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Abstract

Elasmobranch fishes (sharks, skates, and rays) are hypothesized to use environmental cues, such as the geomagnetic field
(GMF), to navigate across the ocean. However, testing the sensory and navigation abilities of large highly migratory fishes
in the field is challenging. This laboratory study tested whether the yellow stingray, Urobatis jamaicensis, could detect and
distinguish between the GMF cues used by other magnetically sensitive species to actively determine their location. Stingrays
were divided into two cohorts for initial behavioral conditioning: one was trained to associate a change in GMF intensity
with an aversive stimulus, whereas the other was trained using a change in GMF inclination angle. Individuals from each
cohort remained naive to the GMF conditioning stimulus used to condition the other cohort. The combined group learned
the initial association within a mean (+ SE) of 184.0 +34.8 trials. Next, stingrays from each cohort were randomly exposed
to their original GMF conditioning stimulus and the novel GMF stimulus. The original magnetic stimulus continued to be
reinforced, whereas the novel stimulus was not. The group demonstrated a significantly different response to the original
(reinforced) and novel (non-reinforced) stimuli, which indicates that stingrays could distinguish between the intensity and
inclination angle of a magnetic field. This experiment is the first to show that a batoid (skate or ray) can detect and distinguish
between changes in GMF intensity and inclination angle, and supports the idea that elasmobranchs might use GMF cues to
form a magnetically based cognitive map and derive a sense of location.

Introduction

Navigation, in the truest sense, is demonstrated when an
animal can migrate through unfamiliar territory, actively
determine its current location relative to that of a known
goal, then use this positional information to calculate and
maintain the correct heading toward the final goal (Bingman
and Cheng 2005; Gould 1998, 2011; Griffin 1952; Kramer
1953, 1957). The location determining component of navi-
gation is a cognitive ability called the map step, whereas
the direction-finding component is known as the compass
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step (Kramer 1953, 1957). Animals can use multiple types
of cognitive maps and compasses in a hierarchical manner
depending upon the scale of the navigational task, the avail-
ability of environmental cues, and the sensory modalities
employed (Able 1991; Gould 1998, 2004). The map step
involves a series of interrelated mechanisms for detecting,
coding, classifying, and recalling salient environmental
cues, which are then arranged into a coherent fashion to
form the cognitive map (reviewed in Able 2001). One of
the simplest types of “map” is seen in animals that, at a
certain time, migrate with a particular vector (i.e., direction
and distance), yet have no preference for precise locations
within their habitats (reviewed in Able 1991, 2001). Other
maps require an animal to learn a series of outgoing vectors
between specific locations and then recall these vectors in
reverse order, with the opposite orientation, for the return
trip home (reviewed in Able 2001). Additional complexity is
seen in animals that remember a series of outgoing vectors
and then calculate a novel return vector back to the original
location (reviewed in Able 1991, 2001; Collet and Graham
2004). Animals that stay within a limited area can devote
additional cognitive resources to memorizing the locations
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of specific landmarks, and the vectors between them, to form
a cognitive map of their home range (reviewed in Able 2001;
Collet and Graham 2004; O’Keefe and Nadel 1978). If envi-
ronmental cues, such as odor or sound gradients, co-occur
with the spatial position of known landmarks, then an animal
could learn to associate the relative values of these cues with
the locations of various landmarks (reviewed in Able 2001;
Collet and Graham 2004). The advantage of this system is
that if the animal encounters these cues in an unknown terri-
tory, it might be able to actively compare the current values
of the cues to those stored in its memory as a way to deter-
mine its present location and maintain the correct orientation
toward its goal (reviewed in Able 2001; Collet and Graham
2004; Gould 1998).

Elasmobranchs (sharks, skates, and rays) undertake
regular migrations, exhibit philopatry, seasonal residency,
and maintain home ranges (reviewed in Hueter et al. 2005;
Speed et al. 2010; Chapman et al. 2015; Flowers et al. 2016),
but the sensory modalities and cues that these fishes use
to navigate between specific habitats are not well known.
Temporary sensory deprivation and physical displacement
(<10 km) has shown that leopard (Triakis semifasciata
(Nosal et al. 2016)) and blacktip (Carcharhinus limbatus
(Gardiner et al. 2015)) sharks use olfactory cues to navi-
gate from an unfamiliar location back to the site of their
original capture. However, the dispersal of chemical cues is
limited by the lateral movement of currents within a verti-
cally stratified water column and temporal fluctuations in
source odorant concentration. Consequently, spatiotemporal
changes in the availability of a cue can reduce its utility for
migrating over longer distances and render the cue effective
only for localized navigation. Conversely, deposits of mag-
netic compounds in the seafloor result in minute localized
gradients (+0.6%) within the geomagnetic field (GMF) that
might serve as temporally stable cues for magnetically sensi-
tive species as they navigate over relatively short distances
(Klimley 1993). The molten outer core of the Earth creates
the GMF, which can serve as a global cue for long-distance
migrations because it is ubiquitous over large spatial scales
(~ 1000 km) and fluctuates little over the lifetime of many
species. The GMF at any geographic location can be quanti-
fied by a vector with an overall intensity of ~20-70 uT and
an inclination angle (measured with respect to the surface
of the Earth) that ranges from +90° to —90° (Fig. 1). These
quantities change predictably with latitude such that the
intensity is weakest at the equator and greatest at the mag-
netic poles, and the inclination angle is parallel to the sur-
face of the Earth at the equator and orthogonal at the poles
(Fig. 1a, b). If an animal is sensitive to GMF intensity or
inclination angle, it could potentially use either cue to derive
a general sense of latitude (Lohmann and Lohmann 1994,
1996; Lohmann et al. 2007; Gould 1998). Interestingly, the
isolines of GMF intensity and inclination angle intersect at
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skewed angles (<20°, Fig. lc, d) to create a bicoordinate
system of unique geomagnetic signatures across the globe
that is analogous to latitude and longitude. Therefore, an
animal that is sensitive to both GMF cues could potentially
use them to determine a more precise sense of its location
(Lohmann and Lohmann 1994, 1996, Lohmann et al. 2007,
Gould 1998). Because the angular difference between the
GMF intensity and inclination angle isolines is greater near
the poles (Fig. 1d) compared to the equator (Fig. 1c), sensi-
tivity to both cues might better enable location determina-
tion at higher latitudes (Bostrom et al. 2012; Gould 1998).
Magnetoreceptive species, such as the loggerhead sea turtle
(Caretta caretta (Lohmann and Lohmann 1994, 1996; Put-
man et al. 2011)), chinook salmon (Oncorhynchus tshaw-
ytscha (Putman et al. 2013, 2014)), pink salmon (O. gor-
buscha (Putman et al. 2020)), Atlantic salmon (Salmo salar
(Scanlan et al. 2018)), and European eel (Anguilla anguilla
(Naisbett-Jones et al. 2017)), can use GMF intensity and
inclination angle to form a bicoordinate magnetic map, use
it to determine their current location, and make navigational
course corrections toward their goal. Interestingly, juvenile
sea turtles, salmon, and eels are known to imprint on the
GMF signatures of their natal habitats (Lohmann 1991;
Naisbett-Jones et al. 2017; Putman et al. 2011, 2014) and,
as adults, use these magnetic data to successfully migrate
back to these specific locations for reproduction.

The goal of this study was to determine if a stingray can
detect and distinguish between GMF intensity and inclina-
tion angle, two cues that aid in magnetic-based navigation
and are necessary to form a bicoordinate geomagnetic map.
Elasmobranchs have been hypothesized to use the GMF to
orient and navigate between habitats (Kalmijn 1974; Klim-
ley 1993; Paulin 1995). Behavioral conditioning studies
have confirmed a general sensitivity to magnetic fields in the
scalloped hammerhead (Sphyrna lewini (Meyer et al. 2005))
and sandbar sharks (Carcharhinus plumbeus, (Meyer et al.
2005; Anderson et al. 2017)), and the short-tailed (Dasya-
tis brevicaudata (Kirschvink et al. 2001)) and yellow (U.
jamaicensis (Newton and Kajiura 2017)) stingrays. The
round (Urobatis halleri (Kalmijn 1978)) and yellow (Newton
and Kajiura 2020) stingrays can discriminate GMF polarity,
and bonnethead sharks (Sphyrna tiburo (Keller 2020) can
use GMF intensity and inclination angle to derive a sense
of location. Small point sources of magnetic stimuli, such as
the permanent magnets used by Newton and Kajiura (2017)
and the electromagnets used by other researchers (Anderson
et al. 2017; Meyer et al. 2005; Kalmijn 1978), create GMF
gradients that vary in both intensity and inclination angle.
Therefore, we created a set of magnetic coils that gener-
ated a uniform field and could manipulate GMF intensity
and inclination angle independently (Merritt et al. 1983).
Behavioral studies on magnetoreception require test sub-
jects to move several body lengths through space in order
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Fig.1 a-d Schematic diagram of the Earth and geomagnetic field
(redrawn from Lohmann et al. 2007). The overall vectors (a) of the
GMF (black arrows), intensity (red lines) and inclination angle (blue
lines) isolines. Total GMF intensity (b) is the vector sum of the hori-

to adequately sample and respond to magnetic stimuli
(Wiltschko and Wiltschko 2007). Based on the calculations
of Merritt et al. (1983), creating uniform GMF stimuli across
an experimental arena requires an electromagnet with lin-
ear dimensions that are more than twice those of the arena.
These spatial limitations made the yellow stingray an ideal
test species because it is small, readily learns operant con-
ditioning tasks, and is magnetically sensitive (Newton and
Kajiura 2017). Long-distance migration is not required
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zontal and vertical components, whereas GMF inclination angle is
defined with respect to the surface of the Earth. The angular differ-

ence between intensity (red) and inclination angle (blue) isolines is
generally greatest at higher (d) compared to lower (c) latitudes

for GMF intensity and inclination angle sensitivity (e.g.,
Scanlan et al. 2018) and the seasonal migratory patterns of
the yellow stingray are unknown. Nevertheless, the yellow
stingray might exhibit relatively large (~30 km) seasonal
movements similar to those of the congeneric round stingray
(U. halleri (Vaudo and Lowe 2006)). In either case, the yel-
low stingray might use GMF cues to actively determine its
location and maintain the correct heading during short- or
long-distance navigational tasks. Because finding migrating
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benthic stingrays in the field is prohibitively challenging, we
performed a laboratory study that tested if the yellow sting-
ray could be conditioned to associate an aversive stimulus
with changes in GMF intensity and inclination angle, and
if it could discriminate between these two magnetic cues.

Methods
Experimental apparatus

The experimental apparatus was located in a magneti-
cally uniform portion of the laboratory (26°21'56.3"N,
80°04'17.1"W) and consisted of an acrylic tank
(122x61 %30 cm) on a wooden stand (127 X 66 X 85 cm)
surrounded by a magnetic coil system (Fig. 2). The coils
were constructed of 38 mm diameter PVC pipe (2X2X2 m
overall); then a set of four horizontal and four vertical coils
were spaced 0.74, 0.52, and 0.74 m apart (Merritt et al.
1983). A continuous loop of 14-gauge wire was wrapped
onto each set of coils with 26, 11, 11, and 26 windings on
the individual coils (Merritt et al. 1983). The apparatus was
aligned with the N-S axis of the GMF (Fig. 2) and posi-
tioned such that the resultant magnetic fields produced by
each set of coils were aligned with the vertical and hori-
zontal components of the local GMF. The coil system was
powered by a two-channel, 30 W DC power supply (BK
Precision, Yorba Linda, CA), while the direction and magni-
tude of the electric current, and the resultant magnetic field,
were controlled by a remote control system of electrical
switches and circuits. Visual confirmation of magnetic field
application and direction was confirmed by four red LEDs
placed outside the tank but within the field of view of an
overhead video camera (Sony HDR CX360, Tokyo, Japan).
A tri-axial magnetometer (Model #3AMG, Alphalab Inc.,
Salt Lake City, UT) and xSensor software (Crossbow Inertial
Systems, Milpitas, CA) for the iPhone (Apple, Cupertino,
CA) confirmed the presence, intensity, inclination angle, and
uniformity of the applied magnetic fields within the acrylic
tank. Confounding visual cues were removed by covering the
outside of the acrylic tank and the coil system with opaque
white plastic sheeting. Four overhead compact fluorescent
lamps (55 W, 3860 Im, 2700 K) placed at the upper corners
of the coil system provided even illumination.

Ambient GMF, magnetic, and aversive stimuli

The ambient GMF in the laboratory had an intensity (F) of
45 uT (26.8 uT horizontal, 36.9 uT vertical) with an incli-
nation angle (I) of +55° with respect to the surface of the
Earth (Fig. 2a, b). Note that by convention, the Z-axis is
positive in the downward direction and a positive GMF incli-
nation angle means that the field lines are pointed toward the
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Earth’s surface. The magnetic conditioning stimuli (Fig. 2c,
d) consisted of either doubling the GMF intensity to 90 uT
(AF =+45 uT) while keeping the ambient inclination angle
constant, or increasing the GMF inclination angle to —5°
(AI =—60°) while keeping the ambient intensity constant.
Stimuli were cycled at a rate of 1 Hz. These magnetic stim-
uli are not ecologically relevant because a stingray would
not encounter such large cyclical changes in GMF inten-
sity or inclination angle in nature. However, we chose these
parameters to make the magnetic cues more obvious and
to facilitate learning the association between the positive
magnetic and aversive stimuli. Electrophysiological data
(Adrianov et al. 1974; Akoev et al. 1976; Brown and Ily-
insky 1978) support the hypothesis that changes in mag-
netic fields are detected by the electroreceptive cells in the
ampullae of Lorenzini (Kalmijn 1978, 1982). This scenario
postulates that elasmobranchs use their electroreceptors to
detect electrical artifacts induced as they swim through the
ambient GMF within electrically conductive seawater. If
so, then a stingray resting on the substrate is unlikely to
detect a single change in the GMF because physical move-
ment is required for this induction-based mechanism to
work and for animals to adequately sample and respond to
magnetic stimuli (Wiltschko and Wiltschko 2007). Swim-
ming has an inherent time component as an animal moves
a given distance over time. Therefore, we suggest that for
stationary animals, varying the GMF with time can mimic a
rapid change in physical position that is necessary for GMF
stimulus detection. Because elasmobranch electroreceptors
are best tuned to detect AC stimuli that oscillate at low fre-
quencies (0.1-15 Hz; Adrianov et al. 1974; Peters and Evers
1985; Montgomery 1984; Tricas and New 1998), we chose
to cycle the magnetic stimuli at a rate of 1 Hz. Prior sen-
sory discrimination studies have occasionally used electric
shocks as aversive stimuli to behaviorally condition elasmo-
branchs (Kelly and Nelson 1975; Nelson 1967; Schwarze
et al. 2013), but if the hypothesis of Kalmijn (1978, 1982) is
true, then electric shocks would likely impede the potential
detection of GMF stimuli by the electroreceptors. Therefore,
we used a mechanotactile aversive stimulus that involved
prodding the stingray with a rubber-coated plastic rod to
elicit an escape response.

Subjects

Yellow stingrays (n=7; 5 males, 2 females;
DW =10-25 cm) were housed in a flow-through aquarium
(244 x 122 cm) supplied with mechanically filtered and
UV-treated seawater. Stingrays were kept on a 14:10 h
light:dark cycle and fed a diet of squid, fish, and shrimp
ad libitum every other day. Once the subjects were suc-
cessfully eating for at least 2 weeks, they were accli-
matized to the experimental apparatus. Approximately
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Fig.2 a-d Schematic diagram of the top down (a) and lateral views
(b—d) of the magnetic coil system and shuttlebox aquarium. Thick
dark gray lines represent the PVC frame and copper wire windings
that form the four horizontal and four vertical coils. Water flow in
and out of the aquarium is indicated by the small light blue arrows
(a). Red dots (a) indicate four light emitting diodes (LEDs) located
outside the arena, but within the field of view of the camera. The

LEDs were paired with the horizontal and vertical coils and signified
the presence and direction of the magnetic stimuli during each trial.
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10-15 min after transport to the experimental tank, the
stingrays would rest along the bottom of the tank in a
manner consistent with their normal behavior in the hus-
bandry tanks. At this point the subjects began the condi-
tioning procedure.
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Solid light gray lines and arrows indicate the ambient geomagnetic
field (a—d). Solid red arrows (c) indicate stimulus conditions that only
changed magnetic field intensity, whereas the solid blue arrows (d)
indicate stimuli that changed only the inclination angle of the mag-
netic field. Arrow direction indicates magnetic north and arrow size
indicates the relative intensity of the field. Dashed green arrows (c, d)
indicate stingray swimming across the aquarium midline as a condi-
tioned response to magnetic stimuli

Detection of GMF intensity or inclination angle
stimuli by naive stingrays

Subjects (n=35) were assigned to two treatment groups
where the positive stimulus was either a change in
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magnetic field intensity or inclination angle. Trials com-
menced after an individual was resting on the bottom
of the experimental tank for 10—15 min. Naive subjects
were given magnetic stimuli without aversive stimulus
pairing for a session of 10 trials. We began behavioral
conditioning trials, which consisted of turning the posi-
tive magnetic stimulus on; then after 10 s had elapsed,
the aversive stimulus was administered concurrent with
the positive stimulus until the stingray shuttled across
the midline of the tank. At this point both the positive
and aversive stimuli ceased, and the trial concluded. The
behavioral response to the GMF stimulus before the appli-
cation of the aversive stimulus was then recorded. The
total positive stimulus presentation lasted between 11 and
15 s and the aversive stimulus presentation was 1-5 s. The
stingray was allowed to rest for an interval of 20—40 s
and the next trial began once the stingray was resting on
the bottom. Training sessions consisted of a block of 10
trials, and two training sessions occurred each day, with
a 10-15 min rest period between each session. Once a
subject reached the learning criterion (see below) train-
ing stopped and magnetic stimulus discrimination trials
began the following day.

Discrimination between GMF intensity
and inclination angle by experienced stingrays

Stingrays (n=15) that underwent magnetic stimulus detec-
tion training were then trained to discriminate between
GMF intensity and inclination angle stimuli. One mag-
netic stimulus was termed positive and the other negative,
because they were either paired with an aversive stimulus
or not, respectively. Due to the nature of the magnetic coil
setup, the positive and negative stimuli could not be pro-
duced simultaneously, so they were presented sequentially
to the stingrays in a pseudorandom order. Pilot studies
showed that two different reinforcement strategies helped
the stingrays to demonstrate magnetic stimulus discrimina-
tion; however, the small size of the acrylic tank rendered
the combination of aversive and appetitive reinforcement
ineffective. Therefore, we continued reinforcing the origi-
nal GMF conditioning stimulus to distinguish it from the
novel unreinforced stimulus and minimize confusing the
subjects. In other words, individuals that were initially
trained to use magnetic field intensity as the positive
stimulus continued this procedure in addition to being
exposed to magnetic field inclination angle as the negative
stimulus, and vice versa. Each discrimination session was
a balanced design of 20 total trials where the positive or
negative stimuli were presented no more than three times
in a row. The behavioral responses were recorded on video
and scored as in the initial conditioning procedure.
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Discrimination between GMF intensity
and inclination angle by naive stingrays

We hypothesized that overtraining might lead to a decline
in the overall magnetic stimulus discrimination responses
among stingrays across sessions. Therefore, we trained and
tested naive stingrays (n=2) according to the aforemen-
tioned GMF stimulus discrimination protocol, but they did
not undergo the initial conditioning procedure of pairing
GMF stimuli with aversive stimuli.

Data collection and analysis

Conditioned behavioral responses for each trial were counted
only if they were robust demonstrations of learning and
visible on the video record. Observer bias was minimized
during data collection by blinding the primary observer to
the onset and type of magnetic stimulus used. The primary
observer reliability (95%) was confirmed by a blind second
observer and disagreements were resolved by using the most
conservative interpretation of the observed behavior. In all
experiments, the only conditioned response data used for the
calculations were those trials where a stingray swam across
the midline of the tank. Additional responses to GMF stimuli
were more subtle and difficult to score consistently, so they
were excluded from our analyses. For stationary stingrays,
these behaviors involved flinching the pectoral fins upward
(=5 mm), or abruptly swimming more than one body length
(BL) from their original position. Likewise, swimming
stingrays would occasionally stop swimming and freeze in
place, or exhibit a sharp turn (>90°-180°) from an estab-
lished vector without crossing the midline of the tank.

During magnetic stimulus detection trials, individual
stingrays had to consistently give an above average condi-
tioned response (i.e., shuttling across the midline) to dem-
onstrate that they had learned to associate the positive mag-
netic and aversive stimuli. Based on previous work (Newton
and Kajiura 2020), we set the learning criterion to a >60%
conditioned response rate per session for a minimum of
three consecutive sessions, until the overall performance
was significantly different from chance (Chi square test,
X3 o5 1y=3.84). The mean conditioned response of individu-
als for the first three sessions was compared to those of the
final three sessions (Wilcoxon matched-pairs signed-rank
test, p <0.05). The small sample size precluded comparing
the mean number of trials to criterion between magnetic
treatments (GMF intensity and inclination angle) or sex. For
the group of stingrays in the magnetic stimulus discrimina-
tion experiments (n=7), we compared the mean conditioned
response (across 14 sessions) to positive GMF stimuli (rein-
forced) to that of negative stimuli (not reinforced) for each
stingray (paired ¢ test, p <0.05).
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Results

During the initial pre-training sessions, naive yellow
stingrays showed no discernible response to the GMF
intensity or inclination angle stimuli that were not paired
with aversive stimuli. In the initial magnetic stimu-
lus detection experiments, stingrays (n=35) reached the
learning criterion within a mean (+ SE) of 184.0+34.8
trials (range 90-300). Individuals varied in their ability
to learn the association between the positive and aversive
stimuli (Fig. 3a—e) and demonstrated learning within (a)
300 trials (X*=9.6, p <0.005), (b) 150 trials (X*=7.6,
p<0.01), (¢) 170 trials (X*=13.2, p<0.001), (d) 90
trials (X°=4.4, p<0.05), and (e) 210 trials (X*>=20.0,
p <0.001). The small sample size and high variance pre-
cluded statistical testing for differences in response among
treatments or sex. Nevertheless, qualitative observations
suggest that stingrays trained to detect changes in GMF
intensity reached the criterion in a similar mean (+ SE)
number of trials (n=2; 225.0 +£75.0; range 150-300)
compared to those trained with changes in inclination
angle (n=3; 156.7 +35.3; range 90-210). Likewise, male
stingrays (n=3; 226.7 +38.4; range 170-300) did not take
more trials to learn the association than females (n=2;
120.0 +30.0; range 90-150). Additionally, there was a
significant increase (W=0, p=0.03) in the overall mean
(£ SE) conditioned response (Fig. 4) between the initial
three sessions (1.4 responses per session=+0.3) and the
final three sessions (7.7 responses per session + 0.4).

The experienced stingrays, along with two naive indi-
viduals, underwent GMF intensity and inclination angle
discrimination trials. Data from individual stingrays, both
naive and experienced, showed no consistent trends across
consecutive sessions, so the data were pooled. Overall,
the group (n=7) demonstrated a significant (t,=6.727,
p=0.0005) and consistent ability to discriminate between
positive and negative GMF stimuli for 14 sessions (Fig. 5).
Interestingly, the overall response to the positive GMF
stimuli was lower than that of the negative stimuli, despite
pairing the positive and aversive stimuli together.

Discussion

Naive yellow stingrays gave no observable response to
a rapid and large change in the ambient GMF intensity
or inclination angle, but our data show that this species
can learn to associate both of these cues with an aversive
stimulus and elicit an escape response. The small sample
size prevented us from testing if there was a quantifiable
difference between the responses of males and females,
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Fig.3 a—e The yellow stingray can detect changes in GMF inten-
sity and inclination angle. Learning acquisition curves for individual
yellow stingrays (n=5) conditioned to associate a change in GMF
intensity (red lines and symbols) or inclination angle (blue lines and
symbols) with an aversive stimulus until they reached the learning
criterion (dotted gray line). Square and circle symbols signify male
and female stingrays, respectively. Sessions were composed of ten
trials and two sessions occurred each day. Individual stingrays (a—e)
reached the learning criterion by: a 300 trials**, b 150 trials**, ¢ 170
trials**** d 90 trials*, and e 210 trials**** (*p <0.05; **p <0.01;
*#%p <0.005; ***%p <0.001)

@ Springer



151 Page8of13

Marine Biology (2020) 167:151

Intensity
Inc. Angle
O Female
1 male
Final trials

-
H#
m
e
A

Initial trials

1 2 a a
=
T T T T =3
Stingray 1 Stingray 2 Stingray 3 Stingray 4 Stingray 5

Initial & Final Responses / Session

=3

Fig.4 The yellow stingray can learn to associate GMF stimuli with
an aversive stimulus. The mean (+ SE) conditioned response per ses-
sion of stingrays (n=>5) trained to associate either a change in GMF
field intensity (red lines and symbols) or inclination angle (blue lines
and symbols) with an aversive stimulus for the first three sessions
(empty symbols) compared to final three sessions (solid symbols).
Squares indicate male stingrays, whereas circles indicate females. All
subjects showed a significant increase in the mean number of condi-
tioned responses to magnetic stimuli (W=0, p=0.03)

or among individuals trained with changes in intensity or
inclination angle. Overall, stingrays responded differently
to the two GMF cues when one was reinforced and the
other was not, which suggests that changes in GMF inten-
sity and inclination angle were perceived differently. If so,
then these data support the idea that stingrays, and perhaps
other elasmobranchs, might use the GMF to actively deter-
mine their location during migrations.

Detection of GMF intensity and inclination angle

Our results are similar to previous conditioning experiments
on electromagnetic cue perception in urolophid stingrays and
sensory discrimination studies in sharks that used aversive
reinforcement (Table 1). Under the same learning criteria as
this study, it took the yellow stingray a comparable number
of trials to learn that GMF polarity cues indicated the loca-
tion of food rewards (159 + 28 trails; Newton and Kajiura
2020). Under more stringent criteria, the yellow stingray
learned to distinguish between the positive and negative
poles of a prey-simulating electric field (180 + 8.2 trials;
Siciliano et al. 2013), but it took 3.7X fewer trials to locate
hidden magnets for food rewards (50.5 +2.6 trials; New-
ton and Kajiura 2017). Interestingly, Kalmijn (1978) paired
aversive and appetitive stimuli with the two opposite poles
of a magnetic field to train the congeneric round stingray to
swim to specific locations within an aquarium. However,
this dual reinforcement strategy yielded results (163 +89.5
trials) akin to those of other studies, save the one that used
very strong magnets (Newton and Kajiura 2017). Despite
differences in methodology, the general trend in urolophid
stingrays could be that stronger conditioning stimuli facili-
tate learning more than different reinforcement strategies.
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Fig.5 The yellow stingray can discriminate between GMF intensity
and inclination angle stimuli. The mean number of responses per
session, across 14 sessions, for each stingray to GMF+ (reinforced)
and GMF— (not reinforced) stimuli. Stingrays showed a significantly
higher overall response to negative compared to positive magnetic
stimuli (75=6.727, p=0.0005). Unique symbols connected by gray
lines indicate individual stingrays (n=7): stingrays A-E under-
went initial GMF detection training and stingrays N1-2 were naive
to detection training. Red symbols indicate the mean response of an
individual to a change in GMF intensity, whereas blue symbols indi-
cate the mean response for the same individual to a change in GMF
inclination angle. Stingrays were separated into two groups: in one
cohort (n=3) the positive stimulus was a change in GMF intensity
(red GMF+), and the negative stimulus was a change in GMF inclina-
tion angle (blue GMF—-), and vice versa for the second cohort (n=4;
blue GMF+ and red GMF-)

Results similar to ours were found when researchers paired
aversive electric stimuli with the onset of green lights to
determine the neural substrates of fear conditioning in the
gray (Chiloscyllium griseum) and brown banded (C. punc-
tatum) bamboo sharks (150 + 12 and 123 + 29 trials, respec-
tively; Schwarze et al. 2013). Electric shocks were paired
with pure-tone audio signals to investigate the auditory
capabilities of the lemon (Negaprion brevirostris (Nelson
1967)) and horn sharks (Heterodontus francisci (Kelly and
Nelson 1975)). Nelson (1967) found that lemon sharks took
100 trials to discriminate between two acoustic tones when
each was paired with electric shocks, but they took 3X fewer
(33) trials to discriminate between two tones when one was
paired with an appetitive and the other an aversive stimulus.
It is interesting that a dual reinforcement strategy might have
facilitated learning acquisition in the lemon shark but not in
the round stingray. It is noteworthy to mention that Clark
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Table 1 The learning acquisition of the yellow stingray is comparable to other elasmobranch sensory discrimination studies using electromag-
netic stimuli, behavioral conditioning, and similar sample sizes

Species Sample size Conditioning stimuli Conditioning paradigm  Trials to criterion Source
and reinforcing stimulus  (mean + SE)
Urobatis jamaicensis 7,5 GMF intensity and incli- Aversive, tactile 184 +35 This study
nation angle
U. jamaicensis 7,5 GMF polarity Appetitive, food 159+28, 120+ 14 Newton and Kajiura
(2020)
U. halleri 3 GMF polarity Appetitive, food; aver- 163+89.5 Kalmijn (1978)
sive, tactile
U. jamaicensis 8 Permanent magnet Appetitive, food 50.5+2.6 Newton and Kajiura
2222X GMF (2017)
U. jamaicensis 11 Bioelectric field polarity ~ Appetitive, food 180+8.2 Siciliano et al. (2013)
Heterodontus francisci 8 Auditory pure tones Aversive, electric Not reported Kelly and Nelson (1975)
Negaprion brevirostris 3 Auditory pure tones Aversive, electric; appe- 100, 33 Nelson (1967)
titive, food
Chiloscyllium griseum 1 Green light Aversive, electric 150+12 Schwarze et al. (2013)
C. punctatum 6 Green light Aversive, electric 123+29 Schwarze et al. (2013)

(1959) successfully trained the lemon shark to strike a visu-
ally distinct target for food within 30 trials, which is on par
with the results of Newton and Kajiura (2017). The faster
learning shown in these two studies compared to ours might
be because they used “obvious” localized conditioning stim-
uli (a high contrast visual target and a strong magnet) instead
of relatively weak global conditioning stimuli (changes in
GMEF). Of course, the different methods and sensory modali-
ties prevent direct comparison across these studies, but the
effects of reinforcement strategy and stimulus strength on
learning acquisition in elasmobranchs appear to be an area
worthy of further investigation.

Logistical constraints prevented us from fully testing for
sexual differences in reaching the learning criteria during
the initial GMF detection task, or in discriminating between
GMF stimuli. If such a difference exists, we propose that it
might be due to factors known to increase system sensitivity,
such as sexual dimorphisms in sensory receptor surface area
(Crooks and Waring 2013), receptor innervation (Kempster
et al. 2013), or seasonal plasticity in receptor function (Sis-
neros and Tricas 2000). The congeneric round stingray has
shown differences in the electrosensory-mediated behavior
of males and females during the reproductive season (Tricas
et al. 1995), which is a result of seasonal differences in the
levels of sex hormones circulating in the blood (Sisneros
and Tricas 2000). Throughout the year, the electroreceptors
of Atlantic stingrays (Hypanus sabina) are primarily used
for predation and have a broad tuning curve that is capable
of detecting a wide variety of bioelectric fields produced
by prey. However, as the reproductive season approaches
and androgen levels increase, the electroreceptors of male
stingrays discharge more frequently and become better
tuned to detect low frequency stimuli (0.1-4 Hz) compared

to those of females (Sisneros and Tricas 2000). This shift in
the sensory tuning of males corresponds to the bioelectric
signatures produced by conspecific stingrays and allows the
males to better detect cryptic females buried in the sand.
Because our experiments were conducted during the spring
and late summer reproductive seasons of the yellow sting-
ray (Fahy et al. 2007), our males might have experienced
a similar shift in electrosensory tuning. If the mechanism
of elasmobranch magnetic stimulus detection is mediated
by the electrosensory system (Kalmijn 1978, 1982), then a
shift in electrosensory tuning and increased sensitivity to
low frequency stimuli might result in male yellow stingrays
learning a task faster or responding to GMF stimuli more
robustly than females.

Discrimination between GMF intensity
and inclination angle, and ecological implications

The overall response rate for the group of stingrays to nega-
tive stimuli was statistically greater than to positive stimuli,
which indicates that changes in GMF intensity and incli-
nation angle were perceived differently. However, it is not
clear why subjects would flee magnetic stimuli that were not
aversively reinforced more often than those that were rein-
forced. It is also unclear why the difference between average
responses, although consistently and statistically different
across several consecutive sessions, was not much larger
in magnitude. Perhaps, the lack of reinforcement to nega-
tive GMF stimuli confused the subjects and they general-
ized their conditioned response to flee during any change
in the GMF. If so, then it might be worth determining if the
yellow stingray can group magnetic stimuli into categories
similar to how the gray bamboo shark (Fuss et al. 2014,
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2017; Schluessel et al. 2014) and cichlid (Pseudotropheus
zebra (Schluessel et al. 2012, 2014, 2015, 2018)) use visual
cues and motion to categorize objects into different groups.

However, it is equally plausible that the somewhat similar
response rates to positive and negative stimuli were because
the distinction between changes in GMF intensity and incli-
nation angle are not ecologically relevant cues for this spe-
cies. The yellow stingray is distributed from the northern
to the southern subtropical waters of the western Atlantic
Ocean (Piercy et al. 2006) where the angular difference
between the isolines of GMF intensity and inclination angle
range between 0° and 5° (Bostrom et al. 2012). This minute
difference makes a bicoordinate magnetic map less useful
because both GMF cues provide nearly the same latitudinal
information with very little distinction in longitude (Fig. 1c;
Bostrom et al. 2012). A magnetically sensitive species that
evolved under these conditions might experience less selec-
tive pressure to discriminate between these cues compared
to species that evolved at higher latitudes where this angu-
lar difference between GMF intensity and inclination angle
isolines is greater (Fig. 1d). If so, then animals at lower lati-
tudes might navigate east—west by following the magnetic
isolines until they reach a continental land mass and then
travel north—south along the coastline toward their final goal
(Lohmann and Lohmann 2006; Lohmann et al. 2007; Ber-
dahl et al. 2016; Endres et al. 2016).

Alternatively, the small angular difference between the
intensity and inclination angle isolines could select for mag-
netoreceptive animals with high sensory acuity. The bobo-
link (Dolichonyx oryzivorus) can detect magnetic intensi-
ties as low as 0.05-0.2 pT (Beason and Semm 1987; Semm
and Beason 1990), the sandbar shark can detect intensities
of 0.03 uT (Anderson et al. 2017), and the thorny skate
(Amblyraja radiata) can detect intensity changes as low as
1 nT (Brown et al. 1979). The American alligator (Alliga-
tor mississippiensis) can detect changes in magnetic incli-
nation angle as small as 0.01°-0.2° (Rodda 1984) and the
red-spotted newt (Notophthalmus viridiscens) can detect
inclination angle changes from 0.5° to 2.0° (Fischer et al.
2001; Phillips et al. 2002). We did not test the sensory acuity
of the yellow stingray, but it would be interesting to conduct
a comparative experiment across species to see if acuity to
GMF stimuli correlates with a species’ latitudinal distribu-
tion or the spatiotemporal scale of migrations deduced from
behavioral tracking data.

This study provides the first behavioral evidence that a
stingray can detect and distinguish between the GMF cues
used by other species to derive a sense of location. Mag-
netic pseudo-displacement experiments have shown that
juvenile loggerhead sea turtles (Lohmann and Lohmann
1994, 1996; Putman et al. 2011), European eels (Naisbett-
Jones et al. 2017), Chinook (Putman et al. 2014), Atlantic
(Scanlan et al. 2018), and pink salmon (Putman et al. 2020)
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use these cues to form a bicoordinate magnetic map and gain
a sense of location. Recent evidence indicates that bonnet-
head sharks can use the GMF to derive a sense of location
and orient toward a home range (Keller 2020); however, this
ability has yet to be shown in any batoid (skate or ray). The
ocellate river stingray (Potamotrygon motoro) is believed to
use visual cues to form a cognitive map and solve a four-arm
maze navigational task (Schluessel and Bleckmann 2005)
and it is likely that cognitive maps exist in other batoids.
Additional GMF pseudo-displacement work on a migratory
batoid is necessary to unequivocally establish that skates
and rays use a geomagnetic map to determine their location
during navigational tasks.

Mechanistic considerations

Unfortunately, the mechanism of elasmobranch magnetore-
ception remains unresolved and we do not know if the yellow
stingray can detect GMF stimuli directly through an undis-
covered magnetoreceptor, or indirectly via the ampullae of
Lorenzini, as proposed by Kalmijn (1978, 1982). Behavioral
evidence that supports direct magnetoreception comes from
the short-tailed stingray (Walker et al. 2003) and the sand-
bar shark (Anderson et al. 2017), whereas electrophysiologi-
cal data from the ampullae of Lorenzini in the thornback
ray (Raja clavata (Akoev et al. 1976; Brown and Ilyinsky
1978)) and common stingray (Dasyatis pastinaca (Adrianov
et al. 1974; Akoev et al. 1976; Brown and Ilyinsky 1978))
support the mechanism of electroreceptor-mediated mag-
netic field detection. Anderson et al. (2017) behaviorally
conditioned sandbar sharks to respond to weak magnetic
stimuli (>0.03 uT) that generated electrical artifacts of
73 nV cm!. The stimuli that we used (~45 UT), and those
of the electrophysiological studies (~80-200 uT; Adrianov
et al. 1974; Akoev et al. 1976; Brown and Ilyinsky 1978),
undoubtedly induced electrical artifacts that were above the
median behavioral response thresholds of the yellow sting-
ray (22 nV cm™!; Bedore et al. 2014), and the physiologi-
cal thresholds of the thornback ray and common stingray.
Therefore, until this mechanistic issue is resolved, the most
conservative and plausible interpretation of our data is that
the yellow stingray was detecting the electric fields induced
by changes to the ambient GMF intensity and inclination
angle. If chondrichthyans do use their electroreceptors to
detect, encode, and perceive magnetic stimuli, the next step
is to uncover how these fishes might distinguish between
natural geomagnetic and bioelectric cues.
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