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ABSTRACT
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Elasmobranchs (sharks, skates, and rays) migrate across a wide range of 

spatiotemporal scales, display philopatry, seasonal residency, and maintain 

home ranges. Many animals use the Earth’s magnetic field to orient and navigate 

between habitats. The geomagnetic field provides a variety of sensory cues to 

magnetically sensitive species, which could potentially use the polarity, or 

intensity and inclination angle of the field, to derive a sense of direction, or 

location, during migration. Magnetoreception has never been unequivocally 

demonstrated in any elasmobranch species and the cognitive abilities of these 

fishes are poorly studied. This project used behavioral conditioning assays that 

paired magnetic and reinforcement stimuli in order to elicit behavioral responses. 

The specific goals were to determine if the yellow stingray, Urobatis jamaicensis, 

could detect magnetic fields, to quantify the nature of the magnetic stimuli it could 

detect, and to quantify the learning and memory capabilities of this species. The 
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results supported the original hypotheses and demonstrated that the yellow 

stingray could: discriminate between magnetic and non-magnetic objects; detect 

and discriminate between changes in geomagnetic field strength and inclination 

angle; and use geomagnetic field polarity to solve a navigational task. The yellow 

stingray learned behavioral tasks faster and retained the memories of learned 

associations longer than any batoid (skate or ray) to date. The data also suggest 

that this species can classify magnetic field stimuli into categories and learn 

similar behavioral tasks with increased efficiency, which indicate behavioral 

flexibility. These data support the idea that cartilaginous fishes use the 

geomagnetic field as an environmental cue to derive a sense of location and 

direction during migrations. Future studies should investigate the mechanism, 

physiological threshold, and sensitivity range of the elasmobranch magnetic 

sense in order to understand the effects of anthropogenic activities and 

environmental change on the migratory ability of these fishes.  
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CHAPTER 1:  INTRODUCTION

The biological underpinnings of marine animal migration to feeding, 

breeding, and birthing grounds are one of the most enduring mysteries facing 

biologists. Marine animals face challenges that are unique to their habitat. The 

sensory cues available to these species are somewhat different, or modified, 

compared to the cues available in a terrestrial environment because the physical 

differences between water and air affect the propagation of stimuli. Water is 

denser than air and rapidly attenuates light and high frequency sounds. Water 

pressure increases rapidly with depth yielding hydrodynamic cues, and the 

vertical stratification of the ocean confines the distribution of chemical cues to 

water layers of similar density. The ions in seawater make the ocean a better 

electrical conductor than fresh water or air. Oceanic migrants and birds must also 

deal with drift due to the movement of water or air relative to the solid substrate, 

whereas air movement does not influence the position of terrestrial animals. 

Therefore, marine organisms would experience a reduced visual and olfactory 

capacity, increased ambient pressure gradients, and enhanced auditory and 

electrosensory capacities during migrations when compared to terrestrial animals 

(reviewed in Lohmann et al. 2008). As such, it is reasonable to expect that the 

sensory capabilities of marine species are tuned to the stimuli available 

throughout their habitats. 
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Orientation and Navigation 

Migratory animals that truly navigate from one specific location to another 

require two cognitive abilities that must be derived using external sensory cues: a 

sense of their location and direction (Gould 1998). A map sense is defined as 

knowing one’s current location with respect to a goal, and this map can be used 

to calculate a bearing toward a specific destination (Bingman and Cheng 2005, 

Phillips et al. 2006). A compass sense is defined as the ability to use external 

cues to orient in the correct direction and align oneself with the bearing that was 

calculated from the map (Bingman and Cheng 2005, Phillips et al. 2006). 

Animals can navigate using a variety of methods that range along a continuum 

from relatively simple strategies to true cognitive maps and compasses. For 

example: an animal might follow a genetically coded vector, or series of vectors, 

for a certain amount of time or distance until it reaches its goal, or it might 

remember the direction and distance traveled during an outbound journey then 

use vector subtraction to integrate a path back home (von Frisch 1967, Zeil 

1998). In such cases the migrant could orient itself in the correct direction using 

celestial cues, the geomagnetic field, or a series of prominent landscape 

features, and it could remember the distance traveled by counting steps, 

wingbeats, tailbeats, or optic flow (Layne et al 2003, Srinivasan et al. 1997, 

Bingman and Cheng 2005). To derive a more precise sense of location an animal 

could use familiar landmarks to create a mosaic map with distance and direction 

vectors connecting different locations (Papi 1992, Gould 1998, Able 2000, Collet 

and Graham 2004, Bingman and Cheng 2005). The individual migrant in these 
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examples relies on innate ability, following an experienced migrant, or the 

memory of previous experience to navigate successfully. True navigation is 

demonstrated when an animal is displaced to an unfamiliar location and is able to 

successfully navigate back to its original location (Griffin 1952, Gould 1998, 

Bingman and Cheng 2005, Phillips et al. 2006). In this example, a mosaic map 

could be used to derive a sense of location by an animal in an unfamiliar location 

only if it was within the range of the cues that comprise the original mosaic map. 

However, if an animal learns to associate the location of familiar landmarks with 

an environmental cue gradient, then the value of the cue along the gradient can 

be used to derive a sense of location when the animal is in unfamiliar territory. 

Multiple cue gradients arranged at non-parallel angles can create a grid system 

that allows specific geographic locations to be encoded by a unique set of 

coordinates (Able 2000, Gould 1982, Griffin 1952, Wehner 1998, Collet and 

Graham 2004, Bingman and Cheng 2005).  

 

Magnetoreception 

Animals can navigate using multiple cues in a hierarchical manner, which 

allows for a redundancy in case certain environmental cues are unavailable due 

to changes in weather, time of day, or spatial position (Able 1991, Gould 1998, 

Phillips et al. 2006). Scientists have hypothesized that migratory animals might 

use the geomagnetic field (GMF) as a sensory cue to orient and navigate 

because the GMF is ubiquitous and could provide magnetically sensitive animals 

with the cues necessary to derive a compass and a map sense (Walker et al. 
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2003). Specifically, the GMF has two poles, north (N) and south (S), which can 

provide information regarding field polarity and give a sense of direction just like 

using a compass (Lohmann et al. 2008). Near the magnetic poles the GMF 

intensity (∆F) and angle of inclination (∆I) are greatest but near the equator the 

∆F and ∆I are smallest. Furthermore, across the Earth’s surface the ∆F and ∆I 

form isolines that vary predictably with latitude. Thus, magnetoreceptive animals 

sensitive to either ∆F or ∆I could use these cues to derive a sense of latitude, or 

position. The isolines of ∆F and ∆I are aligned at oblique angles with respect to 

one another, which creates unique magnetic signatures for every location on the 

Earth. Consequently, species that are sensitive to both ∆F and ∆I might use them 

as a bicoordinate grid to derive a more precise sense of geolocation (Lohmann et 

al. 2008). 

Demonstrating a magnetic sense in animals is challenging due to the 

unique properties of magnetic fields and the proposed sensory receptors 

required to detect these cues. Magnetic fields are simple stimuli composed of two 

basic parameters (∆F and ∆I) that vary little over local time and space and, as a 

result, do not require large numbers of sensory receptors to detect them (Walker 

et al. 1997). Magnetic fields easily penetrate animal tissues, which means that 

putative magnetoreceptors could be located anywhere within an organism and 

would not require any additional structures such as a lens or auricle to focus the 

stimuli to the receptors. Biogenic magnetite (Fe3O4) particles, which are believed 

to enable magnetoreception in most species, are quite small (< 100 nm) and rare 

(< 5 ppb by volume) making them very difficult to locate in an organism (Walker 
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et al. 1997). Behavioral experiments require animals to move in order to 

demonstrate a robust response to magnetic cues, which restricts laboratory 

experiments to using smaller species within a confined space (Wiltschko and 

Wiltschko 2007). Nevertheless, magnetic field sensitivity has been demonstrated 

largely through behavioral experiments in a wide variety of taxa from bacteria, to 

invertebrates such as honeybees, fruit flies, spiny lobsters, and nudibranchs, to 

vertebrates including birds, bats, mice, salamanders, alligators, sea turtles, and 

fishes (Lohmann and Johnsen 2008, Wiltschko and Wiltschko 2007). Terrestrial 

species are better studied than marine species with the majority of experimental 

evidence coming from work on avians (see any of over 200 sources from 

Wiltschko and Wiltschko), followed by rodents (reviewed in Begall et al. 2014) 

amphibians and insects (Phillips et al. 2013). In marine species Lohmann and 

Lohmann are best known for demonstrating magnetoreception in arthropods 

(Lohmann 1984), mollusks (Lohmann et al. 1991), and sea turtles (reviewed in 

Lohmann 2007).  

Fishes are the largest class of vertebrates (~33,000 species) yet their 

magnetic sense is poorly studied, possibly due to the logistical constraints of 

using an animal confined to aquatic and marine habitats. In teleost fishes, the 

ability to detect magnetic fields has been shown by manipulating the orientation 

of sockeye salmon, Oncorhyncus nerka (Quinn 1980; Quinn et al. 1981; Quinn 

and Brannon 1982), Chinook salmon, Oncorhyncus tschawytscha (Taylor 1986), 

European eel, Anguilla sp. (Durif et al. 2013), and zebrafish, Danio rerio (Takebe 

et al. 2012, Osipova et al. 2015, Krylov et al. 2016, Cresci et al. 2017) to altered 
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geomagnetic fields. The yellowfin tuna, Thunnus albacares (Walker 1984), and 

rainbow trout, Oncorhyncus mykiss (Haugh and Walker 1998), have learned to 

associate changes in ∆F with food, whereas the Japanese eel, Anguilla japonica 

(Nishi et al. 2004), zebrafish (Shcherbakov et al. 2005), and rainbow trout 

(Hellinger and Hoffmann 2009, 2012), have learned to associate increased ∆F 

with aversive stimuli. Simulated displacement experiments report that 

navigationally naïve Chinook salmon and European eels, Anguilla anguilla, use 

the ∆F and ∆I values of their natal habitats to form a bicoordinate magnetic map 

that guides natal homing (Putman et al. 2013, Putman et al. 2014, Naisbett-

Jones et al. 2017). Elasmobranchs (sharks, skates, and rays) such as the lemon 

shark, Negaprion brevirostris, are known to home to their natal estuaries (Edren 

and Gruber 2005) but there have been no studies on the ability of a shark or ray 

to detect changes in the ∆F or ∆I of the GMF.  

Studies on magnetoreception in elasmobranch fishes are rare and in 

some cases have yielded ambiguous results (Johnsen and Lohmann 2005, 

Lohmann et al. 2008). Kalmijn (1978) conducted the first study on elasmobranch 

magnetic sense by conditioning two specimens of the round stingray, Urobatis 

halleri, to move into specific areas of a tank when the magnetic field surrounding 

the tank was reversed by a large external electromagnet. Kalmijn interpreted 

these results to indicate that the rays were orienting to a magnetic compass cue, 

but Kirschvink (1989) points out that Kalmijn’s conclusion might have been 

confounded by gradients in the induced magnetic field and other inadvertent 

cues. Kalmijn’s study also suffered from a small sample size, the influence of 
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social learning on individual performance, and a lack of replication. Meyer et al. 

(2005) trained sandbar sharks, Carcharhinus plumbeus, to go to a specific 

location within a 7m-diameter tank to receive food when an electromagnet 

surrounding the tank was switched on to generate an artificial magnetic field. 

However, Johnsen and Lohmann (2008) point out that the sharks may have used 

their electroreceptors to detect the minute induced electric fields generated 

during the on- and offset of the electromagnet. Field observations of scalloped 

hammerhead sharks, Sphyrna lewini, have shown that they swim across the 

open ocean to isolated seamounts that coincide with geomagnetic anomalies in 

the seafloor (Klimley 1993). Because Klimley only observed the sharks and did 

not manipulate the experimental conditions it is unclear if the sharks were 

actually using geomagnetic cues to orient and navigate. 

 

Mechanisms of Magnetoreception 

Three different models based on photosensitive chemicals, biogenic 

magnetite, and electromagnetic induction, have been hypothesized to explain the 

underlying mechanisms of the magnetic sense. Chemical magnetoreception is 

predicated on the quantum state of the spin of electrons in molecules (Shulten et 

al. 1978, Ritz et al. 2000). Electrons in non-excited molecules exist in the 

outermost shells in pairs and these electrons can have either the opposite or 

parallel spins. When a photon of light at a particular wavelength strikes a donor 

molecule an electron is excited and passed to an acceptor molecule leaving both 

molecules with unpaired electrons. During this state the unpaired electrons can 
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undergo a change in spin orientation if they are exposed to a magnetic field of 

sufficient strength. The resulting change will delay the transfer of the electron 

back to the original donor molecule and the time delay information can be 

transduced by photochemical pigments then transmitted to the central nervous 

system (CNS). This mechanism is light dependent and hypothesized to exist 

primarily in terrestrial animals such as birds, flies, and newts (Ritz et al. 2002, 

Johnsen and Lohmann 2005, 2008, Lohmann and Johnsen 2000).  

Magnetite based magnetoreception is believed to have arisen early in 

evolutionary history because magnetite has been found in a variety of species 

including: bacteria, honeybees, birds, sea turtles, and bony fishes. In birds and 

teleost fishes magnetite is located in the olfactory epithelia, which is innervated 

by the trigeminal nerve (Semm and Beason 1990, Walker et al. 1997). The 

magnetite model relies on chains of magnetic crystals located inside organelles 

that are mechanically coupled to the cell membrane.  When a change in 

magnetic stimulus occurs, the crystals reorient themselves like a compass 

needle and produce a torque on the cell membrane. This torque is hypothesized 

to cause a mechanically gated ion channel in the receptor membrane to open. If 

enough stimuli occur then the magnetoreceptor would depolarize and generate 

an action potential that would eventually reach the CNS (Davila et al. 2005, 

Fleissner et al. 2007, Johnsen and Lohmann 2005, 2008, Lohmann and Johnsen 

2000).  

Electromagnetic induction based magnetoreception is hypothesized to 

occur only in elasmobranch fishes (sharks, skates, and rays) because their 
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electroreceptors are the only known biological structures that are sensitive 

enough to detect the weak electric currents induced by geomagnetic stimuli in 

seawater (Kalmijn 1978). The Ampullae of Lorenzini are clusters of high 

resistance electroreceptors that lie at the base of an array of canals that are in 

contact with seawater via pores in the skin. The canals are filled with a highly 

conductive gel that has a very low resistance similar to that of seawater 

(Waltman 1966). Consequently, when the animal encounters an electric field an 

electrical circuit between the shark and the conductive seawater creates an 

electrical potential, or voltage drop, across the electroreceptors (Kalmijn 1978). 

The sensitivity of individual receptor cells is a function of the length of the 

associated canals, and the radial arrangement of canals allows the animal to 

detect electrical stimuli in three dimensions. 

As an elasmobranch moves through the Earth’s magnetic field, electrons 

within the Ampullary receptors experience a force that is perpendicular to both 

the motion of the animal and the direction of the magnetic field (Kalmijn 1978, 

1982). The magnitude of this electrical force, E, and the ensuing voltage drop 

upon the receptors, is a product of the strength of the ambient magnetic field, B, 

the velocity of the shark through that field, V, and the sine of the angle, θ, 

between the shark’s motion and direction of the geomagnetic field (Kalmijn 1978, 

1982). This concept is described by the “right hand rule” where the index finger of 

the right hand points forward (V), the middle finger points left (B), and the thumb 

points (E). The magnitude of the geomagnetic field varies with latitude, and is 

strongest at the poles and weakest at the equator. Likewise, the inclination angle 



 

 10 

of the geomagnetic field varies with latitude such that it is orthogonal to the 

Earth’s surface at the poles and parallel at the equator. Therefore, animals near 

the poles would experience stronger induced electrical currents overall compared 

to animals near the equator. Furthermore, the induced electrical current would be 

strongest when an elasmobranch swims at right angles (i.e. east – west), and the 

weakest when the animal swims parallel (i.e. north – south), to the direction of 

the geomagnetic field. For an animal in the northern hemisphere swimming due 

east, the horizontal component of B would induce a ventral to dorsal electrical 

potential across the vertical ampullary canals, whereas the vertical component of 

B would induce an electrical potential from right to left across the lateral 

ampullary canals (Kalmijn 1978, 1982). If the animal were to reverse course and 

swim due west, then the induced potentials would reverse direction. The induced 

electrical stimuli would generate a unique sequence of graded receptor potentials 

within the three dimensional arrangement of Ampullary receptors and canals 

according to V x B. These receptor potentials would be integrated across the 

Ampulla then relayed through the anterior lateral line nerve to the central nervous 

system for processing. Although this mechanism of magnetoreception in 

elasmobranchs has been accepted for a long time, it has yet to be unequivocally 

confirmed (Johnsen and Lohmann 2005, 2008, Lohmann and Johnsen 2000). 

 

Research Goals 

The goals of this project were to use the yellow stingray, Urobatis 

jamaicensis, as a model species to further understand the cognitive abilities and 
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magnetic sense of elasmobranch fishes within the ecological context of spatial 

orientation and navigation. The yellow stingray is a small benthic species that is 

found year round in seagrass beds and nearshore reefs (Fahy 2004) ranging 

from North Carolina to Venezuela (Piercy et al. 2006). Although it is not known 

whether this species migrates, the congeneric round stingray, U. halleri, does 

exhibit seasonal migration between specific sites over relatively long distances 

(Vaudo and Lowe 2006). Specifically this study sought to: 

1. Determine if the yellow stingray has a magnetic sense and if so, 

demonstrate that it can detect magnetic stimuli without confounding 

electrical artifacts, that it can learn to associate two stimuli through 

operant conditioning, and to quantify the learning rates and memory 

windows under such learning paradigms. 

2. Determine if the yellow stingray can detect, and discriminate between, the 

geomagnetic field strength and inclination angle, which are cues 

necessary to derive a sense of location. 

3. Determine if the yellow stingray can discriminate between the north and 

south poles of the geomagnetic field and use these stimuli as directional 

cues to solve a spatial task, and to quantify this species learning flexibility 

through serial reversal conditioning. 
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CHAPTER 2:  MAGNETIC FIELD DISCRIMINATION, LEARNING, AND 

MEMORY 

ABSTRACT  

Elasmobranch fishes (sharks, skates, and rays) have been hypothesized 

to use the geomagnetic field as a cue for orienting and navigating across a wide 

range of spatial scales. Magnetoreception has been demonstrated in many 

invertebrate and vertebrate taxa, including elasmobranchs, but this sensory 

modality and the cognitive abilities of cartilaginous fishes are poorly studied. Wild 

caught yellow stingrays, Urobatis jamaicensis, (N = 8) underwent conditioning to 

associate a magnetic stimulus with a food reward in order to elicit foraging 

behaviors. Behavioral conditioning consisted of burying magnets and non-

magnetic controls at random locations within a test arena and feeding stingrays 

as they passed over the hidden magnets. The location of the magnets and 

controls was changed for each trial and all confounding sensory cues were 

eliminated. The stingrays learned to discriminate the magnetic stimuli within a 

mean of 12.6 ± 0.7 SE training sessions of four trials per session. Memory 

probes were conducted at intervals between 90 and 180 days post learning 

criterion and six of eight stingrays completed the probes with a ≥75% success 

rate and minimum latency to complete the task. These results show the fastest 

rate of learning and longest memory window for any batoid (skate or ray) to date. 

This study demonstrates that yellow stingrays, and possibly other 
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elasmobranchs, can use a magnetic stimulus as a geographic marker for the 

location of resources and is an important step toward understanding if these 

fishes use geomagnetic cues during spatial navigation tasks in the natural 

environment. 

 

INTRODUCTION  

Elasmobranch fishes (sharks, skates, and rays) move across a wide range 

of spatial and temporal scales, from the annual salmon shark, Lamna ditropis, 

migration between Alaska and Baja California (Weng et al. 2005), to the diel 

movements of Port Jackson sharks, Heterodontus portusjacksoni, over a few km2 

(O’Gower 1995). The white shark, Carcharodon carcharias, displays regular and 

highly directed movements over long distances to very specific locations in the 

middle of the Pacific ocean (Nasby-Lucas et al. 2009), yet there are few studies 

on how elasmobranchs are able to navigate between habitats. The 

environmental stimuli available to marine species as potential cues for orientation 

and navigation are comparable to the cues available to terrestrial migrants. 

However, the physical differences between water and air modifies the 

propagation of stimuli within each medium and influences how stimuli function as 

navigational cues (reviewed in Lohmann et al. 2008). For example, water is 

denser than air, which increases the speed of sound and the absorption of light, 

and results in a stratified water column with higher ambient pressures compared 

to air. Furthermore, the ions in seawater make it a good electrical conductor, 

whereas air is an insulator, and the movement of water relative to the substrate 
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increases the effects of drift compared to air. Therefore, oceanic species often 

rely to a lesser extent on visual cues, but experience enhanced auditory and 

electrosensory perception. They can also detect rapid changes in ambient 

pressure with depth, and chemical cues that are principally confined to horizontal 

layers of isopycnic water. The Earth’s magnetic field is an omnipresent 

environmental stimulus that is consistent across habitat transitions, but changes 

predictably in strength and orientation across large spatial and temporal scales. 

These qualities make the geomagnetic field  (GMF) a reliable source of 

directional and positional information to magnetically sensitive animals. 

The proposed mechanisms for detecting magnetic fields vary depending 

on the animal in question. Magnetoreception has been documented in bacteria 

(Blakemore and Frankel 1981), gastropods (Lohmann and Willows 1991), 

arthropods (Walker and Bitterman 1989), amphibians (Philips 1986), 

elasmobranchs (Adrianov et al. 1974, Kalmijn 1978), teleosts (Quinn 1980), 

reptiles (Lohmann 1991), avians (Wiltschko 1968), and mammals (Mather and 

Baker 1981). Most organisms are thought to use small particles of biogenic 

magnetite to detect geomagnetic cues (reviewed in Lohmann and Johnsen 2000; 

Johnsen and Lohmann 2005, 2008), such as those found in the candidate 

magnetoreceptor cells of the rainbow trout, Oncorhynchus mykiss (Eder et al. 

2012). But, the mechanism of magnetoreception in elasmobranchs is not clear. 

The evidence for magnetite in stingrays (Walker et al. 2003) is indirect, and, to 

our knowledge, not supported by any studies that have isolated a 

magnetoreceptive cell in this subclass of fishes. Furthermore, the methods used 



 

 15 

by Walker et al. (2003) do not completely rule out the alternative mechanism, 

electromagnetic induction (Johnsen and Lohmann 2005, 2008). Elasmobranchs 

have an extremely sensitive electrosensory system that detects weak bioelectric 

fields created by their prey due to the exchange of ions with seawater (Wilkens 

and Hoffman 2005). It has been hypothesized that as an elasmobranch swims in 

seawater through the Earth’s magnetic field that an electric current is induced 

around the fish (Kalmijn 1974). The magnitude and direction of the induced 

electric current would be a function of the strength and orientation of the 

geomagnetic field, which changes predictably with latitude and results in unique 

geomagnetic signatures for a given geographic location. If elasmobranchs can 

detect these induced electrical cues they could potentially use them to derive a 

cognitive compass and map sense, or a sense of direction and location. 

However, no studies have shown direct evidence for electromagnetic induction in 

a shark, ray, or skate (Johnsen and Lohmann 2005, 2008) and this proposed 

mechanism remains supposition. 

The sensory capabilities of elasmobranchs can be studied using a variety 

of physiological and behavioral assays. Magnetic field sensitivity was first 

demonstrated in elasmobranchs using neural recordings on the common 

stingray, Dasyatis pastinaca, and the thornback ray, Raja clavata, which showed 

that the central neurons (Adrianov et al. 1974) and electroreceptors (Akoev et al. 

1976; Brown and Ilyinsky 1978) of the electrosensory system respond to rapid 

changes in magnetic field intensity. Early experiments used behavioral 

conditioning to understand the visual capabilities of lemon sharks, Negaprion 
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brevirostris (Clark 1959; Gruber and Schneiderman 1975), bull sharks, 

Carcharhinus leucas (Clark 1963), blacktip reef sharks, Carcharhinus 

melanopterus, grey reef sharks, C. mennisorah, (Tester and Kato, 1966), and 

nurse sharks, Ginglymostoma cirratum, (Aronson et al. 1967; Graeber and 

Ebbesson 1972), and the hearing capabilities of lemon sharks (Clark 1959; 

Nelson 1967), and bull sharks (Clark 1963). However, conditioning animals to 

respond to magnetic stimuli is problematic because the GMF is always present, 

penetrates most objects, including biological tissue, and does not rapidly change 

in space or time. Furthermore, testing whether an animal can use geomagnetic 

cues to orient and navigate is a spatial task that requires the subject to move 

within a significant amount of laboratory space. Despite these challenges there 

have been behavioral experiments indicating magnetic field sensitivity in the 

round stingray, Urobatis halleri, (Kalmijn 1978), the short-tailed stingray, Dasyatis 

brevicaudata (Walker et al. 2003), the sandbar shark, Carcharhinus plumbeus, 

and the scalloped hammerhead shark, Sphyrna lewini (Meyer et al. 2005).  

The drawback with these behavioral studies is that the researchers used 

electromagnets to generate conditioning magnetic stimuli, and these devices 

create electrical artifacts as they are turned on and off. Therefore, it is possible 

that the sharks and rays were actually responding to the electrical artifact instead 

of the magnetic field (Johnsen and Lohmann 2005, 2008). Field studies on 

elasmobranch magnetoreception are lacking, but active tracking of scalloped 

hammerhead sharks showed highly directional movement between an island and 

seamount, despite considerable lateral drift due to currents and the absence of 
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obvious visual cues (Klimley 1993). Klimley hypothesized that the sharks could 

have used the geomagnetic signature of the underlying bottom topography as a 

navigational aid, but was unable to test this idea due to the observational nature 

of the study. 

Behavioral conditioning of elasmobranchs typically focuses on describing 

the detection ranges and thresholds for a sensory modality while the learning and 

memory capabilities are given as a means to demonstrate sensitivity to specific 

stimuli. Learning and memory are the foundation of how an animal uses its 

experience to modify its behavior. Behavioral conditioning requires training a 

subject to learn and remember an association between a neutral conditioning 

stimulus (CS+) and an unconditioned stimulus (US+) in order to elicit a 

conditioned behavioral response (CR+). The recognition and discrimination of 

sensory stimuli is essential to correctly identify potential mates, predators, prey, 

and suitable habitats, and remembering associations makes behavior more 

energetically efficient. Therefore, in order to understand the salient environmental 

cues that animals use to orient and navigate we must also study the cognitive 

processes that underlie spatial behavior. Recent studies on the higher cognitive 

functions in sharks and stingrays have focused on their ability to orient and retain 

spatial memories, solve problems, use tools, learn within social contexts, 

perceive symmetry and illusions, recognize and avoid objects, and retain 

memories (reviewed in Schluessel 2015). However, the role that instinct, 

learning, and memory play in the orientation and navigation of fishes, especially 
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sharks and stingrays, is largely unknown (reviewed in Guttridge et al. 2009; 

Schluessel 2015).  

The time it takes to learn a task and the memory retention window for 

memories depends on the task and can vary between species (Brown 2015). Life 

threatening associations, such as hook or net avoidance, can be learned by 

fishes within one to five trials (Beukemaj 1970; Brown 2001) and can be 

remembered for up to a year, whereas more subtle learning can take much 

longer and be forgotten sooner. A short memory retention window is beneficial 

for species that live in simple and unstable environments where resources are 

patchy or unreliable (Odling-Smee and Braithwaite 2003). In such cases 

remembering the location of predators, prey, or mates that frequently change 

locations would waste valuable cognitive resources. Conversely, long-term 

memory retention is useful for species found in complex and stable habitats, or 

those that alternate between places where profitable resources are more 

predictable (Odling-Smee et al. 2008). For these animals it might be less costly 

to retain metabolically expensive memories (Dukas 1999) than to continually 

search for valuable resources.   

The purpose of this study was to understand the cognitive abilities of 

elasmobranchs, to determine if they could use magnetic cues to solve a spatial 

task, and to see if they can detect magnetic stimuli without confounding electrical 

artifacts. This required a species that can detect magnetic fields, could learn to 

associate two stimuli under a behavioral conditioning paradigm, and could 

remember this association for a length of time concurrent with the migratory 
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abilities of other elasmobranch species. Due to the aforementioned challenges of 

magnetic conditioning and spatial tasks, we could not use a highly migratory 

species; therefore, we assumed that a species living in a complex and stable 

habitat might be a suitable proxy. The yellow stingray, Urobatis jamaicensis, was 

small enough to perform spatial tasks within a laboratory and thrived in captivity. 

This species was found year round on Southeastern Florida reefs, hardbottom, 

and seagrass (Sulikowski 1996, Fahy 2004), and spent most of the daylight 

hours camouflaged from predators and prey under a layer of sand. Active 

acoustic tracking of yellow stingrays over 2-28-hour periods has shown elevated 

nocturnal activity with high site fidelity and highly directed forays between 

habitats (Fahy 2004). Similar diel behavior patterns have been seen in the 

congeneric round stingray, U. halleri, along with movements of greater than 

30km over three months (Vaudo and Lowe 2006). Therefore, it is conceivable 

that the yellow stingray has spatiotemporal movement patterns similar to its 

congener, and could use geomagnetic cues to derive a sense of direction or 

location as it migrates between habitats. We hypothesized that the yellow 

stingray could discriminate between a non-magnetic control and the magnetic 

stimulus from a permanent magnet; it could learn to associate a magnetic 

stimulus with a food reward; and it could remember this association for up to 180 

days.  
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METHODS  

Husbandry 

Yellow stingrays (N = 8) were captured via hand nets from a wild 

population in Riviera Beach, FL under a special activity license from the Florida 

Fish and Wildlife Conservation Commission. Stingrays were placed in 

oxygenated seawater and transported 56 km south to the Florida Atlantic 

University Marine Research Laboratory at the Gumbo Limbo Nature Center in 

Boca Raton, FL. Stingrays were slowly acclimated to husbandry tanks (1.22 x 

2.44m) with flow-through seawater on a 12:12 hr light:dark cycle, and fed a 

mixture of squid and shrimp (3-5% body weight) every other day. Most animals 

would eat within seven days and those that did not eat after 14 days were 

released back at the point of capture. Subjects were allowed to acclimate to the 

laboratory conditions for a minimum of 30 days before experimental trials began. 

Stingrays were separated into three cohorts of mixed size and sex, and given an 

alphanumeric designation indicating the cohort (1-3) and individual within the 

cohort (a, b, or c).  

 

Behavioral Considerations 

The natural behavior of yellow stingrays in the wild was similar to that in 

captivity and dictated certain methods in order to ensure cooperation during 

behavioral conditioning. Stingrays normally spend the daylight hours 

camouflaged under a layer of sand during the day (Fahy 2004) and break crypsis 

when threatened by another organism or when they sense the presence of food. 
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A wild stingray that detected a potential threat would swim away in a rapid and 

highly directed manner without deviation, then resettle on the substrate and bury 

itself in the sand (K. Newton pers. obs.). However, a captive stingray that was 

threatened could only escape by swimming off the substrate in rapid circles along 

the periphery, or swimming up the side of a tank. In such cases, the agitated 

stingray would take several minutes to resettle onto the sand and would not 

participate in further training. In contrast, a stingray foraging in the wild would 

swim methodically along the substrate in a directed path using lateral head 

movements to search for prey (K. Newton pers. obs.) such as benthic fishes and 

invertebrates (Babel 1967, Quinn 1996). Likewise, a stingray in captivity that 

sensed the presence of food would search the bottom of the tank in a similar 

controlled manner until it located the food without any apparent effects due to 

space limitations. These distinctions were important because a captive stingray 

could become agitated at the slightest provocation and would display behaviors 

that were incompatible with conditioning. Therefore, we sought to coax stingrays 

in and out of the test arena using food odors because it facilitated cooperation of 

the subjects. One particular stingray would not respond to coaxing with food 

odorant and initially required a very slow and steady looming stimulus to shuttle 

into the arena. 

 

Training 

Each cohort was fed freely inside the experimental arena (Fig. 2.1) and 

acclimatized to the testing procedures (see below) in order to minimize behaviors 
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that hindered the training procedure. When individual stingrays would enter the 

arena and swim steadily along the sand without expressing behaviors 

incompatible with conditioning, they were deemed ready for training. All subjects 

were successfully acclimatized and none were removed from the study. Cohorts 

of stingrays were fasted 24-48 hr prior to each training session to ensure proper 

motivation for magnetic stimulus training. We used relatively few trials per 

session and conducted sessions once every 24-48 hr to maintain a high level of 

motivation in the stingrays. Subjects were trained individually and the remaining 

members of the cohort were isolated behind an opaque barrier upstream from 

the experimental arena. Individual stingrays were placed into one of four 

randomly predetermined staging areas outside the arena and each subject 

underwent one trial from each of the four staging areas for a total of four 

consecutive trials per training session (Fig. 2.1). One neodymium magnet (20 

mm dia x 2 mm thick) coated in nickel (105 µT = 2222X local geomagnetic field 

strength) and three non-magnetic controls of nickel (20 mm dia x 2 mm thick) 

were buried (north pole oriented up for the magnet) at pseudo randomly 

determined locations within an arena (100 cm dia x 40 cm high) constructed of 

20 mm dia PVC pipe, covered in 6 mm plastic mesh and black plastic sheeting 

(Fig. 2.1). Individual barriers of PVC pipe and plastic sheeting were used to 

create staging and holding areas within the overall tank (Fig. 2.1). These barriers 

could be raised separately to allow the stingrays easy access between 

compartments and the arena. The magnet and controls were coated in epoxy to 

eliminate the electric fields generated by galvanic interactions between the metal 
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and seawater, thereby ensuring that only magnetic stimuli emanated from the 

magnet.  

Each trial consisted of pairing the magnetic conditioning stimulus (CS+) 

with the food reward (US+) in order to elicit foraging behavior (CR+) directed at 

the magnet. Trials went as follows: once the stingray was resting calmly on the 

sand inside the staging area, 25 mL of food odorant (5% squid:seawater 

homogenate) was injected into the water to encourage the animal to break 

crypsis and explore the staging area, then the nearest edge of the arena was 

lifted a few cm so that the stingray could enter and swim freely along the bottom. 

As the subject swam over the location of the hidden magnet it was immediately 

reinforced with a morsel of squid (~0.5% BW) on the end of a sharpened plastic 

rod. This delivery method guaranteed accurate placement of the food near the 

mouth and temporal overlap of the CS+ and US+. Automated food delivery 

systems were impractical due to random placement of the CS+ throughout the 

tanks and food dropped from above was impossible to accurately administer to a 

subject with a ventral mouth in a timely manner. Afterward, the stingray was 

allowed to swim out of the arena and into a new staging area. Thus concluded 

one trial. Trials lasted for 120s with a mean intertrial interval (ITI) of 300 ± 120s. 

During the ITI the magnet and controls were moved to new locations within the 

arena, the sand was cleared of food debris and raked to an undisturbed 

appearance thereby eliminating confounding chemical and visual cues.  
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Memory Probes 

Stingrays were divided into three new groups to ensure that members 

from the original cohorts were tested at different intervals and reduce any group 

effects. The time intervals and group sizes accommodated the constraints 

imposed by the use of wild animals, limited laboratory space, fasting regimes, 

and the potential decrease in subject performance as interval duration increased. 

Memory probes were conducted at 90 (N = 3), 175 (N = 3), and 180 (N = 2) days 

post-learning criterion in order to maximize the chance that subjects would recall 

the task after a six month window. During this time the stingrays did not 

experience any magnetic stimuli or pairing of the CS+ with the US+ 

reinforcement. Prior to testing the stingrays were fasted and allowed to re-

acclimatize to the testing arena as previously described. Memory probes were 

conducted according to the aforementioned CS+ training procedure with one 

exception: the US+ was only given during the fourth trial. The first three trials of 

the memory probe session were unreinforced (US-), which allowed subjects that 

failed to express the CR+ during the initial trials of the session to demonstrate the 

CR+ in subsequent trials without any influence of prompts or “reminders”.   

 

Behavioral Data Collection and Analysis 

All training sessions were recorded on an overhead high definition video 

camera for subsequent frame-by-frame analysis. We sought magnetic stimulus 

detection behaviors that were robust and consistent. Behaviors deemed 

equivocal were classified according to the most conservative interpretation. The 
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primary observer reliability in identifying all behaviors (92%) was verified for a 

subset of data (one session for one cohort) by a second observer that was blind 

to the location of the magnets. Magnetic stimulus detection was determined by 

observing the following foraging behaviors (CR+) directed only at the magnets: 

an abrupt stop over a magnet and investigation of the immediate vicinity (~10cm 

dia); an abrupt deviation (≥ 30°) toward a magnet from an established swimming 

path followed by investigation; biting the sand over the magnet; digging up the 

magnet and; tossing the magnet about the arena. The ventral mouth of a stingray 

prevented the observation of jaw movement by an overhead observer. Therefore, 

bites were indicated by the ejection of sand from the spiracles, the presence of 

foraging pits left behind in the smooth sand, or the recurrent elevation of the 

anterior margin of the disc.  

The latency, and the success or failure to find the magnet, were recorded 

for each trial, and the mean latency (± SE) and percent correct choice were 

calculated for each stingray during a session. If the stingray did not demonstrate 

the CR+ during a trial, or if it displayed the CR+ at any location other than at the 

magnet, then the trial was scored as a failure and the latency to detect the CS+ 

as 120 s. Training stopped when each stingray successfully reached the learning 

criterion of displaying the CR+ at the magnet in at least three out of four trials per 

session (≥75% correct choice) for three consecutive sessions, and the mean 

latency for the stingray to complete the task during three sessions had reached a 

minimum value that was significantly different than the mean latency of the initial 

three sessions. The learning criterion for each stingray was established for the 
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success of finding the magnet using a Chi-square test (χ2 (3) ≤ 0.05) with a Yates 

correction. A Wilcoxon sign-rank test was used to compare differences between 

the mean latency of the initial compared to the final three sessions for individuals, 

and for the difference in latency between the last session of the learning criterion 

and the memory probe within the group. All tests were run using JMP (v9. SAS 

Institute, Cary, NC) and significance levels were set at p ≤ 0.05. 

 

RESULTS  

Overall Results 

All stingrays reached the learning criterion (Fig. 2.2) within a mean of 12.6 

sessions (± 0.7 SE, range = 10-15), for a mean total of 50.5 trials (± 2.6 SE, 

range = 40-60). The overall mean latency between the initial three and final three 

sessions for each stingray had significantly decreased (S = 148.0, p < 0.0001) 

from 90.2 s (± 11.6 SE) to 22.0 s (± 4.6 SE). Likewise, the overall mean success 

rate between the initial three and final three sessions for each stingray had 

increased significantly (S = 123.0, p < 0.0001) from 37.5% (± 13.0 SE) to 96.9% 

(± 3.0 SE). Six of eight stingrays (Figs. 2.3a, d-h) successfully completed 

memory probes at ≥75% proficiency, but the mean latency had increased 

significantly within these stingrays (S = 75.5, p = 0.0137). Memory probes 

indicated that the memory window for the yellow stingray to retain the 

conditioned association of a magnetic anomaly with a food reward was between 

90 and 180 days without reinforcement. 
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All stingrays showed strong thigmotaxis, frequently swimming along the 

sand and exploring the edges of the enclosure. Occasionally a stingray would get 

startled, swim vertically up the sides of the arena, resettle on the sand after 

several minutes and not cooperate in any further training. Thus, we termed these 

occurrences as “incompatible behaviors” because they impeded effective 

conditioning or expression of the CR+. As training progressed, the responses of 

all individuals to the CS+ became more robust and consistent. These responses 

included: complete stops and investigation of the vicinity (~10 cm dia); large 

orientations (~ 45-90°) and investigation; biting the sand; digging up magnets; 

and tossing magnets about the arena. The learning curve for all animals is shown 

in Fig. 2.2, whereas the curves for individual stingrays are shown in Figs. 2.3a-h. 

Each graph depicts the mean latency (± SE) and the percent correct choice for 

each training session of four trials.  

 

Individual Results  

Stingray 1a (Fig. 2.3a) was a juvenile male. During sessions 1-10 the 

large fluctuations in mean latency and percent correct choice were due to 

incompatible behaviors, such as vertical swimming up the walls. Consequently, 

the stingray did not reliably demonstrate learning or discrimination between the 

magnet and controls until session 11, and then it reached the learning criterion 

on session 13. The memory probe was conducted successfully after a 175-day 

interval and the mean latency had decreased by 9 s.  
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Stingray 1b (Fig. 2.3b) was a very small juvenile male. Once conditioning 

began this stingray would easily find buried magnets and occasionally find 

controls, which were scored as failures. Indiscriminate biting at the magnet and 

controls, coupled with incompatible behaviors, yielded large fluctuations in 

latency and percent correct choice in sessions 1-9. Evidence of learning to 

discriminate between the magnet and control is shown by the steady decline in 

mean latency and the increase in percent correct choice during sessions 7-11. 

The stingray reached the learning criterion on session 13. After a 175-day 

interval the memory was probed and the animal swam up the arena walls and 

would not perform the task in half the trials. As a result, the mean latency 

increased by 42 s and percent correct choice fell to 50%.  

Stingray 1c (Fig. 2.3c) was a mature female. She would occasionally 

remain in the staging area with very little motivation to perform, and would 

display intermittent bouts of incompatible behavior. These behaviors led to large 

cyclical fluctuations in latency and percent correct choice every three to four 

sessions. However, the fluctuations diminished over time. By session 10 the 

stingray could reliably demonstrate stimulus discrimination and it reached the 

learning criterion by session 15. The memory probe was conducted 

unsuccessfully after a 175-day interval: the mean latency increased by 86 s and 

the percent correct choice decreased to 25% relative to that of the criterion. Poor 

performance on the memory probe was due to behaviors incompatible with CR+ 

expression.  
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Stingray 2a (Fig. 2.3d) was a mature male. Once training began he would 

show progress in learning the CS+ and US+ association within a session, but 

would not demonstrate learning between sessions. This led to high variation in 

latency and fluctuating percent correct choice for the first nine training sessions. 

By session 10 the stingray was able to reliably discriminate between the magnet 

and controls and had achieved the learning criterion by session 14.  After a 90-

day interval the memory probe was given and the stingray performed the task 

with 100% success rate and a mean latency that decreased by 8 s.  

Stingray 2b (Fig. 2.3e) was a mature female that would not initially perform 

the task and exhibited no appreciable learning for the first nine sessions. This 

animal required a slow moving looming stimulus to coax it into the arena and 

then it would swim about very slowly. During session 10, just prior to removing 

her from the study, she began to swim faster and orient moderately toward the 

magnet. She performed with rapidly increasing consistency and motivation until 

she learned the task by session 14. She performed a memory probe with 100% 

success after a 90-day interval, but the mean latency during the probe had 

increased by 29 s compared to the criterion due to low motivation and slow 

swimming speeds.  

Stingray 2c (Fig. 2.3f) was a mature male. During the first nine sessions 

this stingray had large fluctuations in mean latency and percent correct choice, 

due to equal interest in magnet and controls for one trial per session. The 

stingray reliably exhibited stimulus discrimination by session 10 and reached the 

learning criterion by session 12. After a 180-day interval a memory probe was 
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conducted at a 75% success rate and the latency increased by 31 s relative to 

the criterion due to incompatible behaviors and excessive interest in the controls 

during the first trial.  

Stingray 3a (Fig. 2.3g) was a very small juvenile female that initially had 

difficulty adjusting to the procedures and did not respond to training for 5 

sessions. However, during session 6, the stingray displayed a rapid decrease in 

latency and 100% magnet detection rate by session 7. She learned the task by 

the 10th session and performed the 90-day memory probe with a 100% success 

rate and an increase in latency of 21 s compared to the learning criterion.  

Stingray 3b (Fig. 2.3h) was a juvenile female. This individual occasionally 

displayed the CR+ during the first three sessions and could reliably discriminate 

the CS+ from the controls with a low latency by the fifth session. Over the next 

five sessions the percent correct choice was 75-100% but during sessions 6-9 

the latency to complete the task showed considerable variation, which increased 

the mean. She demonstrated the fastest learning curve of all stingrays tested and 

reached criterion by session 10. Her memory was probed after a 180-day interval 

and the mean latency had increased from the criterion by 20 s and the percent 

correct choice remained at 100%.  

DISCUSSION 

This is the first study of magnetoreception in the yellow stingray, Urobatis 

jamaicensis. Our results support the hypotheses that the yellow stingray can 

discriminate between non-magnetic controls and a magnetic stimulus from a 

permanent magnet, can learn to associate a magnetic stimulus with an appetitive 
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stimulus, and can remember this association for up to six months. This 

experiment demonstrates that stingrays, and possibly other elasmobranchs, can 

use a magnetic cue as a geographic marker for the location of resources and is 

another step toward understanding if these fish use geomagnetic cues during 

spatial navigation tasks in the natural environment.  

All eight stingrays found the hidden magnets faster, more consistently, 

and more accurately with each training session, as evidenced by the overall 

decrease in the mean latency to perform the task and the increase in the overall 

percent correct choice between sessions. Five out of eight stingrays showed 

interest in the hidden magnets during the initial training sessions (Figs. 2.3a-d, 

and f), which indicates that naïve stingrays have the ability to detect magnetic 

fields. However, the variation in the percent correct choice between sessions, 

and the variation in latency within and between sessions, shows that these 

stingrays had not learned to associate the CS+ with the US+ and, therefore, 

could not reliably demonstrate the ability to discriminate between the magnet and 

controls. We are confident that the only difference between the magnets and 

non-magnetic controls was the presence of a magnetic field because they were 

of similar size, shape, mass, composition, and external epoxy coating. It is 

possible that the epoxy insulation created a minor distortion in the ambient 

electromagnetic field within the tanks and that this distortion allowed the 

stingrays to use their electroreceptors to locate the controls, but this would not 

explain the consistent and strong association of the CR+ with the CS+.  
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Our sample size was insufficient to test for differences in performance 

within the group due to sex or ontogeny. However, individual performance was 

consistent throughout the experiment. Stingrays that exhibited behaviors 

incompatible with conditioning during the initial training sessions, behaved 

similarly during the memory probes, and this factor likely impacted their latency 

or success at finding the magnet (Figs. 2.3b, c, e, f and h). Furthermore, 

individuals that were motivated to perform remained motivated, and unmotivated 

individuals could learn to perform but would revert back to their unmotivated 

tendency during memory probes.  

 

Magnetoreception in Elasmobranchs  

To our knowledge, this experiment is only the fourth behavioral 

conditioning study that demonstrates a magnetic sense in an elasmobranch, and 

the first to use a permanent magnet as the conditioning stimulus. The 

neodymium magnets used in our study were a constant source of magnetic 

stimuli with no electrical artifacts due to galvanic interactions with seawater or the 

onset of an electromagnet. It is unknown whether our stingrays used magnetite 

to detect the magnetic field, or their electroreceptors to detect an electrical 

current induced as they swam through the magnetic field in seawater. However, 

studies are underway to address this question. Previous work on the round 

stingray, a sister species to the yellow stingray, showed discrimination of 

magnetic field polarity within 78-248 stimulus pairings through a combination of 

appetitive and aversive conditioning (Kalmijn 1978). This was the first behavioral 
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conditioning experiment to test for an elasmobranch magnetic sense, and it 

yielded robust results despite a small sample size. Short tailed stingrays were 

trained to discriminate changes in magnetic field intensity within 30 trials (Walker 

et al. 2003). The scalloped hammerhead and sandbar sharks learned to 

associate the onset of a vertically oriented magnetic stimulus that pervaded an 

experimental tank with feeding events at a station within a tank (Meyer et al. 

2005). In this case, the sharks showed a clear increase in goal tracking behavior 

even when the magnetic stimulus was given and food was withheld. However, 

this study did not present learning curves or the number of conditioning trials to 

reach criterion, so a direct comparison with our data is not possible.  Additionally, 

the stingrays in Kalmijn (1978) and the sharks in Meyer et al. (2005) were trained 

as a group. The freshwater stingray, Potamotrygon falkneri (Thonhauser et al. 

2013) and the lemon shark (Guttridge et al. 2013) have shown the ability to learn 

feeding strategies through direct observation of conspecifics. Kalmijn (1978) 

mentioned that one stingray was removed from his study because it could not 

compete with the others. Therefore, it is possible that social learning may have 

facilitated, or competition may have hindered, acquisition in individuals trained as 

a group to respond to magnetic stimuli. 

 

Learning and Memory in Elasmobranchs  

Direct comparisons between our study and the existing literature are not 

possible due to wide variations in methods and purpose, but the following will 

place our results within the broader context of our understanding of 
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elasmobranch cognition. The average training period of 50.5 trials for the yellow 

stingray to reach criterion is the fastest for any batoid (rays and skates) and is 

among the fastest for sharks. For example: lemon sharks learned to press a 

target for food within 30 trials (Clark 1959), and nurse sharks, Ginglymostoma 

cirratum, rang a bell for food within 200-225 trials (Aronson et al. 1967), 

discriminated black and white objects within 96-203 trials, and horizontal and 

vertical stripes within 48-213 trials (Graeber and Ebbersson 1972). Blacktip reef 

sharks could differentiate rectangle orientation within 120-609 trials (Tester and 

Kato 1966), Port Jackson sharks associated an LED and air bubbles with food 

within 30 trials (Guttridge and Brown 2014). Gray bamboo sharks, Chiloscyllium 

griseum, distinguished visual symmetry within 110-270 trials (Schluessel et al. 

2014), and learned a variety of allocentric and egocentric spatial navigation tasks 

within 37-225 trials (Schluessel and Bleckmann 2012; Fuss et al. 2014a, 2014b). 

Freshwater stingrays, P. motoro, learned an allocentric and egocentric navigation 

task within 130-190 and 50-110 trials, respectively (Schluessel and Bleckmann 

2005). Small spotted catsharks, Scyliorhinus canicula, learned to discriminate 

between AC and DC electric fields within 10 trials (Kimber et al. 2011), and 

yellow stingrays learned to discriminate electric field polarity within 360-440 trials 

(Siciliano et al. 2013).  

Our result of a six-month memory window in the yellow stingray is the 

longest for any batoid to date, and falls within the range of long-term memory 

windows for sharks. Memory recall, like learning, has been understudied in 

elasmobranchs. Clark (1959) found a 10-week window in bull sharks conditioned 
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to associate a visual target with food. Schluessel and Bleckmann (2012) 

demonstrated a 41-day window in gray bamboo sharks for a spatial navigation 

study. Kimber et al. (2014) showed a 12 hr to three-week window in small 

spotted catsharks that were trained to use an artificial electric field to locate food. 

Guttridge and Brown (2014) described a 24 hr to 40-day window for Port Jackson 

sharks and Fuss et al. (2015) showed a 350-day memory window for a visual 

discrimination task in gray bamboo sharks.  

The cognitive abilities shown in our study could be due to a well 

developed telencephalon in the yellow stingray (Walker and Sherman 2001), the 

region of the forebrain involved in avoidance conditioning, learning, and memory 

in the gray bamboo shark (Schwarze et al. 2013). The yellow stingray belongs to 

a group of batoids (Order: Myliobatiformes, Family: Urolophidae) with brains that 

are 3-10 times larger than sister batoids (Walker and Sherman 2001) and a brain 

to body mass ratio comparable to that of birds and small mammals (Lisney et al 

2008; Yopak 2012). Learning in our stingrays might have been facilitated 

because the small neodymium magnets created an intense, localized magnetic 

stimulus that could have made it easy to discriminate from controls. Preliminary 

data suggest that more subtle stimuli, such as the relatively weak changes in the 

strength and inclination angle of the geomagnetic field, are more difficult for the 

yellow stingray to associate with a US, thereby making learning and memory 

recall more challenging (Newton and Kajiura, unpublished data). Certain yellow 

stingrays might have performed memory probes more successfully (Figs. 2.3b, c, 

e, and f) if they had spent more time re-acclimatizing to the experimental set up 
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prior to the probe trials thereby reducing their expression of incompatible 

behaviors.  

The reaction of the stingrays to the CS+ during the initial trials and the 

necessity to prompt the subjects with food odorant raises the possibility that the 

nature of the learning displayed in this study is more indicative of sensitization 

and not associative learning. First, the reaction of naïve stingrays to the magnets 

is contrary to the associative learning requirement that the CS be a neutral 

stimulus (Molet and Miller 2014). Second, the repeated use of food odorant could 

have sensitized the stingrays to release foraging behavior. If so, then the 

resulting behavior would progress in frequency and intensity, last for a long 

period of time, and be expressed with less and less odorant (Richtand et al. 

2001, Webster and Laland 2013). We did observe an increase in the overall 

intensity of the responses for each individual and the behaviors persisted for a 

long time. However, we did not use progressively less odorant to see if stingrays 

could be coaxed out of crypsis. Therefore, it is possible that sensitization 

occurred in this study. Animals do not produce magnetic fields and a magnet 

should not trigger a predatory response in a stingray. A strong magnet hidden 

within the ambient GMF could have piqued the interest of the stingrays because 

it, like prey, produced a novel sensory signal that was localized and stood out 

against the background. Foraging in stingrays involves searching for hidden prey 

items by looking for visual, chemical, mechanical, or bioelectric cues in the midst 

of a featureless field of sand. Foraging requires flexibility to respond 

appropriately to internal and external stimuli as they occur, and a pattern of 
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behavior that increases in intensity with progressively less prompting stimuli 

would likely be maladaptive. Additional experiments with the appropriate design 

and controls could distinguish between the associative and non-associative 

components of learning using magnetic cues.  
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Figure 2.1 Overhead view of the holding area, staging areas (1-4), and test arena 
(1m dia) contained within a 1.22 x 2.44 m tank. Letters indicate the 
pseudorandom locations of three non-magnetic controls (C) and one magnet (M) 
buried in the sand for that particular trial. The gray line indicates an example of 
the path that a stingray would take once the edge of the arena was lifted enough 
to allow entry into the arena and then it would swim around the periphery to 
receive the food reward at M

C

C

C

M

HOLDING 1

ARENA

2

3 4
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Figure 2.2 Learning curve and memory probes for all (N = 8) yellow stingrays 
trained to detect a hidden magnet for a food reward. All data points are the mean 
for all available stingrays for that session. When an individual reaches the 
learning criterion it is removed from the mean of subsequent sessions (i.e. for 
sessions 1-8, N = 8 stingrays; sessions 11-12, N = 6; session 13, N = 5; session 
14, N = 3; session 15, N = 1). The mean (± SE) latency (black line and ordinate 
axis) to complete the task decreased sharply on the 10th session and the percent 
correct choice (gray line and ordinate axis) increased gradually between the 2nd 
and 11th sessions until the group reached the learning criterion (minimum 
latency, ≥75% correct choice for three sessions) on the 13th session overall. 
Memory probes were conducted at intervals of 90 days (session M90, N = 3) and 
175-180 days (session M175/180, N = 5). Each session consisted of four 120 s 
trials
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Figure 2.3(a-h) Learning curves for yellow stingrays (N = 8) trained to detect a 
hidden magnet for a food reward. Each training session consisted of four 120 s 
trials. The mean (± SE) latency (black line and ordinate axis) to complete the task 
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decreased and the percent correct choice (gray line and ordinate axis) increased 
until each stingray reached the learning criterion (minimum latency, ≥75% correct 
choice for three consecutive sessions). The following (a-h) indicates when each 
stingray reached the learning criterion: a-b. 13th session, c. 15th session, d-e. 14th 
session, f. 12th session, g-h. 10th session. The break in the x-axis indicates the 
post learning criterion interval followed by the memory probe (M) and the 
duration of the interval (90, 175, or 180 days) 
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CHAPTER 3:  DETECTION OF THE GEOMAGNETIC CUES NEEDED TO 

DERIVE A SENSE OF LOCATION 

ABSTRACT  

Elasmobranch fishes (sharks, skates, and rays) are thought to navigate 

across the ocean utilizing a suite of environmental cues including the 

geomagnetic field. The purpose of this study was to determine if the yellow 

stingray, Urobatis jamaicensis, could detect, and distinguish, between two 

geomagnetic cues that change predictably with latitude and are used by other 

magnetoreceptive species to derive a sense of location. Naïve subjects were 

separated into two groups that were conditioned to associate a change in the 

strength (∆F), or inclination angle (∆I), of the geomagnetic field with an aversive 

stimulus (US+). Stingrays learned the association between the conditioning 

magnetic stimulus (CS+) with the US+ within a mean (±SE) of 184 ± 35 trials. 

Subjects were then tested for magnetic stimulus discrimination by exposing them 

to the original reinforced CS+ (∆F or ∆I) and then the novel magnetic stimulus (∆I 

or ∆F) that was not reinforced (CS-). Stingrays showed a statistically different 

conditioned response to the CS+ and the CS- magnetic stimuli, however the 

response rates were consistently higher to the CS- compared to the CS+. This 

experiment is the first to show that elasmobranch fish can detect and distinguish 

between the geomagnetic cues necessary to derive, at minimum, a sense of 
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latitude and possibly use them as a bicoordinate grid to more precisely 

geolocate. 

 

INTRODUCTION 

The sensory cues that marine animals use to navigate throughout the 

ocean are poorly understood compared to those used by terrestrial species. 

Navigation requires a map and a compass. The map provides an animal a sense 

of its location with respect to a goal, which is used to determine a bearing toward 

the goal (Gould 1998). The compass allows an animal to maintain the correct 

bearing by orienting itself with respect to an external cue such as sunlight, 

starlight, polarized light, or the geomagnetic field (Gould 1998). The map, or 

sense of location, required for navigation involves a series of interrelated 

mechanisms for detecting, coding, classifying, and recalling salient cues into a 

cohesive list of commands or a mental representation of how these cues relate to 

the starting point, the destination, and each other (Able 1991). A map can be 

derived from a variety of external cues and methods; the process can be innate 

or learned; it can be comprised of a list of instructions, a series of direction and 

distance vectors, a spatial arrangement of memorized landmarks, or a true map 

in which an animal is actively aware of its current position relative to a goal even 

when in a novel environment (Collett and Graham 2004, Gould 1998). For 

example: an animal could inherently head with a fixed vector toward a goal, it 

could pilot using the memory of landmark positions formed during a previous trip, 
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or use path integration to derive a resultant vector through the subtraction of the 

outbound journey vectors (Gould 2011).  

Animals that rely on multiple cues with built in redundancy and have the 

ability to use modalities in a hierarchical fashion or switch modalities when cues 

are unavailable or useless, are hypothesized to have the most effective and 

efficient navigational capability (Able 1991, Gould 1998, 2004). The sensory cues 

that are useful in determining location can range from temporary to permanent, 

with varying degrees of utility based on the spatiotemporal scale of the required 

navigational task and cue availability. For example, anadromous salmonid fishes 

are known to imprint on the unique chemical profile of their natal stream and use 

olfaction to find their natal stream as they return from the ocean to spawn 

(reviewed in Dittman and Quinn 1996). The chemical cue gradient disperses 

radially to undetectable background levels as the river plume flows into the 

ocean, which limits the availability of this cue to the coastal habitats adjacent to 

the river mouth. As such, adult salmon feeding in oceanic habitats require a more 

ubiquitous cue, such as the geomagnetic field (GMF), to derive a sense of their 

current location relative to their natal stream. The GMF is a consistent source of 

magnetic stimuli that changes predictably in space and time. The GMF at any 

geographic location can be defined as a vector with overall intensity and 

inclination angle with respect to the surface of the Earth. The intensity of the field 

is weakest at the equator and greatest at the magnetic poles, and the inclination 

angle is parallel at the equator and orthogonal at the poles but with opposing 

orientations. These two quantities form isolines of magnetic intensity 
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(isodynamics) and inclination angle (isoclinics) that intersect with each other at 

skewed angles to create unique magnetic signatures for each geographic 

location. Consequently, species that are sensitive to these geomagnetic stimuli 

such as loggerhead sea turtles, Caretta caretta (Lohmann and Lohmann 1994, 

1996, Putman et al. 2011) and Chinook salmon, Oncorhynchus tshawytscha 

(Putman et al. 2013, 2014), could use them to derive a cognitive sense of 

location.  

 Elasmobranchs (sharks, skates, and rays) are long-lived fishes that are 

known to undertake regular short-, medium-, and long-distance 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). 

Such behaviors conceivably require that sharks and rays actively know their 

current position and how to navigate toward a goal. True navigation is the ability 

of an animal to start from its current position, even when displaced to an 

unfamiliar location, and follow a preplanned route to reach a specific goal 

(Bingman and Cheng 2005, Gould 1998, 2011). Temporary sensory deprivation 

and physical displacement (8-9 km) studies have shown that the leopard, Triakis 

semifasciata, and blacktip, Carcharhinus limbatus, sharks use olfactory cues to 

return back to their home range (Nosal et al. 2016, Gardiner et al. 2015). 

However, the limited effective range of chemical cues (~10s km) requires another 

sensory modality to geolocate over larger spatial scales. Elasmobranchs have 

been hypothesized to use the geomagnetic field as a cue to orient and navigate 

(Kalmijn 1974, Klimley 1993, Paulin 1995). Magnetoreception has been 
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demonstrated via behavioral conditioning techniques in the scalloped 

hammerhead, Sphyrna lewini, and sandbar, Carcharhinus plumbeus, sharks 

(Meyer et al. 2005), and the short-tailed, Dasyatis brevicaudata (Kirschvink et al. 

2001), round, Urobatis halleri (Kalmijn 1978), and yellow, U. jamaicensis, 

stingrays (Newton and Kajiura 2017). These studies established that 

elasmobranchs can detect magnetic fields, but the specific nature of the cues 

they can detect and how these cues might be used are unknown.  

The goal of this study was to determine if an elasmobranch fish could 

detect the geomagnetic cues necessary to derive a sense of location. Behavioral 

studies on magnetoreception require the test subjects to move several body 

lengths through space in order to adequately sample and respond to an applied 

magnetic field (Witschko and Wiltschko 2007). Creating the uniform magnetic 

fields where the intensity and inclination angle can be manipulated individually 

requires an electromagnet that is approximately twice the size of the 

experimental arena (Merritt et al 1983). Spatial limitations made the yellow 

stingray, Urobatis jamaicensis, an ideal model species because it is a small, 

demersal, magnetically sensitive batoid (skates and rays) that is abundant in 

southeast Florida, hardy in captivity, and learns behavioral tasks quickly. This 

species ranges from North Carolina to Venezuela (Piercy et al. 2006) and the 

congeneric round stingray, U. halleri, is known to seasonally migrate distances ≥ 

30 km (Vaudo and Lowe 2006). Therefore, the yellow stingray could likely benefit 

from using the GMF to geolocate. In an effort to more fully describe the cognitive 

abilities of this species we wanted to establish a baseline for associative learning 
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under an aversive reinforcement paradigm. We hypothesized that the yellow 

stingray could be conditioned to associate an aversive stimulus with changes in 

magnetic field strength (∆F), changes in magnetic field inclination angle (∆I), that 

it could discriminate between ∆F and ∆I, and that it would express a higher 

response rate to a conditioning stimulus that was reinforced compared to non-

reinforced.   

 

METHODS  

Subjects 

Yellow stingrays (N = 12; 6 males, 6 females; DW = 10-25 cm) were 

housed in groups of six in 244 x 122 cm aquaria with treated seawater supplied 

via a flow-through system. Stingrays were kept on a 12:12 hr light:dark cycle, and 

fed a diet of squid, fish and shrimp ad libitum every other day. One male and four 

females were removed from the second cohort when the conditioning procedure 

was interrupted due to unforeseen circumstances. The remaining subjects (N = 

7) were successfully conditioned to the following paradigms during the summer 

and autumn months. 

 

Apparatus 

The set up was based on the classic shuttlebox concept and consisted of 

an acrylic tank (122 x 61 x 30 cm) with flow-through seawater that was 

surrounded by a system of magnetic coils (fig. 3.1). The entire apparatus was 

placed in a magnetically uniform portion of the laboratory. The tank had a raised 
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midline of acrylic (1 x 1 x 30 cm) that ran across the bottom, up the walls, and 

bisected the tank into two equal portions (30 x 30 cm). The tank was placed on a 

stand (127 x 66 x 85 cm) fabricated out of wood and non-ferrous brass screws, 

and located at the center (125 x 125 x 125 cm) of the coil system where the most 

uniform portion (< 1% variation) of the magnetic field was located. The magnetic 

coils (2 x 2 x 2 m overall) were constructed of 38 mm dia PVC pipe and consisted 

of four vertical and four horizontal coils per axis in a 0.37:0.26:0.37 spacing ratio. 

Each set of four coils had a continuous loop of 14g wire attached to it in a 

26:11:11:26-winding pattern per coil according to Merritt (1983). The apparatus 

was positioned such that the resultant magnetic field for each set of coils was 

aligned with the vertical (Z-axis) and horizontal (Y-axis) components of the 

geomagnetic field, thereby negating the need for a set of coils in the X-axis. The 

coils were connected to a two-channel, 30W DC power supply (BK Precision), 

located 5 m away so that it would not adversely influence the uniformity of the 

magnetic field. A custom in-line switch system remotely controlled the direction 

and magnitude of the electric current applied to the coils and the resultant 

magnetic field. Two red LEDs and diodes (four total) were spliced in parallel into 

each coil set such that one LED of the pair would illuminate when electrical 

current flowed in one direction through a set of coils, and the other LED would 

illuminate when the current was reversed through the coils. This system visually 

confirmed the presence and direction of electricity flowing through each set of 

coils, which confirmed the presence and direction of the applied magnetic 

stimulus. The four LEDs were placed outside the tank and outside the view of the 
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test subjects, but within the field of view of an overhead high definition video 

camera. 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, direction, and magnitude 

of magnetic fields. Opaque white plastic sheeting was used to cover the outside 

of the tank and the coil system to remove visual cues. Four overhead compact 

fluorescent lamps (55 W, 3860 lm, 2700K) placed at the corners of the coil 

system provided even illumination.  

 

Pretraining 

Stingrays were naïve to the current protocol and magnetic stimuli but had 

been used 12 months prior on a different behavioral experiment. The 

experimental apparatus was separated from the husbandry facilities by 30 m and 

stingrays were acclimated to the transport procedure to minimize agitation during 

behavioral conditioning. Individuals were captured with a dip net, placed into a 

20L bucket with 10L of seawater, then shuttled to the experimental tank, allowed 

to remain in the experimental apparatus for 60 min, then returned to the 

husbandry tank. This procedure occurred daily for one week prior to behavioral 

conditioning. Benthic stingrays, like U. jamaicensis, have a demersal lifestyle and 

spend much of their day cryptically buried in the sand. Approximately 10-15 min 

after transport to the experimental tank, the stingrays would consistently rest 

along the bottom of the tank and were deemed ready for conditioning. 
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The geomagnetic field in the laboratory had an intensity of 45 µT and an 

inclination angle of -55° with respect to the surface of the Earth (fig. 3.1a-b). 

Conditioning magnetic stimuli (CS+) consisted of holding one geomagnetic 

parameter constant and manipulating the other (fig. 3.1c-d), which resulted in a 

doubling of the local geomagnetic field intensity to 90 µT (∆F = +45 µT), or 

increase of the inclination angle to +5° (∆I = +60°). These values were chosen 

because they were the maximum allowed by the power supplies, which made the 

stimuli more obvious and potentially facilitated learning acquisition. Naïve 

subjects were given magnetic stimuli for a complete session of 10 trials and no 

reactions were observed. Pilot studies indicated that conditioning stingrays to 

associate ∆F and ∆I magnetic stimuli with a feeding station was not feasible; 

therefore an aversive paradigm was chosen as it gave clearer behavioral 

responses. Established procedures using a shuttlebox and aversive stimuli in 

rodents or freshwater fishes often use a mild electric shock to motivate animals 

to shuttle across the apparatus. An electric shock aversive stimulus is impractical 

in seawater because mild shocks are rapidly grounded and stronger shocks 

might damage the electroreceptor cells of the stingrays and hinder the detection 

of magnetic stimuli. This was important because the mechanism of 

magnetoreception in elasmobranchs is unresolved but might be mediated 

through the Ampullae of Lorenzini (Kalmijn 1974, 1978). Our aim was to separate 

the sensory pathways utilized by the magnetic conditioning stimulus (CS+) and 

the aversive unconditioned stimulus (US+), and coopt a biologically relevant 

behavioral response that was robust yet rarely expressed. The primary defense 
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of demersal stingrays against predators is to remain in crypsis, or stab at a 

predator that gets too close with its tail spine and swim away. Therefore, we used 

a rubber coated plastic rod as a mechanical US+ to gently prod a stingray near 

the base of the tail and motivate it to shuttle about the tank.  

 

Experiment #1 – Magnetic Stimulus Detection by Naïve Stingrays 

Subjects (N = 5) were assigned to two treatment groups, magnetic field 

intensity (∆F) or inclination angle (∆I), which ensured that each group had 

members of both sexes and age classes. Trials commenced after an individual 

subject was transferred to the experimental tank and was resting on the bottom 

for 10-15 min. Behavioral conditioning trials consisted of turning the CS+ on and 

off at a cycle of 1 Hz, then after 10 s had elapsed the US+ was administered 

concurrent with the CS+ until the stingray shuttled across the midline of the tank. 

At this point both the CS+ and US+ ceased thus concluding one trial. The total 

CS+ presentation lasted between 11-15 s and the US+ presentation was 1-5 s. 

The stingray was allowed to rest for an intertrial interval (ITI) between 20-40 s to 

avoid temporal conditioning. Another trial began once the stingray was resting on 

the bottom, or slowly swimming in a consistent and predictable manner away 

from the tank midline. Training sessions consisted of a block of 10 trials followed 

by a 5 min rest period. Training days occurred 4-5 times per week and contained 

2-3 sessions per day depending upon the responsiveness of the subject. Once a 

subject reached the learning criterion (see below) training stopped and magnetic 
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stimulus discrimination trials (Experiment #2) began in a subsequent session 

(Fig. 3.2). 

 

Experiment #2 – Magnetic Stimulus Discrimination by Experienced Stingrays 

Magnetic stimulus discrimination trials involved presenting two different 

geomagnetic conditioning stimuli (∆F or ∆I) to individual stingrays: one paired 

with a US+ (CS+) and the other unpaired with an aversive stimulus (CS-). Due to 

the nature of the experimental apparatus required to generate the magnetic 

stimuli, the CS+ and CS- could not be produced simultaneously and were 

presented sequentially to the stingrays in a pseudorandom order. Each 

discrimination session consisted of 20 total trials (10 ∆F and 10 ∆I) in a balanced 

design where the CS+ or CS- were presented no more than three times in a row. 

The CS+ was the same stimulus (∆F or ∆I) paired with the US+ that individual 

stingrays had experienced in Experiment #1. However, the CS- was the other 

magnetic stimulus (∆I or ∆F) presented for 10s without US+ reinforcement. The 

CRs were scored and recorded as before, and the stingrays were given an ITI of 

20-40s before the next trial began.  

 

Experiment #3 - Magnetic Stimulus Discrimination by Naïve Stingrays 

The results of Experiment #2 necessitated Experiment #3. It was possible 

that the low overall CR rates, and the reversal of the expected CR rates of the 

CS+ compared to the CS- trials might have been due to fatigue or habituation of 

the stingrays due to the combined exposure to the CS+ during Experiments #1 
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and #2. Therefore, naïve stingrays (N = 2) were tested according to the stimulus 

discrimination protocol outlined in Experiment #2 without going through the 

conditioning training procedure of experiment #1 (Fig 3.2). All stimuli, 

procedures, scoring, and criteria were the same as Experiment #2 except that 

these stingrays had 50% more training sessions than those in Experiment #2.  

 

Data Collection and Analysis  

Conditioned behavioral responses (CR+) were recorded for each trial but 

stingrays would not consistently shuttle across the midline of the experimental 

tank. Therefore, any abrupt change in an established behavior that coincided 

with the onset of CS+ was taken as a positive indicator (i.e. CR+) of the 

successful association of CS+ and US+. These responses were only those 

visible on the video record and confirmed by a second observer that was 

unaware of the onset of the CS+. The primary observer reliability was 95% based 

on a subset of the data.  Successful CR+ included: the visible upward flinch (> 5 

mm) of the pectoral fins of a stationary stingray (> 10 s), movement > 1 body 

length (BL) from a stationary position, abrupt cessation of established swimming 

(> 2 BL) and freezing in place (> 10 s), a 90-180° turn from an established vector 

and shuttle across the midline, shuttle across the midline from a stationary 

position.  

The learning criterion for Experiment #1 was defined as a stingray 

displaying the CR+ in six or more trials per session, for at least three consecutive 

sessions until the overall performance became statistically different from chance 
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(Χ2, p ≤ 0.05) using a Chi-square test. The sample sizes were too small to 

compare the mean number of trials to criterion among groups. The learning 

criterion for Experiment #2 was the same as Experiment #1 because we 

expected the stingrays in Experiment #2 to express the CR+ for the CS+ trials at 

a rate similar to, or faster than, those of Experiment #1. Additionally, the CR+ of 

the stingrays during CS+ trials was expected to be higher, and more consistent, 

than those of the CS- trials. The similar overall CR+ expression of individuals 

tested in Experiments #2 and #3, prompted us to combine the data to get the 

mean group response according to stimulus reinforcement paradigm for a given 

session (Fig 3.2). In other words, the CR+CS+ for a session (∆F and ∆I) were 

combined and compared to the CR+CS- (∆I and ∆F) for the same session. These 

data were then tested for significant differences across repeated measure using 

the Friedman test for non-parametric data (p ≤ 0.05). 

 

RESULTS  

 Naïve stingrays showed no discernable response to the ∆F and ∆I stimuli 

during the initial pre-training session. Individuals showed consistent differences 

in trainability but the general response of the stingrays was robust for a short 

period followed by decline in CR+ expression between Experiments #1 and #2. 

At times the stingrays would become agitated and shuttle continuously across 

the tank. In such cases stingrays were allowed time to settle onto the bottom of 

the tank, or swim in a slow and established manner, such that any sudden 

change in behavior that correlated with CS+ application could be reliably counted 
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as a CR+. The following data are the mean number of sessions (of 10 trials each) 

± SE to reach the learning criterion.  

Yellow stingrays (N = 5) achieved the learning criterion during the 

detection trials of Experiment #1 (Fig. 3.3a-e) within an average of 18.4 ± 3.5 

sessions (range = 9-30). The sample sizes among groups were too small for 

statistical analysis and the following trends should be taken with caution. There 

was no difference between the groups trained to detect ∆F (15.3 ± 3.8 SE, N = 2) 

or ∆I (16.0 ± 1.0 SE, N = 3), but it took males longer (22.7 ± 3.8 SE, N = 3) than 

females (12.0 ± 3.0 SE, N = 2) to learn the task. For the group trained to 

associate ∆F with the US+: stingray #1 (Fig. 3.3a) was a male that reached the 

learning criterion by the 30th training session (X2 = 9.6, p < 0.005), and stingray 

#2 (Fig. 3.3b) was a female that accomplished the task by the 15th training 

session (X2 = 7.6, p < 0.01). For the group that used ∆I as the CS+: stingray #3 

(Fig. 3.3c) was a male that learned the association by the 17th session (X2 = 13.2, 

p < 0.001), stingray #4 (Fig. 3.3d) was a female that demonstrated learning by 

the 9th session (X2 = 4.4, p < 0.05), and stingray #5 (Fig. 3.3e) was a male that 

reached the criterion by the 21st session (X2 = 20.0, p < 0.001). 

All stingrays (N = 7) showed a higher overall CR+CS- compared to the 

CR+CS+ (Figs. 3.3a-e, 3.4a-b) for the discrimination trials of Experiments #2 and 

#3. The data for all individuals were combined according to whether the magnetic 

stimulus was reinforced (CS+) or not (CS-) because most individuals failed to 

reach the learning criterion. The group showed a consistent and significant effect 

of stimulus (F1 = 14.67, p = 0.0004) in that the CR+CS- was higher compared to 
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the CR+CS+ for 11 consecutive sessions (Fig. 3.5). There was a significant 

difference in CR among individuals (F6 = 8.14, p < 0.0001) with no interaction 

between individual and stimulus. Stingray #1 (Fig. 3.3a) was the only individual 

that reached the learning criterion for both CS+∆F and CS-∆I, and displayed a 

consistently high CR+ rate that was significantly different (p < 0.0001) than that 

of the group. Stingray #2 (Fig. 3.3b) did not show consistent discrimination 

between CS+∆F and CS-∆I for more than a few sessions. Stingray #3 (Fig. 3.3c) 

demonstrated consistent discrimination between CS+∆I and CS-∆F for the first six 

sessions, whereas stingray #4 (Fig. 3.3d) and stingray #5 (Fig. 3.3e) showed 

inconsistent discrimination between CS+∆I and CS-∆F across sessions. The naïve 

female (Fig. 3.4a) that underwent discrimination testing without prior conditioning 

could discriminate between CS+∆F and CS-∆I in fewer than half the sessions. The 

naïve male stingray (Fig. 3.4b) underwent discrimination trials without prior 

conditioning and showed reliable discrimination between CS+∆I and CS-∆F for 15 

sessions.  

 

DISCUSSION 

Elasmobranchs have been hypothesized to use the geomagnetic field 

(GMF) as a cue to orient and navigate between habitats (Kalmijn 1974, Paulin 

1995). This study was the first to test if an elasmobranch could detect, and 

distinguish between, two different GMF cues that change predictably with 

latitude. This experiment has shown that the yellow stingray, Urobatis 

jamaicensis, can learn to associate changes in the strength (∆F) and inclination 
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angle (∆I) of the geomagnetic field (GMF) with an aversive stimulus. An animal 

that can detect either ∆F or ∆I could potentially use one of these cues to derive a 

sense of latitude: relatively large ∆F or ∆I values indicate higher latitudes, 

whereas relatively small values indicate lower latitudes. There was no difference 

in learning rate between groups trained with ∆F or ∆I as the conditioning stimulus 

(CS+). The results also indicate a small, but statistically significant, ability of this 

species to discriminate between ∆F and ∆I. The isodynamics (isolines of ∆F) and 

isoclinics (isolines of ∆I) intersect at oblique angles to form a grid of different 

combinations of ∆F and ∆I at each geographic location across the globe. 

Therefore, our results support the idea that elasmobranchs can detect the GMF 

cues necessary to derive, at minimum, a sense of latitude, and that by 

distinguishing between these cues they could potentially use them to form a grid, 

or bicoordinate map, and use it to derive a more precise sense of location.  

All stingrays demonstrated learning in Experiment #1 as evidenced by the 

increase in the overall number of conditioned responses (CR+) during each 

training session. The rapid changes in the GMF used to create the conditioning 

stimuli do not occur in nature but they do reasonably simulate what a moving 

stingray might experience during a rapid change in direction (e.g. ∆I), or 

approach to a localized magnetic anomaly (e.g. ∆F). Naïve stingrays showed no 

natural response to the ∆F or ∆I prior to training and subjects learned to use ∆F 

and ∆I as CS+ with equal ability. Interestingly, despite the small sample size, the 

male subjects took much longer than the females to reach the learning criterion, 

which suggests a sexual difference in the CR+ expression under our conditioning 
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paradigm. An earlier experiment that conditioned male and female yellow 

stingrays to associate magnetic stimuli with food yielded no such sexual 

differences in the learning curves (Newton and Kajiura 2017). The female 

stingrays in the current study were pregnant, which might have influenced their 

ability to learn an associative conditioning paradigm using an aversive 

reinforcement (US+) or their motivation to express CR+. During the mating 

season of the congeneric round stingray, U halleri, females will segregate 

themselves into groups located away from males as a refuge from the 

harassment of additional copulations (Tricas et al. 1995). If pregnant female 

yellow stingrays actively seek refuge from males, or other aversive stimuli, during 

the mating season then they might be less inclined to endure a CS+ that is 

associated with an aversive US+ and will shuttle, or express the CR+, more 

readily. Additional studies that sample males and females across seasons, and 

manipulates the levels of circulating sex steroids in the blood, could tease apart 

any potential seasonal effects on the learning rates, or expression of behaviors 

between male and female yellow stingrays.  

The combined data from Experiments #2 and #3 show that, as a group, 

the yellow stingrays could distinguish between the ∆F and ∆I magnetic stimuli. 

The CR+ for the CS+ and CS- stimuli across 14 sessions were significantly 

different but the magnitude and direction of the difference was unexpected. 

Furthermore, the mean CR+ for the group showed a general decline across 

sessions. The rationale behind Experiment #2 was that if stingrays could detect 

both ∆F and ∆I, and discriminate between them, then they should express a 
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higher response to the original conditioning stimulus (CS+) compared to a novel 

magnetic stimulus (CS-) that was not reinforced (i.e. CR+CS+ > CR+CS-). The 

overall decline in CR+ across sessions could have been due to the subjects 

displaying learned helplessness, a phenomenon first described in dogs. Naïve 

canines were placed into a shuttlebox, given an electric shock, and allowed to 

cross a barrier and escape the shock (Overmier and Seligman 1967). However, 

when the dogs were not allowed to escape the aversive stimulus they eventually 

stopped moving altogether and “learned to accept” the shock until it ceased 

(Overmier and Seligman 1967). The natural response of demersal stingrays to a 

threat is to maintain crypsis under a layer of sand and move only as a last resort 

(K. Newton, pers. obs.). Therefore, the stingrays could have learned that they 

were helpless to avoid the imminent aversive stimulus and resorted to remaining 

still with the expectation that the US+ would eventually cease.  

The modest separation between CR+CS+ and CR+CS- and the lower 

CR+CS+ compared to CR+CS- might have been due to the subjects experiencing 

fatigue to the original CS+. Habituation was unlikely because naïve stingrays did 

not respond to the ∆F or ∆I, and extinction was doubtful because the 

spatiotemporal overlap between CS+ and US+ was maintained throughout the 

experimental trials. We reasoned that training naïve stingrays according to 

Experiment #2 without the original conditioning of Experiment #1 should reduce 

any potential effects of fatigue and result in a CR+CS+ > CR+CS-. Nevertheless, 

the similar results of Experiments #2 and #3 argues against the possibility of CS+ 

fatigue. The similar magnitude of CR+CS+ to CR+CS- could have been due to a 
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lack of sensory resolution required to fully perceive the differences between the 

stimuli. If so, electrophysiological studies could elucidate the range and threshold 

of the sensory system to various magnetic stimuli. The similar responses could 

be because the subjects generalized the expression of CR+ to any change in the 

GMF. If so, then this would imply that the stingrays perceived the differences in 

∆F and ∆I but placed both stimuli into the same general category (i.e. ∆GMF) and 

responded accordingly. Bamboo sharks, Chiloscyllium griseum (Fuss et al. 2014) 

and cichlids, Pseudotropheus sp., (Schluessel et al. 2012, 2014) can use visual 

cues to categorize objects; therefore it is likely that the yellow stingray can use 

magnetic cues to categorize objects or events.  

Finally, it is plausible that the difference between ∆F and ∆I is not 

biologically relevant for this species and the similar CR+CS+ and CR+CS- are 

simply a result of the sensory system of the yellow stingray being tuned to 

characteristics of the GMF throughout its distribution. This species occurs in a 

region where the angular difference between the isodynamics (isolines of ∆F) 

and isoclinics (isolines of ∆I) are relatively small. Boström et al. (2012) showed 

that magnetoreceptive animals might have difficulty utilizing a bicoordinate 

magnetic map in equatorial regions such as the Caribbean, due to the limited 

difference (0 - 5°) between the isodynamics and isoclinics (see Figs. 3.2 and 3.3 

in Boström et al. 2012). Other authors (Berdahl et al. 2014, Endres et al. 2016) 

have proposed a mechanism of multimodal navigation where migrants follow the 

geomagnetic isolines until they reach a continental coastline, then turn north or 

south and use chemoreception to home in on their goal. If such a model is 
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accurate and phylogenetically widespread, then yellow stingrays could utilize 

such a mechanism. 

Of course, the small angles between these isolines could select for 

animals with increased sensitivity to ∆F and ∆I, or it might result in less sensitive 

animals perceiving both stimuli as nearly the same and responding accordingly. 

Studies on the sensitivity thresholds to magnetic stimuli are rare. Birds have 

been shown to detect ∆F as low as 0.05-0.2 µT (Beason and Semm 1987, Semm 

and Beason 1990), and skates can detect ∆F as low as 1 nT (Brown et al. 1979). 

Alligators can detect ∆I as small as 0.01-0.2° (Rodda 1984), newts can detect ∆I 

down to 0.5-2.0° (Fischer et al. 2001, Phillips et al. 2002). If the yellow stingray 

can detect ∆F and ∆I as low as other species then perhaps the small angular 

difference between the isolines throughout this species’ distribution would not 

inhibit the use of ∆F and ∆I bicoordinate map. High sensitivity could also allow 

species with a small home range to use minute magnetic anomalies (< 10 nT) 

from the deposits of ferrous materials in the substrate as a series of landmarks in 

a cognitive map.  

The ability to detect, and distinguish, between ∆F and ∆I has only been 

demonstrated in loggerhead sea turtle hatchlings, Caretta caretta (Lohmann and 

Lohmann 1994, 1996, Putman et al. 2011), Chinook salmon fry, Oncorhynchus 

tshawytscha (Putman et al. 2014), European eels, Anguilla anguilla (Nasbett-

Jones et al. 2017) and the yellow stingray (this study). Sea turtle hatchlings and 

salmon fry will spontaneously orient in a particular direction, and if the ambient 

∆F and ∆I parameters are shifted to mimic a physical displacement to a new 
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geographic location, the animals will reorient themselves with a new heading that 

would result in them achieving the original location (Lohmann and Lohmann 

1994, 1996, Putman et al. 2011, 2014). The researchers concluded that sea 

turtles and salmon must have a bicoordinate magnetic map that allows them to 

derive their current position, or perceived position, and derive the appropriate 

heading toward their goal. Yellow stingrays, however, do not spontaneously 

orient. But the ocellate river stingray, Potamotrygon motoro, can use visual cues 

to construct a cognitive map in order to solve a four-arm maze task for a food 

reward (Schluessel and Bleckmann 2005). The ocellate river (Family: 

Potamotrygonidae) and yellow (Family: Urotrygonidae) stingrays share a 

demersal lifestyle, common ancestry (Suborder: Myliobatoidei) and similar brain 

architecture (Lisney et al. 2008). These stingrays share the same neural 

substrate (e.g. the pallium region of the telencephalon) that is required for spatial 

navigation (Fuss et al. 2014a, 2014B, 2014c) and it is likely that the yellow 

stingray can use sensory cues to form a cognitive map and solve navigational 

tasks. Therefore, the yellow stingray, and other elasmobranchs, could potentially 

use the ∆F and ∆I of the GMF to form a bicoordinate map and derive a sense of 

location. Once a stingray knows its current position with respect to its goal it can 

derive a bearing and use an internal compass to orient itself with respect to an 

external cue and head in the correct direction.  
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Figure 3.1 (a-d) Schematic diagram of the top down (a) and lateral view (b-d) of 
the magnetic coil system and shuttlebox aquarium. Thick black lines represent 
the PVC frame wound with copper wire to form the coil system. Gray lines and 
arrows indicate the ambient geomagnetic field and the modified field within the 
coils. Arrow direction indicates magnetic north, arrow size indicates the relative 
intensity, ∆F, and the angle of the lines with respect to the horizontal plane 
indicate the inclination angle, ∆I, of the field. Red dots indicate four light emitting 
diodes (LEDs) that signify the type of magnetic stimulus presented.
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Figure 3.2 Flow chart for the design of Experiments #1-3 showing conditioning 
magnetic field intensity (∆F, red) and inclination angle (∆I, blue) stimuli, and the 
presence (+) or absence (-) of aversive stimuli. Experiment #1 involved training 
two different cohorts (A or B) to associate either ∆F or ∆I with an aversive 
stimulus (+). These rays then underwent discrimination testing in Experiment #2 
where they were randomly exposed to the original conditioning stimulus (∆F or 
∆I) and aversive stimulus (+), or the novel magnetic stimulus (∆I or ∆F) without 
aversive reinforcement (-). Naïve rays in Experiment #3 (cohort C and D) were 
exposed to the same stimuli and reinforcement paradigm as described in 
Experiment #2 without the prior training of Experiment #1. Data for the final 
analysis (fig. 3.5) were combined across cohorts (A and C, or B and D) according 
to reinforcement schedule (CS+ solid; or CS– dotted) not by the type of 
conditioning magnetic stimulus (∆F or ∆I). 
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Figure 3.3 (a-e) Learning acquisition curves for individual yellow stingrays (N = 5) 
conditioned to associate a change in magnetic field intensity (∆F) or inclination 
angle (∆I) with an aversive stimulus (CS+). After reaching the learning criterion, 
stingrays were then exposed to the same CS+ stimulus and a novel stimulus (∆F 
or ∆I) that was not paired with an aversive stimulus (CS-). Red squares indicate 
∆F and blue circles indicate ∆I. Solid lines and symbols indicate CS+, empty 
symbols and dotted lines indicate CS-. Sessions for Experiment #1 were 
composed of 10 trials. Sessions for Experiment #2 were composed of 10 CS+ 
and 10 CS- trials presented in random order. Sessions occurred 2-3 times per 
day. Experiment 1: Individual stingrays (a-e) reached the learning criterion by: (a) 
session 30 (X2 = 9.6, p < 0.005), (b) session 15 (X2 = 7.6, p < 0.01), (c) session 
17 (X2 = 13.2, p < 0.001), (d) session 9 (X2 = 4.4, p < 0.05), and (e) session 21 
(X2 = 20.0, p < 0.001). Experiment 2: stingray #1 (2a) reached the learning 
criterion for CS+ by session 5; and for CS- by session 3. All others showed a 
trend of higher overall CR+ to CS- compared to CS+ but failed to reach the 
learning criterion.
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Figure 3.4 (a-b) Discrimination curves of the response of individual naïve yellow 
stingrays (N = 2) conditioned to associate either a change in magnetic field 
intensity (∆F) or inclination angle (∆I) with an aversive stimulus (CS+), compared 
to a novel stimulus that was not reinforced (CS-). Red squares indicate ∆F and 
blue circles indicate ∆I. Solid lines and symbols indicate CS+, empty symbols 
and dotted lines indicate CS-. Stingrays showed a trend of higher overall CR+ to 
CS- compared to CS+ but failed to reach the learning criterion. Sessions were 
composed of 10 CS+ and 10 CS- trials presented in random order and 2-3 
sessions occurred each day.
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Figure 3.5 Discrimination curves of the mean (± SE) conditioned response (CR) 
of yellow stingrays (N=7) trained to associate either a change in magnetic field 
intensity (∆F) or inclination angle (∆I) with an aversive stimulus (dark purple, solid 
symbols, CS+), compared to a novel stimulus that was not reinforced (light 
purple, empty symbols, CS-). Stingrays failed to reach the learning criterion, but 
showed a significant difference in CR among individuals (F6 = 8.14, p < 0.0001) 
and a significantly higher overall CR+ to CS- compared to CS+ for 11 sessions 
(F1 = 14.67, p = 0.0004), with no interaction between individual and stimulus. 
Sessions were composed of 10 CS+ and 10 CS- trials presented in random order 
and 2-3 sessions occurred each day. 
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CHAPTER 4:  THE USE OF MAGNETIC FIELD POLARITY AS A CUE TO 

SOLVE A SPATIAL TASK 

ABSTRACT 

Sharks, skates, and rays have been hypothesized to use geomagnetic 

stimuli as cues to gain a sense of direction as they navigate between habitats. 

The yellow stingray, Urobatis jamaicensis, a small benthic species of 

magnetoreceptive elasmobranch that is found in seagrass beds and nearshore 

reefs distributed from North Carolina to Venezuela. Wild stingrays were 

behaviorally conditioned to use the polarity, or the north-south direction, of the 

geomagnetic field as a cue to indicate the correct arm of a T-maze to receive a 

food reward. Subjects were split into two groups: those that learned to associate 

magnetic north with the reward, and those that learned magnetic south was the 

indicator of the reward location. All subjects (N = 7) reached the learning criterion 

within a mean (± SE) of 159 ± 28 trials. Stingrays were then reverse trained to 

associate the opposite, previously unrewarded, magnetic cue with the location of 

the food reward. Subjects (N = 5) reached the reversal criterion within a mean of 

120 ± 14 trials. These data show that: the yellow stingray can be trained to 

associate the polarity of the geomagnetic field with a reward; that it can be 

reverse trained when the reward contingency is reversed; and that it can learn 

the reversal association faster than the initial association. These data indicate 

that elasmobranchs might use a magnetic polarity compass to gain a sense of 
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direction, that they have a flexible learning ability and might learn classes of 

tasks with increased proficiency.  

 

INTRODUCTION  

Orientation is an integral part of animal navigation where an organism 

aligns itself with respect to an external cue (Berthold 2001, Gould 1998) such as 

a source of light, sound, chemicals, temperature, pressure, or an electromagnetic 

field. To determine a sense of direction, called the compass step, an animal must 

perform the map step, or derive a sense of its current spatial position relative to 

its goal (Gould 1998, 2004). Cognitive maps can be innate or learned; they can 

be a simple list of instructions, the memory of a previously travelled route, the 

integration of separate components of a route into a resultant vector, or the 

spatial arrangement of specific landmarks (Gould 1998). Once an animal knows 

where it is and where it wants to go, it can derive a bearing then use its internal 

compass to orient itself with external cues in the correct direction.  

Compass cues can come from different sources and animals generally 

use multiple cues in a hierarchical fashion (Able 1991, Gould 1998). Redundant 

internal compasses can serve as back ups when certain cues are unavailable or 

when a particular compass needs calibration (Able 1991, Gould 1998). The 

physical nature of a cue can determine the spatial and temporal scale over which 

an animal can conceivably rely on it to orient. For example, chemical cues and 

the ensuing gradients are a function of the initial concentration and the dispersion 

distance, which renders them most useful for orienting over smaller 
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spatiotemporal scales. Cues that originate from a localized source, such as a 

visual landmark or auditory vocalization, tend to act as beacons, or landmarks, 

and are most effective for fine scale orientation over a relatively small range 

(Shettleworth and Sutton 2005, Cheng 2012). Cues from celestial or global 

sources, such as the sun and stars, patterns of polarized light, or the 

geomagnetic field, span larger spatiotemporal scales and experience less 

fluctuation over localized scales. Hence these cues are well suited for long-range 

global orientation over coarse scales up to several thousand kilometers. 

However, global cues are not immune to shifts over sufficiently large scales of 

time and space. The apparent position of the sun and stars in the sky will shift 

throughout the day, across seasons, and with latitude, and the Earth’s magnetic 

field undergoes precession where the geographic location of the poles gradually 

shifts each year. Therefore, an organism that utilizes a solar, celestial, polarized 

light, or magnetic compass also requires an accurate internal clock to track the 

amount of elapsed time and calibrate the compass (Bingman and Cheng 2005, 

Gould 1998).  

Magnetically sensitive species are hypothesized to use the geomantic field 

(GMF) to orient and gain a sense of direction. The GMF is a constant source of 

magnetic stimuli that undergoes predictable changes in space and time. Small 

spatiotemporal variations are a function of fluctuating interactions between the 

charged particles of the solar wind and the Earth’s magnetosphere, whereas 

shifts in the Earth’s molten iron-nickel core lead to long-term variations with 

larger effects on the GMF (Merrill et al. 1996, Weiss 2002). The GMF is a dipole 
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with field lines that emanate from the northern to the southern magnetic poles, 

which are located near the southern and northern geographic poles, respectively. 

The GMF at any geographic location is a vector that is described by the overall 

intensity and inclination angle of the field with respect to the surface of the Earth. 

The magnetic poles have the greatest field intensity and inclination angles of ± 

90°, whereas the magnetic equator has the weakest field intensity and an 

inclination angle of 0°. Magnetoreceptive species such as sockeye salmon, 

Onchorhynchus nerka (Quinn et al 1981), and mole rats, Cryptomys hottentotus 

(Marhold et al. 1997), gain a sense of direction by using the north-south 

orientation of the horizontal component of the GMF as a polarity compass. Other 

species, such as the loggerhead sea turtle, Caretta caretta (Light et al. 1993), 

and European robins, Erithacus rubecula (Wiltschko and Wiltschko 1972) can 

use the angle of the vertical component of the GMF with respect to gravity as an 

inclination compass because the angle is -90º at the north magnetic pole, +90º at 

the south pole, and 0º at the equator. Elasmobranchs exhibit a wide range of 

migratory abilities and philopatric preferences to specific locations (reviewed in 

Hueter et al. 2005, Speed et al. 2010, Chapman et al. 2015, Flowers et al. 2016) 

and are hypothesized to use the GMF as a navigational cue as they migrate 

between habitats (Kalmijn 1974). If so, these fishes would require an internal 

compass that allows them to derive a sense of direction. Kalmijn (1978, 1982) 

concluded from a behavioral study on the round stingray, Urobatis halleri, that 

this species could use the polarity, or horizontal component of the GMF to 

distinguish the correct location within a tank to receive a food reward. However, 
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the design and implementation of this experiment resulted in potentially 

confounding factors that might have undermined such an interpretation 

(Kirschvink 1989).  

The role that learning plays in migration in elasmobranchs is unknown. 

Spontaneous orientation of loggerhead sea turtle, Caretta caretta, hatchlings 

(Lohmann 1991) and sockeye salmon, Oncorhinchus nerka, fry (Quinn et al. 

1981) to experimental manipulations in the ambient geomagnetic field is innate, 

which is innate to both species (Putman 2011, 2014). Innate responses to 

environmental cues are essential for short-lived species or naïve individuals 

embarking on their first and only migration. However, in the case of long-lived 

species that undergo regular migrations it is reasonable to assume that learning 

should increase the efficiency of subsequent migrations. Although it is prohibitive 

to test this idea on migrating marine megafauna, one can hypothesize that 

repeated exposures to a task, or class of similar tasks, should yield progressively 

faster learning rates. Reversal learning is a type of operant conditioning to a 

discrimination task in which, after the initial learning criterion is reached, the 

reward contingency is reversed and the animal is trained to respond to the 

previously unrewarded stimulus (Pavlov 1927). Serial reversal learning was 

originally used as a metric of intelligence or the ability of an animal to learn 

(Bitterman 1965), but now this technique is used to decipher the decision making 

strategies of an animal (Shettleworth 2010), its learning flexibility across 

situations (Day et al. 1999), or compare the cognitive abilities among species 

(Bond et al. 2007). Reversal learning could indicate the ability to recognize and 
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categorize objects such as predators, prey, conspecifics, mate, shelter, and 

navigational landmarks (Fuss et al. 2014a). The adaptive significance for an 

animal that can learn more efficiently in multiple serial reversals is that it has a 

flexible learning ability and can modify its behavioral response to environmental 

change. Species that would require a flexible learning ability would most likely 

live within a complex social structure or a heterogeneous habitat, pursue active 

prey with a patchy distribution, or seek other resources with fluctuating 

availability (Bond et al. 2007, Day et al. 1999).  

The yellow stingray, Urobatis jamaicensis, is a magnetoreceptive 

elasmobranch that is locally available, hardy in captivity, learns conditioning 

tasks quickly, and is small enough to use in spatial navigation experiments. This 

benthic species is nocturnally active over small spatial scales (0.02 km2) near 

shallow seagrass beds and reefs (Fahy 2004) distributed from North Carolina, 

throughout the Caribbean, to Venezuela (Piercy et al. 2006). In Southern 

California the congeneric round stingray, U. halleri, is a seasonal resident with 

high site fidelity and individuals can range over > 30km for up to three months 

(Vaudo and Lowe 2006). It is likely that the yellow stingray moves over larger 

spatiotemporal scales and the ability to detect and orient to geomagnetic stimuli 

could be beneficial due to the ubiquitous nature of the GMF across habitats. 

Therefore, we hypothesize that: the yellow stingray can use the polarity of a 

magnetic field as a cue to indicate the correct arm of a T-maze to receive a food 

reward; that it can be reverse trained; and that it will learn subsequent tasks 

under serial reversal conditioning at a significantly faster rate.   
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METHODS 

Yellow stingrays (N = 8, DW = 12-26 cm) were captured via hand nets 

from a local population and housed in 244 x 122 cm tanks with flow through 

seawater. Stingrays were separated into cohorts of four and fed a mixture of 

shrimp, fish, and squid ad libitum (approximately 5% body weight, BW) every 

other day until training commenced at which point the stingrays went on a 

reduced food intake of 2% BW per day to ensure a proper motivational state for 

behavioral conditioning. 

 

Experimental Set Up 

A T-maze was constructed of 2 cm dia PVC pipe and fittings, and covered 

in 1 mm plastic sheeting. The walls 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 (Fig. 

4.1). Removable gates made of PVC pipe and plastic sheet were used to block 

off compartments and isolate subjects into any given arm of the maze. A 244 x 

122 cm tank was positioned with the short side of the tank aligned with the N-S 

axis of the geomagnetic field then the T-maze was placed into the tank such that 

the starting position was located at the south (S) end, the intersection was 

located in the north (N), and the right (R) and left (L) arms were located east (E) 

and west (W), respectively (Fig. 4.1). Fresh seawater flowed from the ends of the 

right and left arms to the intersection, down the start arm, out of the maze and 

into the tank. Fine sand covered the bottom of the tank and maze to a depth of 2 

cm. A continuous loop of insulated 14 ga single core copper wire was wrapped 
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12 times around the maze to the immediate left and right of the intersection (24 

wraps total) then connected to a 30 W DC power supply (Model #TP3005DM, 

TEK Power, Montclair, CA.). This arrangement formed a solenoid at the 

intersection of the T-maze that created a magnetic field anomaly with a new N-S 

axis oriented along the E-W axis of the ambient GMF, or the R-L arms of the 

maze (Fig. 4.2). The effect of the solenoid was localized to the intersection and 

decreased to background levels near the starting compartment at the base of the 

maze. A series of inline switches controlled the application and polarity of electric 

current (5 V, 5 A) to the solenoid, which controlled the presence and direction of 

the magnetic field. A tri-axial magnetometer (Model #3AMG, Alphalab Inc., Salt 

Lake City, UT) and a waterproof compass located at the intersection confirmed 

the direction of the magnetic stimulus. Two fluorescent lights at a height of 2.5 m 

evenly illuminated the set up from either side of the tank and a high definition 

video camera was suspended 3.5 m above the center of the tank to record all 

trials for subsequent analysis. 

 

Pretraining 

Stingrays were allowed to acclimatize to the experimental tank for 24 hr in 

groups of four, and then individuals took turns learning to associate food with the 

R and L ends of the T-maze for six days. Shrimp and squid were cut into 10 

pieces for each individual (~2-3% BW/day) and given equally between the R and 

L ends but in a pseudo randomized order. Stingrays have ventrally placed 

mouths and cannot “look” their food into their mouth, so they rely on olfaction and 
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electroreception to guide live prey into the mouth. Food morsels produce odors 

but no bioelectric field, and this resulted in stingrays occasionally “missing” food 

lying on the sand. Food dropped from above tended to drift down current. 

Consequently, the food was delivered to the stingrays on the end of a sharpened 

plastic rod to ensure accurate and timely delivery of the food necessary for the 

impending conditioning studies. Once the stingrays learned to associate both the 

R and L arms with food, they were placed behind the gate in the starting arm. 

Once the ray was resting on the sand food odorant (15mL food homogenate) 

was given to stimulate searching behavior, otherwise the stingray would remain 

on the sand and not swim down the maze. When the subject was touching the 

center of the gate, the gate was raised, and the subject swam down the maze 

and into an arm for food. Again, food was delivered equally between both R and 

L arms, and the subject was allowed to swim between the arms until it received 

food. These pre-training sessions of 10 trials were used to determine if 

individuals had any preference for turning in a particular direction.  

 

Behavioral Conditioning  

Individual stingrays were assigned to two groups in which the north (N) or 

south (S) pole of the geomagnetic field were used as conditioning stimuli (CS+) 

to indicate the correct arm for the stingray to choose (conditioned response: 

CR+), to receive a food reward (unconditioned stimulus: US+). Naïve stingrays 

were tested for any innate reaction to the presentation of the conditioning 

magnetic stimulus alone and uncoupled from the presentation of food. During 
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conditioning the magnetic field at the maze intersection was shifted (CS1+∆N or 

CS1+∆S) to the right (R) or left (L). The presentation of CS1+ was balanced and 

randomly predetermined, with a maximum of two presentations in a row per 

direction. Training sessions began with a 15-minute acclimation period where the 

stingray could explore the maze. Ten trials were conducted during a session and 

sessions occurred daily for 2-3 days in a row for a maximum of five sessions per 

week. After a session the subject received five additional “reminder” trials where 

the CS1+ was presented and the US+ was used to lead the stingray from the 

start arm, through the intersection of the maze, and into the correct arm. These 

reminders were not counted as true CR+ and were used to facilitate learning, as 

many stingrays showed difficulty in displaying the CR+ consistently within and 

across training sessions even after 100 trials. Reminders were given after the 

session because we did not want any CR+ expression to be due to previous 

prompting. Animals (N = 2) that showed no progress learning the association 

were removed after 25 sessions. 

Trials began when the stingray was coaxed into the end of the start arm 

and a gate was lowered into place. Once the stingray settled onto the sand, 

15mL of food odorant was injected into the starting area to initiate searching 

behavior. After 10-15s the gate was raised and the stingray was given 30s to exit 

the starting area and swim toward the intersection of the maze. If the subject did 

not move then the gate was replaced and another attempt was made after an 

intertrial interval (ITI) of 45-60s. The CS+ was switched on as the stingray 

approached the intersection and the US+ was immediately given once the 
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stingray completely crossed the line of the solenoid on the correct arm (CR+). A 

choice was defined as the first maze arm where the entire disc of the stingray 

crossed the boundary of the PVC pipe cross members and overhead wire loops 

that were to either side of the intersection (Fig. 4.1). If the animal made the 

correct choice the CS+ remained on during US+ administration and was turned 

off when the animal finished eating. This ensured spatiotemporal overlap of the 

CS+, US+, and the location of the correct arm. The stingray was allowed to swim 

about the maze for 30-45 s then it was gently ushered back into the starting area 

and the gate was lowered into place. If the stingray made the incorrect choice, 

the CS+ was turned off and a gate was lowered to isolate the animal in the 

incorrect arm for 45-60 s after which it was ushered back to the start arm. The 

sand in the R and L arms was raked to disrupt any chemical and visual cues that 

might remain on the bottom. The total ITI of 120-240 s allowed for the complete 

flushing of the water in the maze and any remaining olfactory cues that might 

have been present. Thus concluded one trial.  

Occasionally stingrays would develop a “turn bias” during training. This 

behavior would appear after a subject would receive the US+ in a particular arm 

then subsequently return to the same arm at least three times despite not 

receiving any appetitive reinforcement. In early pilot studies this behavior would 

continue for an entire session unless corrected. We attempted to break the bias 

by increasing the ratio of CS+ presentations in the opposite direction (7:3) 

compared the direction of the turn bias. This method was used to confirm that 

subsequent CR+ were due to the animal using the CS+ as the indicator for the 



 

 81 

US+ and not expressing a turn preference. Occasionally this procedure would 

correct the problem during a session. Otherwise, we continued to administer post 

session reminders back and forth between the R and L arms to illustrate the 

correct procedure to the subject. 

 

Reversal Training 

Stingrays (N = 5) that achieved the learning criterion were given a three-

week interval on a full feeding schedule. Reversal training went exactly as 

described in the previous pretraining and training sections, except that the CS2+ 

was of the opposite polarity than that which was used during the initial training. In 

other words, stingrays that were initially trained to use ∆N to indicate the correct 

arm to receive the US+ were retrained to use ∆S as the indicator for the correct 

choice, and vice versa.  

 

Data Collection and Analysis 

The learning criterion was defined as when a stingray chose the correct 

arm in at least six trials per session (≥ 60% correct) for a minimum of three 

consecutive sessions until the overall number of correct choices was significantly 

different from chance (X2, p < 0.05). Fewer correct choices per session required 

more consecutive sessions to reach a significant difference. This criterion 

allowed for flexibility in demonstrating learning because some stingrays showed 

a moderate and consistent CR+ over many sessions and others showed a strong 

and irregular CR+ over fewer sessions. The mean numbers of sessions to 
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criterion were compared between groups of stingrays according to sex, 

conditioning stimuli, and successive training procedures. The Mann-Whitney U 

test was used to compare the performance of males to females during their initial 

training, and stingrays trained to use N to S stimuli during initial and reversal 

training. The Wilcoxon sign-rank test was used to compare the performance of 

stingrays between their initial and reversal training. 

 

RESULTS  

 Naïve yellow stingrays did not display any innate reaction to magnetic 

stimuli, or indicate turn biases during the initial pre-training or negative control 

sessions. However, once a stingray received a US+ in a particular arm of the T-

maze for a CR+, it would often return to the same location in subsequent trials 

during that session. This behavior was common during the initial training 

sessions and resulted in apparent side biases. These fluctuations in the CR+ rate 

across sessions delayed individuals achieving the learning criterion. One male 

and one female continuously displayed CR+ fluctuations, failed to reach the 

learning criterion within 25 sessions, and were removed from the study.  

 Naïve stingrays (N = 7) reached the learning criterion during the initial 

stimulus training within a mean (± SE) of 15.9 ± 2.8 sessions. There was no 

difference in performance between the groups trained with CS1+∆N (16.3 ± 3.8, N 

= 4) compared to CS1+∆S (15.3 ± 5.8, N = 3), or between males (12.7 ± 1.8, N = 

3) and females (18.3 ± 4.7, N = 4). Individuals (N = 5) that underwent reversal 

training took significantly (p < 0.05) fewer sessions (12.0 ± 1.4) to reach the 
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criterion compared to their original training procedure (18.0 ± 3.7). The small 

sample size and unbalanced design prevented statistical comparisons among the 

reverse trained individuals grouped by sex; however there appeared to be no 

difference between those reverse trained with CS2+∆N (11.0 ± 2.1, N = 3) 

compared to CS2+∆S (13.5 ± 1.5, N = 2).  

 The cohort of stingrays (N = 4) initially conditioned to use magnetic north 

as the cue (CS1+∆N) for the location of the food reward (US+) consisted of two 

females that underwent reversal training to CS2+∆S and two males that did not. 

The first male of the CS1+∆N group (Fig. 4.2a) displayed large fluctuations in CR+ 

with a complete cycle occurring every five to six sessions. The overall increase in 

CR+ resulted in this male reaching the criterion by the 12th session (X2 = 7.2, p < 

0.01). The second male (Fig. 4.2b) showed a stable overall CR+, with a brief dip 

at session #7, and reached the criterion by the 10th session (X2 = 4.4, p < 0.05). 

The first female of the CS1+∆N group (Fig. 4.2c) was consistent for the initial 12 

sessions then her CR+ rate fluctuated for the next nine sessions until she could 

consistently demonstrate an elevated CR+ to reach the criterion by the 25th 

session (X2 = 5.6, p < 0.05). She went on to complete reversal training to the 

CS2+∆S in a consistent manner by the 15th session (X2 = 4.4, p < 0.05). The 

second female (fig. 2d) showed a consistent overall CR+ until she reached the 

initial criterion by the 18th session (X2 = 4.0, p < 0.05), and again for reversal 

tests by the 12th session (X2 = 4.8, p < 0.05).  

The entire cohort of stingrays (N = 3) initially conditioned to use CS1+∆S to 

locate the correct arm for the US+ underwent reversal training with CS2+∆N. All 
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individuals struggled to consistently express the CR+ across sessions. The 

response of the first male of the CS1+∆S group (Fig. 4.2e) was consistent CR+ for 

the first six sessions, fluctuated daily for the next six sessions, then stabilized 

until the subject reached the criterion on the 17th session (X2 = 6.4, p < 0.05). 

This male displayed the same large fluctuation in CR+ during reversal training to 

the CS2+∆N until the overall response elevated enough to reach the criterion by 

the 10th session (X2 = 10.4, p < 0.005). The first female of the CS1+∆N group (Fig. 

4.2f) expressed a protracted and middling fluctuation in CR+ for the first 17 

sessions, and a large dip at session 21, which resulted in her achieving the 

learning criterion at the 25th session (X2 = 7.2, p < 0.01). She displayed larger 

CR+ fluctuations during the first 12 reversal training sessions then learned the 

new task by the 15th session (X2 = 7.6, p < 0.01). The last member of the CS1+∆S 

group was a female (Fig. 4.2g) that demonstrated the fastest learning curve for 

all individuals. She achieved the initial criterion by the 5th (X2 = 5.2, p < 0.05), but 

large fluctuations over a period of five sessions resulted in the criterion being 

reached at the 8th session (X2 = 7.2, p < 0.01). Interestingly, this stingray was the 

only individual that took longer to learn the reversal task compared to the initial 

task, whereas all other reverse trained individuals (N = 4) took an average of 

33% fewer sessions to reach the second criterion.  

 

DISCUSSION  

This study demonstrated that the yellow stingray, Urobatis jamaicensis, 

could use a change in the polarity of the geomagnetic field to choose the correct 
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arm of a T-maze to receive a food reward. Stingrays learned to use magnetic 

north and south as conditioning stimuli with equal efficacy, and they responded to 

a reversal in reward contingency with an increase in learning efficiency. These 

results support the idea that the yellow stingray, and possibly other 

elasmobranchs, might use the horizontal component of the Earth’s magnetic field 

as a polarity compass to derive a sense of direction during navigation. However, 

a compass sense requires an animal to have a map sense, or the cognitive 

ability to derive its current location with respect to a goal. A cognitive map was 

demonstrated in the freshwater stingray, Potamotrygon motoro, which can use of 

allocentric strategies to solve a four-arm maze task (Schluessel and Bleckmann 

2005). Data indicate that the yellow stingray can detect the geomagnetic cues 

necessary to derive a sense of location (Newton and Kajiura, in press). If so, then 

the ability to detect the polarity of the geomagnetic field, combined with the 

possibility of using geomagnetic cues to derive a cognitive map, strongly 

suggests that the yellow stingray has a polarity compass that it can use to derive 

a sense of direction.  

All stingrays had fluctuations in CR+ expression. Seven out of nine 

stingrays reached the initial learning criterion and two were removed because 

they did not consistently express the CR+ above chance across multiple 

sessions. CR+ fluctuations could be due to the nature of the task as the 

biological relevance of an elasmobranch using magnetic cues to find food in the 

wild is unknown. Prey species do not give off magnetic cues, but the use of 

magnetoreception to locate feeding ground is possible. The freshwater stingray, 
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Potamotrygon motoro, has been shown to rely more on global cues, such as the 

overall geometric arrangement of a test arena, instead of local cues within the 

arena to solve orientation tasks (Schluessel et al. 2015). This species tends to 

solve maze tasks using egocentric orientation strategies, such as a body-centric 

turn response, compared to allocentric strategies, such as a turn based on extra-

body cues (Schluessel and Bleckmann 2005). Therefore, it is possible that the 

fluctuation in CR+ of the yellow stingrays was due to a predisposition to use an 

egocentric strategy or the geometric arrangement of the T-maze to solve the 

task. The ability to utilize allocentric strategies based on local cues within the 

maze, such as the polarity of the magnetic field at the intersection, to 

successfully find food might vary between individuals and could explain why 

some individuals never reached the learning criterion.  

The yellow stingray learned to associate the polarity of the magnetic field 

with a food reward within a mean of 159 (± 28 SE) trials, which is comparable to 

mean of 163 (± 85 SE) trials for a similar study on the congeneric round stingray, 

U. halleri (Kalmijn 1978). However, there are notable differences between the 

two studies. The yellow stingrays in this study (N = 7) were tested individually, 

whereas the round stingrays in Kalmijn (N = 2) were tested as a group and 

allowed to compete. The lemon shark, Negaprion brevirostris, and freshwater 

stingray, Potamotrygon falkneri, have successfully learned how to solve 

behavioral tasks by observing the feeding behavior of conspecifics (Guttridge et 

al. 2013, Thonhauser et al. 2013). Therefore, it is possible that individual round 

stingrays in Kalmijn might have relied on the choices of conspecifics, instead of 
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the polarity of the GMF, to indicate the correct location for the reward, which 

might explain the large variance in performance between the two round 

stingrays. Kalmijn (1978) claimed that the round stingray used the polarity of the 

geomagnetic field to discern the correct location within an arena to receive a 

reward and avoid punishment. Kirschvink (1989) disputed this idea on the 

grounds that the Helmholtz coils used to generate the stimuli also created 

gradients in the magnetic field that, along with the consistent location of the 

correct enclosure to the right of the gradient, could have been used as indicator 

cues instead of magnetic polarity. He goes on to propose that non-magnetic 

cues, such as food odors emanating from the correct enclosure from previous 

trials, or visual and tactile cues from the sandy bottom could also explain 

Kalmijn’s results. We accounted for any confounding non-magnetic cues and the 

only difference between trials was the direction of the magnetic stimulus. 

Although, our coils were too small to avoid gradients in the resultant magnetic 

field, the gradients were uniform and consistent across the T-maze (fig.1), thus 

we are confident that the polarity of the magnetic field was the only difference 

between CS+ presentations to the right or left of the maze intersection. As such 

we believe that our results confirm the conclusions of Kalmijn (1978) and 

establish that Urolophid stingrays can detect the polarity of the geomagnetic field. 

The first conditioning experiment on yellow stingrays provided equal 

performance for groups trained to use magnetic north (CS1+∆N) or south 

(CS1+∆S) as the cue indicating the correct choice for the US+. Likewise, stingrays 

that underwent reversal training did not show a difference in learning rate 
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between those trained to use magnetic south (CS2+∆S) or north (CS2+∆N) as the 

conditioning stimulus. This was expected because magnetic polarity was 

assumed to be a neutral stimulus, or a cue without innate biological significance, 

which is required for associative learning (Molet and Miller 2014). Although the 

sample size was small for the first experiment, we saw that the mean number of 

trials to reach criterion for males was 31% less, with half the variance, compared 

to females. The unbalanced design of the reversal training procedure precluded 

any meaningful comparison by sex. If the trend in the first experiment indicates a 

valid distinction between the associative learning rates of male and female yellow 

stingrays, then we might expect to see sexual differences in the expression of 

behaviors learned under a similar conditioning paradigm. It is possible that the 

time of year influenced the gregariousness of stingrays. All experiments were 

conducted during the summer months, which is the mating season for yellow 

stingrays (Fahy et al. 2007). The onset of the reproductive cycle and the increase 

in circulating steroid hormones in the Atlantic stingray, Dasyatis sabina, have 

been shown to increase the sensitivity of the electrosensory system in males 

compared to females (Sisneros and Tricas 2000). This seasonal increase in 

electrical sensitivity is hypothesized to facilitate male stingrays detecting the 

bioelectric field of buried females during mating season (Tricas et al. 1995, 

Sisneros and Tricas 2000). Kalmijn (1974) hypothesized that the mechanism of 

elasmobranch magnetoreception is based on the induction of electrical currents 

produced by a stingray moving through conductive seawater within the 

geomagnetic field. If so, then it is possible that a seasonal increase of androgens 
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in male yellow stingrays could have increased their ability to detect magnetic 

stimuli compared to females, and resulted in faster learning rates with less 

variance. To test this idea, our study could be repeated and the learning rates of 

male and female stingrays could be compared between mating and non-mating 

seasons, and with non-mating season males that have been experimentally 

manipulated with androgen implants.  

Upon completion of the first experiment stingrays were reverse trained to 

use the opposite magnetic cue to find the food rewards, i.e. CS1+∆N became 

CS2+∆S, and CS1+∆S became CS2+∆N. Reversal learning difficulties could have 

been due to a negative transfer effect, or a persistent response to the previous 

CS+ that, upon reversal, became CS- and was no longer paired with US+. The 

strongest evidence for this phenomenon is shown in two individuals that 

expressed a consistently low CR+ upon reversal followed by a gradual and 

steady increase in CR+ until the new learning criterion was achieved (fig. 3c-d). 

The other three subjects did not display a consistent negative transfer effect 

across reversal sessions (fig. 3e-g). The groups learned to use CS2+∆S and 

CS2+∆N to solve the task with equal efficiency, as during the first experiment, but 

the entire group learned the reversal procedure 33% faster than the initial task. 

This result further supports that elasmobranchs can successfully learn under a 

reversal paradigm, and learn subsequent tasks in a changing reward contingency 

with increased efficiency. Two groups of the freshwater stingray, Potamotryogon 

motoro, have been trained to use visually mediated egocentric and ego-

allocentric strategies to solve a four-arm maze for food, then reverse trained with 



 

 90 

a 20% increase in efficiency (Schluessel and Bleckmann 2005). The gray 

bamboo shark, Chiloscyllium griseum, demonstrated reversal learning after a 

series of five visual discrimination experiments, but the sharks performed the 

reversal task at the same level of efficiency as all of the previous experiments, 

save the first (Fuss et al. 2014). The different methods and species used in Fuss 

et al (2014) and our study prevent direct comparisons, therefore we cannot 

determine if their results were due to methods, sensory modality, or phylogeny. 

Studies on mammals, avians, teleosts, and insects, using a variety of methods 

and sensory modalities, have shown that serial reversal conditioning resulted in 

faster rates of learning with fewer mistakes with each subsequent switch in the 

reinforcement contingency regardless (Bond et al. 2007, Chow et al. 2015, 

Parker et al. 2012, Strang and Sherry 2014).  

Future studies using multiple serial reversals of all four cardinal magnetic 

directions as conditioning stimuli might allow researchers to determine the 

minimum number of trials needed by the yellow stingray to use geomagnetic 

stimuli to locate a spatial goal. Comparative studies across species that are 

closely related, and occupy similar niches, could elucidate the effects of 

phylogeny and ecological niche on elasmobranch cognitive ability. Species that 

live in spatially heterogeneous habitats, complex social groups, utilize resources 

with fluctuating availability, or have active foraging strategies, are hypothesized 

to have higher learning efficiency and behavioral flexibility (Bond et al 2007). In 

such cases it benefits an animal to retain metabolically expensive memories 

(Dukas 1999, 2013) because the increased learning rates and behavioral 
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plasticity would offset the cost of relearning similar tasks and maximize reward 

per unit effort. Therefore, we hypothesize that the yellow stingray with its long 

memory window (Newton and Kajiura 2017a), association with complex reefs, 

and active foraging for benthic prey with a patchy distribution, would have a 

relatively high degree of learning and behavioral plasticity relative to other 

elasmobranchs.
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Figure 4.1 (a-b)  Schematic diagram of the T-maze setup from an overheard 
view. Gray lines and arrows indicate the geomagnetic field, whereas black lines 
and arrows indicate the modified field from the coils located on either side of the 
maze intersection. Prior to the start of a trial (A) the stingray is in the start arm 
behind a gate without a magnetic stimulus. The trial begins when the gate is 
lifted, the magnetic stimulus is switched on, and the stingray swims into the 
intersection and chooses to turn right (B). In this example, if the stingray was 
being trained to use magnetic north as the indicator for the correct arm, it would 
have received a food reward once it passed the magnetic coils (thick black lines).
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Figure 4.2 (a-g) Learning acquisition curves for yellow stingrays (N = 7) 
conditioned to use magnetic field polarity (CS+) 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 CS+ is magnetic north and circles are magnetic south. 
Solid lines and symbols indicate the first series of training sessions for a CS+, 
whereas empty symbols and dotted lines indicate reversal training to the 
opposite CS+. Sessions of 10 trials occurred daily and the number of correct 
choices for a session plotted. Individual stingrays reached the learning criterion 
for initial training by: (a) session 12 (X2=7.2, p<0.01), (b) session 10 (X2=4.4, 
p<0.05), (c) session 25 (X2=5.6, p<0.05), (d) session 18 (X2=4.0, p<0.05), (e) 
session 17 (X2=6.4, p<0.05), (f) session 25 (X2=7.2, p<0.01), and (g) session 5 
(X2=5.2, p<0.05). After a three-week interval the stingrays (N = 5) were reverse 
trained to associate the opposite magnetic field polarity with a food reward by: (c) 
session 15 (X2=4.0, p<0.05), (d) session 12 (X2=4.8, p<0.05), (e) session 10 
(X2=10.4, p<0.005), (f) session 15 (X2=7.6, p<0.01), and (g) session 8 (X2=7.2, 
p<0.01). 
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CHAPTER 5:  SYNTHESIS AND FUTURE DIRECTIONS

Elasmobranch fishes utilize a suite of sensory modalities to avoid 

predators, and find prey, mates, and suitable habitats. Sharks are known to 

employ multiple senses in an integrated and hierarchical manner to ensure 

behavioral plasticity during predation (Gardiner et al. 2014), and migratory 

animals use multiple environmental cues in a hierarchy of orientation and 

navigation mechanisms as they migrate through space (von Fritch 1967, Able 

1991, Bingman and Cheng 2005). This strategy allows for switching between 

sensory modalities to ensure effective prey capture, or migration through space, 

because no single environmental cue is available, or effective, over all 

spatiotemporal scales. In order to better understand how animals integrate 

sensory cues into a comprehensive orientation and navigation strategy, the 

underlying sensory systems and basic cognitive abilities of a species must be 

described. Vision, hearing, olfaction, gustation, mechanoreception, 

electroreception, and magnetoreception have all been studied in elasmobranchs, 

but our understanding of how these fishes detect magnetic fields is in its infancy. 

The purpose of this study was to determine the types of geomagnetic stimuli that 

the yellow stingray, Urobatis jamaicensis, and potentially other elasmobranchs, 

can detect, and contribute to the growing interest in how well these fishes learn, 

categorize, and recall information. 
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Magnetoreception  

The geomagnetic field (GMF) is a ubiquitous environmental cue that exists 

as a dipole and varies predictably over space and time. Consequently, numerous 

animals, including sharks, skates, and rays, have been hypothesized to use the 

GMF as a cue to orient and navigate across the globe (Kalmijn 1978, Paulin 

1995). Studies on magnetoreception in elasmobranchs are extremely rare. 

Behavioral conditioning (Kalmijn 1978, Walker et al. 2003, Meyer et al. 2005) and 

electrophysiological (Adrianov et al. 1974, 1984, Adrianov and Brown 1974, 

Akoev et al. 1976, Brown and Ilyinsky 1978, Brown et al. 1979) experiments have 

demonstrated basic magnetic sensitivity but the nature of the magnetic stimuli 

that the sharks and rays could detect remained unclear. This study was the first 

to establish that the yellow stingray could discriminate between: magnetic and 

non-magnetic stimuli; changes in GMF strength (∆F) and inclination angle (∆I); 

and the north and south poles of the GMF. A permanent magnet was used to 

demonstrate that stingrays could detect magnetic stimuli without any induced 

electrical artifacts that might have confounded previous studies (Lohmann and 

Johnsen 2000, Johnsen and Lohmann 2005, 2008). This modification made it 

clear that sharks and rays could detect magnetic fields however it is still unknown 

if these fishes use a direct, magnetite-based, or indirect, induction-based, 

mechanism. Yellow stingrays are the first elasmobranch known to detect and 

discriminate between the ∆F and ∆I of the GMF. The ability to detect either ∆F or 

∆I could enable the yellow stingray to derive a sense of latitude. The similar 

conditioned responses to ∆F and ∆I stimuli during discrimination training and the 
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small angular difference between the isodynamics (∆F) and isoclinics (∆I) 

throughout this species distribution (Böstrom et al. 2012) suggest that this 

species might not have the perceptual ability, or selective pressure necessary, to 

derive a map using a bicoordinate geomagnetic grid. The thorny skate, Amblyraja 

radiata, can discriminate ∆F as low as 1 nT (Brown et al. 1979) and is distributed 

in higher latitudes (Kulka et al. 2009) where the angular differences between 

isolines are more pronounced (Böstrom et al. 2012). Based on these data it 

appears that species in temperate to polar regions, like the thorny skate, are 

more likely to use the GMF in a grid-based navigation scenario. Regardless, the 

yellow stingray could derive headings toward specific goals with varying degrees 

of precision using either a bicoordinate- or latitude-based geomagnetic map. 

Then it could perform a compass step using the polarity of the GMF to align itself 

in the correct direction to reach its goal. It is likely that long-lived, K-selected 

species such as elasmobranchs would learn and remember navigational routes, 

landmarks, and associated environmental cues with increasing efficiency with 

each additional migration. 

 

Cognition 

 The cognitive abilities of elasmobranch fishes are relatively unknown 

(reviewed in Guttridge et al. 2009, Schluessel 2015). Most behavioral-based 

sensory studies on sharks and rays have focused on demonstrating sensory 

perception without quantification of the acquisition phase of learning, the 

retention of conditioned associations, or habituation of naïve reactions to stimuli. 
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A recent surge of interest in the cognition of sharks and rays has shown that 

sharks and rays can use tools, learn from social interactions, categorize objects, 

perceive concepts such as symmetry and illusions, and remember behavioral 

tasks for up to one year (reviewed in Guttridge et al. 2009, Schluessel 2015). The 

results of this project have shown that the yellow stingray can learn to associate 

strong magnetic stimuli with food within a mean of 51 (± 3 SE) trials and 

remember this association for up to six months, which is the fastest learning rate 

and longest memory window known for any batoid. These data compare well to 

the results of conditioning studies on distantly related species. For example: 

cuttlefish, Sepia officinalis, learned an association within an average of 42 trials 

(Cole and Adamo 2005), turtles, Pseudemys scripta, within 23 trials (Lopez et al. 

2001), African cichlids, Pseudotropheus sp., within 46 trials (Schluessel et al. 

2012), pigeons, Columba livia, within 90 trials (Petruso et al. 2007), fur seals, 

Arctocephalus pusillus, within 48 trials (Scheumann and Call 2004), and four 

species of non-human primates, Gorilla gorilla, Pan troglodytes, Pan paniscus, 

Pongo pygmaeus, within 22 trials (Kanngiesser and Call 2010).  

In subsequent experiments stingrays learned to associate changes in ∆F 

and ∆I with an aversive stimulus within a mean of 184 (± 35 SE) trials, and they 

learned to use GMF polarity to solve a maze for food rewards within 159 (± 28 

SE) trials and 120 (± 14 SE) during a serial reversal task. To date there have 

been no sequential magnetic stimulus discrimination studies conducted, thus 

making direct comparisons for the second and third set of experiments 

challenging. Yellowfin tuna, Thunnus albacares, and rainbow trout, 
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Oncorhynchus mykiss, were trained to consistently discriminate between the 

presence or absence of magnetic fields within approximately 65 and 100 trials, 

respectively (Walker 1984, Haugh and Walker 1998), and trout were then reverse 

trained within 200 trials (Haugh and Walker 1998). Carp, Cyprinus carpio, were 

unable to discriminate between sequential auditory stimuli (CS+:CS-) presented 

at a 1:1 ratio after 198 trials, but learned to discriminate between stimuli when 

presented at an 11:1 ratio after 252 trials (Zion et al. 2010). Zebrafish, Danio 

rerio, placed into a T-maze and given a forced two choice color discrimination 

task reached criterion within 64 trials for the initial paradigm, then were 

extinguished within 28 trials, and reverse trained within 64 additional trials 

(Colwill et al. 2005). Crows, Corvus macrorhynchos, can visually discriminate 

between shapes within 112 trials (Bogale and Sugita 2014) and rats can 

discriminate between lights flashing at different frequencies within 1000 trials 

(Fox et al. 2013).   

The threefold decrease in learning efficiency from the first to the second 

and third set of experiments could have been because the conditioning magnetic 

stimuli were more subtle and weak, or the behavioral tasks required more 

discretion. In either case it is possible that successfully learning the later tasks 

was more cognitively demanding for the stingrays. The similar responses of 

stingrays to the reinforced and non-reinforced ∆F and ∆I stimuli in the 

discrimination study could indicate that subjects were unable to detect 

differences between the stimuli. It is equally plausible that stingrays could 

discriminate between ∆F and ∆I but categorized them into a broader class of 
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stimuli (i.e. ∆GMF) and respond accordingly. One potential issue is that using a 

sessile species with a natural behavioral response of maintaining crypsis during 

threats might have contributed to the low response rates in the ∆F and ∆I 

discrimination studies. Attempts to create a more natural habitat with cover from 

external threats (e.g. sand substrate, protective overhangs) were unsuccessful in 

eliciting more robust responses. Perhaps using a vagile species that lives in the 

open environment and is more inclined to flee from aversive stimuli would yield 

higher response rates. However, such species would require larger facilities so 

that individuals could move within space and sufficiently demonstrate a 

behavioral response to the conditioning magnetic stimuli.   

Additional studies are necessary to tease apart the differences between 

sensory detection capabilities and the cognitive aspects of sensory perception, 

information classification, and decision making that underlie behavioral 

responses. The increased learning efficiency shown during the serial reversal 

conditioning experiments, and the similar responses to discrimination assays, 

suggests that the yellow stingray can classify geomagnetic stimuli into categories 

in a similar manner to how bamboo sharks classify objects based on visual 

characteristics (Schluessel et al. 2014). The adaptive significance of rapidly 

learning which environmental stimuli signify the presence of prey, predators, 

mates, and suitable habitats supports the notion that these cognitive skills are 

likely conserved across elasmobranch species. The large brain to body mass 

ratio in chondrichthyans (sharks, skates, rays, and chimeras) is comparable to 

that of avians and small mammals (Northcutt 1978, Lisney et al. 2008, Yopak 
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2012), and the cognition of this ancient clade of fishes is an untapped area of 

research into the evolution of vertebrate sensory perception, information 

processing, and decision making abilities.  

 

Ecological Context 

The migratory patterns, seasonal, and long-term movements of the yellow 

stingray are not known at this time. However magnetoreception, rapid learning, 

and a long memory window are useful capabilities for a species with a limited 

distribution and home range. These stingrays are found year round on 

Southeastern Florida reefs and seagrass beds (Sulikowski 1996, Fahy 2004). 

Active acoustic tracking has shown elevated nocturnal activity with high site 

fidelity and highly directed forays to and from shallow reefs (Fahy 2004). Lemon 

sharks and Nassau groupers, Epinephelus striatus, prey upon yellow stingrays 

(Silva Lee 1974, Cortes and Gruber 1991), which in turn prey upon polychaetes, 

nematodes, crustaceans, and mollusks (Babel 1967, Quinn 1996). Nocturnal 

foraging by stingrays would reduce their predation risk at the expense of using 

visual cues to navigate between habitats. The geomagnetic field could be a 

useful means for stingrays to derive a sense of location and direction because 

magnetic fields are unaffected by changes in ambient light, pressure, shifting 

currents, the activity of other species, or small spatial scales. Additionally, 

forebrain size is correlated with habitat complexity in cichlid fishes (van Staaden 

et al 1995, Huber et al. 1997) and might also be the case in batoid 

elasmobranchs. If so, the high degree of encephalization in the yellow stingray 
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might explain the rapid learning rate and long memory window necessary for the 

acquisition, storage, and recall of the locations of benthic prey species with 

limited mobility and a presumably consistent distribution.  

Many species of elasmobranchs are known to sexually segregate, exhibit 

philopatry, seasonal residency, and natal homing (reviewed in Hueter et al. 2005, 

Speed et al. 2010, Flowers et al. 2016). Spieler et al. (2013) proposed that the 

limited home range of the yellow stingray (Fahy 2004) might be due to sexual 

and ontogenetic segregation. If so, then larger individuals might inhabit deeper 

waters and only use a portion of their overall range during a diel period. 

Individual female stingrays have semiannual reproductive cycles and ovulate 

from January to April and August to September (Fahy 2004, Fahy et al. 2007), 

which results in a female population that is gravid all year long. If female yellow 

stingrays form subpopulations with distinct spatiotemporal distributions, then 

males might need to navigate to different mating locations, and females would 

need to navigate between mating and parturition sites. In this scenario a 

magnetic sense, rapid learning rate, and long memory window could facilitate the 

migration of stingrays between spatially distinct locations on a semi-annual basis.   

 

Future Directions 

 The magnetic stimuli used in the conditioning experiments of this project 

were optimized to make them more obvious, and potentially easier to detect, in 

order to facilitate the acquisition of learning in yellow stingrays. As such, the 

stimuli were not entirely representative of the geomagnetic cues that stingrays 
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might encounter in their natural environment. Future studies will focus on 

determining: the mechanism of elasmobranch magnetoreception; how the 

relevant sensory system responds to various GMF stimuli; and the range and 

threshold for each type of stimulus. Preliminary evidence from a pilot study on a 

brown banded bamboo shark, Chiloscyllium punctatum, suggest that this species 

uses its electrosensory system to detect magnetic fields from a permanent 

magnet (Newton and Kajiura, unpublished). If this result can be confirmed with 

additional studies then electrophysiology experiments on the electrosensory 

afferent nerves could verify if sharks and rays can detect weak GMF cues as 

they occur in nature. The data could be used to develop a working model for the 

physiological responses of the magnetosensory system to each type of stimulus 

and how they might be used for orientation and navigation. A comparative study 

on the magnetosensory capabilities of sympatric but phylogenetically distant 

elasmobranchs could elucidate the selective pressures that a particular habitat 

has on the sensory tuning of sharks and rays. I would predict that if the 

hypotheses of Böstrom et al (2012) are true, then species from geographic areas 

where the angular relationship between the GMF isodynamics (∆F) and isoclinics 

(∆I) are small would show similar responses to ∆F and ∆I stimuli in discrimination 

tasks (as in this study), whereas species distributed across geographic locations 

with large angular differences in GMF isolines would express a larger separation 

in their physiological responses to ∆F and ∆I.  

 Additional studies are underway utilizing diffusible iodine contrast 

enhanced micro computed tomography (DICE µCT) scans to image the 
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electrosensory system of elasmobranchs. Traditional µCT scanning creates 

three-dimensional reconstructions using thousands of serial X-ray images of the 

mineralized tissues within a specimen. Soaking preserved specimens in Lugol’s 

solution (I2KI) allows for the non-destructive imaging of soft tissues due to the 

binding of radio-opaque iodine with lipids and carbohydrates (Gignac and Kley 

2014). DICE µCT scanning might allow us to create 3D morphological models of 

the electrosensory system in various elasmobranchs, and determine the spatial 

arrangement and length of the ampullary canals, which determine the sensitivity 

threshold for a given electroreceptor. The correlation between these 

morphological and electrophysiological data could be used to predict a species’ 

physiological ability to use electromagnetic cues to find prey, mates, or navigate 

based on the DICE µCT scan of a preserved specimen.  
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