
include: Minimum of 1,500 feet (457 m) setbacks between antennas 
and sensitive wildlife habitats to minimize ecological disruption 
(107, 108). This is particularly critical for areas such as National 
Audubon Society Important Bird Areas, ESA-designated critical 
habitats, designated wilderness areas, and federally listed bat 
hibernacula, requiring regulatory action by the FCC.

	•	 Establish low- to no-EMF zones: Low- and no-EMF areas can 
protect important wildlife habitats and ecologically sensitive 
areas, especially during migration and mating seasons. These 
include designated wilderness areas, critical habitats, national 
parks, preserves and monuments, national historic sites, national 
forests and wildlife refuges, and world heritage sites among others.

	•	 Remove/restrict existing infrastructure: In particularly 
sensitive areas containing endangered species, removing or 
restricting new wireless development may be needed. 5G and 
6G’s use of higher-frequency sub-millimeter/millimeter waves 
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that pose heightened risks to sensitive taxa, especially insects, 
should be prohibited in ecologically sensitive areas. Insects are 
food supplies for everything else. This will require coordinated 
involvement from the FCC, USFWS, NPS, USFS, BLM, ACORE, 
and others will need to be key players in these efforts including 
state-level park and wildlife management agencies.

	•	 Barriers, radiation patterns, and others: Inexpensive mitigation 
measures include: maximizing the distance between wildlife and 
EMF sources with barriers, re-design of transmission radial plots 
away from sensitive habitats, and powerline placement on pylons 
to reduce magnetic fields near corridors can all help mitigate 
effects to wildlife. Regarding avian protection, information for the 
electric utility and communications industries is available through 
the Avian Power Line Interaction Committee (APLIC) (109, 110).

	•	 Wildlife radio tracking: Radio tracking gear attached to wildlife 
by researchers, wildlife professionals, animal trackers, and others 
use pulse modulated RF in communication with satellites and 
can cause adverse effects to animal health as well as interfering 
with magnetoreception, behavior, hunting and reproduction, and 
can cause tissue damage over time (111, 112). Wildlife should not 
be unnecessarily enlisted as inadvertent research subjects or for 
human curiosity/entertainment. Non-invasive tracking methods 
should be  prioritized over telemetry when possible, safer 
technologies need to be designed, and telemetry tracking gear 
more carefully assessed by state/Federal agencies that use/permit 
such gear (e.g., NPS, USFWS, USFS, BLM, ACORE, and NOAA-
Fisheries). Best management practices should be used, including 
configuring devices to minimize EMF emissions especially to the 
brain, keeping radio telemeters in sleep mode where feasible, 
reducing the amount of tracking gear and the number of target 
animals used, as well as lowering the transmission times/rates. 
Tagged animals should be monitored for health and behavioral 
effects (111). Pertinent agencies that use such gear, as well as the 
Federal Trade Commission, could provide updated consumer 
tips to scientists regarding telemeter use (113). State veterinary 
departments should be made aware of the potential impacts from 
radiation before issuing permits needed by wildlife researchers to 
conduct their tracking studies on State and private lands.

	•	 As low as reasonably achievable (ALARA): The ALARA 
Principle should follow science-based thresholds (114), 
minimizing exposure levels wherever possible. In practical 
terms, this means that whenever a new tower or wireless facility 
is proposed, regulators, network engineers, and decision-
makers must ask: “Is the radiation truly as low as it can be?” 
This question must guide every aspect of infrastructure 
planning, including placement, design, transmission power 
densities, frequencies used, time-of-use relative to wildlife 
presence, migration/reproduction timeframes and more. 
ALARA alone, however, is not enough since no formal 
definition of what ALARA means for wildlife currently exists. 
Without scientifically established exposure limits, industry 
players may claim they are already meeting ALARA, when they 
are in fact greenlighting harmful exposures. To truly protect 
ecosystems, we  must develop robust, science-based limits 
grounded in a comprehensive understanding of biological 
impacts across species and habitats.

	•	 Technologies designed with wildlife in mind: New technologies 
and communication networks need to be designed with wildlife 

protection as a priority. Supported by the scientific evidence, 
there is growing scientific momentum toward incorporating 
environmental considerations into the design and deployment of 
communication technologies (115).

Discussion

Virtually all terrestrial plants and animals, and some marine organisms 
are inadvertently affected by exposures from anthropogenic ELF/RF-EMF, 
including at extremely low thresholds, barely above natural background 
levels. The evidence for impacts is incontrovertible (9, 47, 48). Yet despite 
the ever-mounting scientific evidence that EMF poses adverse biological 
risks to myriad flora and fauna, Federal agencies continue to ignore or 
minimize these impacts, leaving a critical gap in environmental protection.

When cell towers and wireless infrastructure are proposed, 
various permitting procedures review the U.S. Federal natural resource 
agencies that license and/or maintain a range of communication 
devices on the properties they manage, e.g., communication towers, 
emergency broadcast systems, and numerous other sources of point-
to-point and Internet communications, but fail to address impacts to 
wildlife and their habitats.

As the current 6th major extinction epoch proceeds (116, 117) 
inaction is no longer a defensible response. The unchecked 
proliferation of electromagnetic fields is compounding the already 
severe threats facing wildlife. If we effectively reduce ambient EMF 
exposures, it might give imperiled species continuing chances to 
recuperate and reverse population declines.

Regulatory agencies must adopt science-based limits that take 
ambient low-intensity exposures into consideration, implement robust 
environmental assessments, and treat nonionizing EMF as a 
biologically active pollutant. The survival of countless species depends 
on how we respond today.

Any serious inquiry into EMF wildlife effects must begin from 
biological realities, not pre-existing dosimetry perspectives (49) as 
reflected in current standards for humans. Any attempts to claim that 
the standards for humans are adequate for nonhuman species (118) 
must be  challenged as physiological impossibility. Rising ambient 
levels today may be  leading to ecological crisis (9). New 5G and 
proposed next-generation networks are likely to target seminal species 
like insects upon which the entire food chain relies for survival.

A government-wide response is urgently needed, one that 
recognizes EMF as an air pollutant and treats airspace as habitat 
through the new discipline of air ecology (or aeroecology). Protecting 
this dimension of habitat is as critical as safeguarding land and water.

We must establish wildlife-specific radiation exposure guidelines, 
particularly for chronic, low-intensity exposures that current 
standards ignore. A robust, independent research program, free from 
industry influence, is essential and it needs to be developed, funded 
and implemented as soon as possible. Rigorously mitigating exposure 
to wildlife must become a standard practice. Existing field protocols, 
such as those used by the U.S. Forest Service can be  adapted to 
monitor/ assess radiation effects in real-world settings. Many of the 
tools and knowledge already exist. We have field research protocols 
for cell towers, e.g., by the USFS that can be easily modified to include 
studies of radiation in the field (75).

Different exposure guidelines need to be created to protect wildlife 
and flora based on the low-intensity effects literature in 
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Supplementary material 1 which is mostly comprised of animal 
studies. Truly protecting wildlife, however, is a daunting task that may 
include frequency re-allocation, redesign of hardware and network 
engineering, and society moving away from certain competitive 
economic models, as well as ELF/RF-EMF-free zones during 
migration and breeding seasons (48, 49).

Some of the suggested agency reforms will, of course, require 
significant new funding at specific agencies like EPA and USFWS for 
added staff and research facilities. But many suggestions can 
be  accomplished through better testing/enforcement within existing 
budgets, simple cooperation between agencies, and better technology and 
infrastructure design funded by vested industries. What is needed is the 
political will/institutional commitment to act. This will require not just 
agency reform, but a coordinated effort involving policymakers, scientists, 
conservationists, and the public. A science-based, risk-mitigation approach 
will ensure that wildlife and ecosystems are protected in the digital age.

Given the complexity of ecosystems and the subtle cumulative 
effects of chronic low-intensity exposures, delay will only deepen the 
ecological harm.
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Supplement Table 1  

Biological Effects in Animals and Plants Exposed to Low-Intensity RFR  
(SAR< 0.4 W/kg;  Starred studies (*) are <0.001 W/kg)  

 
  SAR 

(W/kg) 
Effects reported 

Adey et al. (1982) Cerebral cortex of 
cats immobilized 
under local 
anesthesia; exposed 
to 450 MHz RFR 
modulated at 16 Hz 
for 1 h 

0.29 Increased calcium efflux 

Aitken et al. (2005) Mice exposed to 
900 MHz RFR, 12 
h/day; 7 days 

0.09  Genotoxic effect in sperm 

* Akdag et al. 
(2016) 

 

Rats exposed to 
2400 MHz RFR 
from a Wi-Fi signal 
generator for a year 

0.000141 
(minimum)- 
0.007127 
(maximum) 

DNA damage in testes 

Alchalabi et al. 
(2016) 

Offspring from 
pregnant ats 
exposed to 1800 
MHz GSM signal; 
1 or 2 h/day for 1, 
2, or 3 weeks  

0.048  Detrimental effects on pre-
and postnatal development 

Alkis et al. (2019a) 
 

Rats exposed to 
900; 1800; and 
2100 MHz RFR; 2 
h/day; 6 months 

Brain SAR: 
900 MHz -
0.0845; 
1800 MHz-
0.04563; 
210 MHz-
0.03957 

DNA single strand break 
and oxidative damages in 
frontal lobe 

Alkis et al. (2019b) 
 

Rats exposed to 
900; 1800; and 
2100 MHz RFR; 2 
h/day;6 months 

Brain SAR: 
900 MHz -
0.000333; 
1800 MHz-
0.002647; 

DNA strand beaks and 
oxidative DNA damage in 
testicular tissue 



210 MHz-
0.002815 

Amiri et al. (2023) Liver of rats 
exposed to 2450 
MHz RFR from a 
Wi-Fi router; 4 
h/day for 4 weeks 

0.03 Decreased superoxide 
dismutase and catalase 
CA, increased lipid 
peroxidation, attenuated by 
swimming 

Arendash et al. 
(2010) 

Normal and 
transgenic Mice 
exposed to 918 
MHz RFR, 2 h/day 
for 2-8 months 

0.25 
 

Improved cognitive 
behavior, decreased 
amyloid-β deposition in 
brain 

Atasoy et al. (2013) 
 

Rats exposed to 
2437 MHz (Wi-Fi) 
RFR; 24 h/day for 
20 weeks 

maximum 
0.091  

Oxidative DNA damage in 
blood and testes 

Arslan et al. (2024) Rats exposed to 
217-Hz modulated 
1800 MHz RFR; 2 
h/day for 8 weeks 

0.06 p38MAPK gene 
expression up-regulated in 
brain 

Aynali et al. (2013) Laryngotracheal 
mucosa of rats 
exposed to 2450 
MHz RFR; 1 h/day 
for 28 days 

0.143 Increased lipid 
peroxidation; decreased 
glutathione peroxidase; 
attenuated by melatonin 

Bakacak et al. 
(2015) 

Female rats 
exposed to 900 
MHz RFR 15 
min/day for 15 days 
at the abdominal 
region 

0.018 - 4  Decrease in the number of 
ovarian follicles 

* Barteri et al. 
(2016) 

Lactoperoxidase 
and horseradish 
peroxidase exposed 
to 900 MHz RFR 
modulated at 217 
Hz, 30 min, 

0.00004 RFR caused 
conformational changes of 
the active sites of the 
enzymes and influenced 
the formation and stability 
of the intermediate free 
radicals. 



Bedir et al. (2018) 
 

Rat exposed to 
2100 MHz RFR, 6 
or 19 h/day, 30 
days 

0.024 Oxidative process-
mediated renal injury 

Bektas et al. (2022) Brain of normal and 
diabetic rats 
exposed to 3,500 
MHz RFR, GSM-
modulated; 2 h/day 
for 30 days 

0.323 Increased total oxidant 
status and H2O2, decreased 
total antioxidant status. 
 

Bektas et al. (2023) Muscle of normal 
and diabetic rats 
exposed to 900 
MHz, 1800 MHz, 
2100 MHz RFR; 2 
h/day for 1 month 

0.026, 
0,164, 0.173 

Increased lipid 
peroxidation and ischemia-
modified albumin; 
decreased catalase, and 
glutathione 

Bektas et al. (2024) Cardiac blood and 
fat tissue from 
normal and diabetic 
rats exposed to 
3500 MHz RFR 2 
h/day, 5 days/week 
for 1 month 

0.037 Total oxidant status, total 
antioxidant status, and 
H2O2 level affected by 
RFR and diabetic 
condition (mostly 
increases); tissue-
dependent effects 
observed. 

Belyaev et al. 
(2005) 

 

Human white blood 
cells exposed to 915 
MHz GSM signal, 
24 or 48 h 

0.037 Genetic changes  

Belyaev et al. 
(2009) 

 

Human white blood 
cells exposed to 915 
MHz, 1947 MHz; 
GSM, UMTS 
signals; 24 or 72 h 

0.037  Affected DNA repair 
mechanism  

Bilgici et al. (2018) Rats exposed to 
2450 MHz RFR 1 
h/day for 30 days 

0.0233  Increased inflammation 
and testicular damage 

* Blackman et al. 
(1980) 

Forebrain of 
chicken exposed to 
50 MHz, AM at 16 
Hz, 20 min 

0.0014 Affected calcium efflux  



* Blackman et al. 
(1989) 

Forebrain of 
chicken exposed to 
50 MHz, AM at 16 
Hz, 20 min 

0.00036 Affected calcium efflux  

Bodera et al. (2015) Blood, liver, 
kidney, and brain of 
healthy rats and rats 
with persistent 
inflammatory state 
exposed to 1800 
MHz RFR, 15 
min/day for 5 days 

0.028 Increased lipid 
peroxidation in brain, 
blood, and kidney after 
RFR + tramadol. 

Bodin et al. (2023) Pregnant rats and 
offspring exposed 
to 3500 MHz 
continuous wave 
RFR for 22 h/day 
from gestational 
day 8 to post-natal 
day 21 

0.07 Disturbance in open field 
behavior and delayed 
incisor eruption 

Bodin et al. (2025) Mouse 
neuroepithelial stem 
cells exposed to 
GSM-900 MHz 
RFR for 3 or 7 days 

0.08 Increased double strand 
DNA breaks and apoptosis 

* Bourdineaud et al. 
(2017) 

 

Earthworm (Eisenia 
fetida) exposed to 
900 MHz RFR, 2 h 

0.00013-
0.009 

DNA modification. 
increased catalase gene 
expression 

Bozok et al. (2023) Pregnant rats 
exposed to 900, 
1800, or 2100 MHz 
RFR for 6, 12, or 
24 h/day for 20 
days 

0.087-0.17  Myocardial tissue damage 
observed, increased lipid 
peroxidation, decreased 
antioxidation (dependent 
on frequency and exposure 
duration) 

* Burlaka et al. 
(2013) 

Embryos of 
Japanese quails 
exposed to GSM 
900 MHz RFR; 38 
h, 5 or 10 days 

0.000003 Increased O2.-, nitric oxide, 
8-hydroxydeoxyguanosine; 
decreased superoxide 
dismutase and catalase 



Calis et al. (2021) Pregnant rats 
exposed to 1800 
MHz RFR, 1 h/day 
during whole 
pregnancy 

0.23 Female offspring have 
lower mean number of 
primordial and secondary 
follicles, and a higher 
atresia score 

* Cantu et al. (2023) Human 
keratinocytes 
exposed to 900 
MHz RFR for 1 h 

0.00155 Six common DNA targets 
that were both 
differentially methylated 
and differentially 
expressed 

Cao et al (2015) Plasma from rats 
exposed to 1800 
MHz RFR, 2 h/day 
for 32 days 

0.05653 Circadian rhythms of 
melatonin, glutathione 
peroxidase and superoxide 
dismutase shifted. 

Cappucci et al. 
(2022) 

Head, ovary, and 
testis of Drosophila 
melanogaster 
exposed to 2437 
MHz RFR (Wi-Fi) 
from embryo to 
adult stage 

0.0608 Increased gene expression 
of hsp70, induced gene 
instability, and increased 
DNA damage, Increased 
reactive oxygen species 

Capri et al. (2004) 
 

Human 
lymphocytes 
exposed to 900 
MHz, GSM signal, 
1 h/day, 3 days 

0.07 Cell proliferation and 
membrane chemistry 

Čermak et al. (2020) V79 cells exposed 
to 915-MHz GSM-
modulated RFR for 
1, 2, or 3 h. 

0.23, 0.8, or 
1.6  

Microtubular structure 
impairment at 0.23 W/kg 
for 3 h 

Cetin et al. (2014) Pregnant rats and 
offspring exposed 
to 900 or 1800 
MHz RFR, 1 h/day 
during pregnancy 
and postnatal period 
(to 6th week)  

0.15 Brain and liver glutathione 
peroxidase activities, as 
well as liver vitamin A and 
β-carotene concentrations 
decreased in the offspring, 
whereas brain iron, 
vitamin A, and β-carotene 
concentrations increased 
in the exposed groups. 

Ceyhan et al. (2012) Skin of rats 
exposed to pulsed 

0.064 Decreased superoxide 
dismutase and glutathione 



2450 MHz RFR; 1 
h/day for 4 weeks 

peroxidase, increased 
catalase and lipid 
peroxidation. 

Chandel et al. 
(2019a) 

Onion roots 
(Allium cepa L.) 
exposed to 2350 
MHz RFR for 1, 2, 
or 4 h 

0.313 Increased mitotic index 
and chromosomal 
aberration; significant 
increase in DNA single 
strand breaks at 2 and 4 h. 
 

Chandel et al. 
(2019b) 

Onion roots 
(Allium cepa L.) 
exposed to 2100 
MHz RFR for 1 or 
4 h 

0.282 Increased mitotic index, 
chromosomal aberration, 
and DNA single strand 
breaks after 4 h of 
exposure. 

Chaturvedi et al. 
(2011) 

 

Brain cells of rats 
exposed to 2450 
MHz RFR, 2 h/day 
for 30 days 

0.03561 Increased DNA strand 
breaks 

Chauhan et al. 
(2017) 

Liver, brain, spleen, 
kidney, and testis of 
rats exposed to 
2450 MHz RFR, 2 
h/day for 35 days 

0.14 Increased lipid 
peroxidation in liver, 
brain, and spleen. 

Chen et al. (2014)  Male mice exposed 
to 1800 MHz RFR 
2 h/day for 32 days  

0.2221 Reduced testicular sperm 
head count and serum 
testosterone, increased 
serum estradiol. circadian 
rhythms of testicular 
sperm head count and 
estradiol disappeared after 
exposure. 

Comelekoglu et al. 
(2018) 

 

Sciatic nerve of rats 
exposed to 1800 
MHz RFR, 1 h/day, 
4 weeks 

0.00421 Changes in electrical 
activity, increased catalase, 
and degeneration of 
myelinated fibers 

Coskun et al. (2024) Parotid gland of rats 
exposed to 1800 
MHz RFR, 6 or 12 
h/day for 30 days 

0.117 Increased total oxidant 
level, decreased total 
antioxidant status, 
increased apoptosis and 
histopathology 



D’Andrea et al. 
(1986) 

Rats exposed to 
2450 MHz RFR 7 
h/day.7 days/week 
for 90 days 

0.14 (0.11-
0.18) 

Affected shuttle box 
performance and schedule-
controlled behavior. 

Dasdag et al. (2015) Rats exposed to 
2450 MHz RFR 24 
h/day for 1 year 

0.00242 Increased Sperm head 
defect; decreased weight 
of the epididymis and 
seminal vesicles, 
seminiferous tubules 
diameter and tunica 
albuginea thickness 

Delavarifar et al. 
(2020) 

Male mice exposed 
to 2450 MHz RFR; 
2 h/day for 4 days 

0.03- 0.092  Increased sperm 
concentration 

* Demirbağ et al. 
(2023) 

Rats exposed to 
1800 MHz RFR 1 
h/day for 30 days 

Maximum 
in body 
0.0029; at 
testis: 0.001  

Ultrastructural changes 
seminiferous tubule and 
Leydig cells in the testis of 
RFR group; Increased lipid 
peroxidation, decreased 
catalase and superoxide 
dismutase 

De Pomerai et al. 
(2003) 

 

Protein exposed to 
1-GHz RFR, 
24 or 48 h 

0.015 Protein damages 

* Deshmukh et al. 
(2013a) 

 

Rats exposed to 
900, 1800, and 
2450 MHz RFR; 2 
h/day for 30 days 

0.0006-
0.0007 

DNA strand breaks in 
brain 

Deshmukh et al. 
(2013b) 

 

Rats exposed to 900 
MHz; 2 h/day for 
30 days 

8.47 x 10-5 Increased lipid 
peroxidation and protein 
oxidation in blood 

* Deshmukh et al. 
(2015) 

 

Rats exposed to 
900, 1800, and 
2450 MHz RFR; 2 
h/day for180 days 

0.0006-
0.0007 

Declined cognitive 
functions, increased brain 
HSP70 and DNA strand 
break 

* Deshmukh et al. 
(2016) 

 

Rats exposed 900, 
1800, and 2450 
MHz; 2 h/day for 
90 days 

0.0006-
0.0007 

Declined cognitive 
functions, increased brain 
HSP70 and DNA strand 
break in rats 

https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Demirba%C4%9F+B&cauthor_id=37717340


D’Inzeo et al. 
(1988) 

Cultured chick 
microtubes exposed 
to 10.75 GHz; 30-
120 sec 

0.008 Operation of 
acetylcholine-related ion-
channels in cells 

Djordjevic et al. 
(2015) 

Liver of rats 
exposed to 900 
MHz RFR from a 
mobile phone; 4 
h/day for 20. 40, or 
60 days 

0.089 Depending on exposure 
duration, increased lipid 
peroxidation, protein 
oxidation, catalase, and 8-
hydroxydeoxyguanosine 

Durdik et al. (2019) Human umbilical 
cord blood cells 
including CD34+ 
hematopoietic 
stem/progenitor 
cells exposed to 
GSM 900 RFR; 1 h 

0.004 -0.040 Increased reactive oxygen 
species 

Dutta et al. (1984) 
 

Human 
neuroblastoma cells 
exposed to 915 
MHz RFR, 
sinusoidal AM at 
16 Hz, 30 min 

0.05 Increase in calcium efflux  

Dutta et al. (1989) Human 
neuroblastoma 
cells, 147 MHz, 
AM at 16 Hz, 30 
min 

0.005 Increase in calcium efflux 

Dutta et al. (1994) Escherichia coli 
cultures containing 
a plasmid with a 
mammalian gene 
for enolase were 
exposed for 30 min 
to 147 MHz RFR 
AM at16 or 60 Hz 

0.05 Enolase activity in 
exposed cultures RFR at 
AM at 16 Hz showed 
enhanced activity 
Enhanced, and AM at 60 
Hz showed reduced 
activity (Modulation 
frequencies. 16 and 60 Hz, 
caused similar effects.) 

* Eberhardt et al. 
(2008) 

Rats exposed to 900 
MHz GSM RFR for 
2 h 

0.00012-
0.12 

Changed blood-brain 
barrier permeability and 
nerve cell damage in the 
brain 



Echchgadda et al. 
(2022) 

Rat primary 
hippocampal 
neurons exposed to 
3000 MHz RFR for 
1 h 

Average 0.3 Decreased amplitude of 
action potential (AP) and 
resting membrane potential 
(MP), and increased 
neuronal excitability and 
synaptic transmission 

Eker et al. (2018) 
 

Rats exposed to 
1800 MHz RFR, 2 
h/day for 8 weeks 

0.06 Increased caspase-3 and 
p38MAPK expressions in 
eye. 

Elekes et al. (1996) Mice exposed to 
2450 MHz 
(continuous-wave 
or amplitude 
modulated at 50 Hz 
square wave) RFR,  
3h/day for 6 days 

0.14 Increased antibody 
producing cells in spleen 
of male mice. (No effect 
on female mice.) 

Er et al. (2022) Testis of rats 
exposed to 900 
MHz RFR, 2 h/day, 
5 day/week for 1 or 
10 weeks 

whole body 
1.157, testis 
0.107  

Increase in the RFR group 
in the acute period, 
whereas no difference in 
the chronic groups for the 
apoptotic indices (capase-3 
and Bcl-xl); p-p38 and p-
JNK protein expressions 
increased significantly in 
RFR groups in both 
periods. 

Er et al, (2025) Brain of rats 
exposed to 2100 
MHz RFR, 2 h/day, 
5 day/week for 1 or 
10 weeks 

0.27 Increased lipid 
peroxidation and protein 
carboxylation, decreased 
SOD and CAT only in 1-
week exposure group. 

Ertilav et al. (2018) Hippocampal and 
dorsal root ganglion 
neurons of rats 
exposed to 900 or 
1800 MHz RFR 
modulated at 217 
Hz; 1 h/day (5 
days/week) for 1 
year 

0.15 Increased reactive oxygen 
species (calcium involved) 

 



Esmekaya et al. 
(2011) 

Human peripheral 
blood lymphocytes 
exposed to 1800 
MHz GSM- (217 
HZ) modulated 
RFR for 6, 8, 24, or 
48 h 

0.21 Chromatin changes and 
increases in sister 
chromatin exchange. 

Falcioni et al. 
(2018) 

Rats exposed to 
1800 MHz RFR 
from prenatal life to 
death at 19 h/day 

0.1, 0.03, or 
0.001 

Increase in tumors in brain 
and heart 

Forgacs et al. (2006) 
 

Mice exposed to 
1800 MHz RFR, 
GSM- 217 Hz 
pulses, 576 µs pulse 
width; 2 h/day, 10 
days 

0.018 Increase in serum 
testosterone 

Furtado-Filho et al. 
(2014) 

Pregnant rats 
exposed to 950 
MHz RFR for 0.5 
h/day for 51 days 
(21 days of 
gestation and 6-30 
days old) 

SAR of 
pregnant rat 
0.01-0.03 
W/kg; 
neonate 0.88 
W/kg, 6-day 
old 0.51 
W/kg, 15-
day old 0.18 
W/kg, 30-
day old 0.06 
W/kg 

Decreased DNA strand 
breaks in liver of 15-day 
old and increased breaks in 
30-day old offspring. 

* Garaj-Vrhovac et 
al. (2011) 

 

Operators of two 
types of marine 
radars (3, 9.4, and 
5.5 GHz); average 
time on job 2-16 
years 

0.0005-
0.004 (time 
averaged) 

Increased genetic damages 
in blood lymphocytes 

Gautam et al. (2024) Rats exposed to 
2350 MHz RFR for 
2 h/day for 56 days 

0.0625 Male reproductive system, 
hematological system, 
liver, and kidney affected; 
reduction in testosterone, 
total antioxidant capacity, 
and increased lipid 
peroxidation in testis. 



Gautam et al. (2025) Rats exposed to 
35.5 MHz RFR; 2 
h/day for 60 days 

0.07-0.0564   Sperm damage; increased 
DNA strand breaks; 
increased lipid 
peroxidation, decreased 
superoxide dismutase and 
total antioxidant status 

* Ghazizadeh and 
Nazıroğlu (2014) 

Hippocampal cells  
of pentylentetrazol-
induced epileptic 
rats exposed to 
2450 MHz (Wi-Fi) 
RFR; 1 h 

0.000052 enhanced reactive oxygen 
species in epileptic rat 
hippocampus 

Gökçek-Saraç et al. 
(2017) 

Rats exposed to 900 
MHz or 2100 MHz 
RFR, 2 h/day for 1 
week or 10 weeks 

900 MHz 
(whole body 
SAR 0.0053 
W/kg); 2100 
MHz (0.128 
W/kg) 

Enzymes of N-methyl-D-
aspartate receptor-related 
signaling pathways in 
hippocampus higher in 10- 
week than in 1-week group 

* Gremiaux et al. 
(2016) 

 

Rose exposed to 
900 MHz RFR, 3x 
39 min every 48 h 
at 2 stages of 
development 

0.00072 Delayed and reduced 
growth 

Grigor'ev et al. 
(2010) 

Blood serum of rats 
exposed to 2450 
MHz RFR; 7 h/day 
for 30 days 

0.16 Increased nitric oxide 
reaction products, lipid 
peroxidation, and 
hydroxylated fatty acids 

Gulati et al. (2020) Human 
lymphocytes 
exposed to UMTS 
signals at different 
frequency channels 
used by 3 G mobile 
phone (1923, 
1947.47, and 1977 
MHz) for 1 or 3 h 

0.04  DNA damage found only 
in cells exposed to 1977-
MHz field 
 

Güler et al. (2016) Rabbit exposed to 
1800 MHz 217-Hz 
modulated RFR in 

0.018 Increased 8-OHdG and 
lipid peroxidation in brain 
tissue 

http://www.ncbi.nlm.nih.gov/pubmed?term=Ghazizadeh%20V%5BAuthor%5D&cauthor=true&cauthor_uid=24792079
http://www.ncbi.nlm.nih.gov/pubmed?term=Naz%C4%B1ro%C4%9Flu%20M%5BAuthor%5D&cauthor=true&cauthor_uid=24792079
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=G%C3%BCler+G&cauthor_id=26520616


utero and extra-
utero 

Gupta et al. (2018) 
 

Rats exposed to 
2450 MHz RFR; 1 
h/day for 28 days 

0.0616 Cognitive deficit, loss of 
mitochondrial functions, 
activation of apoptotic 
factors in hippocampus; 
affected cholinergic 
system 

Gürler et al. (2014) Brain and blood 
from rats exposed 
to 2450 MHz RFR; 
1 h/day for 30 days 

0.02 Increased lipid 
peroxidation in male and 
female; increased 8-
hydroxydeoxyguanosine in 
female animals 

Halgamuge et al. 
(2015) 

Growth parameters 
of soybean 
seedlings; 2 h 

GSM 217-
Hz 
modulated 
(4.8 x 10-7, 
4.9  x 10-5, 
and 0.0026 
W/kg) or 
CW 
(0.00039 
and 0.02 
W/kg) 900-
MHz  

Modulated and CW fields 
produced different patterns 
of growth effects. There 
was an amplitude effect 
and extremely low-level 
modulated field (4.8 x 10-7 
W/kg) affected all 
parameters 

Hancı et al. (2013) Rats exposed to 900 
MHz RFR for 1 
h/day during 13-21 
days of pregnancy; 
testis of offspring 
examined on 
postnatal day 21  

0.0265 RFR caused irregularities 
in seminiferous tubule 
basal membrane and 
epithelium, immature germ 
cells in the lumen, and a 
decreased diameter in 
seminiferous tubules and 
thickness of epithelium; 
increased Apoptotic index, 
lipid peroxidation and 
DNA oxidation 

Hancı et al. (2015) Rats exposed to 900 
MHz RFR for 1 
h/day during 13-21 
days of pregnancy; 

0.025 Pathological changes in 
cell morphology in the 
thymic and splenic tissues; 



spleen and thymus 
of offspring 
examined on 
postnatal day 21 

lipid peroxidation 
increased and glutathione 
decreased in thymus 
whereas both were 
increased in the spleen. 

Hanci et al. (2018) 
 

Rats exposed to 900 
MHz RFR, 1 h/day 
to postnatal day 60. 

0.0067 Changes in morphology 
and increase in oxidative 
stress marker in testis  

Hanci et al. (2025) Offspring of 
pregnant rats 
exposed (1 h/day on 
day1-21 of 
pregnancy) to 900 
MHz RFR  

0.0173, 
0.0063, 
0.0059 
depending 
on size of 
animal 

Change in morphology and 
oxidative damage in sciatic 
nerve. 

Hatice et al. (2014) Blood and brain of 
rats exposed to 
2450 MHz RFR; 1 
h/day for 30 days 

0.02 Increased 8-
hydroxydeoxyguanosine in 
plasma and brain and 
protein oxidation only in 
blood plasma 

He et al. (2016) Mouse bone 
marrow stromal 
cells exposed to 900 
MHz RFR 3 h/day 
for 5 days 

2.5 x 10-4 Increased expression of 
PARP-1 mRNA  

He et al. (2017) Mouse bone 
marrow stromal 
cells exposed to 900 
MHz RFR 3 h/day 
for 5 days 

2.5 x 10-4 Increased mRNA of 
poly(ADP-ribose) 
polymerase-1, cells treated 
with RFR and gamma 
radiation showed less 
genetic damage and faster 
kinetics of repair. 
 

Hidisoglu et al. 
(2018) 

Temporal cortex of 
rats exposed to 
GSM 2100 MHz 
RFR, 2 h/day for 7 
days 

Brain 0.27 Increased lipid 
peroxidation 



Hekmat et al. (2013) 
 

Calf thymus 
exposed to 940 
MHz RFR, 45 min 

0.04 Conformational changes in 
DNA 

Ivaschuk et al. 
(1997) 

 

Nerve growth 
factor-treated PC12 
rat 
pheochromocytoma 
cells 836.55 MHz 
TDMA signal,  
20 min 

0.026 Transcript levels for c-jun 
altered  

Jech et al. (2001) Narcoleptic 
patients; 900 MHz, 
GSM- 217 Hz 
pulses, 577 µs pulse 
width; 45 min 

0.06 Improved cognitive 
functions 

Jha et al. (2025) Overy of rats 
exposed to 700 
MHz RFR; 6 h/day 
for 10 days or 4 
h/day for 60 days 

0.375 Increased Oxidative lipid 
damage and decreased 
SOD; morphological 
changes 

Jonwal et al. (2018) Mice exposed to 
2450 MHz RFR; 2 
h/day for 30 days 

0.09 In testis: increased 
catalase, lipid 
peroxidation, reactive 
oxygen species, decreased 
glutathione peroxidase, 
testosterone, and 
superoxide dismutase; 
histopathological changes 
in seminiferous tubules; 
increased micronucleus in 
blood. 

Jooyan et al. (2023) Chinese hamster 
ovary cells exposed 
to 900 MHz RFR 
(217-Hz 
modulation) for 24 
h 

0.2-0.4 Increased single strand 
DNA breaks, no effect on 
micronuclear formation, 
No effect on COX-2 gene 
expression. 



* Karadayi et al. 
(2024) 

Rats exposed to 
2450 MHz RFR 1 
h/day during 
pregnancy and 
offspring to 45 days 
old 

0.00051 Increased in soluble 
Receptor Activator of 
Nuclear factor-kB Ligand 
(sRANKL) and 
Osteoprotegerin (OPG) in 
serum and tibia; increased 
apoptosis. (sRANKL- 
involved in bone 
regeneration and 
remodeling; OPG-protein 
in regulation of bone 
density.) 

Karamazi et al. 
(2025) 

 

Pregnant rats 
exposed to 6,000 
MHz RFR, 4 h/day 
in first 18 days of 
gestation 

0.054 Fetal bone development 
affected. 

Katirci et al. (2024) Rats exposed to 
2100 MHz RFR; 2 
h/day for 1 or 10 
weeks 

Whole body 
0.16; testis 
0.0347 

Affected Tyro 3, Axl, and 
Mer (TAM) receptors and 
their ligands in testes, 
essential for 
spermatogenesis and 
testosterone production. 

Keleş et al. (2019) 
 

Rats exposed to 900 
MHz RFR; 1 h/day 
for 25 days 

0.012 Higher number of 
pyramidal and granule 
neurons in hippocampus 

Keleş et al. (2024) 
 

Rats exposed to 900 
MHz RFR; 1 h/day 
for 25 days 

0.01 (from 
Aslan et al. 
Biotechnic 
&Histochem
istry 92:324-
330, 2017) 

Increased lipid 
peroxidation, glutathione, 
catalase, and superoxide 
dismutase in kidney 

Kerimoğlu et al. 
(2016a) 

Lumbar spinal cord 
of rats exposed to 
900 MHz RFR; 1 
h/day on postnatal 
days 22-60 

0.0093 Increased lipid 
peroxidation; decreased 
superoxide dismutase, 
glutathione 

Kerimoğlu et al. 
(2016b) 

Brain of rats 
exposed to 900 
MHz RFR; 1 h/day 

0.0093 Increased lipid 
peroxidation, glutathione; 
decreased catalase 

 

https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Karadayi+A&cauthor_id=38466013


on postnatal days 
21-60 

Kerimoğlu et al. 
(2016c) 

Heart of rats 
exposed to 900 
MHz RFR; 1 h/day 
on postnatal days 
21-59 

0.0093 Increased lipid 
peroxidation, superoxide 
dismutase; decreased 
glutathione, catalase 

Kerimoğlu et al. 
(2018) 

Sciatic nerve of rats 
exposed to 900 
MHz RFR; 1 h/day 
on postnatal days 
21-59 

0.0093 Increased lipid 
peroxidation, superoxide 
dismutase, catalase 

* Kesari and Behari 
(2009) 

 

Rats exposed to 50 
GHz RFR; 2 h/day 
for 45 days 

0.0008 Double strand DNA breaks 
observed in brain cells  

* Kesari and Behari 
(2010a) 

 

Rats exposed to 50 
GHz RFR; 2 h/day 
for 45 days 

0.0008 Changes in oxidative 
processes and apoptosis in 
reproductive system 

Kesari and Behari 
(2010b) 

 

Sperm of rat 
exposed to 2450 
MHz RFR; 2 h/day 
for 35 days 

0.11 Decreased glutathione 
peroxidase, superoxide 
dismutase; increased 
catalase 

Kesari et al. (2010) 
 

Rats exposed to 
2450 MHz RFR at 
50-Hz modulation, 
2 h/day for 35 days 

0.11 DNA double strand breaks 
in brain cells 

Kesari et al. (2014) Rats exposed to a 
3D cell phone. 2 
h/day for 60 days 

0.26 Increased DNA double 
strand breaks, micronuclei, 
Caspase 3 and apoptosis in 
brain cells; activation of 
hsp27/p38MAPK stress 
pathway. 

Kues et al. (1992) Monkeys (M. 
mulatta and M. 
fascicularis) treated 
with timolol or 
pilocarpine exposed 

0.26 Corneal endothelial 
damage 



to pulsed 2450 
MHz RFR, 4 h/day 
for 3 days  

Kulaber et al. 
(2017) 

Thymus of rats 
exposed to 900 
MHz RFR; 1 h/day 
between postnatal 
days 22-59 

0.067 Increased lipid 
peroxidation 

Kumar et al. 
(2010a) 

 

Rats exposed to 10 
GHz RFR, 2 h/day 
for 45 days 

0.014 Cellular changes and 
increase in reactive oxygen 
species in testes 

Kumar et al. 
(2010b) 

 

Rats exposed to 10 
GHz RFR, 2 h/day 
for 45 days; or 50 
GHz, 2 h/day for 45 
days 

0.014 (10 
GHz); 
0.0008 (50 
GHz) 

Genetic damage in blood 
cells 

Kumar et al. 
(2011a) 

Rats exposed to 
2450 MHz RFR; 2 
h/day for 60 days 

0.014 Increases in caspase and 
creatine kinase in sperm 
and decreases in 
testosterone and melatonin 
in blood 

Kumer et al. 
(2011b) 

Spermatozoa of rats 
exposed to 10 GHz 
RFR, 2 h/day for 45 
days 

 

0.014 Increased reactive oxygen 
species 

Kumar et al. (2012) Rats exposed to 10-
GHz RFR; 2 h/day 
for 45 days 

0.014 Increased creatine 
phosphate and decreased 
melatonin and lipid 
peroxidation in sperms 

Kumar et al. (2013) 
 

Rats exposed to 10- 
GHz RFR; 2 h/ day 
for 45 days 

0.014 Increased micronucleus in 
blood cells and DNA 
strand breaks in 
spermatozoa. 

Kumar et al. (2016) Zea mays seedling 
exposed to 1800-
MHz RFR, for 0.5, 
1, 2, or 4 h 

0.169 longer exposure of 4 h 
caused significant growth 
and biochemical 
alterations 



Kumar et al. (2020) Onion exposed to 
900 MHz or 1800 
MHz RFR for 0.5-4 
h 

900 MHz- 
0.092; 1800 
MHz- 0.169 

Effects on root length and 
thickness, micronucleus 
formation. DNA strand 
breaks observed. 1800 
MHz more potent that 900 
MHz field 

Kumar et al. (2021) Hippocampus of 
rats exposed to 900, 
1800, or 2450 MHz 
RFR for 2 h/day for 
1-month, 3-month 
and 6-month 

Rats 
exposed to 
900 MHz, 
1800 MHz, 
and 2450 
MHz RFR at 
a SAR of 
5.84 × 10-

4 W/kg, 5.94 
× 10-4 W/kg 
and 6.4 × 
10-4 W/kg, 
respectively.  

Significant epigenetic 
modulations were 
observed in the 
hippocampus, larger 
changes with increasing 
frequency and exposure 
duration. 
 

Kunjilwar and 
Behari (1993) 

Rats exposed to 147 
MHz and 
subharmonic 73.5 
and 36.75 MHz 
amplitude 
modulated at 16 and 
76 Hz; 2 h/day for 
30-35 days 

0.1-0.14 Decreased acetylcholine 
esterase in brain 

Kuybulu et al. 
(2016) 

Rats exposed to 
2450 MHz RFR 
either prenatally (in 
utero) or postnatally 
(18 days to 12th 
week old); 1h/day 

0.143 Caused chronic kidney 
damages- histologically 
and biochemically. 
Increased lipid 
peroxidation; decreased 
superoxide dismutase 

Kuzay et al. (2017) Testis of normal 
and diabetic rats 
exposed to 2100 
MHz RFR; 20 
min/day, 5 
day/week for one 
month. 
 

0.23 Increased lipid 
peroxidation and nitric 
oxide; decreased 
glutathione 



Kwee et al. (2001) 
 

Transformed human 
epithelial amnion 
cells exposed to  
960 MHz GSM 
signal, 20 min 

0.0021 Increased Hsp-70 stress 
protein  

Lameth et al. (2025) Cerebral cortex of 
Rats head exposed to 
3.5 GHz RFR, 1 
h/day (5 days/week) 
for 6 weeks. 

0.19 Up-regulation of genes related 
to glutamatergic synapses 

Lerchl et al. (2008) 
 

Hamsters exposed 
to 383 MHz 
(TETRA), 900 and 
1800 MHz (GSM) 
24 h/day, 60 days 

0.08 Metabolic changes in 
hamster  

Lian et al. (2018) Yeast strains 
(NT64C and SB34) 
exposed to 2000 
MHz RFR for 96 h 

0.12 Increased generation and 
propagation of yeast 
prions, level of reactive 
oxygen species, and 
activities of superoxide 
dismutase and catalase 

Lin et al. (2016) Budding yeast 
exposed to 2000 
MHz RFR for 96 h 

0.12 Upregulate the expression 
of genes involved in 
glucose transportation and 
the tricarboxylic acid 
(TCA) cycle, but not the 
glycolysis pathway. 

 López-Furelos et al. 
(2016) 

Rats exposed to 900 
or 2450 MHz RFR 
or combination of 
the two frequencies 
for 1-2 h 

0.0367-
0.0723 
(average 
whole body) 

Changes in HSP 90 and 70 
levels in cerebrum and 
cerebellum 

López-Furelos et al. 
(2018) 

RAW 264.7 cells 
(mouse 
macrophage-like 
leukemia virus 
transformed cells) 
exposed to 900 and 
2450 MHz single or 
combined RFR; 4, 
24, 48, or 72 h 

0.0842-
0.406 

Increased nitric oxide 
depending on exposure 
time. (Decreased 
phagocytic activity) 

https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=L%C3%B3pez-Furelos+A&cauthor_id=27589837


López-Martín et al. 
(2009) 

Picotoxin-induced 
seizure-prone rats 
exposed to pulse-
modulated GSM 
and unmodulated 
signals; 2 h 

0.03-0.26 c-Fos expression in brain  

Maalouf et al. 
(2023) 

Adipose tissues of 
rats exposed to 900 
MHz CW RFR; 1 h 
twice a day for 3 or 
7 days 

0.1 or 0.4 Changed (increase and 
decrease) expression of 
genes involved in lipid, 
metabolism, energy 
homeostasis, and thermal 
regulation, 

Manta et al. (2014) Drosophila 
melanogaster 
exposed to radiation 
from a wireless 
DECT (Digital 
Enhanced Cordless 
Telephone) base 
radiation (1.88-
1.90 GHz; pulsed (at 
100 Hz rate and 
0.08 ms duration) for 
0.5 - 96 h 

0.009 Increased reactive oxygen 
species in male and female 
at 6 h; ovary reactive 
oxygen species level 
increased after 0.5 h and 
reached maximum after I h 
exposure 

Manta et al. (2017) Ovary of 
Drosophila 
melanogaster 
exposed to radiation 
from a GSM 1800 
MHz mobile phone 
in talk mode for 30 
min 

0.15 Increased reactive oxygen 
species production 
immediately, non-targeted 
transcriptional 
reprogramming of gene 
expression at 2 h, and 
apoptosis at 4 h post-
exposure. 

Makova et al. 
(2005) 

 

Human white blood 
cells exposed to 915 
and 905 MHz GSM 
signal, 1 h 

0.037 Altered chromatin 
conformation 

Markova et al. 
(2010) 

Human diploid VH-
10 fibroblasts and 
human adipose-
tissue derived 
mesenchymal stem 
cells exposed to 
GSM (905 MHz or 
915 MHz) or 

0.037-0.039 Inhibited tumor suppressor 
TP53 binding protein 1 
(53BP1) foci that are 
typically formed at the 
sites of DNA double strand 
break location.  



UMTS (1947.4 
MHz, middle 
channel) RFR for 1, 
2, or 3 h 

Marinelli et al. 
(2004) 

 

Human leukemia 
cell exposed to 900 
MHz CW RFR 
2 - 48 h 

0.0035 Cell’s self-defense 
responses triggered by 
DNA damage.  

Meena et al. (2014) Rats exposed to 
2450 MHz RFR; 2 
h/day for 45 days 

0.14 Induced oxidative stress in 
testis; effects reversed by 
melatonin 

* Megha et al. 
(2012) 

Rats exposed to 900 
MHz or 1800 MHz, 
2 h/day for 30 days 

900 MHz -
0.00059; 
1800 MHz -
0.00058 

Impaired cognitive 
functions; Increased lipid 
peroxidation, and protein 
oxidation; decreased 
glutathione in brain 

* Megha et al. 
(2015a) 

Rats exposed to 900 
and 1800 MHz 
RFR for 30 days (2 
h/day, 5 days/week) 

0.00059 and 
0.00058  

Reduced levels of 
neurotransmitters 
dopamine, norepinephrine, 
epinephrine, and serotonin, 
and downregulation of 
mRNA of tyrosine 
hydroxylase and 
tryptophan hydroxylase 
(synthesizing enzymes for 
the transmitters) in the 
hippocampus. 

* Megha et al. 
(2015b) 

Rats exposed to 
900, 1800, and 
2450 MHz RFR for 
60 days (2 h/day, 5 
days/week) 

0.00059, 
0.00058, 
and 0.00066 

Increased DNA damage in 
the hippocampus 

Migdal et al. (2023) Bees exposed to 
900 MHz RFR for 
0.25, 1, or 3 h 

0.05, 0.3, or 
1.4 

Increased expression of 
Hsp70 and Hsp 90 genes 
(at 0.05 W/kg for 3 h) 

Misa Agustiño et al. 
(2012) 

Rats exposed to 
2450 MHz RFR for 
30 min 

0.046 Decreased HSP-90 and 
HSP-70 in thyroid gland. 



Mohammed et al. 
(2013) 

Rats exposed to 900 
MHz continuous-
wave, 900 MHz 
modulated at 8 and 
16 Hz; 1 h/day for 1 
month 

Spatial peak 
SAR 0.245 

Increased latency of REM 
sleep 

Nakamura et al. 
(1998) 

Pregnant rats 
exposed to 2450 
MHz RFR for 90 
min 

0.36-0.44 Affected beta-endorphin in 
blood and anterior 
pituitary gland, blood 
progesterone, and splenic 
natural killer cell activity 

Navakatikian and 
Tomashevskaya 
(1994) 

 

Rats exposed to 
2450 MHz CW and 
3000 MHz pulse-
modulated 2-µs 
pulses at 400 Hz, 
Single (0.5-12 h) or 
repeated (15-60 
days, 7-12 h/day)  
 

0.0027 Behavioral and endocrine 
changes, and decreases in 
blood concentrations of 
testosterone and insulin. 
CW-no effect 

Naziroğlu and 
Gümral (2009) 

Brain of rats 
exposed to 2450 
MHz (217 Hz 
pulses) RFR; 1 
h/day for 28 days 

0.1434 Decreased vitamin C, E, 
and A 

Nazıroğlu et al. 
(2012a) 

Human leukemia 60 
cells exposed to 
2450-MHz RFR for 
1, 2, 12, or 24 h 
 

0.11 Increased in cytosolic free 
Ca²⁺ concentrations; 
increased lipid 
peroxidation 

Nazıroğlu et al. 
(2012b) 

Brain and dorsal 
root ganglion 
neuron of rats 
exposed to 2450 
MHz 217 Hz 
modulation RFR; 1 
h/day for 30 days 

0.1 Increased lipid 
peroxidation in dorsal root 
ganglion neurons, 
attenuated by melatonin 
(RFR induced calcium 
influx in brain and 
ganglion neurons 
attenuated by melatonin.) 

http://www.ncbi.nlm.nih.gov/pubmed?term=Naziro%C4%9Flu%20M%5BAuthor%5D&cauthor=true&cauthor_uid=19637079
http://www.ncbi.nlm.nih.gov/pubmed?term=G%C3%BCmral%20N%5BAuthor%5D&cauthor=true&cauthor_uid=19637079


Nittby et al. (2008a) 
 

Rats exposed to 915 
MHz GSM signal, 6 
h 

0.013 
(whole body 
average  
SAR); 
0.03 (head) 

Altered gene expression in 
cortex and hippocampus 

* Nittby et al. 
(2008b) 

Rats exposed to 
GSM-900 MHz 
RFR, 2 h/week for 
55 weeks 

0.0006 Cognitive impairment 

Odaci and Özyılmaz 
(2015) 

Testis of rats 
exposed 900 MHz 
RFR; 1h/day for 30 
days. 

0.025 Produced vacuoles in 
seminiferous tubules basal 
membrane and edema in 
the inter-tubular space and 
apoptosis; decreased lipid 
peroxidation, catalase, 
superoxide dismutase, and 
glutathione.  

Odaci et al. (2015) Pregnant rats 
exposed to 900 
MHz RFR, 1 h/day, 
on days 13-21 of 
pregnancy. 

0.024 Kidney tissue of 21-day 
old male offspring showed 
histological degeneration, 
increased lipid 
peroxidation. And 
decreased catalase and 
superoxide dismutase. 

Odaci et al. (2016) Pregnant Sprague -
Dawley rats 
exposed to 900 
MHz RFR 1 h/day 
during days 13 - 21 
of pregnancy. 

0.024 Testis and epididymis of 
offspring showed higher 
DNA oxidation 

Okatan et al. (2018) Ovary of rats 
exposed to 900 
MHz RFR; 1 h/day 
from 35-59 days 
old 

0.0098 Histopathological changes 
observed 

Okatan et al. (2019) Liver of rats 
exposed to 900 
MHz RFR; 1 h/day 
on 35-59 postnatal 
days 

0.0096 Decreased 8-
hydroxydeoxyguanosine 
and superoxide dismutasis 



Oksay et al. (2014) Testis of rats 
exposed to 2450 
MHz RFR; 1 h/day 
for 30 days 

0.1 Increased lipid 
peroxidation; attenuated by 
melatonin 

Özdemir et al. 
(2021) 

Optic nerve of rats 
exposed to LTE-
Advanced Pro (4.5 
G) mobile phone 
(00-2600 MHz); 2 
h/day for 6 weeks 

0.0035 at 
eye 

Increased lipid 
peroxidation; decreased 
catalase and superoxide 
dismutase 

Ozguner et al. 
(2005a) 

Kidney of rats 
exposed to 900 
MHz RFR; 30 
min/day for 3 
months 

0.016 Increased lipid 
peroxidation and nitric 
oxide; decreased 
superoxide dismutase, 
catalase, and glutathione 
peroxidase 

Ozguner et al. 
(2005b) 

myocardial tissue of 
rats exposed to 900 
MHz (217 Hz pulse 
modulation) RFR; 
30 min/day for 10 
days 

0.016 Increased lipid 
peroxidation and nitric 
oxide; decreased 
superoxide dismutase, 
catalase, and glutathione 
peroxidase 

Ozgur et al. (2010) Guinea pigs 
exposed to 1800-
MHz GSM signal, 
10 or 20 min/day 
for 7 days 

0.38 Changes in oxidative 
status in the liver 

Ozlem Nisbet et al. 
(2012) 

Rats exposed to 
1800 or 900 MHz 
RFR; 2 h/day for 90 
days 

0.003 Increased testosterone in 
blood; morphological 
changes in testis dependent 
on frequency 

Ozorak et al. (2013) Kidney and testis of 
rats exposed to 
2450, 900, and 
1800 MHz (217 Hz 
modulation) RFR; 1 
h/day prenatal to 6 
weeks of age 

0.18 Increased lipid 
peroxidation in kidney and 
testis; decreased total 
antioxidant status, 
glutathione, glutathione 
peroxidase at 4th week 
postnatal; Decreased 
glutathione, total 
antioxidant status in 
kidney at 5th week; 
Increased lipid 



peroxidation, decreased 
total antioxidant status and 
glutathione in kidney and 
testis at 6th week. 

Özyılmaz et al. 
(2024) 

Thyroid of 6-month 
old offspring of 
pregnant rats 
exposed to 2450 
MHz RFR, 24 
h/day during 
pregnancy period 

0.012 Morphological changes in 
mononuclear cell 
infiltration and vascular 
increase in congestion. 

Özyılmaz et al. 
(2025) 

Thyroid of 12-
month old offspring 
of pregnant rats 
exposed to 2450 
MHz RFR, 24 
h/day during 
pregnancy period 

0.012 Increases in fibrosis,  
atypical thyrocytes , and 
degenerated follicles, and 
colloid reduction. 
Increased apoptosis and 
double strand DNA breaks. 

Pandey and Giri 
(2018) 

Mice exposed to 
900 MHz GSM 
RFR; 3 h twice/day 
for 35 days  

0.0516 Testis showed 
morphological changes, 
increased DNA strand 
breaks and lower sperm 
count, and increased free 
radical formation, Effects 
attenuated by melatonin. 

Pandey et al. (2017) Mice exposed to 
900-MHz RFR for 
4 or 8 h per day for 
35 days 

0.0054-
0.0516 

DNA strand breaks in 
germ cells 

Pavicic et al. (2006) 
 

Chinese hamster 
V79 cells exposed 
to 864 and 935 
MHz CW RFR, 1-3 
h 

864 MHz at 
0.08 W/kg; 
935 MHz at 
0.12 W/kg 

Cell growth affected  

* Pelletier et al. 
(2013) 

Rat, 900 MHz, 23.4 
h/day for 5 weeks 

0.0001-
0.0003 

Induced energy saving 
process in body 

* Pérez-Castejón et 
al. (2009) 

human astrocytoma 
cancer cells; 9600 
MHz, 90% AM, 24 
h 

0.0004 Increase proliferation rate 
and connexin 43 
expression 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22P%C3%A9rez-Castej%C3%B3n%20C%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22P%C3%A9rez-Castej%C3%B3n%20C%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract


Perov et al. (2019) 
 

Rats exposed to 171 
MHz CW RFR, 
6 h/day for15 days 

0.006 Stimulation of adrenal 
gland activity 

* Persson et al. 
(1997) 

 

Rats exposed to 915 
MHz RFR -CW and 
pulse-modulated 
(217-Hz, 0.57 ms; 
50-Hz, 6.6 ms) 2-
960 min. 
 

0.0004 Increase in permeability of 
the blood-brain barrier.  
CW more potent 

Phillips et al. (1998) 
 

Human leukemia 
cells exposed to 
813.5625 MHz  
(iDEN); 836.55 
MHz (TDMA) 
signals, 2 or 21 h 

0.0024 DNA damage observed 

Piccinetti et al. 
(2018) 

 

Zebrafish exposed 
to 100 MHz RFR, 
24-72 h post-
fertilization 

0.08 Retarded embryonic 
development 

Porcher et al. (2023) Leaves of 
Arabidopsis 
thaliana exposed to 
2450 MHz RFR for 
30 min 

0.21 Increased H2O2 

Postaci et al. (2018) Rats exposed to 
2600 MHz RFR, 1 
h/day for 30 days 

0.011 Cellular damages and 
oxidative damages in liver 

* Pyrpasopoulou et 
al. (2004) 

 

Rats exposed to 9.4 
GHz GSM 
(50 Hz pulses, 20 
µs pulse length) 
signal, 1-7 days 
postcoitum 

0.0005 Exposure during early 
gestation affected kidney 
development 

Qin et al. (2014) Rats exposed 1800 
MHz RFR 2 h/day 
for 32 days 

0.0405 Disruption of circadian 
rhythms, decreased 
testosterone levels, lower 
daily sperm production 
and sperm motility, down-



regulated testis marker 
enzyme activity, and 
altered mRNA expression 
of cytochrome P450 and 
steroidogenic acute 
regulatory protein. Effect 
more pronounce at a 
certain time of the day. 

Qin et al. (2018) 
 

Mice exposed to 
1800-MHz RFR, 2 
h/day for 32 days 

0.0553 Inhibition of testosterone 
synthesis 

Qin et al. (2019) Mouse Leydig cells 
exposed to 1800 
MHz RFR; 1, 2, or 
4 h 

0.116 Down-regulation of 
testosterone synthase genes 
and clock genes. 

Rafati et al. (2015) 
 

Frog gastroenemius 
muscle exposed to 
cell phone jammers; 
1 m away, 3 x 10 
min periods 

For different 
jammers: 
0.01-0.05 

Latency of contraction 
affected 

* Sagioglou et al. 
(2016) 

Drosophila 
melanogaster 
exposed to 100, 
395, 682, 900 MHz 
RFR for 6 or 60 
min/day for 6 days 
post-hatching 

0.00001- 
0.102 

All exposure protocols 
resulted in an increase of 
apoptosis in egg chambers 

 

Salford et al. (2003) 
 

Rats exposed to 915 
MHz GSM, 2 h 

0.02 Nerve cell damage in brain 

Sangun et al. (2015) Rats exposed to 
2450 MHz RFR 
during prenatal and 
postnatal periods; 1 
h/day 

0.143 Increased total oxidant 
status and oxidative stress 
index in brain and testis. 

Sannino et al. 
(2014) 

Human 
lymphocytes 
exposed to 1950 
MHz RFR for 20 h 
and then challenged 
with 1.0 or 1.5 Gy 
X-irradiation 

0.3 A decrease in the number 
of micronuclei in 
lymphocytes exposed to 
RFR + x-ray as compared 
with those subjected to x-
ray alone 



Sarimov et al. 
(2004) 

 

Human 
lymphocytes 
exposed to 895-915 
MHz GSM signal,  
30 min 

0.0054 Chromatin affected similar 
to stress response. 

Schwarz et al. 
(2008) 

 

Human fibroblasts 
exposed to 1950 
MHz UMTS signal, 
24 h 

0.05 Changes in genes. 

* Schwartz et al. 
(1990) 

Frog hearts exposed 
to 240-MHZ RFR 
CW or sinusoidally 
modulated at 0.5 or 
16 Hz for 30 min. 

0.00015-
0.003 

Movement of calcium 
affected only with 16-Hz 
modulation at 0.003 and 
0.00015 W/kg. No effect 
with CW and 0.5 Hz 
modulation. 

Seewooruttun et al. 
(2025) 

Adipose tissue from 
rats exposed to 3.5 
GHz (0.07 W/kg) ot 
900 MHz (0.24 
W/kg) RFR; I h/day 
for 1 or 2 weeks. 

0.07 Decreased in adipogenic 
biomarker gene 
expression- PRDM16 and 
C/EBPβ. Both genes are 
involved in the 
proliferation and 
differentiation of mature 
brown adipocytes from 
precursors. 
 

Sefidbakht et al. 
(2014) 

HEK293T cell with 
firefly luciferease 
gene exposed to a 
940 MHz RFR for 
15-90 min 

0.09 Endogenous luciferase 
activity was reduced after 
30 and 45 min of 
continuous exposure, 
while after 60 min, the 
exposed cell lysate showed 
higher luciferase activity 

Sepehrimanesh et al. 
(2014a) 

Rats exposed to 900 
MHz RFR for 1, 2, 
or 4 h/day for 30 
days 

0.19-1.22 
(range of 
whole body 
SAR) 

Disturbance in 
reproductive hormones  

Sepehrimanesh et al. 
(2014b) 

Rats exposed to 900 
MHz RFR for 1, 2, 
or 4 h/day for 30 
days 

0.19-1.22  Changes in proteome, 
particularly in protein 
species in the testis 



Sepehrimanesh et al. 
(2017) 

Rats exposed to 900 
MHz RFR for 1, 2, 
or 4 h/day for 30 
days 

0.19-1.22 Increases in testicular 
proteins in adults that are 
related to carcinogenic risk 
and reproductive damage 

Shahin et al. (2013) Mice exposed to 
2450 MHz RFR, 2 
h/day for 45 days 

0.023 Increased DNA strand 
breaks in brain;  decreased 
nitric oxide in blood; 
Increased reactive oxygen 
species, decreased 
superoxide dismutase, 
catalase. Glutathione 
peroxidase in liver, kidney, 
and Ovary 

Shahin et al. (2014) Mice exposed to 
2450 MHz RFR; 2 
h/day for 30 days 

0.018 Decreased sperm count 
and viability, plasma 
testosterone; increased 
testicular nitric oxide 
synthase 

Shahin and Singh 
(2018) 

Mice exposed to 
2450 MHz RFR; 2 
h/day for 15, 30, or 
60 days 

0.0146 Induced redox imbalance 
and apoptosis in testis, 

Sharma et al. (2017) Brain of mice 
exposed to 10 GHz 
RFR 2 h/day for 15 
days 

0.179 Changes in oxidative 
enzymes, deficit in spatial 
memory, and histological 
changes in CA1 region of 
the hippocampus, cerebral 
cortex, and ansiform 
lobule of cerebellum. 
Effects persisted for at 
least 4 weeks. 

Sharma and Shukla 
(2020) 

Rats exposed to 900 
MHz RFR for 1, 2, 
or 4 h/day for 90 
days 
 

Brain- 0.231 Increased DNA single 
strand breaks  
and increased oxidative 
stress in brain. 

Sharma et al (2024) Trigonella foenum-
graecum L. seeds 
exposed to 2100 or 
2300 MHz RFR for 
0.5, 1,2 , 4, 8 h/day 
for 7 days 

0.098 Increased chromosomal 
aberration, increased lipid 
peroxidation and 
antioxidant enzyme 
activities. 



Singh et al. (2022) Rats exposed to 
1964.7 MHz RFR, 
3 h/day, 5 
days/week for 20 
weeks 

0.015 Protein deregulation in 
hippocampus 

* Sirav and Seyhan 
(2011) 

Rats exposed to 
CW 900 MHz or 
1800 MHz for 20 
min 

CW 900 
MHz 
(0.00426 
W/kg) or 
1800 MHz 
(0.00146 
W/kg) 

Increased blood-brain 
barrier permeability in 
male rats, no significant 
effect on female rats 

Sirav and Seyhan 
(2016) 

Rats exposed to 
pulsed-modulated 
(217 Hz, 517 µs 
width) 900 MHz or 
1800 MHz RFR for 
20 min 

0.02 In male rats, both 
frequencies increased 
blood-brain barrier 
permeability, 1800 MHz is 
more effective than 900 
MHz; in female rats, only 
900 MHz field caused an 
effect 

Sokolovic et al. 
(2008) 

Rats exposed to 900 
MHz GSM RFR 
from a mobile 
phone; 4 h/day for 
20, 40, or 60 days 

0.043-0.135 Increased lipid 
peroxidation, protein 
oxidation; Decreased 
CAT, xanthine oxidase in 
brain 

Sokolovic et al. 
(2013) 

Rats exposed to 900 
MHz GSM RFR 
from a mobile 
phone; 4 h/day for 
20, 40, or 60 days 

0.043-0.135 Increased lipid 
peroxidation, protein 
oxidation; Decreased 
CAT, xanthine oxidase; 
increased acid- and 
alkaline DNAse in thymus 

Sokolovic et al. 
(2015) 

Rats exposed to 900 
MHz GSM RFR 
from a mobile 
phone; 4 h/day for 
20, 40, or 60 days 

0.043-0.135 Increased lipid 
peroxidation, protein 
oxidation, xanthine 
oxidase; decreased CAT in 
testis 

Somosz et al. (1991) Rat embryo 3T3 
cells exposed to 
2450-MHz 16-Hz 
square modulated 
RFR 

0.024  Increased the ruffling 
activity of the cells, and 
caused ultrastructural 
alteration in the cytoplasm. 
CW was less effective 



Spandole-Dinu et al. 
(2023) 

Brain of mice 
exposed to 2450 
MHz RFR with 
signal of a Wi-Fi 
router fed to an 
antenna for 16 
weeks 

0.01786 Brain global DNA 
methylation was lower in 
exposed mice. 

Stagg et al. (1997) 
 

Glioma cells 
exposed to 836.55 
MHz TDMA 
signal,  duty cycle 
33%, 24 h 

0.0059 Glioma cells showed 
significant increases in 
thymidine incorporation, 
which may be an 
indication of an increase in 
cell division 

Stankiewicz et al. 
(2006) 

 

Human white blood 
cells exposed to 900 
MHz GSM signal, 
217 Hz pulses-.577 
ms width, 15 min 

0.024 Immune activities of 
human white blood cells 
affected. 

Stasinopoulou et al. 
(2016) 

Rats exposed to 
wireless 1880-
1900MHz Digital 
Enhanced 
Communication 
Telephony (DECT) 
base radiation; 12 
h/day during 
pregnancy; 
offspring exposed 
for another 22 days 
 

0.016-0.020 Pyramidal cell loss and 
glia fibrillary acidic 
protein (GFAP) over-
expression were detected 
in the CA4 region of the 
hippocampus of the 22-day 
old pups. 

Suhhova et al. 
(2013) 

Human exposed to 
450 MHz RFR 
modulated at 40 Hz 
(1 min ON/1 min 
OFF), 10 min each 
for 10 cycles 

0.003 Affected alpha, beta 1 and 
beta 2 bands of resting 
EEG in 20% of subjects; 
effects were intensity-
dependent 

Sun Y. et al. (2017) Human HL-60 cells 
exposed to 900 Hz 
RFR, 4 h/day for 5 
days  

peak and 
average 
SAR 4.1 x 
10-4 and 2.5 
x 10-4 W/kg 

Increased oxidative DNA 
damage and reactive 
oxygen species; decreased 
mitochondrial gene 
expression 



Szymanski et al. 
(2020) 

 

Human blood 
mononucleus cells 
exposed to pulse-
modulated 900 
MHz RFR, two 15-
min exposure 

0.024 Cells demonstrated high 
immunological activity of 
monocytes and T-cell 
response to concanavalin 
A 

Tahir et al. (2024) Pregnant rats 
exposed to 2450 
MHz RFR during 
pregnancy and 
offspring for 45 
days after birth (1 
h/day) 

Cochlear 
SAR 
showing 
effects: 
0.0023- 
0.032 

Inner ear damage and 
apoptosis in cochlea of 
offspring. 

Tan et al. (2022) Rats exposed to 
2450 MHz RFR; 12 
h/day; starting one 
month before 
fertilization to the 
offspring were two 
months old. 
Exposure continues 
for 4 generations. 

Adult: 
whole body 
0.186, 
thymus 
0.068; 
offspring: 
whole body 
0.287, 
thymus 
0.116  

The number of offspring 
and mass of all rats 
decreased in the third-
generation group. 
Vascularization was 
observed in the thymus of 
the fourth-generation 
offspring. 

Tang et al. (2015) Rats exposed to 900 
MHz RFR, 3 h/day 
for 14-28 days 

0.016 Spatial long-term memory 
deficit 

Tas et al. (2014) Rats exposed to 900 
MHz RFR; 3 h/day 
for 1 year 

0.0623 RFR altered some 
morphological parameters 
in the testis. 

* Tattersall et al. 
(2001) 

Rat hippocampus, 
700 MHz, 5-15 min 

0.0016 Changes in hippocampal 
functions 

* Tkalec et al. 
(2013) 

Earthworm exposed 
to continuous-wave 
and AM-modulated 
900-MHz RFR for 
2 - 4 h 

0.00013, 
0.00035, 
0.0011, and 
0.00933 

Increased DNA strand 
breaks 
 



Tomruk et al. 
(2022) 

Rabbits exposed to 
1800 MHz GSM 
signal; 15 min/day 
for 7 days during 
pregnancy (15th to 
22nd day) 

0.002 Cellular reactive oxygen 
species- dependent 
disturbances in metabolic 
activity in liver of 
offspring. 

Topal et al. (2015) Pregnant rats 
exposed to 900 
MHz RFR; 1 h/day 
during days 13-21 
of pregnancy 

0.027 Induced oxidative stress 
and pathological 
alterations in the liver in 
the offspring. 

Tripathi et al. 
(2023) 

Rats exposed to 
1760 MHz RFR; 2 
h/day for 8 weeks 

0.18 Disrupted insulin receptor 
signals, mitochondrial 
activity, and the 
antioxidant defense system 
in the hypothalamus and 
liver. 

 

Trosić and  Pavicić 
(2009) 

Chinese hamster 
V79 cells exposed 
to 935 MHz RFR 
for 1-3 h 

0.12 Declined proliferation and 
microtubule structure 
disruption observed 

Tsoy et al. (2019) Human and rat 
primary astrocytes 
exposed to 918 
MHz RFR pulsed 
(0.58 ms) AM at 
217 Hz; 24 h 

0.2 Decreased β-amyloid-
induced oxidative stress 

Tsybulin et al. 
(2013) 

 

Japanese Quail 
embryos exposed to 
GSM 900 MHz 
signal, 48 sec on/12 
sec off; 38 or 158 h 

0.003 Decreased DNA strand 
break at 38 h and increased 
in 158 h exposure in cells. 

Türedi et al. (2015) Pregnant rats 
exposed to 900 
MHz RFR; 1 h/day 
on days 13-21 of 
pregnancy  

0.025 Oxidative stress and 
histopathological changes 
in male rat offspring heart 
tissue detected. 

https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Trosi%C4%87+I&cauthor_id=19329382
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Pavici%C4%87+I&cauthor_id=19329382
https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=T%C3%BCredi+S&cauthor_id=25166431


Türedi et al. (2016) Pregnant rats 
exposed to 900 
MHz RFR; 1 h/day 
on days 13-21 of 
pregnancy 

0.01 Decrease in ovarian 
follicle reservoirs in 
female off spring at the 
beginning of the 
prepubertal period. 

Türedi et al. (2017) Kidney and bladder  
of rats exposed to 
900 MHz RFR; 1 
h/day from 22-59 
days of age 

0.0067 Increased lipid 
peroxidation; decreased 
catalase and glutathione.  

Upadhyaya et al. 
(2022) 

Tomato plants 
exposed to 1800 
MHz RFR up 12-
120 h 

0.0316 
(leaves); 
0.15 (fruits) 

Decreased total antioxidant 
activities and other 
chemicals. 

Vafaei et al. (2020) Placenta of 
pregnant mice 
exposed to 2.4 GHz 
RFR from a D-link 
Wi-Fi router; 2 or 4 
h/day at 30 or 60 
cm from router 
from 5 days after 
mating to 1 day 
before expected 
delivery 

0.09  
at 30 cm 

Increased gene expression 
of SOD, and GDKN1A, 
and GADD45a (DNA 
repair enzymes) 
 

* Velizarov et al. 
(1999) 

 

Human epithelial 
amnion cells 
exposed to 960 
MHz GSM signal,  
217 Hz square-
pulse, duty cycle 
12%, 30 min 

0.000021 Decreased proliferation  

https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=T%C3%BCredi+S&cauthor_id=25166431


Veyret et al. (1991) 
 

Mice exposed to 9.4 
GHz 1 µs pulses at 
1000 pps, also with 
or without 
sinusoidal AM 
between 14 and 41 
MHz; 10 h/day for 
5 days.  Response 
only with AM 
modulation, 
direction of 
response depended 
on AM frequency 

0.015 Changes in functions of 
the mouse immune system.  

Wang S et al. (2025) Mice exposed to 
2450 MHz RFR, 3 
h/day for 8 weeks; 
testes studied. 

0.3 Decreased SOD, CAT, 
GSH; increased LPO and 
8OHdG; morphological 
changes in spermatozoa  

* Wang XW et al. 
(2010) 

Mice exposed to 
200 electromagnetic 
pulses 

average 
SAR 
0.00004 

Blood-testis barrier injury 
detected. 

Wang Y et al. 
(2022) 

Mating Drosophilia 
melanogaster 
exposed to 3500 
MHz RFR for three 
days. 

0.0026, 
0.026, and 
0.26 

Enhanced pup 
development observed at 
0.0026 W/kg 

Wang Y et al. 
(2025) 

Male Drosophilia 
melanogaster 
exposed to 3500 
MHz RFR for 
whole lifetime 

0.0026, 
0.026, and 
0.26 

Decreased ROS and CAT 
at 0.026 W/kg 



Wen et al. (2021) Mouse bone 
marrow stromal 
cells exposed to 900 
MHz RFR; 4 h/day 
for 5 days 

Peak and 
average 
SAR 4.1 × 
10−4 and 2.5 
× 10−4 
W/kg, 
respectively 

 

Increased reactive oxygen 
species at 30 min and 4 h 
post-exposure (normal at 
24 h) 

* Wolke et al. 
(1996) 

 

Isolated guinea pig 
heart muscle cells 
exposed to 900, 
1300, 1800 MHz, 
square-wave 
modulated at 217 
Hz; Also 900 MHz 
with CW, 16 Hz, 50 
Hz and 30 KHz 
modulations, 500 
sec 

0.001 Changed calcium 
concentration in heart 
muscle cells 

Xie et al. (2021) Mouse bone 
marrow stem cells; 
CW 900 MHz RFR; 
4 h/day for 5 days 

Peak 4.1 x 
10-4; 
average 2.5 
x 10-4 

Increased reactive oxygen 
species free radicals; 
induced mitochondrial 
unfolded protein. 

Xu et al. (2020) Mice exposed to 
1800 MHz RFR; 2 
h/day for 7 days 

0.2986 Decreased sperm motility 
and increased sperm 
deformity rate; decreased 
the antioxidant enzymes 
activities of G6 PDH, ACP 
and CAT, and increased 
lipid peroxidation in 
testicular tissue 

Yavas et al (2024) Rats exposed to 
2100 MHz RFR, 5 
h/day for 14 days 

0.292 Decreased Bax, increased 
bcl-2 gene expression, 
increased double strand 
DNA breaks in brain tissue 

Yilmaz et al. (2017) Pregnant rats 
exposed to 900 
MHz RFR; 24 
h/day for 20 days 

0.087 Histological damage and 
changes in oxidative 
chemicals in liver of 
offspring at 60 days old. 



Yilmaz et al. (2025) Rats exposed to 589 
GHz RFR 2 h/day 
or 30 days 

0.0213 Histological damage and 
changes in oxidative 
chemicals in spermatozoa 
and testis. 

Yüksel et al. (2016) Pregnant rats and 
offspring exposed 
to 900, 1800, or 
2450 MHz RFR; 60 
min/day during 
pregnancy and 
growth (experiment 
over 4 generation) 

0.1 Decreased plasma 
prolactin, progesterone, 
and estrogen levels, and 
increased uterine oxidative 
stress in pregnant rats and 
their offspring. 

Yurekli et al. (2006) 
 

Rats exposed to 945 
MHz GSM, 217 Hz 
pulse-modulation 
7 h/day for 8 days 

0.0113 Changes in free radical 
chemistry 

Zeni et al. (2012) Human blood 
lymphocytes 
exposed to 1950 
MHz UMTS RFR 
for 20 h at 1.25, 
0.6, 0.3, or 0.15 
W/kg, and treated 
with mitomycin C 

0.3 RFR at 0.3 W/kg reduced 
micronucleus formation 
induced by mitomycin C. 

Zong et al. (2015) Mice exposed to 
900 MHz RFR, 4 
h/day for 7 days 

0.05 Attenuated bleomycin-
induced DNA breaks and 
repair 

Zosangzuali et al. 
(2021) 

Brain, heart, kidney 
and liver of mice 
exposed to 1800 
MHz RFR (12 m 
from a mobile 
phone base station); 
6, 12, or 24 h/day 
for 45 days 

0.013 Decreased glutathione, , 
glutathione S-transferase, 
and superoxide dismutase, 
increased lipid 
peroxidation in brain at 12 
and 24 h/day exposure; no 
effect on heart, kidney and 
liver 

 
        

  

https://pubmed.ncbi.nlm.nih.gov/?sort=pubdate&term=Zosangzuali+M&cauthor_id=33687298


                        

 Acute exposure            Repeated/chronic exposure 

                                      -------------------------------------------------------- 

In vivo   32   165   197 (79%) 

------------------------------------------------------------------------------------------------------- 

In vitro  42   9   51 (21%) 

                                         ------------------------------------------------------- 

   74 (30%)  174(70%)  248 

 
 
SAR: Mean = 0.071 W/kg; median = 0.026 W/kg; n = 248 (range: 0.000003-0.3951) 
When studies that reported effects at SAR < 0.08 W/kg (limit of local exposure in most 
guidelines) are considered: Mean = 0.019 W/kg; median = 0.013 W/kg; n = 167 (range: 
0.000003-0.08). 
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redox homeostasis in different organs of Swiss albino mice. Electromagn Biol Med 40:393-407, 
2021.   
 

There are 16 ‘low intensity’ studies that reported no significant effects: 

Bornhausen M, Scheingraber H. Prenatal exposure to 900 MHz, cell-phone electromagnetic 
fields had no effect on operant-behavior performances of adult rats. Bioelectromagnetics 
21(8):566-574, 2000. (0.0175-0.075 W/kg) (900 MHz. 217 Hz pulse-modulation during 
pregnancy) 

Borzoueisileh S, Shabestani 
Monfared A,  Ghorbani H,  Mortazavi SMJ, Zabihi E,  Pouramir M,  Doustimotlagh AH,  Sh
afiee M, Niksirat F. Assessment of function, histopathological changes, and oxidative stress 
in liver tissue due to ionizing and non-ionizing radiations. Caspian J Intern Med 11(3):315-
323, 2020. (0.00557-0.092 W/kg) (radiation from a GSM 900/1800 MHz mobile phone 12 
h/day for 14 days) 

Dasdag S, Akdag MZ, Ulukaya E, Uzunlar AK, Yegin D. Mobile phone exposure does not 
induce apoptosis on spermatogenesis in rats. Arch Med Res. 39(1):40-44, 2008. (SAR 0.07-
0.57 W/kg) (900 MHz; 2 h/day, 7 days/week for 10 months) 

Gurisik E, Warton K,  Martin DK,  Valenzuela SM. An in vitro study of the effects of 
exposure to a GSM signal in two human cell lines: monocytic U937 and neuroblastoma SK-
N-SH. Cell Biol Int 30(10):793-759, 2006. (0.2 W/kg) (900 MHz, 217-Hz pulses for 2 h) 

Haidar J, Nabos P, Orlacchio R, Hurtier A, de Gannes FP, Rambert J, Cario-André M, Moisan 
F, Rezvani HR, Lagroye I, Leveque P, Arnaud-Cormos D, Percherancier Y. Impact of in vitro 
exposure to 5G-modulated 3.5 GHz fields on oxidative stress and DNA repair in skin cells. 
Sci Rep. 15(1):31214, 2025. (0.08W/kg) (5G-modulated 3.5 GHz RFR for 24 h.) 

Ilgaz NS, Karamazı Y, Emre M, Toyran T, Karaoğlan Ö, Emre T, Dönmez Kutlu M, Öksüz 
Üçkayabaşı H, Aydın Ç, Yılmaz MB. Genotoxic and histopathological effects of 6 GHz 
radiofrequency electromagnetic radiation on rat liver tissue. Electromagn Biol Med. 2025 Jul 
22:1-12. doi: 10.1080/15368378.2025.2534381. Epub ahead of print. (0.065 W/kg) (6 GHz, 4 
h/day for 42 days) 

Imai N, Kawabe M, Hikage T, Nojima T, Takahashi S, Shirai T. Effects on rat testis of 1.95-
GHz W-CDMA for IMT-2000 cellular phones. Syst Biol Reprod Med. 57(4):204-209, 2011. 
(0.08 W/kg) (1950 MHz W-CDMA signal; 5 h/day, 7 days/week for 5 weeks) 

Krivova NA,  Kudabaeva MS,   Zaeva OB,  Borodina SV,  Lepekhina TB,  Pavlenko OA,  M
akhmanazarov RM,  Kokin DS,  Shipilov SE. The effect of exposure to RF-EMF from the 
laboratory simulator of 5G NR base station on physiological parameters and cognitive 
abilities of male wistar rats of different ages. Sci Rep 14(1):10283, 2024. (0.0322-0.0017 
W/kg) (2400 MHz, 4 weeks) 
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Nazıroğlu M, Özkan FF, Hapil SR, Ghazizadeh V, Çiğ B. Epilepsy but not mobile phone 
frequency (900 MHz) induces apoptosis and calcium entry in hippocampus of epileptic rat: 
involvement of TRPV1 channels. J Membr Biol. 248(1):83-91, 2015. (0.23 x 10-3 W/kg) (900 
MHz, 217 Hz pulses, 1 h) 

Okatan DÖ,  Okatan AE,  Hancı H,  Demir S,  Yaman SÖ,  Çolakoğlu S,  Odacı E. Effects of 
900-MHz electromagnetic fields exposure throughout middle/late adolescence on the kidney 
morphology and biochemistry of the female rat. Toxicol Ind Health 34(10):693-702, 2018. 
(0.012 W/kg) (900 MHz, 1 h/day from postnatal days 35-59) 

Porcher A, Wilmot N,  Bonnet P,  Procaccio V,  Vian A. Changes in gene expression after 
exposing Arabidopsis thaliana plants to nanosecond high amplitude electromagnetic field 
pulses. Bioelectromagnetics 45(1):4-15, 2024. (10-13 to 10-16 W/kg) (30,000 EMP over 10 
min (180 KHz), pulse duration 500 ps) 

Shirai T, Wang J, Kawabe M, Wake K, Watanabe SI, Takahashi S, Fujiwara O. No adverse 
effects detected for simultaneous whole-body exposure to multiple-frequency radiofrequency 
electromagnetic fields for rats in the intrauterine and pre- and post-weaning periods. J Radiat 
Res. 58(1):48-58, 2017. (SAR 0.384-0.433 W/kg) (eight different communication signal 
EMFs (two of 800 MHz band, two of 2 GHz band, one of 2.4 GHz band, two of 2.5 GHz 
band and one of 5.2 GHz band; 20 h per day from gestational Day 7 to weaning, and 
F1 offspring rats (46-48 F1 pups per group) were then exposed up to 6 weeks of age also for 
20 h per day.)  

Silva V, Hilly O, Strenov Y, Tzabari C, Hauptman Y, Feinmesser R. Effect of cell phone-like 
electromagnetic radiation on primary human thyroid cells. Int J Radiat Biol. 92(2):107-115, 
2016.  (900 MHz for 3 or 16 h at 0.082 W/kg; 895 MHz for 65 h at 0.17 W/kg) 

Takahashi S, Imai N, Nabae K, Wake K, Kawai H, Wang J, Watanabe S, Kawabe M, 
Fujiwara O, Ogawa K, Tamano S, Shirai T. Lack of adverse effects of whole-body exposure 
to a mobile telecommunication electromagnetic field on the rat fetus. Radiat Res. 173(3):362-
372, 2010.( (SAR for the dams was 0.066-0.093 W/kg. The SAR for the fetuses and the F(1) 
progeny was 0.068-0.146 W/kg) (2140 MHz signals were applied for 20 h per day during the 
gestation and lactation periods.) 

Tumkaya L, Kalkan Y, Bas O, Yilmaz A. Mobile phone radiation during pubertal 
development has no effect on testicular histology in rats. Toxicol Ind Health. 32(2):328-336, 
2016. (SAR 0.48 W/kg) (radiation from a mobile phone 895-915 MHz, 217 Hz modulation, 1 
h/day for 45 days). 

Zeni, O., Di Pietro, R., d'Ambrosio, G., Massa, R., Capri, M., Naarala, J., Juutilainen, J. and 
Scarfi, M. R. Formation of reactive oxygen species in L929 cells after exposure to 900 MHz 
RF radiation with and without co-exposure to 3-chloro-4-(dichloromethyl)-5-hydroxy-2(5H)-
furanone. Radiat. Res. 167: 306-311, 2007. (0.3 W/kg) (GSM signal or 10 or 30 min) 
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Supplement Table 3 

Recommendations for U.S. Agency Reform and Co-operation 

 

Environmental Protection Agency U.S. Fish and Wildlife Service 

 

Federal Communications Commission 

 
- Define airspace as habitat: EPA & 

relevant agencies should recognize 

EMF as biologically active pollution 

to air, ground and water; regulate like 

other pollutants. 

  

- “Airspace as habitat” provides a 

legal foundation to assess cumulative 

EMF impacts and mitigate exposures 

as many wildlife species depend on 

airspace for migration, mating, 

foraging, and territorial defense. 

  

- Launch dedicated research program 

to evaluate biological and ecological 

impacts of RF; treat it as 

environmental pollutant akin to lead 

and pesticides. 

 

-  Determine what ICRP flora/fauna 

protection for ionizing radiation 

can/does apply to nonionizing 

protection; institute regulations 

- Re-initiate inter-agency 

USFWS/NTIA EIS collaboration that 

provides framework for preliminary 

research design for bird radiation 

study (already developed). 

  

- Acknowledge/ address EMF effects 

to migratory birds, federally listed fish 

and wildlife, and other protected 

plants and animals. 

  

- Create wildlife exposure standards to 

avoid or minimize “take” of 

birds/listed species to include chronic, 

low-level EMF exposures. 

  

- Amend USFWS Dec. 2021 updated 

“take” rule that allowed “incidental 

take” to include known/suspected 

impacts from EMF radiation on 

migratory birds. 

 

- FCC should respond to Court 

mandate in EHT et al v. FCC. 

 

- Request relevant expert agencies 

evaluate current scientific evidence on 

flora and fauna. 

 

- Request relevant agencies address 

data gaps.  

 

- Update regulations to include 

wildlife protection for chronic, low-

level exposures. 

 

-   Include thorough assessment of RF 

effects in tower permitting; 

incorporate rulemaking changes 

regarding “effects of communication 

towers on migratory birds.”  

  

- Work with USFWS to help private 

landowners develop ESA Section 10 

Habitat 



according to ethical and biological 

constraints.  

- Program should include hazard 

identification, long-term exposure 

studies, cumulative risk assessments, 

synergies with other environmental 

stressors with focus on human health 

and wildlife. 

  

- Ensure rigorous independent science 

separate from industry influence 

guides  development of science-based, 

federally developed safety standards. 

 

-   Maintain at least one 

bioelectromagnetics scientist to guide 

programs. 

 

  

 

- Conservation Plans in “critical 

habitat” where listed species recovery 

goals are designated and cell 

tower/other radiation impacts are at 

issue. 

 - Establish transparent nationwide 

measuring & monitoring program for 

environmental oversight 

 - Include centralized, publicly 

accessible registry of all 

existing/proposed cell towers, 4G, 5G, 

small cell base stations. 

 - Prioritize ecologically sensitive 

areas:  national & state parks, forests, 

wildlife refuges, wetlands, coastal 

ecosystems, migratory corridors, 

designated wilderness areas, and 

human populations in other areas. 

- Monitoring program should 

collaborate with environmental 

agencies; include enviro surveillance; 

track effects to flora and fauna 

including behavior, reproduction, 

population trends in high-exposure 

areas to ID risks; inform responsible 

infrastructure deployment, just as 

public health systems track human 



populations. 

- Align environmental review with 

NEPA; restore public accountability; 

develop NEPA-compliant procedures 

to assess cumulative impacts on 

wildlife, insects, flora. 

- Require documentation of 

categorically excluded (CE) facilities 

like small cells; conduct 

environmental assessments; include 

RF compliance reports; make publicly 

accessible. 

 - Conduct regular, independent spot 

checks for RF levels pre- and post-

construction mandated for all base 

stations. 

- No longer allow industry to 

determine extent/need for 

environmental review. 

 

- Public notice/comment periods must 

be meaningful, transparent, genuinely 

considered in decision-making. 

 

- Implement NEPA reviews for all 

satellite systems, present and 

proposed. 

- Request congressional funding for at 

least one staff wildlife biologist. 
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