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Growingevidence indicates that migratory animals exploit the magnetic field of the
Earth for navigation, both as a compass to determine directionand asamap to
determine geographical position’. It has long been proposed that, to navigate using a

magnetic map, animals must learn the magnetic coordinates of the destination*?, yet
the pivotal hypothesis that animals can learn magnetic signatures of geographical
areas has, to our knowledge, yet to be tested. Here we report that an iconic navigating
species, the loggerhead turtle (Caretta caretta), canlearn such information. When
fed repeatedly in magnetic fields replicating those that exist in particular oceanic
locations, juvenile turtles learned to distinguish magnetic fields in which they
encountered food from magnetic fields that exist elsewhere, an ability that might
underlie foraging site fidelity. Conditioned responses in this new magnetic map assay
were unaffected by radiofrequency oscillating magnetic fields, a treatment expected
to disrupt radical-pair-based chemical magnetoreception*®, suggesting that the
magnetic map sense of the turtle does not rely on this mechanism. By contrast,
orientation behaviour that required use of the magnetic compass was disrupted by
radiofrequency oscillating magnetic fields. The findings provide evidence that two
different mechanisms of magnetoreception underlie the magnetic map and magnetic
compass insea turtles.

Diverse animals migrateimmense distances between specific areas used
inforaging, reproduction and seasonal sheltering”’. How long-distance
migrantanimals navigate to specific locations has remained enigmatic,
but the ability to exploit the magnetic field of the Earth as a source of
both directional information (that is, for a magnetic compass sense)
and positional information (that is, for amagnetic map sense) is an
important elementin the navigational repertoire of many species"*°.

Magnetically sensitive animals can derive compass information
either from the direction (polarity) of field lines or from the relation-
ship between the tilt of magnetic field lines and gravity'®. Magnetic map
information canbe derived from several geomagnetic parameters that
vary predictably across the globe, including the intensity, or strength, of
the field and theinclination angle (the angle formed between magnetic
field lines and the surface of the Earth)'. The particular magnetic field
parameters that exist at alocation, which are sometimes collectively
referred to as the ‘magnetic signature’ or ‘magnetic coordinates’ of a
site, can potentially provide an animal with a way to recognize a place
andreturntoit" ™,

Navigating to aknown destination with a magnetic map presumably
requires ananimal tolearn and remember the magnetic signature of the
goal**>1 Nevertheless, despite strong evidence that sea turtles and
other animals possess magnetic maps', an ability to learn the magnetic
signature of alocation has yet to be demonstrated. Here we describe a
new behavioural assay inaniconic navigating species, the loggerhead
turtle (C. caretta), thatrelies on the ability of turtles to detect magnetic

map information. Our work provides direct evidence that an animal can
learnand remember the natural magnetic signature of ageographical
area. This ability may enable turtles and other animals to learn the
locations of ecologically important destinations and return to them
after long migrations.

Anoteworthy feature of this new magnetic map assay is that turtles
respond to learned magnetic signatures without using the magnetic
compass; thus, the new assay effectively decouples the magnetic map
and compass senses. We used this decoupling to explore two major
questions of magnetic navigation research: first, how sea turtles
and other animals sense the magnetic field of the Earth, and second,
whether the same biophysical mechanism underlies the magnetic map
and compass. Using the magnetic map assay in combination withasec-
ond, established assay that requires the magnetic compass, we report
strong evidence that two different mechanisms of magnetoreception
existinseaturtles.

Learning magnetic signatures (map assay)

Seaturtlesarerenowned for their long-distance migrations and extraor-
dinary navigational abilities. At the beginning of their lives, logger-
head turtles respond to magnetic signatures along their transoceanic
migratory route by swimming in directions that help them to remain
within favourable ocean currents and advance along the migratory
pathway™®, Following this initial migration, turtles take up residence
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Fig.1|Results from conditioning experimentsinwhich turtleslearned to
discriminate betweenmagneticfieldsreplicating those that exist near
New Hampshire, USA, and in the Gulf of Mexico. a, Map showing relative
locations of the two treatment fields. The map was created using Natural Earth
(https://www.naturalearthdata.com; credit Tom Patterson and Nathaniel
VaughnKelso).b, Intests conducted immediately after the conditioning
period, turtles exhibited significantly higher levels of turtle dance behaviour
when experiencing the field in which they had been fed (two-tailed Wilcoxon
signed-ranktest, w=123,P=0.003,Hedge’s g= 0.88,n=16). See Methods for

inwidely dispersed feeding areas™. Individual turtles often display
strong fidelity to their feedingsites, returning to them repeatedly after
seasonal migrations and forced displacements™'®,

To determine whether turtles can learn the magnetic signature
of ageographical area where they encounter food, we conditioned
captive juvenile loggerheads by feeding them in a magnetic field that
replicates one from a specific oceanic location. During the 2 months
of conditioning, turtles were fed in one magnetic field (the rewarded
field) but were also subjected to an equivalent number of conditioning
sessions with a second magnetic signature in which the turtles were
not fed (the unrewarded field). Thus, turtles spent equal amounts of
time in two magnetic fields, but received food in only one of them. At
the end of conditioning, behavioural tests were conducted to assess
whether turtles had learned to discriminate between the rewarded
and unrewarded magnetic fields (see Methods). Observers blind to
the magnetic field treatment analysed video recordings and quantified
the amount of time during which each turtle exhibited ‘turtle dance’
behaviour, adistinctive pattern of movement displayed by captive sea
turtles anticipating food. Hallmarks of the behaviour include some or
all of the following: tilting the body vertically, holding the head near
or above water, opening the mouth, rapid alternating movement of
the frontflippers, and, occasionally, even spinning in place, hence the
name ‘turtle dance’ (Supplementary Video1).

In aninitial experiment, turtles were conditioned to distinguish
between two magnetic signatures that represented similar magnetic
changes (in terms of inclination and intensity) to the south and north
of the testing sitein North Carolina, USA. The south field approximated
that of alocation in the Gulf of Mexico and the north field approxi-
mated alocation near New Hampshire, USA (Fig.1a and Extended Data
Table 2). Half of the turtles received food only in the Gulf of Mexico
field and half only in the New Hampshire field. After conditioning,
turtles were exposed to the two magnetic fields in the absence of food.
Turtles exhibited significantly higher levels of turtle dance behav-
iour when experiencing the field in which they had been fed (Fig. 1b;
Wilcoxon signed-rank test, w =123, P=0.003, Hedge’s g = 0.88). The
turtles continued to distinguish between the two fields when tested
4 months later, without being conditioned to either field in the interim
(Fig.1c; Wilcoxonsigned-rank test, w =118, P=0.01, Hedge's g = 0.62).
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details of analysis. ¢, Turtles were tested asecond time, 4 months after the
initial experiments, without experiencingeither the rewarded or unrewarded
fieldintheinterim. Turtles still discriminated between the two fields (two-
tailed Wilcoxon signed-rank test, w =118, P=0.01, Hedge’sg = 0.62,n=16). Error
barsrepresents.e.m. To facilitate plotting the large range of responses from
individuals, the vertical axisis presented with asquare-root transformation
toimprove visibility of individual data points. Extended Data Fig.1shows the
same data plotted onalinearscale.

These results suggest that turtles can learn to associate food with a
specific magnetic signature and retain this learned association for
several months.

To investigate the robustness of this response, several replicates
of this experiment were conducted using different groups of turtles
and different pairs of magnetic fields. A second group of turtles was
conditioned to distinguish between magnetic fields that exist near
the coasts of Cuba and Delaware, USA. These turtles exhibited signifi-
cantly higher levels of turtle dance behaviour when exposed to their
rewarded magnetic field, indicating that they could recognize the
magnetic field (Fig. 2a; Wilcoxon signed-rank test, w =108, P=0.04,
Hedge’s g=0.50). A third cohort was conditioned to discriminate
between magnetic fields that exist near the coast of Florida, USA, and
Maine, USA. Turtles again learned to differentiate between the two
magnetic fields (Fig. 2b; Wilcoxon signed-rank test, w =121, P= 0.004,
Hedge’sg=0.63).

Toinvestigate whether turtles canlearn to associate food with more
than one magnetic field, the third cohort (the same group previously
conditioned to Florida versus Maine) was conditioned a second time,
using two magnetic fields that exist north of the test site, one near
Virginia, USA, and the other near Newfoundland, Canada. Turtles
learned to discriminate between these two fields as well (Fig. 2c;
Wilcoxon signed-rank test, w =115, P=0.01, Hedge’s g = 0.60).

Afourth cohort of turtles was conditioned to distinguish between
magnetic fields that exist at two Caribbeanlocations that are both south
ofthetestsite andrelatively close to each other (approximately 300 km
apart), one near Haiti and the other near the Turks and Caicos Islands.
Yetagain, turtles learned to recognize the magnetic field inwhich they
encountered food (Fig. 2d; Wilcoxon signed-rank test, w=97,P=0.003,
Hedge’s g=0.60).

An analysis of the cumulative data from all experiments demon-
strated that turtles are capable of associating food with magnetic
signatures (Fig. 3a; Wilcoxon signed-rank test, w = 2,676, P=1.6 x 1078,
Hedge’s g=0.50). Asa complementary way of analysing the data, the
percentage change in turtle dance behaviour in the rewarded field
was calculated relative to the unrewarded field for each individual
turtle. If a turtle increased its dance behaviour compared with its
own baseline response in the unrewarded field, then the percentage
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Fig.2|Results of four additional map assay experiments, in which turtles
discriminated between amagneticfieldin which they werefedand a
magneticfield inwhich they were not. a-d, Turtles differentiated between
magnetic fields that exist near: Delaware, USA, and Cuba (a; two-tailed Wilcoxon
signed-ranktest, w=108,P=0.04,Hedge’sg=0.50,n=16); Maineand Florida,
USA (b; two-tailed Wilcoxon signed-rank test, w=121,P=0.004, Hedge’sg=0.63,
n=16); Newfoundland, Canadaand Virginia, USA (c; two-tailed Wilcoxon
signed-ranktest, w=115,P=0.01, Hedge’sg = 0.60, n=16); and the Turks and

change in the dance response should exceed zero. An analysis of all
dataindicated that the percentage change in turtle dance behav-
iour was significantly greater than O (Fig. 3b; one-tailed Wilcoxon
signed-rank test, w=2,833, P=6.2 x10™", Hedge’s g = 0.55). Results
have also been plotted for each pair of magnetic fields tested and
similarly demonstrate that, for all pairs of fields, turtle dancing in
the rewarded field showed a percentage change greater than zero
relative to the unrewarded field (Extended Data Fig. 4). Thus, turtles
showed more turtle dance behaviour in the rewarded field than in
the unrewarded field, indicating that turtles can learn to recognize
particular magnetic fields.

Several studies have established that recognition of magnetic signa-
tures by seaturtles and other animals requires simultaneous percep-
tion of both magnetic inclination and intensity’'*?°, Nevertheless,
turtles in the present experiments might hypothetically have distin-
guished between fields by using a single magnetic parameter (that s,
inclination or intensity) rather than both together. To investigate this
possibility, turtles were presented with fields in which the geomag-
netic parameters of the rewarded and unrewarded fields were mis-
matched; thatis, theinclination angle of the rewarded field was paired
with theintensity of the unrewarded field and vice versa (Fig. 4a). We
reasoned that, if one matching parameter instead of two is sufficient
forrecognition, then turtles should respond to the mismatched fields
as they do to the rewarded field. Turtles that had been conditioned
to discriminate between magnetic fields that exist near Maine and
Florida were presented with: (1) one of the two mismatched fields,
(2) therewarded field (Maine), and (3) the unrewarded field (Florida).
Results from a linear mixed effects model (Methods) indicated that,
asinprevious experiments, turtles displayed significantly more turtle
dancingintherewarded field thanin the unrewarded field (Benjamini—
Hochberg pairwise comparisons, P=0.01, Hedge’s g = 0.97; Fig. 4b).
Similarly, turtles responded significantly more to the rewarded field
than to the ‘mismatched’ magnetic fields (Benjamini-Hochberg
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CaicoslIslands and Haiti (d; two-tailed Wilcoxon signed-rank test, w =97,
P=0.003,Hedge’sg=0.60,n=14). Thedatain crepresentasecond conditioning
experiment conducted with the same turtles used inb and thus indicate that
turtles canlearn magnetic fields that exist at multiple locations. Remaining
conventionsareasinFig.1. Extended DataFig.2 shows the same data plotted
onalinearscale. The maps were created using Natural Earth (https://www.
naturalearthdata.com; credit Tom Patterson and Nathaniel Vaughn Kelso).

pairwise comparisons, P=0.01, Hedge’s g = 0.67). No difference
existed between the responses to the mismatched and unrewarded
fields (Fig. 4b). These results are consistent with the interpretation
thatbothinclination and intensity must match the rewarded field for
turtles to respond.

The percentage change in turtle dancing was also calculated for
each individual turtle in the rewarded and mismatched fields, rela-
tive toits response in the unrewarded field (Fig. 4c). As expected, tur-
tlesin the rewarded field showed percentage increases significantly
greater than 0, indicating that the rewarded magnetic signature elic-
ited increased turtle dancing (one-tailed Wilcoxon signed-rank test,
w=133,P=0.00008, n=16). By contrast, for each mismatched field,
the percentage change in turtle dancing was not significantly greater
than zero, suggesting that neither mismatched field (and thus neither
inclinationalone nor intensity alone) was recognized as the rewarded
field. Equivalence testing confirmed that responses of turtles to the
rewarded and mismatched fields were not equivalent (Methods and
Fig.4c), consistent with theinterpretation that turtles use both inclina-
tion and intensity together.

Overall, theresults provide strong evidence that loggerhead turtles
canlearn the magnetic signatures of specific geographical areas. Such
an ability has, to our knowledge, never before been demonstrated in
any animal. In total, turtles were presented with five different pairs
of magnetic fields that varied in both geographical and magnetic dis-
tance between the constituent fields. In each case, turtles learned to
distinguish between the rewarded and unrewarded field, regardless of
whether the replicated sites were both north of the test site, both south
ofthetestsite, or whether one site was north and the other was south.

Role of learning in site fidelity

Seaturtles are widely presumed to learn the location of foraging areas
to which they subsequently migrate® %, Our findings are consistent
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Fig.3|Datafromall map assay experiments analysed cumulatively.

a, Turtleslearned to discriminate between a magnetic field in which they
received food and one in which they did not (two-tailed Wilcoxon signed-rank
test,w=2,676,P=1.6x10"%, Hedge’sg=0.50,n=78). Each dot represents an
individual response. Remaining conventions are asin Fig.1. Extended Data
Fig.3 shows the same data plotted onalinear scale. b, Percentage changein
turtle dancingresponsesinthe rewarded field relative to the unrewarded field

with the hypothesis that turtles use learned magnetic fields to help
them navigate to and recognize feeding destinations. Under natu-
ral conditions, successful foraging may prompt a turtle to notice and
remember the magnetic signature of a feeding area, enabling turtles
tosubsequently return to such areas using amagnetic map?. The flex-
ibility of such a system may confer considerable survival valueina
marine environment where the optimal feeding habitat is restricted
to specific, widely dispersed geographical locations.

If turtles use magnetic signatures when returning to foraging sites
after migrations, then they presumably must be able to retain this infor-
mation for at least several months. For example, adult female logger-
headsreturnto their foraging grounds after months-long reproductive
migrations'. Similarly, juvenile loggerhead turtles migrate seasonally
to and from coastal feeding areas located in temperate waters®. Our
results demonstrate that turtles can remember the magnetic signature
of anareaover time spans relevant to their migration patterns; turtles
continued to recognize the magnetic field in which they had been fed
4 months after the conditioning period, despite having no additional
exposure to the learned magnetic field (Fig. 1c).

Results also demonstrate that turtles can learn the magnetic sig-
natures associated with more than one location (Fig. 2b,c). An ability
to learn magnetic signatures of multiple feeding sites is likely to be
adaptive, giventhat some turtles use multiple foraging areas in differ-
ent geographical locations during different seasons**. In addition,
many turtles change foraging areas as they mature? and some are
forced torelocate when formerly favourable feeding grounds become
uninhabitable®.

The ability of turtles to learn magnetic signatures suggests that tur-
tles might be able to build and rebuild their magnetic maps as they
gain experience. For example, although whether turtles use learned
magnetic signatures in navigation was not directly addressed by this
work, theresultsindicate that turtles canlearn new magnetic fields as
would be required toincorporate newlocations, such asanew foraging
area, into a magnetic map. In addition, turtles might use this ability
to help compensate for secular variation, that is, the gradual change
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of the magnetic field of the Earth, by relearning the magnetic field of
the target site at each visit?. Recognition of foraging areas and other
targets might also be aided by the use of multiple, non-magnetic cues,
especially close to the goal” %,

Mechanism of magnetic field detection

Despite recent progress™, the biophysical mechanism or mechanisms
underlying the magnetic map and compass senses have not been
determined unequivocally in any animal. Several different mecha-
nisms of magnetoreception have been discussed*’>'. Among these
is the chemical magnetoreception or radical pair hypothesis, which
proposes that light-induced chemical reactions enable animals to
detect the magnetic field of the Earth**>**, The putative processiis ini-
tiated by light exciting an electron transfer between two molecules,
resulting in unstable radical pairs whose electron spin states are
influenced by the magnetic field of the Earth; the resulting spin states
then affect reaction products that might provide animals with mag-
netic field information. Such reactions have been proposed for cryp-
tochrome, a photoreceptive protein® ¢, but other pathways are also
possible®,

Oscillating magnetic fields in the radiofrequency range are predicted
to disrupt transitions between electron spin states and thus might
impair the ability of an animal to sense magnetic fields*. Acommon
test for chemical magnetoreception therefore involves determining
whether radiofrequency fields disrupt behaviour that depends on
magnetoreception*®. We investigated the effect of radiofrequency
fields on both the magnetic map sense and the magnetic compass
sense of turtles, first using the new map assay and then using asecond
behavioural assay that requires the magnetic compass.

Radiofrequency fields and the map sense

The map assay experiment was conducted with turtles conditioned to
discriminate between arewarded magnetic field that existsin Maine and
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rewarded intensity. The map was created using Natural Earth (https://www.
naturalearthdata.com; credit Tom Patterson and Nathaniel Vaughn Kelso).

b, Amount of time spent turtle dancing. The field treatment was a significant
predictor of time spent turtle dancing (see Extended Data Table 1; analysis of
variance, F(2,30) =5.9, P=0.007). Benjamini-Hochberg pairwise comparisons
indicated that turtles danced significantly longer in their rewarded field thanin
the unrewarded field (P=0.01, Hedge’s g = 0.97) or to the mismatched fields
(P=0.01,Hedge’s g = 0.67); responses to the mismatched fields and the
unrewarded field did not differ (P=0.9, Hedge’s g = 0.032). Conventions are

anunrewarded field from Florida (Fig. 2b). These turtles were tested
again in the rewarded Maine field, with and without broadband radi-
ofrequency fieldsinthe 0.1-10 MHz range known to disrupt magnetic
sensing in birds and other animals®. No difference was observed in
turtle responses when radiofrequency fields were present or absent
(Wilcoxon signed-rank test, w = 65, P= 0.9, Hedge’s g = 0.074; Fig. 5a).
Theseresults are consistent with the interpretation that the magnetic
map sense of sea turtles is unaffected by radiofrequency fields and thus
does notrely on chemical magnetoreception.

Compass sense and radical pair mechanism

Asecond experiment investigated the effect of radiofrequency fields
onnavigationbehaviour that requires the simultaneous use of both the
magnetic map and the magnetic compass senses. This second assay,
referred to as the ‘compass and map assay’, relied on spontaneous ori-
entation responses of newly hatched loggerhead turtles to magnetic
fields along their migratory route'. Young loggerhead turtles from
Floridagradually travel around the north Atlantic Ocean before return-
ing to North American waters™. Hatchlings achieve this migration in
part by using their magnetic map sense to identify magnetic signatures
encountered along the route and then using their magnetic compass
sense to swim in appropriate directions to help them progress along
the migratory pathway™?,

In this experiment, we relied on the responses of turtles to a mag-
netic field that exists near the Cape Verde Islands, an archipelago
located off the west coast of Africa. Turtles in a previous experiment
responded to this field with southwesterly orientation, a direction
that presumably facilitates movement back towards North America
and helps themto avoid the south-flowing Guinea Current, which may
sweep them out of their normal range”. As in the map assay experi-
ments, turtles were tested bothinthe presence and in the absence of a
broadband radiofrequency field that encompassed frequencies rang-
ing from 0.1to 10 MHz. The orientation responses of hatchlings were
monitored using standard techniques'"*. In brief, each turtle was
tethered to an electronic tracking unitin the centre of a water-filled,

(1]

500 .
e p-o01 g °
3 400 - NS NS
P=0.01 s
g
g 300 |
@
L Q [] ]
§ 200 4 e
el
°
5 100
£
s 0 = = - - -
s ° °
g
S -100 | °

T
Rewarded
inclination,

unrewarded

intensity

T
Unrewarded
inclination,
rewarded
intensity

T

Rewarded

magnetic
field

Rewarded Unrewarded Mismatched

magnetic
field

magnetic
field

magnetic
field

asinFig.3.c, Percentage change in turtle dancing behaviour relative to the
unrewarded field. Thered dashed line indicates a 0% change. One-tailed
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n=16),but not foreither of the mismatched fields (w=17,P=0.58, Hedge’s
g=0.18, n=8for theunrewarded inclination and rewarded intensity field;
w=26,P=0.16,Hedge’sg=0.42,n =8 for the rewarded inclinationand
unrewarded intensity field). Responses to the rewarded field were not
equivalenttotheresponsesto either of the mismatched fields (unrewarded
inclination and rewarded intensity: Wilcoxon two one-sided tests (TOST),
w=50,P=0.20); rewarded inclination and unrewarded intensity field:
Wilcoxon TOST, w=44,P=0.12). The black dots representindividual responses.
Theboxes spanthefirst to third quartile, the centreline represents the median,
and the whiskersrepresent the 5th and 95th percentiles. NS, not significant.

circular arena surrounded by a magnetic coil system, which could
be used to replicate the magnetic field that exists anywhere in the
Atlantic Ocean''>", After tethering, each turtle swam towards a light
(wavelength range of approximately 420-750 nm) for 10 min in the
local magnetic field. The light was then turned off and the magnetic
field was changed to the Cape Verde field. After a 3-min acclimation
period, the radiofrequency generator was either activated or left off,
and the orientation of the turtle was recorded for 5 min asit swamin
total darkness.

Turtles exposed to the Cape Verde magnetic field in the absence of
radiofrequency fields swam approximately westwards and were signifi-
cantly oriented (Rayleightest, r=0.53, P=0.0004, meanangle =293.1°,
n=26;Fig.5b). By contrast, turtles exposed to the Cape Verde field in
the presence of radiofrequency fields had orientation that was statisti-
cally indistinguishable from random (Rayleigh test, r=0.19, P=0.42,
mean angle = 47.9°, n = 24; Fig. 5b). The two distributions were sig-
nificantly different (Watson test, U*= 0.35, P< 0.01), indicating that
radiofrequency fields had an effect on turtle orientation.

The compass and map assay requires that turtles use both a map
sense and a compass sense. Given that the responses of turtles were
notaltered by radiofrequency fieldsin the map assay experiments, the
effect of radiofrequency fields in the compass and map assay experi-
mentsis consistent with the interpretation that radiofrequency fields
affected the magnetic compass alone. Theresults fromboth assays thus
suggest that two different mechanisms of magnetoreception probably
exist in sea turtles: a mechanism underlying the compass sense that
is disrupted by radiofrequency fields, and a mechanism underlying
the map sense that is not. Areasonable working hypothesisis that the
compass sense relies on chemical magnetoreception, whereas the map
sense relies on an alternative mechanism.

Role of light in the magnetic compass

If the magnetic compass of turtles indeed depends on chemical mag-
netoreception, it is interesting to note that the compass functions in
total darkness. The prevailing model of chemical magnetoreception
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successfully learned to discriminate between magnetic fields that exist near
Maine (the rewarded field) and near Florida (the unrewarded field); these data
(grey bars) arereproduced from Fig.2b asa convenientreference.Inthe
radiofrequency field experiments, responses to the rewarded field did not
differ regardless of whether radiofrequency (RF) was absent (blue bar) or
present (red bar; two-tailed Wilcoxon signed-rank test, w = 65, P=0.9, Hedge’s
8=0.076,n=16).Each dot representsresults from asingle individual. Conventions
areasinFig.3.b, Results from the compass and map assay. Turtlesexposedtoa
magnetic field that exists near the Cape Verde Islands swam approximately
westwards and were significantly oriented (Rayleigh test,r=0.53,P=0.0004,
mean angle =293.2°(95% Cl =269.5-324.5°), n = 26, left circular plot). Turtles
exposed to the same Cape Verde field but with radiofrequency present had
orientation statistically indistinguishable from random (Rayleigh test,r=0.19,
P=0.42, meanangle = 47.9°,n =24, right circular plot). The two distributions
weresignificantly different (Watson test, U?= 0.35, P< 0.01). The dots represent
the swimmingdirections of individual turtles; in the left circular diagram, the
black arrow represents the mean swimming direction of the entire group, and
thedashedlinesrepresent 95% confidenceintervals. Dataare plotted relative
tomagneticnorth.Ina,b, blueindicates treatments without radiofrequency
fields, and red corresponds to treatments with radiofrequency fields.

proposes that aseries of chemical reactions begins when light excites an
electrontransfer, creating radical pairs; thus, in this scenario, light must
be present for an animal to detect magnetic fields. Consistent with this
hypothesis, several animals, including birds and monarch butterflies,
require specific wavelengths of light to respond to magnetic stimuliand
thus show light-dependent magnetoreception®, By contrast, other
animals such as sea turtles and fishes have light-independent magne-
toreception and orient magnetically in darkness'****°, Several authors
have proposed that light dependence indicates chemical magnetore-
ceptionand lightindependence indicates analternate mechanism?®404,
Insuchaparadigm, animals with light-independent magnetoreception
are not expected to be affected by radiofrequency fields.

The finding that the light-independent compass of turtles is none-
theless sensitive to radiofrequency fields is seemingly incompatible
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with the standard paradigm. It has been proposed, however, that light
activates a sequence of chemical magnetoreception reactions that,
once initiated, can continue afterwards for minutes or hours in dark-
ness, withthe crucial magnetoreceptive steps not requiring light once
the reactions are setin motion*>*?. In this context, it is noteworthy that
turtles were exposed to a white LED for 10 min before being tested in
darkness (Methods), although whether light exposure was necessary
for subsequent magnetoreception in darkness remains unknown.

It is also noteworthy that, despite apparent differences in light
dependence, the bird and turtle magnetic compasses share proper-
ties that might reflect acommon underlying mechanism. Not only
areboth systems disrupted by radiofrequency fields but both are also
inclination compasses insensitive to field polarity'©*.

Alternative magnetoreception hypotheses

Given that the magnetic map sense in turtles is unlikely to rely on
chemical magnetoreception, three alternative mechanisms worth
considering are: (1) magnetite, (2) the biocompass or MagR model,
and (3) electromagnetic induction. The simplest version of the mag-
netite hypothesis proposes that crystals of single-domain magnetite
(Fe;0,) provide the physical basis of the magnetic sense by rotating
into alignment with the magnetic field of the Earth and, in so doing,
activate receptors that initiate a neural response®***%, Although no
unequivocal evidence for magnetite-based magnetoreceptors has
been reported, indirect evidence consistent with the hypothesis has
beenobtained fromstudiesin whichanimals were exposed to strong,
short magnetic pulses**¢, Such magnetic pulses have the potential to
disrupt magnetite-based magnetoreception by reversing the magnetic
dipole moment of magnetite crystals. In previous work, hatchling tur-
tles subjected to magnetic pulses oriented randomly when exposed
to a magnetic field in which they were expected to swim eastwards*.
In principle, the pulse might have disrupted the map, the compass, or
both.Inlight of our current results, one possibility is that the magnetic
pulse affected the magnetic map sense and that a magnetite-based
mechanism underlies the map.

In contrast to the magnetite hypothesis, the biocompass or MagR
hypothesis proposes that magnetoreception is achieved through a
macromolecular nanostructure composed of an iron-sulfur protein
(MagR), polymerized into a linear protein complex and wrapped
helically by cryptochromes®. This putative magnetoreceptor, which
might share some properties with both magnetite crystals and crypto-
chromes, has been proposed to underlie magnetic sensing in diverse
animals®, although many details remain unresolved®®*'. At present,
too little is known about the putative MagR biocompass mechanism
to assess with confidence whether radiofrequency fields or magnetic
pulses might affect it.

Yet another way that an animal might hypothetically sense magnetic
fieldsis through electromagnetic induction, in which the movement of
ananimal (or its head) through the magnetic field of the Earthinduces
acharge separation that the animal can detect®**', This mechanism was
originally proposed to underlie magnetic field detection by sharks and
rays, which have specialized electroreceptors that might detect the
induced currents generated as the fish swim through the geomagnetic
field*2. More recently, the hypothesis has been extended to birds, but
with the postulated receptors located in the semicircular canals®>. To
our knowledge, the possibility of an induction mechanism based in
theinner ear hasnotyetbeeninvestigated in turtles. Similarly, whether
radiofrequency fields or magnetic pulses (or the electric fields associ-
ated with either) might affect such a mechanismis unknown.

Dual mechanisms of magnetoreception

The magnetic map and magnetic compass often function together
in navigational tasks; thus, investigating the mechanism of one



independently from the other can be difficult. Nevertheless, find-
ings consistent with two magnetoreception mechanisms have been
reported both for long-distance avian migrants and for amphibians
that travel only over short distances***, For example, in a species of
songbird (the silvereye Zosterops lateralis), magnetic pulses failed
to disrupt the compass orientation of juveniles but did disrupt ori-
entation of adult silvereyes that were using a map*. Given that the
bird compass is disrupted by radiofrequency fields*®%, the silvereye
findings havebeeninterpreted as evidence that birds have amagnetic
compass based on chemical magnetoreception and a magnetic map
sense based on magnetite'®?, A similar system has been hypothesized
innewts*.

Our results provide evidence that sea turtles have two mechanisms
of magnetoreception. The findings also raise the possibility that turtles
and birds, the two groups most thoroughly studied in the context of
long-distance navigation, both have magnetic compasses based on
chemical magnetoreception. It remains unclear whether the mecha-
nism underlying the magnetic map sense is the same inbothinstances
or,indeed, whether the two groups exploit the same magnetic field
parameters in their maps'. Nonetheless, considered in their total-
ity, the results from three groups of vertebrates (birds, amphibians
and now reptiles) suggest that dual magnetoreception systems are
common among vertebrates. In principle, dual mechanisms might
arise if the optimal way to detect direction differs from the best way
to detect magnetic parameters associated with positional informa-
tion, resulting in two magnetic senses, each optimized for different
tasks.

Conclusions

Our results demonstrate that an animal can learn the natural magnetic
signatures of geographical areas, thus corroborating a foundational
premise of goal navigation with magnetic maps. The ability tolearnand
remember magnetic signatures may largely explain how seaturtles are
able to return reliably to specific foraging areas and nesting beaches
after long migrations. A similar ability may be crucial for numerous
other animal migrants, including fishes and birds, that also travel long
distances to ecologically important locations.

In addition, our results provide evidence that two different bio-
physical mechanisms underlie the magnetic map and magnetic com-
pass in sea turtles. These findings, combined with results in birds
and amphibians, suggest that dual magnetoreception systems may
be the rule for migratory vertebrates. Moreover, magnetoreception
systems of phylogenetically diverse animals, despite functional dif-
ferences (for example, light dependence or lightindependence), and
despite being used in different ways over a wide range of spatial scales!,
might be organized in a similar way and share common underlying
mechanisms.
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Methods

Thisstudyincluded two different behavioural assays. Eachis described
below.

Map assay
Animal collection, care and housing. Loggerhead turtles (C. caretta)
were collected as hatchlings as they emerged from nests on Bald Head
Island, North Carolina, USA. A total of 14-16 hatchlings was collected
from 8-10 different nests in August of each year (2017-2020). They
were transported to Chapel Hill, NC, USA, where they were maintained
until their release the following summer. Turtles were housed in indi-
vidual tanks in a recirculating artificial seawater system with water
temperature maintained between 26 °C and 28 °C. Turtles were fed a
gelatin diet (Mazuri) and squid. Because the sex of immature turtles
cannot be established without invasive procedures, we did not deter-
mine sex for turtles in any of the experiments described in this study.
Map assay experiments were conducted five timesbetween 2017 and
2020 with four different cohorts of turtles (Extended Data Table 2).
Three of these groups contained 16 turtles and one contained 14 turtles.
Sample sizes were based on both the maximum number of turtles that
we could house at one time and the sample sizes used in other reptile
conditioning studies®®. At the time of first conditioning, turtles were
approximately 1-2 months of age, with straight carapace length of
4.1-6.4 cm and a mass of 21-48 g. Turtles from the 2019 cohort were
conditioned bothinthe autumnof2019 and asecond timein the spring
0f 2020, at which time they were approximately 9 months of age with
amass of 675-900 g.

Experimental apparatus. Amagnetic coil system was used to produce
earth-strength magnetic fields replicating those that exist at various
locations within the Atlantic Ocean (Extended Data Table 2). The coil
system consisted of three 4-coil systems arranged orthogonally* that
allowed control of the magnetic field in three dimensions. The two outer
wraps of each coil measured 2.1 m on a side and the two inner wraps
measured 2.2 m on a side. Each coil was powered by an independent
power supply operated on a constant-current setting. Current to the
coil system was set to generate magnetic signatures that matched those
of target sites in the Atlantic Ocean (Extended Data Table 2). Field pa-
rametersinside the coil were measured with a tri-axial magnetometer
(Applied Physics Systems model 520 or Medamodel FVM-400; Extended
Data Table 2). The magnetic signatures consisted of combinations of
inclination and intensity, the two magnetic parameters that turtles
and other aquatic animals are known to detect’>?°**°, Declination (the
difference between magnetic north and geographical north) was held
constant in all magnetic fields. Whether turtles detect declination is
unknown, but measuring declination requires determining geographi-
calnorth, whichinturnrequires using celestial cues over time to deter-
mine the axis of Earth’s rotation’; thus, because turtles could not see
the sky, they could not use declination.

During conditioning, turtles were placed into individual, 20-I cylin-
drical buckets partially filled with artificial sea water. For most experi-
ments, thebuckets were 30 cmin diameter with awater depth of 15 cm.
For experiments in spring of 2020, which involved older, larger turtles
(see‘Animal collection, care and housing’ section), animals were placed
into 60-1 cylindrical buckets (diameter of 55 cm) filled with artificial
seawatertoadepth of 30 cm. Inall cases, buckets were arranged in the
centre of a plywood platform inside the magnetic coil system, with
the height of the platform adjusted so that turtles were located where
the field generated by the coil system was most uniform®’. Lighting
in the coil was provided by white fluorescent lights (model number
10460, GE) and white LED lights (model number UCL/27/12/26/8/120, GE;
colour temperature of 3,000 K, 415 lumens and 91 CRI (colour rendering
index) that remained on during conditioning and behavioural experi-
ments because turtles in this age group become inactive in darkness.

Magnetic field conditioning protocol. During the 2-month condi-
tioning period, turtles were exposed repeatedly to two different mag-
netic fields, each replicating a natural magnetic signature that exists
ataspecific geographical areain the ocean. In all but one experiment
(see below), turtles in each cohort were randomly assigned to one of
two groups; each group was subsequently fed only in one of the two
magnetic fields. Thus, the magnetic field that served as the rewarded
field for one group was the unrewarded field for the other group, and
vice versa.

Duringeach day of conditioning, all turtles were exposed to only one
ofthe two magnetic fields. Turtles alternated daily between experienc-
ingthefield inwhichtheyreceived food and the field inwhich they did
not. Forexample, inthe first experiment involving magnetic fields that
exist near New Hampshire, USA, and in the Gulf of Mexico, one group
of turtles was fed on days when the New Hampshire field was used,
whereas the other group was not fed. On the following day, when the
Gulf of Mexico field was used, the first group of turtles was not fed, but
the second group was fed. Thus, turtles in both groups were exposed
to both magnetic fields for equivalent periods of time but were fed in
only one of the two fields.

This basic pattern was repeated for all years except 2019 when, to
increase the sample size for the mismatched field and radiofrequency
experiments (see below), all turtles were fed in a magnetic field that
exists near the coast of Maine, USA, and were not fed when exposed to
amagnetic field that exists near the coast of Florida, USA. The pairs of
magnetic fields used in each conditioning experiment are summarized
in Extended Data Table 2.

Conditioning was conducted daily over a period of 2months. During
conditioning sessions, each turtle was placed into its own individual
bucket and the buckets were arranged inside the magnetic coil sys-
tem near the centre, where the field from the coil was most uniform.
Once inside the coil, turtles were allowed to acclimate for 20 minina
magnetic field similar to one that exists in the facility where the turtles
were housed (the acclimation field; Extended Data Table 2). After the
acclimation period, the group was exposed to one of the two magnetic
signatures for 40 min.

During conditioning sessions in which turtles received food, the
food was added to abucket for each turtle 5-15 min after the field was
changed. Thus, turtles had the remainder of the 40-min period tolocate
and consumethe food whilein their rewarded field. During sessions in
which turtles were not fed, turtles remained in the unrewarded field for
40 minbut did notreceive food, either during the session or later that
day. During the 2-month conditioning period, turtles did not receive any
food exceptduring sessionsin which they experienced their rewarded
field. In addition, because turtles can detect airborne odorants from
food®, the odours of food were not introduced into the room except
when turtles were fed in their rewarded field.

Magnetic field discrimination protocol. After 2 months of daily con-
ditioning sessions, turtles were tested in both magnetic fields to deter-
mine whether they could discriminate between them in the absence
of food. To eliminate the possibility that the behaviour of one turtle
mightinfluence that of another, each turtle was placed intoits bucket
andtested alone inside the magnetic coil system, withno other turtles
presentinthe coil orroom. Conditions were otherwise identical to those
used in conditioning, except that no food was provided at any time.
Trials were conducted over 4 consecutive days. Each turtle experi-
enced two trials: one in the rewarded field and one in the unrewarded
field. Half of the turtles were tested in their rewarded field first and half
inthe unrewarded field first. Because each turtle had been fed every
other day during conditioning (see above), each turtle was tested only
on days when it would normally have been fed in accordance with the
every-other-day pattern. Thus, the first of the two trials was conducted 2
daysafter theturtle hadlast experienced a conditioning session with the
rewarded field; the remaining trial was conducted 2 days after the first.
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To control for possible daily variations in activity levels, individuals
were tested at the same time of day for both trials. At the end of each
session, turtlesthat had beentested that day were fed in the rewarded
magnetic field to reinforce the conditioned response.

As with conditioning sessions, turtles began each test period with
20 min in the acclimation field (see above). The magnetic field was
then changed to the field being tested for another 20 min. Each test
period was recorded using acamera (GoPro) placed directly above the
bucket. No observers were present in the room during experiments.

For testing in the mismatched field experiments, each turtle was
assigned randomly to one of the two mismatched fields: either the incli-
nation of Maine paired with the intensity of Florida, or the inclination
of Florida paired withthe intensity of Maine. Each turtle was also tested
in the rewarded field (Maine) and in the unrewarded field (Florida).

For experiments involving the magnetic map and radiofrequency
fields, turtles were tested once in their rewarded field with radiofre-
quency and once without, using the conditioning and magnetic field
discrimination protocols described here. Half of the turtles were tested
first with radiofrequency fields and half were tested first without. For
details onradiofrequency field production and measurement, see the
section ‘Generating radiofrequency fields’.

Data analysis. Videos of the magnetic field discrimination experiments
were analysed using BORIS (behavioral observation research interac-
tive software; version 17.13.8)®'. Analyses were carried out blindly by
observersunaware of the magnetic field inwhich each turtle was tested.
Before analyses, each observer was trained to recognize turtle dance
behaviour, adistinctive food-anticipatory behaviour of captive-reared
seaturtles thatischaracterized by aturtle raisingitshead near or above
the water surface, tilting towards a vertical posture, and often opening
itsmouth. In addition, turtles often paddle alternately with their front
flippers and spinin place, especially in the presence of food (Supple-
mentary Video1). Analystsrecorded the total duration of turtle dancing
for each 20-min test period. Each behavioural test was scored by at
least two observers workingindependently. Results from all observers
were then averaged.

Allstatistical computations were completed using R statistical soft-
ware (version 4.2.2)%2, Wilcoxon signed-rank tests were used for paired
comparisons of turtle responses to the two magnetic fields (rewarded
versus unrewarded). For each pair of magneticfields, the level of turtle
dancinginthe rewarded field did not differ regardless of which of the
two fields was rewarded (Wilcoxon Mann-Whitney, all P> 0.5). Thus,
turtle responses in the rewarded fields were grouped for each pair of
magnetic fields tested; similarly, turtle responses to the unrewarded
fields were combined (Figs. 2 and 3a). For each pair of magnetic fields
tested, effect size was calculated using Hedge’s g, a metric of effect size
that accounts for small sample sizes® .

As an additional, complementary way of analysing the results of
the conditioning treatments, the percentage change in turtle dancing
behaviour in the rewarded field was calculated relative to the unre-
warded field for eachindividual turtle (Fig.3b and Extended DataFig. 4).
Percentage change in turtle dancing behaviour was defined as:

Rewarded field turtle dancing — unrewarded field turtle dancing x1

Unrewarded field turtle dancing 00.

Given our a priori prediction that turtles would dance more in the
rewarded field than in the unrewarded field (that is, the percentage
change in dancing relative to that in the unrewarded field would be
above zero), we used one-tailed Wilcoxon signed-rank tests to inves-
tigate changes in responses between the rewarded and unrewarded
treatments.

In initial analyses of the mismatched field experiment (Fig. 4b),
responses were log transformed and analysed using a linear mixed
effects model®® so that effects across three treatments could be

assessed. This analysis was predicated on previous findingsindicating
that turtles detect both inclination and intensity'>*®*° and addressed the
question of whether turtles might be sufficiently flexible to recognize
therewarded field by using either inclination alone or intensity alone,
with an ability to use either interchangeably (much as humans can
recognize afamiliarindividual on the basis of visual appearance, voice
or both together). If this is the case, then turtles would be expected
to dance just as long regardless of whether they were exposed to the
rewarded intensity or to the rewarded inclination; more specifically,
turtles should respond equally to the mismatched field with the correct
inclination, the mismatched field with the correctintensity and to the
rewarded field (with correct inclination and correct intensity). Thus,
the two mismatched fields were considered together as one treatment.
Log of time exhibiting the turtle dance was the response variable, the
magnetic fields (rewarded, unrewarded and mismatched) served as
independent variables, and the random variable was turtle identifica-
tion. Given that field treatment was asignificant predictor of time spent
turtle dancing (analysis of variance, F(2,30) =5.9, P= 0.007), pairwise
comparisons, with a Benjamini-Hochberg adjustment to account for
multiple groups, were then used to assess differences between pairs
of field treatments (Fig. 4b).

In an additional analysis of the mismatched field data (Fig. 4c), we
asked whether turtles might have relied: (1) solely onintensity, in which
case they should respond only to magnetic fields with the correct inten-
sity; (2) solely oninclination, in which case they should respond only
tomagnetic fields with the correctinclination; or (3) on bothintensity
and inclination together, in which case they should respond only to
the rewarded field and not to either mismatched field. We calculated
the percentage change in time that each turtle spent dancing in the
rewarded magnetic field or in a mismatched magnetic field relative
totheresponse of the same turtle in the unrewarded field. Percentage
change in turtle dancing behaviour was defined as:

Test field turtle dancing — unrewarded field turtle dancing
- x100.
Unrewarded field turtle dancing

We predicted that the percentage change in response between a
treatment field and the unrewarded field should exceed zero if tur-
tles recognized the treatment as their rewarded field. We therefore
used one-tailed Wilcoxon signed-rank tests to determine whether the
levels of turtle dancing behaviour in the rewarded field and in each
mismatched field were significantly greater than in the unrewarded
field (Fig. 4c). We directly compared the results of the rewarded and
mismatched fields by using Wilcoxon TOST equivalence tests®®® to
assess whether the percentage change inresponse to the rewarded field
was statistically equivalent to the percentage change inthe responses
to each mismatched field. For equivalence tests, we used the rewarded
field as the standard and set the equivalence bound to the raw mean
percentage change in turtle dancing behaviour in the rewarded field
compared with thatin the unrewarded field.

The plots of all datawere generated using ggplot2 (ref. 69) and maps
were generated using Natural Earth data (free vector and raster map
data at https://naturalearthdata.com)’™ 72,

Compass and map assay

Study site and animal collection. This study was conducted in Mel-
bourneBeach, Florida, USA,in 2022.InMay and June, loggerhead turtle
nests were marked along a 3-km stretch of beach. Using the date of nest
deposition, we monitored incubation periods and predicted when
turtles were likely to emerge from each nest.

Hatchlings typically emerge from nests at night. On the date when
hatchlings were expected to emerge from a nest, we dug gently into the
nest by hand several hours before sunsetand collected approximately
20 hatchling turtles. The hatchlings were placed inside a Styrofoam
cooler to minimize light exposure and then were walked back to the
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laboratory space, whichwaslocated less than 1.5 km from all nests. Each
hatchling was subjected to a brief physical examination. Turtles with
physical abnormalities (for example, extra vertebral or lateral scutes,
and carapace deformities) or signs of developmental heat stress (for
example, lethargy and ocular haemorrhage) were not used in experi-
ments. Animals were maintained in the coolers in the local magnetic
fieldin darkness until experiments began after sunset. For each treat-
ment, we used turtles drawn from 16 different nests, with no more than
4 turtles from a single nest used in the same treatment.

Experimental apparatus. Details of methodology have been previ-
ously described™"%®7 In brief, experiments were conducted inanout-
door magnetic coil system, consisting of two different 4-coil systems™
arranged orthogonally. One coil system controlled the horizontal com-
ponent of the magnetic field and measured 2.40 mon aside, whereas
the second coil system controlled the vertical component of the mag-
netic field and measured 2.54 m on a side. For each trial, a turtle was
placedintoasoftcloth harness and tethered to an electronic tracking
unitinthe centre ofacircular experimental arena placedinthe centre
of the coil system. The fibreglass arena, which measured approximately
1.1mindiameteratthe level where the turtles swam, was filled with fresh
water to a depth of about 28 cm. Turtles were tethered to arotatable
tracker arm, whichrestricted swimmingto the centre of the coil (a cir-
cle of radius of 33 cm). A white LED light (approximately 420-750 nm;
Mouser electronics, https://www.mouser.com/datasheet/2/239/
Itw-42nc5-1175386.pdf) was fastened to the wall of the arena directly
to the east near the water surface. As in previous magnetic orienta-
tion experiments with hatchling turtles'*%*%7 the light was kepton
for ashort period at the start of each trial, but was then turned off so
that turtles swam in total darkness during the period when magnetic
orientation was monitored (see below). To ensure that turtles were in
darkness when the LED was turned off, the top of the fibreglass arena
was covered with a plywood lid (1.8 cmin diameter) that was fastened
tothe arenawith non-magnetic bolts during all experiments. A layer of
opaque, compressible foam rubber between the plywood and the rim
ofthe tank sealed any small gaps between the lid and tank. Finally, the
entiretank and lid were covered with four layers of opaque black plastic
sheeting heldin place around the tank with non-magnetic elastic bands.
Allelectronic equipment, for example, computers and power supplies,
was kept in a building approximately 20 m from the coil. Power sup-
plies provided current to the coil system and LED light. The electronic
tracking unit was controlled by custom software.

The magnetic fields in the arena were determined by averaging five
independent measurements using a Meda tri-axial magnetometer
(model FVM-400). Measurements of the local Melbourne Beach mag-
neticfieldindicated aninclination of 56.5° and anintensity of 44.6 puT.
The magneticfield used to approximate conditions near the Cape Verde
Islands had aninclination of 22.9°and anintensity of 34.1 uT. The experi-
mental field (Cape Verde) was selected on the basis of estimates pro-
vided by the World Magnetic Map Model for July 2022 (the month when
the experiment began) using latitude 20.0° N and longitude 30.5° W.
Asinthe conditioning experiments (map assay), declination was held
constantin all magnetic fields.

Experimental protocol. All trials were run at night (between 20:30 and
02:00) when hatchling turtles are most active. During experiments, wa-
ter temperature was approximately 26-28 °C. Eachturtle was tethered to
arotatable tracker arm affixed toapostinthe centre of the arena. As the
turtlemoved the tracker arm, adigital encoder relayed orientation data
toacomputerevery10s.Eachturtlebeganitstrialinthe local magnetic
field of Melbourne Beach, Floridaand was allowed to establishacourse
towardsadim lightlocated in magnetic east. Healthy hatchlings capable
of migrating offshore typically maintain ahighly consistent heading as
they swim towards the light; thus, hatchlings that did not swim towards
thelight were excluded from experiments and replaced withmore robust

individuals. After 10 min, the light was turned off for the remainder of
the trial, and the magnetic field was simultaneously changed to a field
replicating one near the Cape Verde Islands. At this point, the turtles
were incomplete darkness and reliant on orienting with their magnetic
compass in response to magnetic map information**>°%73 Turtles
were allowed to acclimate to the new field for 3 min. If a turtle became
inactive when the light was turned off and failed to move through at
least three quadrants of the arena during the acclimation period, the
trial was terminated without proceeding to data collection. After the
acclimation period, orientation data in the Cape Verde field were col-
lected for 5 min. A mean bearing was calculated for each turtle for this
5-mintest period. During the test period, turtles experienced either: (1)
the Cape Verde magneticfield, or (2) the Cape Verde magnetic field with
radiofrequency fields present. These two treatments were interspersed
each night. Sample sizes were chosen to approximate those used in
similar, previously published studies with sea turtles™***,

All statistical computations were completed using R statistical
software®>”, Circular statistics were used for comparisons of turtle
orientation responses in the Cape Verde field with and without radio-
frequency fields.

Generating radiofrequency fields

Oscillating magnetic fields in the radiofrequency range were produced
by driving currents through circular single-loop transmission antennas.
Atransmission antenna composed of one single loop of insulated cop-
per wire (12 AWG (American wire gauge)) for the map assay, and 14 AWG
for the compass and map assay) encircled the arenain which the turtle
was tested. The antenna was positioned so that it was level with the
surface of the water and was connected to a function generator (map
assay) or a function generator and radio amplifier (compass and map
assay). Agilent 33220A and Rigol DG822 function generators were used
forthe tworespective experiments. Broadband electronic noise from
the function generators produced oscillating vertical magnetic fields
inthe total range of 0-15 MHz, but primarily between 0.1and 10 MHz,
the range of frequencies used in most previous studies®.

Before constructing the antenna systems, the predicted magnetic
field strengths and profiles were computed numerically using COMSOL
Multiphysics” and also calculated analytically using Mathematica
(Wolfram Research, Mathematica, version 13.3 (2023)). Both meth-
ods yielded consistent results and indicated that, in the plane of the
transmission antenna, the oscillating magnetic field was expected to
be weakest in the centre and to increase non-linearly with the radius
to the side of the arena. At a distance half aradius from the centre,
calculationsindicated that the magnetic field increased by 24.6%. Verti-
cal displacements from the plane on the scale of a tenth of the radius
decreased the magnetic field strength less than 5%.

Procedures for measuringthe fields and corroborating the predicted
values, as well as additional details specific to each set of experiments,
aredescribed below.

Oscillating magnetic field measurements. Measurements of the
magnetic field spectrum were taken using a 12-cm-diameter circular
receiving antenna consisting of one loop of 12 AWG insulated copper
wire. The receiving antenna was connected by a 1-m-long BNC 50Q
cable to an oscilloscope with 1 MQ input impedance. The receiving
antenna was oriented so the normal vector to the antennal plane was
aligned with the vertical magnetic field. A 50Q 3 dB attenuator was
placedinseries with the antenna to remove resonance and flatten the
antenna frequency response in the frequency range of interest. Oscil-
lations of the total magnetic flux through the loop induced a voltage on
the receiving antenna. The induced voltage on the receiving antenna
was digitized as atime series by the oscilloscope and saved tofile. The
time-series datawere converted to a voltage spectral density by taking
the Fourier transform using NumPy (version 1.24.0)’%. This was then
converted to the magnetic flux spectral density using Faraday’s law of
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inductionand by performing alumped-elementcircuit analysis on the
receiving antenna-oscilloscope circuit. Integration of the magnetic
flux spectral density gives the root-mean-square magnetic flux density
over the frequency range of interest®.

Measurements with voltages driven at single frequencies and with
variable amplitudes were used to calibrate the receiving antenna setup
and validate our magnetic field calculations. Predicted and measured
magnetic flux densities agreed to the 1.9-7.3% level for coherent sinu-
soidaltestsignalsin the targeted frequency range of 0.1-10 MHz. Addi-
tional measurements with the loop antennalocated at various positions
in and above the experimental tank confirmed the calculated results
for the radial and axial dependence of the magnetic field.

Oscillating magnetic fields produced for the map assay experi-
ments. In the map assay experiment, the transmission loop antenna
used to generate the broadband noise signal consisted of one loop of
12 AWGinsulated copper wire. The loop was 33 cmin diameter and was
wrapped around a 20-1 plastic bucket, which served as the experimental
arena. The function generator (Agilent 33220A) was located approxi-
mately 2 m from the magnetic coil system and was kept on during all
trialsto ensure that turtles were always exposed to the same fan noise
regardless of treatment. The function generator output was set to the
noise setting with a peak-to-peak amplitude of 10 V. During control tri-
als, the output was turned off so that no oscillating magnetic field was
produced atany point during the trial. During experimental trials, the
output was turned off during the 20-min acclimation period but was
turned on during the 20-min test period.

Measurements of the oscillating magnetic fields were made
using a Tektronix TDS 2024B oscilloscope with the insulated receiv-
ing antenna immersed in the water where turtles were tested. The
root-mean-square magnetic flux measured in the centre of the map
assay arenawas 172 nT in the targeted 0.1-10 MHz range (Extended
DataFig.5a), with astandard deviation of 7 nT from10 repeated meas-
urements. From the waterline to the bottom of the arena, the magnetic
field decreased less than 25%. Thus, a turtle experienced similar fields
whether at the surface or submerged. A turtle that moved from side
tosideinthe arenaalso experiencedrelatively little change; the range
of magnetic flux across the arenawas 125-250 nT. When the transmis-
sionloop antenna was turned off, the background root-mean-square
magnetic flux was measured to be less than or equal to 9.6 nT in the
0.1-10 MHz frequency range.

Oscillating magnetic fields produced for the compass and map
assay experiments. In the compass and map assay experiments, the
loop antenna used to generate the broadband noise signal consisted
of oneloop of 14 AWG insulated wire. The loop was 114 cmin diameter
and was secured directly to the outside of the experimental arena at
the level where hatchling turtles swam in these trials. The function
generator (Rigol DG822-25) used to produce the broadband noise sig-
nal was kept inside a nearby building along with the computer and
power supplies used to control the magnetic coil system. A high-power
amplifier (LZY-22X+, Mini-Circuits), with an operational bandwidth
up to 200 MHz, was used to increase the power from the function
generator. The function generator output was set to the noise setting
with a peak-to-peak amplitude of 4 V. This setting was selected so that
the measured strength of the oscillating magnetic fields produced
in the compass and map assay experiments approximately matched
those produced in the map assay experiments. During control trials,
the function generator and amplifier were kept off to avoid overheat-
ing the amplifier. During experimental trials (with broadband noise),
the function generator and amplifier output were turned on during the
5-min test period, but not during the light acclimation period or the
3-min acclimation period in the Cape Verde magnetic field.
Oscillating magnetic fields were measured using a Rigol DS1102Z-E
oscilloscope with the receiving antennaimmersed in the water where

turtles were tested. The root-mean-square magnetic flux measured
in the area where turtles swam was 141 nT in the targeted 0.1-10 MHz
range, with a standard deviation of 6 nT from 8 repeated measure-
ments (Extended Data Fig. 5b). The spectral feature present at 2 MHz
(Extended DataFig. 5b) appearstobe resonances between the antennas
and the surrounding magnetic coil system, as the feature was absent
inlaboratory tests conducted without the surrounding magnetic coil.
In contrast to the map assay experiments, turtles were tethered at the
surface of the water; thus, the magnetic fields at the bottom of the tank
were not relevant. The range of magnetic flux experienced as the turtles
swamaround the tank was in therange of100-200 nT. The background
magnetic flux was measured to be less than or equal to 7.8 nT in the
0.1-10 MHz frequency range.

Electric field calculations. Although responses to oscillating mag-
netic fields are considered to be a diagnostic test for the radical pair
mechanism of chemical magnetoreception*, all time-varying mag-
netic fields induce electric fields. In the near field limit where we
operated, this induced electric field is relatively small. In addition,
electricfields are not the element of radiofrequency fields theorized
to affect the radical pair mechanism®. For the sake of completeness,
however, we provide a calculation of theinduced electric fields in our
setup. Assuming that the magnetic field is approximately radially
symmetric, the electric field would also be radially symmetric with
only aradial component. The electric field strength was therefore
calculated as a function of radius using the Maxwell-Faraday equation
inintegral form. In the region where turtles swam, the root-mean-
square electric field was calculated tobe 9.5 + 0.4 mV m™ for the map
assay experiments and 27.2 + 1.1 mV m™ for the compass and map
assay.

Ethics statement. Research was approved by the UNC Institutional
Animal Care and Use Committee (protocols 17-929.0,20-248.0 and 21-
091.0), the Florida Fish and Wildlife Conservation Commission (permit
MTP-22-065) and the North Carolina Wildlife Resources Commission
(permitST44).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Extended DataFig.1|Results fromFig.1plotted onalinearscale. Turtles
learned to discriminate between magnetic fields replicating ones that exist
near New Hampshire, U.S.A. and in the Gulf of Mexico. (a) Map showing relative
locations of the two treatment fields. The map was created using Natural Earth
(https://www.naturalearthdata.com; credit Tom Patterson and Nathaniel
VaughnKelso). (b) Intests conducted immediately after the conditioning
period, turtles exhibited significantly higher levels of turtle dance behavior
when experiencing the field in which they had been fed (two-tailed Wilcoxon
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signed-rank test,w=123,p=0.003, Hedge’sg=0.88,n=16, @ =turtlesrewarded
inthe New Hampshire field, A =turtles rewarded in the Gulf of Mexico field).
See Methods for details of analysis. (c) Turtles were tested asecond time, four
months after the initial experiments, without experiencing either the rewarded
orunrewarded fieldin theinterim. Turtles still discriminated between the two
fields (two-tailed Wilcoxon signed-rank test, w=118, p=0.01, Hedge’sg = 0.62,
n=16).Errorbarsrepresentstandard error.
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Extended DataFig.2|Results of additional map assay experiments plotted
onalinearscale.Infour additional experiments, turtles discriminated

betweenamagnetic fieldin which they were fed and one in which they were not.

Turtles differentiated between magnetic fields that exist near: (a) Delaware,
U.S.A.and Cuba (two-tailed Wilcoxon signed-rank test, w =108, p = 0.04,
Hedge’sg=0.50,n=16); (b) Maine and Florida, U.S.A. (two-tailed Wilcoxon
signed-rank test, w=121,p=0.004, Hedge’sg = 0.63, n =16); (c) Newfoundland,
Canadaand Virginia, U.S.A. (two-tailed Wilcoxon signed-rank test, w =115,
p=0.01,Hedge’sg=0.60,n=16); and (d) the Turks and Caicos Islands and Haiti

(two-tailed Wilcoxon signed-rank test, w =97, p=0.003, Hedge’s g = 0.60,
n=14). Thedatain (c) representasecond conditioning experiment conducted
withthe sameturtles usedin (b) and thusindicate that turtles canlearn magnetic
fields that exist at multiple locations. For each pair of magnetic fields, the
rewarded field for the turtle isindicated by either @ or A asindicated onthe
figure. Remaining conventions asin Fig.1. The maps were created using Natural
Earth (https://www.naturalearthdata.com; credit Tom Patterson and Nathaniel
VaughnKelso).
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Extended DataFig. 4 |Percent changein turtle dancingresponsesforall
_ Rewarded field turtle dancing - Unrewarded field turtle dancing

turtles. Perc.ent (_:halilge Unrewarded field turtle dancing . 100.

Red dotted linesindicate 0% change relative to the unrewarded field. Dots

represent the percent change for individuals; dot color corresponds to the
rewarded magnetic field asindicated on the figure. All data were analyzed with
one-tailed Wilcoxon signed-rank tests. (a) Turtles conditioned to magnetic
fields near New Hampshire, U.S.A. and the Gulf of Mexico had a percent change
indancing behavior significantly greater than zero (w=127,p=0.0005,
Hedge’sg=0.80,n=16).(b) Whenthese same turtles were tested four months
after conditioning ended, without exposureto either field in the interim,
percent change in dancing was again significantly greater than zero (w =124,

p=0.001,Hedge’sg=0.85,n=16). (c) Turtles conditioned to Delaware, U.S.A.
and Cubahad apercent change in dancing behavior significantly greater than
zero (w=118,p=0.004,Hedge’s g =0.45,n=16). (d) Turtles witharewarded
field of Maine, U.S.A. had a percent change in dancing significantly greater
thanzero (w=121,p=0.002,Hedge’s g = 0.80, n =16). (e) Turtles conditioned
to Newfoundland, Canadaand Virginia, U.S.A., had apercent change in dancing
significantly greater thanzero (w =120, p=0.003, Hedge’sg=0.63,n =16).

(f) Turtles conditioned to Haiti and the Turks and Caicos had a percent change
indancingsignificantly greater thanzero (w=99,p=0.0009,Hedge’sg=0.94,
n=14). Collectively, these analyses of percent change corroborate the findings
based onrawdatainFigs.1land 2.
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Extended Data Table 1| Results of the linear mixed effects
model for the mismatched field experiments

Benjamini-
Hochberg
Fixed Effects Coefficient Standard Error pairwise
comparisons to
rewarded field

Intercept 3.75 0.2 NA
Unrewarded field -0.63 0.2 0.01
Mismatched field -0.60 0.2 0.01

See Methods for details. Benjamini-Hochberg pairwise comparisons are with respect to the
rewarded field.



Extended Data Table 2 | Magnetic fields used to approximate
conditions in different geographic areas

Inclination Intensity Latitude/Longitude Year(s) field

Field

(degrees) (microtesla) for field estimate was used
Gulf of Mexico 53.4 431 24 N, -94 W 2017 autumn
New Hampshire,
U.S.A. 67.3 52.7 433N, -70 W 2017 autumn
Delaware, US.A. 64.5 51.1 38.7N,-75W 2018 autumn
Cuba 49.0 411 20.2N, -86 W 2018 autumn
Maine, U.S.A. 66.6 51.4 43.0N,-67.5W 2019 autumn
Florida, U.S.A. 54.3 43.8 26.0N,-79.3W 2019 autumn
2020 spring
(same cohort as
Virginia, U.S.A. 63.7 50.2 374N,-755W 2019 autumn)
2020 spring
Newfoundland, (same cohort as
Canada 69.6 53.4 49N, -61.8 W 2019 autumn)
Turks and Caicos 48.7 39.6 218N, -722W 2020 autumn
Haiti 453 375 188N, -71.5 W 2020 autumn
Acclimation 60.4 47.6 not applicable All years
Maine inclination,
Florida intensity 66.5 43.6 not applicable 2019 autumn
Florida inclination,
Maine intensity 54.2 51.3 not applicable 2019 autumn

For each magnetic field, values are based on 4-8 measurements made with a Meda tri-axial
magnetometer (model FVM-400) in the area where turtles were positioned during experiments.
The experimental fields were selected using estimates from the International Geomagnetic
Reference Field (IGRF) model. The acclimation field was the magnetic field to which all turtles
were exposed at the start of each trial when turtles were first moved into the coil (see Magnetic
field conditioning protocol in Methods). This acclimation field mimicked that of the husbandry
facility and differed slightly from the natural ambient magnetic field. Declination (the difference
between magnetic north and geomagnetic north) was held constant in all magnetic fields.
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Sample size For the map assay experiments, sample size was based on the maximum number of turtles (14-16) that could be housed in our facility at UNC
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established and has been used in many (>10) previous experiments. In particular, the Cape Verde magnetic field has previously been shown to
elicit oriented swimming, and the control group (Cape Verde magnetic field without RF) represents a replication of the findings from Putman
etal., 2011. Orientation responses to the Cape Verde field with RF were collected in just this present study. All attempts at replication were
successful.

Randomization  Turtles in each cohort were randomly assigned to one of two groups for the map assay experiments. During behavioral experiments, half the
turtles were tested in the rewarded field first, and half were tested in the unrewarded field first. For the compass & map assay experiments,
we alternately tested turtles in the control treatment without radiofrequency, and in the experimental treatment with radiofrequency
throughout each night of testing.

Blinding For the map assay experiments, observers analyzing the data were blind to the magnetic field treatment. Results from all observers were then
averaged. For the compass & map assay experiments, data were collected by computer and automatically analyzed to avoid any possible bias.
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Data collection  Custom written software by coauthor Andrew Harvey facilitated data collection in the compass & map assay experiments but the software
was not central to the research or conclusions. Code can be accessed at https://github.com/radiotech/Caretta2_Encoder

Data analysis BORIS (Behavioral Observation Research Interactive Software) Version 17.13.8 was used to analyze data from the map assay experiments. R
Statistical Software Version 4.2.2 was used to analyze data from both the map assay experiments and the compass & map assay experiments.
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Sample size For the map assay experiments, sample size was based on the maximum number of turtles (14-16) that could be housed in our facility at UNC
at any one time, as well as on sample sizes used in previous studies of reptile conditioning. Analyses confirmed that a sample size of 14-16
individuals was sufficient to demonstrate differences between groups (e.g., Figs. 1,2). For the compass and map assay experiments, sample
sizes were determined based on previous published experiments using the same compass and map assay, which had approximately 25 turtles
per group - for example, see Lohmann et al., 2001; Putman et al., 2011; and Lohmann and Lohmann, 1996.

Data exclusions  No data were excluded.

Replication Conditioning experiments (map assay) were replicated 5 times, with 5 different cohorts of turtles. The compass & map assay protocol is well
established and has been used in many (>10) previous experiments. In particular, the Cape Verde magnetic field has previously been shown to
elicit oriented swimming, and the control group (Cape Verde magnetic field without RF) represents a replication of the findings from Putman
etal., 2011. Orientation responses to the Cape Verde field with RF were collected in just this present study. All attempts at replication were
successful.

Randomization  Turtles in each cohort were randomly assigned to one of two groups for the map assay experiments. During behavioral experiments, half the
turtles were tested in the rewarded field first, and half were tested in the unrewarded field first. For the compass & map assay experiments,
we alternately tested turtles in the control treatment without radiofrequency, and in the experimental treatment with radiofrequency
throughout each night of testing.

Blinding For the map assay experiments, observers analyzing the data were blind to the magnetic field treatment. Results from all observers were then
averaged. For the compass & map assay experiments, data were collected by computer and automatically analyzed to avoid any possible bias.
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Wild animals For the map assay experiments, loggerhead turtles (Caretta caretta) were collected from Bald Head Island, North Carolina, USA as
hatchlings. Turtles were collected at 0 days of age, placed in closed, padded containers, and transported back to the laboratory via
car. Turtles were between 3 months to 1 year at the time of experiments. Following all experiments turtles were released unharmed
into the ocean. For compass and map experiments, loggerhead turtles (Caretta caretta) were collected from Melbourne Beach,
Florida, USA prior to emerging from their nest (0 days of age). Turtles were placed into closed, padded containers and walked back to
the laboratory site. After being tested in behavioral experiments all turtles were released unharmed into the ocean.

Reporting on sex In juvenile and hatchling sea turtles sex cannot be determined via any external morphology. Thus we could not record sex data from
turtles used in these studies.

Field-collected samples  The study did not involve samples collected from the field.

Ethics oversight Research was approved by the UNC Institutional Animal Care and Use Committee (IACUC; Protocols 17-929.0, 20-248.0, and
21-091.0), the Florida Fish and Wildlife Conservation Commission (permit MTP-22-065), and the North Carolina Wildlife Resources
Commission (permit ST44).
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turtle.id year
L153
L153
L154
L154
L155
L155
L156
L156
L157
L157
L158
L158
L159
L159
L160
L160
L161
L161
L162
L162
L163
L163
L164
L164
L165
L165
L166
L166
L167
L167
L168
L168

magnetic.fielfield.type
2017 Mexico rewarded fie
2017 New Hampstunrewarded
2017 Mexico rewarded fie
2017 New Hampstunrewarded
2017 New Hampstrewarded fie
2017 Mexico unrewarded
2017 Mexico rewarded fie
2017 New Hampstunrewarded
2017 New Hampstrewarded fie
2017 Mexico unrewarded
2017 New Hampsftrewarded fie
2017 Mexico unrewarded
2017 Mexico rewarded fie
2017 New Hampstunrewarded
2017 New Hampstrewarded fie
2017 Mexico unrewarded
2017 Mexico rewarded fie
2017 New Hampstunrewarded
2017 Mexico rewarded fie
2017 New Hampstunrewarded
2017 New Hampstrewarded fie
2017 Mexico unrewarded
2017 New Hampstrewarded fie
2017 Mexico unrewarded
2017 Mexico rewarded fie
2017 New Hampstunrewarded
2017 New Hampstrewarded fie
2017 Mexico unrewarded
2017 Mexico rewarded fie
2017 New Hampstunrewarded
2017 New Hampstrewarded fie
2017 Mexico unrewarded

mean.duratidfigure

58.71 fig1b
10.27 fig1b
31.4fig1b
40.03fig1b
72.63fig1b
38.89fig1b
151.76fig1b
29.82fig1b
22.53fig1b
20.41 fig1b
58.91 fig1b
12.11fig1b
36.61fig1b
2.4fig1b
55.48fig1b
29.03fig1b
51.52fig1b
67.91fig1b
24.65fig1b
1.4fig1b
63.06fig1b
91 fig1b
41.99fig1b
3.76fig1b
20.02fig1b
1.9fig1b
60.16fig1b
9.18fig1b
186.59fig1b
62.6fig1b
49.25fig1b
25.58fig1b
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L153
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L154
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L155
L155
L156
L156
L157
L157
L158
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L159
L159
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L160
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L161
L162
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L167
L168
L168

year magnetic.fielfield.type

2017 - 4 monMexico rewarded fie
2017 - 4 monNew Hampstunrewarded
2017 - 4 monNew Hampsftunrewarded
2017 - 4 monMexico rewarded fie
2017 - 4 monNew Hampstrewarded fie
2017 - 4 monMexico unrewarded
2017 - 4 monMexico rewarded fie
2017 - 4 monNew Hampstunrewarded
2017 - 4 monMexico unrewarded
2017 - 4 monNew Hampstrewarded fie
2017 - 4 monNew Hampstrewarded fie
2017 - 4 monMexico unrewarded
2017 - 4 monNew Hampstunrewarded
2017 - 4 monMexico rewarded fie
2017 - 4 monMexico unrewarded
2017 - 4 monNew Hampstrewarded fie
2017 - 4 monMexico rewarded fie
2017 - 4 monNew Hampstunrewarded
2017 - 4 monNew Hampstunrewarded
2017 - 4 monMexico rewarded fie
2017 - 4 monNew Hampstrewarded fie
2017 - 4 monMexico unrewarded
2017 - 4 monMexico unrewarded
2017 - 4 monNew Hampstrewarded fie
2017 - 4 monMexico rewarded fie
2017 - 4 monNew Hampstunrewarded
2017 - 4 monNew Hampsltrewarded fie
2017 - 4 monMexico unrewarded
2017 - 4 monNew Hampstunrewarded
2017 - 4 monMexico rewarded fie
2017 - 4 monMexico unrewarded
2017 - 4 monNew Hampstrewarded fie

mean.duraticdfigure

16.5fig1c
4.4fig1c
6.76figlc
9.91fig1c
62.73fig1c
40.64fig1c
88.43fig1c
25.22fig1c
34.18fig1c
20.75fig1c
47.87 figlc
15.62fig1c
8.26fig1c
0.85figlc
9.78fig1c
33.4figlc
10.41fig1c
14.21fig1c
12.26fig1c
24.68fig1c
21.88fig1c
12.1fig1c
9.63figlc
21.87fig1c
9.91figlc
7.31fig1c
5.61fig1c
5.05fig1c
8.21fig1c
28.07fig1c
5.21fig1c
9.5figlc



turtle.id year
L169
L169
L170
L170
L171
L171
L172
L172
L173
L173
L174
L174
L175
L175
L176
L176
L177
L177
L178
L178
L179
L179
L180
L180
L181
L181
L182
L182
L183
L183
L184
L184

field field.type
2018 Cuba rewarded fie
2018 Delaware, USunrewarded
2018 Delaware, Utrewarded fie
2018 Cuba unrewarded
2018 Cuba rewarded fie
2018 Delaware, USunrewarded
2018 Cuba rewarded fie
2018 Delaware, USunrewarded
2018 Delaware, USrewarded fie

2018 Cuba unrewarded
2018 Delaware, USrewarded fie
2018 Cuba unrewarded
2018 Cuba rewarded fie

2018 Delaware, USunrewarded
2018 Delaware, U¢rewarded fie

2018 Cuba unrewarded
2018 Delaware, USrewarded fie
2018 Cuba unrewarded
2018 Cuba rewarded fie

2018 Delaware, USunrewarded
2018 Delaware, Usrewarded fie
2018 Cuba unrewarded
2018 Cuba rewarded fie
2018 Delaware, USunrewarded
2018 Cuba rewarded fie
2018 Delaware, USunrewarded
2018 Cuba rewarded fie
2018 Delaware, USunrewarded
2018 Delaware, USrewarded fie

2018 Cuba unrewarded
2018 Delaware, USrewarded fie
2018 Cuba unrewarded

mean.duraticdfigure

46.42fig2a
52.69fig2a
41.63fig2a
63.25fig2a
34.28fig2a
18.81fig2a
66.81fig2a
18.64fig2a
493.93fig2a
122.76fig2a
42.54fig2a
185.65 fig2a
34.83fig2a
30.88fig2a
22.52fig2a
24.78fig2a
138.49fig2a
79.03fig2a
108.85fig2a
48.2fig2a
18.17fig2a
12.22fig2a
366.61 fig2a
25.73fig2a
16.36fig2a
13.16fig2a
62.46fig2a
41.27 fig2a
72.82fig2a
43.44fig2a
54.9fig2a
14.47 fig2a



turtle.id year
L185
L185
L186
L186
L187
L187
L188
L188
L189
L189
L190
L190
L191
L191
L192
L192
L193
L193
L194
L194
L195
L195
L196
L196
L197
L197
L198
L198
L199
L199
L200
L200

field field.type
2019 Maine, USA rewarded fie
2019 Florida, USA unrewarded
2019 Maine, USA rewarded fie
2019 Florida, USA unrewarded
2019 Maine, USA rewarded fie
2019 Florida, USA unrewarded
2019 Maine, USA rewarded fie
2019 Florida, USA unrewarded
2019 Maine, USA rewarded fie
2019 Florida, USA unrewarded
2019 Maine, USA rewarded fie
2019 Florida, USA unrewarded
2019 Maine, USA rewarded fie
2019 Florida, USA unrewarded
2019 Maine, USA rewarded fie
2019 Florida, USA unrewarded
2019 Maine, USA rewarded fie
2019 Florida, USA unrewarded
2019 Maine, USA rewarded fie
2019 Florida, USA unrewarded
2019 Maine, USA rewarded fie
2019 Florida, USA unrewarded
2019 Maine, USA rewarded fie
2019 Florida, USA unrewarded
2019 Maine, USA rewarded fie
2019 Florida, USA unrewarded
2019 Maine, USA rewarded fie
2019 Florida, USA unrewarded
2019 Maine, USA rewarded fie
2019 Florida, USA unrewarded
2019 Maine, USA rewarded fie
2019 Florida, USA unrewarded

mean.duraticdfigure

38.52fig2b
17.14fig2b
33.78fig2b
31.67fig2b
46.41 fig2b
30.07 fig2b
29.76 fig2b
10.92fig2b
10.75fig2b
12.71fig2b
26.04fig2b
20.17fig2b
52.31fig2b
12.37fig2b
76.87fig2b
41.71fig2b
128.05 fig2b
72.52fig2b
14.65fig2b
22.63fig2b
38.58fig2b
13.72fig2b
21.64fig2b
11.58fig2b
25.77fig2b
14fig2b
118.4fig2b
56.81 fig2b
31.47fig2b
33.9fig2b
34.94fig2b
44.21 fig2b



turtle.id
L185
L185
L186
L186
L187
L187
L188
L188
L189
L189
L190
L190
L191
L191
L192
L192
L193
L193
L194
L194
L195
L195
L196
L196
L197
L197
L198
L198
L199
L199
L200
L200

year
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr

field field.type

Newfoundlarrewarded fie
Virginia, USAunrewarded
Virginia, USArewarded fie
Newfoundlarunrewarded
Virginia, USArewarded fie
Newfoundlarunrewarded
Newfoundlarrewarded fie
Virginia, USAunrewarded
Newfoundlarrewarded fie
Virginia, USAunrewarded
Newfoundlarrewarded fie
Virginia, USAunrewarded
Virginia, USArewarded fie
Newfoundlarunrewarded
Newfoundlarrewarded fie
Virginia, USAunrewarded
Newfoundlarrewarded fie
Virginia, USAunrewarded
Newfoundlarrewarded fie
Virginia, USAunrewarded
Virginia, USArewarded fie
Newfoundlarunrewarded
Virginia, USArewarded fie
Newfoundlarunrewarded
Virginia, USArewarded fie
Newfoundlarunrewarded
Virginia, USArewarded fie
Newfoundlarunrewarded
Newfoundlarrewarded fie
Virginia, USAunrewarded
Virginia, USArewarded fie
Newfoundlarunrewarded

mean.duraticdfigure

27.12fig2c
14.07 fig2c
20fig2c
12.49fig2c
28.68fig2c
18.74fig2c
15.37fig2c
20.04fig2c
28.64fig2c
47.62 fig2c
36.12fig2c
40.18fig2c
32.92fig2c
6fig2c
68.62fig2c
51.04fig2c
37.88fig2c
25.75fig2c
77.14fig2c
80.76 fig2c
39.46fig2c
17.73fig2c
47.64fig2c
8.14fig2c
25.79fig2c
32.53fig2c
92.1fig2c
34.54fig2c
46.39fig2c
32.23fig2c
29.83fig2c
8.88 fig2c



turtle.id
L201
L201
L202
L202
L203
L203
L204
L204
L205
L205
L206
L206
L207
L207
L208
L208
L209
L209
L211
L211
L212
L212
L213
L213
L214
L214
L216
L216

year
2020 _fall
2020 _fall
2020 _fall
2020 fall
2020 _fall
2020 fall
2020 fall
2020 fall
2020 _fall
2020 fall
2020 fall
2020 _fall
2020 fall
2020 _fall
2020 fall
2020 _fall
2020 fall
2020 _fall
2020 fall
2020 _fall
2020 _fall
2020 fall
2020 _fall
2020 fall
2020 _fall
2020 fall
2020 _fall
2020 fall

field field.type

Turks & Caicrewarded fie
Haiti unrewarded
Haiti rewarded fie

Turks & Caiccunrewarded
Turks & Caicrewarded fie
Haiti unrewarded
Haiti rewarded fie
Turks & Caiccunrewarded
Turks & Caicrewarded fie

Haiti unrewarded
Turks & Caictrewarded fie
Haiti unrewarded
Haiti rewarded fie

Turks & Caiccunrewarded
Turks & Caicrewarded fie

Haiti unrewarded
Haiti rewarded fie
Turks & Caiccunrewarded
Haiti rewarded fie

Turks & Caiccunrewarded
Turks & Caicrewarded fie
Haiti unrewarded
Haiti rewarded fie
Turks & Caiccunrewarded
Turks & Caicrewarded fie

Haiti unrewarded
Turks & Caicrewarded fie
Haiti unrewarded

mean.duratidfigure

137.54fig2d
102.74fig2d
324.34fig2d
181.95 fig2d
295.31 fig2d
223.56fig2d
93.43fig2d
21.47 fig2d
38.52fig2d
19.99 fig2d
117.55 fig2d
38.57fig2d
24.8 fig2d
92.19fig2d
290.47 fig2d
104.2 fig2d
98.86 fig2d
78.25fig2d
96.73fig2d
42.85 fig2d
55.27 fig2d
38.9fig2d
116.8 fig2d
44.75 fig2d
27.6fig2d
17.75fig2d
49.12 fig2d
24.86 fig2d



turtle.id year
L153
L153
L154
L154
L155
L155
L156
L156
L157
L157
L158
L158
L159
L159
L160
L160
L161
L161
L162
L162
L163
L163
L164
L164
L165
L165
L166
L166
L167
L167
L168
L168
L169
L169
L170
L170
L171
L171
L172
L172
L173
L173
L174

field field.type
2017 Mexico rewarded fie
2017 New Hampstunrewarded
2017 Mexico rewarded fie
2017 New Hampstunrewarded
2017 New Hampstrewarded fie
2017 Mexico unrewarded
2017 Mexico rewarded fie
2017 New Hampstunrewarded
2017 New Hampstrewarded fie
2017 Mexico unrewarded
2017 New Hampsftrewarded fie
2017 Mexico unrewarded
2017 Mexico rewarded fie
2017 New Hampstunrewarded
2017 New Hampstrewarded fie
2017 Mexico unrewarded
2017 Mexico rewarded fie
2017 New Hampstunrewarded
2017 Mexico rewarded fie
2017 New Hampstunrewarded
2017 New Hampstrewarded fie
2017 Mexico unrewarded
2017 New Hampstrewarded fie
2017 Mexico unrewarded
2017 Mexico rewarded fie
2017 New Hampstunrewarded
2017 New Hampstrewarded fie
2017 Mexico unrewarded
2017 Mexico rewarded fie
2017 New Hampstunrewarded
2017 New Hampstrewarded fie
2017 Mexico unrewarded
2018 Cuba rewarded fie
2018 Delaware, USunrewarded
2018 Delaware, Usrewarded fie
2018 Cuba unrewarded
2018 Cuba rewarded fie
2018 Delaware, USunrewarded
2018 Cuba rewarded fie
2018 Delaware, USunrewarded
2018 Delaware, Utrewarded fie
2018 Cuba unrewarded
2018 Delaware, Utrewarded fie

mean.duratidfigure

58.71fig3a
10.27fig3a
31.4fig3a
40.03fig3a
72.63fig3a
38.89fig3a
151.76fig3a
29.82fig3a
22.53fig3a
20.41fig3a
58.91fig3a
12.11fig3a
36.61fig3a
2.4fig3a
55.48fig3a
29.03fig3a
51.52fig3a
67.91fig3a
24.65fig3a
1.4fig3a
63.06 fig3a
91fig3a
41.99fig3a
3.76fig3a
20.02fig3a
1.9fig3a
60.16 fig3a
9.18fig3a
186.59fig3a
62.6fig3a
49.25fig3a
25.58fig3a
46.42fig3a
52.69fig3a
41.63fig3a
63.25fig3a
34.28fig3a
18.81fig3a
66.81fig3a
18.64fig3a
493.93fig3a
122.76fig3a
42.54fig3a



L174
L175
L175
L176
L176
L177
L177
L178
L178
L179
L179
L180
L180
L181
L181
L182
L182
L183
L183
L184
L184
L185
L185
L186
L186
L187
L187
L188
L188
L189
L189
L190
L190
L191
L191
L192
L192
L193
L193
L194
L194
L195
L195
L196

2018 Cuba unrewarded
2018 Cuba rewarded fie
2018 Delaware, USunrewarded
2018 Delaware, Utrewarded fie

2018 Cuba unrewarded
2018 Delaware, Usrewarded fie
2018 Cuba unrewarded
2018 Cuba rewarded fie

2018 Delaware, USunrewarded
2018 Delaware, USrewarded fie

2018 Cuba unrewarded
2018 Cuba rewarded fie
2018 Delaware, USunrewarded
2018 Cuba rewarded fie
2018 Delaware, USunrewarded
2018 Cuba rewarded fie

2018 Delaware, USunrewarded
2018 Delaware, U¢rewarded fie

2018 Cuba unrewarded
2018 Delaware, U¢rewarded fie
2018 Cuba unrewarded

2019 Maine, USA rewarded fie
2019 Florida, USA unrewarded
2019 Maine, USA rewarded fie
2019 Florida, USA unrewarded
2019 Maine, USA rewarded fie
2019 Florida, USA unrewarded
2019 Maine, USA rewarded fie
2019 Florida, USA unrewarded
2019 Maine, USA rewarded fie
2019 Florida, USA unrewarded
2019 Maine, USA rewarded fie
2019 Florida, USA unrewarded
2019 Maine, USA rewarded fie
2019 Florida, USA unrewarded
2019 Maine, USA rewarded fie
2019 Florida, USA unrewarded
2019 Maine, USA rewarded fie
2019 Florida, USA unrewarded
2019 Maine, USA rewarded fie
2019 Florida, USA unrewarded
2019 Maine, USA rewarded fie
2019 Florida, USA unrewarded
2019 Maine, USA rewarded fie

185.65fig3a
34.83fig3a
30.88fig3a
22.52fig3a
24.78fig3a
138.49fig3a
79.03fig3a
108.85fig3a
48.2fig3a
18.17fig3a
12.22fig3a
366.61fig3a
25.73fig3a
16.36fig3a
13.16fig3a
62.46fig3a
41.27 fig3a
72.82fig3a
43.44fig3a
54.9fig3a
14.47fig3a
38.52fig3a
17.14fig3a
33.78fig3a
31.67fig3a
46.41 fig3a
30.07fig3a
29.76fig3a
10.92fig3a
10.75fig3a
12.71fig3a
26.04fig3a
20.17 fig3a
52.31fig3a
12.37fig3a
76.87fig3a
41.71fig3a
128.05fig3a
72.52fig3a
14.65fig3a
22.63fig3a
38.58fig3a
13.72fig3a
21.64fig3a



L196
L197
L197
L198
L198
L199
L199
L200
L200
L201
L201
L202
L202
L203
L203
L204
L204
L205
L205
L206
L206
L207
L207
L208
L208
L209
L209
L211
L211
L212
L212
L213
L213
L214
L214
L216
L216
L185
L185
L186
L186
L187
L187
L188

2019 Florida, USA unrewarded
2019 Maine, USA rewarded fie
2019 Florida, USA unrewarded
2019 Maine, USA rewarded fie
2019 Florida, USA unrewarded
2019 Maine, USA rewarded fie
2019 Florida, USA unrewarded
2019 Maine, USA rewarded fie
2019 Florida, USA unrewarded

2020 fall
2020 _fall
2020 fall
2020 _fall
2020_fall
2020 _fall
2020_fall
2020 _fall
2020 _fall
2020 fall
2020 _fall
2020 _fall
2020 _fall
2020_fall
2020 _fall
2020_fall
2020 _fall
2020 _fall
2020 _fall
2020 _fall
2020 _fall
2020 _fall
2020_fall
2020 _fall
2020 _fall
2020 _fall
2020_fall
2020 fall
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr

Turks & Caicrewarded fie
Haiti unrewarded
Haiti rewarded fie
Turks & Caiccunrewarded
Turks & Caictrewarded fie
Haiti unrewarded
Haiti rewarded fie
Turks & Caiccunrewarded
Turks & Caictrewarded fie

Haiti unrewarded
Turks & Caicrewarded fie
Haiti unrewarded
Haiti rewarded fie

Turks & Caiccunrewarded
Turks & Caicrewarded fie

Haiti unrewarded
Haiti rewarded fie
Turks & Caiccunrewarded
Haiti rewarded fie

Turks & Caiccunrewarded
Turks & Caictrewarded fie
Haiti unrewarded
Haiti rewarded fie
Turks & Caiccunrewarded
Turks & Caictrewarded fie

Haiti unrewarded
Turks & Caicrewarded fie
Haiti unrewarded

Newfoundlarrewarded fie
Virginia, USAunrewarded
Virginia, USArewarded fie
Newfoundlarunrewarded
Virginia, USArewarded fie
Newfoundlarunrewarded
Newfoundlarrewarded fie

11.58fig3a
25.77fig3a
14fig3a
118.4fig3a
56.81 fig3a
31.47fig3a
33.9fig3a
34.94fig3a
44.21 fig3a
137.54fig3a
102.74fig3a
324.34fig3a
181.95fig3a
295.31fig3a
223.56fig3a
93.43fig3a
21.47 fig3a
38.52fig3a
19.99fig3a
117.55fig3a
38.57fig3a
24.8fig3a
92.19fig3a
290.47fig3a
104.2fig3a
98.86 fig3a
78.25fig3a
96.73fig3a
42.85fig3a
55.27fig3a
38.9fig3a
116.8fig3a
44.75fig3a
27.6fig3a
17.75fig3a
49.12fig3a
24.86 fig3a
27.12fig3a
14.07fig3a
20fig3a
12.49fig3a
28.68fig3a
18.74fig3a
15.37fig3a



L188
L189
L189
L190
L190
L1971
L191
L192
L192
L193
L193
L194
L194
L195
L195
L196
L196
L197
L197
L198
L198
L199
L199
L200
L200

2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr

Virginia, USAunrewarded
Newfoundlarrewarded fie
Virginia, USAunrewarded
Newfoundlarrewarded fie
Virginia, USAunrewarded
Virginia, USArewarded fie
Newfoundlarunrewarded
Newfoundlarrewarded fie
Virginia, USAunrewarded
Newfoundlarrewarded fie
Virginia, USAunrewarded
Newfoundlarrewarded fie
Virginia, USAunrewarded
Virginia, USArewarded fie
Newfoundlarunrewarded
Virginia, USArewarded fie
Newfoundlarunrewarded
Virginia, USArewarded fie
Newfoundlarunrewarded
Virginia, USArewarded fie
Newfoundlarunrewarded
Newfoundlarrewarded fie
Virginia, USAunrewarded
Virginia, USArewarded fie
Newfoundlarunrewarded

20.04fig3a
28.64fig3a
47.62fig3a
36.12fig3a
40.18fig3a
32.92fig3a
6fig3a
68.62 fig3a
51.04fig3a
37.88fig3a
25.75fig3a
77.14fig3a
80.76 fig3a
39.46fig3a
17.73fig3a
47.64fig3a
8.14fig3a
25.79fig3a
32.53fig3a
92.1fig3a
34.54fig3a
46.39fig3a
32.23fig3a
29.83fig3a
8.88fig3a



turtle.id year percent.chanrewarded.fiefigure

L153 2017 471.665044 Mexico fig3b
L154 2017 -21.5588309 Mexico fig3b
L155 2017 86.7575212 New Hampstfig3b
L156 2017 408.920188 Mexico fig3b
L157 2017 10.3870652 New Hampstfig3b
L158 2017 386.457473 New Hampsltfig3b
L159 2017 1425.41667 Mexico fig3b
L160 2017 91.1126421 New Hampsltfig3b
L161 2017 -24.1348844 Mexico fig3b
L162 2017 1660.71429 Mexico fig3b
L163 2017 -30.7032967 New Hampstfig3b
L164 2017 1016.75532 New Hampstfig3b
L165 2017 953.684211 Mexico fig3b
L166 2017 555.337691 New Hampstfig3b
L167 2017 198.067093 Mexico fig3b
L168 2017 92.5332291 New Hampstfig3b
L169 2018 -11.8997912 Cuba fig3b
L170 2018 -34.1818182 Delaware, Ufig3b
L171 2018 82.2434875 Cuba fig3b
L172 2018 258.422747 Cuba fig3b
L173 2018 302.354187 Delaware, Usfig3b
L174 2018 -77.0859144 Delaware, Ufig3b
L175 2018 12.7914508 Cuba fig3b
L176 2018 -9.12025827 Delaware, Ufig3b
L177 2018 75.2372517 Delaware, USfig3b
L178 2018 125.829876 Cuba fig3b
L179 2018 48.690671 Delaware, Ufig3b
L180 2018 1324.83482 Cuba fig3b
L181 2018 24.3161094 Cuba fig3b
L182 2018 51.3448025 Cuba fig3b
L183 2018 67.6335175Delaware, Ufig3b
L184 2018 279.405667 Delaware, Usfig3b
L185 2019 124.737456 Maine, USA fig3b
L186 2019 6.66245658 Maine, USA fig3b
L187 2019 54.3398736 Maine, USA fig3b
L188 2019 172.527473 Maine, USA fig3b
L189 2019 -15.4209284 Maine, USA fig3b
L190 2019 29.1026277 Maine, USA fig3b
L191 2019 322.87793 Maine, USA fig3b
L192 2019 84.2963318 Maine, USA fig3b
L193 2019 76.5719801 Maine, USA fig3b
L194 2019 -35.2629253 Maine, USA fig3b
L195 2019 181.195335Maine, USA fig3b
L196 2019 86.8739206 Maine, USA fig3b

L197 2019 84.0714286 Maine, USA fig3b



L198
L199
L200
L201
L202
L203
L204
L205
L206
L207
L208
L209
L2711
L212
L213
L214
L216
L185
L186
L187
L188
L189
L190
L191
L192
L193
L194
L195
L196
L197
L198
L199
L200

2019 108.414012Maine, USA fig3b
2019 -7.16814159 Maine, USA fig3b
2019 -20.9681068 Maine, USA fig3b

2020 _fall
2020_fall
2020 _fall
2020_fall
2020 fall
2020 _fall
2020 fall
2020 _fall
2020 fall
2020 _fall
2020_fall
2020 _fall
2020_fall
2020 _fall
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr
2020_spr

33.8719097 Turks & Caicfig3b

78.2577631 Haiti fig3b
32.0942924 Turks & Caiccfig3b
335.165347 Haiti fig3b

92.6963482 Turks & Caicfig3b
204.770547 Turks & Caiccfig3b

-73.0990346 Haiti fig3b
178.761996 Turks & Caicfig3b
26.3386581 Haiti fig3b
125.740957 Haiti fig3b
42.0822622 Turks & Caiccfig3b
161.005587 Haiti fig3b

55.4929577 Turks & Caiccfig3b
97.5864843 Turks & Caicfig3b

92.750533 Newfoundlarfig3b
60.1281025 Virginia, USAfig3b
53.0416222 Virginia, USAfig3b
-23.3033932 Newfoundlarfig3b
-39.8572029 Newfoundlarfig3b
-10.1045296 Newfoundlarfig3b
448.666667 Virginia, USAfig3b
34.4435737 Newfoundlarfig3b
47.1067961 Newfoundlarfig3b
-4.48241704 Newfoundlarfig3b
122.560632 Virginia, USAfig3b
485.257985 Virginia, USAfig3b

-20.719336 Virginia, USAfig3b
166.647365 Virginia, USAfig3b
43.9342228 Newfoundlarfig3b
235.923423Virginia, USAfig3b



turtle.id
L185
L185
L185
L186
L186
L186
L187
L187
L187
L188
L188
L188
L189
L189
L189
L190
L190
L190
L191
L191
L191
L192
L192
L192
L193
L193
L193
L194
L194
L194
L195
L195
L195
L196
L196
L196
L197
L197
L197
L198
L198
L198
L199
L199
L199

field
Florida
Maine
FLint/Minc
Florida
Maine
FLint/Minc
Maine
FLinc/Mint
Florida
Maine
FLinc/Mint
Florida
FLinc/Mint
Florida
Maine
FLinc/Mint
Florida
Maine
Florida
Maine
FLinc/Mint
Florida
Maine
FLinc/Mint
Maine
FLint/Minc
Florida
Maine
FLint/Minc
Florida
FLint/Minc
Florida
Maine
FLint/Minc
Florida
Maine
Florida
Maine
FLint/Minc
Florida
Maine
FLint/Minc
Maine
FLinc/Mint
Florida

mean.duraticfield.type
16.97 unrewarded
23.864rewarded
53.2815 mismatch
41.854 unrewarded
61.0085 conditioned
51.0555 mismatch
119.067 rewarded
9.126 mismatch
21.1515unrewarded
44.3395 rewarded
14.616 mismatch
15.106 unrewarded
43.636 mismatch
13.1746667 unrewarded
15.228 rewarded
16.5095 mismatch
19.917 unrewarded
27.93 rewarded
10.221 unrewarded
16.8405 rewarded
1.7425 mismatch
56.8575 unrewarded
190.4785 rewarded
43.62 mismatch
50.7005 rewarded
67.25 mismatch
42.356 unrewarded
52.163 rewarded
8.477 mismatch
17.836 unrewarded
23.2255 mismatch
10.167 unrewarded
28.822 rewarded
18.521 mismatch
20.183 unrewarded
52.9705 conditioned
15.8655 control
17.9926667 conditioned
8.7445 mismatch
49.0516667 control
61.6485 conditioned
64.114 mismatch
29.648 conditioned
76.978 mismatch
36.8546667 control

log.dur (log figure

2.83144708 figdb
3.17237105 figdb
3.97558918 figdb
3.73418737 figdb

41110132 figdb
3.93291328figdb
4.77968636 fig4b
2.21112748 figab
3.05171083 figdb
3.79187593 figdb
2.68211682 figdb
2.71509202 figdb

3.7758825 fig4b
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