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Abstract

Elasmobranch fishes (sharks, skates, and rays) have been hypothesized to use the geomagnetic field (GMF) to maintain a
sense of direction as they navigate throughout their environment. However, it is difficult to test the sensory ecology and
spatial orientation ability of large highly migratory fishes in the field. Therefore, we performed behavioral conditioning
experiments on a small magnetically sensitive species, the yellow stingray (Urobatis jamaicensis), in the laboratory. We
trained individuals to use the polarity, or the north—south direction, of the GMF as a cue to orient in space and navigate a
T-maze for a food reward. Subjects were split into two groups that learned to associate the direction of magnetic north or
south as the indicator of the reward location. Stingrays reached the learning criterion within a mean (+ SE) of 158.6 +28.4
trials. Subjects were then reverse trained to use the previously unrewarded magnetic stimulus of the opposite polarity as the
new cue for the reward location. Overall, the stingrays reached the reversal criterion in significantly fewer trials (120 +13.8)
compared to the initial procedure. These data show that the yellow stingray can learn to associate changes in GMF polarity
with a reward, relearn a behavioral task when the reward contingency is modified, and learn a reversal procedure faster than
the initial association. These data support the idea that the yellow stingray, and perhaps other elasmobranchs, might use
GMF polarity as a cue to orient and maintain a heading during navigation.

Introduction

Orientation is an integral part of animal navigation where
an organism aligns itself with respect to an external cue
(Berthold 2001; Gould 1998) to maintain a desired head-
ing. However, calculating a heading requires that the animal
know its current position relative to that of its goal so that it
can determine the correct direction in which to travel (Gould
1998; 2004). The animal can then use an appropriate envi-
ronmental cue, such as visual landmarks, localized sounds
or odor gradients, the position of the sun, or the direc-
tion of the geomagnetic field (GMF) as an external point
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of reference to maintain the correct orientation. Animals
can use different types of cues to form distinct cognitive
compasses and employ them as needed when environmen-
tal stimuli cease to propagate and become unreliable (Able
1991; Gould 1998). The physical nature of a cue and how it
behaves in a medium, such as seawater, will determine how
effective that cue is for navigating over a given spatiotem-
poral scale. Cues that originate from localized sources tend
to diminish rapidly with space and time, which makes them
effective beacons or landmarks (Shettleworth and Sutton
2005; Cheng 2012) for relatively short distance navigation.
Conversely, global cues such as celestial rotation or GMF
polarity fluctuate very little over small spatiotemporal scales
and are well suited for navigational tasks that can last several
months and span thousands of kilometers.

The GMF has polarity, or a north—south directional com-
ponent, because on the surface of the Earth it is emitted from
the magnetic north pole located in the southern hemisphere
and terminates at the magnetic south pole in the northern
hemisphere. The GMF at any geographic location can be
described by a vector with an overall intensity of 20-70 pT
and an inclination angle (measured relative to the surface of
the Earth) that ranges from 4+ 90° to —90°. These quantities
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change predictably with latitude in that the largest values
define the magnetic poles and the smallest values define the
magnetic equator. Therefore, magnetically sensitive species
can potentially use the intensity and inclination angle of the
GMF as global cues to actively determine their location.
Experimental manipulation of the ambient GMF can simu-
late a large physical displacement and will induce migrating
loggerhead sea turtle hatchlings (Caretta caretta (Lohmann
1991)), sockeye salmon fry (Oncorhynchus nerka (Putman
et al. 2011, 2014)), and juvenile European eels (Anguilla
anguilla (Naisbett et al. 2017)) to alter their swimming vec-
tors and reorient towards their original goal. This behavior
in juveniles implies that GMF-based location and wayfind-
ing are innate to these species and are essential for naive
individuals embarking upon their first migration (Lohmann
1991; Naisbett et al. 2017; Putman et al. 2011, 2014).

Experimental evidence indicates that magnetically
sensitive species can use either the inclination angle or
the polarity of the GMF as a cue to orient and maintain
a desired heading. The loggerhead sea turtle (Light et al.
1993) and European robin (Erithacus rubecula (Wiltschko
and Wiltschko 1972)) use a magnetic inclination compass to
discriminate how the vertical component of the GMF gradu-
ally shifts from + 90° at the north magnetic pole to —90° at
the south magnetic pole. Conversely, sockeye salmon fry
(Quinn 1980; Quinn et al. 1981) and smolts (Quinn and
Brannon 1982), chum salmon fry (O. kefa (Quinn and Groot
1983)), the American eel (Anguilla rostrata (Souza et al.
1988), European eel (Tesch et al. 1992)), zebrafish (Danio
rerio (Krylov et al. 2016, Myklatun et al. 2018; Osipova
et al. 2016, Takebe et al. 2012)), medaka (Oryzias latipes
(Myklatun et al. 2018)), and mole rat (Cryptomys hottentotus
(Marhold et al. 1997)) will reorient themselves to maintain
a desired heading after GMF is experimentally shifted in
the horizontal plane. The direction of the horizontal GMF
component can be used as a polarity-based compass that
functions similarly to the way that ferromagnetic particles
align with magnetic field lines and point toward the poles
of a magnet. In elasmobranch fishes (sharks, skates, and
rays), magnetic sensitivity has been demonstrated in the
round stingray (Urobatis halleri (Kalmijn 1978)), sandbar
shark (Carcharhinus plumbeus (Meyer et al. 2005; Anderson
et al. 2017)), scalloped hammerhead shark (Sphyrna lewini
(Meyer et al. 2005)), short-tailed stingray (Bathytoshia brev-
icaudata (Walker et al. 2003)), common stingray (Dasyatis
pastinaca (Adrianov et al. 1974; Akoev et al. 1976; Brown
and Ilyinsky 1978)), thornback ray (Raja clavata (Akoev
et al. 1976; Brown and Ilyinsky 1978)), and yellow stingray
(Urobatis jamaicensis (Newton and Kajiura 2017)). How-
ever, the only example of spontaneous orientation by an
elasmobranch to a magnetic field was reported in captive
leopard sharks (Triakis semifasciata (Kalmijn 1974)) that
aligned to the north—south axis of the GMF.
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Elasmobranchs are K-selected and iteroparous fishes, and
many species exhibit a wide range of migratory behaviors
and philopatric preferences to specific locations (reviewed
in Hueter et al. 2005; Speed et al. 2010; Chapman et al.
2015; Flowers et al. 2016). Sharks and rays are amenable to
various behavioral conditioning procedures including those
that require spatial orientation, rapid learning, and accurate
memory recall (reviewed in Schluessel 2015). As an elas-
mobranch gains experience performing spatial orientation
tasks, it is likely that subsequent tasks with a similar struc-
ture will be learned faster, with improved memory recall
and consistent expression of relevant behaviors. The spatial
orientation and cognitive abilities of the grey bamboo shark,
(Chiloscyllium griseum (Fuss et al. 2014a, b, ¢)) and fresh-
water ocellate stingray (Potamotrygon motoro (Schluessel
and Bleckmann 2005; Schluessel et al. 2015; Schluessel and
Ober 2018; Daniel and Schluessel 2019)) have been well
characterized (Table 1); however, learning performance
across subsequent tasks has not been extensively studied in
elasmobranch fishes. Reversal learning is a type of oper-
ant conditioning where, once the initial learning criterion
is reached, the reward contingency is reversed and the ani-
mal is retrained to respond to the previously unrewarded
stimulus (Pavlov 1927). This technique was originally used
to quantify intelligence or the ability of an animal to learn
(Bitterman 1965), but now it is used to interpret how species
make decisions (Shettleworth 2010), to compare the learning
flexibility of species across different situations (Day et al.
1999), and to compare the cognitive abilities among spe-
cies (Bond et al. 2007). In regard to spatial tasks, reversal
learning can indicate how quickly a species recognizes and
categorizes landmarks (e.g., Fuss et al. 2014c) or its behav-
ioral flexibility in response to changing environmental cues.

The purpose of this study was to determine if the yellow
stingray can detect and use changes in GMF polarity to solve
a spatial orientation task. Elasmobranchs have been hypoth-
esized to use the GMF as a navigational cue (Kalmijn 1974;
Klimley 1993; Paulin 1995) and if so, they might be able to
detect and use the polarity of the GMF to orient towards a
goal. The yellow stingray is a magnetically sensitive elas-
mobranch that readily learns operant conditioning tasks and
is small enough to use in spatial orientation experiments
(Newton and Kajiura 2017). This benthic species is found in
seagrass beds and nearshore reefs (Fahy 2004) and is distrib-
uted from North Carolina to Venezuela (Piercy et al. 2006).
If the yellow stingray migrates over spatiotemporal scales
similar to that of its congener, the round stingray (Vaudo and
Lowe 2006), then the ability to orient to GMF stimuli could
be beneficial during migrations. This study aims to test if the
yellow stingray can use the polarity of a magnetic field as a
cue to solve a T-maze task for a food reward, successfully
complete a reversal learning procedure and learn subsequent
spatial tasks in significantly fewer trials.
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Table 1 The learning acquisition of the yellow stingray is comparable to other stingray species conditioned with GMF stimuli or performing

spatial orientation tasks

Species Conditioning Stimuli Conditioning paradigm Trials to Source
criterion
(mean + SE)
Urobatis jamaicenis ~ GMF polarity Appetitive 159+28 This study
U. halleri GMF polarity Appetitive aversive 163 +895 Kalmijn 1978
U. jamaicenis Permanent magnet 2222X GMF Appetitive 50.5+2.6 Newton and Kajiura 2017

Potamotrygon motoro Visual

Appetitive, egocentric strategy 160 +30

Schluessel and Bleckmann 2005

P. motoro Visual Appetitive, allocentric strategy 8030 Schluessel and Bleckmann 2005
P. motoro Visual, multiple landmarks, square Appetitive 124 +34 Schluessel et al. 2015
environment
P. motoro Visual, single landmark, square envi-  Appetitive 42+32 Schluessel et al. 2015
ronment
P. motoro Visual, single landmark, circular Appetitive 42+15 Schluessel et al. 2015
environment
P. motoro Visual, multiple landmarks, circular Appetitive 163+96 Schluessel et al. 2015
environment
P. motoro Visual landmarks Appetitive 168+5.3 Schluessel and Ober 2018
P. motoro Visual directional Appetitive 168+5.3 Schluessel and Ober 2018
P. motoro Visual Appetitive, serial reversal 220+41(ini- Daniel and Schluessel 2019
tial)
678+52
(reverse)
Methods the magnetic equator), respectively (Fig. 1a). Fresh seawater

Yellow stingrays (n=7; DW =12-26 cm) were captured
via hand nets from a local population (26°47'01.1"N,
80°02'47.8"W) and housed in husbandry tanks
(244 x 122 cm) with flow through seawater and a 14:10
light:dark cycle. Stingrays were separated into two cohorts
of three or four individuals and fed a mixture of shrimp, fish,
and squid ad libitum (approximately 5% body weight, BW)
every day until training commenced. The stingrays went on
a reduced food intake of 3% BW per day to ensure a proper
motivational state for behavioral conditioning.

Experimental apparatus

A T-maze was constructed of PVC pipe (2 cm diameter) and
covered in thick (1 mm) plastic sheeting (Fig. 1a). The walls
of the maze were 46 cm high and spaced 40 cm apart, the
start arm was 72 cm long and the right and left arms were
88 cm long. Removable gates (46 x40 cm) made of PVC
pipe and plastic sheeting were used to block off compart-
ments and isolate test subjects within an arm of the maze.
The experimental tank (244 X 122 cm) was positioned with
the short side aligned with the north—south axis of the GMF.
The T-maze was placed into the tank and positioned such
that the starting compartment was located in the magnetic
south, the intersection in the magnetic north, and the right
and left arms to the magnetic east and west (i.e., parallel to

flowed from the right and left arms towards the intersection
and out of the maze at the start arm. A layer of fine sand
covered the bottom of the tank and maze to a depth of 2 cm.
A continuous loop of insulated 14-gauge single core cop-
per wire was wrapped 12 times around the cross-section of
the maze to the immediate left and right of the intersection
(24 wraps total) then connected to a 30 W DC power sup-
ply (Model #TP3005DM, TEK Power, Montclair, CA). This
formed a horizontal solenoid that allowed the north—south
axis of the ambient GMF to be shifted towards the magnetic
east (right) or west (left) at the intersection of the T-maze
(Fig. 1b). A series of inline switches controlled the onset
and polarity of electric current (5 V, 5 A) to the solenoid and
in turn shifted the polarity of the magnetic field stimulus.
A tri-axial magnetometer (Model #3AMG, Alphalab Inc.,
Salt Lake City, UT) and a waterproof compass located at the
intersection confirmed the direction and consistency of the
magnetic stimulus during trials. Two fluorescent lights at a
height of 2.5 m evenly illuminated the setup from either side
of the tank and a high-definition video camera (Sony HDR
CX360) was suspended 3.5 m above the center of the tank
to record all trials for subsequent analysis.

Ambient GMF and magnetic polarity stimuli

The ambient GMF in Boca Raton, FL produced a uniform
field with an overall intensity of 45 uT (26.8 uT horizontal,
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Fig.1 a-b Schematic diagram of the T-maze setup from an overheard
view. The geomagnetic field is indicated by the red arrow, whereas
gray lines and arrows indicate the isolines of the magnetic field
applied by the green solenoid coils located at the maze intersection.
Prior to the start of a trial (a) the stingray was behind a gate in the
start arm and the magnetic stimulus was switched off. The trial began

36.9 uT vertical) and an inclination angle of —55° across
the entire setup. Because the short arm of the maze
(start—> intersection) was aligned with the north—south
axis of the GMF, and the GMF was uniform across the lat-
eral axis of the maze, there was no directional information
from left to right. The solenoid consistently generated a net
maximum magnetic field intensity (38 uT) along its central
axis with intensity isolines that radiated outward (30 cm)
until they faded to ambient values just before the start arm
gate (Fig. 1b). The field formed horizontal intensity isolines
along the left-right axis of the choice arms and an inten-
sity gradient from the solenoid central axis down the start
arm (Fig. 1b). Therefore, a stingray experienced a magnetic
intensity gradient as it swam from the start position to the
intersection of the maze but not as it moved laterally towards
the left or right arms. Consequently, the only magnetic cue
available along the lateral (left-right) axis of the T-maze
was the direction, or the N—> S polarity, of the resultant
magnetic field applied by the solenoid (Fig. 1b).

Pretraining

Stingrays were allowed to acclimatize to the experimental
tank for 24 h in groups of four. Then, individuals took turns
learning to associate food with the right and left ends of the
T-maze for 6 days. Shrimp and squid were cut into ten pieces
for each individual (~3% BW per day) and awarded equally
between the right and left arms in a pseudo randomized
order. Food morsels were delivered at the end of a plastic rod
to ensure accurate and timely delivery once a stingray swam
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(b) as the magnetic stimulus was switched on, the gate was lifted, and
the stingray swam into the intersection and choose to turn right. In
this example, the stingray was trained to use magnetic north (N) as
the indicator for the correct arm and it received a food reward after
passing the magnetic coils (thick green lines)

into the right or left arm. When a stingray learned to asso-
ciate both the right and left arms with food, it was placed
behind the gate in the starting arm and training commenced.
Once the stingray was resting on the sand, food odorant (1 g
squid homogenized with 15 mL H,0) was given to stimulate
search behavior. When the subject touched the center of the
gate, the gate was raised, and the stingray swam throughout
the maze until it went into an arm to receive food. Food was
equally distributed between the right and left arms and data
from pretraining confirmed the absence of a turn bias.

Initial behavioral conditioning

Individual stingrays were separated into two groups, in
which either the north (N) or the south (S) pole of the GMF
were used as a positive stimulus (i.e., conditioning stimulus)
to indicate the correct arm to receive the food reward. Dur-
ing conditioning, the N or S pole of the GMF at the maze
intersection was shifted to the right or left (Fig. 1b). During
a session, the positive stimulus was presented in a balanced
yet randomized order with no more than two successive
presentations in a given direction. Naive stingrays showed
no observable innate response to the magnetic conditioning
stimuli so the change in GMF polarity was deemed to be
neutral. Training sessions began with a 15-minute acclima-
tion period where the stingray could explore the maze at
will. Ten trials were conducted during a session and sessions
occurred daily for a maximum of five sessions per week.
Trials consisted of an individual stingray being coaxed into
the start arm, the gate lowered into place, and 15 mL of food
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odorant injected into the starting area. Once the stingray
began search behavior, the positive stimulus was switched
on, the gate was raised, and the subject swam towards the
intersection. A choice was defined as the first time the
entire body of the stingray fully crossed the solenoid wires
located outside the intersection (Fig. 1). If the animal made
a correct choice, the positive stimulus remained on during
food administration to ensure spatiotemporal overlap of
the positive stimulus, food reward, and correct behavioral
response (i.e. correct arm choice). When the stingray fin-
ished eating, the positive stimulus was turned off and the
subject swam about the maze (~30—45 s) until it returned to
the starting area. If the stingray made an incorrect choice,
the positive stimulus was turned off and a gate was low-
ered to isolate the animal in the incorrect arm (~30-45 s)
thereby reinforcing the negative stimulus with the incorrect
choice and lack of a food reward. After the trial was over, the
stingray was gently ushered back into the starting area and
the gate was lowered into place. Water flushed the maze for
120-240 s and the sand was raked to eliminate any residual
visual or olfactory cues from the previous trial.

Reversal training

Due to a parasitic infection, two stingrays died after the ini-
tial training and the remaining stingrays (n=235) were given
a 3-week interval of antibiotics on a full feeding schedule.
Reversal training proceeded as previously described except
that the previously unrewarded negative stimulus became
the new positive stimulus for conditioning. In other words,
stingrays that were initially trained to use N to indicate the
correct arm for food rewards were retrained to use S to indi-
cate the correct choice, and vice versa.

Data collection and analysis

If the right and left arms of the T-maze and the difference
between N and S stimuli are equal, then the likelihood of
making a correct or incorrect choice should be equal. There-
fore, small or random fluctuations in the number of correct
responses for a session should approach chance (~50%)
across multiple sessions. Previous conditioning procedures
on elasmobranchs (Daniel and Schluessel 2019; Fuss et al
2014a, b, c; 2018) used learning criteria that individuals
must give the correct response in>70% of the ten trials
within a session for three consecutive sessions (Chi-square
test, ¥%.0s (1y=3-84). The critical value for a statistically
significant difference can be reached by a>90% correct
response rate for one session (y2 = 6.4), >80% for two
consecutive sessions ()(2= 6.2), >70% for three consecu-
tive sessions (2 = 4.8), >60% for ten consecutive ses-
sions (y? = 4.0), or through any combination of these rates.
We found that some yellow stingrays gave robust correct

responses (>80%) for one or two sessions, whereas others
gave weaker responses (> 60%) across several consecutive
sessions. Therefore, we set our learning criterion to a > 60%
correct response rate for a minimum of three to a maximum
of seven consecutive sessions. This criterion allowed us to
include the small but statistically significant effect of learn-
ing observed in one individual, accommodate the variation
in correct response rates among multiple individuals, and
observe established procedures that require subjects to con-
sistently demonstrate learning across multiple sessions. For
the group of stingrays, the overall mean correct response of
the first two sessions was compared to those of the final two
sessions (Wilcoxon matched pairs signed rank test, p <0.05).
The mean number of sessions to criterion was compared for
stingrays that underwent initial and reversal training (paired
t test, p <0.05).

Results

Naive yellow stingrays did not display any innate reaction to
magnetic N or S positive stimuli or indicate turn biases dur-
ing the initial pretraining sessions. Stingrays (n=7) reached
the learning criterion during the initial stimulus training
within a mean (+ SE) of 158.6 +28.4 trials (range =50-250).
The sample size prevented statistical comparisons among
stingrays grouped by treatment and sex; however, quali-
tative comparisons suggest that there was no difference
in the mean number of trials to criterion between males
(n=3; 126.7 + 17.6; range = 10-160) and females (n=4;
182.5 +47.2; range =50-250), or between stingrays trained
with N (162.5 +33.8; range = 100-250) and those with S
as the positive stimulus (153.3 +57.8; range =50-250).
The overall mean number of correct responses per session
(Fig. 2) of the initial conditioning experiments significantly
increased (W=28.0; p=0.0078) from the initial two ses-
sions (4.2+0.4, range =2-7) compared to the final two ses-
sions (6.9 +£0.3; range =6-9).

Individuals (n=35) that underwent reversal training
(Fig. 3) took significantly fewer trials (r=2.513, df =4;
p=0.0329) to reach the reversal criterion (120 + 13.8;
range = 80-150) compared to their initial training criterion
(180 £ 37; range = 50-250). The reverse trained stingrays
demonstrated a significant increase (W=15.0; p=0.0312)
in the overall mean number of correct responses per session
(Fig. 2) from the initial two sessions (4.8 +0.5; range =3-8)
compared to the final two sessions (7.1 +£0.3; range =6-9).
Qualitative comparisons suggest that there was no difference
in the overall mean number of trials to criterion between
those reverse trained with N (110 =+ 20.8; range =80-150)
and those reverse trained with S (135 + 15; range = 120-150)
as the positive stimulus.
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Fig.2 The yellow stingray can be trained to use magnetic polarity as
a positive stimulus to solve a T-maze task, then it can relearn the task
when the reward contingency is reversed. Stingrays trained during the
initial conditioning paradigm (n="7) showed a significant increase in
the mean (+SE) number of correct responses from the first two ses-
sions to the final two sessions (p<0.01). Likewise, stingrays that
underwent the serial reversal paradigm (n=35) showed a significant
increase in the mean (+SE) number of responses from the first two
sessions to the final two sessions (p <0.05). Symbols indicate indi-
vidual stingrays
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Fig.3 The yellow stingray can solve a serial reversal task in fewer tri-
als compared to the initial conditioning paradigm. The mean (+SE)
number of sessions to criterion for stingrays (n=5) that learned to use
magnetic field polarity to solve a T-maze task during reversal training
was significantly fewer compared to the initial conditioning experi-
ments (p <0.05). Symbols indicate individual stingrays
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Individual learning curves (Fig. 4a—g) show the number
of trials (range =50-250), the number of consecutive ses-
sions (range =3-7) to criterion among individuals, the posi-
tive stimulus used for conditioning (N or S), stingray sex,
and conditioning procedure (initial, reversal). Individuals
stingrays reached the learning criterion for initial training
(Fig. 4a—g) within: (a) 120 trials (> = 7.2, p<0.01), (b) 100
trials (% = 4.4, p<0.05), (c) 250 trials (y> = 5.6, p <0.05),
(d) 180 trials (x> =4.0, p<0.05), (e) 170 trials (x> = 6.4,
p<0.05), (f) 250 trials (y? = 7.2, p<0.01), and (g) 50 tri-
als (y2 = 5.2, p<0.05). After a 3-week interval, stingrays
were reverse trained to associate the opposite magnetic field
polarity with a food reward by: (c) 150 trials (y? = 4.0,
p<0.05), (d) 120 trials (x> = 4.8, p<0.05), (e) 100 trials
(r?=10.4, p<0.005), (f) 150 trials (> = 7.6, p<0.01), and
(g) 80 trials (y* = 7.2, p<0.01). Interestingly, one female
stingray had the fastest initial learning curve (Fig. 4g) and
was the only individual that took longer to learn the rever-
sal task, compared to the other reverse trained individuals
(n=4) that averaged 33% fewer sessions to reach the second
criterion.

Discussion

This study demonstrated that the yellow stingray can be
behaviorally conditioned to use the polarity of an altered
GMF to solve a T-maze task. During the initial training,
stingrays learned to associate the direction of either mag-
netic N or S with the location of a food reward. After a
break in training, stingrays were then reverse trained to use
the previously unrewarded stimulus of the opposite polar-
ity as the new cue of the reward location. Learning per-
formance increased as the initial and reversal training ses-
sions progressed, but the group learned the reversal task in
significantly fewer trials compared to the initial procedure.
Qualitative observations suggest that stingrays learned to
use N or S as the positive stimulus equally well in the initial
and reversal experiments. Furthermore, the lack of innate
response by naive subjects to N or S stimuli confirms that a
change in GMF polarity was an appropriate neutral stimulus
for associative learning (Molet and Miller 2014).

The yellow stingray and the congeneric round sting-
ray took a comparable number of trials to learn tasks that
used GMF polarity as cues to indicate the location of food
rewards (Table 1; Kalmijn 1978). Kirschvink (1989) argued
that the presence of inadvertent chemical, visual, and tactile
cues and magnetic gradients were potentially confounding
variables that might better explain the results of Kalmijn
(1978). We accounted for these non-magnetic variables
and ensured that our solenoid generated a horizontal mag-
netic field with no lateral intensity gradients that might give
directional information to a stingray (Fig. 1b). The only
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Fig.4 a-g Learning acquisition curves for yellow stingrays con-
ditioned to use magnetic field polarity (positive stimulus) as a cue
to solve a T-maze task for a food reward. Red lines indicate female
stingrays and blue lines are males. Squares indicate that the posi-
tive stimulus is magnetic north and circles are magnetic south. Solid
lines and symbols indicate the first series of training sessions for a
positive stimulus, whereas empty symbols and dotted lines indicate
reversal training to the opposite positive stimulus. Sessions of ten tri-

magnetic cue available along the left-right horizontal axis
of the T-maze was the polarity of the resultant magnetic field
applied by the solenoid (Fig. 1b). Thus, we are confident
that the presentations of the N and S stimuli only differed in
polarity and were the only environmental cues indicating the
correct choice for the location of food rewards.

The yellow stingray appeared to learn this spatial task
at a rate commensurate to the freshwater ocellate stingray
(Table 1) that was trained to solve a variety of mazes using
visual cues and different orientation strategies (Schlues-
sel and Bleckmann 2005), visual landmarks and habitat
geometry (Schluessel et al. 2015), and visual landmarks
and directional cues (Schluessel and Ober 2018). However,

als occurred daily and the number of correct choices for a session is
plotted. Individual stingrays (n=7) reached the learning criterion for
initial training by: a 120 trials**, b 100 trials*, ¢ 250 trials*, d 180
trials*, e 170 trials* f 250 trials**, and g 50 trials*. Stingrays were
reverse trained (n=5) and reached the learning criterion by: ¢ 150 tri-
als*, d 120 trials*, e 100 trials***, £ 150 trials**, and g 80 trials**.
(*=p<0.05; ¥**=p<0.01; ***=p<0.005)

the learning criteria for these studies were based on a min-
imum time to complete the tasks (Schluessel et al. 2015;
Schluessel and Ober 2018) or a higher number of correct
responses (> 80% for three consecutive sessions; Schlues-
sel and Bleckmann 2005) which makes direct comparison
difficult. A prior experiment on the yellow stingray (Newton
and Kajiura 2017) used permanent magnets to train subjects
(=75% correct for three consecutive sessions) to associate
magnetic stimuli with food rewards in threefold fewer trials
compared to this study (Table 1). The greater number of
trials it took yellow stingrays to learn the tasks of this study
compared to those of previous experiments might reflect the
relative difficulty in associating subtle GMF stimuli with
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spatial orientation behavior. The cognitive flexibility of
the freshwater stingray was determined using visual stim-
uli, food rewards, a serial reversal learning paradigm and
a stricter learning criterion (>70% correct for three con-
secutive sessions; Daniel and Schluessel 2019). Interest-
ingly, these individuals (n="7) learned the first reversal task
in 3X the mean number of trials (678 +52 SE) compared
to their initial training (217 +£41 SE), but each subsequent
reversal showed improved learning. Logistical constraints
prevented a similar long-term study on the yellow stingray
and a stricter learning criterion would have taken longer to
achieve. Future studies should investigate how learning cri-
terion rigor affects reversal learning performance in sharks
and rays, because species with higher behavioral flexibility
might respond more favorably to rapid changes in environ-
mental conditions.

Spatial learning acquisition could have been influenced
by the yellow stingray using an orientation strategy that
focused on environmental stimuli other than the positive
magnetic stimulus. Egocentric orientation strategies require
a subject to remember the location of objects (or stimuli)
with respect to the self, whereas allocentric strategies rely
on associations made between the location of objects (or
stimuli) relative to one another or the overall environment
(Burgess 2006). These two systems can operate indepen-
dently or in unison (Burgess 2006), as seen in the freshwa-
ter stingray which can employ egocentric and allocentric
strategies to orient inside a four-arm maze (Schluessel and
Bleckmann 2005). However, when given a choice, it prefers
to use an allocentric strategy based on environmental geom-
etry to find hidden feeding stations (Schluessel et al. 2015)
and turn-based directional information over landmarks to
navigate a labyrinth (Schluessel and Ober 2018). If the yel-
low and freshwater stingrays have the same learning prefer-
ences, then our stingrays might have initially navigated the
T-maze using turn-based directional information or habitat
geometry instead of the GMF polarity cues localized to the
maze intersection.

Studies using a variety of sensory modalities and meth-
ods on mammals (Chow et al. 2015), avians (Bond et al.
2007), teleosts (Parker et al. 2012), and insects (Strang and
Sherry 2014) have shown that serial reversal conditioning
can result in faster rates of learning and fewer mistakes with
each subsequent switch in the reinforcement contingency.
Similar improvements in reversal learning were shown in
the freshwater stingray that used visual stimuli to solve a
four-arm maze and then learned a reversal procedure in
20% fewer trials compared to the initial task (Schluessel
and Bleckmann 2005). Despite the increased number of tri-
als to criterion for the freshwater stingray during the first
reversal, learning rates improved slightly across three addi-
tional reversals (Daniel and Schluessel 2019). Interestingly,
the learning performance of the grey bamboo shark under
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visual discrimination training declined during a single rever-
sal task compared to that of the initial procedure (Fuss et al.
2014a). In our experiments, the yellow stingray learned a
single reversal procedure in 33% fewer trials compared to
the initial conditioning regimen, which supports the idea of
an overall positive transfer of learning between the two pro-
cedures (Warburton and Hughes 2011). Due to differences in
methodology and sensory modality tested, it is unclear why
our results differ from those of other elasmobranch reversal
training studies. If the yellow stingray can use what it learns
in one spatial orientation context to facilitate learning in
another, then the positive transfer of learning could allow
migrating individuals to navigate more efficiently though
habitats and reduce the metabolic costs associated with
searching behaviors. This could be especially useful if an
individual must switch between sensory modalities (Gar-
diner et al. 2014) due to changes in cue availability or reli-
ability as it navigates across different spatiotemporal scales
(Nosal et al. 2016).

It was beyond the scope of this study to determine the
mechanism of magnetic stimulus detection, so it remains
unclear how the yellow stingray detected the changes in
GMF polarity. Kalmijn (1978) hypothesized that elasmo-
branchs use their ampullae of Lorenzini to detect the elec-
trical artifacts induced as they swim through the GMF
within the conductive medium of seawater. In this scenario,
an elasmobranch could use the GMF to determine a com-
pass heading because the direction and magnitude of the
induced electrical current is a function of the swimming
vector relative to that of the GMF (Kalmijn 1978; Paulin
1995; Molteno and Kennedy 2009). Because the yellow
stingray can discriminate between the positive and nega-
tive poles of an electrical field (Siciliano et al. 2013), it can
likely distinguish a reversal in the direction of an induced
electric current. Electrophysiological experiments have
shown that the electroreceptors of the thornback ray and
common stingray respond to changes in GMF intensity and
that electroreceptor excitation or inhibition depends upon
the direction (i.e., polarity) of the applied magnetic field
(Akoev et al. 1976; Brown and Ilyinsky 1978). Recent evi-
dence supports the idea that the sandbar shark might detect
magnetic stimuli directly and indirectly using magnetite- and
electroreceptor-based mechanisms, respectively (Anderson
et al. 2017). Because a definitive magnetoreceptive cell has
not been found in any elasmobranch, it is likely that our yel-
low stingrays used their ampullae of Lorenzini to discern the
direction of the electrical currents induced as they moved
through magnetic fields with opposite polarities.

Although we do not understand how elasmobranchs
detect magnetic cues, our results demonstrate that the yel-
low stingray can detect the polarity of a magnetic field and
use it to spatially orient and solve navigational tasks. This
supports the idea that Urolophid stingrays, and perhaps other
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elasmobranchs, might use the GMF as a cue to maintain a
compass heading as they migrate towards a desired location.
Future studies could simulate large physical displacements
by manipulating the ambient GMF on migrating elasmo-
branchs and quantifying their orientation response. The
inherent challenges of these studies include finding species
that naturally orient in a preferred direction, do not require
large husbandry tanks for ram ventilation, and creating mag-
netic coils of sufficient size to deliver accurate stimuli. If
elasmobranchs do use the GMF to actively determine their
current location and maintain a course heading towards a
goal, it might explain how sharks and rays can navigate
across featureless marine habitats and repeatedly arrive at
specific locations for feeding, mating, and parturition.
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