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Abstract
We investigated spontaneous magnetic alignment (SMA) by juvenile snapping turtles using

exposure to low-level radio frequency (RF) fields at the Larmor frequency to help character-

ize the underlying sensory mechanism. Turtles, first introduced to the testing environment

without the presence of RF aligned consistently towards magnetic north when subsequent

magnetic testing conditions were also free of RF (‘RF off! RF off’), but were disoriented

when subsequently exposed to RF (‘RF off! RF on’). In contrast, animals initially intro-

duced to the testing environment with RF present were disoriented when tested without RF

(‘RF on! RF off’), but aligned towards magnetic south when tested with RF (‘RF on! RF

on’). Sensitivity of the SMA response of yearling turtles to RF is consistent with the involve-

ment of a radical pair mechanism. Furthermore, the effect of RF appears to result from a

change in the pattern of magnetic input, rather than elimination of magnetic input altogether,

as proposed to explain similar effects in other systems/organisms. The findings show that

turtles first exposed to a novel environment form a lasting association between the pattern

of magnetic input and their surroundings. However, under natural conditions turtles would

never experience a change in the pattern of magnetic input. Therefore, if turtles form a simi-

lar association of magnetic cues with the surroundings each time they encounter unfamiliar

habitat, as seems likely, the same pattern of magnetic input would be associated with multi-

ple sites/localities. This would be expected from a sensory input that functions as a global

reference frame, helping to place multiple locales (i.e., multiple local landmark arrays) into

register to form a global map of familiar space.
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Introduction
Turtles are among the wide variety of animals known to be sensitive to the Earth’s magnetic
field [1–4]. However, the nature of the underlying magnetoreception mechanism has yet to
be determined [5–7]. In terrestrial animals, there is evidence for two distinct mechanisms of
magnetoreception [6, 7]; the magnetite-based mechanism (MBM) involving single domain
or super-paramagnetic particles of biogenic magnetite [6, 8, 9], and the radical pair mecha-
nism (RPM) involving a light-dependent biochemical reaction that forms long-lived, spin-
coherent radical pairs. A specialized class of photopigments (i.e., cryptochromes) has been
suggested to play a central role in the RPM [10–13] with the alignment of the magnetic field
modulating the response of these photopigments to light [14]. Importantly, these two mecha-
nisms are not mutually exclusive. For example, in amphibians and birds a MBM is thought to
derive geographic position (“map”) information, while the light-dependent RPM provides di-
rectional (“compass”) information ([15], but see [16, 17] for MBM based compass orienta-
tion in subterranean mammals). The use of a light-dependent magnetic compass, despite the
presence of a magnetite-based receptor with properties arguably better suited for this task
(i.e. sensitivity to the polarity of the magnetic field, ability to operate in total darkness), sug-
gests that the light-dependent mechanism may provide more than simple directional infor-
mation [18].

Behavioral studies have helped characterize the functional properties of both the MBM and
the RPM [5, 15, 19–26]. For example, in insects, amphibians and birds, the magnetic compass
has been shown to be dependent on light [23, 24, 27–31], and sensitive to the inclination, but
not polarity, of the magnetic field [22, 32]. Both results are consistent with a RPM [33–35]. In
contrast, mole-rats that inhabit aphotic subterranean habitats have a MBM-based magnetic
compass that operates in total darkness and is sensitive to the polarity of the magnetic field
[16]. To date, responses showing properties of both mechanisms have only been observed in
animals that use magnetic cues in both the map and compass components of long-distance
navigation (newts [22, 36], birds [37, 38] and sea turtles [39]), suggesting that these responses
may receive inputs from both mechanisms, rather than the involvement of a third, distinct
mechanism (see below).

A diagnostic property that distinguishes unambiguously between a MBM and RPM is sensi-
tivity of the RPM to low-level radio frequency (RF) fields [40]. For instance, magnetic compass
orientation of birds is disrupted by low-level RF fields at the Larmor frequency (i.e., the preces-
sion frequency of an electron spin in the ambient magnetic field) [41], as well as low-level RF
noise, consistent with the involvement of a RPM [40]. Recent findings suggest that the thresh-
old of sensitivity of a RPM based system may be as low as 1 nT (RF intensity), which can be in
the range of anthropogenic electromagnetic noise [42]. In contrast, non-light-dependent, SMA
of mole-rats was unaffected by RF fields at intensities as high as 4800 nT [43], as would be ex-
pected for a MBM.

Interest in SMA, first reported in several insects [44], is experiencing a revival in the cur-
rent literature [45–50]. Spontaneous magnetic alignment is defined here as an untrained,
non-goal-directed, body alignment relative to the Earth´s magnetic field (often resting or
landing positions). Although the proximate and ultimate causes of SMA are not understood,
it may serve a variety of important functions. For example, it has been suggested that main-
taining a fixed alignment relative to the magnetic north-south axis may facilitate measure-
ment of magnetic inclination and/or total intensity, increase the accuracy of 3-dimensional
(3-D) targeting and course control, and/or help to encode spatial input from other sensory
modalities [18, 46, 51, 52].
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The putative magneto-receptive molecule for a RPM, cryptochrome [53, 54], has been shown
to occur in photoreceptors in the pineal complex and/or retina of vertebrates, and compound
eye of insects [35, 55–57]. Specific classes of photoreceptors may be specialized for sensing the
geomagnetic field, e.g. the UV/violet cones in the retina of birds, extra-ocular photoreceptors
mediating chromatic responses in the pineal complex of amphibians [35], and central retinula
cells in the compound eyes of flies [7]. In animals, in which the specialized photoreceptors are lo-
cated in the retina or compound eye, the magnetic field may be perceived as a 3-dimensional ‘vi-
sual’ pattern that appears to surround the animal and be superimposed on its surroundings ([11,
14, 18, 58–60]; and see below). In effect, the animal would be at the center of a simple spherical
coordinate system that is fixed in alignment relative to the magnetic field as it moves through
the environment.

In the present study, experiments were carried out to determine if an earth-strength mag-
netic field influences alignment behavior of yearling snapping turtles (Chelydra serpentina). In
particular, the experiments focused on the role that magnetic cues might play when an animal
is introduced to a novel environment. Exposure to a low-level RF field was used to determine
whether a RPM was involved in the SMA of turtles, and whether the conditions under which
the turtles were first introduced to the testing apparatus (with or without low-level RF fields)
influenced subsequent alignment responses to the magnetic field.

Results
The alignments of turtles tested in a vertical magnetic field, which does not provide directional
information, were randomly distributed (S1 Fig) indicating that no other non-magnetic (e.g.
topographic) directional cues were used by the animals in the testing arena.

Testing turtles in four symmetrical horizontal magnetic field alignments (magnetic N =
topographic N, E, S, W) made it possible to partition the alignment responses into topographic
and magnetic components (see Material and Methods). In all treatment conditions, topograph-
ic distributions were indistinguishable from random (S2 Fig), providing further evidence that
the animals were not relying on non-magnetic cues.

Animals initially exposed to the geomagnetic field without RF and subsequently tested in
the four magnetic field alignments without RF (‘RF off! RF off’ condition) showed consistent
alignment relative to the magnetic field with the mean vector bearing towards magnetic north
(mean direction: 353°, p< 0.005, R� = 1.388, n = 18, Moore’s modified Rayleigh test, Fig 1).
When tested in the four magnetic field alignment with RF (‘RF off! RF on’ condition) these
same animals failed to exhibit a consistent alignment relative to the magnetic field (n. s., R� =
0.121, n = 18, Moore’s modified Rayleigh test). The difference between the ‘RF off! RF on’
and ‘RF off! RF off’ responses approached significance (p< 0.1, R' = 1.005, n = 18, Moore’s
paired two-sample test).

The behavior of animals initially exposed to the geomagnetic field with RF present was re-
markably different. After initial exposure to the magnetic field with RF present, animals subse-
quently tested in the four magnetic field alignments without RF (RF on! RF off; Fig 1) were
disoriented (n. s., R� = 0.674, n = 18, Moore’s modified Rayleigh test). However, in the four
magnetic field alignments with RF present (RF on! RF on), the same animals showed consis-
tent alignment relative to the magnetic field (mean direction: 196°, p< 0.01, R� = 1.307,
n = 18, Moore’s modified Rayleigh test). Interestingly, however, the direction of magnetic
alignment was toward magnetic south, i.e., opposite that of the ‘RF off! RF off’ group (Fig 1),
and the distribution of magnetic responses in the two groups of turtles that were pre-exposed
and tested in the same RF condition (‘RF off! RF off’, and ‘RF on! RF on’) were significant-
ly different (p< 0.001, U = 0.42, n = 18, Mardia’s two-sample test, Fig 1).
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Discussion
Spontaneous magnetic preferences are known for many different taxa, from arthropods to
mammals [50]. In vertebrates, these behaviors typically consist of unimodal or axial responses
aligned near the magnetic north-south axis [50]. In the present experiments, directional re-
sponses of snapping turtles were tested in four symmetrical magnetic field alignments, which
made it possible to isolate the component of the behavior that showed a consistent alignment
relative to the magnetic field (see Methods). In the absence of RF exposure (‘RF off! RF off’

Fig 1. Magnetic component of responses of individual turtles plotted relative to magnetic North (mN).
Magnetic directional preferences of turtles combined from four magnetic field alignments (magnetic north
aligned in each of the four cardinal directions). Responses of turtles initially exposed to the magnetic field
without RF are shown in the left column with black outer circles. Responses of turtles initially exposed to the
magnetic field in the presence of the RF stimulus are shown in the right column with red outer circles. Black
lines connected to black dots (labeled “RF off”) are the mean vectors showing the magnetic component
pooled from the four magnetic field alignments in which the turtles were tested without RF, and the responses
shown in red (labeled “RF on”) are from the four magnetic fields alignments in which the same turtles were
tested in the presence of RF. Moore’s modified Rayleigh test was used to test each distribution for non-
random unimodal alignment. Dependent data, e.g., diagrams in the left column or in the right column with the
same colored circles (showing data collected from the same individuals), were tested for significant
differences using Moore’s paired sample test. Independent data (i.e. distributions in the same horizontal row
obtained from different individuals) were tested for significant differences using the Mardia’s two-sample test.

doi:10.1371/journal.pone.0124728.g001
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condition), the turtles’ directional responses showed a consistent northward alignment relative
to the magnetic field, providing the first evidence for SMA in a reptile.

Previous experiments with migratory birds have shown that exposure to a RF field at the
Larmor frequency at intensities as low as 15 nT can abolish magnetic compass orientation [61].
In the present experiments, turtles that were initially exposed to the testing apparatus without
RF, failed to exhibit a consistent alignment relative to the magnetic field when subsequently
tested in four symmetrical magnetic field alignments with RF present (‘RF off! RF on’ condi-
tion). Because the energy of interaction of the radio frequency field used in the present experi-
ments (1.43 MHz at 30–52 nT) with an unpaired electron is many orders of magnitude below
the thermal noise floor [40], this result is compelling evidence for a quantum process, such as
the RPM, underlying the turtles’ SMA responses.

In contrast to turtles introduced to the testing chamber without RF and tested with RF (‘RF
off! RF on’ condition), turtles introduced to the testing chamber in the presence of RF
showed consistent alignment relative to the four magnetic field alignments when RF was pres-
ent (‘RF on! RF’ on condition). However, they were disoriented when tested in the same
four field alignments without RF (‘RF on! RF off’ condition). Moreover, the directional re-
sponse of turtles in the ‘RF on! RF on’ condition (towards magnetic south) was opposite to
that of turtles in the ‘RF off! RF off’ condition (towards magnetic north). Taken together,
these findings indicate that RF fundamentally alters, but does not abolish, the directional in-
formation that the turtles obtained from the magnetic field. These findings also show that the
presence or absence of RF when an animal is first introduced to novel surroundings influences
its subsequent response to the magnetic field, i.e., turtles only showed a consistent alignment
relative to the magnetic field in the same RF condition in which they were first introduced to
the testing apparatus.

Our findings are consistent with evidence from animals as different as flies and mice that a
complex, 3-D pattern is generated by the RPM [34]. In studies in which animals are trained to
orient in a particular heading relative to the magnetic field [24, 51, 62, 63], and/or have been
shown to calibrate the magnetic compass relative to a global reference system (e.g. [64]), failure
to ‘recognize’ an altered pattern of magnetic input might have prevented the animals from ori-
enting in an RF condition that differed from the one in which they had learned, or calibrated,
the compass response [11]. However, because yearling snapping turtles in the present study ex-
hibited spontaneous (i.e., unlearned and uncalibrated) alignment relative to the magnetic field
(Fig 1), neither of these explanations can account for the dependence of the effects of RF expo-
sure on initial experience in the novel testing environment.

Instead, the findings suggest that yearling turtles formed a rapid association between the
novel surroundings and RPM response pattern, which differed depending on the initial RF ex-
posure. This apparently spontaneous association seems to have a ‘sensitive period’ when the
turtle is first introduced to novel surroundings during which this association is formed. The as-
sociation lasted for a minimum of several hours (the duration of testing in the present experi-
ment), and was unaffected by subsequent exposure to a pattern of magnetic input that differed
depending on the RF-exposure condition. Further experiments are needed to determine wheth-
er the association persists over longer periods of time and is retained when an individual is re-
moved and subsequently returned to the surroundings.

Under natural conditions turtles would never experience a change in the pattern of magnet-
ic input. Therefore, if turtles form a similar association of magnetic cues with the surroundings
each time they encounter unfamiliar habitat, as seems likely, the same pattern of magnetic
input would be associated with multiple sites/localities. This would be expected from a sensory
input that functions as a global reference frame, helping to place multiple locales (i.e., multiple
local landmark arrays) into register to form a global map of familiar space.
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The turtles response to magnetic cues in the presented experiments parallels the earlier find-
ings of Collett and Baron (65] who showed that honeybees revisiting a familiar environment
align themselves relative to the magnetic field so that they faced a radially-symmetrical visual
landmark from a consistent magnetic direction. Based on these findings, as well as their earlier
research [66, 67], the authors suggested that magnetic input provides honeybees with a coordi-
nate system that simplifies spatial pattern recognition by aligning the animals so that “the pat-
tern of landmarks imaged on their retina matches the pattern stored on previous visits to that
place”[65]. Perhaps, as suggested by [18], the pattern of magnetic input from the RPM is
‘mapped’ onto the local environment analogous to taking a mental ‘snap shot’ of the novel sur-
roundings with the 3-D ‘grid’ superimposed. Although much remains to be learned about the
role of the magnetic field in encoding spatial information in vertebrates, evidence that mice re-
quire only two brief (< 60 sec) trials to encode the magnetic direction of a submerged platform
in a ‘plus’ water maze task [51] clearly indicates the need for further investigation of the role of
magnetic cues in organizing spatial information in novel surroundings.

Given the likelihood that exposure to low-level RF fields directly affects the RPM [40, 61],
the findings reported here place important constraints on the properties of the underlying bio-
physical mechanism (Peter Hore, personal communication). The ‘reference-probe’ radical pair
design proposed by Ritz, Wiltschko [68], in which one member of the radical pair is devoid of
hyperfine interactions, would predict a strong resonant response to the Larmor frequency
(used in this study) that would reduce the anisotropy of the response of the radical pair and
thereby destroy the directional information required for magnetic orientation [69]. However,
our results suggest that RF at the Larmor frequency is modifying the response of the RPM, al-
tering rather than eliminating the resulting directional information. Such an effect could arise
from a more complex radical pair design in which both radicals have hyperfine interactions.
For instance, FAD-tryptophan could be molecules involved in such a mechanism (as originally
proposed by Ritz, Adem (14]). Importantly, however, in order for RF fields at such low intensi-
ties to affect the radical pair, the spin-relaxation would need to be very slow, on the order of
several milliseconds, which is unprecedented in known radical pair systems (Peter Hore, per-
sonal communication). Moreover, a FAD-tryptophan radical pair would be expected to exhibit
peaks of sensitivity to RF fields outside the Larmor frequency range, as may be the case in mi-
gratory birds [42, 61].

In conclusion, the present study demonstrates spontaneous magnetic alignment by a reptile
similar to that reported previously in other vertebrates, and shows the sensitivity of SMA to
low-level RF fields at the Larmor Frequency. On the one hand, the findings confirm how little
is actually known about the biophysical process underlying the RF-dependent magnetorecep-
tion mechanism, despite evidence that this type of mechanism may be present in animals as di-
verse as birds [61], epigeic rodents [34], reptiles (this study), amphibians [23], and some
insects [70]. What is arguably the most important finding from these experiments, however, is
that in addition to the well-studied use in goal-directed orientation, the magnetic field appears
to play an important, and as yet poorly understood role, in encoding spatial information in the
animal’s immediate surroundings.

Materials and Methods

Turtle collection and husbandry
From April-July 2011, eggs were collected and incubated from gravid female C. serpentina cap-
tured along the South River and from nearby sites along the Middle River (both Virginia, USA)
using baited hoop traps (see [71, 72] for more information on trapping, egg collection and incu-
bation, see also S2 Table). Once the incubated eggs hatched in Aug-Sept, individual hatchlings
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were housed in plastic, opaque Ziploc containers (591 ml; S.C. Johnson & Son, LLC, Wisconsin,
USA) filled with 150 ml dechlorinated water placed in an environmental chamber at 25°C (ob-
served temperature 25.46 ± 0.01°C) with a 12:12 light:dark cycle. Beginning in Oct, hibernation
was induced by gradually (1°C increments) reducing temperature each week to 4.5°C. After 5
months in hibernation, temperatures were gradually increased to 25°C. The turtles were tested
within one month of emergence in May 2012. All hatchlings were released at the end of the
study at the site of maternal origin.

Testing procedure
Testing trials took place in a double-walled testing building to minimize external sources of
variation, such as vibration and sound cues. Additionally, the testing apparatus was located in
a grounded faraday cage, and all power lines going into the enclosure were equipped with EMI/
RF filters (Dearborn, 1JX2459) to reduce background electromagnetic noise. The testing appa-
ratus (including the testing arena and surrounding magnetic coils; see below) was mounted on
a ~400 kg sandbox supported by a ~10 cm layer of compressed fiberglass insulation to further
reduce substrate vibrations.

In each testing session, six yearling snapping turtles were placed in individual testing cham-
bers (Fig 2) inside a testing apparatus surrounded by a double-wrapped, cube surface coil [73].
Full-spectrum light was provided by an overhead light source centered above the testing arena,
but outside the magnetic coils. The light passed through two frosted Pyrex glass diffusers before
reaching the testing arena. Turtles were tested inside individual testing chambers consisting of
a Pyrex bowl, a PVC cylinder inside the bowl that visually isolated each subject, and a milky
white Plexiglas diffuser placed on top of each testing chamber (Fig 2). The chambers were
placed on the floor of the testing apparatus made from a clear glass plate covered by gray fiber-
glass insect screen (light reflection from the screen prevented the animals from seeing through
the bottom of the glass bowls and, therefore, from responding to any visual asymmetries be-
neath the arena).

Each test day, all 6 turtles were exposed to nine consecutive treatments that were determined
in a pseudorandom order. Turtles exposed to RF in the first of the 9 testing conditions (3 of the
6 testing days) were exposed to RF during the 20 min acclimation period prior to the start of
testing. Experimental treatments were as follows: vertical field only (no directional magnetic

Fig 2. The experimental chamber. Turtles were tested in a Pyrex bowl with water that was ~1 cm deep so the turtle’s shell was not completely submerged.
The Pyrex bowl, PVC surround, and overhead diffuser provided uniform visual surroundings.

doi:10.1371/journal.pone.0124728.g002
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cues); mN = topographic north, south, east and west with RF present; mN = topographic north,
south, east, and west with RF absent. Each individual was exposed to each of the nine treat-
ments once for at least one hour. One hour of video was recorded in each condition, and only
the last 40 minutes were used for the body alignment analysis. Animals were not removed from
the testing chambers or handled between treatments; however, there was always at least a
20-minute acclimation period in each new treatment condition, before observations of body
alignment were recorded.

All changes in magnetic field conditions and RF conditions were produced from outside the
Faraday cage. Other than the electromagnetic changes, the turtles were not exposed to distur-
bance of any kind nor did the experimenter enter the Faraday cage that surrounded the testing
apparatus during the entire sequence of treatment conditions.

The behavior of the turtles was recorded from underneath the testing arena through the
glass bottoms of the testing bowls by a video camera located below the shielded enclosure. The
body axis directions of each of the turtles were measured on 36 frames (0.9 frames per minute,
40 minutes). All measurements were done following a double blind procedure. Video record-
ings were given arbitrary numbers using a random sequence by a person not involved in the ex-
perimental design or behavioral measurements (M.P.). A single observer (L.L.) then measured
directions for each of the videos in random order without knowing the identity of the turtles,
treatment, or test day.

The posture of each animal was recorded and categorized for each frame using the catego-
ries “neutral posture”, “probably moving—direction not measureable”, or “crawling up against
the wall”, measurements in the latter two groups were excluded from the analysis. Overall,
3.5% of the measurements were excluded (409 out of 11664). All measures were obtained using
a double blind protocol from a single person (described above), to avoid observer biases.

The magnetic field manipulations and radio frequency interference
The animals were tested in four different alignments of an earth-strength field (51.24 ±
0.06 μT, inclination angle 64.3° ± 0.6°), with magnetic north aligned to topographic north,
east, south or west. The magnetic fields were generated by a pair of horizontally aligned, dou-
ble-wrapped Rubens coils [73, 74]. The magnetic field components generated by the two coils
were controlled by reversing the direction of current flow through one of the two wraps [5,
74]. For the vertical field condition, the horizontal field component was cancelled resulting
in field strength of 46.78 μT (the residual of the horizontal component was 0.7 μT, towards
348°).

The radio frequency field was generated using a signal generator (Agilent, model 33250a),
amplifier (Amplifier Research Associates, model 10A250), and an antenna consisting of a
single, horizontal loop of wire surrounding the testing apparatus. The angle between the RF
field and the magnetic field (26 ± 2°) was the same in all four horizontal alignments of the
earth-strength magnetic field, and similar to that shown to disorient magnetic compass ori-
entation in an earlier study of migratory birds [61]. The AC field was set to approximate the
Larmor frequency for the ambient magnetic field strength (1.430 MHz). The intensity was
measured at the location of each testing chamber and varied from 30 to 52nT, depending on
the location. Although variation in RF conditions were recorded across the testing apparatus
(higher RF intensities occurred around the periphery of the cluster of testing chambers, i.e.,
in chambers located closer to the radio antenna), each turtle remained in the same testing
chamber and therefore, the same absolute position throughout the experiment, and thus ex-
perienced a constant RF field intensity in the treatment conditions in which it was exposed to
the RF stimulus.
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Testing in four symmetrical magnetic field alignments (magnetic north aligned to each of
the cardinal compass directions), both with and without RF exposure, made it possible to parti-
tion the directional responses of individual turtles into magnetic and non-magnetic (topo-
graphic) components [62]. For example, to determine the topographic component of one of
the turtles in the absence of RF exposure (i.e., ‘RF-off’), the directional responses from the four
testing conditions were pooled without taking into account the magnetic field alignments. The
vector sum of all individual responses from the four testing conditions pooled in this way pro-
vides a measure of the turtle’s response to any consistent non-magnetic (i.e., topographic) cues
present in the testing chamber. To determine the magnetic component of the turtle’s response,
the individual responses obtained in the same four testing conditions were pooled after first
being rotated so that the directions of magnetic north coincided. The vector sum of all bearings
of one individual pooled in this way provides a measure of the turtle’s response to the align-
ment of the static magnetic field. Similar analyses of the directional responses in the four field
conditions in which the turtle was exposed to the RF field was then carried out to determine
the topographic and magnetic components of response when exposed to the Larmor frequency
field (‘RF on’).

The magnetic and topographic responses of the individuals were then summed for each of
the conditions shown in S1 Table: 1) ‘RF off! RF off’, 2) ‘RF on! RF off’, 3) ‘RF on! RF
on’, 4) ‘RF off! RF on’, 5) ‘RF off! vertical field (RF off)’, 6) ‘RF on vertical field (RF off)’.

All second order circular distributions of topographic and magnetic responses (each indi-
vidual presented by a single vector) were analyzed with a second order Moore´s modified Ray-
leigh-test [75]. For comparisons of paired directional observations (‘RF off! RF off’ with ‘RF
off! RF on’ and ‘RF on! RF off’ with ‘RF on! RF on’) the Moore’s paired sample test was
used. For independent comparisons (‘RF off! RF off’ with ‘RF on! RF on’, ‘RF off! RF off’
with ‘RF on! RF off’, ‘RF off! RF on’ with ‘RF on! RF off’, ‘RF off! RF on’ with ‘RF on
! RF on’) a Mardia’s two-sample comparison test was applied [76].

Ethics Statement
Animal collections were permitted by the State of Virginia (Permit #: VA department of Game
and Inland Fisheries #035981). The presented research was approved by the Institutional Ani-
mal Care and Use Committee of the Virginia Tech (#09-080-FIW, Amendment #2). Experi-
ments were purely observational; the animals were released unharmed to their original habitat
at the conclusion of the experiments.

Supporting Information
S1 Dataset. First order responses of all tested animals.
(XLSX)

S2 Dataset. Second order responses of all tested animals.
(XLSX)

S1 Fig. Alignment in vertical magnetic field. The results of the vertical field treatments (no
RF was applied during this treatment). The results were indistinguishable from random for the
days with (red outer circle) and without (black outer circle) RF acclimation. Moore’s modified
Rayleigh test was used to test each distribution for significant unimodal alignment.
(PDF)

S2 Fig. Topographic component of responses. The results combining the four magnetic field
treatments (N, E, S, W), however, analyzed with regard to the topographic (geographic) north,
showing that there was no topographic bias in the distribution. ‘RF off’ acclimated animals are
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shown with a black outer circle, ‘RF on’ acclimated animals with a red outer circle. Moore’s
modified Rayleigh test was used to test each distribution for significant unimodal alignment.
Dependent data (alignment of same individuals in the two treatments ‘RF off’ and ‘RF on’)
were tested for significant differences using the Moore’s paired sample test. Independent data
were tested for significant differences using the Mardia’s two-sample test.
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