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Abstract

Radio frequency electromagnetic noise (RF) of anthropogenic origin has been shown to disrupt magnetic orientation behavior
in some animals. Two sources of natural RF might also have the potential to disturb magnetic orientation behavior under
some conditions: solar RF and atmospheric RF. In this review, we outline the frequency ranges and electric/magnetic field
magnitudes of RF that have been shown to disturb magnetoreceptive behavior in laboratory studies and compare these to
the ranges of solar and atmospheric RF. Frequencies shown to be disruptive in laboratory studies range from 0.1 to 10 MHz,
with magnetic magnitudes as low as 1 nT reported to have effects. Based on these values, it appears unlikely that solar RF
alone routinely disrupts magnetic orientation. In contrast, atmospheric RF does sometimes exceed the levels known to disrupt
magnetic orientation in laboratory studies. We provide a reference for when and where atmospheric RF can be expected to

reach these levels, as well as a guide for quantifying RF measurements.

Keywords Solar storms - Lightning - Atmospheric radio frequency noise - Medium frequency and high frequency radio

noise

Introduction

Although numerous animals detect Earth’s magnetic field
and use it as a cue in orientation and navigation, many
aspects of this sensory modality remain enigmatic (John-
sen and Lohmann 2005; Rozhok 2008; Johnsen et al. 2020).
One challenge in magnetoreception research is that magnetic
orientation behavior can be highly variable. In certain cases,
organisms that performed a task reliably at one time or in
one location, behave differently at another time or in a new
location (Rozhok 2008; Fleischmann et al. 2020; Johnsen
et al. 2020). Although there are likely many reasons for these
changes in behavior (Johnsen et al. 2020), a recent finding
of interest is that radio frequency electromagnetic noise
(RF) can, under certain circumstances, disrupt magnetic
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orientation behavior (Ritz et al. 2004). This result has been
demonstrated in a variety of organisms ranging from inver-
tebrates to birds (e.g., Thalau et al. 2005; Vacha et al. 2009;
Kavokin et al. 2014; Wiltschko et al. 2015; Schwarze et al.
2016; Tomanova and Vacha 2016; Pakhomov et al. 2017;
Pinzon-Rodriguez and Muheim 2017). Thus, an intrigu-
ing possibility is that environmental sources of RF might
contribute to behavioral inconsistencies in some magne-
toreception studies (Begall et al. 2014; Engels et al. 2014;
Malewski et al. 2018). Although much of the focus has been
on anthropogenic RF, there are also several natural sources
of RF that have the potential to disrupt magnetic orientation
behavior. These natural RF sources pose important ques-
tions for the field of magnetoreception. For example, we
have a limited understanding of when, and how often, these
natural sources of RF reach levels high enough to disturb
the orientation behavior of magnetoreceptive animals. If this
occurs often, and over large regions of the earth, it might
suggest that magnetic cues are not as reliable as previously
thought, posing additional questions for magnetoreception
research about how animals have learned to compensate for
these disruptions.

There are two natural sources of RF that might, in prin-
ciple, affect magnetoreceptive animals: solar activity and
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atmospheric electrical storms. Both sources have extreme
increases in RF emissions that can last for several hours.
In addition, several correlative studies have shown a link
between increased solar activity and disturbed magnetic nav-
igation and orientation behavior (e.g., Yeagley 1951; Larkin
and Keeton 1976; Klinowska 1986; Hart et al. 2013), which
has been suggested to be mediated by solar RF (Winklhofer
2004; Kirschvink 2014; Granger et al. 2020). Although it
is difficult to experimentally test whether these natural RF
sources disturb magnetoreceptive animals, a first step is to
determine if the magnitudes of these natural RF sources
reach the levels shown to disturb animals in laboratory
studies.

To assess the potential for these natural RF sources to dis-
turb magnetoreception behavior, we perform a meta-analysis
of previous behavioral experiments to identify general trends
in the frequency ranges and magnitudes of RF known to
disturb animals. We then outline the spatial and temporal
distribution of both natural and anthropogenic sources of
RF. Finally, we compare the values seen to disturb magne-
toreceptive animals in the lab to the levels seen from natural
sources of RF in order to better understand if, and how often,
these RF sources might disturb magnetic orientation. Little
work has been done in this area, largely because there are
many ways to quantify an electromagnetic field, and it is not
trivial to convert between them. We additionally provide
a guide for quantifying RF, as well as formulas to convert
between different RF measurements.

Ranges of radio frequency noise shown
to disrupt magnetic orientation behavior
in laboratory studies

To test for RF disruption of magnetic orientation behavior,
most studies first confirm that an animal reliably orients in
a specific magnetic direction, and then show that this ori-
entation is disrupted in the presence of RF. Because most
experiments are conducted within the near-field region of
their source (Box 1), using a magnetic-field-generating coil,
there is often no measurable induced electric field in the test-
ing arena—although electric fields generated from nearby
equipment may still be present. For this reason, the stimuli
used are more accurately referred to as an oscillating mag-
netic field rather than electromagnetic radiation. In keeping
with conventions in the magnetoreception literature, how-
ever, we will refer to all stimuli used here as “RF,” with the
acknowledgement that this is a slightly misleading definition
of the actual stimulus being measured. To identify the ranges
of frequencies and magnetic/electric magnitudes of RF that
affect orientation, we identified studies with comparable
experimental set-ups, using the selection criteria described
in the supplemental material.

@ Springer

Box 1: electromagnetic fields

Electromagnetic fields can contain both an electric and
magnetic field. The magnitude of the electric field (E)
is measured in volts per meter (V/m). The magnitude
of the magnetic field is measured as the magnetic flux
density (B) in Tesla (T). The regions around the source of
an electromagnetic field can be roughly divided into the
far-field and near-field, with the boundary between the
two defined by the electromagnetic wavelength (Fig. 1).

Far-field: The far-field begins at a distance greater than
one wavelength from the source; for 1-10 MHz REF, this
would be a distance between ~30-300 m. The far-field
contains propagating “radiative” waves, in which the
electric and magnetic fields are orthogonal to both each
other and the direction of propagation, and have magni-
tudes that exist in a fixed ratio (Fig. 1). In this region it is
common to take a power flux measurement, reported in
watts per meter squared (W/m?), because in the far-field
it is simple to convert between power and the magnitudes
of the magnetic and electric fields.

Near-field: The near-field encompasses distances
within one wavelength of the source. In this region the
magnetic and electric fields are decoupled and thus
independent (Fig. 1). Because of this, it is important to
measure both the electric and magnetic fields separately,
as it is not possible to reliably convert from one to the
other and a power flux measurement cannot adequately
describe the conditions that exist. Within less than one
half of a wavelength from the source, the type of field
being produced by the specific source will generally dom-
inate (i.e. a coil will produce a magnetic field without a
measurable electric field), though electric fields gener-
ated by the device itself may still be present in the area,
depending on the device geometry.

<«—FieldB— |
<“—Electric—> "._,'"-‘
Field E 5.

Magnetic ,"’[ v

Near Fiel-t':.l"“ Far Field

Fig. 1 A symbolic representation of an electromagnetic field in the
near and far-field. In the near-field there are spherical waves, and
the electric and magnetic fields have no set relationship. In the far-
field there are planar waves where the electric and magnetic fields
are orthogonal, and their magnitudes are correlated. Adapted from
(Marinissen et al. 2009)
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Fig.2 The behavioral results reported with respect to the ranges of
frequency and magnetic/electric magnitudes to which the animals
were exposed. Unfilled, blue dots represent values at which animals
oriented in the proper magnetic direction. Filled, red dots represent
the values at which animals failed to orient in the proper magnetic
direction. Behavioral results from narrowband RF lack a horizontal
bar, while behavioral results from broadband RF have a centered hor-

Figure 2 summarizes studies of magnetic orientation
behavior in the presence of RF, analyzed with regard to the
electric and magnetic magnitudes and frequencies to which
the animals were exposed. Importantly, there are many ways
to quantify the magnitude of an electric or magnetic field,
some of which yield different and noncomparable measure-
ments. Detailed information about these methods is summa-
rized in Appendix A, and the quantification methods used in
this review are described in Box 2. Briefly, for narrowband
RF (RF limited in frequency range), we report the ampli-
tude of the magnetic field. For broadband RF (RF spanning
a large frequency range,) we report the magnitude of both
the electric and magnetic fields using a root-mean-squared
(RMS) integration, abbreviated as By for the magnetic
field, and Egy,g for the electric field. For narrowband stud-
ies, only the magnetic field was plotted because the electric
field was almost never directly measured. Studies were not
included if there was insufficient information to determine

Box 2: measurements of narrowband vs
broadband radio frequency noise

Electromagnetic field magnitudes can be measured and
quantified in different ways, depending on whether the
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izontal bar which indicates the total frequency range. For narrowband
RF, the dots represent the amplitude of the magnetic field (Box 2),
jittered for visualization. For broadband studies, the dots represent the
Brums or Egys values, in average mode, of the magnetic and electric
field respectively (Box 2). Data used to generate this figure can be
found in the Tables S1 and S2, supplemental materials

field is narrowband or broadband. A detailed discussion
of these quantification methods can be found in Appendix
A. Briefly:

Narrowband: Narrowband or single frequency
RF spans a very small frequency range, (Fig. 3). The
magnitude of narrowband RF can be measured as the
amplitude of the sinusoidal, or nearly sinusoidal, wave.
For example, in Fig. 3, the amplitude of the narrowband
RF is~50nT.

Broadband: Broadband RF spans a large frequency
range (Fig. 3) and is measured by dividing the total fre-
quency range into multiple frequency bins, and separate
amplitude measurements are made for each bin. Thus, the
measured magnitude will depend on the total frequency
range, the size of the bins, or the resolution bandwidth
(Appendix B), and the way the bins are integrated. In
this review, we use a root mean squared (RMS) integra-
tion method for both the magnetic and electric fields,
defined in Appendix A, and abbreviated here as By for
the magnetic field and Egyg for the electric field. This
method is independent of the resolution bandwidth of the
detector (Appendix B) and, as a straight field amplitude,
is most physically comparable to the amplitude measure-
ment from narrowband RF (Kobylkov et al. 2019). The
Bgys for the broadband signal in Fig. 3 is~50 nT.
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Fig.3 An example of broadband (red) and narrowband (blue) RF

how the RF had been measured, such that it could be con-
verted into other units. Finally, due to inevitable uncertain-
ties in precisely how the data were processed by different
studies, an error bar of at least \/ 2 should be assumed for all
reported magnitude measurements, though it may be higher
depending on device calibration (See NieBner and Winkl-
hofer 2017 for recommendations on limiting error during
measurement, and Kirschvink et al. 2010 for recommenda-
tions on device set up and controls). A summary table of all
studies included can be found in the supplemental material
(Tables S1 and S2).

Thus far, no study has shown that RF with a frequency
less than 0.1 MHz disrupts magnetic orientation behavior,
suggesting that this value may approximate the lower fre-
quency bound for RF disruption (Fig. 2). Unfortunately, at
this time, the upper frequency bound, and a lower electric
or magnetic field magnitude bound at any frequency are
unknown. Although some studies show that certain species
are disrupted by far lower magnetic magnitudes near | MHz
than at other frequencies (Ritz et al. 2009; Vacha et al. 2009),
this is not seen across all experiments. For example, mag-
netic orientation of an amphipod (Gondogeneia antarctica)
is disrupted at frequencies as high as 10 MHz with magnetic
magnitudes as low as 20 nT, additionally suggesting that
the effect may extend to higher frequencies than previously
thought (Tomanova and Vacha 2016).

The ionosphere, and sources of radio
frequency noise

Although there is still much to learn, results indicate that RF
within the frequency range of 1-10 MHz can, under at least
some conditions, disrupt magnetic orientation. There are
three sources of environmental RF in this same 1-10 MHz
range that might, in principle, affect magnetoreceptive ani-
mals: anthropogenic, solar, and atmospheric (Desch 1990;
Volland 1995). Figure 4 is a power spectral density plot
(Box 3) of these sources of RF in comparison to the galac-
tic background. The galactic background is a steady source
of broadband electromagnetic radiation originating from the
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Fig.4 Power spectral density of anthropogenic and natural RF, with
the galactic background for comparison. Dotted lines are higher
ranges; solid lines are lower ranges. The black line is the galactic
background, gold lines are anthropogenic RF, red lines are solar radio
storms, and blue lines are atmospheric RF. The “atmospherics EN-
Average” is the average value seen near the equator (— 25 to 25 deg
latitude), at night (16:00-4:00 Local Time). For anthropogenic RF
and atmospherics, these are the values that would be measured on
the surface of the earth. For the galactic background and solar storms
these are the values that would be measured from a distance approxi-
mately half way to the moon and are not corrected for ionospheric
shielding. Atmospheric data were digitized from (International Radio
Consultive Committee 1983) (see supplemental material). Anthro-
pogenic data were adapted from (International Telecommunication
Union 2019), galactic background from (Zarka et al. 2012), and solar
storm data from (Dulk 1990; Zarka et al. 2012). Note that these RF
sources are not limited to this frequency range; additional information
outside of these ranges are in the sources listed above

big bang and other extrasolar phenomena, and thus offers a
reasonable lower bound for detectability.

In addition to the sources listed in Fig. 4, the earth’s auro-
ral kilometric radiation (AKR) is another powerful source of
RF generated at night in polar regions (Desch 1990; Erick-
son 1990; Zarka et al. 2012). The AKR ranges from 50 to
700 kHz, peaking at approximately 200 kHz, though rare
emissions at higher frequencies have been reported (Desch
1990). Notably, however, the AKR is generated at an altitude
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Box 3: spectral density plots

Electromagnetic field measurements from multiple stud-
ies can be compared using spectral density plots. Spectra
are used to show how the magnitude of the electric/mag-
netic fields varies over different frequencies; however,
the measured magnitude depends on the resolution band-
width of the receiving system (Appendix B). Thus, when
comparing electromagnetic fields from multiple studies,
it is helpful to use spectral density plots, in which the
magnitude is normalized to a one Hertz resolution band-
width. This can be done by dividing the magnitude by
the square root of the receiver’s resolution bandwidth in
Hertz. When measurements are taken in the near-field
region, electric spectral densities and magnetic spectral
densities should be plotted separately, but when measure-
ments are taken in the far-field region, plotting the power
spectral density is sufficient.

of approximately 3,000-20,000 km, well above the iono-
sphere, and thus is predominantly reflected towards space,
and does not make it to the earth’s surface (Desch 1990;
Lamy et al. 2010). Because of this, it seems unlikely that the

AKR would have any relevant biological impact and is not
covered in this review.

In this section, we explore the origins, ranges, and tem-
poral aspects of the anthropogenic and natural sources of RF
outlined in Fig. 4. To understand how these environmental
sources of RF vary, however, we must first discuss the iono-
sphere, and its impact on the ways electromagnetic radiation
is propagated across the earth.

The ionosphere

The ionosphere is the outer-most layer of Earth’s atmosphere
and extends from approximately 50 km to 1,000 km above
the earth’s surface. It is composed of several layers, but the
D-layer and the F-layer are the most important for radio-
wave propagation and transmission (Fig. 5). On the day side
of the earth, both the D-layer and F-layer are present, while
on the night-side of the earth, only the F-layer is present.
Radio frequency waves in the kHz range are absorbed by the
D-layer or reflected off the F-layer when the D-layer is not
present (Davies 1965; Al'pert 1973; Poole 2003). At higher
frequencies, radio frequency waves are able to pass through
the D-layer, when it is present, and are also reflected off
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Fig.5 Electromagnetic (EM) radiation propagation through the
atmosphere. The atmosphere is opaque to most frequencies except for
the visual window and the radio window. The radio window extends
from approximately 30 GHz to the critical frequency, which ranges
from ~ 1-30 MHz. In the MHz range, EM waves at frequencies higher
than the critical frequency pass through the ionosphere, whereas EM

MHz KHz

Frequency

waves at frequencies lower than the critical frequency are reflected off
the F-layer. EM waves in the kHz range are absorbed by the D-layer
when it is present. Note that during the night, when the D-layer is not
present, these frequencies are reflected off the E- and F-layers (Poole
2003). Absorption spectra image credit: NASA (public domain)
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Box 4: solar weather

The solar cycle: The solar cycle is an 11-year periodic-
ity in the overall activity of the sun. It can be monitored
by counting the number of sunspots, which are relatively
dark areas of increased magnetic flux on the surface of
the sun (Fig. 6). Solar storms generally originate from
these darkened areas. Thus the number of sunspots is
tightly correlated to the overall level of solar activity
(Davies 1965; Cander 2019).

Solar storms: A solar storm consists of a sudden and
extreme increase in the electromagnetic radiation and/
or particle emissions from a region on the sun. These
storms can last anywhere from a few minutes to several
days and have the capacity to significantly disturb Earth’s
magnetic field and ionosphere. A detailed discussion of
the different categories of storms can be found in (Cander
2019). Every storm is unique, and the characteristics of
any individual storm will differ in magnitude across the
electromagnetic spectrum and in particle composition
(Davies 1965; Kavokin et al. 2014; Pakhomov et al. 2017,
Cander 2019). Storms accompanied by a large increase in
radio-frequency electromagnetic noise are referred to as
solar radio storms. Radio storms can range in frequency
from 10 kHz to 1 GHz and last for days in extreme cases
(Davies 1965; Dulk 1990; Krupar et al. 2014; Pinzon-
Rodriguez and Muheim 2017).

the F-layer. The maximum horizontal distance a radio-wave
reflected off the F-layer might travel across the surface of the
earth is around 4,000 km (Poole 2003). As the frequency of
a radio wave is increased, it will reach what is referred to
as the “critical frequency,” at which point it passes through
the F-layer. The range of radio frequencies that pass through
all the layers of the ionosphere is referred to as the “radio
window,” which lies between the critical frequency and
approximately ~ 30 GHz, at which point waves are absorbed
by atmospheric gases, such as CO,, and water vapor (Fig. 5)
(Davies 1965; Al'pert 1973; Poole 2003).

Fig.6 The solar cycle from
1980-2018 as measured by

the number of sunspots. Gray
dots are the daily number of
sunspots, and the black line is
the monthly mean. Sunspot data
from the World Data Center
SILSO, Royal Observatory

of Belgium, Brusselss (SILO
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The critical frequency is not stable and can range any-
where from 1-30 MHz depending on when and where it
is measured. Thus, the value of the critical frequency has
important implications for 1-10 MHz RF propagation and
transmission. For example, any extra-terrestrial RF below
the critical frequency will not be able to penetrate the
ionosphere and reach the surface of the earth. Similarly,
earth-based RF sources that exceed the critical frequency will
escape the ionosphere into space, while RF at frequencies
below the critical frequency will be reflected off the F-layer
and sometimes propagate over thousands of kilometers across
the earth’s surface (Fig. 5) (Poole 2003). The critical fre-
quency can be approximated using a measurement called the
foF2 and is affected by several different factors (Davies 1965;
Al'pert 1973; Poole 2003; Cander 2019). Among these are:
location—the critical frequency is typically lower near the
poles than the equator (Davies 1965); time of day—the criti-
cal frequency is lower during the night than the day (Davies
1965; Desch 1990); the solar cycle—the critical frequency
is lower during the solar minimum than the solar maximum
(Box 4) (Davies 1965; Erickson 1990; Cander 2019); and
solar storms (Box 4). Of the various factors that alter the crit-
ical frequency, the effect of a solar storm is particularly dif-
ficult to predict. It depends, in a complicated fashion, on the
location, time of day, season, and stage of the storm. Storms
can either increase the critical frequency, decrease it, or have
both effects at different stages of the same storm (Davies
1965; Blagoveshchensky 2014; Shubin and Deminov 2019).

Anthropogenic radio frequency noise

RF in the 1-10 MHz range is generated by many electronic
devices, including televisions, cell phones, car ignitions, elec-
tric heaters, and AM radios (Bianchi and Meloni 2007). The
magnitude of RF generated by these devices varies greatly and
decreases with distance from the source. The average radiative
power of RF in urban and rural areas is shown in Fig. 4, although
it should be noted that sources of anthropogenic RF are some-
times close enough to be in the near-field region (Box 1). When
this is the case, converting from the power spectral density to the
magnetic/electric fields can result in measurements several orders
of magnitude different from what actually exists in the area.

World Data Center 2021) 1990
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Evidence suggests anthropogenic levels of RF are suf-
ficient to disturb magnetic orientation behavior under some
conditions. For example, several researchers have noted that,
when in an urban area, it is necessary to shield their experi-
mental apparatus from RF in order for animals to orient with
a magnetic field (Phillips et al. 2013; Begall et al. 2014;
Malewski et al. 2018). In addition, it has been observed that
spontaneous magnetic orientation behavior in certain rumi-
nants is disturbed near power lines (reviewed in Begall et al.
2014), though power lines generally only produce RF at or
near 50—60 Hz, and higher frequency noise generation is
rare, often occurring because of faulty equipment (Pakala
and Chartier 1971). Engles et. al. conducted a series of
experiments to test whether the anthropogenic levels of RF
on campus at the University of Oldenburg were sufficient
to disturb the magnetic orientation behavior of European
robins. Results revealed that, when the experimental arena
was shielded from RF on campus the birds oriented magneti-
cally but failed to do so when the shielding was removed. In
contrast, the birds oriented magnetically without shielding
in a rural area (Engels et al. 2014).

Solar radio frequency noise

Increases in electromagnetic radiation and energetic particle
emissions from the sun are caused by disturbances in the sun’s
corona. Both slow and fast changes to the sun’s emissions,
referred to as “solar weather,” can disturb the earth’s magne-
tosphere and ionosphere (Box 4) (Davies 1965; Cander 2019).
Indeed, several studies have suggested that animal’s magnetic
orientation behavior might, in some cases, vary over the solar
cycle or during a solar storm (e.g., Kowalski et al. 1988; Van-
selow and Ricklefs 2005; Schiffner and Wiltschko 201 1; Fitak
et al. 2020), with a decrease in animals’ navigational or orien-
tation abilities occurring on days with increased solar activity.
The strength of this effect seems to vary depending on loca-
tion (Keeton et al. 1974). It has been hypothesized that this
correlation may be mediated by solar RF (Winklhofer 2004;
Kirschvink 2014; Granger et al. 2020).

The number of solar radio storms per year varies greatly
over the course of the 11-year solar cycle, with almost no
solar radio storms measured during the solar minimum
(Box 4) (Kaiser 2003; Krupar et al. 2014). Average and peak
power spectral density measurements of solar radio storms
in the 1-10 MHz range are shown in Fig. 4; it is important
to note; however, that these measurements do not account
for ionospheric shielding, and the values seen on the sur-
face of the earth depend greatly on the critical frequency. A
spectral density plot of a solar radio storm that was recorded
by both a terrestrial and space-based telescope, and thus
demonstrates the effect of ionospheric shielding, is shown
in Fig. 7 (Dulk et al. 2001).
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Fig.7 Spectral density plot of a solar radio burst that occurred
around 0120 UT on 3 January 1998. The stars and squares mark the
spectra observed by the space-based observatory, WAVES and the
terrestrial radio telescope, BIRS respectively. The vertical dotted line
at 6.7 MHz represents the foF2 at that time near the BIRS observa-
tory in Hobart, Tasmania, Australia, as obtained from the Australian
Bureau of Meteorology’s World Data Centre archives for hourly iono-
spheric data. Figure adapted from (Dulk et al. 2001)

Atmospherics

In addition to solar RF, the only other dynamic source of
natural RF in the 1-10 MHz range is a phenomenon referred
to as atmospherics. Although this category includes RF gen-
erated by atmospheric gases and water vapor, most atmos-
pheric RF is due to lightning (Coleman 2002; Pan and Li
2014; Pederick and Cervera 2016). RF due to lightning can
be separated into two components: local and propagated. The
high-magnitude local RF is due to nearby thunderstorms and
consists of short bursts within the roughly one-second dura-
tion of a lightning flash. In contrast, the lower-magnitude
propagated RF is due to the contribution of many thunder-
storms occurring far away, with the RF then being reflected
by the ionosphere and traveling long distances (Coleman
2002; Pan and Li 2014; Pederick and Cervera 2016). This
propagated component can be measured as nearly continu-
ous low-level background RF (Coleman 2002; Pan and Li
2014; Pederick and Cervera 2016). Across the earth there
are as many as 100 lightning strikes occurring per second;
however, the distribution of thunderstorms is highly uneven
across time and space (Coleman 2002; Pan and Li 2014;
Pederick and Cervera 2016). Both thunderstorm activity and
ionospheric conditions affect the average levels of propa-
gated atmospheric RF that occur in an area at any time.
Levels of atmospheric RF are generally highest near the
equator, with peak values predominantly found between
— 25° and 25° latitude. Elevated levels also occur at higher
latitudes but are generally limited to the North American
region and occur primarily in the spring and summer. In
addition, atmospheric RF levels are almost always higher
at night than during the day due to the absence of the
absorptive D-layer of the ionosphere and an increase in
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thunderstorm activity (Kotaki 1984; Coleman 2002; Pan and
Li 2014; Pederick and Cervera 2016). The power spectral
density of peak atmospheric RF, as well as the average levels
seen near the equator at night, are shown in Fig. 4.

Comparing environmental sources of radio
frequency noise to laboratory thresholds

Although anthropogenic RF has been shown to disrupt
magnetic orientation behavior in some cases, no compari-
sons have been made between the magnitude of the electric
and magnetic fields of natural sources of RF and the ranges
known to disturb orientation in laboratory studies. Analyses
suggest that peak atmospheric RF, and the average levels
of atmospheric RF seen near the equator at night, fall well
within or above levels shown to disturb several species of
animals in both broadband and narrowband studies (Fig. 8a).
In contrast, peak solar RF falls below the values shown to
disturb magnetic orientation in any animal thus far (Fig. 8a).

We additionally compared the magnetic and electric spectral
densities (Box 3) of these natural sources of RF to the range
in which we expect the lower laboratory threshold may lie
for broadband RF (Fig. 8b). These spectral density plots
preserve frequency-dependent information and can provide
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Fig.8 a Levels of RF known to disrupt magnetic orientation in labo-
ratory studies compared to atmospheric and solar RF. Black points
with no bars correspond to the four lowest magnetic magnitudes
reported to disturb orientation in narrowband studies. The black
points with bars correspond to the four lowest Byyg and Egyq lev-
els reported to disrupt orientation in broadband studies, where the
horizontal bars indicate the total frequency range. The shapes of the
black points correspond to the animals tested. These are compared to
the Byyg and Egyg levels for peak atmospheric (blue, dotted), peak
solar (red, dotted), and the EN-average atmospheric RF (blue, solid),
integrated from 0.1-10 MHz. b Electric and magnetic spectral densi-
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further information about these sources. For example, it is
apparent from these spectral density plots that atmospheric
RF is greatest at lower frequencies. In fact, for the average
levels near the equator at night, the only frequencies that fall
into the range for the lower laboratory threshold are below
1 MHz. For atmospheric RF, these lower frequencies are
the least likely to be impacted by shifts in the critical fre-
quency but are the most likely to be affected by the absorp-
tive D-layer of the ionosphere.

Finally, we estimated where and when levels of atmos-
pheric RF exist that have the potential to disturb magnetic
orientation behavior. From Fig. 8b, we show that the labora-
tory threshold for the magnetic magnitude at 1 MHz likely
lies above approximately 5 % 107 nT/ \/E The Interna-
tional Radio Consultative Committee (CCIR) made global,
long-term measurements of average atmospheric RF levels
over four-hour time periods, across all four seasons (Inter-
national Radio Consultive Committee 1983). In Fig. 9, we
summarize the geographical and temporal trends from the
CCIR for average levels of atmospheric RF that were above
5 % 107>nT/4/Hz at 1 MHz. In general, propagated atmos-
pheric RF at levels that are sufficient to disturb a magne-
toreceptive animal occur frequently between the hours of
16:00—4:00 (local time), in the tropics across all seasons,
and over central North America in the spring and summer.

Spectral Density

Source

= Solar
== Atmospheric

== Behavioral

Animal

0O Amphipod
European Robin
& Garden Warbler

ties of the peak atmospheric (blue, dotted), peak solar RF (red, dot-
ted), and EN-average atmospheric (blue, solid) levels of RF. The gray
shaded area is the range within which the lower laboratory threshold
for disturbance may lie. The upper gray line is the lowest broadband
RF an animal has been disturbed by, and the lower gray line is the
highest broadband RF no animal has been disturbed by. Formulas
used to convert these natural sources of RF from power-spectral den-
sity to the magnetic and electric fields are in supplemental material.
Solar RF is the value as would be measured from a distance approxi-
mately halfway to the moon and is not corrected for ionospheric
shielding
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Fig.9 Spatial and temporal distribution of the propagated levels of
Atmospheric RF above 5 % 10_5nT/\/E at 1 MHz. Figure a shows
the spatial distribution, with most hot spots occurring between — 25
to 25 deg latitude, or over central North America. Figure b shows
the temporal distribution. The central clocks mark the time of day

It is important to note that the magnitude measurements
from these natural sources of RF are far more time vary-
ing than the RF used in laboratory studies. The magnitude
measurements from atmospherics and solar RF are the mean
values taken in highly variable environments, and thus their
impact on animal behavior may be different than what is
seen under the steady RF used in laboratory experiments.
Thus far, no experiment has tested the effect of highly
time-varying RF on magnetoreceptive behavior, though it
has been shown that rodents exposed to an “RF sweep,” in
which the frequency was varied between 0.9 and 5 MHz in
one msec intervals, changed the magnetic direction in which
they preferred to build their nests (Malkemper et al. 2015).

at which elevated levels are seen, in 4-h periods (LT). The columns
represent the season, and the rows represent the latitudinal ranges at
which these values are seen. The color bar shows the magnetic mag-
nitude of the RF. Data digitized from the CCIR report 322-2 (Inter-
national Radio Consultive Committee 1983)

Conclusions and suggestions for future
research

Although it is evident that RF has a deleterious effect on
magnetic orientation in some species, the exact ranges of
frequencies and magnetic field magnitudes responsible for
this effect remain to be determined. Frequencies seen to be
disruptive range from 0.1 to 10 MHz, and disruptive mag-
netic magnitudes are found as low as 1 nT. Future research
should attempt to determine an upper frequency bound, as
well as lower electric and magnetic magnitude bounds at
different frequencies.
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Given the laboratory thresholds seen thus far, it appears
unlikely that solar RF alone routinely disrupts magnetic ori-
entation. Still, it is possible that other effects of solar storms,
such as disruptions to the earth’s magnetosphere, might
impact geomagnetic navigation under some conditions. In
addition, it is possible that the correlations seen between
general solar activity and disturbed magnetic orientation
might be due to changes in ionospheric propagation of RF.
In other words, because the critical frequency is strongly
linked to the solar cycle, navigational disturbances might
be in turn linked to increased propagation of atmospheric
or anthropogenic RF (Kotaki 1984; Ward and Golley 1991).

Atmospheric RF can exceed the levels known to dis-
rupt magnetic orientation in laboratory studies. Hot spots
for atmospheric RF are typically seen between the hours
of 16:00—4:00 (local time), near the equator across all sea-
sons, and over North America in the spring and summer.
These atmospheric RF hotspots may provide an additional
explanation for why magnetoreceptive animals do not seem
to rely exclusively on this sensory modality (Johnsen et al.
2020); indeed, there may be areas of the globe where the
sense is largely unreliable. In addition, atmospheric RF may
provide an explanation for variation in behavioral results,
and researchers in these known hot spots should monitor
the ambient levels of RF during their experiments. Impor-
tantly, atmospheric RF is highly time-varying in magnitude
and may affect animals differently than the continuous and
steady RF generated in lab. Future research on the impact of
atmospheric RF on magnetoreceptive behavior may enhance
understanding of the landscape in which this sense evolved.

Appendix A

In this appendix we explain the procedures typically used to
quantify RF, provide guidance for converting between these
methods, and summarize the methods used in this paper. As
described below, electromagnetic fields are measured and
quantified in different ways depending on whether they are
narrowband or broadband.

‘Narrowband,” or ‘single frequency’ RF spans a very
small frequency range (Box 2). For narrowband RF, the
magnitude of the electric or magnetic field is measured as
either: (1) peak amplitude, or (2) Root-Mean-Square (RMS)
amplitude. The relationship between an RMS amplitude
and a peak amplitude depends on the waveform of the RF.
For example, for a sinewave, peak amplitude =\/§*RMS
amplitude. While the relationship between peak and RMS
amplitudes is known for all continuous, periodic waveforms,
there is no such relationship for an arbitrary nonperiodic
waveform. Because of this, most signal analyzers will
report an RMS amplitude. For all data plotted in this review,
RMS amplitude was used; however, often narrowband
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measurements are referred to simply as the “amplitude” or
the “intensity” and no further information is given. In this
case, we assumed the measurement was an RMS amplitude.

‘Broadband’ RF contains energy at many frequencies and
often a continuum of frequencies (Box 2). Broadband RF
is measured by dividing the overall frequency range into
multiple frequency bins, and separate amplitude measure-
ments are made for each bin. The amplitude measured within
each bin will thus depend on the bin-size, or the resolution
bandwidth of the measurement system (see Appendix B).
In addition, the amplitude measured within each bin must
then be integrated across time. Finally, to report a single
magnitude measurement for broadband RF, one must inte-
grate across the total frequency range. There are several
ways to perform both of these integrations, many of which
are noncomparable and can yield extremely different results.
Because the magnetoreceptor is yet unknown, there is no
way to determine which methods are most appropriate for
quantifying how a magnetoreceptive animal perceives RF.
Thus, it is imperative that any broadband study report their
resolution bandwidth, methods of integration and provide a
plot of the measured amplitude spectrum across frequencies.
Without these details, it is not possible to convert between
these different measurement methods. Here we summarize a
few common integration methods across time and frequency
for broadband RF:

Time: Broadband measurements cannot be taken instanta-
neously, and the amplitude at any one frequency will vary as
the measurement is being taken. Most instruments integrate
over time using either ‘average’ mode or ‘max-hold’ mode.
The average mode computes the mean amplitude seen within
each bin during the measurement duration, and the max-hold
mode reports the maximum amplitude recorded within each
bin at any point in time during the measurement duration.
For white noise, and a sufficiently long measurement dura-
tion, average= \/E + max-hold (Kobylkov et al. 2019). All
data plotted in this review were either made in average mode
or converted to average mode using the conversion for white
noise.

Frequency: Different researchers have used many differ-
ent methods to integrate across their total frequency range,
as summarized in (Kobylkov et al. 2019). For several reasons
we recommend

Brws = VA 5 2o (1)

where, Af =total frequency range, N =number of bins
integrated across, B; =the amplitude of each individual
frequency bin, RBW =resolution bandwidth and
b, = Bi/ \/lﬁ (Kobylkov et al. 2019). First, because it uses

b; instead of B; it is not dependent on the resolution of the
receiver (Appendix B). In other words, another measurement
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taken with a different resolution bandwidth will still yield
the same result. In addition, By, is proportional to the
square root of the power density and is the most comparable
to the narrowband amplitude measurements. There are situ-
ations where other frequency-integration methods may be
more appropriate, as discussed in (Kobylkov et al. 2019);
however, it is not always possible to convert these integra-
tion methods directly. Thus, raw spectra should be included
for all broadband measurements, along with the resolution
bandwidths used, so that they can be re-integrated using a
different method when required. For all broadband data plot-
ted in this review, raw spectra were digitized from the origi-
nal paper and converted into b; by dividing by the square root
of the receiver resolution bandwidth and integrated using
formula 1 above.

Appendix B

In this review, resolution bandwidth refers to the resolu-
tion of a measuring system, i.e., how finely the measuring
device divides up the total frequency space of broadband RF
before measuring the amplitude within each bin (Appendix
A). In some papers, the term ‘bandwidth’ is used to refer to
the total frequency range; however, the convention used in
magnetoreception studies is to use ‘bandwidth’ to refer to the
resolution of the measuring device. To avoid confusion, we
thus use the term ‘resolution bandwidth.” In this appendix,
we report the ways in which to account for the resolution of
a system for both broadband and narrowband RF (Box 2).

For broadband REF, this resolution has a significant impact
on the amplitude reported by the measurement system. There
are thus two options to fully specify the nature of the field.
One is to provide a plot of the measured amplitude spec-
trum and also clearly specify the measurement resolution. If
the measurement frequency resolution is not provided, then
one cannot distinguish higher fields measured with a nar-
row frequency resolution from lower fields measured with a
wide frequency resolution. The second option is to report the
measured amplitude spectrum divided by the square root of
the measurement resolution in Hz. This measurement is typi-
cally called a spectral density (Box 3) and yields a quantity
that is independent of the measurement resolution.

For narrowband RF, the amplitude reported by the
measurement system does not depend on the measurement
resolution because increasing the measurement resolution
bandwidth will not allow more energy into the measurement
system. In this case, the first option of simply reporting the
amplitude without the resolution bandwidth normalization is
common. However, to eliminate any ambiguity, it is gener-
ally the best to report the resolution bandwidth and provide
a spectrum for all RF types.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00359-021-01516-z.
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