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ABSTRACT
How animals navigate over long distances is not understood despite decades of
study. This thesis used lemon sharks as a new experimental model to study navigation
because they home reliably after displacement and their responses to the Earth’s
magnetic field could be compared with those of homing pigeons.
I hypothesised that if movements by homing pigeons, aligned parallel and
perpendicular to the intensity contours of the Earth’s magnetic field, are used in
navigation, then other species of navigating animals should perform similar movements.
Tracks of lemon sharks revealed movements similar to the magnetic alignments made
by pigeons during homing. In sharks, this behaviour continued for much of the
homeward journey, whereas in pigeons it occurs almost exclusively in the first few
kilometres.
The effects of magnets and the magnetic characteristics of release sites were
examined with pigeons to explore how homing animals overcome magnetic
disturbances while navigating over long distances. The magnets did not appear to affect
the pigeons’ bearings and alignments, but the field angle variance and the difference
between the aspect and home directions at the release sites were associated with the
amount of disorientation displayed by the birds. This study was the first to use a
multivariate analysis to examine the behaviour of homing pigeons and successfully
distinguished magnetic field characteristics that vary at most release sites and that
influence the birds’ behaviour from those that do not.
This study identified similar responses to the Earth’s magnetic field in two
vertebrate classes. The similarity of the behaviours was impressive considering the
large differences between the animals, the speeds at which they move, and the fluid
media in which they live. The behavioural similarities also suggest that the use of the
magnetic field in long distance navigation may be common in vertebrates. The analysis
of the effect of release site characteristics on the behaviour of navigating pigeons
demonstrated the importance of a multivariate approach in navigational studies. Future
research should expand this study with tracks from both pigeons and sharks, and may
lead to a model of how navigating sharks and pigeons will react to magnetic fields upon
displacement.
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CHAPTER ONE
General Introduction
Many species of vertebrates are capable of long distance movements, but how
they perform this feat is a contentious issue. The vast majority of the research on
navigation has been conducted on homing pigeons because they navigate on demand,
but it is unknown if other species behave similarly. The goal of this thesis was to
compare and contrast navigation in both a wild species and homing pigeons, and to test
the effects of the environment on the paths of navigating homing pigeons.
This chapter introduces the topic of animal navigation, details the requirements
of an navigational stimulus, evaluates the three main hypotheses of long distance
navigation, discusses the use of animal models to study navigation, and lists the
objectives of the research.
1.1. Animal Navigation
There are three types of long distance orientation: piloting, compass orientation,
and true navigation. Depending on the type of orientation, the animal may or may not
be in sensory contact with its goal or able to determine its position (Griffin 1955).
Piloting is a type of orientation where the animal is in sensory contact with its goal or is
guided by landmarks, visual or otherwise (Griffin 1955). Compass orientation can occur
when the animal is in an unfamiliar location, cannot use landmarks, and is not in
sensory contact with the goal. Instead the animal orients its movements at a fixed angle
to a stimulus (Griffin 1955). For example, many animals are able to orient their
movements in relation to the sun, magnetic fields, and or celestial cues by moving at a
fixed angle in relation to these features (Able 1980). An animal that is capable of
compass orientation is said to have a ‘compass sense.’ A compass sense, however, would
likely be insufficient for long journeys if they are being passively displaced (Griffin
1955). If water or air currents passively move the animals from their previous location,
then the fixed heading they are following in relation to the environmental stimulus
would no longer guide them to their goal. On the other hand, an animal that is truly
navigating can compensate for the effects of passive movements caused by the wind or
water currents by periodically determining its current position, and the correct course to
its goal, even from an unfamiliar location (Griffin 1955). An animal that can determine
it position with respect to its destination, even unfamiliar locations, is said to have a
‘map sense.’
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Navigation enables animals to move long distances while compensating for the
effect of passive displacement. This is essential whether an animal is homing (returning
to a familiar area) or migrating (moving a long distance to a different habitat). By
moving to a different habitat, animals are able to exploit resources that may not be
available locally, thereby enhancing their fitness (Walker and Dennis 2005). For
example, there is a clear energetic benefit from migration in sockeye salmon,
Oncorhynchus nerka. Non-migratory salmon, called kokanee, that stay in freshwater
do not attain the same size as salmon that migrate to the ocean, salmon growing up to
59.5 cm in length (Healey 1987) and with kokanee only reaching 30 cm in length
(Burgner 1991). A fish’s fecundity is positively correlated with its size, therefore salmon
returning from the open sea have much higher fecundities than kokanee, with each
salmon producing 2000 - 5000 eggs (Foerster 1968) and each kokanee only 300 - 2000
eggs (Seeley and McCammon 1966). In order to maximise the energetic benefit of
homing or migration, it is important for the animals to be able to travel efficiently
toward their goal; this increases an animal’s fitness by allowing direct travel, reducing
energetic costs, and the risk of mortality due to fatigue or predation.
1.2. Requirements of a Navigational Stimulus
To be used in navigation, a stimulus must meet the following criteria to be
accurately and effectively used by animals: (1) it must be available to the animal, (2) it
can be detected by the animal, (3) the animal must respond to it, and most importantly
(4) it must provide reliable and useful information about direction and/or position.
Behavioural observations can provide evidence of both criteria two and three, therefore
it is important to distinguish between them. If the observations were made in the
laboratory and were intended to determine if an animal can detect the stimulus, they
were considered under criterion two. If the observations were made in the field with
navigating or orienting animals, they were considered under criterion three.
The three main types of hypothesized navigation system, based on using
olfactory, auditory, or magnetic information, are reviewed below to determine if they
meet the criteria of an effective navigational stimulus.
1.2.1. Olfactory Navigation Hypothesis
Navigation by olfaction was first proposed in 1880 to explain the ability of
salmonid fishes to navigate in the open ocean (Buckland 1880). Instead it was found
that salmonids use odours to locate their natal river upon their return after spending 2-7
years at sea (Hasler 1960). Salmonids imprint on the scent of their natal riverlet as
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fingerlings and then search for that scent years later when they are mature and ready to
spawn.
The olfactory hypothesis was extended to include homing pigeons, Columba
livia, when it was observed that birds that had had their sense of smell experimentally
impaired were more disoriented than control birds (Papi et al. 1971, 1972). The pigeon
olfactory hypothesis predicts that the birds learn odour cues around the loft in their first
few months of life. The birds are presumed to learn to associate windborne odours with
the direction of the winds at their home loft, and then use this knowledge to determine
their position in relation to their goal, called ‘position determination’ (Griffin 1955), and
the direction home from release sites (Papi et al. 1972).
1.2.1.1. Availability of Odours as a Navigational Cue
There is some evidence that odours may be important in homing pigeon navigation,
but which odours are used is unknown (Sections 1.2.1.2 – 1.2.1.4). Waldvogel (1989)
suggested that odours from food sources, foliage, nests and roosting areas, and unique
natural sources may be important odour cues for navigating birds. It is, however,
unknown if most natural sources of odour reach high enough concentrations to be
sensed by animals for distances greater than a few hundred meters (Waldvogel 1989).
Therefore, there is some evidence that vertebrates use odours as navigational cues, but
the exact odours and source of the odours are not known.
1.2.1.2. Evidence that Vertebrates can Detect Olfactory
Navigational Cues
Most vertebrates possess a sense of smell and are capable of orienting to olfactory
landmarks (Stoddart 1980), which are stationary emitters of odours. Odours are
detected when chemicals come into contact with chemosensory receptors. The
information detected in the odours is then transmitted to the brain through the
olfactory nerve.
Without knowing what odours are used as a navigational cue, it is impossible to
determine if animals can detect them. What is known is that homing pigeons, the
experimental model for most olfactory navigation studies, have a poorer sense of smell
than many other vertebrates (Wenzel 1991). Homing pigeons may not have a highly
developed sense of smell, but they may still be highly sensitive to biologically relevant
compounds. Animals can be tested for sensitivity to any chemical, but this information
is of little use unless the animal actually encounters it in a natural setting and responds
to it. For example, birds are sensitive to laboratory compounds like benzaldehyde and
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n-amyl acetate, but these chemicals are likely not relevant in a natural setting
(Waldvogel 1989). What is known is that homing pigeons could not distinguish natural
air from pure, filtered air in highly sensitive cardiac conditioning experiments (SchmidtKoenig and Phillips 1978), indicating that they may not have the olfactory capabilities
required to navigate by olfaction. For a homing pigeon to use olfactory cues for
navigation, they would need to be able to interpret minute changes in odour
concentration and combinations while in flight.
1.2.1.3. Evidence that Vertebrates Respond to Olfactory
Navigational Cues
The evidence that homing pigeons respond to olfactory navigational cues is less
clear. The basis of Papi’s olfactory hypothesis was that homing pigeons with
experimentally impaired olfactory abilities were disoriented upon release in Italy (Papi
et al. 1971, 1972). Studies supporting the olfactory navigation hypothesis in pigeons
were published in the 1970s and used vanishing bearings; a vanishing bearing is the last
observed direction a pigeon was observed flying by an experimenter using binoculars
and a compass. Pigeons raised with artificial odours added to the wind in their home
lofts had their vanishing bearings deflected from home by the application of the same
odour to their beaks and nostrils (Papi et al. 1974) or were disoriented upon release
when a strong odour was applied to their nostrils in an attempt to block out local odours
(Benvenuti et al. 1977). Finally, the vanishing bearings of pigeons raised in lofts where
the winds were rotated by plastic deflectors or reversed by fans were similarly deflected
(Baldaccini et al. 1975, Baldaccini et al. 1978) or reversed (Ioalé et al. 1978) as predicted
by the olfactory hypothesis.
Further experiments, however, raised serious questions about the olfactory
navigation hypothesis in homing pigeons. First, when experiments with anosmic birds
were repeated outside Italy, researchers frequently failed to demonstrate an effect of
olfactory cues on orientation and/or homing (Keeton 1974b, Papi et al. 1978, Able 1980,
Wiltschko and Wiltschko 1989, Wiltschko 1996). The difficulty in repeating some of the
olfactory experiments may indicate that Italian homing pigeons rely on olfaction more
than other pigeons (Papi et al. 1978, Kiepenheuer 1979, Gould 1982) and may be related
to how they are housed, raised, and/or if and how they were trained (Wiltschko and
Wiltschko 1989). Second, when less invasive methods were used to block olfaction, e.g.
nasal tubes to bypass the olfactory chamber or the application of a local anaesthetic to
the olfactory epithelium instead of blocking the nostrils or sectioning the olfactory
nerve, no disorientation was observed in the birds (Keeton et al. 1977, Schmidt-Koenig
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and Phillips 1978, Kiepenheuer 1979). Interestingly, other researchers in Italy have
been able to successfully repeat the olfactory nerve sectioning experiment and show that
the nerve is necessary for homing (Gagliardo et al. 2004). Unfortunately this result was
likely confounded because surgical disruption of the olfactory pathway negatively affects
other non-olfactory abilities in birds such as learning and can cause the birds to be less
active (Wenzel and Salzman 1968, Phillips 1970). Finally, the effect of deflectors on
homing pigeon vanishing bearings was later shown not to be related to olfaction
(Kiepenheuer 1979). As a result of the difficulties in repeating key experiments and
because of confounding factors, there is not yet sufficient evidence to conclude that
homing pigeons respond to olfactory navigational cues.
1.2.1.4. Position Determination using Olfactory Cues
It is unlikely that animals are able to develop and use olfactory maps because of
the amount of mixing in the oceans and atmosphere, the lack sufficient gradients in
odours to permit resolution of different locations, and that odours appear to only have
an activational effect on navigation birds. First, the currents in the open ocean and
atmosphere can be four-dimensional and complex. Even if it is assumed that the
sources of the odours are permanent and consistently emit the odours at similar
concentrations, air and ocean currents can be quite changeable in direction and
intensity. For this reason, it is difficult to fathom how animals could learn an olfactory
map over fairly large distances.
In addition to the complexity of olfactory cues in most environments, it is
difficult to assess if odours can provide meaningful navigational cues when the odours
are not known. In the absence of the knowledge of specific navigational odours,
atmospheric distributions of aerosols and pollutants were studied as models to test the
suitability of odours in providing a navigational map. The studies found that odours of
the required characteristics do not exist (Becker and van Raden 1986, Waldvogel 1987,
1989, Ganzhorn and Paffrath 1995). For example, even pollutants emitted continuously
at high concentrations did not create a sufficient distribution for olfactory navigation
(Ganzhorn and Paffrath 1995).
Finally, the availability of odours are important to navigating homing pigeons,
but not as a source of navigational information (Jorge et al. 2009a, Jorge et al. 2009b).
In Jorge et al.’s studies (2009a, 2009b), birds deprived of odours were disoriented upon
release whereas birds that were exposed to odours were oriented. Interestingly, birds
that were exposed to novel odours that provided no spatial information were similarly
oriented to birds that had been exposed to natural odours at the release site (Jorge et al.
5
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2009a, Jorge et al. 2009b). This indicates that odours do not provide spatial
information but are important to navigating birds, possibly by activating path
integration systems (Jorge et al. 2009a, Jorge et al. 2009b). It is highly unlikely that
the olfactory hypothesis can explain the long distance navigational abilities of
vertebrates because all four criteria of an effective navigational stimulus have not been
met.
1.2.2. Infrasound Navigation Hypothesis
Unlike the olfactory hypothesis, which has been heavily studied for 40 years, the
infrasound hypothesis has not been heavily studied. Infrasound, sound that has a
frequency of <20 Hz, is potentially a source of information to animals due to its ability
to be propagated for hundreds to thousands of kilometres from its source with little
reduction in signal strength. Griffin (1969) proposed that birds might use infrasound as
a navigational cue after observing that they were capable of keeping a relatively constant
heading in clouds, or between two layers of clouds, that obstructed the birds’ view of the
ground and/or sky. If the animals are able to learn the directions of various infrasounds
and then sense the differences as they move, it is possible that they could use infrasound
as a navigational map.
1.2.2.1. Availability of Infrasound as a Navigational Cue
There are many potential sources of infrasound as a navigational cue, but most
are ephemeral or too rare to be of practical use. Infrasound is generated by a variety of
phenomena, among them: thunderstorms, waterfalls, surf, earthquakes, seismic
activity, and air or water currents moving over solid structures (Hagstrum 2000). The
more ephemeral phenomena like thunderstorms, and earthquakes are unlikely to
provide reliable navigational cues in the longer term. Waterfalls would be a reliable
source of infrasound as long as the water supply was not interrupted, but are limited in
number and not practical as a worldwide navigational cue. More reliable and
widespread sources of infrasound are: surf which would define a coastline, wind on
mountain ranges, and water currents on underwater topography. All of these sources of
infrasound are reliant on the movement of air or water over hard structures, meaning
that at times when there is no wind or water currents there would also be no infrasound
generated.
The most reliable source of infrasound is likely from low level seismic activity
that would be consistently present in the long term, but would vary in strength. The
seismic movements of the Earth’s crust both in the oceans and on land generate
6
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infrasound and have been hypothesized as navigational cues in fishes and birds
(Hagstrum 2000, Sand and Karlsen 2000).
1.2.2.2. Evidence that Animals can Detect Infrasound
Many vertebrates are capable of detecting infrasound, but the animals may be
using the sense for non-navigational purposes only. Sharks (e.g. Nelson and Gruber
1963, Nelson 1967), bony fishes (e.g. Sand and Karlsen 1986, 2000), mammals (Heffner
and Heffner 1980, Ketten 1997), and birds (e.g. Kreithen and Quine 1979, Theurich et
al. 1984) are all capable of detecting infrasound. This is not surprising as many animals
use infrasound to communicate (e.g.Payne et al. 1986, Vliet 1989, McComb et al. 2003,
von Muggenthaler 2003). Infrasound may also be of use to migrants to determine
favourable weather conditions before setting off on a journey to minimize their energy
expenditure (e.g. Gill et al. 2009).
1.2.2.3. Evidence that Animals Respond to Infrasound
Many animals are capable of responding to infrasound but for non-navigational
purposes. Cardiac conditioning has successfully demonstrated the detection of
infrasound in bony fishes (Sand and Karlsen 1986), sharks (Nelson 1967), and birds
(Yodlowski et al. 1977). Larger animals such as alligators, elephants, and whales
respond to infrasound because it is used for communication (e.g. Payne et al. 1986, Vliet
1989, McComb et al. 2003, von Muggenthaler 2003). Finally, sharks appear to be
drawn to infrasound if the frequencies mimic those of wounded prey (Nelson and
Gruber 1963).
1.2.2.4. Position Determination using Infrasound Cues
The evidence that infrasound is used as a navigational cue is anecdotal and may
not be evidence of navigation. First, Hagstrum’s (2000) evidence for infrasound
navigation consisted of possible interactions between the sonic booms from supersonic
planes and homing pigeon races. Hagstrum’s (2000) suggestion that large losses of
birds or late returns during pigeon races may result from exposure to sonic booms was
based on anecdotal evidence. It is unclear that the birds actually crossed paths with the
planes generating the sonic booms or how many races with large losses Hagstrum
examined for this potential interaction. Supersonic disruptions of pigeon races should
also be much more numerous than the four instances Hagstrum (2000) refers to due to
the presence of supersonic military aircraft in many countries. Hagstrum (2000)
hypothesized that the sonic booms from aircraft impaired the birds’ sense of hearing
7
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and thus their ability to perceive infrasound cues, and that is why the birds did not
home as effectively, or at all. This hypothesis is contraindicated by experimental
evidence because deafened homing pigeons or homing pigeons rendered incapable of
hearing infrasound are capable of homing (Wallraff 1972, Schöps and Wiltschko 1994).
Hagstrum (2000) also proposed that birds follow linear structures like coastlines
and mountain ranges, and their behaviours were affected by the wind blowing on an
anthropogenic structure, because they were using infrasound as navigational stimulus.
If the birds were following sounds that were being produced by wind flow on a structure
near their target location, however, this may not be evidence of true navigation but
instead of piloting.
The use of infrasound as a navigational stimulus has not been as heavily
researched as olfactory and magnetic cues and it is possible that future work may
provide more support. Currently the evidence of the use of infrasound as a navigational
stimulus is anecdotal and may instead be evidence of piloting. As a result, the use of
infrasound as a navigational cue is only speculative and fails to meet the fourth criterion
of an effective navigational stimulus.
1.2.3. Magnetic Navigation Hypothesis
Of the three leading hypotheses of long-distance navigation, the magnetic
hypothesis is the most thoroughly supported, with evidence for all four criteria of a
navigational stimulus.
1.2.3.1. The Availability of the Earth’s Magnetic Field
The Earth’s magnetic field is omnipresent and provides stable spatial and
temporal information relative to the life of an organism. The Earth’s magnetic field is
composed of two parts, the main and residual fields. The main field itself is composed
of two components, the dipole and non-dipole fields, and accounts for > 90% of the
observed field. These fields are produced by convection (dipole field) and eddy currents
in the molten core (non-dipole field, Skiles 1985). The main field is most simply
represented by a dipole located at the centre of the Earth at an angle to the Earth’s axis
of rotation, but in reality the main magnetic field of the Earth is not a perfect dipole
because of the non-dipole field. The residual field is made up of magnetized rocks in the
Earth’s crust, which are called magnetic anomalies. The intensity of the anomaly
depends on the types of rocks in the crust, how much rock has been magnetized, how
close it is to the Earth’s surface, and the properties of the magnetic materials (Skiles
1985). Most anomalies are weak, 100 - 1000 nT, and occur fairly frequently over the
8
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surface of the Earth. Strong anomalies are much rarer but can increase the vertical
magnetic intensity of an area up to 360 µT (Skiles 1985).
In order to be able to describe the Earth’s magnetic field at any point on the
Earth, humans have created a reference frame with three axes, x, y, and z. The total
magnetic field vector (F, Figure 1.1) is the sum of the vectors along these axes. The
north-south component (X, Figure 1.1) lies along the x-axis and points to the geographic
north pole of the Earth. The east-west component (Y, Figure 1.1) lies along the y-axis
and points to geographic east. The vertical component (Z, Figure 1.1) is along the z-axis,
is aligned with gravity, and points toward the centre of the Earth. The sum of the
horizontal components, north-south and east-west, is also represented as the horizontal
component (H, Figure 1.1). This vector points toward magnetic north and is the
direction to which magnetic compass needles point. To describe the discrepancy
between the direction towards magnetic and geographic north, which is caused by the
Earth’s magnetic field axis being at an angle relative to the Earth’s rotational axis, the
angle between the north-south and horizontal vectors is called the declination (D, Figure
1.1). The angle between the horizontal and total magnetic field vectors is termed the
inclination (I, Figure 1.1). Overall, the total magnetic field vector has both a direction
and magnitude, with the magnitude of the total field vector representing the intensity of
the Earth’s magnetic field.
If natural selection has favoured animals that use magnetic field intensity,
inclination, and declination as navigational cues, there is a wealth of information at
their disposal. On a worldwide scale, the magnetic field intensity increases from the
equator to the poles and lines of equal magnetic intensity, called isodynamics, trend
east-west over much of the Earth (Figure 1.2, Skiles 1985). Often parallel with the
isodynamics are the isoclinics or the lines of equal inclination (Figure 1.3, Skiles 1985).
Finally, over much of the Earth lines of equal declination, called isogonics, trend northsouth (Figure 1.4, Skiles 1985). Therefore the Earth’s magnetic field provides
information that could be used for navigational purposes by animals anywhere on the
Earth’s surface.
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me)&_cdi=6251&_sort=d&_docanchor=&_ct=20&_acct=C000011498&_version=1&_
urlVersion=0&_userid=140507&md5=5039e3a174daa23c080293776c71b7ce

Figure 1.1. Diagram showing the elements of the total magnetic field vector (F) at the
surface of the Earth. The components of the total field vector are north (X), east (Y) and
vertical (Z) vectors. Compass needles align with the horizontal field vector (H) and
point towards magnetic north. Declination (D) is the angle between the H and X vectors
and inclination is the angle between the H and F vectors (from Walker et al. 2002).

http://www.ngdc.noaa.gov/geomag/WMM/DoDWMM.shtml

Figure 1.2. Magnetic field intensity in nT showing the predominantly east-west
orientation in isodynamics (from The United States National Geospatial-Intelligence
Agency 2005).
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http://www.ngdc.noaa.gov/geomag/WMM/DoDWMM.shtml

Figure 1.3. The inclination of the Earth’s magnetic field in degrees, showing how the
angle of inclination increases in magnitude from the equator to the poles (from The
United States National Geospatial-Intelligence Agency 2005).

http://www.ngdc.noaa.gov/geomag/WMM/DoDWMM.shtml

Figure 1.4. World declination trends in degrees showing the predominant north-south
trend (from The United States National Geospatial-Intelligence Agency 2005).
The magnetic field is omnipresent and stable in terms of ecological time, but is
subject to four types of periodic variations which may affect magnetic navigation:
reversals, magnetic storms, and daily variations caused by the sun and the moon. First,
on average every 217 400 years the polarity of the Earth’s field reverses with the most
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recent reversal occurring 730 000 years ago. Reversals take approximately 4000-5000
years but the magnetic field is always present (Harrison and Somayajulu 1966, Opdyke
et al. 1973, Glatzmaier et al. 1995). It is highly unlikely an animal will experience a
reversal in its lifetime. The Earth’s magnetic field is also changed by magnetic storms,
which occur when large amounts of charged particles are rapidly emitted from the sun
during solar flares. Typical storms can cause variations of a few hundred nanotesla and
change declination by approximately one degree, with the severe portion of a storm
generally lasting 2-12 h (Skiles 1985). A more frequent magnetic variation event is
called the solar quiet. It occurs daily, but only produces a very small change in the
strength of the magnetic field (0.1%) and declination (0.1º, Skiles 1985). Finally, the
moon’s gravitational effect on the Earth results in daily geomagnetic variations, but
again the magnitude of the change is very small (usually 5 nT, Skiles 1985). Despite
these variations, the Earth’s magnetic field is highly stable and is a potentially useful
navigational stimulus to animals all over the world.
1.2.3.2. Evidence that Animals can Detect the Earth’s Magnetic
Field
The Earth’s magnetic field is the only source of information that gives positional
and directional information at virtually all times and in all environments on the planet
(Kirschvink et al. 2001) and has been present during all or most of the evolution of life
on Earth (Skiles 1985). Parameters such as magnetic field direction, intensity,
declination, and inclination all vary across the Earth’s surface in ways that may be useful
in a map sense.
To have a magnetic sense, organisms must have a way to transduce the
information provided by Earth’s magnetic field into a chemical or electrical signal that is
then sent to the organism’s nervous system (Block 1992). The most powerful way to test
if an organism can sense a stimulus is with a conditioning experiment, and then,
reversibly impairing the conditioned response. Successful magnetic conditioning
experiments have been performed in the following vertebrate classes: Chondrichthyes
(Kalmijn 1981, 1982, Hodson 2000, Meyer et al. 2005), Osteichthyes (Walker 1984,
Walker et al. 1997, Nishi et al. 2004), Reptilia (Mathis and Moore 1988), and Aves
(Mora et al. 2004). Some magnetic discrimination experiments have been unsuccessful,
most notably with homing pigeons (Wiltschko and Wiltschko 1995). These failures were
likely caused by the inability of the animal to move in the magnetic field before making
its choice, as discrimination experiments are more successful when the animals are
required to move (Walker and Bitterman 1985, Mora et al. 2004, Walker et al. 2006).
12

Chapter One. General Introduction

There is evidence that vertebrates have a magnetic sense, but the way that
magnetic sense functions is a much more contentious issue. There are three
hypothesized methods by which animals may sense magnetic stimuli: detection via an
electrosense, ferromagnetic particles, and/or with photopigments.
1.2.3.2.1. Electromagnetic Hypothesis
Organisms as diverse as fishes (jawless, cartilaginous, and bony), amphibians,
and mammals have an electrical sense. The organs of electroreception can sense
electrical gradients as weak as 5 nV/cm (Kalmijn 1981, 1982). The information gathered
by the electroreceptors is then transmitted to the brain. Kalmijn (1974, 1977, 1978)
hypothesized that sharks, skates, and rays use their electrical sense to detect the Earth’s
magnetic field. As a fish swims through the Earth’s magnetic field, an electrical field is
induced that could then be detected by the electroreceptor cells (Figure 1.5, Kalmijn
1974, Kalmijn 1977, Kalmijn 1978).

Figure 1.5. Diagram showing how the shark, an electrical conductor, moving through the
Earth’s magnetic field can induce an electrical current (from Kalmijn 1974).
The first experimental evidence that fishes had a magnetic sense was
demonstrated when round stingrays, Urobatis halleri, were conditioned to choose a
corral based on polarity information from the magnetic field (Kalmijn 1978, Kalmijn
1981, 1982). Similarly, mixed species of shark were successfully conditioned to search
for food when a magnetic anomaly was present (Meyer et al. 2005). These experiments,
however, support magnetoreception in general, but not the electromagnetic hypothesis
specifically. Evidence that specifically supports electromagnetic induction was obtained
from recordings from the afferent ampullary electroreceptors in the wings and the brain
of Black Sea skates, Trygon pastinaca. The recordings showed that the electroreceptors
can detect both electrical and magnetic stimuli (Andrianov et al. 1974, Akoev et al. 1976,
13
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Brown and Ilyinski 1978). Overall, there is some evidence to support the
electromagnetic hypothesis, but this hypothesis cannot explain the successful magnetic
discrimination abilities of non-electroreceptive fishes (Walker 1984, Walker et al. 1997,
Nishi et al. 2004), reptiles (Mathis and Moore 1988), and birds (Mora et al. 2004);
therefore there is another type of magnetic sense at work.
1.2.3.2.2. Magnetite Hypothesis
Magnetite-based magnetic orientation was first described in bacteria, where the
rotation of magnetite in response to a magnetic field rotated the bacteria (Blakemore
1975). Subsequently biogenic magnetite (Fe3O4) has been found in organisms as
diverse as: insects (Gould et al. 1978), birds (Walcott et al. 1979, Hanzlik et al. 2000,
Fleissner et al. 2003), fishes (Walker et al. 1984, Mann et al. 1988, Walker et al. 1997,
Diebel et al. 2000) and mammals (Zoeger et al. 1981, Kirschvink et al. 1992a).
If vertebrates have a magnetite-based magnetic sense, how does it work? Unlike
the five main senses, a magnetic sense may not require a specialized sensory organ
because the animals’ bodies are transparent to the stimulus. Sensory transduction of
magnetic stimuli is hypothesized to be based on the rotation of chains of magnetite in
mechanosensory cells (Kirschvink and Gould 1981, Kirschvink and Walker 1985,
Kirschvink et al. 1992b, Walker 2008). The discovery of candidate magnetoreceptor
cells in the olfactory epithelium of rainbow trout, Oncorhynchus mykiss, helped bolster
the ferromagnetic hypothesis (Walker et al. 1997). Theoretical analyses suggest that this
system could sense both magnetic field direction and intensity, with a threshold as low
as 10 nT (Kirschvink and Gould 1981, Kirschvink and Walker 1985).
Other evidence to support a magnetite-based magnetic sense is that strong
magnets placed near the noses of rays and birds can successfully abolish magnetic
discrimination (Hodson 2000, Mora et al. 2004). In these experiments, the magnets
were stationary in relation to the animal and could not have generated an electrical
signal that could be detected by the electroreceptors. Of all the three hypothesized
magnetic sense systems, the magnetite-based magnetic sense is most practical to
animals in a wide variety of environments, because magnetite has been detected in a
myriad of organisms, and it does not require that the animals are in a marine
environment or the presence of light (see section 1.2.3.2.3 below).
1.2.3.2.3. Light-Dependent Hypothesis
In addition to the substantial evidence that supports the magnetite-based
magnetic sense, there is also support for a magnetic compass sense that works in
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conjunction with the magnetite-based sense. The first form of this hypothesis was
called the optical pumping hypothesis (Leask 1977). The optical pumping hypothesis
proposed that magnetoreception takes place in the retina of the eye and is based on the
diamagnetic anisotropy of photopigments like rhodopsin (Hong 1977). A later version
of the hypothesis was called the radical pair hypothesis. This hypothesis was developed
from the observation that an Earth-strength magnetic field can influence the speed at
which radical pairs are formed (Hong 1977, Schulten et al. 1978). Radical pairs are
formed when light energy transfers electrons from one photopigment molecule to
another resulting in two molecules with unpaired electrons that are very reactive and
spur additional reactions. When cryptochrome photopigments were discovered in the
retinas of migratory birds, they were proposed as the photopigment basis of the radical
pair hypothesis (Möller et al. 2004, Mouritsen et al. 2004b). Cryptochromes have been
found in the retinas of insects, amphibians, mammals, and birds, including two species
of night-migratory birds (Fu et al. 2002, Haque et al. 2002, Sancar 2003, Möller et al.
2004, Mouritsen et al. 2004a, Sancar 2004). Cryptochromes are ideally situated in the
hemispherically shaped retina because the molecules are presented at a number of
different angles to a magnetic field (Leask 1977, Solov'yov et al. 2007).
To create radical pairs, light is required and evidence has been presented that the
magnetic compass sense is light dependent in birds (Semm et al. 1984, Semm and
Demaine 1986, Wiltschko et al. 1993, Muheim et al. 2002, Wiltschko et al. 2002,
Wiltschko et al. 2004, Wiltschko et al. 2007b) and some amphibians (Phillips and
Borland 1992). The magnetic compass sense appears to be lateralized but has been
found to be lateralized in both the right and left eyes of European robins, Erithacus
rubecula, by different researchers (Wiltschko et al. 2002, Liedvogel et al. 2007).
To be a plausible mechanism for a magnetic sense, photopigments need to meet
the following criteria: that they can form long living radical pairs in the eyes of birds,
sufficient numbers of photopigments are able to be fixed in the same orientation to
provide information about direction, they are linked to the visual system, and the signal
is transducible (Mouritsen and Ritz 2005). When sampled from garden warblers,
Sylvia borin, who were performing magnetic orientations at night, cryptochrome 1a was
primarily found in ganglion cells, photoreceptors, and in some nuclear cells of the retina
but was virtually absent in other conscious but non-migratory bird species at night
(Haque et al. 2002, Mouritsen et al. 2004b). These results are interesting but it
remains to be seen if the cryptochrome reactions in the eyes of birds are transduced and
sent to the brain. The Cluster N area of the brain has been suggested as the processing
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site of a light-mediated compass sense (Mouritsen et al. 2005). Lateralized dominance
in Cluster N was, however, in the left eye, which is opposite to the dominance observed
in bird orientation experiments (Wiltschko et al. 2002), and was present in both
migratory and more sedentary birds (Liedvogel et al. 2007).
Proponents of the radical pair hypothesis suggest that the light-dependent
magnetic sense is a compass sense that complements a magnetite-based map sense (Ritz
et al. 2004). To test for an independent radical pair based sense, the orientation of
birds was tested in the presence of oscillating magnetic fields that should have affected
the radical pair based sense only (Ritz et al. 2004). Oscillating fields disrupted the
orientation of the birds when they were presented at an angle but not when parallel with
the Earth’s magnetic field, and this was consistent with a resonance effect on the radical
pair magnetic sense (Ritz et al. 2004).
1.2.3.2.4. Conclusions on the Hypothesized Methods of
Detection for the Magnetic Sense
There are varying levels of support for the three hypotheses of magnetoreception.
The electromagnetic hypothesis is supported by experimental evidence but does not
account for the magnetoreceptive abilities of non-electroreceptive animals. The
magnetite-based magnetic sense is plausible in any animal in any environment as it
does not require the animal to have an electric sense or to have available light.
Additionally, magnetite, or a ferromagnetic substance consistent with magnetite, has
been found in four vertebrate classes (Walcott et al. 1979, Zoeger et al. 1981, Walker et
al. 1984, Mann et al. 1988, Kirschvink et al. 1992a, Walker et al. 1997, Diebel et al.
2000, Hanzlik et al. 2000, Fleissner et al. 2003). The radical pair hypothesis is more
limited than the magnetite hypothesis because it is only experimentally supported in
amphibian and avian vertebrate classes. Currently, the magnetite hypothesis of
magnetoreception is the most supported method to sense the Earth’s magnetic field.
1.2.3.3. Evidence that Animals can Use the Earth’s Magnetic
Field as a Navigational Stimulus
Regardless of the controversy on how the magnetic field is detected by animals,
there is no doubt that many animals possess a magnetic sense and respond to magnetic
fields. Some of the earliest evidence that animals use the Earth’s magnetic field for
navigational purposes comes from magnetic impairment experiments, releases during
magnetic storms, and releases near anomalies. The first attempt to impair magnetic
orientation and navigation was by Casamajor in 1927 when he attached magnets to
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homing pigeons. He found that the magnets did not affect homing behaviour and initial
orientation (Casamajor 1927). Many other researchers also attempted magnet
impairments of homing pigeons, but the results were often weak and non-reproducible
(Wiltschko and Wiltschko 1995). It was not until the advent of smaller, stronger
magnets and the discovery that magnetite and/or the ability to sense magnetic fields
appears to be located in the noses of animals in three classes of vertebrate (Walker et al.
1997, Hanzlik et al. 2000, Hodson 2000) that reliable effects were obtained. When
homing pigeons had strong rare earth magnets attached to their upper beaks, they were
reliably shifted to the right, or in a clockwise direction, in Germany, and to the left, or
counterclockwise, in New Zealand (Mora 2002, T.E. Dennis, pers. comm.). This
demonstrated that that homing pigeons were using the Earth’s magnetic field as a
primary navigational stimulus (Mora 2002). Similarly, the initial orientation bearings
of homing pigeons are also affected by natural variations in the Earth’s magnetic field
(Keeton et al. 1974) and the movements of pigeons have been correlated with magnetic
intensity near a magnetic anomaly (Dennis et al. 2007).
The evidence that vertebrates use the Earth’s magnetic field is not limited to
homing pigeons alone. Sharks, alligators, turtles, whales, and birds use the Earth’s
magnetic field as a cue during navigation (Rodda 1984a, b, Walker et al. 1992, Klimley
1993, Lohmann et al. 2004, Dennis et al. 2007), deer and cattle align their bodies
roughly with the north-south axis of the Earth’s magnetic field while resting and grazing
(Begall et al. 2008), and bats use magnetic cues to choose roosting locations (Wang et
al. 2007).
1.2.3.4. Position Determination using Magnetic Cues
To determine an animal’s position in relation to its goal, the animal needs a
stimulus that provides relevant and accurate positional information. The simplest way
to determine a location is to use a paired, two coordinate system where the coordinates
vary systematically in relation to each other (Walker et al. 2002). There are three
proposed models of bicoordinate position determination using magnetic cues in
animals.
Lohmann and Lohmann (1994, 1996) proposed a bicoordinate navigational
system using the intensity and inclination of the Earth’s magnetic field as navigational
cues for sea turtles. This hypothesis was posited when it was noted that hatchling
turtles are capable of responding to both magnetic intensity and inclination and that
these two variables are perpendicular to each other in the turtle study area (Lohmann
1991, Lohmann and Lohmann 1994, 1996). The use of magnetic intensity and
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inclination as a bicoordinate system is, however, very limited in scope because over
much of the Earth’s surface isocontours of these two variables are parallel to each other,
they both increase from the equator to the poles, and cannot give unique positional
coordinates at some locations (Åkesson and Alerstam 1998). Additionally, some of the
magnetic features the turtles are meant to use have been in flux and might have even
been absent a few hundred years ago (Courtillot et al. 1997). From these criticisms it is
clear that the Lohmann and Lohmann (1994, 1996) model cannot provide relevant and
accurate navigational information globally or temporally and is unsatisfactory as a
worldwide navigational system but may be of use in areas where magnetic intensity and
inclination contours are not parallel to each other (Courtillot et al. 1997, Åkesson and
Alerstam 1998).
The second model of bicoordinate magnetic navigation was proposed by
Kirschvink and his colleagues (Kirschvink et al. 1986) and is based on the tendency of
whales to strand where magnetic intensity valleys intersect with the coastline
(Kirschvink et al. 1986). Magnetic valleys and ridges are produced in alternation by the
cooling of magma at the midocean spreading ridges. As rock is formed, it is magnetised
in the current direction of the magnetic field, which reverses at intervals. Magnetic
intensity valleys and ridges are more regular, trending mostly north-south in the
Atlantic and Pacific Oceans, and less complex than those on land (Vine 1966). Fractures
form at high angles to the ridges where more magma surfaces and the new rock is also
magnetised. The magnetised ridges and fractures form the basis of the proposed
bicoordinate system with the ridges being predominantly aligned north-south and the
fractures predominantly east-west (Kirschvink et al. 1986, Walker et al. 1992). The
seafloor magnetic anomaly navigation system is plausible, but it does not apply to
animals outside of the deep sea ocean environment.
The third model of magnetic navigation was proposed by Walker (1998, 1999)
and is based on the systematic variation of intensity and the slope of the intensity over
the surface of the Earth. Over most of the Earth’s surface, isodynamics trend east-west
while the slope of the intensity trends north-south (Figure 1.2). Together they provide
unique bicoordinate positional data on land or in the sea. Evidence that the slope of the
intensity was one of the coordinates in the system was found in region-wide errors in
departure directions, birds had counter- and clockwise errors on opposite sides of a line
of equal intensity of the slope (Gould 1982, Walker 1998). Support for the use of
intensity as the other coordinate came from the disorientation of homing pigeons at
magnetic anomalies: the stronger the anomaly, the greater the disorientation (Walcott
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1978a). It is not known if animals can sense both magnetic intensity and slope because
it is not possible to change one variable without changing the other. For instance if a
homing pigeon responds to an imposed magnetic field, magnet, or anomaly, it is unclear
if it is responding to the change in intensity, slope, or both. Walker’s (1998, 1999)
hypothesis, however, was bolstered by GPS tracks of pigeons and the analysis of release
site biases. The pigeons flew parallel and perpendicular to the Earth’s magnetic
intensity more frequently than expected by chance (Dennis et al. 2007, Mora and
Walker 2009), suggesting that both slope and intensity of the Earth’s magnetic field is
sampled by the birds. These movements may allow the birds to hold one coordinate of
the system constant while sampling the other coordinate to help determine their
location. The intensity and slope of the intensity are navigational cues that are available
anywhere on Earth and are stable over time, thus eliminating the pitfalls of the other
methods previously discussed. As a result, the Walker (1998, 1999) model is the most
general model and may be the best to explain the observed magnetic navigational
abilities in animals from many locations and environments, but the model does require
more experimental support. Pigeon alignments with the Earth’s magnetic field intensity
and slope suggest that the fourth criterion of a navigational stimulus for the Earth’s
magnetic field has been met. Currently, the magnetic hypothesis of navigation is the
most likely explanation of how vertebrate animals navigate over long distances, as a
result this thesis will focus on examining the behaviour of navigating animals in relation
to magnetic fields.
1.3. The Homing Pigeon as an Experimental Model of Navigation
To study how animals magnetically navigate, a robust experimental model is
needed. All motivations lead pigeons home because all of the pigeon’s critical needs are
met in the loft, where they eat, sleep, breed, and rear their young. Homing pigeons are
excellent research subjects on which to test predictions from various hypotheses
because they home readily, the return of an animal to its familiar area (Able 1980); are
easy to maintain; and easy to identify once home. For example, while homing pigeons
were shown to possess a magnetic sense in laboratory tests, it was not until pigeons
were released and tracked in the field that it was demonstrated that they use their
magnetic sense for navigation (Walcott 1977, 1978b, Dennis et al. 2007). Similarly,
pigeons were excellent candidates to test if they use an olfactory or magnetic map while
homing: a prediction of the magnetite hypothesis is that the attachment of rare earth
magnets should reliably affect magnetic orientation while not affecting the pigeons
sense of smell (Walker 1999). Repeatable effects of rare earth magnets have been
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demonstrated on the initial orientation of homing pigeons indicating that they use a
magnetic sense, and not olfaction, for navigation (Mora 2002, T.E. Dennis, pers.
comm.).
It is widely accepted that pigeons have a magnetic sense and can use it to
navigate, but is their behaviour reflective of other animals? First, homing pigeons were
domesticated, from rock doves, Columba livia, up to 7000 years ago and have been
subjected to thousands of years of artificial selection (Hermans 1986), it is not clear if
the pigeon’s navigational ability is a result of domestication and artificial selection. This
seems unlikely, however, due to the clear navigational abilities of many animals which
would likely have been under similar evolutionary pressure to develop an ability to
navigate. Yet to be able to compare and contrast the magnetic navigational abilities of
homing pigeons and other animals, it is necessary to test another experimental model.
1.4. The Need to Develop other Experimental Models for Magnetic
Navigation
Pigeons are very good, convenient test subjects, but it remains unclear if their
behaviours are representative of those of wild animals that spontaneously travel long
distances. Other vertebrates than pigeons likely possess the ability to navigate
magnetically because there is evidence that members of four classes have a magnetic
sense (Kalmijn 1981, 1982, Walker 1984, Mathis and Moore 1988, Walker et al. 1997,
Hodson 2000, Mora et al. 2004, Nishi et al. 2004, Meyer et al. 2005). To study
navigation in wild animals, new experimental models of navigation need to be
developed.
1.5. Criteria for Suitable Experimental Models
A suitable model for the study of magnetic navigational abilities must meet
certain criteria for the greatest efficacy: (1) the experimenter must be able to define a
place to which the animals will travel; (2) the animals must be motivated to reach that
place; (3) the animals are readily available, easy to handle, and easy to displace; and (4)
the experimenter must be able to show the animals have travelled to the defined
location (Guilbert et al. 2007). Homing pigeons are excellent navigational models as
they easily meet all four criteria. When homing pigeons are released from novel
locations they are motivated to home as all of their needs are met in the loft. When it is
time to displace, homing pigeons are semi-tame, small, easy to collect from their loft,
and easily transported in simple boxes with aeration holes. Finally, through simple
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banding, the pigeons are easy to identify at home as they have a very well defined home
loft.
Previous efforts to develop wild animal navigational models have been plagued
by difficulties because the four criteria of an experimental model were not met. Work
with feral homing pigeons, wild rock doves, and barn swallows, Hirundo rustica, have
all been fraught with difficulties because of a lack of control by the experimenter. These
birds were feeding and seeking shelter in different areas and therefore the definition of
the target location was likely insufficient because the birds did not have a single homing
target (Edrich and Keeton 1977, Baldaccini et al. 2001, Giunchi and Baldaccini 2006).
Not all efforts to develop experimental navigation models have been on birds.
Klimley et al. (2005) tracked bat rays, Myliobatis californica, to determine if they were
suitable test subjects for a navigational study. The rays failed to pass the criteria
required of an experimental model because the rays were simply followed and their goal
and motivations, if any, were completely unknown to the experimenter. Conversely, the
use of the New Zealand long-tailed bat, Chalinolobus tuberculatus, as an experimental
model was successful because the experimenters developed the criteria for experimental
models (above) and adhered to them (Guilbert et al. 2007).
For my research, I first developed and tested a wild research model and then
compared and contrasted their homing movements with those of homing pigeons. To
select a suitable navigational model, I needed an animal that would be highly motivated
to reach a goal over a relatively short period of time, <12 h. Otherwise behaviours like
rest and foraging/hunting behaviours would add noise to the tracks. As a result, the
longer term movements like migrations were unsuitable. To find an animal that would
navigate on demand like homing pigeons, I sought an animal that would similarly home
if displaced from a familiar area. I chose to search for a model among cartilaginous
fishes because members of class Chondrichthys have been demonstrated to: (1) have a
magnetic sense (Kalmijn 1977, Kalmijn 1981, 1982, Hodson 2000, Meyer et al. 2005),
(2) be capable of directional swimming (Carey and Scharold 1990, Klimley 1993,
Holland et al. 1999, Klimley et al. 2002, Bonfil et al. 2005, Edrén and Gruber 2005,
Klimley et al. 2005), (3) be capable of transoceanic migrations in less than a year (Bonfil
et al. 2005), (4) be capable of homing (Holland et al. 1993, Sundström et al. 2001,
Edrén and Gruber 2005) and (5) be philopatric, several species of shark return to their
natal areas annually or even several years later to mate and give birth (Hueter et al.
2005). The use of a cartilaginous fish as an experimental model also allowed me to
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compare and contrast navigation between natant and volant animals in different
habitats.
1.6. Objectives
The goal of this thesis was to study compare and contrast navigation in both a
wild species and homing pigeons, and to test the effects of the environment on the paths
of navigating homing pigeons.
Specifically the objectives of this thesis were to:
1. Develop and test experimental models to study homing and magnetic
navigation in cartilaginous fishes
2. Displace cartilaginous fish and analyze their homeward tracks to determine if
they use the Earth’s magnetic field as a navigational cue.
3. Compare and contrast the tracks of homing cartilaginous fish and homing
pigeons to determine if magnetic navigational movements are similar in these two
classes.
4. Advance understanding of magnetic navigation in homing pigeons by using
global positioning system loggers to obtain high resolution tracks of magnetically
impaired pigeons for the first time.
5. Determine if the magnetic characteristics of the release sites affect the
behaviours of homing pigeons.
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CHAPTER TWO
The homing ability of New Zealand eagle rays,
Myliobatis tenuicaudatus

2.1. Introduction
The open ocean, when neither the surface nor the bottom can be seen as a
reference point, is perhaps one of the most challenging environments for navigating
fishes. In order to minimize the time and effort expended while travelling, it is
important that fishes are able to set a direct course to a goal and maintain it. Evidence
that suggests sharks and rays are able to navigate comes from observations of
directional swimming, site fidelity, and philopatry. First, directional swimming has
been observed in many species of sharks and rays (Carey and Scharold 1990, Klimley
1993, Holland et al. 1999, Klimley et al. 2002, Bonfil et al. 2005, Edrén and Gruber
2005, Klimley et al. 2005), with one shark even completing a transoceanic return
migration in less than a year (Bonfil et al. 2005). Second, sharks have also been
observed to return to a previously occupied location (site fidelity), which can include
returning after brief excursions that last only a few hours (e.g. McKibben and Nelson
1986, Klimley 1993, Holland et al. 1999, Heithaus et al. 2002, Chapman et al. 2005,
Chapman et al. 2009). Finally, several species of shark are philopatric and return to
their natal areas annually or even several years later to mate and give birth (Hueter et
al. 2005). The ability of the sharks to swim directly to and return to specific locations
suggests that sharks are capable of navigating.
In the marine environment, the Earth’s magnetic field is a very useful source of
navigational information. The Earth’s magnetic field is the only navigational cue that is
available virtually anywhere on the planet, at all times (Kirschvink et al. 2001) and there
is evidence that members of class Chondrichthyes (sharks, skates, rays, and chimeras)
might be using it as a navigational stimulus. First, in laboratory experiments, round
stingrays, Urobatis halleri; short-tailed stingrays, Dasyatis brevicaudata; sandbar
sharks, Carcharhinus plumbeus; and a scalloped hammerhead shark, Sphyrna lewini,
were conditioned to respond to magnetic stimuli (Kalmijn 1977, Kalmijn 1981, 1982,
Hodson 2000, Meyer et al. 2005). Finally, tracks on free-ranging sharks have shown
that blue sharks, Prionace glauca, and scalloped hammerhead sharks movements may
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be associated with the Earth’s magnetic field (Carey and Scharold 1990, Klimley 1993)
but the findings were only correlative because the animals were simply followed.
In order to study navigational behaviours, animals need to be highly motivated to
navigate to a goal location that is known in advance by the experimenter. This is usually
accomplished by displacing an animal that is highly motivated to home, return to its
familiar area. To test if sharks magnetically navigate, a robust experimental model that
will home on demand is needed. A suitable model must meet the following criteria: (1)
the experimenter must be able to define a place to which the animals will travel, e.g. a
home range; (2) the animals must be motivated to reach that place; (3) the animals are
readily available, easy to handle, and easy to displace; and (4) the experimenter must be
able to show the animals have travelled to the defined location (Guilbert et al. 2007).
For example, homing pigeons, Columba livia, are excellent navigational models because
they meet all four criteria. First, when homing pigeons are released from novel
locations they are motivated to home as all of their needs are met in the loft. Second,
when it is time to displace, homing pigeons are semi-tame, small, easy to collect from
their loft, and easily transported in boxes with aeration holes. Finally through leg
banding, the pigeons are easy to identify in their loft. As a result, navigation has been
intensively studied in homing pigeons and most of the knowledge we have on homing is
from work with pigeons (Papi and Wallraff 1992).
To date, homing has only been demonstrated in the juveniles of two
chondrichthyan species: scalloped hammerhead and lemon sharks, Negaprion
brevirostris (Holland et al. 1993, Sundström et al. 2001, Edrén and Gruber 2005).
Other species of shark have been observed to return to certain areas in a periodic
fashion, but are not truly homing to a familiar area (e.g. Klimley 1993).
Efforts to develop chondrichthyan experimental models of navigation have met
with mixed results. Efforts to test if bat rays, Myliobatis californica, are a suitable
navigational model failed because the rays were simply followed and the goals and
motivations of the animals, if any, were unknown. Juvenile lemon sharks, on the other
hand, are excellent navigational models because they meet all four criteria. First, if a
lemon shark is displaced to a novel offshore location, 4 - 15 km away, the sharks home to
their previously established home ranges, 26 out of 32 sharks homed in usually < 12 h
(Edrén and Gruber 2005). Second, the sharks are highly motivated to return to their
home ranges in mangrove-fringed, shallow, nearshore waters where they are sheltered
from predators and can hunt for food. Third, the juvenile sharks are fairly abundant
and easy to capture, generally in 2 - 3 h (D. P. Cartamil, pers. comm.). Lemon sharks
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are easy to transport because they can ventilate their gills and therefore only require a
small transport tank. Fourth, if the sharks are tagged with ultrasonic transmitters, the
sharks can be followed to shore to determine if they have returned to their home ranges
(Edrén and Gruber 2005). Thus, lemon sharks meet all four criteria of an experimental
model for the study of navigation.
The homing ability of lemon sharks demonstrates the feasibility of developing a
local chondrichthyan model. In the search for a local model, I looked for a relatively
small, benthic species that can ventilate their gills because they are more tolerant of
confined environments (Smith 1992) and this allows for the use of a smaller transport
tank (Gruber and Keys 1981). Adult New Zealand eagle rays, Myliobatis tenuicaudatus,
are semi-resident in the Whangateau Estuary, New Zealand (Le Port 2003). The rays
are the most abundant in the estuary in the summer, and are thought to migrate
offshore in the winter (Hartill 1989). Therefore it is likely that they to have the ability to
navigate over fairly long distances. I hypothesized that, like juvenile lemon sharks, the
rays would return to the estuary after displacement because it contains prey for the rays
(Le Port 2003) and protects them from predators like killer whales, Orcinus orca. If the
rays proved to be suitable experimental models, further research can be performed to
test if they use magnetic cues to navigate their way home.
2.2. Methods
2.2.1. Study Site and Experimental Subject
The Whangateau Estuary (174.78°, -36.32°) is located on the north-east coast of
the North Island, New Zealand (Figure 2.1) and is approximately 2.5 km2 in size (Grace
1972). The estuary has semi-diurnal tides (1.3-3.0 m in height) and an extensive softbottomed intertidal zone (Grace 1972) where the New Zealand eagle rays feed primarily
on soft-bottom infaunal organisms (Grace 1972, Le Port 2003). Rays are present year
round in the estuary (Le Port 2003), although they are usually less abundant in winter
when they are thought to migrate offshore (Hartill 1989), and can attain wingspans of
up to 150 cm.
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Figure 2.1. Map of the North Island peninsula of New Zealand (top right) with
expansion of the area in the red box to show the location of the Whangateau Estuary and
Omaha Bay. Release points are marked with the number of the ray and are coloured to
denote if the New Zealand eagle rays returned to the estuary during this study: red for
those that did not return, yellow for those that did, and orange for a location where one
ray returned and one did not (Table 2.1).
2.2.2. Automated Receiver Deployment to Detect Returning Eagle
Rays
Prior to the displacement of any eagle rays, an automated, omnidirectional
submersible hydrophone and receiver was deployed at the mouth of the Whangateau
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Estuary. The mouth is a narrow channel, approximately 65 - 320 m wide depending on
the tide, between a rocky headland and sandspit that opens into Omaha Bay (Grace
1972). The receiver (Figure 2.2; VR2, Vemco, Shad Bay, NS, Canada) was mounted on a
line suspended by subsurface buoy(s). Overall three moorings were constructed because
the mooring was stolen twice. One receiver was also lost in the thefts but no data were
lost as no rays had been displaced since the last time the data were downloaded.

Figure 2.2. Shark clips were used to attach the receiver to the mooring line/chain.
The moorings were built by attaching one end of a 3-m segment of rope to a
weight, e.g. metal plates or sewer grating, and the other end to one or two subsurface
buoys that were capable of keeping the line roughly vertical, even in a current. To make
it more difficult to remove, the rope was changed to a metal chain in the third mooring.
The chain was attached to the weight with a metal clamp and then stainless steel wire
was threaded repeatedly through the clamp and chain to make it very difficult to
disassemble.
The mooring was placed in water approximately 4.5 m deep at low tide; this
permitted the retrieval and deployment of the receiver on snorkel during low, slack
tides. This also ensured the mooring was not a navigational hazard because it was
always submerged by at least 1.5 m. The receivers were attached to the mooring lines
with shark clips (Figure 2.2). After deployment at the mouth of the estuary, the receiver
and mooring were examined at least once a month to check for any damage and/or
biofouling. Approximately two weeks after every displacement, the receiver was
retrieved, the data were downloaded, and the receiver was returned to the mooring line.
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During this process it was out of the water for < 4 h, except on one occasion when it was
out for 12 h due to poor water visibility. After a few deployments, I covered the receiver
and mounting plate with electrical tape to permit the quick removal of biofouling
organisms.
Range tests were conducted to determine if the receiver was able to detect
transmitters across the whole width of the estuary mouth. A transmitter like those used
to tag the rays (Figure 2.3; V13-1L, code 256 or R64K, 69 kHz, with minimum and
maximum off times of 10 s and 20 or 30s, 13 mm diameter x 44 mm long, Vemco) was
attached to a weighted plumb line and lowered in 1-m depth increments. The
transmitter was suspended at each depth for 40 s, to allow at least one pulse stream per
position, and then the transmitter was lowered another meter until the bottom was
reached. This was done across the width of the estuary in line with the mooring, at 10 m
increments, and at both low and high tides. The range of the receiver was found to be
sufficient to detect a transmittered ray for the whole width of the estuary mouth.

Figure 2.3. A V13-1L transmitter that was modified for external attachment by attaching
loop of tie wrap to the transmitter with epoxy.
2.2.3. Eagle Ray Capture and Tagging
The majority of the fishing efforts occurred during the late spring and summer
months, November to February, of 2005 - 2007 when the abundance of eagle rays is
typically at its maximum in the estuary. The work with eagle rays was approved by the
University of Auckland Animal Ethics Committee. After initial efforts to capture eagle
rays on rod and reel were unsuccessful, eagle rays were captured by set net. The set net,
50 m long, 2.4 m tall, with 20 cm mesh, was anchored and marked by a float at each
end. The net usually had a soak time of 4 - 6 h unless a ray was captured or the weather
conditions deteriorated. To maximize the likelihood of capturing an eagle ray, before
deploying the set net, I would search on foot or in the research vessel (4.1 m V-shaped
hull outboard boat) for a sandflat area with fresh feeding pits. Fresh feeding pits
indicated that rays had been feeding in the area on the last high tide. Eagle rays often
feed in a certain area in small groups for up to one month and then move to a different
area (Le Port 2003) so it was expected that the rays would return to areas with recent
feeding activity. To attempt to catch rays as they moved to or from the feeding areas,
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the net was set across the nearest estuary channel on the proximate side of the feeding
pits to the estuary mouth. Incoming, outgoing, and slack tides were fished, both during
the day and at night. If an eagle ray was spotted within 100 m of the net, I attempted to
drive it towards the net with the boat.
In most cases, when a ray was caught in the net, the ray would break the surface
of the water in an effort to escape. In the absence of an obvious capture, the net was
checked approximately every 2 h. When a ray capture was detected, the black, plastic
transport bin, either 1.30 m in diameter and 0.45 m high or 1.16 x 0.37 m, was
immediately lined with a fitted, cloth sheet and filled with fresh seawater. To remove a
ray from the net, the boat was manoeuvred to end of the net closest to the ray, and was
pulled by hand along the header rope of the net until the section of the net with the ray
was reached. The ray was then carefully brought on board the boat and placed into the
transport tank while still entangled in the net. If apparent, the time the ray hit the net
was recorded; otherwise the time the ray was discovered and the time the net was last
checked were recorded.
Once the ray was in the transport tank and submerged in fresh seawater, it was
removed from the net; this was usually accomplished in 1 - 2 min. The net was then
either returned to the water to keep fishing or was stowed on board the boat. To prevent
the ray from striking with its venomous tail barbs while the animal was being handled,
the ray’s tail was gently restrained in thick layers of cloth. The rays were then:
measured, wingspan to the nearest 0.5 cm with a soft measuring tape; sexed; and
tagged. Each ray was tagged with a Peterson tag and an acoustic transmitter in the
posterior margin of one of their pelvic fins (Figure 2.4). Peterson tags are comprised of
two plastic discs, 1 cm diameter, with a small central hole for a nickel pin to pass
through. To tag the rays, a blank plastic disc was mounted on the nickel pin which was
then pierced through the ray’s pelvic fin from the ventral side. The second plastic disc,
with a unique identifier and contact information, was then placed on top of the fin,
sandwiching the fin between the two plastic discs. To attach the transmitter and
complete the Peterson tag, the nickel pin was then trimmed and bent into a loop with
needle nose pliers around the tie wrap saddle of the acoustic transmitter. Internal
acoustic transmitters (V13-1L, code 256 or R64K, 69 kHz, minimum and maximum off
times of 10 s and 20 or 30s, 13 mm diameter x 44 mm long, Vemco) were modified for
external attachment by epoxying a section of tiewrap to both sides of the transmitter,
with care taken to not cover the end of the transmitter that emits the signal (Figure 2.3).
The transmitters were programmed to transmit their pulse train (including a unique
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identifier) at random times within a 10 - 30 s window. This period was selected to
minimize the risk of an eagle ray entering the estuary undetected but also to conserve
battery power; the transmitters had a life expectancy of approximately 200 d. Total
handling time of each ray was less than 5 min.

Figure 2.4. External attachment of a transmitter to a Peterson tag in the pelvic fin of a
New Zealand eagle ray.
2.2.4. Transport and Release
Displacements points were determined in advance and were selected to range in
distance, water depth, and in all cases but one, to have a straight course from the mouth
of the estuary that was free of navigational hazards. A handheld GPS unit (GPS60,
Garmin, Olathe, KS, USA) was used to navigate to the displacement points. Water
depths were obtained for the displacement locations from nautical charts (Version
7.0.702, Nobeltec Navigation, Portland, OR, USA). Displacements only took place in
winds of < 10 kt and seas of < 1 m to minimize the jostling of the animal in the transport
container. The water was partially changed every 10 min to keep the water cool and
aerated. The tank was also covered with a tarpaulin that was tied in place to keep the
water cool during daytime displacements.
Once at the displacement site, the ray was removed from the tank by lifting it in
the fitted sheet and then gently released over the side of the boat. All of the rays swam
off strongly and in the correct attitude. A homing event was declared if an eagle ray’s
transmitter was subsequently recorded by the receiver at the mouth of the estuary.
2.2.5. Recapturing Homed Eagle Rays
It is estimated that there are 10 - 12 eagle rays in the Whangateau Estuary during
the summer months (J. C. Montgomery, pers. comm.), and my intention was to capture
and displace all of them repeatedly. To try to recapture tagged eagle rays that had
homed, the rays were located and tracked manually with a receiver and unidirectional
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hydrophone (VR60 and VH100, Vemco) by boat. Once a ray was detected, the set net
was deployed immediately or the next day in advance of the ray’s expected arrival at the
same location.
2.2.6. Displacement Analyses
To better characterize homing in eagle rays, homing times and speeds were
calculated for each ray. If required, data were transformed to meet the assumptions of
normality and equal variances for linear regressions between homing speed and the:
distance of displacement, wingspan of the eagle ray, water depth at displacement site,
and total time in captivity.
To determine if any factors that were under experimental control had an effect on
the homing success of the eagle rays, discriminant analyses were performed on the total
handling time (time caught in net to release), distance of displacement, water depth at
displacement site, and wingspan of the eagle ray. To be conservative, if the capture time
of the ray was not known, the last time the net was checked prior to its discovery was
used.
Exploratory analyses like discriminant analysis and logistic regression were
appropriate to test if parameters under experimental control affected homing success.
These tests can evaluate the relationship between variables in the absence of a priori
hypotheses and are suitable for use with a binary categorical response variable.
Discriminant analysis was used instead of logistic regression because it is more tolerant
of small sample sizes. Logistic regression requires a sample size of at least 50 cases per
predictor (Grimm and Yarnold 1995) whereas discriminant analysis requires only two
cases in each response class, and the maximum number of predictors is the sample size
minus two (Klecka 1980), although a larger sample size is strongly recommended (Hair
et al. 1998). To test if the five variables predict homing success, discriminant analysis
only required a sample size of 10 rays where logistic regression required 250. Due to the
limited number of rays in the estuary, estimated at 10 - 12 in the summer (J. C.
Montgomery, pers. comm.), discriminant analysis was more appropriate. If necessary,
the data were transformed to meet the assumptions of normality and equal variances.
2.3. Results
2.3.1. Capture Data
Eleven eagle rays were captured by set net on incoming tides in the Whangateau
Estuary from November 2005 to January 2007 (Table 2.1); no rays were caught on slack
or outgoing tides. Five rays were caught at night, rays 1 - 5, and six rays were caught
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during the day, rays 6 - 11. Two rays that were close to the set net (< 50 m) were startled
into the net by the boat. The captured rays did not attempt to use their tail spines
defensively. Ten of the rays were female, one was male, and the rays had wingspans
ranging from 47.0 - 130.0 cm. No tagged eagle rays were recaptured.
Table 2.1. Capture and displacement data for eleven eagle rays caught in the
Whangateau Estuary and subsequently displaced up to 9.37 km away.
Total
Handling

Ray

Capture

and

Time

Transport

to

Homing

Wingspan

Time

Displacement

Depth

Homed

Home

Speed

(h)

(m/h)

392.65

3.4

404.15

13.0

No.

Date

Sex

(cm)

(min)

Distance (km)

(m)

(Y/N)

1

25/11/05

F

50.5

<145

1.33

6

N

2

25/11/05

M

47.0

<145

1.33

6

Y

3

30/11/05

F

61.5

105

5.34

29

N

4

30/11/05

F

102.5

<175

5.24

37

Y

5

30/11/05

F

64.5

<180

5.24

37

N

6

06/03/06

F

129.0

60

1.44

7

Y

35.15

40.9

7

24/02/06

F

130.0

35

5.40

20

Y

19.65

275.0

8

24/02/06

F

88.0

<85

2.41

12

Y

18.10

133.2

9

24/02/06

F

111.0

<115

9.37

2

Y

210.43

44.5

10

10/01/07

F

78.0

60

8.25

18

N

11

25/01/07

F

86.5

67

7.66

9

Y

298.53

25.7

2.3.2. Homing Success and Speed
Of the eleven rays displaced, seven homed to the estuary (Table 2.1). All the rays
that were detected in the estuary were detected with both the manual and automated
receivers. The total times in captivity, time from capture until release, varied from 35 < 180 min and were generally lower for daytime displacements than for night-time
displacements. The displacement distances ranged from 1.33 - 9.37 km with the rays
being released in water ranging from 2 - 37 m deep.
The time each ray took to home ranged widely from 18.10 - 404.15 h and homing
speeds varied greatly from 3.4 – 275.0 m/h. There was a positive but not statistically
significant relationship between homing speed and displacement distance (Figure 2.5;
linear regression: F = 0.205, df = 1, p = 0.670, R2 = 0.04). One group of rays appeared
markedly slower than the other group, but due to a low sample size, it was not possible
to analyze the data further. Homing speeds were not significantly affected by the depth
of the water at the displacement site (Figure 2.6; linear regression: F = 1.06, df = 1, p =
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0.105, R2 = 0.02), or the wingspan of the rays (Figure 2.7; linear regression: F = 5.76, df
= 1, p = 0.062, R2 = 0.54). The ray with the smallest wingspan also had the slowest
homing speed, but this point may be an outlier and with it removed there is no trend in
the data for homing speed versus wingspan. Homing speeds were, however,
significantly affected by the time spent in captivity, with longer times in captivity
resulting in lower homing speeds (Figure 2.8; linear regression: F = 6.97, df = 1, p =
0.046, R2 = 0.58).

0.0

Log Homing Speed (km/h)
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8

10

Displacement Distance (km)

Figure 2.5. Homing speeds of New Zealand eagle rays, Myliobatis tenuicaudatus, caught
in the Whangateau Estuary, New Zealand, versus the distances they were displaced from
the estuary.
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Figure 2.6. Homing speeds of New Zealand eagle rays, Myliobatis tenuicaudatus, versus
the water depth at the displacement sites.
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Figure 2.7. Homing speeds of New Zealand eagle rays, Myliobatis tenuicaudatus, versus
the wingspans of the rays after experimental displacement.
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Figure 2.8. Linear regression of the homing speeds of New Zealand eagle rays,
Myliobatis tenuicaudatus, versus the total amount of time between capture and release
for each ray.
Day versus night-time capture, displacement distance, wingspan of the ray, water
depth at displacement site, and total time in captivity did not significantly predict
homing success cumulatively or individually (Table 2.2).
Table 2.2. Results of discriminant analyses show that all five predictors, either
individually or cumulatively, were not significant predictors of homing success in the
eagle rays.
Predictor(s)

Wilks’ Lambda

F (5,5)

n

p

Day versus Night

0.476

0.002

11

0.966

Ln Displacement Distance

0.522

0.483

11

0.518

Wingspan

0.709

2.444

11

0.179

Ln Water Depth

0.511

0.366

11

0.572

Ln Total Time in Captivity

0.483

0.074

11

0.797

All

0.476

1.010

11

0.460
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2.4. Discussion
New Zealand eagle rays are not suitable models in which to study navigation
because they fail to meet all four of the required criteria of navigational models, which
are: (1) the experimenter must know where the animals are going (2) that the animals
are motivated to reach their goal, (3) the animals must be readily available, easy to
handle, and easy to displace, and (4) the experimenter must be able to identify the
animal at the home reference point (Guilbert et al. 2007).
2.4.1. Criterion One: Homing Success of New Zealand Eagle Rays
This study presents evidence for the first time of homing, after experimental
displacement, in a ray species and for the second time in a chondrichthyan. It is
encouraging that some of the eagle rays homed, but homing rates should be near 100%
for an experimental model; otherwise it cannot be assumed that the experimenter
knows where the animal is going and that it is therefore actively navigating to reach its
goal. When comparing the homing performance of New Zealand eagle rays and lemon
sharks, the eagle rays homed at a lower frequency, 63.6% of eagle rays to the estuary
versus 81% of the lemons sharks to their home ranges (Edrén and Gruber 2005). It is
possible that the eagle rays did not return because they were unable to navigate their
way back to the Whangateau Estuary, but this seems unlikely because several species of
chondrichthyans are capable of directed swimming (Carey and Scharold 1990, Klimley
1993, Holland et al. 1999, Klimley et al. 2002, Bonfil et al. 2005, Edrén and Gruber
2005, Klimley et al. 2005), which may be evidence of navigational abilities.
No recommendations can be suggested to improve homing success in future
studies because none of the displacement variables under experimental control
predicted homing success (Table 2.2). Homing success may instead be related to the
residency of the rays in the estuary. In a previous study rays remained in the estuary
from 22 to 198 d (Le Port 2003). The rays that did not home may have been transient
rays whereas those that did home may be semi-resident. The poorer homing
performance of the eagle rays when compared to those of lemon sharks may also be that
while the lemon sharks were displaced to novel locations, the rays may have been
displaced to familiar locations as they are thought to move offshore in winter (Hartill
1989) and temporarily leave the estuary after heavy rains (Le Port 2003; pers. obs.).
Other studies that have attempted to develop non-pigeon experimental models of
navigation have also found poor rates of homing, similar to the results with the eagle
rays. In an attempt to address the lack of systematic study of homing in free-living
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birds, the homing ability of the ancestors of homing pigeons, wild rock doves, Columba
livia, was tested. The homing performance of wild rock doves in familiar areas was
found to be quite variable, showing a seasonal, and even time of day effect on
performance, and the birds did not home from unfamiliar locations (Baldaccini et al.
2001).
2.4.2. Criterion Two: Motivation of the Eagle Rays to Reach their
Goal
The low homing rates of New Zealand eagle rays may indicate a lack of
motivation to home. New Zealand eagle rays homed at speeds of 0.003 - 0.275 km/h,
which is much lower than those observed in juvenile lemon sharks, 1.84 - 2.77 km/h
(Edrén and Gruber 2005) and this difference is likely due to a disparity in motivation.
Juvenile lemon sharks are highly motivated to home because while they are away from
mangrove-fringed, shallow waters, they are at a greater risk of predation by larger
sharks (Morrissey and Gruber 1993a). As a result they swim at approximately two times
their normal swimming speeds until they reach the relative safety of the shallows (Edrén
and Gruber 2005). The lower homing rates and time to home of the eagle rays may
indicate that the eagle rays were not similarly motivated. For example, most lemon
sharks had homed within 12 h (Edrén and Gruber 2005), on the other hand, eagle rays
took from 18.10 - 404.15 h to home, with one ray even taking 392.65 h to home from a
distance of 1.33 km. The homing speeds indicate either poor homing motivation or
ability. Rates of movement are not known for New Zealand eagle rays but another
benthic predator, the Hawaiian stingray, Dasyatis lata, has rates of movement of 0.34 ±
0.30 km/h at night and 0.15 ± 0.22 km h in the day (Cartamil et al. 2003). If the eagle
rays were motivated to return directly to the estuary, and their swimming speeds were
comparable to Hawaiian stingrays, the eagle rays could have returned to the estuary,
even from the farthest displacement point, in less than 40 h.
Similar motivational problems were encountered when orientation experiments
were attempted by displacing juvenile barn swallows, Hirundo rustica. Directional
preferences were absent in birds with larger fat stores while those with lower fat stores
were more oriented (Giunchi & Baldaccini 2006). Without having adequate
experimental control on homing motivation, experimental animals will engage in other
non-homing related activities that will add considerable noise to any homing orientation
and movements.
Of the rays that homed, the only significant factor under experimental control
that had a reliable relationship with homing speeds was the time spent in captivity; rays
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with longer times in captivity had slower homing speeds (Figure 2.8). Capture and
transport of cartilaginous fishes can cause a wide range of physiological effects (Cliff and
Thurman 1984, Mandelman and Farrington 2007), and therefore it is very important to
minimize the time an animal struggles during capture and transport times. In this
study, total times in captivity were generally lower during daytime fishing efforts and
therefore daytime fishing would be encouraged for future studies.
2.4.3. Criterion Three: Availability and Ease of Handling of New
Zealand Eagle Rays
New Zealand eagle rays were easy to handle, but failed to meet the third criterion
of an effective experimental model because they are difficult to catch, actively avoided
recapture, and may require more support during transport than an ideal model would.
Only eleven eagle rays were captured during the study despite intensive fishing efforts.
Capture of the eagle rays was a very time intensive activity with only limited success on
incoming tides. Fishing during incoming tides was likely more successful than outgoing
tides because the net could cover more of the width of an estuary channel at low tide.
The lack of success during slack tides was likely because the animals were moving
around less than they do on incoming and outgoing tides, when they are usually moving
to and from foraging areas. On successful fishing days one to three rays were caught. In
between successful fishing days, on the other hand, there were long periods of no ray
captures at all. For example after catching five eagle rays at the end of November, 2005,
no other rays were caught until March 2006 despite 25 fishing trips during this time
period.
During the study, despite extensive efforts, none of the eagle rays that had homed
were recaptured, yet all were detected by manual tracking in the estuary. The avoidance
of the boat, failure to return to a feeding area on successive days, and observed
avoidance of the set net all demonstrated that the rays were actively avoiding recapture.
First, naive rays could be approached by the boat to within approximately 10 m before
they would swim away. Tagged rays, which could be detected within a 150 m radius of
the boat with a hydrophone and receiver, would leave the area once the boat approached
within 100 - 150 m. One tagged ray even crossed a barely submerged sandbar 75 m
away from the boat. Further evidence of the rays avoiding recapture was that the rays
would not return to a feeding area after they had been approached, even the next day
despite the fact that rays are known to feed repeatedly in the same area for a few weeks
(Le Port 2003). Finally, on one fishing trip, rays were observed swimming up the
opposite side of a channel to where the set net was located. The following day, the net
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was placed where the rays were observed the previous day. The rays also switched sides
and avoided the net again (pers. obs.). With these observations in mind, it is highly
likely that the long periods of fishing failure may be a result of the active avoidance of
recapture by the eagle rays, especially if the population of eagle rays was lower than
estimated. This could also explain why only two naive eagle rays were caught the
following summer even though three rays with transmitters from the previous summer
had been detected (pers. obs.).
The rays did meet part of criterion three because after capture they were easy to
handle for relatively large animals and can be transported while stationary due to their
ability to ventilate their gills, but failed the rest of criterion three because they may
require more support during transport than an ideal experimental model would. The
rays were unaggressive and did not attempt to use their venomous tail spines
defensively, although their tails were still restrained as a precautionary measure during
handling. Total time in captivity was negatively correlated with homing speed (Figure
2.8). As a result, if the time in captivity cannot be reduced, it is likely that the animals
would benefit from water treatment during transport. For example, the health of sharks
during transport is improved by aerating the water with medical oxygen, buffering the
water with sodium bicarbonate, and by chemically binding ammonia, a toxin that is
produced from the waste excreted by sharks and rays, in addition to partial water
changes (Smith 1992, Young et al. 2002).
2.4.4. Criterion Four: Ability to Detect Homed Eagle Rays
All seven rays were detected by both the automated hydrophone and receiver at
the estuary mouth and by manual tracking within the estuary. No rays were detected
inside the estuary by manual tracking that had not already been previously logged by the
automated receiver in the estuary mouth. The automated receiver and hydrophone
moored in the estuary mouth was 100% successful at detecting rays that had homed and
recording the time and date of the homing event. The only drawback of this method was
the danger of leaving a piece of equipment unattended for long periods of time, as
shown by the theft of the two moorings and one receiver.
2.4.5. Suitability of Eagle Rays as Research Model for Navigation
Experiments
New Zealand eagle rays are not a suitable local chondrichthyan species to use as a
navigational model because they performed poorly on one and failed to meet two key
criteria required of an animal model. First, although 63.6% of the eagle rays homed,
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and it could be argued that the destination of the eagle rays was known for the majority
of the rays, homing rates would ideally be higher for an experimental model. Second,
there was an apparent lack of motivation to return to the estuary with homing times of
up to 392.65 h for a 1.33 km trip. Eagle rays that homed slowly were likely involved in
other non-homing activities that would add a lot of noise to any navigational study.
Eagle rays also failed as an experimental model because the time in captivity affected
their homing speeds and they may benefit from more comprehensive care during
transport. Capturing eagle rays was also very time intensive and they actively avoided
recapture. The eagle rays met the fourth criterion of being easy to identify once home
with an automated receiver, but overall they are not practical subjects for a navigational
study where large numbers of animals would be needed.
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CHAPTER THREE
Magnetic navigation in juvenile lemon sharks,
Negaprion brevirostris

3.1. Introduction
3.1.1. Magnetic Sense and Navigation in Sharks and Rays
Some species of sharks and rays are known to have a magnetic sense, be capable
of directional swimming, navigation, exhibit site fidelity, are philopatric, and/or use the
Earth’s magnetic field as a navigational cue (for review please see section 2.1). It is
likely that many, if not all, chondrichthyan fishes share these abilities and are capable of
magnetic navigation. The evidence for magnetic navigation, however, is largely
correlative because the animals were simply followed (e.g. Klimley 1993). In order to
detect navigational behaviours, animals need to be placed in a situation where they are
highly motivated to navigate and the goal(s) of animals is/are known to the
experimenter. This is usually accomplished by displacing an animal that is highly
motivated to home, return to its familiar area. To test if sharks magnetically navigate, a
robust experimental model that will home on demand is needed.
3.1.2. Suitability of Lemon Sharks as a Model to Study Magnetic
Navigation
My previous efforts to develop a chondrichthyan model were unsuccessful
primarily because New Zealand eagle rays, Myliobatis tenuicaudatus, were difficult to
capture, slow to home, and only 63.6% of the rays homed (Chapter Two). This
demonstrated that further study should be conducted on a chondrichthyan species with
a previously demonstrated homing ability. To date, homing has only been
demonstrated in three chondrichthyan species: scalloped hammerhead sharks,
Sphyrna lewini (Klimley 1993); lemon sharks, Negaprion brevirostris (Sundström et al.
2001, Edrén and Gruber 2005); and New Zealand eagle rays (Chapter 2). Lemon sharks
are a suitable experimental model for the study of navigational abilities because they
meet the following criteria: (1) the experimenter must be able to define a place to which
the animals will travel, e.g. a home range; (2) the animals must be motivated to reach
that place; (3) the animals are readily available, easy to handle, and easy to displace; and
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(4) the experimenter must be able to show that the animals have travelled to the defined
location (Guilbert et al. 2007).
First, the home ranges of juvenile sharks, < 1.3 m total length, easily meet the
first criterion of a navigational model. They occupy narrow, shore fringing, home
ranges (Gruber et al. 1988, Morrissey and Gruber 1993a, Edrén and Gruber 2005,
Wetherbee et al. 2007), which are spatially and temporally defined but undefended
areas (Odum and Kuenzler 1955) in which the sharks travel while engaged in their
normal activities (McNab 1963, Jewell 1966). Tracked sharks spent 74.1% of their time
in water ≤ 50 cm deep, usually around or inside mangrove stands. In this habitat, there
are not only abundant prey, but the shallow depth is also thought to exclude predators
(Morrissey and Gruber 1993a, Wetherbee et al. 2007). The lemon sharks are also highly
social (Gruber et al. 1988, Morrissey and Gruber 1993b) and prefer to be with
conspecifics (Guttridge et al. 2009).
The second criterion of a navigation model can be met by displacing the juvenile
lemon sharks offshore in deeper water. Offshore the sharks are away from their
foraging grounds, shelter from predators, and conspecifics. As a result, the sharks are
likely to be highly motivated to home. In fact, sharks displaced offshore to novel
locations, 4 - 15 km away, homed with high fidelity, 26 out of 32 sharks returned to their
home ranges usually in < 12 h (Sundström and Gruber 1998, Edrén and Gruber 2005).
Third, the juvenile sharks are abundant, hardy, and easy to capture. Generally a
shark can be captured in 2 - 3 h of fishing (D.P. Cartamil, pers. comm.) and they can be
transported simply in a small tank because they can respire while stationary by pumping
water across their gills. Conversely some species of shark can only pump their gills for
short periods of time and need to swim to breathe, thus requiring much larger transport
tanks. Fourth, if the sharks are tagged with ultrasonic transmitters, it is possible to
follow the sharks to shore and check if they have returned to their home range (Edrén
and Gruber 2005). Working with wild animals is undoubtedly harder than working
with the traditional model, homing pigeons, Columba livia, which are semi-tame and
domesticated, but lemon sharks meet all four criteria defined above for an experimental
model for the study of navigation.
3.1.3. Methods of Data Collection in Navigational Research
The homing pigeon has long been the model of choice for researchers studying
navigation. They are relatively cheap to maintain, easy to handle, easy to capture, and
home on demand. From the work with pigeons, methodologies and analyses have been
developed. In contrast, working with juvenile lemon sharks is more expensive, they are
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much more difficult to capture, but they also home on demand. It is therefore
important to learn from the broad base of knowledge on navigation from the work with
homing pigeons, in order to plan the most efficient and effective experimental protocol
with the sharks.
3.1.3.1. Methods of Data Collection from Navigating Homing
Pigeons
There has been great progress in both the quality and detail of the data collected
on the routes of homing pigeons after displacement. Traditionally, a single data point,
the vanishing bearing, was collected for each homing pigeon after release. A vanishing
bearing is determined by releasing a bird; observing it with binoculars until it is lost
from sight, which occurs at approximately 1.6 - 2.2 km from the observer depending on
the environment (Wallraff 2005); and then recording the compass bearing of the last
observed position. With replication in the same location using many birds, vanishing
bearing data can demonstrate if the birds were oriented as a group, their vanishing
bearings were non-random, after release and in what direction (e.g. Keeton et al. 1974,
Keeton et al. 1977). Homing can then be confirmed when the pigeon returns to the loft.
This procedure yields useful information, but one bearing per bird is a poor
representation of a homing track that can be hundreds of kilometres long and of the
behaviours performed by the birds while still in view. Furthermore, large numbers of
releases need to be conducted to detect a particular effect on a navigational behaviour,
often requiring that the release data be pooled (Steiner et al. 2000). The detail of the
data collected from pigeon releases has been increased by taking sequential vanishing
bearings (Walcott 1977, Mora 2002). These bearings are taken every minute until a
pigeon disappears from view, allowing researchers to test the differences in orientation,
if any, over time. This method can still, however, only record data for only the period
immediately after release.
Longer tracks were made possible with the use of radio transmitters. With a
single receiver, pigeons could be tracked for 9 - 16 km (e.g. Windsor 1975, Walcott
1977). With multiple antennae in different positions along the route home, the locations
of the pigeons could be triangulated yielding a much more detailed and longer track.
Collecting the data to reconstruct the tracks was, however, labour intensive and required
several people working together cohesively to be successful (Schmidt-Koenig and
Walcott 1978). Longer, complete homing tracks of single pigeons were made possible by
following the birds in a small airplane (Michener and Walcott 1966, 1967, SchmidtKoenig and Walcott 1978). This method has not been heavily used, however, due to the
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high cost and low data resolution (Biro et al. 2002), ± 150 - 350 m (Michener and
Walcott 1967, Schmidt-Koenig and Walcott 1978). Overall, with the development of new
tracking systems, it became possible to collect data for increasingly longer portions of
the tracks until eventually data on complete tracks could be collected. Nevertheless,
because of the time intensive nature of radio triangulation and the cost of aerial
tracking, these methods have not come into wide use by researchers.
The next advancement in pigeon tracking reduced both the amount of time and
cost of the previous methods, but still allowed data to be gathered for an entire track
home. Miniature data recorders/loggers can be placed directly on a homing pigeon and
eliminate the need to observe or follow the bird. This system is only suitable for animals
that can be recaptured to retrieve the logger, which is easily done with homing pigeons
once they have returned to their loft. The first bird-borne recording instrument
developed was a data recorder that logged the direction the bird was travelling every 20
s. Track reconstruction required the researcher to perform tedious and time consuming
calculations based on the direction travelled and assumptions about the birds speed,
wind direction, and wind speed (e.g. Bramanti et al. 1988, Dall'antonia et al. 1992). The
birds were assumed to be flying at a constant speed, and the speed and direction of the
wind was measured on the ground only once at each of a few limited locations, but was
assumed to reflect the speed and direction for all the birds at all altitudes flown. The
accuracy of the positional fixes was not reported, but this type of track still represented
an advance on previous techniques.
The next type of logger developed was able to record the position of the pigeons
and does not rely on assumptions of the animal’s speed or the measurement of wind
speed and direction. This not only increased the accuracy of the tracks but also
eliminated the need for the researcher to perform calculations to reconstruct the track.
These loggers use the global positioning system (GPS) to determine their location and
then record a position fix, up to once every second, allowing for highly detailed track
reconstructions (e.g. Steiner et al. 2000, Biro et al. 2002, Biro et al. 2005, Dennis et al.
2007). Once a pigeon is released, the GPS logger automatically records the position of
the bird at the set time interval and the data can be downloaded upon recovery of the
logger.
The GPS loggers also record the bird’s positions with much higher accuracy than
earlier tracking methods, such as radio tracking and the directional data recorders. The
accuracy of the GPS fixes is most commonly described in terms of circular error of
probability (CEP). CEP describes the radius of a circle in which 50% of all the positional
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fixes will be contained, with the centre of the circle being the true location. CEP is
calculated by placing the GPS logger at a heavily surveyed, known location and then
plotting the positional fixes the logger recorded in relation to the logger’s true position.
A very similar but more stringent description of GPS accuracy is the CEP R95. CEP R95
differs from CEP only in that the distance describes the radius of a circle in which 95%
of the fixes will be contained instead of 50%. From 2000 - 2007, CEP R95s of GPS
loggers have decreased from 12.0 m (Steiner et al. 2000) to as little as 6.3 m (WBT-200,
Wintec, Taiwan). The use of GPS loggers, therefore, has greatly increased the accuracy
and frequency of the positional fixes in homing pigeon tracks.
3.1.3.2. Methods of Data Collection from Moving Fishes
To maximise the efficiency of developing lemon sharks as an experimental model,
it is important to learn from the progress made in homing pigeon tracking. For
instance, while the vanishing bearings method is cheap, using it with sharks would yield
too little data for the effort expended to capture and displace a shark. Whereas it is easy
to catch upwards of forty pigeons in a loft in less than 1 h, each wild lemon shark may
require a few hours to capture, and could then only be observed for approximately 50 m
before vanishing, depending on weather, water clarity, and depth. Radio tracking does
not work in seawater, but ultrasonic acoustic transmitters have been used to track fishes
for decades and were used to demonstrate homing in sharks for the first time (Edrén
and Gruber 2005); parts of this study were previously published (Sundström et al.
2001). The acoustic tracks, however, lack both the precision and resolution that can
now be achieved using GPS loggers. In the acoustic tracking study, Edrén and Gruber
(2005) attached ultrasonic transmitters to juvenile lemon sharks, displaced them
offshore to locations with water ≤ 6 m deep, and then followed them in a small boat
(Edrén and Gruber 2005). The researchers maintained a distance of at least 100 m from
the shark to minimize any potential disturbances from the boat, while listening with a
directional hydrophone and receiver, and then recorded the position of the boat with a
handheld GPS unit (Edrén and Gruber 2005). Using the bearing and the estimated
distance to the shark, the shark’s position was determined. Edrén and Gruber (2005)
estimated that their positional fixes were accurate to approximately 200 m and were
taken at 5 min intervals.
The use of GPS loggers while tracking the sharks would increase the accuracy,
precision, and resolution of the positional data collected during the track. First, GPS
loggers’ accuracy is commensurate with hand held GPS units, accurate to within 6.3 m
CEP R95 (e.g. WBT-200, Wintec, Taiwan). GPS loggers can greatly increase the
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precision of the positional fixes because their small size (e.g. 60 x 38 x 16 mm, WBT200) and mass (e.g. 48 g, WBT-200) allow them to be directly attached to animals. This
eliminates the error caused by remotely observing an animal’s movements. Finally track
resolution can be greatly increased with GPS loggers because they are capable of
recording a positional fix as frequently as once every second. To elucidate the
navigational movements of the sharks, GPS loggers would allow automatic collection of
positional data at a rate much higher than is possible manually. This type of tracking
not only enhances resolution and precision, but is also less laborious than manually
recording positional data.
On the other hand, there are two major drawbacks of using GPS loggers instead
of ultrasonic transmitters. First, the GPS logger needs to be recovered to download the
data. The animal can either be followed and recaptured to get the device back, or can be
recaptured in its home range if it is a homing species. This is extra work but saves
money because the loggers can be reused. The second drawback is that GPS loggers do
not work when immersed in saltwater because the seawater blocks their ability to
receive the radio signals sent from GPS satellites. This problem can be overcome by
tethering the GPS loggers to a hydrodynamic float that the sharks tow. Tethers have
previously been used on large chondrichthyans to attach the fish to: GPS loggers on
floats in New Zealand Eagle rays (Riding et al. 2009); satellite tags to increase the
amount of time the tag is at the surface with whale sharks, Rhincodon typus (Gifford et
al. 2007); and cameras to tiger sharks, Galeocerdo cuvier (Heithaus et al. 2001).
Using a tether adds to the positional error of the GPS logger/float system, but the
float system is still more accurate than acoustic tracking. With a fixed tether of 10 m
and positional accuracy of 6.3 m CEP R95 for the GPS logger, the largest positional error
is 16.3 m CEP R95 from the true position of the shark for the GPS logger/float system.
Edrén and Gruber (2005) estimated that their positional fixes were accurate to 200 m.
As a result, based on the maximum estimated error of the positional fixes, the GPS
logger tracking system is about twelve times more accurate than acoustic tracking.
The use of a float adds a fifth criterion to the previously stated four criteria for an
experimental model (Section 3.1.2.): the GPS logger/float must not adversely affect the
behaviour of the sharks. This criterion requires both a natural environment suitable to
the use of tethers, as well as a tether system that will not overly tax the sharks. The
natural environment in Bimini, Bahamas, described by Edrén and Gruber (2005), is
ideally suited to a float and tether system because the water is shallow, ≤ 6 m deep many
kilometres from shore, and the seafloor is composed of sandflats and eel grass beds
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which would offer no impediment to a float tethered shark. A further limitation on the
float and GPS logger system was that the drag and lift induced by the float on the shark
would need to be sufficiently low so that the shark’s behaviour was not affected.
The traditionally accepted guideline to avoid adverse effects when attaching
instruments to fishes is that the weight of the transmitter is ≤ 2% of the fish’s body
weight in air or ≤ 1.25% in water, with the air ratio being more frequently used because
of the greater difficulty in weighing a submerged fish. No data were reported to support
these thresholds (Winter 1983, 1996), however, and the robustness of these rules has
been questioned, with the water ratio being thought to be more useful measure than the
air ratio (Brown et al. 1999, Perry et al. 2001).
Overall, the weight of the transmitters in water or air alone may not be enough to
determine if the attached equipment would adversely affect a study organism. Some
studies have detected an effect of the instrument to body weight ratio on swimming
speed, exhaustion times, or predicted an effect on based on oxygen consumption rates
from fishes instrumented with transmitters that exceeded Winter’s rules (Peake et al.
1997, Lefrancois et al. 2001), while others have found no effect (Mellas and Haynes
1985, Moore et al. 1990, Brown et al. 1999). One study also reported mixed effects:
transmittered fish < 120 mm fork length (FL) swam slower with transmitter to fish
weight ratios of 4.6 - 10% while fish > 120 mm FL were not slowed by transmitters 2.2 5.6% of their body weight (Adams et al. 1998b). Some studies were, however,
confounded by factors like antennae that projected from the fish up to 2 - 3 times the
length of the fish (Adams et al. 1998a, Adams et al. 1998b). The recommended ratios
fail to take into account the size, shape, buoyancy/density, induced drag, point of
attachment, and attachment method of the instrument, all of which could affect the
influence of the device on the fishes. For example, a very large positively buoyant float
or transmitter would be weightless in the water, but would still have a negative effect on
the fish by increasing the amount of drag and lift that acted on the fish.
The majority of the research on the effects of transmitter attachment to fishes has
been performed on bony fishes that have a swim bladder, which can help mitigate the
effects of the extra weight or buoyancy of the instruments on the fishes. More relevant
to the lemon sharks is the work of Blaylock (1990). He found that transmitters < 3% the
mass of cownose rays, Rhinoptera bonasus, in air did not affect the swimming
behaviour of the rays. The rays’ rates of movement did not decrease over time during 8
- 16 h tracks, indicating that swimming with the transmitters did not tire the animals
(Blaylock, unpub. data). The weight of the transmitters in air, however, was irrelevant
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because they were buoyant. A tethered floating transmitter would essentially have no
mass in water and its mass in air does not reflect the strain placed on the fish due to the
effects of drag and lift. As a result, Blaylock’s (1990) 3% rule for cow nose rays is
problematical like Winter’s (1983, 1996) rule because the effects of the shape and
buoyancy of the instrument were not considered.
Another threshold of acceptable instrumentation was proposed based on work
with cownose rays, where if the ‘tag altered exertion’ from the forces of drag and lift was
< 5% of a fish’s swimming power, the fish will not be adversely affected (Grusha and
Patterson 2005). This measure, while it takes better account of the biology of the
animal, is quite impractical because of the amount of information that must be known
about the study species. In addition to the size and mass data that are normally
collected from fishes, the total force incurred by towing the float at a variety of speeds
and the routine and active metabolic rates of the species in question, or a related
species, must be known to calculate the tag attached exertion. Metabolic rates are,
however, profoundly affected by the size of the animal, temperature, swimming speed,
and digestive state so it may be difficult to find the appropriate metabolic rates (Moyle
and Cech 1996). For example, lemon sharks, as one of the most intensively studied
shark species, have been the subject of four studies that report metabolic rates (Nixon
and Gruber 1988, Bushnell et al. 1989, Graham et al. 1990, Sundström and Gruber
1998). Yet none of the metabolic rates from these studies were directly applicable to the
sharks in my study due to at least one of the following factors: differently sized sharks,
different water temperatures, and/or different swimming speeds. The tag altered
exertion method is too difficult to be of practical use.
To replace the rules based on the mass of the instruments, or the tag attached
exertion threshold, I developed a new, hybrid rule: the strain of carrying an instrument
should not adversely affect an animal if the drag and lift/weight of the instrument is ≤
3% of the mass of the fish in air. This rule is more comprehensive and conservative than
Winter and Blaylock’s rules (Winter 1983, Blaylock 1990, Winter 1996) because it
includes the effects of the shape and buoyancy of the instruments, but is easier to apply
than the tag exertion method (Grusha and Patterson 2005). A 3% rule was also
independently applied by another researcher using floats to study the movements of
New Zealand eagle rays (Riding et al. 2009). If a float could be designed that incurred
drag and lift forces equivalent to ≤ 3% the weight of the juvenile sharks in air, even at
speed, the use of GPS loggers would greatly enhance the quality and abundance of data
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to study magnetic navigation in sharks, without negatively affecting their swimming
ability.
In order to determine the acceptable drag and lift levels for the sharks, the range
of swimming speeds the lemon sharks are capable of must be known. Swimming speed
is determined by measuring the distance traversed and dividing by the sampling
interval. It is possible to determine an animal’s swimming speed only when the effect of
water currents is compensated for and the sampling interval is very small, e.g. every
second (Sundström et al. 2001). The routine swimming speeds of juvenile and adult
lemon sharks in laboratory and field studies vary between 0.30 - 0.42 total body lengths
per second (TL/s, total length (TL) of a shark is the longest, straight line distance from
the most anterior point to the most posterior point; Gruber et al. 1988, Bushnell et al.
1989, Sundström and Gruber 1998).
The non-routine swimming speeds of sharks were also relevant to the sharks in
my study because the sharks swim more rapidly when offshore versus inshore (Edrén
and Gruber 2005). When sharks were motivated by food or loud noises to swim more
rapidly, captive sharks swam at 0.47 ± 0.14 (± 2 SE) TL/s (Webb and Keyes 1982).
Laboratory tests to determine the maximum aerobic, sustainable speeds found that
lemon sharks < 1 m TL could swim at 0.63 ± 0.08 TL/s for one hour (Bushnell 1982) or
1.09 ± 0.08 TL/s for 30 min (Graham et al. 1990), but there are few accounts of sharks
cruising faster than 1.0 TL/s in the wild (Graham et al. 1990). Based on the range of
swimming speeds, to meet the fifth criterion, the drag and lift forces induced by the float
needs to be ≤ 3% of the shark’s body weight in air at speeds between 0.30 - 1.09 TL/s.
3.1.4. Evolution of Analyses and the Suitability for Navigational
Research
The evolution of technology available to study animal navigation has also
required a similar evolution in the types of analyses applied to the data gathered.
Traditionally, the homing pigeon has been the experimental model of choice and their
orientations after displacement can be recorded as vanishing bearings. Circular
statistics are commonly used to analyse this type of data. A standard early statistical
test applied to vanishing bearing data was the Rayleigh test, which tests if unimodal
data are oriented by comparing the distribution of the data with a uniform distribution
(Batschelet 1965). This is accomplished by calculating the length of the mean vector;
longer mean vectors indicate increased deviation from randomness. This statistic is
appropriate for data with only one suspected preferred direction because only one mean
vector is calculated. With homing pigeon releases, the Rayleigh test has been used to
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determine if vanishing bearings, usually pooled from many birds, were oriented at
release sites (e.g. Keeton et al. 1977, Walcott 1978a).
The V-test is a modified version of the Rayleigh test. The V-test also is a test of
randomness for unimodal data that determines if the observed bearings tend to cluster
around a specific angle (Greenwood and Durand 1955). The V-test is more powerful at
detecting orientation than the Rayleigh test if the angles tend to be clustered around the
hypothetical direction proposed in advance by the researcher (Batschelet 1981). This
test has been used on homing pigeon data to determine if the data are oriented and
clustered near a specified value (e.g. Keeton et al. 1974, Papi et al. 1978, Baldaccini et al.
2001, Biro et al. 2005) but the V-test can only differentiate between oriented and
random data. To test if the animals were oriented in a predetermined direction, the
confidence intervals of the mean vector need to be calculated (Batschelet 1981). If the
confidence intervals overlap the hypothesized angle, then the mean angle of the animals
was not significantly different from the hypothesized angle.
Nevertheless, knowing if an animal was oriented or not and clustered towards a
hypothesized direction was often not enough. It was important to be able to compare
control and experimental treatments to see if the mean angles of unimodal data differed
significantly. To determine if the mean angles of two unimodal samples differ from each
other, the Watson-Williams test can be used (Watson and Williams 1956, e.g. Wiltschko
1996). This test is powerful but quite restrictive, the test assumes that the two samples
are drawn from populations with von Mises distributions and that the mode meets a
minimum height requirement (Batschelet 1981).
The Rayleigh test, V-test, confidence intervals, and the Watson-Williams test,
however, are not suitable for data that are not expected to be unimodal. There are two
strategies that can be employed with non-unimodal data sets. First, if the data are
evenly spaced bi-, tri-, or quadrimodal data, the extra modes can be removed by
multiplication. For example, if data are bimodal with peaks around 0 and 180°,
multiplying the data by two will create a single peak around 0°. Another option is to use
a test that accepts multimodal data, such as a Chi-squared goodness of fit test. This test
has the advantage of being able to test for more than one angle at a time by specifying
sectors of interest and determining if more bearings are present in those sectors.
The types of analyses discussed above, however, may not be sufficient to analyse
the more detailed and prolonged tracking data obtained by radio tracking (triangulation
or aerial tracking methods) and GPS loggers, which can record the animal’s movements
regularly until its home area is reached. Reducing a complex track into an unordered
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set of bearings suitable for testing with circular statistics or a Chi-squared test
eliminates useful information about how the time and the distance travelled affect the
use of a navigational stimulus.
With the advent of GPS loggers and their use on small animals like homing
pigeons (e.g. Steiner et al. 2000), there was a need for a commensurate advance in the
analyses available to deal appropriately with the large volume of data collected from
each track. For example, without any advancement in analytical techniques, some
researchers backtracked and calculated virtual vanishing bearings from GPS logger data
in order to use accepted analytical techniques (Biro et al. 2002, Biro et al. 2007,
Wiltschko et al. 2007a).
After it was observed that homing pigeons were preferentially flying parallel and
perpendicular to the contours of the Earth’s magnetic field, Dennis et al. (2007)
proposed using a randomization technique to test if the alignments were occurring more
frequently than expected by chance. If the homing pigeons were using the Earth’s
magnetic field as a navigational cue, their movements were expected to be associated in
some way with the Earth’s magnetic field. It was observed that the pigeons often flew
parallel and perpendicular to the contours and slope of the intensity of the Earth’s
magnetic field. The difference between the successive one second long flight segments
and the bearing of the Earth’s magnetic field was used as a measure of orientation, with
the hypothesized distribution being quadrimodal with modes at 0, 90, 180 and 270°
relative to the slope and contours. The number of aligned segments in each track with
the real magnetic field data was compared with the number of aligned segments when
the same tracks were used but with 4999 sets of artificial magnetic field bearings to
determine if the number of alignments were attributable to chance. To facilitate
comparison with the more traditional vanishing bearing technique, Dennis et al. (2007)
analysed the first 2 km of the tracks, but also analysed 4 km distances because some
birds were not oriented towards home until they had flown at least this distance.
The Dennis et al. (2007) randomization more completely embraced the large
amounts of non-unimodal data collected by the GPS loggers than the other analyses
previously discussed, but removed the inherent structure of the data, which is a time
series. The exclusion of the effect of time weakens the analysis because the data can be
autocorrelated. If the animals tend to hold a relatively similar heading for many
positional fixes, the data are not independent, and this could affect the analysis. Lack of
independence in the data can also affect the results of analyses such as the V-test and
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Chi-squared test that use the sample size of the data in the calculation of the critical
value.
3.1.5. Research Goals
I hypothesized that if the magnetic alignments of homing pigeons, moving
parallel and perpendicular to the contours of the intensity of the Earth’s magnetic field,
were related to navigation, other species of animals might perform similar alignments
after displacement to unfamiliar locations. The sharks may also be using other
environmental stimuli to navigate or orient such as odours, water depth, salinity,
currents, and temperature, but due to the lack of detailed datasets for these variables in
the testing areas, it was not possible to analyse the sharks’ movements in relation to
variables other than the Earth’s magnetic field intensity. The shark tracks analysed
came from the homing study of Edrén and Gruber (2005) as well as new tracks that
were collected using new methods (compass and rangefinder or GPS loggers) to increase
the resolution of the tracks.
The improvement in the tracking methodologies may have also required a
commensurate improvement in the analysis used with the GPS logger data set. To
compare and contrast the sharks’ ability to correctly detect alignments with the Earth’s
magnetic field, I used the V-test, Chi-squared test, and the Dennis et al. (2007)
randomization analysis on the shark data set, both the acoustic tracks of Edrén and
Gruber (2005) and my float tracks. The V-test and Chi-squared analyses are much
easier to use than randomizations, but also have more restrictive assumptions for their
use. Some statistical tests are not greatly affected by violations of their assumptions
(Zar 1999), so the V-test and Chi-squared analyses may be able to accurately analyse the
track data despite the modality and autocorrelation issues. By comparing the results of
three analyses on the same data set, I sought to determine the best type of analysis for
navigational studies that use GPS loggers to collect high resolution data.
3.2. Methods
3.2.1. Study Sites
This study was conducted in Bimini, Bahamas and in the lower Florida Keys,
Florida, USA (Figures 3.1 - 3.3). Bimini is a cluster of subtropical islands that lie on the
western edge of the Grand Bahama Bank. There are extensive sandflats to the north,
south, and east of Bimini, and the deep water of the Gulf Stream lies to the west. The
Florida Keys are a subtropical archipelago of approximately 1700 islands in the
southeast United States. The Florida Keys lie along the Florida Straits and separate the
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Gulf of Mexico, to the northwest, and the Atlantic Ocean, to the southeast. There are
many types of nearshore habitats in the Florida Keys including limestone flats, sand
flats, seagrass meadows, and coral reefs. Work in Bimini and Florida was based at the
Bimini Biological Field Station (Figure 3.2; 25.70°, -79.30°) and Mote Marine
Laboratory’s Tropical Research Laboratory on Summerland Key (Figure 3.3; 24.66°, 81.45°), respectively.
3.2.2. Float Design
To enable the use of GPS loggers during shark tracking, floats were designed and
constructed to meet the following criteria: (1) the float must keep a GPS logger (WBT200, Wintec, Taiwan, 60 x 38 x 16 mm, 48 g) emersed for the vast majority of time; (2)
be self-righting; and (3) induce lift and drag of < 3% of a shark’s body mass in air at the
expected swimming speeds of the shark. The floats were constructed from closed-cell
polyurethane foam because it is very buoyant and resistant to water intrusion. The
floats were made by tracing and cutting out the shape of a 30-cm long symmetrical hull
outline on a 5-cm thick sheet of the foam. Floats were made in two widths for
differently sized juvenile lemon sharks; the small floats had a maximum width of 4.8 cm
(Figure 3.4) and the large floats had a maximum width of 6.0 cm (Figure 3.5). The bow,
stern, and bottom of each float were bevelled with files and smoothed with sandpaper to
shape the float into a hydrodynamic, boat hull shape (Figures 3.4 - 3.5).
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Figure 3.1. Map showing the location of the study areas. The study areas were both near
the southern tip of the Florida Peninsula, USA, which is shown by the red box in (a) and
expanded in (b). The areas enclosed in the red boxes in (b) are expanded in Figures 3.2
and 3.3 to show the study areas in greater detail.
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Figure 3.2. Map of Bimini, Bahamas, showing the two main islands and the location of
the Bimini Biological Field Station (orange triangle). Fishing efforts for juvenile lemon
sharks were concentrated near the station and up to a kilometer to the east.

Figure 3.3. Map of the lower Florida Keys showing the location of Mote Marine
Laboratory’s Tropical Research Laboratory (orange triangle) on Summerland Key. The
main areas fished for juvenile lemon sharks were the Barracuda Keys (red star) and
Coupon Bight (yellow star).
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(a)

(b)

Figure 3.4. A float of the thinner design with attached GPS logger shown from above (a)
and the side (b).
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(a)

(b)

Figure 3.5. The wider float design shown from above without a GPS logger (a) and from
the side with a GPS logger attached (b).
To permit attachment of a tether line to the floats, a 3-mm diameter hole was
drilled through the width of each bow section of the floats, approximately 6 cm from the
tip of the bow and 9 mm from the bottom of the float. To reinforce the attachment
point, an empty ink reservoir from a disposable pen was cut to size and inserted into the
drilled hole. Then stainless steel wire was passed through the ink reservoir and both
ends were crimped into a ring tongue electrical terminal (Figures 3.4 - 3.5).
To make the float self-righting and stable, a metal keel was constructed for each
float from an iron bar which was 15 cm long, 2 cm wide, and 2.5 mm thick. The leading
edge of the bar was filed to a sharp edge on the bow side of the keel. A small hole was
drilled into the bottom of the keel through which wire was used to attach two stainless
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steel washers. The combined weight of the keel and washers was approximately 50 g
and counterbalanced the weight of the GPS logger on the top of the float. After
preliminary drag tests to observe the attitude of the floats, the keel was inserted into the
float 9.5 cm from the tip of the stern, along the central line, and pushed into the foam to
a depth of approximately 2 cm. The floats were deliberately constructed to be stern
heavy when at rest so that when they were dragged at speed, from below or at the
water’s surface, they would plane without submerging the bow, thus minimizing drag.
To ensure that the keel and washers did not cut the monofilament line attaching the
float to the shark, the stainless steel wire that was threaded through the ink reservoir in
the bow of the float extended past the bottom of the keel. Finally, to create a smoother
skin and enhance visibility, the float was painted a bright colour (Marine Gloss Enamel,
Rescue Orange, Altex Yacht & Boat Paint, Tauranga, New Zealand). Three coats of paint
were applied to fill the cells of the closed cell polyurethane on the outside of the float,
creating a smooth surface.
The GPS logger was mounted at the aft-most part of the float that could
accommodate its width. To permit attachment of the GPS loggers to the float, the shape
of the GPS logger, in its waterproofing material, was cut into the top of the float to a
depth of approximately 4 mm to reduce lateral movement. Waterproofing either
consisted of a watertight bag (Aquapac AQP-104, Oyster Bay, NY, USA) or rescue tape, a
self sealing material similar to Parafilm, but thicker and more robust (Rescue Tape,
Harbor Products, Inc., NV, USA). Finally, two elastics were glued to the float to hold the
GPS logger in place (Figures 3.4 - 3.5). The thin and thick floats weighed 180 and 200 g
in air and both floated in seawater.
3.2.3. Drag and Lift Tests
To measure the drag and lift induced by towing the float, a strain gauge was
constructed with a 0.79 - 2.86 cm extension spring (Figure 3.6). When under a load, the
amount the spring extended indicated the mass of the load. To record the maximum
extension of the spring, 45-kg monofilament line was bent around one of the loops of
the spring and secured in place with a metal crimp. The other end of the monofilament
was passed through the spring and threaded through the hole in an acrylic disc. The
acrylic disc was 8 mm in diameter, 2 mm thick, with a 2-mm diameter hole in the
centre. The disc was pushed up till it was resting snugly against the spring. When the
spring was extended, the acrylic disc was pushed along the monofilament line. To
provide some resistance and accurately record how far the acrylic disc was pushed, a 1mm long piece of wire insulation was threaded onto the monofilament and pushed up to
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rest against the acrylic disc. This gauge measured the maximum drag and lift per trial
by recording the furthest the wire insulation was moved. To create a calibration curve,
known weights, ranging from 19.15 - 295.71 g, were used to test the strain gauge. The
statistical reliability of the relationship between the known weights and distance the
wire insulation was pushed was tested with a linear regression.

to the
float

a

b

c

to the
snorkeler

d

Figure 3.6. The strain gauge was constructed from an extension spring (a). When the
spring extended due to the forces of drag and/or lift, the acrylic disc (b) pushed the
wiring insulation (c) along the monofilament line (d) to record the maximum extension
of the spring. Thinner monofilament line attached the top of the spring to the float and
the bottom of the spring to the snorkeler towing the float.
To test the drag and lift forces induced by towing the floats, trials were conducted
in a seawater swimming pool; tests were conducted in an artificial rather than natural
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environment because it is easier to obtain accurate measurements. The swimming pool
was flat-bottomed, 3.84 m deep, and 60 m long. A 10-m length of transect tape was laid
along the edge of the pool and centred in relation to the length of the pool. To attach the
strain gauge to the float, one end of a length of 11.3-kg test monofilament was tied to the
ring tongue terminal of the float being tested and the other end was tied to the ‘top’ end
of the strain gauge, the end without the acrylic disc. A short loop of monofilament was
tied to the other end of the spring and was held in the hand of a snorkeler. Ideally the
tests would have been conducted with juvenile lemon sharks but due to the difficulty of
getting sharks to swim at various speeds (Webb and Keyes 1982) and along a transect
repeatedly, a human snorkeler replaced the sharks in the test. Floats of both sizes were
tested at speeds ranging from 0.22 - 1.30 m/s, with monofilament line lengths of 10 and
15 m, and while the snorkeler was swimming on the surface of the water and at the
bottom of the pool. Ten to eighteen trials were run for each combination of float width,
line length, and water depth. To determine if there was a relationship between
swimming speed and the amount of drag and lift induced, regressions were performed
on the data for each combination of float width, line length, and water depth. An
analysis of covariance (ANCOVA) was performed to see if these regressions differed
significantly. For the regressions and ANCOVA, data were transformed as required to
make the trends linear and the variances homogeneous.
3.2.4. Lemon Shark Capture Protocol
Sharks were captured in the nearshore waters of Bimini, Bahamas, and the
Florida Keys, Florida, USA. The work with lemon sharks was approved by the
University of Auckland Animal Ethics Committee. In Bimini, the sharks were captured
with monofilament gill nets, 90 m long x 1.4 m deep, 5 cm square mesh, or on rod and
reel with barbless hooks whereas all sharks were caught on rod and reel with barbless
hooks in the Florida Keys. Local knowledge, depth charts, and habitat maps were
consulted to choose fishing locations. Suitable fishing locations were in areas where
juvenile lemon sharks were present, in water deep enough to be accessible by boat (~1
m), and within a few hundred meters of an open water path to a suitable release site.
Suitable release sites needed to be in water ≤ 8 m deep and with a substrate that did not
interfere with the tether system. There was an abundance of release sites in Bimini as
there were extensive sand flats to the north, south, and east of the islands. The sand
flats do not have any hard surfaced relief capable of catching and cutting the
monofilament float tether and are ≤ 6 m deep up to 15 km from shore. More care was
needed in Florida when picking fishing sites due to the greater number of hard relief
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obstacles, such as coral, navigation signage, shipwrecks, and many areas with depths >
10 m within a few kilometres of shore.
Once captured the sharks were placed in a 100-L transport bin that was freshly
filled with seawater, the water was partially changed every five minutes, and taken to a
holding tank at the lab. Once at the lab, sharks were allowed to recover in a 4 X 4 m sea
pen (Bimini) or a 500 - 1000-L cylindrical tank with flow through seawater (Florida) for
at least two days. The sharks were fed cut pieces of fish every other day, and on the day
before displacement while in captivity.
3.2.5. Experimental Displacement Protocol
Displacements were only conducted on days where the swell was ≤ 1 m in height
and the wind was ≤ 15 kt to minimize the stress on the shark from wave action on the
float, ensure the safety of the tracking crew, and to make visual tracking easier. On the
day of displacement, the sharks were: measured, total length, fork length, precaudal
length; sexed; and uniquely identified if necessary. Most juvenile sharks in Bimini are
tagged with a uniquely identifying passive integrated transponder tag (Destron Fearing
Inc., St. Paul, MN, USA) in the first few months of their life as part of a comprehensive,
multi-year Bimini Biological Field Station project. If the shark was not previously
tagged, the shark was tagged by intramuscularly injecting the transponder with a
syringe below the first dorsal fin (for more details see Edrén and Gruber 2005). The
sharks in Florida were uniquely identified by a rototag (DL0, Dalton ID Systems, Oxon,
UK, 5 X 1.4 X 0.2 cm) in the centre of the second dorsal fin. Rototags are flat pieces of
nylon with a unique number embossed on them. The two halves of the tag sandwiched
the shark’s fin between them and was anchored in the fin by a connector, 6 mm in
diameter, which locks the two halves of the tag together. After the first shark was
processed, to minimize handling time the sharks were not weighed; weight was
estimated from a regression on data that were collected by Edrén and Gruber (2005)
from 32 juvenile lemon sharks. Total handling time for each shark was less than 5 min.
Some sharks were also fitted with acoustic tags. Acoustic transmitters were
trialled as a backup method on four sharks in case the visual track of the float failed.
One shark in Bimini had previously been implanted with an internal acoustic
transmitter (XTAL-87, Sonotronics, Tucson, AZ, USA, 70-79 kHz, 16 mm diameter x 66
mm long). Three sharks in Florida were instrumented with externally transmitters (CT82-1-E, Sonotronics, 70-79 kHz, 15 mm diameter x 38 mm long, 12 g in air, 0.24 - 0.46%
of the sharks’ weights in air) by attaching the transmitters to the rototags with a short
section of corrodible, galvanized iron wire, 22-gauge. Acoustic transmitters uniquely
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identified each shark through a combination of varying frequencies and pulse trains. If
in range, approximately 200 m, the transmitters could be detected with a directional
hydrophone and receiver as a back-up system if the float was not visible (Bimini: DH-2
and USR-5, Sonotronics; Florida: VR60 and VH100, Vemco, Shad Bay, NS, Canada).
The float was attached to the first dorsal fin of the shark with two test strengths
of monofilament, a ‘breakaway’ and an ‘unbreakable’ section. The breakaway line, 2-kg
test, was inserted through the dorsal fin after a 0.5 cm diameter hole was made with a
leather punch. The monofilament was tied into a loop, approximately 8 cm in
circumference, and was the primary attachment to the shark. If anything caught the
tether line or the float, the 2 kg monofilament test would break, and the shark could
swim away completely unencumbered. The unbreakable section was 11.3 kg test
monofilament line and was tied to the knot of the breakaway monofilament. Lengths of
this monofilament were varied in response to the depths of water at the release sites: if
the water was ≤ 6 m deep, 10 m of line was used; if the water was between 6 - 8 m deep,
15 m line of line was used.
The attachment method was trialled on a juvenile lemon shark in a captive
setting, with a 1-m long tether, and was effective. The shark with the float attached
swam normally with other sharks in the holding pen. When I took hold of the float, the
shark continued to swim until it broke the tether, and then continued swimming in a
normal fashion with the other sharks. Subsequent analysis of the shark’s dorsal fin
showed no visible damage caused by the detachment of the monofilament.
For displacement, sharks were placed in a 100-L container, that was filled with
fresh seawater, on a small boat, 4.0 to 6.7-m long. A handheld GPS unit (GPS60,
Garmin, Olathe, KS, USA) was used to navigate to the displacement points. Transport
times ranged from 30 - 60 min. The water in the container was partially changed every
5 min as permitted by the boat skipper in Bimini and for all Florida displacements.
Release sites were selected to be at least 4 km from land, in water ≤ 8 m deep, contained
within the coverage of the magnetic maps, and to not have any known hard substrates in
relief or wrecks in between the site and shore. Once the release site was reached, the
GPS logger was turned on and the shark was released over the side of the boat opposite
to the direction of drift. The tether line was smoothly spooled out as the shark swam
away to prevent tangling. For the first track, the GPS logger was set to record positional
fixes every 10 s due to the concerns about the size of the logger’s memory. The loggers
record data circularly and if the memory bank becomes full it records over the oldest
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data. When the first GPS logger was successfully retrieved without recording over any
data, the sampling interval was lowered to 5 s.
Once tracking was underway, the float was kept in sight at all times if possible.
The boat was kept 50 m away from the shark to minimize disturbance to the shark yet
allow easy visual observation of the float. In case of GPS logger failure, a backup
tracking system was employed. Every minute, the location of the boat was recorded
with a handheld GPS receiver (GPS60, Garmin, Olathe, KS, USA), while the bearing to
the float was read from polarized binoculars with a built in compass (2677755, West
Marine, Watsonville, CA, USA, or equivalent), and the distance to the float was
measured with a laser rangefinder (1500 GT, Opti-Logic, Tullahoma, TN, USA, ± 0.5 m).
If the rangefinder was unable to measure the distance to the float due to waves or sun
glare, a visual estimate was substituted. With this information the position of the float
was calculated in spreadsheet program (Microsoft Excel v. XP or 2007, Microsoft,
Redmond, WA, USA) with a macro extension (new position latitude and longitude
functions, Laake 2000).
3.2.6. Monitoring of Environmental Variables
Environment variables were monitored to determine if the water depth,
temperature, and salinity affected the linearity of the sharks’ movements. Initially water
depths were taken every 5 min with a measuring stick, depths of < 2 m, or a plumb line,
depths > 2 m, but were subsequently taken every minute with a depth finder
(DF2200PX Handheld Sonar, Norcross Marine Products, Orlando, FL, USA).
Additionally temperature was taken every minute (Bimini: DS1921G, Maxim Integrated
Products, Sunnyvale, CA, USA or DF2200PX, Norcross Marine Products, Orlando, FL,
USA; Florida: model 85, YSI, Yellow Springs, OH, USA). Finally, the salinity of the
water was recorded every minute in Florida (339743, American Marine Inc., Ridgefield,
CT, USA or 85, YSI, Yellow Springs, OH, USA).
3.2.7. Defining the Home Location
In order to know if a shark had homed, the definition of home was crucial. Edrén
and Gruber (2005) employed two levels of homing success: landfall and the shark
reaching its home range. Landfall was considered one measure of homing because the
sharks’ rates of movements decreased significantly; this was attributed to the protection
shallow water affords the juvenile sharks from predators (Edrén and Gruber 2005).
Once a shark had reached the shallows, it would usually move along the coastline until it
reached its home range, attaining the second level of homing. Home range size is
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positively correlated with the size of the shark (Morrissey and Gruber 1993b, Franks
2007) and ranges in size between 0.23 - 1.26 km2 for sharks approximately 60 - 130 cm
TL. Forty percent of a home range is reused on successive days (Morrissey and Gruber
1993b) and some sharks have been recaptured at the same location 1.5 years later
(Gruber et al. 1988). Initially, Edrén and Gruber (2005) tracked lemon sharks before
displacement to determine their home ranges, and the centre of that home range was
defined as ‘home’ for any analyses. Eventually when it was noted that the point of
capture was usually within the shark’s home range, the point of capture was taken as the
home location (S. M. Edrén, pers. comm.) because lemon sharks rarely make long
distance excursions (hundreds of meters) from their home ranges (Morrissey and
Gruber 1993b). As a result, for the float and GPS logger tracks, the point of capture was
assumed to be within the shark’s home range and was used as the home location.
3.2.8. Determination of Rates of Movement
Tracking studies report swimming speeds in terms of a fish’s rate of movement
(ROM), or the ground speed of the shark, and generally have sampling intervals from 5 15 min. ROMs are less accurate and usually lower than laboratory swimming speeds
because of the confounding effects of errors in the estimated position of the sharks, nonlinear travel, vertical movements, and the effects of water currents (Sundström et al.
2001).
The rate of movement (ROM) was calculated for each tracked shark. To facilitate
comparison, ROMs were also recalculated for the sharks tracked by Edrén and Gruber
(2005) to ensure that the rates were calculated in the same manner. The ROMs were
determined by using a macro function (position distance function, Laake 2000) in a
spreadsheet program to determine the distance between two successive positional fixes
for the shark and then dividing by the time interval between the fixes to give a rate of
movement in m/s. To control for the effect of shark size, the rates of movement were
also divided by the total length of the shark to yield the rate of movement in terms of
TL/s. The medians and quartile ranges, between the 25th and 75th percentiles, were
calculated for each shark and each type of track.
To test if the ROMs varied significantly among the tracking methods, the nonparametric Kruskal-Wallis ANOVA by ranks test was used. A nonparametric test was
used instead of the parametric ANOVA because of heterogeneous variances in the data.
The Kruskal-Wallis ANOVA by ranks test is analogous to a one-way ANOVA and tests if
the samples are drawn from the same distribution or from distributions with the same
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median. Where significant differences were found, multiple comparisons of mean ranks
were performed to determine which groups differed from each other.
3.2.9. Behaviour Partitioning
Lemon sharks may use different sensory modalities to orient and navigate
offshore than they normally use in the nearshore environment. As a result, the number
of turns and/or the size of their turns may differ in the offshore and nearshore
environments. If a change in their swimming patterns can be detected from the track
data and compared with the time since displacement, distance travelled from the release
point, depth, salinity, and temperature data, it may be possible to determine the
threshold(s) at which the sharks switched sensory modalities.
To determine how twisted the tracks were over time, tortuosity was calculated in
Matlab (R2006b, v. 7.3.0.267, The MathWorks, Natick, MA, USA). Tortuosity is
unitless and is measured by summing the lengths of the track between successive points
and then dividing by the straight-line distance travelled. Tracks that are linear therefore
have a tortuosity value of 1.0 and tracks that are more tortuous have increasingly higher
values. To calculate tortuosity, the distances between the pairs of points were calculated
using spherical trigonometry. First all coordinates were converted into radians by
multiplying by them π/180. Then the distance between the two points was calculated
(using equations from Federer 1984):
Distance between two points (km) = R * c
where
R = the radius of the Earth = 6367 km
c = 2 * atan2(sqrt a, sqrt 1-a)
a = (sin ((Y2-Y1)/2))2 + cos(Y1)*cos(Y2)*(sin ((X2-X1)/2)2
Y1 and Y2 are the latitudes of the first and second positions in radians
X1 and X2 are the longitudes of the first and second positions in radians.
Tortuosity was calculated by summing the distances between the first six positional fixes
in the track and dividing by the distance between the first and sixth position. This was
then repeated, advancing one positional fix per iteration until the tortuosity of all the
data had been calculated.
3.2.10. The Effect of Distance Travelled on Magnetic and Homeward
Alignments
In case the behaviour partitioning method was unsuccessful, the tracks were also
analysed for magnetic and homeward alignments at set distances. The tracks were
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analysed at 2 and 4 km distances from the point of release to facilitate comparison with
Dennis et al.’s (2007) pigeon tracks. Shorter track lengths were also tested because the
sharks may determine their position at a different distance or timescale than homing
pigeons because of the differences in their rates of movement. Overall the sharks were
tested for alignments at 100 m, 200 m, 400 m, 1 km, 2 km, and 4 km straight-line
distances from the release point. A minimum of 20 bearings per shark were required at
each distance to be included in the analysis.
Testing the same data repeatedly as components of the different track lengths,
however, may cause false positive results by increasing the number of tests performed
on the same data. For instance, data used to test for alignments at 1 km were also
present in the data set for the 2 km distance because many of the acoustic tracks did not
have enough data to parse the successive distances into separate data sets. The more
tests run, the greater the likelihood of type I error being committed, which is the null
hypothesis being falsely rejected. To compensate for potential false positives, the
binomial theory was used to determine if the number of significantly aligned tracks at
each distance were due to chance alone.
3.2.11. Track Analyses
Track analyses were performed on the acoustic tracks of Edrén and Gruber
(2005) and the float tracks. For the acoustic tracks, tracks with greater than a 2 h time
period between fixes were truncated before the 2 h gap in the data. The mean times
between the positional fixes were calculated for each of the acoustic tracks to determine
which tracks had the highest fix rates and were the most detailed. All tracks were
mapped in a global information system (ArcMap 9.2, ESRI, Redlands, CA, USA) and
overlaid onto a magnetic intensity map of the area. The magnetic intensity map of
Bimini was created in ArcMap and ArcCatalog (v 9.2, ESRI) from a digital image of a
magnetic intensity map created by International Aero Service Corporation (company no
longer operating) and was georeferenced in ArcMap. Georeferenced magnetic intensity
contour maps of the Florida Keys were provided by Fugro Airborne Surveys Inc.
(Houston, TX, USA). The magnetic intensity contours on the digital maps were traced
in ArcMap, ascribed the value as labelled on the maps, and saved as a contour layer. For
both magnetic maps, to interpolate the values of magnetic intensity between the contour
lines and to create a continuous surface of data within the map’s extent, the layer was
converted to a triangulated irregular network and then to a raster using the 3D Analyst
toolbar in ArcMap.
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To test for alignments with variations in the intensity of the Earth’s magnetic
field, the bearing of the field was determined from the magnetic intensity rasters. First
the raster surface, aspect option of the 3D Analyst Toolbox in ArcMap was used to
calculate the direction of the slope of the magnetic field. The bearing of the field
contours was 90° to the direction of the slope, therefore 90° was added with the raster
calculator to all the slope direction values. If the values returned were greater or equal
to 360°, 360° was subtracted until all the data ranged from 0 - 359.99°. This correction
is termed ‘modulo 360.’ Areas where either there were no magnetic intensity data or
Spatial Analyst was unable to calculate the direction of the slope were set to null.
The magnetic field bearings were calculated in ArcMap, the extract-to-points
function of the Spatial Analyst Toolbox, or R (R v. 2.9.1, R Project, New Zealand). The
data were then exported as a text file and imported into other programs for analysis.
For example, the bearings of the sharks were calculated in Excel with a macro extension
(bearing function, Laake 2000), working under the assumption that the sharks travelled
directly between each pair of position fixes. These data were then analysed with three
statistical tests to determine which was the most appropriate to use with this data set.
3.2.11.1. V-Test
To test if a shark was swimming parallel and perpendicular to the contours of the
Earth’s magnetic field, the difference between the shark’s bearing and the direction of
the magnetic intensity contour at the shark’s position were calculated; this was termed
the ‘magnetic error’. If the shark’s movements were often parallel and perpendicular to
the Earth’s magnetic field, the magnetic errors should be multimodal with peaks centred
at 0, 90, 180, and 270°. To make the data unimodal and suitable for use with the V-test,
all values were multiplied by four (Batschelet 1981) and corrected to modulo 360. In
this manner, data near 0, 90, 180, and 270° were moved to be near 0° and unimodal.
To test if a shark was oriented towards home, the angle towards home was
subtracted from the shark’s bearing, which was termed ‘homeward error’. If the sharks
were oriented towards home, the homeward error angles should be approximately 0°.
The direction towards home and the bearing of the shark were calculated with a macro
in Excel (bearing function, Laake 2000) that calculated the angle between a shark’s
position and the point of capture. A V-test was performed on the homeward errors of
each shark individually to test if the sharks’ movements were oriented towards home.
The probability of the number of significant alignments to the magnetic field or
towards home occurring due to chance was calculated using the binomial theorem:
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P (k out of n) = n!/(k!(n-k)!)*pk*qn-k
where ‘P’ equals the probability of the outcome occurring k out of p times, ‘k’ is the
number of times the outcome occurred, ‘n’ is the number of times the outcome could
have possibly occurred, ‘p’ is the probability of the outcome occurring, and ‘q’ is the
probability of the outcome not occurring. The outcome in this instance was a statistical
test rejecting the null hypothesis and because the outcome was determined by a V-test
with an α-value 0f 0.05, p = 0.050 and q = 0.950.
3.2.11.2. Chi-Squared Goodness of Fit Test
To test the data with an analysis that is suitable to use with multimodal data
without transformation, Chi-Squared tests were employed. To test for magnetic
orientation, the magnetic error values were sorted into 24, 15° bins between 0 - 359.99°
following the methods of Mora and Walker (Mora and Walker 2009; Figure 3.7). The
red sectors contained bearings that are parallel (± 30°) to the contours of the intensity
of the Earth’s magnetic field. The blue sectors contained the bearings that were
perpendicular (± 30°) to the contours of the intensity of the Earth’s magnetic field.
Finally the yellow sectors contained bearings not aligned with the Earth’s magnetic field.
If the sharks were aligning to the Earth’s magnetic field, the distribution of the data
should have been non-uniform with higher numbers of bearings in the red and/or blue
sectors than in the yellow sectors.
0°

90°

270°

180°
Figure 3.7. Illustration of the different sectors the magnetic error data were divided into
to test the hypothesis that the sharks’ movements were aligned with the Earth’s
magnetic field. If the sharks were using the Earth’s magnetic field as a navigational
stimulus, the red and/or blue sectors should contain more bearings than the yellow
sector.
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To test for homeward orientations, the homeward error values were sorted into
six, 60° sectors between 0 - 359.99° (Figure 3.8). If the sharks were oriented towards
home (± 30°), the distribution of the data should be non-random and the largest
number of bearings should be contained in the red sector centred on 0° (Figure 3.8).
0°

90°

270°

180°
Figure 3.8. Illustration of the different sectors the homeward error data were divided
into to test the hypothesis that the sharks were oriented towards home. The red sector
would contain the highest number of bearings if the sharks were homeward oriented.
It was necessary to extend the findings of the Chi-squared test because it is only
capable of determining if the distribution of the data was not uniform and I wanted to
know if the data were more numerous in certain sectors than others. This was
accomplished by first determining if the Chi-squared test found that the data were not
uniformly distributed and then which sectors had more data points than expected by
chance. For magnetic alignments, if the red and/or blue sectors had more data points
than expected by chance, that result was counted as a positive result. If the Chi-squared
test found that the distribution of the data was uniform or that the yellow sector
contained more data than expected by chance, that result was counted as a negative
result. The probability of the number of significant Chi-squared results with the
magnetic alignment sectors having the highest number of data points was calculated
with the binomial theorem as described in section 3.2.11.1 but with different values for p
and q. For a significant Chi-squared test result at an α-value of 0.05, magnetic
alignments were only indicated by 2/3 of the possible outcomes (Figure 3.7). As a
result, the probability of a significant result in the binomial theory calculation was set as
p = 0.033 and q = 0.967. For the homeward error Chi-squared test, because only 1/6
possible outcomes for a significant Chi-squared test indicated alignments toward the
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direction home, the expected frequencies of the results in the binomial theory
calculation were p = 0.0083 and q = 0.9917 (Figure 3.8).
3.2.11.3. Randomization
To determine if a randomization was an effective test to use on this data set, the
randomization analysis of Dennis et al. (2007) was independently recreated in LabView
(v. 8.2, National Instruments, Austin, TX, USA), but modified to also test for homeward
alignments. In Labview, the magnetic and homeward errors were calculated for each
track. The number of magnetically and homeward aligned segments in each track was
counted. Then 4999 sets of magnetic intensity or homeward bearings were generated
(with replacement) with random numbers drawn from a distribution between 0359.99˚. Using the generated magnetic or field bearings, the magnetic and homeward
errors were calculated, and the number of alignments per track was counted.
The number of randomizations performed affects the robustness of the
conclusion, at the 5% significance level, 5000 randomizations (4999 randomizations
with generated data and one randomization with real data) return results virtually the
same as the full distribution and is a reasonable minimum number of randomizations to
run (Manly 1997). The analysis was run with four alignment parameters, 4.5, 9, 13.5,
and 18° to facilitate comparison with the work of Dennis et al. (2007) on homing
pigeons. The alignment parameter was the maximum difference from the perfect
alignment that was considered aligned (Dennis et al. 2007). To determine if the
number of alignments in a shark track was significant, the number of tracks with
generated magnetic bearing values that had a greater or equal number of aligned
segments than the track with the real magnetic values was counted. A p-value was
calculated by dividing the number of tracks with an equal or greater number of aligned
segments as the real track by 5000. If a p-value of < 0.05 was returned, the number of
alignments in a data track was greater than predicted by chance. A randomization was
performed to test each shark for a significant number or parallel alignments,
perpendicular alignments, and both types of alignment.
The number of aligned sharks was determined following the method of Dennis et
al. (2007) where an animal was considered aligned if it had a significant result for at
least one of the parallel, perpendicular, or both alignment tests. Any of these three
alignment types demonstrated an ability to sense the intensity and/or the slope of the
intensity of the Earth’s magnetic field. The probability of the number of significant
alignments occurring due to chance was calculated with the binomial theorem as
described in section 3.2.11.1, where p = 0.05 and q = 0.95. This allowed me to control
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for the effects of type I errors, falsely rejecting the null hypothesis, due to each shark
being tested individually. The expected frequency of individual sharks that were aligned
to the Earth’s magnetic field more than expected by chance was set at the type I error
rate (0.05); thus if the binomial theorem returned a p-value of <0.05, the sharks, as a
group, were aligning more frequently than expected by chance.
Sharks were considered homeward aligned if the randomization found that the
sharks were aligned more often than predicted by chance. When it was noted that some
of the sharks were not homeward aligned at any distances with some of the smaller
alignment parameters, additional longer distances were added to the randomization, at
2 km increments, for sharks with sufficient numbers of data points.
To eliminate the need for the alignment parameter, a scaled randomization was
created. The data were scaled because the range of possible magnetic errors really only
vary in magnitude from 0 - 90°. For the parallel and perpendicular alignments, the
errors were all moved to be between 0 and 90° by subtracting 180° from all errors that
were > 180°, and then replacing all values > 90° with 180° minus that value. In this
manner all parallel magnetic errors were relocated to be near 0°, all perpendicular
errors were relocated to be near 90°, and neither parallel nor perpendicular magnetic
errors were located in between. All the magnetic errors were then divided by 90° to
scale them between the values of 0 and 1, with parallel alignments near 0 and
perpendicular alignments near 1. Finally to test simultaneously for both types of
alignment, the magnetic errors were adjusted to range between 0 and 90° as described
above, but were then adjusted again to range between 0 and 45° so that all parallel and
perpendicular values were located near 0°. This was accomplished by replacing all the
values > 45° with the difference between 90° and that value. The errors were then
divided by 45° to scale them to values between 0 and 1.
After the data were scaled appropriately for each alignment parameter, the
randomization summed all the scaled errors in the tracks for each alignment type, and
then generated 4999 magnetic errors with values between 0 - 1. The sum of the scaled
magnetic errors was compared with the values calculated by individually summing the
data in 4999 randomly generated track data sets. The p-value was calculated for parallel
alignments by counting the number of randomizations, including the randomization
with the real data, which had a sum that was less than or equal to value of the sum from
the real data and dividing by 5000. The p-value was similarly calculated for
perpendicular alignments except that the number of tracks with a sum greater or equal
to the sum of all the magnetic errors in the real data were counted, plus one to include
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the data track, and divided by 5000. The p-value was calculated for the both parameter
by counting the number of the randomly generated tracks that had a sum that was less
than or equal to the sum of the real track, plus one to represent the data track, and then
divided by 5000.
The homeward scaled randomization functioned similarly to the magnetic scaled
randomization scaled except the process to scale the data was slightly modified. The
homeward errors were adjusted to range between 0 and 180° replacing all values > 180°
with 360° minus that value. The data were then divided by 180 so that values near 0
were moving towards home and values near 1 were moving away from home. The
randomization then generated 4999 homeward error values with random numbers
between 0 and 1. The number of tracks were counted, including the real track, where
the sum of the all the errors was less than or equal to the sum of all the errors in the data
track and this number was then divided by 5000 to give the p-value.
3.2.11.4. Conserved Data at Multiple Distances as a Potential
Confound or Source of Error in the Shark Tracks
To test the sensitivity of the randomization analysis to the effects of correlation
from the presence of conserved data in successive distances tested (see section 3.2.10),
the results were compared between analyses where the data from previous testing
distance(s) were included and excluded. For example, some of the data for a track 200
m long would also be included in the 0 - 100 m track analysis. To determine if the
correlated data affected the results, the results of the 0 - 200 m were compared with 100
- 200 m analysis and repeated for each successive distance. A minimum of 20 bearings
per independent distance interval was required for this analysis. This comparison was
performed with the randomization analysis because it was expected to be the most
suitable statistic for the track data.
3.3. Results
3.3.1. Drag and Lift Induced by Towing the Float and GPS Logger
The purpose of this analysis was to test if towing a float was likely to induce drag
and lift forces ≤ 3% of the sharks’ body weights in air. The strain from towing the float
was determined to be acceptably low, meaning the sharks’ behaviour was unlikely to be
adversely affected. This was determined by calibrating a strain gauge and then
performing swimming tests where the float was towed at the swimming speeds of lemon
sharks. The calibration of the strain gauge with known masses yielded a statistically
reliable relationship that explained 96.78% of the variability in the data (Figure 3.9;
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linear regression: F = 1651.037, df = 1, p < 0.001, R2 = 0.9678). The equation of the
regression line was used to convert the distance the strain gauge was extended during
the swimming tests with the floats and GPS loggers to calculate the drag and lift induced

Log Distance Measured on Strain Gauge (mm)

from towing the float at speeds of 0.22 - 1.30 m/s.
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Figure 3.9. Calibration curve relating the distance a strain gauge was extended to the
weight suspended from the strain gauge.
The amount of drag and lift induced by the float was only significantly affected by
the depth of the water and the interaction of water depth and tether length (Table 3.1).
Pairwise analysis determined that drag was not statistically affected by water depth or
the four possible combinations of water depth and tether length (Tukey’s HSD: df = 92,
p = 0.764, Table 3.2). As a result, a single trend line was used to characterize the
relationship between swimming speed and the drag and lift induced from towing a float
and GPS logger (Figure 3.10). The relationship between swimming speed and the
amount of drag and lift induced was statistically reliable and accounted for 88.22% of
the variability in the data (linear regression: F = 647.0, df = 1, p <0.001).
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Table 3.1. Results of an ANCOVA that tested if the amount of drag and lift induced was
significantly affected by the water depth, thickness of the float being towed, and the
length of the tether to the float. Significant p-values are highlighted with red text.
Df
1
1
1
1
1
1
1

Effect
Depth of water
Thickness of Float
Length of Tether
Water Depth and Float Thickness
Water Depth and Tether Length
Float Thickness and Length of Tether
Water Depth, Float Thickness, and Tether Length

F
4.0
0.1
0.1
0.0
12.3
3.0
0.6

p
0.047
0.736
0.772
0.906
0.001
0.087
0.439

Table 3.2. Table of p-values that resulted from a Tukey’s pairwise comparison of the
drag and lift induced by towing a float carrying a GPS logger with a 10 or 15 m tether
line and at the water’s surface or at a depth of 3.84 m (df = 92).
10 m tether
at surface
10 m tether
at surface
10 m tether
at depth
15 m tether at
surface
15 m tether at
depth

10 m tether
at depth

15 m tether at 15 m tether at
surface
depth

0.960
0.960
0.736

0.483

0.725

0.946

0.736

0.725

0.483

0.946
0.240

0.240

2.4

2.2

Log Drag (g)

2.0

1.8

1.6

1.4

1.2
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Swimming Speed (m/s)

Figure 3.10. The amount of drag induced by towing a float and GPS logger versus
swimming speed.
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To determine if the floats were likely to induce acceptable levels of strain on the
sharks, ≤ 3% of their body weight in air, the amount of strain that would have been
induced in Edrén and Gruber’s (2005) sharks was calculated. The maximum sustained
swimming speed recorded in a laboratory by juvenile lemon sharks is 1.09 TL/s but
sharks are rarely observed swimming at speeds > 1.0 TL/s in the wild (Graham et al.
1990). At 1.09 TL/s, the smallest (66.0 cm TL) and largest sharks (100.1 cm TL) from
Edrén and Gruber’s (2005) study would have induced drag equivalent to 4.41 and 2.31
% of their body weight. Routine swimming speeds observed in lemon sharks range
between 0.30 - 0.42 TL/s (Gruber et al. 1988, Bushnell et al. 1989). At 0.30 - 0.42
TL/s, the smallest and largest shark would have induced 2.12-2.61 and 0.58 - 0.69 % of
their body weight in drag and lift. As a result the drag and lift induced by the float and
GPS logger was deemed acceptably low for use with juvenile lemon sharks because it
was ≤ 3% of their body weight in air.
3.3.2. Shark Capture Data
One juvenile lemon shark was captured by gill net in the Bahamas and six were
captured on rod and reel in the Bahamas and Florida and subsequently displaced (Table
3.3, Figures 3.12 – 3.14). Sharks were numbered sequentially starting at 34 to follow on
from Edrén and Gruber’s tracks (1 - 33; 2005). After the first shark, to reduce handling
time, the masses of the sharks were estimated from a regression of Edrén and Gruber’s
(2005, unpub. data) length and mass data (Figure 3.11; linear regression: n = 42, F =
421.91, p < 0.001, R2 = 0.9964). The sharks ranged in size from 75.5 - 102.0 cm TL and
2.63 - 4.91 kg in weight. Due to a limited number of acoustic transmitters, not all sharks
were instrumented as a backup method of locating the sharks if the float could not be
spotted. Shark 36 was already transmittered from an earlier study, and sharks 37, 39,
and 40 were transmittered in Florida. The first two tracks in Bimini were performed
using the back up rangefinder method due to problems with the GPS loggers.
Where possible sharks were tracked until they reached water less than 50 cm
deep and within 10 m of shore. Sharks 34 and 36 in Bimini (Figure 3.12) and sharks 40
and 41 in Florida (Figure 3.14) were tracked until they reached shore and were
stationary on the bottom or had entered the mangroves and detached the float. For the
sharks that did not detach the float in the mangroves, the float was slowly approached
by boat or on foot and then held until the shark swam away and broke the tether. The
second track in Bimini was terminated due to weather conditions and the float was
detached from the shark by holding the float and allowing the shark to break its tether.
Tracks 37 - 39 in Florida ended prematurely when the floats detached, with the track of
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shark 37 ending 1 - 2 min after release. The tether lines appeared to have been broken
as a consequence of tangling in objects at depth. Subsequent tracks were conducted on
the uninhabited Gulf of Mexico side of the Florida Keys where there are fewer reefs and
anthropogenic structures on the seafloor. Two sharks were tracked in this area until the
fish had homed. The sharks’ behaviour did not appear to be affected by the tracking
vessel, with some even swimming towards the boat on occasion.
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Table 3.3. Capture and displacement data for eight juvenile lemon sharks caught in Bimini, Bahamas and the Florida Keys, USA
and subsequently displaced distances up to 9.49 km from the point of capture. Sharks 34-36 were tracked in Bimini and sharks
37-41 were tracked in the Florida Keys. Masses followed by an asterisk were estimated from a regression of Edrén and Gruber’s
(2005, unpub. data) length and weight data (Figure 3.11).
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Shark
No.

Capture
Date
(dd/mm/yy)

S
e
x

Total
length
(cm)

Mass
(kg)

34
35
36
37
38
39
40
41

26/2/07
23/03/07
30/03/07
12/06/07
13/06/07
26/06/07
4/07/07
9/07/07

F
M
F
F
F
M
F
F

75.5
92.3
102.0
79.0
90.5
84.0
87.5
85.0

3.4
4.0*
4.9*
2.6*
3.8*
3.1*
3.4*
3.2*

Disp. Date
(dd/mm/yy)

Disp.
Distance
(km)

27/02/07
28/03/07
6/04/07
22/06/07
23/06/07
5/7/07
6/07/07
9/07/07

5.23
9.32
8.79
9.46
9.49
7.44
3.78
4.15

Float
Size

Tether
Length
(m)

Initial
Angle
Home
(°)

T
T
W
T
W
W
W
W

10
10
10
15
15
15
15
15

320.1
309.8
347.0
52.0
52.3
343.2
165.7
181.0

No. of
Position
Fixes
207
225
2551
1
289
833
2049
3642

Complete
Track to
Shore (Y/N)
Y
N
Y
N
N
N
Y
Y

Chapter Three. Magnetic navigation in juvenile lemon sharks

6

Mass (kg)

5

4

3

2

1
60

70

80

90

100

110

Total Length (cm)

Figure 3.11. Linear regression of the total length and mass data collected by Edrén and
Gruber (2005, unpub. data) on juvenile lemon sharks.
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Figure 3.12. Float tracks of displaced juvenile lemon sharks in Bimini, Bahamas. The
tracks are identified at the start of each track (numbers 34 - 36) as the sharks moved
back towards Bimini, the landmass shown in green. The grey to black background
represents the intensity of the Earth’s magnetic field with black being the weakest
intensity and lighter shades representing higher intensities. The white lines represent
lines of equal magnetic intensity, or isodynamics, at 50 nT intervals.
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Figure 3.13. GPS logger tracks of displaced juvenile lemon sharks on the Atlantic Ocean
side of the Florida Keys, USA. The tracks are identified at the start of each track
(numbers 38 - 39) as the sharks moved back towards the Florida Keys, the landmasses
shown in green. The grey background represents the intensity of the anomaly
component of the Earth’s magnetic field with lighter shades representing higher
intensities. The white lines represent lines of equal magnetic intensity, or isodynamics,
at 10 nT intervals.
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Figure 3.14. GPS logger tracks of displaced juvenile lemon sharks on the Gulf of Mexico
side of the Florida Keys, USA. The tracks are identified by shark number (numbers 40 41) at the start of each track as the sharks moved back towards the Florida Keys, the
landmasses shown in green. The grey to black background represents the intensity of
the Earth’s magnetic field with black being the weakest intensity and lighter shades
representing higher intensities. The white lines represent lines of equal magnetic
intensity, or isodynamics, at 10 nT intervals.
3.3.3. Acoustic Track Selection
The mean times between fixes were calculated for the acoustic tracks to
determine which tracks had the highest temporal resolution. Eight of Edrén and
Gruber’s (2005) earliest tracks were discarded due to insufficient resolution. The
average time between fixes for the first eight out of nine of Edrén and Gruber’s (2005)
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tracks were markedly higher and more variable (Figure 3.15). Only the 24 tracks with
average fix times of ≤ 6 min were included in the following analyses (Table 3.4; Figures
3.16 - 3.19) because the resolution of the data was improved with more frequent fixes.
The tracks with more frequent fixes were also those that had more uniform intervals
between fixes, as evidenced by the generally smaller error bars (Figure 3.15).

Mean Time Between Fixes (min)

40

30

20

10

0

1/10/97

1/12/97

1/02/98

1/04/98

1/06/98

1/08/98

Date (dd/mm/yy)

Figure 3.15. Mean times between successive positional fixes (± 1 SD) of lemon sharks
during the tracking study of Edrén and Gruber (2005). The data from the eight tracks
with the longest mean intervals between fixes, denoted by red symbols, were excluded
from subsequent analyses due to lower resolution. The data from the remaining 24
tracks with mean fix times of less than 6 min, denoted by blue markers, were analysed.
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Table 3.4. Shark capture data, from Edrén and Gruber (2005, unpublished data), for the 24 tracks with average time between fixes ≤ 6
min that were selected for further analysis.
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Capture
Total
Shark
Date
Length Mass
No.
(dd/mm/yy) Sex (cm)
(kg)
2
16/10/98
F
78.4
2.5
5
12/02/98
F
72.2
1.9
10
30/01/98
F
78.4
2.0
12
20/01/98
F
76.4
2.6
13
15/03/98
M
99.7
5.1
14
21/03/98
F
74.4
2.6
15
9/03/98
F
75.4
2.4
16
4/04/98
F
99.9
4.5
17
1/05/98
M
75.4
2.0
18
<3/05/98
F
75.2
2.5
19
8/12/98
F
88.1
2.6
20
13/05/98
F
80.3
2.5
21
13/05/98
M
67.4
1.6
22
16/05/98
F
79.6
2.2
23
28/06/98
M
67.6
1.7
24
2/07/98
F
78.0
2.4
26
5/07/98
F
72.0
2.0
27
<15/07/98
M
78.4
2.5
28
17/07/98
F
89.9
3.5
29
17/07/98
M
82.0
3.0
30
25/07/98
F
77.0
2.7
31
28/07/98
M
66.4
1.6
32
31/07/98
F
91.8
3.7
33
31/07/98
M
67.5
1.6

Displacement
Date
(dd/mm/yy)
22/10/98
26/02/98
1/02/98
10/02/98
16/03/98
22/03/98
10/03/98
6/04/98
2/05/98
3/05/98
12/05/98
14/05/98
17/05/98
18/05/98
30/06/98
3/07/98
6/07/98
15/07/98
18/07/98
25/07/98
27/07/98
28/07/98
1/08/98
11/08/98

Displacement
Distance
(km)
3.91
4.26
6.08
4.08
5.90
8.01
6.12
6.26
7.45
9.30
4.78
6.34
4.76
9.46
8.84
7.65
10.02
11.31
16.08
15.87
12.96
13.40
13.10
8.89

Initial
Angle
Home (°)
7.8
1.2
351.9
349.3
272.9
224.1
290.2
183.3
223.1
25.7
22.4
315.8
6.1
257.5
331.1
261.1
179.3
169.7
14.2
15.4
259.8
50.2
7.4
320.6

No. of
Position
Fixes
143
58
45
123
39
123
78
35
104
245
55
119
95
95
253
77
145
146
156
39
163
197
163
162

Complete
Track to
Shore
(Y/N)
Y
Y
N
Y
Y
Y
Y
N
Y
Y
Y
Y
N
Y
N
Y
N
N
N
N
Y
N
Y
Y
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Figure 3.16. Acoustic tracks of lemon sharks performed by Edrén and Gruber (2005)
that had mean times between fixes of ≤ 6 min and were included in subsequent
analyses. The tracks are identified at the start of each track (numbers 5 (red), 20, 21
(yellow), 27, & 30) as the sharks moved back towards Bimini, the landmasses shown in
green. The grey to black background represents the intensity of the Earth’s magnetic
field with black being the weakest intensity and lighter shades representing higher
intensities. The white lines represent lines of equal magnetic intensity, or isodynamics,
at 50 nT intervals.
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Figure 3.17. Acoustic tracks of lemon sharks performed by Edrén and Gruber (2005)
that had mean times between fixes of ≤ 6 min and were included in subsequent
analyses. The tracks are identified at the start of each track (numbers 10, 15, 17, 24, 29
& 32) as the sharks moved back towards Bimini, the landmasses shown in green. The
grey to black background represents the intensity of the Earth’s magnetic field with
black being the weakest intensity and lighter shades representing higher intensities.
The white lines represent lines of equal magnetic intensity, or isodynamics, at 50 nT
intervals.
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Figure 3.18. Acoustic tracks of lemon sharks performed by Edrén and Gruber (2005)
that had mean times between fixes of ≤ 6 min and were included in subsequent
analyses. The tracks are identified at the start of each track (numbers 12 (yellow), 18
(red), 26, 28, 31, & 33) as the sharks moved back towards Bimini, the landmasses shown
in green. The grey to black background represents the intensity of the Earth’s magnetic
field with black being the weakest intensity and lighter shades representing higher
intensities. The white lines represent lines of equal magnetic intensity, or isodynamics,
at 50 nT intervals.
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Figure 3.19. Acoustic tracks of lemon sharks performed by Edrén and Gruber (2005)
that had mean times between fixes of ≤ 6 min and were included in subsequent
analyses. The tracks are identified at the start of each track (numbers 2, 13, 14, 16, 19, &
23) as the sharks moved back towards Bimini, the landmasses shown in green. The grey
to black background represents the intensity of the Earth’s magnetic field with black
being the weakest intensity and lighter shades representing higher intensities. The
white lines represent lines of equal magnetic intensity, or isodynamics, at 50 nT
intervals.
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3.3.4. Rates of Movement
The rates of movement (ROMs) were calculated to test if they differed across the
three tracking methods. The ROMs ranged between median values of 0.19 ± 0.53
(quartile range) to 1.09 ± 1.00 m/s and 0.23 ± 0.62 to 1.12 ± 0.79 TL/s (Figure 3.20).
Median ROMs for the three tracking methodologies (acoustic, rangefinder, and GPS
logger) were: 0.57 ± 0.59 m/s and 0.76 ± 0.77 TL/s (n = 2557); 0.43 ± 0.27 m/s and
0.57 ± 0.31 TL/s (n = 431); and 0.62 ± 0.49 m/s and 0.68 ± 0.53 TL/s (n = 10354). Two
of the highest ROMs were from the sharks tracked acoustically and displaced into the
Gulf Stream (sharks 27 and 31; Figures 3.16 & 3.18) while the slowest ROMs were from
incomplete tracks using the GPS loggers (sharks 38 and 39; Figure 3.13).
Some ROMs were similar across all three tracking methods, but the ROMs were
the highest in the sharks tracked acoustically (Figure 3.20). The precision of the ROMs
was poorer for the acoustic tracks than for float tracks, as indicated by the larger
quartile ranges (Figure 3.20). The mean ROMs for the three tracking methodologies
were different when expressed as m/s and TL/s (Kruskal-Wallis ANOVA by ranks: m/s:
H = 113.78, n = 12376, p < 0.001; TL/s: H = 310.52, n = 12376, p < 0.001). Pairwise
analysis showed that the rates of movement for all three tracking methods were
different when expressed in m/s (multiple comparison: p < 0.001 for all tests) but when
the ROMs were normalized by the sizes of the sharks, only the acoustic and float tracks
differed significantly from each other (multiple comparison: acoustic and
rangefinder/float and GPS logger/float: p < 0.001, rangefinder/float and GPS
logger/float: p = 1.00).
In order to avoid adverse effects on the sharks, the strain of towing the float
should be ≤ 3% of the shark’s mass in air, even while the shark is in motion. At the
median ROMs for the float tracked sharks, the strain of the drag and lift incurred from
towing the float ranged from 0.72 - 1.70% of the sharks’ body weights with an average of
1.12 ± 0.35% (± 1 SD). For sharks 36, 39 and 40, if the air weight of the transmitters is
included the sharks were instrumented at 1.17 - 1.76% of their body weight at median
swimming speeds. At the maximum recorded sustainable swimming speed of juvenile
lemon sharks of 1.09 TL/s the equivalent mass of the average drag and lift incurred
would be 2.61 ± 0.23% the body weight of the sharks. The average drag increased
slightly to 2.98 ± 0.23% for sharks 36, 39, and 40 if the air weight of the transmitter is
added. Thus the strain of towing the float should not adversely affect the sharks,
satisfying the fifth criterion of an experimental model.
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Figure 3.20. Rates of movement of sharks tracked with three different tracking methods.
The median values for each shark are represented by white boxes inside the coloured
bars. The coloured bars show the quartile range, with the lowest part of the bar at the
25th percentile and the upper extent of the bar being at the 75th percentile. The blue
bars indicate sharks tracked acoustically, the orange bars indicate sharks tracked by
float and rangefinder, the yellow and purple bars indicate sharks tracked with float and
GPS logger. The sharks’ rates of movement shown in blue, orange, and yellow were
tracking in Bimini, Bahamas, while the tracks shown in purple were conducted in the
Florida Keys, USA.
3.3.5. Track Partitioning Based on Behaviour
It was hypothesized that with time, increased distance travelled, and/or changes
in water depth, temperature, and salinity, a clear change in track tortuosity would be
observed when the sharks had determined their location. Once the sharks’ current
positions and courses home were determined, travel should have been less tortuous and
more direct towards home. This hypothesized change in tortuosity would then have
allowed the tracks to be partitioned into the position determination and the orientation
phases of the track. For all seven float tracks, tortuosity varied greatly and the
maximum tortuosity per track ranged from 1.90 - 58.77. Track tortuosity of displaced
lemon sharks varied among the sharks when examined in relation to track time,
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distance travelled from the release point, and in relation to water depth, temperature
and salinity (Figures 3.21 - 3.25). For example, when tortuosity is examined in relation
to time of the track, some sharks had fairly consistent variation in track tortuosity
throughout (shark 36, Figure 3.21), or had the highest tortuosity at the end of the track
(shark 40, Figure 3.21). Some tracks had a marked change in track tortuosity, for
example tortuosity decreased in shallower, warmer waters (shark 41; Figures 3.23 &
3.24), but there was an overall lack of any consistent trend. As a result, it was not
possible to partition the tracks based on tortuosity and the tracks were instead analysed
for magnetic and homeward alignments at set distances (Table 3.5). The tracks of
sharks 23, 27, and 31 were the only tracks longer than 10 km and were analysed up to 14,
20, and 40 km from the release point respectively.
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Figure 3.21. Tortuosity versus track time of juvenile lemon sharks displaced offshore
and tracked with floats in Bimini, Bahamas (left column) and Florida, USA (right
column). Track 35 in Bimini and tracks 38 and 39 in Florida are incomplete while the
rest of the sharks were tracked until they reached nearshore waters less than 50 cm
deep.
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Figure 3.22. Tortuosity versus the distance juvenile lemon sharks travelled from the
point of displacement offshore and tracked with floats in Bimini, Bahamas (left column)
and Florida, USA (right column). Track 35 in Bimini and tracks 38 and 39 in Florida are
incomplete while the rest of the sharks were tracked until they reached nearshore waters
less than 50 cm deep.
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Figure 3.23. Plots of average tortuosity (+1 SD) versus depth indices (where the
maximum depth was set at 1.0) for seven lemon sharks tracked with floats in Bimini,
Bahamas (left column) and Florida, USA (right column).
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Figure 3.24. Plots of average tortuosity (+1 SD) versus temperature indices (where the
maximum temperature was set to 1.0) for seven lemon sharks tracked with floats in
Bimini, Bahamas (left column) and Florida, USA (right column).
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Figure 3.25. Plots of average tortuosity (+1 SD) versus salinity indices (where the
maximum salinity was set to 1.0) for three lemon sharks tracked with floats in Florida,
USA after experimental displacement.
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Table 3.5. The number of bearings per displaced shark at straight line distances for up to
10 km distances from the release point, where ≥ 20 bearings were available for analysis.
Only three sharks had tracks longer than 10 km (sharks 23, 27, & 31).
Type of
Track

Shark
Number
2

100
m

200
m

400
m

1
km

2
km

4
km
82

20

24

30

38

5
10

50

13

31

36

14

37

51

67

15

41

47

72

16

33

17

31

42

57

81

49

99

111

123

29

34

43
94

103

47

22

31

39

49

51

59

69

23

41

24

35

82

100

139

52

60

52

47

51

63

74

28

36

119

129

34

40

45

35

47

63

49

125

137

24

36

41

48

33

40

58

68

124

21

50

126

139

152

6

19

20

18

12

5

46

114

1

1

1

207

308

497

1046

1998

2414

27
28

29

29

32

30

35
43

31
32
33
Number of
Tracks
34
35

3

73

Number of
Tracks
36

22

38

48

39

74

257

40

36

69

129

716

1448

41

108

156

229

530

1042

2310

5

4

3

3

3

2

1

1

5

4

10

23

24

20

13

6

Number of
Tracks
Total
Number of
Tracks

10
km

73

21

26

All

108

23

19

Logger

82

12

20

Rangefinder

8
km

33

18

Acoustic

6
km

42
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3.3.6. Statistical Analyses of Tracks
It was possible to track the appearance of new modes in the magnetic and
homeward errors of the lemon sharks with increasing distances from the release point
for all three types of tracking methods (Figures 3.26 - 3.27). The shark tracks also
generally became more oriented with increasing distances from the point of release
(Figures 3.27 - 3.28).
The shark tracks were analysed to test if the sharks were aligned with the
contours and slope of the intensity of the Earth’s magnetic field or the direction home
more often than predicted by chance. The data were tested with three statistical tests to
determine if the traditionally used statistical tests used on vanishing bearings were
sufficient, or if a newer analysis was needed to analyse the track data.
3.3.6.1. V-Test
Analysis of the acoustically and float tracked sharks with V-tests found significant
alignments with the Earth’s magnetic field: both when the V-tests were used assuming
unimodality of the data (Table 3.6), and also when the data were multiplied by four to
relocate all data on the cardinal axes to 0° and encourage unimodality (Table 3.7).
Unmodified magnetic errors were non-random and clustered around 0° at all distance
intervals tested (100 m, 200 m, 400 m, 1 km, 2 km and 4 km) for more sharks than
expected by chance when all tracking methodologies were pooled (Table 3.6). The
sharks tracked with the GPS logger tracking method had the highest frequencies of
significantly aligned tracks. The V-test returned a significant result when the data were
unimodal and clustered around 0° (Figure 3.30: 18-4 km and 41-1 km) or bimodal (e.g.
Figure 3.30: 19-2 km) but not surprisingly, did not return a significant result if the data
were similarly uni- or bimodal but near cardinal axes other than 0° (Figure 3.30: 27-4
km, 29-1 km, 35-400 m, and 39-200 m). It was possible to change the V-test testing
angle if the observed occurrence peak was near another cardinal axis, however this
would have introduced bias into the analysis.
To surmount the modality issues of the V-test, the magnetic errors were
multiplied by four, returned to modulo 360, and then retested. Overall, the sharks were
found to have aligned with the Earth’s magnetic field more often than expected only at
distance of 2 km (Table 3.7). Some tracks were significantly clustered around 0° both
with the raw data and when multiplied by four (Figure 3.30: e.g. 18 - 4 km, 19 - 2 km)
and some tracks that had peaks near other cardinal angles were successfully relocated to
be near 0° and the V-test then became significantly oriented (Figure 3.30: e.g. 27 - 4
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km, 29 - 1 km, 39 - 200 m, and 40 - 1 km). Overall the analysis of the magnetic errors
times four found far fewer tracks that were significantly aligned than on the unaltered
magnetic error data (Table 3.7). Examination of the magnetic errors showed that the
transformation destroyed the structure of the modes of some tracks instead of relocating
all magnetic errors near the cardinal axes to cluster at 0°. Any error from the true
cardinal axis was amplified by four, was less likely to influence the V-test’s result,
and/or caused the data to become randomly distributed (Figure 3.30: e.g. 23 - 4 km, 26
- 2 km, 26 - 4 km, 34 - 2 km, 41 - 1 km).
To determine when the sharks became homeward oriented, I tested the
homeward errors with a V-test for oriented, clustered homeward errors around 0°.
Some sharks were homeward oriented at 100 m, while others only became homeward
oriented at distances greater than 2 km (Table 3.8). Across all tracks, a significant
number of sharks were homeward oriented at 100 m, 1 km, 2 km, and 4 km.
Interestingly, sharks 40 and 41 were magnetically oriented at first more frequently than
expected by chance alone and then switched to homeward orientation by 1 and 4 km,
respectively. Other sharks were simultaneously aligned with the homeward bearing and
the magnetic field, e.g. sharks 13 and 19. Using the Earth’s magnetic field as
navigational cue and travelling towards home, therefore, were not always mutually
exclusive. The results, however, should be interpreted with caution because in some
cases the results of the V-test rejected the null hypothesis and determined that the data
were centred at 0° when the data were oriented but not centred near 0° and the 95%
confidence intervals did not include 0° (e.g. Figure 3.30: sharks 34 - 2 km and 41 - 1 km
and Figure 3.31: sharks 19 - 2 and 39 - 200 m). Only six out of 69 shark/distance tested
combinations, with statistically reliable confidence intervals, had confidence intervals
that included 0°.
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Figure 3.26. Examples of the changes in patterns of magnetic errors in homing juvenile lemon sharks over differing distances from the
release point. One of the tracks with the highest number of distances represented is displayed per tracking methodology. Shark 33
was tracked acoustically and data are plotted for 400 m, 1, 2, and 4 km distances. Shark 34 was tracked by float and rangefinder and
data are displayed for 1 and 2 km distances. Shark 41 was tracked by float and GPS logger and data are displayed for 100 m, 200 m,
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line showing the mean angle and the black or red arcs showing the 95% confidence intervals. Confidence intervals shown in red may
not be statistically reliable.
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Figure 3.27. Examples of the changes in patterns of homeward errors in homing juvenile lemon sharks over differing distances from
the release point. One of the tracks with the highest number of distances represented is displayed per tracking methodology. Shark 33
was tracked acoustically and data are plotted for 400 m, 1, 2, and 4 km distances. Shark 34 was tracked by float and rangefinder and
data are displayed for 1 and 2 km distances. Shark 41 was tracked by float and GPS logger and data are displayed for 100 m, 200 m,
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radial line showing the mean angle and the black or red arcs showing the 95% confidence intervals. Confidence intervals shown in red
may not be statistically reliable.
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Figure 3.28. Examples of the changes in patterns of magnetic errors in homing juvenile
lemon sharks over differing distances from the release point. The magnetic errors for
sharks 5, 18, 23, and 24 are displayed at 400 m, 1 km, 2 km, and 4 km distances from
the release point showing how it is possible to observe the modes over time and how the
sharks generally were more oriented with increasing distances from the release point.
The magnetic errors are presented in columns 10° wide, with the radial line showing the
mean angle and the black or red arcs showing the 95% confidence intervals. Confidence
intervals shown in red may not be statistically reliable.
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Figure 3.29. Examples of the changes in patterns of homeward errors in homing juvenile
lemon sharks over differing distances from the release point. The homeward errors for
sharks 5, 18, 23, and 24 are displayed at 400 m, 1 km, 2 km, and 4 km distances from
the release point showing how it is possible to track modes over time and observe if the
sharks generally were more oriented the further they swim from the release point. The
homeward errors are presented in columns 10° wide, with the radial line showing the
mean angle and the black or red arcs showing the 95% confidence intervals. Confidence
intervals shown in red may not be statistically reliable.
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Table 3.6. The results of V-tests (p-values) that tested the hypothesis that the magnetic
error angles were non-uniformly distributed, with a mode centred at 0°, and aligned
with the Earth’s magnetic field. The tracks were analysed at set distances to investigate
variations in behaviour, as a function of distance and/or time since release. For each
tracking methodology, the fraction of the results that were aligned is listed in the rows
marked ‘total.’ These fractions are followed by the results of a binomial probability test
(p-value) to determine if the number of significant results is significantly higher than
predicted by chance. For all tests, significant results are shown in red text.
Type of
Track

Shark #

100m

200 m

400 m

1 km

2 km

2
5

0.499

0.196

10
0.166

0.005

13

<0.0001

<0.0001

14

0.642

0.886

0.992

15

0.918

0.818

0.406

16

0.001
0.999

0.986

0.704

0.966

0.106

0.010

<0.0001

<0.0001

0.974

19
20
21
22

0.195

0.144

0.139

0.021

0.0003

23

0.782

0.301

0.027

0.0003

24

0.989

0.935

0.847

0.236

0.0002

<0.0001

0.810

0.182

0.088

0.467

0.095

0.078

0.969

0.982

1.000

1.000

1.000

1.000

0.476

0.065

27
28

0.766

29

0.874

30

0.961
0.359

31
32
33

0.003

Total

1/6, 0.232

34

4/19, 0.011

7/20, <0.0001

<0.0001

0.0003

35

0.722

Total

0/1, 0.950

1/1, 0.050

1/1, 0.050

0.064

<0.0001

<0.0001

36

1.000

38

<0.0001

1.000

0.012
7/18,
<0.0001

<0.0001

39

1.000

1.000

40

<0.0001

<0.0001

<0.0001

1.000

1.000

41

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

0.0001

3/5,

2/4,

2/3,

0.001

0.014

0.0071

2/3, 0.007

2/3, 0.007

2/2, 0.002

Total

All

<0.0001

0.298

26

Logger

0.009

12

17

Rangefinder

0.013
0.139

18

Acoustic

4 km
<0.0001

Grand

3/5,

2/4,

3/10,

7/23,

10/24,

9/20,

Total

0.001

0.014

0.010

0.0001

<0.0001

<0.0001
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Table 3.7. Results of V-tests (p-values) that tested the hypothesis that the magnetic error
angles were non-uniformly distributed, with a mode centred at 0°, and were aligned
with the Earth’s magnetic field. The magnetic error angles were multiplied by four and
then returned to modulo 360 to encourage the unimodality of the data. The tracks were
analysed at set distances to investigate variations in behaviour, as a function of distance
and/or time since release. For each tracking methodology, the fraction of the results
that were aligned is listed in the rows marked ‘total.’ These fractions are followed by the
results of a binomial probability test (p-value) to determine if the number of significant
results is significantly higher than predicted by chance. For all tests, significant results
are shown in red text.
Type of Track

Shark #

100m

200 m

400 m

1 km

2 km

2
5

0.121

0.283

10
0.522

0.668

13

0.402

0.285

14

0.124

0.296

0.259

15

0.373

0.223

0.178

16

0.630
0.253

19

0.649

0.824

0.100

<0.0001

<0.0001

0.020

21

0.015
0.880

0.792

0.113

22

0.807

0.723

0.727

23

0.773

0.934

0.671

0.199

24

0.395

0.524

0.704

0.915

0.983

0.894

0.101

0.030

0.037

0.965

0.912

26
27
28

0.965

29

0.042

30

0.035
0.591

31
32

0.251

0.524

0.900

0.568

0.685

0.411

0.472

33

0.999

0.999

0.996

0.996

Total

1/6, 0.232

2/19, 0.063

3/20, 0.066

2/18, 0.168

0.722

0.301

34

All

0.453

0.564

20

Logger

0.180

12

17

Rangefinder

0.162
0.448

18

Acoustic

4 km
0.628

35

0.666

Total

0/1, 0.950

0/1, 0.950

0/1, 0.950

0.997

1.000

1.000

36

0.842

38

0.983

0.610

1.000

39

0.016

<0.0001

40

0.208

0.285

0.992

<0.0001

<0.0001

41

0.505

0.292

0.435

0.935

0.010

Total

1/5, 0.204

1/4, 0.172

0/3, 0.857

1/3, 0.135

2/3, 0.007

1/2, 0.095

Grand Total

1/5, 0.204

1/4, 0.172

1/10, 0.315

3/23, 0.079

5/24, 0.005

3/20, 0.060
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Figure 3.30. Subsample of the magnetic errors of homing sharks displaced from their
home ranges to an offshore location. Sharks using the Earth’s magnetic field as a
navigational cue should have higher numbers of alignments clustered near one or more
of the four cardinal axes. The magnetic errors are presented in columns 10° wide, with
the radial line showing the mean angle and the black or red arcs showing the 95%
confidence intervals. Confidence intervals shown in red may not be statistically reliable.
Charts are labeled with the shark number and distance from release site. The first and
third columns contain the figures with the raw magnetic errors while the second and
third columns contain the graphs where the magnetic errors were multiplied by four to
relocate all magnetic errors on the cardinal axes to 0° and encourage unimodality.
Tracks that had magnetic errors that were significantly oriented and clustered around
0° are marked with a red asterisk in the centre of the graph (Table 3.6 and 3.7).
Examples were chosen to show data from all three tracking methodologies and various
track lengths.
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Table 3.8. Results from V-tests (p-values) that tested the hypothesis that the homeward
error angles were non-uniformly distributed, had a mode centred at 0°, and the animals
were homeward oriented. The tracks were analysed at set distances to determine at
what distances in the track the sharks are homeward oriented. For each tracking
methodology, the fraction of the results that were aligned is listed in the rows marked
‘total.’ These fractions are followed by the results of a binomial probability test (pvalue) that determined if the number of significant results was significantly higher than
predicted by chance. For all tests, significant results are shown in red text.
Type of
Track

Shark #

100m

200 m

400 m

1 km

2 km

4 km

0.667

0.316

0.167

0.123

2

0.951

5
10

0.145

12

0.688

0.996

13

0.002

0.005

14

0.0003

0.004

0.003

15

0.062

0.015

0.0001

16

0.895

17
18

0.506

19

0.176

0.005

<0.0001

0.397

0.086

0.056

<0.0001

<0.0001

20
Acoustic

21
22

<0.0001

<0.0001

<0.0001

0.176

0.195

0.332

0.511

24

0.453

0.056

0.011

<0.0001

0.125

0.296

0.991

1.000

1.000

0.187

0.010

28

0.686

29

0.340

30

0.405
0.740

31
32

0.996

0.711

0.014

<0.0001

<0.0001

0.991

0.428

33

0.113

0.685

0.079

0.008

Total

0/6,

5/19, 0.002

8/20,

9/18, <0.0001

0.7351
34

<0.0001

1/1, 0.050

1/1, 0.050

1/1, 0.050

<0.0001

<0.0001

<0.0001

0.004

Total
36

0.939

38

<0.0001

1.000

<0.0001
0.016

35

<0.0001

39

<0.0001

<0.0001

40

1.000

1.000

1.000

<0.0001

<0.0001

41

1.000

1.000

1.000

1.000

1.000

<0.0001

1/3, 0.135

2/3, 0.007

2/3, 0.007

2/2, 0.002

2/5,
Total
All

0.061

23

27

Logger

0.234
0.008

26

Rangefinder

0.983

0.021

1/4,
0.172

Grand

2/5,

1/4,

2/10,

8/23,

11/24,

11/20,

Total

0.021

0.172

0.075

<0.0001

<0.0001

<0.0001
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Figure 3.31. Examples of homeward errors of juvenile lemon sharks displaced from their
home ranges to an offshore location. The errors are presented in columns 10° wide,
with the radial line showing the mean angle and the black or red arcs showing the 95%
confidence intervals. Confidence intervals shown in red may not be statistically reliable.
Charts are labeled with the shark number and distance from release site. Those tracks
with homeward errors clustered around 0° were moving towards home and those that
were significantly oriented are marked with a red asterisk in the centre of the graph
(Table 3.8). Examples were chosen to show data from all three tracking methodologies
and various track lengths.
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3.3.6.2. Chi-Squared Test Goodness of Fit Test
The number of error bearings located in different sectors (Figures 3.7 - 3.8) was
tested with Chi-squared tests to determine if the magnetic errors were more commonly
aligned to the Earth’s magnetic field, and if homeward magnetic errors were aligned
towards home, more often than expected by chance. More sharks were magnetically
oriented than expected by chance at five out of six distances tested: 0.1, 0.2, 1, 2, and 4
km (Table 3.9). The number of magnetic errors was expected to be higher near the
cardinal axes (± 30°) than in other directions if the sharks were swimming parallel and
perpendicular to the Earth’s magnetic field (Figure 3.32). The number of alignments
detected was proportionally higher in the float tracks than in the acoustic tracks and the
majority of the magnetic alignments were parallel rather than perpendicular to the
contours of the Earth’s magnetic field (Table 3.9 and Figure 3.32).
The juvenile lemon sharks were only reliably oriented towards home at 200 m
and 4 km distances (Table 3.10 and Figure 3.33) with four out of the seven significant
homeward alignments also being simultaneously magnetically aligned. If the sharks
were oriented towards home, it was expected that the frequency of the homeward errors
would be the highest near 0° (± 30°; Figure 3.33). The sharks were often significantly
oriented, but it was often in a different direction than the homeward one (Figure 3.33).
The sharks were most frequently aligned to the sectors clockwise and counterclockwise
from home (the yellow and purple sectors shown in Figure 3.8). Of all the alignments
detected by the Chi-squared test, the home sector (the red sector in Figure 3.8) tied with
another sector for the lowest frequency of orientations; nevertheless, the shark track
segments were more frequently oriented in the homeward semicircle rather than the
opposing semi-circle.
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Table 3.9. Results from Chi-squared analyses (p-values) that tested if the magnetic error
values were more commonly aligned parallel and/or perpendicular to the Earth’s
magnetic field than predicted by chance. Significant results are followed by a letter to
show which coloured group(s) were markedly higher than the others, R for parallel
magnetic errors, B for perpendicular magnetic errors, and Y for neither (Figure 3.7).
Significant alignments for R or B are shown in red text. Counts of significant results (R
or B) over number of tests per tracking methodology and at set distances from the
release point, are shown in the rows marked ‘total’ and are followed by the binomial
probability p-value of obtaining that fraction of significant results due to chance. Red
text denotes if the number of aligned sharks was higher than predicted by chance.
Type of
Track

Shark #

100m

200 m

400 m

1 km

2 km

2
5

0.247

0.197

10
0.438

0.923

13

0.206

0.046 R

14

0.469

0.327

0.658

15

0.907

0.862

0.747

16

0.971
0.648

0.197

0.020 R

0.679

0.013 RB

0.007 R

0.439

0.159

0.786

19
20

0.267

21
22

0.115

0.115

0.092

0.545

23

0.247

0.197

0.020 R

0.010 R

24

0.972

0.862

0.589

0.405

0.267

0.097

0.0001 R

0.0001 B

0.0001 B

0.175

0.353

27
28

0.185

29

0.007 R

30

0.004 R
0.521

0.767

0.418

0.0008 B

0.338

0.441

0.840

0.430
0.010 Y

31
32
33

0.018 Y

0.016 Y

0.017 Y

Total

1/6, 0.169

1/19,

7/20,

6/18,

0.344

<0.0001

<0.0001

0.859

0.388

34
35

0.011 B

Total

1/1, 0.033

0/1, 0.967

0/1, 0.967

0.016 Y

0.0001 Y

0.0015 Y

36

0.321

38

0.002 B

0.607

0.0001 RY

39

0.0003 R

0.0001 R

40

0.046 R

<0.0001 R

0.0005 R

<0.0001 R

<0.0001 RB

41

0.590

0.118

0.041 R

0.073

<0.0001 R

0.004 B

3/5,

2/4,

0.0003

0.006

2/3, 0.003

1/3, 0.073

2/3, 0.007

1/2, 0.095

Total
All

0.654

0.144

26

Logger

0.010 R

12

17

Rangefinder

0.020 R
0.003 R

18

Acoustic

4 km
0.458

Grand

3/5,

2/4,

4/10,

2/23,

9/24,

7/20,

Total

0.0003

0.006

0.0002

0.138

<0.0001

<0.0001
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Figure 3.32. Examples of magnetic errors of juvenile lemon sharks displaced from their
home ranges to an offshore location. The letters R, Y, and B correspond to the colours
of the sectors in Figure 3.7 that were used to divide the magnetic areas into three, 120°
sectors. Higher counts in the red and/or blue columns correspond to magnetic errors
that were aligned with the Earth’s magnetic field. A horizontal black line shows the
expected value if the frequencies of the magnetic errors were randomly distributed
across the sectors. A red asterisk in the top right corner of the graph indicates data that
were significantly non-randomly distributed with the highest number of counts in the
sectors that are aligned with the Earth’s magnetic field (Table 3.9). Examples were
chosen to show data from all three tracking methodologies and various track lengths.
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Table 3.10. Chi-squared results (p-values) from analyses that tested if homeward error
values were more commonly aligned towards home than predicted by chance.
Significant results for tracks that were oriented towards home are shown in red and
followed by the letter ‘R’ (for the red sextant in Figure 3.8). Those that had a significant
result but the highest number of orientations were for a different bearing than home are
followed by a letter to show which coloured sextant was markedly higher than the
others: ‘Y’ for yellow, ‘B’ for blue, ‘O’ for orange, ‘G’ for green, and ‘P’ for purple (Figure
3.8). Counts of significant results (R) over number of tests per tracking methodology
and at set distances from the release point, are shown in the rows marked ‘total’. The
counts are followed by the binomial probability p-value of obtaining that fraction of
significant results due to chance, with significant results denoted by red text.
Type of Track

Shark #

100m

200 m

400 m

1 km

2 km

2
5

0.117

0.016 Y

10
0.106

0.030 O

13

0.0002 Y

<0.0001 Y

14

0.0002 P

0.003 P

<0.0001 P

15

0.190

0.073

<0.0001 R

16

0.183
0.028 P

0.004 P

<0.0001 R

0.012 G

0.554

0.493

0.001 Y

<0.0001 Y

0.017 G

19
20
21

0.119

0.016 Y
<0.0001 Y

0.0008 Y

<0.0001 Y

23

0.309

0.558

0.516

0.012 B

24

0.221

0.089

0.025 R

<0.0001 R

26

0.0003 Y

27
28

0.352

29

0.037 G

30

0.799

32

<0.0001 B

0.004 B

<0.0001 O

<0.0001 O

0.155

0.160

0.009 G

31
0.0006 O

0.656

0.014 P

<0.0001 P

<0.0001 P

0.0003 G

0.0002 G

33

0.009 Y

0.399

0.0006 Y

<0.0001 Y

Total

0/6, 0.951

1/19, 0.136

1/20, 0.377

3/18, 0.008

<0.0001 Y

<0.0001 Y

34

All

<0.0001 B

0.005 R

22

Logger

<0.0001 Y

12

17

Rangefinder

<0.0001 Y
0.095

18

Acoustic

4 km
0.0005 B

35

0.006 R

Total

1/1, 0.008

0/1, 0.9917

0/1, 0.9917

<0.0001 Y

<0.0001 Y

<0.0001 Y

36

<0.0001 G

38

<0.0001 Y

<0.0001 R

<0.0001 Y

39

<0.0001 P

<0.0001 P

40

<0.0001 O

<0.0001 O

<0.0001 O

<0.0001 Y

<0.0001 Y

41

<0.0001 B

<0.0001 O

<0.0001 BO

<0.0001 B

<0.0001 B

Total

0/5, 0.959

1/4, 0.032

0/3, 0.975

0/3, 0.975

0/3, 0.975

0/2, 0.983

Grand Total

0/5, 0.959

1/4, 0.032

1/10, 0.077

1/23, 0.159

1/24, 0.369

3/20, 0.0006
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Figure 3.33. Examples of homeward errors of juvenile lemon sharks displaced from
their home ranges to an offshore location. The letters R, Y, B, O, G, and P correspond to
the colours of the sectors in Figure 3.8 that were used to divide all homeward errors into
six, 60° sectors. Higher counts in the red column correspond to homeward errors that
were close to the direction home. A horizontal black line shows the expected value if the
frequencies of the magnetic errors were randomly distributed between the sectors. A
red asterisk in the top right corner of the graph indicates data that were significantly
non-randomly distributed with the highest number of counts in the red or homeward
oriented group (Table 3.10). Examples were chosen to show data from all three tracking
methodologies and various track lengths.
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3.3.6.3. Randomization
3.3.6.3.1. Validation of Randomizations
To test that the randomization of Dennis et al. (2007) had been successfully
independently recreated, the raw homing pigeon data from the 92 tracks analysed in
that study were reanalyzed with the new recreated randomization (Table 3.11). The
recreated randomization found results similar to Dennis et al. (2007) (Table 3.11).
Between the two randomizations, the results changed from 2.2 - 11.9%, with the
recreated randomization generally finding more aligned birds than Dennis et al. (2007).
Two of the largest differences were for the 2 km distance at the ± 13.5 and 18° alignment
parameters where the validation’s results would have been much more similar if the
alignment parameters were switched. The validation results were carefully checked and
were correct for the respective alignment parameters.
Table 3.11. Counts of homing pigeons significantly aligned with the Earth’s magnetic
field comparing the results of Dennis et al. (2007), a recreation of the Dennis et al.
randomization, and a randomization on data that had been scaled so that the magnetic
errors varied between 0 and 1 for parallel and perpendicular, respectively.

Distance
(km)

Alignment
Parameter (°)
4.5
9

2

13.5
18
N/A
4.5
9

4

13.5
18
N/A

Test
Dennis et al.
Validation
Dennis et al.
Validation
Dennis et al.
Validation
Dennis et al.
Validation
Scaled
Dennis et al.
Validation
Dennis et al.
Validation
Dennis et al.
Validation
Dennis et al.
Validation
Scaled

# of Significantly
Aligned Birds
35
37
51
58
59
51
47
58
74
44
46
51
58
59
62
58
65
74

% of
Aligned
Birds
38.0
40.2
55.4
63.0
64.1
55.4
51.1
63.0
80.4
47.8
50.0
55.4
63.0
64.1
67.4
63.0
70.7
80.4

More detailed information was available from Dennis et al. (2007) for the ± 13.5°
alignment parameter at 4 km track distances. The results of the two randomizations
were very similar: 29 versus 28 birds had a significant number of parallel alignments
114

Chapter Three. Magnetic navigation in juvenile lemon sharks

(31.5 and 30.4%) and 33 or 34 birds (35.9 and 37.0%) had a significant number of
perpendicular alignments. The only major difference was for the number of birds that
had a significant number of alignments both parallel and perpendicular to the Earth’s
magnetic field. Dennis et al. (2007) reported that 42 birds (45.7%) were significantly
aligned for both types of alignment, whereas the recreated analysis only found 23 birds
were aligned (25.0%). It was observed that very few tracks had both significant parallel
and perpendicular alignments, both independently significant and also significant
together, or neither independently significant but significant together (0 - 3 per
alignment parameter and track length). The recreated analysis showed that the number
of significant alignments in one field was often enough to make the ‘both’ field also
significant, so much so that a track with a p-value of 1.000 for parallel and 0.0002 for
perpendicular could receive a p-value of 0.0002 for both fields, and vice versa, because
the one parameter was so strongly significant. Despite these differences, due to the
definition of alignment, at least one significant alignment, either parallel, perpendicular,
or both, the number of aligned birds was unaffected by the differences in the both field
as long as the bird was also significantly aligned either parallel or perpendicular to the
Earth’s field. As a result, the validation still detected slightly more aligned birds for 7/8
possible combinations of track length and alignment parameter (Table 3.11).
3.3.6.3.2. Conserved Data at Multiple Distances as a
Potential Confound or Source of Error in the Shark
Tracks
To test the sensitivity of the analysis to the effects of correlation from conserved
data between successive distances, the shark tracks were tested when the data from the
previous distance(s) were excluded. For example, some of the data for a track 200 m
long would also be included in the 0 - 100 m track analysis. To determine if the
correlated data were affecting the results, the results of the 0 - 200 m was compared
with 100 - 200 m analysis and repeated for each successive distance. Only nine of the
acoustic tracks and all of the float tracks had sufficient numbers of data points for this
comparison. One to ten results changed out of a possible 34 track lengths changed at
each value of the alignment parameter (Table 3.12). Excluding the data from previous
distances did not affect the results very much (Table 3.12) but they did occasionally
change at 200 m, 400 m, 2 km, 6 km, 8 km, 10 km and 12 km for magnetic alignments
and 400 m, 1 km, 2 km, 4 km, 6 km, and 8 km for homeward alignments. The total
number and net number of changes in the analyses were the closest to zero for the ± 9°
(Table 3.12). Only 1 - 3 track lengths out of 34 changed with a maximum of one net
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changes at these alignment parameters. The ± 13.5° alignment parameter was, however,
more conservative because it slightly underestimated the number of alignments for the
magnetic test (Table 3.12). As a result, the effect of data correlation on the analysis was
negligible at these alignment parameters.
Table 3.12. Comparison of the results of randomization tests that either included or
excluded data from previous distances for displaced juvenile lemon sharks. The
distances tested in the randomizations, from the points of release were: 100 m, 200 m,
400 m, 1 km, 2 km, 4 km, 6 km, 8 km, 10 km, and 12 km. The results of these distances
were compared to the results of the analysis on the data from the distance invervals of: 0
- 100 m, > 100 - 200 m, > 200 - 400 m, > 400 m - 1 km, >1 - 2km, > 2 - 4 km, > 4 - 6
km, > 6 - 8 km, > 8 - 10 km, > 10 - 12 km. For example, the randomizations were run
for data up to 200 m from the point of release both including and excluding the data
from 0 - 100 m and the two sets of results were compared. The results are displayed in
2x2 contingency tables. If the results were exactly the same, the white boxes contain
zeros, whereas if there was variation between the results of the two sets of analyses, the
white boxes contain numbers greater than zero. The results were compared for both
magnetic and homeward alignments at five different alignment parameters. A positive
net change means that more track lengths were significant than should have been and
vice versa.
Alignment
Parameter
(±°)

Magnetic

Exclusive of Data from Previous Distance(s)

13.5

18

30

Inclusive of Data from
Previous Distance(s)

4.5

9

Home

Number
Changed

Net
Change

2
26

4

8
1

0
25

Yes
No

7
4

Yes
No
Yes
No

Yes

No

Yes
No

4
2

Yes
No

Number
Changed

Net
Change

1
27

2

0

4
1

2
27

3

1

-2

4
1

2
27

3

1

4

2

4
2

2
26

4

0

10

0

7
1

4
22

5

3

Yes

No

0

5
1

1

1

2
21

6

7
1

3
23

9
5

5
15

3.3.6.3.3. Analysis of Shark Tracks with Randomization
Analysis of the tracks showed that as the alignment parameter increased in size,
the number of distances that became significantly aligned also increased (Tables 3.13 3.14). The sharks were always aligned with the Earth’s magnetic field at 100 and 200 m
distances from the release point for all of the alignment parameters, and for the scaled
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data (Table 3.13). For example with the ± 13.5° alignment parameter, more sharks were
magnetically aligned than expected by chance at 0.1, 0.2, 1, 2, 4, 8 and 10 km distances
from the release point (Table 3.15). More distances were found to be significantly
aligned at larger alignment parameters. The sharks were significantly magnetically
aligned at eight out of nine distances tested at ± 18° and 30° and at all distances with the
scaled magnetic errors. Higher rates of significantly aligned sharks were detected with
the GPS logger tracks than with other methods, although the sample size was too small
to be definitive.
Far fewer tracks were aligned towards home than were aligned with the Earth’s
magnetic field but sharks were homeward aligned at 6 and 8 km at all alignment
parameters (Table 3.14). At the ± 13.5° alignment parameter the sharks were homeward
aligned at only 6 and 8 km distances from the displacement point (Table 3.16).
Homeward alignments were only detected at other distances when the alignment
parameter was ≥ ± 18°, the data were scaled, and were more common at greater
distances from the release points (Table 3.14). The sharks were never aligned at the 10
km distance because the only tracks long enough for this analysis were incomplete (#
23, 27, and 31 in Figures 3.16 and 3.18 - 3.19). Shark 31 was the only shark that was
homeward aligned at distances > 10 km, but only when the data were scaled. Sharks 23,
27, and 31 were magnetically aligned at distances > 10 km with alignment parameters >
± 9°.

117

Chapter Three. Magnetic navigation in juvenile lemon sharks

Table 3.13. Summarized results from randomization tests counting the number of
displaced juvenile lemon sharks that were significantly aligned parallel, perpendicular,
and/or both to the Earth’s magnetic field (p ≤ 0.05 in red text). The randomization tests
were run at different distances from the release points and at different alignment
parameters. The total number of alignments was defined as the number of sharks that
were significantly aligned parallel and/or perpendicular to the magnetic field at each
combination of alignment parameter and distance from the point of release. To
determine if the number of alignments were greater than expected by chance alone
across sharks, the binomial probability p-value was calculated. If the number of
alignments was greater than expected by chance, the results are shown in red text.
Alignment
Parameter (±°)

4.5

9

13.5

18

30

Scaled

Distance
(km)
0.1
0.2
0.4
1
2
4
6
8
10
0.1
0.2
0.4
1
2
4
6
8
10
0.1
0.2
0.4
1
2
4
6
8
10
0.1
0.2
0.4
1
2
4
6
8
10
0.1
0.2
0.4
1
2
4
6
8
10
0.1
0.2
0.4
1
2
4
6
8
10

# Significantly
Aligned
⊥
||
both
2
0
0
2
0
0
0
0
0
1
0
0
1
1
1
2
1
0
1
0
1
0
1
0
0
0
0
2
0
0
3
0
0
0
0
0
1
0
0
3
2
0
2
2
0
2
1
0
1
1
0
0
1
0
2
0
1
2
0
1
2
0
1
4
0
2
5
3
1
1
2
1
1
1
0
1
1
0
1
1
0
3
0
0
3
0
0
3
0
0
4
0
1
7
3
1
2
2
0
1
1
1
1
1
0
1
1
0
2
1
0
2
0
0
3
2
0
3
0
0
5
4
1
3
1
0
1
3
2
1
1
1
1
1
0
2
1
0
3
0
0
3
2
0
4
2
1
7
4
3
3
2
0
2
3
2
1
3
0
1
1
0
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Total
2/5
2/4
0/10
1/23
2/24
3/20
1/13
1/6
0/3
2/5
3/4
0/10
1/23
4/24
4/20
2/13
2/6
1/3
2/5
2/4
2/10
5/23
6/24
4/20
2/13
2/6
2/3
3/5
3/4
3/10
5/23
8/24
4/20
2/13
2/6
2/3
3/5
2/4
5/10
3/23
8/24
4/20
4/13
2/6
2/3
3/5
3/4
5/10
7/23
14/24
7/20
5/13
4/6
2/3

Total % Aligned
(||,⊥
⊥, or both)
)
40.0
50.0
0.0
4.3
8.3
15.0
7.7
16.7
0.0
40.0
75.0
0.0
4.3
16.7
20.0
15.4
33.3
33.3
40.0
50.0
20.0
21.7
25.0
20.0
15.4
33.3
66.7
60.0
75.0
30.0
21.7
33.3
20.0
15.4
33.3
66.7
60.0
50.0
50.0
13.0
33.3
20.0
30.8
33.3
66.7
60.0
75.0
50.0
30.4
58.3
35.0
38.5
66.7
66.7

Binomial
Probability
p-value
0.021
0.014
0.599
0.372
0.223
0.060
0.351
0.232
0.857
0.021
0.0005
0.599
0.372
0.024
0.013
0.111
0.030
0.135
0.021
0.014
0.075
0.004
0.0008
0.013
0.111
0.030
0.007
0.001
0.0005
0.010
0.004
<0.0001
0.013
0.111
0.030
0.007
0.001
0.014
0.0001
0.079
<0.0001
0.013
0.003
0.030
0.007
0.001
0.0005
0.0001
0.0001
<0.0001
<0.0001
0.0003
0.0001
0.007
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Table 3.14. Summarized results from randomization analyses that determined the
number of displaced juvenile lemon sharks that were significantly oriented towards
home, their point of capture (p ≤ 0.05 in red text). The randomization tests were run at
different distances from the release points and at different alignment parameters. To
determine if the number of alignments were greater than expected by chance alone
across sharks, the binomial probability p-value was calculated. If the number of aligned
sharks were greater than expected by chance, the results are shown in red text.
Alignment
Parameter (±°)

4.5

9

13.5

18

30

Scaled

Distance
(km)
0.1
0.2
0.4
1
2
4
6
8
10
0.1
0.2
0.4
1
2
4
6
8
10
0.1
0.2
0.4
1
2
4
6
8
10
0.1
0.2
0.4
1
2
4
6
8
10
0.1
0.2
0.4
1
2
4
6
8
10
0.1
0.2
0.4
1
2
4
6
8
10

# Significantly
Oriented to
Home
0/5
0/4
2/10
2/23
3/24
3/20
3/13
2/6
0/3
0/5
0/4
1/10
1/23
1/24
2/19
4/13
2/6
0/3
0/5
0/4
2/10
3/23
3/24
3/20
4/13
2/6
0/3
0/5
0/4
2/10
4/23
4/24
3/20
4/13
2/6
0/3
0/5
0/4
3/10
4/23
7/24
7/20
6/13
2/6
0/3
2/5
1/4
2/10
9/23
11/24
10/20
8/13
4/6
1/3
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% Homeward
Aligned
0.0
0.0
20.0
8.7
12.5
15.0
23.1
33.3
0.0
0.0
0.0
10.0
4.3
4.2
10.5
30.8
33.3
0.0
0.0
0.0
20.0
13.0
12.5
15.0
30.8
33.3
0.0
0.0
0.0
20.0
17.4
16.7
15.0
30.8
33.3
0.0
0.0
0.0
30.0
17.4
29.2
35.0
46.2
33.3
0.0
40.0
25.0
20.0
39.1
45.8
50.0
61.5
66.7
33.3

Binomial
Probability
p-value
0.774
0.814
0.075
0.215
0.086
0.060
0.021
0.030
0.857
0.774
0.814
0.315
0.372
0.369
0.179
0.003
0.030
0.857
0.774
0.814
0.075
0.079
0.086
0.060
0.003
0.030
0.857
0.774
0.814
0.075
0.021
0.024
0.060
0.003
0.030
0.857
0.774
0.814
0.010
0.021
0.0001
<0.0001
<0.0001
0.030
0.857
0.021
0.172
0.075
<0.0001
<0.0001
<0.0001
<0.0001
0.0001
0.135
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Table 3.15. Results from randomization tests that determined if magnetic error values
were more commonly aligned parallel, perpendicular and/or both to the Earth’s
magnetic field than predicted by chance tested at a ± 13.5° alignment parameter. If a
shark was significantly aligned (p ≤ 0.05) it is marked with a ‘√’ or if not aligned it is
denoted with an ‘X’. A shark was considered aligned overall if any one or more of the
alignment types were significant (Dennis et al. 2007). Counts of aligned animals over
number of tests per tracking methodology and at set distances from the release point,
are shown in the rows marked ‘total’ and are followed by the binomial probability pvalue of obtaining that fraction of significant results due to chance. Significant results
are shown in red text.
Type of
Track

Shark #

100m

200 m

400 m

1 km

X, X, X

X, X, X

2
5
10

X, X, X

X, X, X

X, X, X

X, X, X

X, X, X

√, X, X

√, X, X

14

X, X, X

X, X, X

X, X, X

15

X, X, X

X, X, X

X, X, √

16

X, X, X
X, X, X

X, X, X

X, X, X

X, X, X

X, X, X

X, X, X

X, X, X

X, X, X

X, X, X

19

X, X, √

21

10 km

X, X, X

√, X, X
X, X, X

X, X, X

√, X, X

22

X, X, X

X, X, X

X, X, X

23

X, X, X

X, X, X

X, X, X

X, X, X

X, X, X

24

X, X, X

X, X, X

X, X, X

X, X, X

X, X, X

X, X, X

X, X, X

√, X, X

√, X, X

X, √, X

X, √, X

X, √, X

X, X, X

X, X, X

X, X, X

X, X, X

X, X, X

X, X, X

X, X, X

X, X, X

X, X, X

X, X, X

X, X, X

X, X, X

X, X, X

X, X, X

X, X, X

26
27
28

X, X, X

29

√, X, √

30

X, X, X

32
33

X, X, X

Total

√, X, X

X, √, X

X, √, X

X, X, X

X, X, X

X, X, X

X, X, X

X, X, X

1/6,

4/19,

4/20,

3/18,

2/12,

2/5,

2/3,

0.232

0.011

0.013

0.047

0.099

0.021

0.007

X, X, X

X, X, X

X, X, X

X, X, X

X, X, X

34
35

√, X, X

√, X, √

31

X, X, X

Total
36

X, X, X

38

X, X, X

X, X, X

0/1,

0/1,

0/1,

0.950

0.950

0.950

X, X, X

X, X, X

X, X, X

39

√, X, √

√, X, √

40

√, X, X

X, X, X

X, X, X

√, X, √

√, √, √

41

X, X, X

√, X, X

√, X, X

X, X, X

√, √, √

X, √, √

2/5,

2/4,

1/3,

1/3,

2/3,

1/2,

0/1,

0/1,

0.021

0.014

0.135

0.135

0.007

0.095

0.950

0.950

Grand

2/5,

2/4,

2/10,

5/23,

6/24,

4/20,

2/13,

2/6,

2/3,

Total

0.021

0.075

0.075

0.004

0.0008

0.013

0.111

0.030

0.007

Total

All

X, X, X

X, X, X

8 km

13

20

Logger

X, X, X

6 km

12

18

Rangefinder

4 km

√, X, X

17

Acoustic

2 km
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Table 3.16. Results from randomizations that tested if the sharks were significantly
aligned towards their home ranges at a ± 13.5° alignment parameter. If a shark was
significantly aligned (p ≤ 0.05) it is marked with a ‘√’ or if not aligned it is denoted with
an ‘X’. Counts of aligned animals over number of tests per tracking methodology and at
set distances from the release point, are shown in the rows marked ‘total’ and are
followed by the binomial probability p-value of obtaining that fraction of significant
results due to chance. Significant results are shown in red text.
Type of
Track

Shark #

100m

200 m

400 m

1 km

X

X

2
5
10

X

X

X

X

13

X

X

14

√

X

X

15

X

X

X

16

X

17

X

X

X

√

X

X

X

X

X

X

X

X

X

X

X

√

22
23

√

√

X

X

X

24

X

X

√

√

√

X

X

X

X

X

X

X

X

√

√

X

X

X

X

X

X

X

X

X

X

X

X

27
28

X

29

X

30

X

32
33

X

Total

X

X

X

X

X

X

√

1/6,

3/19,

1/20,

2/18,

3/12,

1/5,

0/3,

0.053

0.377

0.168

0.017

0.204

0.857

X

X

X

√

√

√

Total
36

X

38

X

39

X

X

40

X

X

Total

X

0.232

34
35

X

X

31

41

10 km

X

X

21

26

All

X

X

8 km

X

20

Logger

X

6 km

12

19

Rangefinder

4 km

X

18

Acoustic

2 km

X

1/1,

0/1,

0/1,

0.050

0.950

0.950

X

X

X

X

X

√

X

X

X

X

X

X

0/5,

0/4,

0/3,

0/3,

1/3,

0/2,

1/1,

1/1,

0.774

0.814

0.857

0.857

0.135

0.902

0.050

0.050

Grand

0/5,

0/4,

1/10,

3/23,

2/24,

2/20,

4/13,

2/6,

0/3,

Total

0.774

0.814

0.315

0.079

0.223

0.189

0.003

0.030

0.857
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3.4. Discussion
If the magnetic alignments of homing pigeons, moving parallel and perpendicular
to the contours of the intensity of the Earth’s magnetic field (Dennis et al. 2007), are
navigationally relevant, I hypothesized that other species of animals might perform
similar alignments after displacement to unfamiliar locations. In order to do this
research, however, I had to use relatively new technology, update pigeon methods for
use with fishes, and use relatively new analyses.
First to be able to use GPS loggers to collect high resolution tracks of sharks, I
had to implement a new tracking methodology that used floats (Riding et al. 2009). It
was important however to determine if the floats were adversely affecting the sharks.
The strain of towing a float at speed was calculated for each shark and was compared
with published recommendations for acceptable loads on fishes. The strain placed on
the sharks by the float was acceptable, should not have adversely affected their
behaviour, and allowed the tracks to be recorded with high resolution. Additionally, to
determine if the float system caused the sharks to swim more slowly than sharks tracked
with acoustic transmitters, the rates of movement (ROMs) of the sharks were compared
between the different tracking methodologies. The ROMs were higher in the sharks
tracked acoustically but this was likely due to the confounding effects of water currents.
The float tracking methodology increased the resolution and amount of data
collected per animal, but might have required a similar advancement in the analyses.
The data were analysed in three different ways to determine which was the most
suitable for this data set. Randomization tests were more suitable for analysing
multimodal and correlated data than more traditional analyses like the V-test or Chisquared goodness of fit test. The results of the randomizations showed that magnetic
alignments occurred at both short and longer distances from the point of release
whereas homeward alignments were less frequent and more common at the longer
distances from the point of release. The similarity of the alignment behaviours across
vertebrate classes invites the hypothesis that there is a common magnetic navigation
method in vertebrates.
3.4.1. Drag and Lift Induced by Towing the Float and GPS Logger
Winter’s (1983, 1996) suggested thresholds, 2% weight in air and 1.25% in water
for acceptable instrument to fish weight ratios, while widely used, are inadequate for use
with a float system. The float and logger weighed 4.1 - 5.8% of the sharks’ weight in air
and essentially 0% in water, due to the buoyancy of the float. This simultaneously
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exceeded and satisfied Winter’s rules, highlighting the vagaries of these criteria. A much
more comprehensive method is to measure the equivalent mass of drag and lift that the
instrument induces while the fish is in motion. In this case, the drag and lift induced by
towing the float at the median ROMs of the sharks ranged from 0.72 - 1.70% of their
body weights (from the regression in Figure 3.9) or up to 1.76% with the weight of a
transmitter. The strain of towing the float satisfied my suggested threshold of
acceptable instrumentation of fishes, where the strain of towing the float is ≤ 3% of the
fish’s body weight, which was based on Winter and Blaylock’s (1990) rules, but modified
to include the forces of lift and drag.
The actual swimming speeds of the sharks may have been higher than
demonstrated by the ROMs because of non-linear travel, changes in depth, and/or water
currents. If the sharks were swimming at the maximum reported speed for juvenile
sharks in a laboratory setting, however, the average drag incurred for the sharks towing
the float would be 2.61 ± 0.23% of their body weight, exceeding Winter’s (1983, 1996)
2% rule but still under Blaylock’s (1990) threshold of 3%. For the four transmittered
sharks, the average drag increased to 2.98 ± 0.23% and exceeded Blaylock’s (1990)
threshold by 0.03 and 0.19% for two of the sharks. Nevertheless because the values
used here encompass the forces of drag and lift, which are a direct result of the shape
and buoyancy of the float, this methodology is much more comprehensive and
conservative than simply looking at the weight of the floats in air or in water in relation
to the weight of the sharks.
Even if the drag and lift exceeded 2 - 3% of the lemon sharks’ body weights in air,
it is not clear if the sharks’ swimming ability would have been affected. If two of the
sharks had swum at their maximum sustainable speeds, they may have slightly exceeded
my threshold. Additionally, it is possible that other factors such as wave chop, currents,
floating debris, and depth of the shark may have increased the drag and lift forces acting
on the shark above the threshold. There have been studies in bony fishes where higher
transmitter weight to fish weight ratios negatively impact swimming performance
(Peake et al. 1997, Adams et al. 1998a, Adams et al. 1998b, Lefrancois et al. 2001), but
some of these studies were confounded by external antennae that were two to three
times the length of the fish (Adams et al. 1998a, Adams et al. 1998b). Also other studies
found that swimming performance was unaffected by transmitter ratios of up to 12% the
fish’s weight in air (Mellas and Haynes 1985, Blaylock 1990, Moore et al. 1990, Brown et
al. 1999). The float and tether system should not have negatively affected the sharks’
ROMs and endurance because the strain of towing the float was less than 2% of their
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body weights at their median ROMs and would still be below or very near to the 3%
threshold even if they travelled at their maximum swimming speeds.
3.4.2. Rate of Movement
The median ROMs of the sharks from all three tracking methodologies were
higher than routine swimming speeds of juvenile lemon sharks (Gruber et al. 1988,
Bushnell et al. 1989). Elevated ROMs are consistent with Edrén and Gruber’s (2005)
hypothesis that the sharks swam more rapidly when displaced offshore because of the
increased risk of predation by larger sharks. It seems reasonable to conclude that the
juvenile sharks were highly motivated to get back to shallow, nearshore waters where
they were safer from predators.
The ROMs of the sharks were different across the tracking methodologies but
were the highest and the most variable within the acoustic tracks (Figure 3.20). This
greater variability may be a result of variation between the currents at the release sites
and/or the differences between the acoustic, float and rangefinder, and float and GPS
logger methodologies. The ROMs of the sharks differed significantly across all three
tracking methods when expressed in m/s but only the acoustic and float tracks were
different when expressed in TL/s, with the acoustic tracks having significantly higher
ROMs. This difference was caused by the effect of the size of the sharks, with smaller
sharks generally being slower swimmers than larger sharks. As a result, once the ROMs
were compared using TL/s, only the difference between the acoustic and float tracks
remained.
There are a variety of plausible reasons why the acoustic tracks reported higher
ROMs than the float tracks: (1) swimming with the float system required more energy
than the acoustic transmitters and this resulted in slower ROMs; (2) differences in water
current velocity; and (3) differences in the resolution and precision of the tracking
methodologies. The first reason seems unlikely because the force of the drag and lift of
the floats was < 3% of the sharks’ weight in air.
Second, the effect of water currents on the sharks’ ROMs was an unavoidable
confounding factor. The higher ROMs observed in Edrén and Gruber’s (2005) tracks
were likely caused by the uncontrollable effects of currents. The sharks with the highest
median ROMs were released in the Gulf Stream (27 & 31) and to the east of Bimini (13,
15, 17 & 22). The Gulf Stream, which flows northward at up to 1.7 m/s (Edrén and
Gruber 2005), was likely the cause of the high ROMs of sharks 27 and 31. Sharks’ 13, 15,
17, and 22 ROMs were probably higher than most ROMs because they were being
assisted by the prevailing current in Bimini which flows to the west northwest (Edrén
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and Gruber 2005). Subsequently, there were likely variations in water currents that
affected the ROMs of the sharks, but this effect could not be removed from the data. It
is possible to measure the velocity of water currents, but only from a stationary
platform. This would necessitate the use of an additional boat and crew that could
anchor and take readings regularly throughout the track, the ability to do this is limited
by the availability of resources and people.
Third, as evidenced by the size of the 25 - 75th percentiles (Figure 3.20), the
ROMs for the float tracks were generally less variable, this is likely due to the increased
frequency and accuracy of the position fixes, than the acoustic tracks. Edrén and Gruber
(2005) estimated that their position fixes were accurate to 200 m and were recorded
every 5 min whereas the float tracks were accurate to approximately 15 - 21 m CEP R95
and were recorded every minute with the rangefinder or every 5 - 10 s with the GPS
loggers. As a result, the float positional fixes were not only much more accurate, but
also more frequent and more reflective of the sharks’ true ROMs. It is possible that the
acoustic tracks have higher ROMs because of differences in water current speeds or
headings, but the differences in the ROMs between the acoustic and float tracks were
also likely attributable differences in the precision, resolution, and frequency of the
position fixes. In the absence of detailed current data, tracking sharks simultaneously
with both methods would enable more a detailed comparison of the effect of the
tracking methods on the ROM results. The significant differences between the ROMs of
the acoustic and float tracks were most likely due to the confounding effects of water
currents and the lower resolution of acoustic tracking, not the strain of towing a float.
3.4.3. Partitioning of Tracks Based on Behaviour
The effort to partition the float tracks into sections of track based on tortuosity
was not successful. It was hypothesized that when the sharks were actively navigating
and had not yet determined their position, their paths would have been more tortuous
and that tortuosity would have decreased after the sharks had determined their position
and the course home. By identifying these two different components of the track, I
could then have focused the analysis on the portions of the tracks where the sharks were
actively navigating. Guilford et al. (2004) suggested that there are three states that
animals occupy while navigating: state three is a high spatio-temporal entropy state
where the animal is the least certain of the direction home and may be gathering
navigational information; state two is a medium spatio-temporal entropy state where
the animal has some idea of the course home but still does not have a direct line of sight
to home; and state one is the lowest spatio-temporal entropy state where the animal is
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most confident of the direction home and may be within visual range. This is supported
by the work of Biro et al. (2002) who found that the tortuosities of pigeon tracks were
the highest in the earliest parts of the tracks.
In fact, tortuosity, sinuosity, another measure of how meandering a course is, and
spatio-temporal entropy have all been successfully used by other researchers with
generally larger sample sizes to study changes in the directness of animal tracks
(Benhamou and Bovet 1992, Biro et al. 2002, Weimerskirch et al. 2002, Guilford et al.
2004). Behaviour partitioning may have been more successful in the previously
mentioned studies than with the lemon sharks because the other studies generally had
many more tracks suitable for analysis. It is possible that, with a larger number of
tracks, behaviour partitioning could be successful with the lemon sharks. In the absence
of a clear change in behaviour of the lemon sharks with distance from the point of
release, time after release, water temperature, water depth, and salinity, the tracks were
clipped to set distances to enable comparison with the homing pigeon analysis of Dennis
et al. (2007). I also tested for changes in the number of sharks that were magnetically
oriented and homeward oriented with increasing distances from the point of release.
3.4.4. Analysis of Tracks
Data analyses must progress commensurately with improvements in data
collection. The ability of each statistical analysis to deal with multimodal data, the
ability to determine if the sharks were significantly magnetically and homeward
oriented, and if the test would be affected by autocorrelation will be discussed separately
below. Additionally, the results of the tests and the validity of those results will be
discussed after consideration of the factors listed in Table 3.17.
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Table 3.17. Summary of the suitability of the V-test, Chi-squared test, and
randomization test to analyse the magnetic and homeward errors of displaced juvenile
lemon sharks. For more details on the criteria please refer to the subsections below.
Criterion
Ability to work with
multimodal data

V-test
Not without
transformation, which
was frequently
unsuccessful

Chi-Squared Test
Yes

Randomization
Yes

Ability to tell if data
are significantly
aligned in a certain
direction

Not without additional
testing with confidence
intervals and not on
multimodal data

Not without additional
testing on additional
data

Yes

Ability to work with
potentially
autocorrelated data

Autocorrelated data may
increase the rate of Type
I errors (false rejection of
null hypothesis)

Autocorrelated data may
increase the rate of Type
I errors (false rejection of
null hypothesis)

Yes

Test Suitable for use
on the data from the
shark tracks

No

No

Yes

3.4.4.1. V-Test
The V-test is inappropriate to use on data like those from the shark tracks
because of modality issues with the data, the difficulty in determining if the sharks were
oriented towards a certain stimulus, and the potential effects of autocorrelation. First,
the V-test determines if the observed angles tend to cluster around a specified angle and
differ from randomness (Batschelet 1981). This test is intended for use on data that are
not clearly oriented and tests for unimodality (Batschelet 1981). The V-test was
inappropriate to use on the shark track data because the tracks were often oriented and
not unimodal. The data manipulation to encourage unimodality by multiplying all the
magnetic errors by four, to move all data on the cardinal axes to 0°, was often
unsuccessful because any error in the alignments was also multiplied by four. The
multiplication frequently masked the modes in the data resulting in a drastic reduction
in the number of significantly oriented tracks (Figure 3.30 & Table 3.7). The data were
then unsuitable for testing the hypothesis that the sharks were oriented in a certain
direction.
If the data are clearly oriented, or after the V-test or the similar Rayleigh test
have been used to demonstrate orientation, it is then appropriate to test the hypothesis
that the data are oriented in a certain direction. This is achieved by calculating the
confidence intervals of the mean angle (Batschelet 1981). If the confidence intervals
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include the test angle then the data are significantly oriented in that direction
(Batschelet 1981). This test is not suitable for use with potentially multimodal data like
the shark magnetic error data because only one mean angle can be calculated and the
transformation to make the data unimodal frequently destroyed the structure of the
data modes. Also, attempts to separate the data into different modes would introduce
bias and are therefore inappropriate. As a result, the V-test was unsuitable for analysing
the magnetic errors of the sharks.
The V-test has been frequently used incorrectly to test if a mean angle
significantly differed from an expected angle (Aneshansley and Larkin 1981). In some
instances, a statistical test can be used on data that violate some of the test’s
assumptions without compromising the validity of the test result. This was not the case
with the V-test and clearly false results were obtained when the V-test was used to test
for alignments. The significant V-test results for magnetic and homeward errors where
the 95% confidence intervals did not include 0° demonstrate that this test is not suitable
to test the mean direction versus a hypothesized angle (Figures 3.30 & 3.31). The results
of the V-test can only indicate that a significant number of sharks were unimodally
oriented, and the data were clustered near 0°, at all the distances tested from the point
of release.
The V-test was more appropriate for use with the homeward error data because
the data were often unimodal, but the V-test was still not appropriate to use on the data
because the sharks were often clearly oriented. Unlike the results with the magnetic
errors, however, it was possible to get a valid result with the confidence interval test
because the data were unimodal. Six out of 68 shark and distance combinations were
homeward oriented while 62 out of 68 were not, indicating that the sharks were often
not heading towards home.
In addition to the difficulties with modality, and the inability of the V-test to
determine if the sharks were significantly aligned, the results of the V-tests on the shark
tracks need to be interpreted with caution because the data may be autocorrelated.
From the shark tracks it is clear that the sharks tended to travel on similar headings for
significant distances and as a result the data were autocorrelated (Figures 3.12 - 3.14
and 3.16 - 3.19). Autocorrelated data could affect the V-test by artificially inflating the
sample size, which is used to calculate the critical value of the V-test. This would result
in artificially deflated critical values, making it easier to reject the null hypothesis in
error (Type I error). It is possible to test for autocorrelated data and reduce the sample
size accordingly or it may be simpler to use an analysis that would not be affected by
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autocorrelated data. Overall the V-test is unsuitable for use with multimodal data,
cannot directly detect orientations in a specific direction, and can be negatively affected
by autocorrelated data. The results of the V-test analysis on the shark data, and any
similar data sets, should be considered unreliable.
3.4.4.2. Chi-Squared Goodness of Fit Test
Similar to the V-test, the Chi-squared goodness of fit test can be used as a test of
randomness with circular data (Batschelet 1981), but is more tolerant of multimodal
data than the V-test because a circular distribution of data can be divided into many
equally sized arcs. The sharks’ magnetic errors departed from randomness more often
than predicted by chance at five out of six distances tested (Table 3.9) but homeward
errors only significantly departed from randomness at 200 m and 4 km from the release
point (Table 3.10). This indicates that the sharks were more frequently oriented with
the Earth’s magnetic field than they were towards home.
The Chi-squared test can analyse multimodal data for orientation, but could not
determine if the sharks were significantly oriented in a certain direction. It is possible
to test data against different distributions, not just a uniform distribution as done here,
but only if the hypothesized distribution is known in advance. The magnetic and
homeward errors were expected to be more frequently aligned than unaligned, but this
was not a sufficiently specific hypothesis to test this data set. It is possible, however, to
use the results of this analysis to create hypotheses to test on future data sets (Zar 1999).
For example, of the significantly magnetically oriented tracks, the ratio was 30:8 for the
aligned and unaligned groups. This ratio could be tested on future data sets to
determine if the number of alignments was higher than unaligned segments. It was,
however, possible to determine from the Chi-squared tests that the magnetically
oriented bins had the highest frequencies of the magnetic errors more often than
expected by chance at all the distances tested.
In addition to the inability of the Chi-squared test to determine if the sharks were
significantly oriented toward certain directions, the results of the Chi-squared tests on
the shark tracks need to be interpreted with caution because the data may be
autocorrelated. Autocorrelated data artificially increased the sample size of the data and
made it easier to falsely reject the null hypothesis. Overall the results of the Chi-squared
analyses on the shark data are more robust than those of the V-test, but should still be
interpreted with caution because of the potential effects of autocorrelation and the
inability of the test to indicate the direction of orientation.
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3.4.4.3. Randomization Tests
Randomization tests are appropriate for use with data like those from the shark
tracks because the expected multimodal nature of the data can be built into the test
criteria for alignments in more than one direction and autocorrelated data can be taken
into account. First, randomizations do not require data that conform to a particular
distribution and can easily take into account a wide range of testing scenarios (Manly
1997). For example, with the magnetic errors of sharks, a randomization can test if
more magnetic errors are counted parallel and/or perpendicular to the Earth’s magnetic
field with the experimental data than in 4999 randomizations, where the magnetic field
values were randomly generated (Dennis et al. 2007).
Randomization tests are superior to V-tests or Chi-squared tests when analysing
multimodal, autocorrelated data for orientation to certain angles. Unlike the V-test and
Chi-squared test, the randomization indicated if the data depart from randomness but
also if the data were aligned in certain directions. By counting if the numbers of
magnetic or homeward errors near the expected angles were more numerous than in the
randomly generated data, the test determined if the sharks were aligned to the field. A
randomization is also superior to the V-test and Chi-squared test because the sample
size of the data is not involved in the calculation of the statistic, reducing the possibility
of autocorrelated data causing type I errors. Autocorrelated data should not have
affected the randomization, that was recreated from Dennis et al. (2007), because the
number of aligned and unaligned segments would have been equally inflated.
3.4.4.4. Conclusions on the Choice of Analysis
Different statistical tests were employed on the same data to compare their ability
to work with the relatively new type of tracking data that are now available with small
GPS loggers. The V-test was an inappropriate analysis for the shark data because it is
not suitable for use with multimodal data without transformation, autocorrelated data
increase the likelihood of false positives, and it cannot determine if multimodal data are
significantly aligned. The Chi-squared test is appropriate to use with multimodal data,
but could have a greater likelihood of falsely rejecting the null hypothesis because of
autocorrelated data, and cannot determine alignments definitively in the absence of an
a priori hypothesis for the expected frequencies. Autocorrelation may not have any real
effect on the Dennis et al. (2007) randomization, however, because both aligned and
unaligned counts would have been equally affected and the sample size is not used in
the decision to reject or maintain the null hypothesis. Finally, the randomization is best
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suited to work with multimodal, autocorrelated data, and can detect significant
alignments because the randomization can be altered to incorporate a variety of data
peculiarities.
The Dennis et al. (2007) randomization may be more robust than a Chi-squared
goodness of fit test when testing data like those of the shark and pigeon tracks, but the
results of the two tests were quite similar (tested with a ± 30° alignment parameter;
Tables 3.9 & 3.13). The Chi-squared test could not determine if the sharks were
significantly aligned in a certain direction, but was able to determine if the sharks were
oriented. I extended the function of the Chi-squared test by counting the number of
times that the sectors with the highest number of data points were magnetically aligned
and then tested if this occurred more than predicted by chance alone. The
randomization found that the sharks were magnetically aligned at all distances tested, as
did the extended Chi-squared test, with an equal or greater number of aligned tracks
than the Chi-squared test at all distances except 4 km. The randomization may be more
definitive and sensitive at picking up alignments but also was much more time
intensive. Randomizations are not available in generic statistical programs, require
programming and validation in order to use them, and take approximately 15 min per
track to run, depending on how many data points are in the track. Chi-squared tests are
available in most statistical programs, require no programming or validation, and can
return results in a matter of seconds. As a result, while a randomization test is
statistically superior and more robust, a Chi-squared test is sufficient when a quick
indication of alignments is needed. Due to the superiority of the randomization test to
the Chi-squared test, I will now limit my discussion to the results of the randomization
analyses.
3.4.4.5. Validation of the use of Randomization Tests
Reanalysis of Dennis et al.’s (2007) homing pigeon tracks with the recreated
randomization returned similar results to the published results (Table 3.12). The
randomization was carefully recreated as described in Dennis et al. (2007) and
successfully tested with synthetic data, but there were discrepancies between the two
analyses: the numbers of significantly aligned birds were generally higher and the
number of birds aligned both parallel and perpendicular to the field were approximately
halved in the recreated analysis. Potential causes of these differences were: results
cannot be exactly reproduced because of the randomly generated numbers; the
randomizations used different calculations; and/or the randomization was not
reproducible from the details in the published paper.
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The discrepancies between the two randomizations were likely not caused by the
generation of random numbers in the randomization. It is not possible to exactly
reproduce a Monte Carlo randomization due to the generation of random data, but with
4999 replications of each track the effects chance variations on the results should be
virtually nil. At the 5% significance level, 1000 randomizations return results virtually
the same as the full distribution, except in borderline cases, and is a reasonable
minimum number of randomizations to run (Manly 1997). As a result, the 5000
randomizations used by both Dennis et al. (2007) and in the recreated randomization
should return comparable and robust results.
The final possible cause of the slight discrepancies between the randomization of
Dennis et al. (2007) and the recreated randomization is that the two randomizations
function differently. The recreated randomization was carefully and painstakingly
created and double checked at each stage to ensure it matched all the descriptions of
Dennis et al.’s (2007) randomization. The two randomizations were run using different
software, but mathematical processes and random number generators should not cause
large differences between randomizations. It is highly unlikely that the recreated
randomization is different from the published description in Dennis et al. (2007) of
their randomization. Two additional modifications on the recreation of the published
randomization were attempted as suggested by T.E. Dennis (pers. comm.) but the
modifications either did not change the results or increased the disparity in the results
between the analyses and were disregarded.
The randomization of Dennis et al. (2007) was determined to be successfully
recreated because: (1) the number of randomizations performed were higher than
required to return a robust result; (2) no differences could be found between the
published description of the randomization and the recreated randomization; (3) results
closely matched between the two analyses for the ± 13.5° alignment parameter, which
was reported in more detail than their other results by Dennis et al. (2007); and (4)
differences between the numbers of aligned birds were relatively small for the overall
number of aligned birds, even though the number of birds picked up by the both
alignment were essentially halved.
The recreated randomization was more conservative than the Dennis et al.
(2007) randomization in that far fewer birds were found to be significantly aligned to
both parallel and perpendicular to the Earth’s magnetic field, but was also slightly less
conservative in that more aligned birds were detected overall.
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3.4.4.6. Interpreting the Results of the Randomization
Examination of the shark randomization results showed that the number of
aligned animals increased with size of the alignment window and when the data were
scaled (Tables 3.13 - 3.14). This is similar to the results of Dennis et al. (2007) who
found that the number of aligned birds increased as the alignment parameter also
increased from ± 4.5 to 13.5°. The difficulty was in establishing objective criteria to
determine which alignment parameter was the most appropriate to characterize the
behaviour of the animals. Increasing the size of the alignment parameter also increases
the number of aligned animals, but if all the animals are aligned at all distances to the
magnetic field, and the majority of distances to home, the results become meaningless.
I chose to interpret the results from the analysis with the ± 13.5° alignment
parameter because the effect of correlated data was conservative at this parameter
(Table 3.12). Correlated data may have caused the data to appear more aligned at the
greater distances if the earlier distances were highly oriented, or conversely may have
made it harder to detect alignments if the earlier distances were not aligned. This issue
may have affected the results of Dennis et al. (2007), who tested for homing pigeon
alignments to the Earth’s magnetic field at both 2 and 4 km distances. Based on the
sensitivity analysis, the net effect of the correlated data was the lowest at ± 9 and 13.5°
with a maximum of two net changes out of 34 track lengths. The effect of the correlation
of the data was considered negligible at ± 9 and 13.5°. There were not enough data to
parse the tracks into non-overlapping distances for all the acoustic tracks, but with a ±
13.5° alignment window the effect should be very weak and not influence the results
greatly. This potential confound can be eliminated in the future with the higher
frequency of positional fixes which are readily available with GPS loggers. I also chose
to use the ± 13.5° alignment parameter make my results comparable to those of Dennis
et al. (2007). The data results for the ± 13.5° were reported in the greatest detail
because this was a moderate alignment parameter (T.E. Dennis, pers. comm.).
The scaled data randomization was developed to remove alignment parameter
selection bias, and to be more suitable for use with autocorrelated data, but turned out
to be unsuitable for use. Instead of counting the number of segments that were aligned,
as defined by the alignment parameter, the scaled randomization summed the values of
the errors incorporating the magnitude of the errors. The scaled randomizations found
that the sharks were magnetically aligned at all distances tested, similar to the results of
the tests with ± 18 and 30° alignment parameters. The sharks were also aligned at six of
the distances tested for homeward alignments with the scaled randomization, which was
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similar to the results of the tests with ± 30° alignment parameter. The scaled
randomization returned results similar to randomizations with large alignment
parameters because of the tendency of the sharks to be oriented in the homeward semicircle. After release, homing pigeons and sharks may not always head towards home but
usually move in a direction that is in the homeward semicircle (Mora 2002, Figure
3.29). With the majority of the bearings in the homeward semi-circle, the sum of the
magnetic or homeward errors from the data when the genuine environmental bearings
were used would usually be lower than those from the calculated values with the
artificial bearings with a randomly changing homeward direction. The scaled
randomization exacerbates the effect of the lack of structure in the randomly generated
field and homeward bearings and is unsuitable to use on oriented data of this nature.
The vast majority of the shark alignments were parallel to the magnetic contours
(Table 3.15) whereas the pigeons had fairly equal numbers of parallel and perpendicular
alignments (Dennis et al. 2007). This was likely caused by the greater number of
release sites and increased range of variation in the magnetic field at the sites where the
pigeons were released (Dennis et al. 2007).
The sharks were magnetically aligned more often than expected by chance at
distances of up to 0.1, 0.2, 1, 2, 4, 8, and 10 km from the point of release, indicating that
the sharks were magnetically navigating immediately after release and up to 10 km from
the release point. Individual sharks were also magnetically navigating at longer
distances but the number of tracks > 10 km long is too low to characterize the sharks’
behaviour as a group, 1 - 3 sharks for distances of up to 40 km. Like homing pigeons,
the juvenile lemon sharks were magnetically aligned at 2 and 4 km, but the sharks do
not seem to have determined their position at a shorter distance than the homing
pigeons because they are still magnetically navigating at up to 10 km distances from the
release site, although more data are required to make that determination.
Unfortunately, Dennis et al. (2007) only analysed up to 4 km of the pigeon tracks so it is
not possible to compare the longer track length shark alignments with the homing
pigeons. The similarity of the results at the 2 and 4 km distances indicated that while
the time scale might be quite different, the sharks and pigeons may be performing the
alignments for a common use, magnetic navigation.
Further evidence that the sharks had not yet determined their position was
evident in the lack of significant homeward alignments of the lemon sharks at shorter
distances. Potential reasons for the lack of significant alignments in the homeward
direction are that the definition of the direction home was insufficient and/or the
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sharks’ primary goal may have been to reach shallow water rather than their home
range.
The definition of the home direction was sufficient for the lemon sharks because
it was comparable to the widely accepted home direction of homing pigeons. Juvenile
lemon sharks occupy home ranges that grow larger as they do (Morrissey and Gruber
1993b, Franks 2007), are site attached (Gruber et al. 1988, Morrissey and Gruber 1993b,
Franks 2007), meaning the home range location is only semi-conserved and can move
over time, and were on average approximately 500 m² for the acoustic tracks (Edrén
and Gruber 2005). Pigeon lofts may only be about 10 m² in size, but homing pigeons do
not necessarily return straight to their loft and instead may fly or rest in the area around
it. During spontaneous flights pigeons frequently travel 350 - 400 m from the loft,
sometimes even up to 800 m (Gagliardo et al. 2007). As a result the homing pigeons’
familiar area can encompass a larger area than the home range of the lemons sharks.
The definition of the homeward angle was therefore sufficient and was not the cause of
the lack of significant homeward alignments.
The magnetic alignments of the sharks suggest that the sharks use the Earth’s
magnetic field as a navigation cue; however, this does not mean that they do not also use
other environmental information while navigating to find their way. Homing pigeons
are known to use a variety of stimuli while navigating (Walcott 1996) and it is possible
the sharks behave similarly. Although the sharks could have used other cues than the
Earth’s magnetic field intensity to home, previous research has shown that the sharks do
not simply travel to the closest land (Edrén and Gruber 2005), rarely take the most
direct route home (Strong 2000), and that outward route based, olfactory, and visual
cues are not necessary for homing (Strong 2000). Lemon sharks are also capable of
detecting infrasound (Nelson 1967) and might be able to orient towards land by
detecting depth information from infrasound noises created by waves (Sand and
Karlsen 2000). Unfortunately homing experiments with aurally impaired sharks have
not been conducted, but sharks displaced nearer to the Cat Keys than to North or South
Bimini returned to North or South Bimini, indicating that they either were not drawn to
the infrasounds generated by the waves at the Cat Keys or they were able to discern
between the infrasounds generated by the Cat Keys and North or South Bimini. That
the sharks instead moved to Bimini demonstrates that they were seeking a specific
target, not just shallow water. Interestingly, the sharks did not, or could not, directly
orient towards home more often than predicted by chance until they had moved 6-8 km
away from the release point.
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3.4.5. Effects of Water Currents on Alignments
Based on the characteristics of the prevailing currents in Bimini, the magnetic
and homeward alignments were not due to passive movements due to water currents.
Although the velocities of the currents affecting the sharks were not specifically known,
the prevailing currents in the area are known. The Gulf Stream travels in a northerly
direction off the west coast of Bimini and the rest of Bimini is located in a prevailing
current that flows to the west southwest (Edrén and Gruber 2005). The Florida Keys,
both on the Atlantic Ocean and Gulf of Mexico sides, are in a prevailing current that
moves towards the west southwest (Lee and Williams 1999, Gittings 2005). Based on
these currents, sharks in the Gulf Stream would not be passively aligned with the
magnetic field or towards home. Sharks displaced to the north, south, or east of Bimini
could have been potentially passively aligned with the Earth’s magnetic field by currents
only to the north of North Bimini (sharks 16 & 26). Sharks displaced to the east of
North or South Bimini could have potentially been passively oriented home by the
currents (sharks 13, 14, 15, 17, 22, 24, 30 & 34). None of the sharks in the Florida Keys
could have been passively oriented either to the magnetic field or towards home by the
water current. From the tracks, it is clear that many of the sharks were actively
swimming and not simply being carried by the currents, therefore any alignments with
both the magnetic field and the home direction are likely the result of active orientation
by the sharks (Figures 3.12 - 3.14 and 3.16 - 3.19). Furthermore, of the eight sharks that
could have been passively carried home by the currents, five were not homeward aligned
at any distance tested with the ± 13.5° alignment parameter (Table 3.16).
3.5. Conclusions
Like homing pigeons, juvenile lemon sharks align their movements with the
contours and slope of the Earth’s magnetic field intensity when displaced to novel
locations. The length of the alignments, a few hundred metres, was also similar across
the two species even though the timescale would not be due to the large differences in
their speeds of movement. This similarity of the alignment behaviours is remarkable
considering that these animals belong to phylogenetically distant vertebrate classes that
travel at very different speeds in different fluid media. Preliminary data with New
Zealand long-tailed bats, Chalinolobus tuberculatus, indicate that mammals may
respond in a similar way after displacement (Guilbert 2004), suggesting the hypothesis
that that the Earth’s magnetic field underpins a common mechanism of navigation
among vertebrates.
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3.6. Future Directions
This work with the lemon sharks has also shown how much the use of GPS
loggers can improve the resolution and precision of tracking data. The higher number
of fixes improves the ability to detect oriented behaviours like the alignments observed
here and describe the behaviour of the fishes over time. This will increase the ability to
detect behaviours and also allows the data to be parsed completely by distance or other
parameters to eliminate the issue of correlation. This system does have limitations and
is restricted to use with animals in shallow environments with little hard relief, and is
more successful in areas where human interference is less likely to be an issue with
tracking (Riding et al. 2009).
The analysis of the data also demonstrated how the ability to analyse data needs
to progress hand in hand with the data collection methods, both to make the most of the
data collected and also because older methodologies may be invalid with new types of
data sets. Randomizations appear to be well suited to the analysis of alignment
behaviours. Future randomizations can be designed to take the autocorrelated nature of
detailed animal tracks into account. Instead of generating random numbers for the
magnetic field bearing and the direction home, the pigeon tracks could be resampled to
generate 4999 random walks for which the real magnetic and homeward bearings under
the rotated tracks could be sampled instead of using randomly selected numbers
between 0 - 359°. This method would be superior to the randomization of Dennis et al.
(2007) in two ways. First, by using the components of actual tracks, the autocorrelation
inherent in the sharks’ movements would be similarly present in all the randomizations
thus controlling for the effects of false positives. Second, the Earth’s magnetic field and
the direction home have spatial structure that is not present in randomly generated
magnetic field and homeward bearings. Instead of randomly generating field bearings
between 0 - 359° that can change dramatically anywhere at each successive position fix,
the data would change in accordance with the actual rate of change in the Earth’s
magnetic field and the direction home.
Finally, it is possible that the lemon sharks rely on more than one stimulus while
navigating, therefore future studies should be conducted in areas where detailed maps
of many variables, e.g. water depth, odour plumes, etc., are available in order to
simultaneously test which stimuli are used by the sharks and which are the most
important.

137

Chapter Four. Effects of magnets and magnetic anomalies on homing pigeons

CHAPTER FOUR
The effects of applied, strong magnets
and magnetic anomalies on
navigating homing pigeons, Columba livia

4.1. Introduction
One of the most common ways to determine if an animal is using a certain
stimulus as a navigational cue is to alter the stimulus to which they are exposed. If the
altered stimulus alters the animal’s behaviour then the animal was likely using the
stimulus in question. To study how animals use the Earth’s magnetic field to navigate,
two different methods were used to examine how the navigational behaviours of
vertebrate animals are affected by magnetic cues: the application of an artificial
magnetic field and releasing the animals in the presence of a natural magnetic anomaly.
Vertebrates as disparate as lemon sharks, Negaprion brevirostris, homing pigeons,
Columba livia, and likely long-tailed bats Chalinolobus tuberculata, were all suitable
candidates as a vertebrate experimental model for this study because they all show
similar responses to magnetic fields while navigating long distances (Guilbert 2004,
Dennis et al. 2007, Chapter 3). Homing pigeons were chosen as the model for this study
because they are the most practical experimental model available and the greatest body
of scientific literature upon which to build exists for pigeons.
4.1.1. History of Magnetic Impairments with Homing Pigeons
Magnetic impairments of homing pigeons have often resulted in inconsistent
effects. Magnetic impairments have consisted of the: application of magnets and
magnetic coils; releases during magnetic storms; and exposing homing pigeons to
artificial magnetic fields during transport. When compared with the control birds in the
experiments, the experimental birds have been reported to be: more disoriented
(Keeton 1971, Keeton 1972, Walcott 1977, Ranvaud et al. 1986, Ranvaud et al. 1991),
similarly oriented in the same direction (Casamajor 1927, Matthews 1951, van Riper and
Kalmback 1952, Lamotte 1974, Ranvaud et al. 1991), have their vanishing bearings
shifted to the left (or counterclockwise) of the controls (Keeton et al. 1974, Larkin and
Keeton 1976, Walcott 1977, Visalberghi and Alleva 1979, Wallraff and Foa 1982, Lednor
and Walcott 1984, Ranvaud et al. 1986, T. E. Dennis, pers. comm.), shifted to the right
138

Chapter Four. Effects of magnets and magnetic anomalies on homing pigeons

(or clockwise) of the controls (Lednor and Walcott 1984, Wiltschko et al. 1986, Mora
2002), shifted in both directions from the controls depending on familiarity of the
location, experience, orientation of the magnet/coil, and/or visibility of the sun (Keeton
1971, Keeton 1972, Walcott and Green 1974, Visalberghi and Alleva 1979), or shifted in
an unspecified direction (Yeagley 1947).
Mora (2002) was able to find a consistent right shift in magnetically impaired
birds versus the controls from 26 release sites in Germany, and across two years. She
reported that she found a consistent and reliable pattern because of two factors. First,
she attached the magnets closer to the hypothesized site of the location of the
magnetoreceptors. Possible magnetoreceptors have been identified in the olfactory
lamellae of rainbow trout, Oncorhynchus mykiss (Diebel et al. 2000) and in the upper
beak of homing pigeons (Hanzlik et al. 2000, Fleissner et al. 2003). By applying the
magnets to the cere of the homing pigeons, Mora’s (2002) magnet treatment was much
more likely to affect the magnetoreceptors of the homing pigeons than previous
researchers’ applications on the pigeons’ wings, backs, or necks. Second, Mora (2002)
was one of the first to use very strong, small, rare earth magnets. These magnets are
made of neodymium, iron, and boron and have a magnetic intensity of 2500 µT at a
distance of 1 cm, which is approximately 50 times the strength of the Earth’s
background field.
There was no difference in homing times, despite the magnetically treated birds’
vanishing bearings being consistently right-shifted in relation to the controls, (Mora
2002). This led Mora (2002) to hypothesise that the birds were able to compensate for
the effects of the magnets shortly after they left the observers field of view at
approximately 2 km. With the miniaturization of GPS loggers, it is now possible to track
homing pigeons from the point of release until they return home to their loft (Biro et al.
2002, Dennis et al. 2007). By obtaining detailed tracks of homing pigeons released with
either attached brass weights or magnets, I tested if the shift observed in the northern
hemisphere by Mora (2002) also occurred in the southern hemisphere. From the GPS
logger tracks, I also tested for evidence of impairment followed by compensation in
relation to the distance travelled from the release points. This was determined in two
ways: (1) testing whether the birds were aligned to the Earth’s magnetic field and
towards home after release and (2) comparing the bearings of the homing pigeons in
relation to the intensity of the Earth’s magnetic field at set distances. Homing pigeons
fly parallel and perpendicular to the Earth’s magnetic field more often than expected by
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chance upon release (Dennis et al. 2007). If the magnets caused shifts in the birds’
bearings, the number of aligned birds may differ between the two treatments.
4.1.2. Characteristics of the Earth’s Magnetic Field used by
Navigating Homing Pigeons
In addition to studying the homing pigeons’ ability to compensate for applied
magnets, I also sought to determine whether the magnetic characteristics of the release
sites caused disorientation in the birds. Magnetic anomalies are good locations to test
the effect of magnetic field parameters on homing pigeons because the parameters can
change rapidly over a relatively small area so the experiment is not needlessly
confounded by having to take the birds to greatly varying distances to experience any
real variation in a parameter. Many studies have shown that magnetic anomalies cause
disorientation in homing pigeons (Wagner 1974, Frei and Wagner 1976, Wagner 1976,
Walcott 1978a, b, Walcott 1980, Frei 1982, Wagner 1983), but it is unknown which
particular characteristic(s) of the magnetic anomalies affect the birds’ responses.
I tested if there was a relationship between four bird response variables in the
first kilometre travelled after release and the following magnetic field characteristics:
slope, difference between the aspect and direction home (∆MH), the intensity of the
anomaly, and field angle variance. The slope of the intensity of the Earth’s magnetic
field, the rate at which the intensity changes in relation to distance, was tested because it
had previously been shown to increase the amount of disorientation in homing pigeons
(Walcott 1978a, b), although another study was not able to demonstrate this effect (Frei
1982). Second, ∆MH was tested because homing pigeons have shown a preference to fly
in either the aspect direction (Wagner 1974, 1976, Frei 1982), the direction towards a
magnetic low, or the aspect and anti-aspect direction (Mora 2002, Dennis et al. 2007,
Mora and Walker 2009). Third, the intensity of the anomaly was expected to affect the
levels of disorientation in the birds because magnetic storms and anomalies that
increase the intensity of the Earth’s magnetic field increase the amount of disorientation
observed in homing pigeons (Walcott 1978a, Frei 1982). Finally, the effect of the
variance of the direction of the magnetic field intensity was examined with respect to the
orientation of the birds.
4.2. Methods
4.2.1. Homing Pigeons
Fifteen homing pigeons were provided by a pigeon racer for my experiments.
The birds were 5 - 8 years old, a mix of both sexes, and all were experienced at homing
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from locations south of the loft. The daily needs of the birds were attended to by the
pigeon racer who fed them a mix of seeds and grains and supplied them with fresh
water. Each bird was identified with a uniquely identifying leg band.
To attach the GPS loggers, pigeons were fitted with a Velcro strip on their backs
following the method of Biro et al. (2002). To minimize the movement of the
instruments on the pigeons’ backs, the feathers were trimmed to 0.5 cm in length before
the Velcro was attached. The area trimmed was centred horizontally on the birds’ backs
and extended from the point of wing insertion to just in front of the uropygial gland.
The trimmed area was approximately 6.0 cm long and 3.5 cm wide on each bird. A 4.5 x
2.0 cm strip of Velcro was glued to the feathers with F2 contact adhesive (Ados,
Auckland, New Zealand, Figure 4.1).

Figure 4.1. Homing pigeon with attached Velcro strip for GPS logger attachment.
A few days after the Velcro strips were attached, weights were attached to birds
by the Velcro strip to habituate them to carrying an extra load. The weights ranged
between 43 - 50 g to mimic the weight of the GPS loggers which ranged from 32 - 40 g,
depending on the size of the antenna and the type of battery used in making the GPS
logger. The heavier GPS loggers were only used on the larger birds. The GPS loggers
weighed between 6-9% of the pigeons’ body weights and these percentages are typical of
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GPS logger instrumentations of homing pigeons (Steiner et al. 2000, Hunerbein et al.
2001, Biro et al. 2002, Biro et al. 2004, Roberts et al. 2004, Biro et al. 2007,
Dell'Ariccia et al. 2009). Pigeons are capable of flying with the additional weight of the
GPS loggers because it is similar to the weight of food they carry in their crop after
feeding (approximately 35 g; Steiner et al. 2000) and the homing pigeons are only fed
upon their return to their loft after displacement. Nevertheless to be conservative, the
homing pigeons were habituated to carrying the extra weight of the GPS loggers.
Weights were constructed by covering exhausted 9-V batteries in cloth duct tape and
gluing Velcro to the battery. After the weights were attached, the birds were left to
habituate to them in the loft and on spontaneous flights. After that displacements to the
south were commenced at distances increasing from 1.5 - 17 km from the loft over a
period of three months. After this training period, the Velcro strips of five birds had
loosened on the birds and were removed. There were not enough feathers to permit
reattachment; from this point on ten birds were used in the experimental
displacements.

Figure 4.2. Homing pigeon with attached training weight to habituate it to the weight of
a GPS logger.
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4.2.2. GPS Loggers
Modified versions of the miniature GPS loggers used by Dennis et al. (2007) were
used for this study and were set to record positional fixes at 1 s intervals (Figure 4.3).
The modifications performed were to make the connection between the interface and
the logger more resistant to wear and tear. The GPS loggers with attached battery
ranged in size from 4.8 - 6.3 cm in length, 1.4 - 1.7 cm tall at their highest point, and all
were 3.2 cm wide. The sizes of the loggers varied primarily due to the type of battery
used. Loggers were equipped with either rechargeable 3.7-V lithium polymer batteries
or disposable lithium CR2 batteries. Two types of batteries were used because
rechargeable batteries were more cost effective, but it was not possible to recharge more
than a few batteries overnight to reuse the following day; this necessitated the use of
disposable batteries with some of the units.

Figure 4.3. Homing pigeon with attached GPS logger.
4.2.3. Release Sites
Experimental releases were conducted from twelve release sites north of the
pigeons’ loft at locations with which the birds should be unfamiliar (Figure 4.4). Closer
release sites were used first so that the pigeons would not already have experience with
an area from a previous fly-over. The sites were selected so that they were contained
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within the magnetic intensity map constructed by Dennis et al. (2007). This area
contains the Auckland Junction Magnetic Anomaly, which is deep seated (1.6 km) and is
uncorrelated with the surface topography of the region (Dennis et al. 2007). The release
sites were selected to be where the direction home was not within ± 30° of the direction
of the magnetic intensity contours or slope so that significant alignments at the release
site were not attributable to homeward orientation. The sites were at least 3 km apart
from each other so that birds would not have prior familiarity with release sites, because
site familiarity may affect the amount of disorientation displayed by birds after release
(Biro et al. 2002). Based on the above criteria and from examination of the magnetic
map, sites were chosen where the aspect direction, slope of the magnetic intensity,
intensity of the anomaly, and field angle variance varied. Once the general location was
selected, the exact release site was selected in an area where there was a relatively
unobstructed view of the sky for the GPS loggers to acquire satellites as well as a safe
location from which the birds could be released. Once the release site was selected, a
handheld GPS unit (GPS60, Olathe, Garmin, KS, USA) was used to log the coordinates.
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Figure 4.4. Map showing the location of the loft and release sites on the Auckland
Peninsula (landmass shown in grey). The pigeon loft is shown by a black circle and the
release sites are marked with black crosses followed by a number which indicates the
order of first use. Contours of the intensity of the Earth’s magnetic field are shown in 10
nT increments ranging in colour from yellow to red to show increasing magnetic
intensities.
4.2.4. Release Protocol
The homing pigeons were caught in the loft and placed into a transport container
that that was used by the pigeon racer and with which the birds were familiar.
Depending on the number of GPS loggers available for use that day, 6 - 9 pigeons were
released on each experimental day. Each pigeon was released from each site only once
and each site was completed over two release days. The procedure was to perform 6 - 9
releases over three days at three sites, then finish all three sites on the fourth
displacement day. Releases were only conducted on days where the disc of the sun was
expected to be visible to keep the procedure similar to that of Mora’s (2002), little or no
rain was expected, and the wind was ≤ 15 kt. Birds were released in the afternoon rather
than in the morning so that they would be motivated to home more quickly and enter
the loft upon arrival. Releases were staggered every 15 min to encourage the birds to
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travel singly and were delayed if a previously released bird was sighted in the area. The
releases were timed so that the last release was conducted 2 h before sunset to allow the
bird time to get home before dark.
At the release site, the birds were placed in a shady area to prevent them from
getting hot and covered with a dark fabric sheet to limit their view of the local
surroundings and the sky. Ten minutes prior to release time, the GPS logger was turned
on to enable the logger to determine its location by acquiring satellites and was covered
in translucent tape to protect the logger from rain and pecking from the pigeon. Two
minutes prior to release time, a homing pigeon was removed from the transport
container and its weight was replaced with a GPS logger, while being careful to not
obstruct the antenna’s view of the sky.
A brass weight or rare earth magnet was then attached to the pigeon’s cere.
Treatment was pseudo-randomly determined; initial treatment allocations were
completely random until half of the birds had received one treatment, then the rest of
the treatments were balanced with the opposite treatment to ensure parity as required.
The magnets were 3 mm in diameter, 2 mm tall, and weighed 0.10 g. The brass weights
were similarly sized at 3.2 x 2 mm and weighed 0.10 g. To elicit the maximum possible
effect, magnets were attached to the bird in the south side up configuration. Mora
(2002) had found a stronger effect from the north side up configuration, and the effect
was expected to be opposite in the southern hemisphere. Polarity was determined by
using a hand held compass, the side of the magnet that attracted the north end of the
compass needle was the south side. The brass weight or magnet was attached to the
bird first with an approximately 1 mm3 drop of cyanoacrylate ester glue (instant glue). A
back up attachment was used because the instant glue required about a minute to bond
the magnet, and it was important to release the birds immediately after the attachment
of the magnet to reduce the likelihood that they compensated for the effects of the
magnet before being released. To hold the magnet or brass weight in place while the
glue cured, a small piece of cloth duct tape was placed over the pigeons cere being
careful to not obstruct the beak or nostrils (Figure 4.5). The tape was lightly pressed to
the pigeon’s cere for 10 s to allow it time to bind and then the bird was released.
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Figure 4.5. Homing pigeon ready for release with a brass weight or magnet attached to
its cere and covered with cloth duct tape.
All homing pigeons were released in the same direction at a site. The direction
was determined by three factors: the direction of the wind, the direction into a clearing,
and the presence of traffic. The safest direction for the pigeons into the clearing was
determined with the goal of releasing the pigeons into the wind so they had more
control and could more easily gain altitude.
After the last bird had been released, I returned to the loft and recovered the GPS
loggers from the homing pigeons. I removed the logger and replaced it with a weight
and carefully peeled the tape and brass weight/magnet off of the pigeon’s cere. The
pigeons’ ceres seemed unaffected by this treatment as they were coated with a waxy
substance which was rapidly replaced by the pigeon. During the study, none of the birds
failed to return to the loft and none of the attached equipment was lost. Most birds
returned on the day of release but occasionally one returned the following day. The
work with the homing pigeons was approved by the University of Auckland Animal
Ethics committee.
4.2.5. Examination of the Data
The data from the GPS loggers was downloaded and imported into Microsoft
Excel (v. XP or 2007, Microsoft, Redmond, WA, USA) with a macro extension enabled
(bearing function, Laake 2000). Fixes where fewer than three satellites were used to
calculate the position of the bird were deleted. Fixes were also deleted if the bird was
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moving at < 2m/s for at least 5 s because it had likely landed and therefore was not
actively navigating.
The tracks were loaded into a global information system (ArcMap 9.2, ESRI,
Redlands, CA, USA) to determine if pigeons had travelled home independently. Tracks
that intersected spatially and temporally were examined. If both birds that had
travelled together received the same treatment, only the first track was analysed. If the
birds had not received the same treatment, both tracks were removed from analysis.
4.2.6. Effects of Attached Magnets on the Homing Pigeons
Movements
4.2.6.1. Comparison of Homeward Errors from Virtual
Vanishing Bearings
To facilitate direct comparison with the work of Mora (2002), the virtual
vanishing bearings of the birds were calculated. The vanishing bearing of each bird was
calculated from the release site coordinates and the coordinates of the birds after they
had travelled a 2 km straight line distance or until the last available waypoint (bearing
function, Laake 2000). A 2 km distance was used because this is the distance at which
pigeons typically vanish from the view of researchers taking vanishing bearing data. To
standardize the vanishing bearings across the release sites, the homeward error of the
vanishing bearings was then calculated by subtracting the direction home from the
vanishing bearings. The homeward errors from the control and experimental birds were
then analysed with circular statistics. The concentration parameters of the data did not
meet the assumptions of the parametric Watson-Williams test so the non-parametric
Mardia-Watson-Wheeler test was used to determine if the mean angle or the amount of
scatter differed between two data sets.
4.2.6.2. Homing Pigeon Alignments
Randomizations were performed on the pigeon tracks at 0 - 1, >1 - 2, >2 - 3, >3 4, and >4 - 5 km distance intervals. Distances intervals were analysed if at least 20
positional fixes were available per bird per distance. In some instances the GPS loggers
did not record data for the beginning or end of tracks. This was likely due to one of the
following: an error in the logger, trees and other objects blocking reception from the
GPS satellites, or possibly due to a temporary lack of satellite cover in the area.
Unfortunately it was not possible to determine which error caused the problem in most
instances unless the GPS logger proved to be faulty when tested again. The bearings of
the pigeons were calculated in Excel with a macro extension (bearing function, Laake
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2000), working under the assumption that the pigeons travelled linearly between each
pair of position fixes. To test for alignments with variations in the intensity of the
Earth’s magnetic field, the bearing of the magnetic field was determined in ArcMap or R
as detailed previously (Section 3.2.11). The data were then tested with a randomization
to determine the number of birds that were aligned with the magnetic field intensity and
towards home were greater than expected by chance for the two types of treatment and
at each distance increment. The randomization analysis used was the recreated Dennis
et al. (2007) analysis described previously (Section 3.2.11.3) with a ± 13.5° alignment
parameter. To determine if more pigeons were aligned to the Earth’s magnetic field and
towards home than expected by chance, the binomial theorem was used as described
previously (Section 3.2.11.3). If the magnets had shifted the bearings of the homing
pigeons, it was hypothesized that the experimental birds would align with the Earth’s
magnetic field and home differently than the control birds.
4.2.6.3. Comparing the Mean Bearings of Homing Pigeons with
Applied Brass Weights or Magnets
To determine if the birds in this study had their headings altered by the
application of magnets, and, if this occurred, at what distance they were able to
compensate for the effects of the magnet, the mean bearings of each bird at set distances
were calculated. The mean bearings were measured and calculated differently than
Mora (2002). Mora’s (2002) data were bearings taken every minute to the nearest 5° at
distances of up to 2 km, with the last bearing being termed the vanishing bearing. The
maximum vanishing bearing error should have been ± 2.5° if the values were rounded to
the nearest 5°. At a 2 km distance this equals a horizontal positional error of up to ±
87.32 m. My data were in the form of GPS positional fixes taken at 1 s intervals and
accurate to 8.4 m CEP R95, meaning that 95% of all fixes will be contained within a 8.4
m radius of the true location of the logger. Using GPS loggers enabled me to collect
many more data points per bird with far greater accuracy than is possible with the
vanishing bearing method. My data also consisted of the headings of the birds
themselves rather than the bearing of the bird relative to the observer.
In addition to the improved frequency and accuracy of the GPS fixes versus
vanishing bearings, my methods also depart from Mora (2002) on how the mean
bearings of the birds were calculated. Dennis et al. (2007) showed that homing pigeons
fly parallel and perpendicular to the contours of the intensity of the Earth’s magnetic
field. As result it was expected that if the magnets shifted the bearings of the birds, the
number of aligned birds would differ between the birds with attached brass weights and
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magnets. To test this, the magnetic errors of the homing pigeons were calculated by
subtracting the pigeon’s bearing from the direction of the magnetic intensity contour at
that location. The direction of the magnetic intensity contour was determined as in
section 3.2.11. The distributions of the data were not expected to be unimodal and there
were no appropriate circular statistical tests to compare the bearings of the control and
experimental birds. To allow the data to be analysed by non-circular statistics the data
were transformed to range between -45 and +45° as follows: if the magnetic error >
315°, then subtract 360°; then if the magnetic error > 225° subtract 270°; then if the
magnetic error > 135° subtract 180°; and finally if the magnetic error > 45° subtract 90°.
In this way all the data were transformed to be unimodal and between ±45° and suitable
for testing with non-circular statistics.
To test if the magnetic errors of the magnetically impaired homing pigeons had
been shifted in relation to the controls, a three-way analysis of variance was used. The
three factors tested were the treatment, site, and distance from the release site which
was tested in 1 km increments up to 5 km. Data were missing from some treatment-site
combinations but the software used has two methods to compensate for incomplete
designs and automatically dropped effects that could not be estimated (Statistica version
8.0, Statsoft, Inc., Tulsa, OK, USA). It was not possible to test for the effects of
individual pigeons due to the lack of data from each bird at all sites. Tracks were
discarded due to GPS failure, GPS loggers missing parts of the tracks, and pigeons
travelling together.
As a parametric test, the ANOVA is affected by autocorrelated data because the
sample size is involved in the calculation of the critical value. Autocorrelation was an
issue with the homing pigeon data because they often stayed on a similar heading from
point to point. Examination of the pigeon tracks revealed that they are capable of
reversing their direction of travel in 3 s. The pigeons were capable of being on a
dramatically different heading every 3 s, so every fourth positional fix was
representative of independent heading of a homing pigeon. Distances that had at least
20 data points per bird were included in the analysis.
4.2.7. Which Characteristics of the Earth’s Magnetic Field do
Homing Pigeons Use as Navigational Cues?
The four magnetic field characteristics tested were the slope (percent rise),
difference between the aspect and the direction home (∆MH), intensity of anomaly, and
field angle variance. The three homing pigeon response variables were: tortuosity,
bearing variance, homeward error, time aligned with the magnetic field. The data for
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these variables were calculated for the locations each pigeon travelled by up to a straight
line distance of 1 km from the point of release. Only birds that had at least 20 data
points recorded over the first 1 km straight line distance from the release point were
included in the multivariate statistical analysis to determine which predictor(s) and
response variable(s) were the most strongly related to each other.
To calculate the slope, ∆MH, intensity of the anomaly, and field angle variance of
the intensity of the Earth’s magnetic field, the magnetic intensity map of Dennis et al.
(2007) was brought into a global information system (ArcMap 9.2, ESRI, Redlands, CA,
USA). The slope and aspect of the magnetic field were calculated by using the 3D
Analyst toolbox’s raster surface functions called slope and aspect. The slope was
calculated as the percent rise. The ∆MH was calculated as a circular bearing from 0 360° by subtracting the direction home from the aspect direction and adding 360 to any
negative values. Any values above 180° then were subtracted from 360° to modify the
data to be between 0 - 180°, with 0° being where the aspect direction was pointing
towards home and 180° being if the aspect direction was directly opposite the direction
home. This allowed the data to be analysed by non-circular statistics.
The intensity of the magnetic anomaly was calculated in two steps. First a raster
of the Earth’s background field was created. This was accomplished by using a
geomagnetic reference field calculator that calculates the magnetic field component due
to the core magnetic field of the Earth, excluding the crustal anomalies (NGDC 2008).
The calculator was set to the same extent as the Dennis et al. (2007) magnetic map
(longitude: 174.35169 to 174.78578˚, latitude: -36.51293 to -36.90665˚) and cell size
(100 x 100 m). The median date and altitude of the magnetic survey was also entered so
that the data calculated would be appropriately related to the magnetic map. The data
generated by the calculator were then imported into ArcMap. The magnetic field due to
the core field of the Earth is smooth and changes gradually so the global polynomial
interpolator tool of the Geostatistical Wizard was used to model the field. The resulting
raster layer was then subtracted from the raster of Dennis et al. (2007) with the raster
calculator. The raster calculator was also used to add 80 nT to the intensity of the
magnetic anomaly raster due to an estimation error made by the magnetic field
calculator in the Auckland region (J. Cassidy, pers. comm.). Finally the circular
variance of the bearings of the magnetic field was calculated as an indication of how
curved and changeable the magnetic field contour bearings were in the regions close to
the release points. The values of these four parameters were extracted from the rasters
with the extract values to points tool in the extraction tool box of the Spatial Analyst
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Toolbox. The medians of these values were then calculated for each bird except for the
field angle variance.
The homing pigeon response variables, the tortuosity, bearing variance, and
homeward error were calculated for the birds up to a 1 km straight line distance from
the point of release. Tortuosity was calculated by summing the cumulative distance a
bird travelled after release, up to a straight line distance of 1 km from the release point,
and then dividing by the straight line distance the bird travelled. The bearing variance
was calculated by measuring the circular variance of the birds’ headings. The homeward
error was calculated by subtracting the bearing home to the loft from the pigeon’s
heading and then adding 360° if a negative value was returned. Then to make the data
suitable for non-circular statistical tests, all values > 180° were subtracted from 360°.
This created a data set that could hypothetically range from 0 - 180°, with 0° reflecting a
heading directly towards the loft, and 180° reflecting a heading directly away from the
loft. The median homeward error was calculated for each bird.
4.2.7.1. Canonical Correlation
The magnetic field parameters and response variables were then analysed with a
canonical correlation analysis. Canonical correlation analysis was used because it
assesses the associations between two sets of variables that can be thought of as
independent (field characteristics) and dependent (bird responses), with each
containing several continuous variables (Tabachnick and Fidell 2007).
Canonical correlation analysis examines the relationships between two sets of
variables. The sets of variables are combined to produce a predicted value that has the
highest correlation with the predicted value on the other side. With three and four
variables in each data set, the analysis will create the three best correlations between the
data sets and then test if the relationships are statistically reliable. In order to prepare
the data for canonical correlation analysis, some of the data sets were transformed to
encourage univariate and multivariate normality.
To prevent overfitting the data, ten times the number of data points to the
number of predictors should be used in the analysis (Tabachnick and Fidell 2007). The
data from the first kilometre of 69 tracks from 12 field sites were analysed with the
canonical correlation. The data from three pigeons were omitted from the analysis
because they were multivariate outliers. Multivariate outliers are data points that have
an unusual combination of values from at least two variables and they strongly and
unpredictably affect canonical correlation analysis (Tabachnick and Fidell 2007). With
66 tracks and seven predictors, the minimum suggested 10:1 ratio of data points to
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predictors was exceeded in the initial analysis (Tabachnick and Fidell 2007). As a
result, the correlation coefficients of the predictors were examined to determine which
predictor was contributing the least to the model and could be removed. The magnetic
field parameter of intensity of the anomaly had a very low correlation coefficient and
was excluded from the analysis.
Canonical correlations are reported in descending order of importance, with the
subsequent correlations attempting to account iteratively for residual variance from the
previous correlation. The linear composite of a set of variables is called a variate. The
canonical correlation seeks to create the variate pair that best describes the linear
relationship in the data. In this case, the variate pair was made up of the magnetic field
and pigeon response variates which are the linear composites of the magnetic field and
pigeon response variables. Each subsequent correlation will contain a different variate
pair made up from the same variables but attempting to capture any residual error
unaccounted for in a previous correlation.
The significance of a canonical correlation involves examining both whether the
relationship is statistically reliable, but also how much variance the correlation explains
(Tabachnick and Fidell 2007). A canonical correlation is deemed to be significant if the
calculated p-value is ≤ 0.05. The amount of variance accounted for can be quantified in
three ways: (1) canonical correlation, (2) variances a canonical variate accounts for in
its own set of variables, and the (3) variance a variate from one set accounts for in the
variables in the other set. The canonical correlation is a measure of the strength of the
relationship between the pairs of variates with a score of 0 indicating no relationship
and 1 indicating a perfect relationship.
Canonical correlations of less than 0.3 are disregarded because then the amount
of shared variance between the canonical variates and original variables would be less
than 10% (Tabachnick and Fidell 2007). The second type of variance that is important
to consider in a canonical correlation is the amount of variance a variate accounts for in
its own set of variables. Again, only correlations with a minimum value of 0.3 are
considered strong enough to warrant discussion (Tabachnick and Fidell 2007). The
final type of variance to be considered when evaluating the strength of a canonical
correlation is the redundancy, or variance that a variate accounts for in the opposite set
of variables. There are no recommended minimum redundancy values, but if the other
criteria are met it is reasonable to conclude that the canonical correlation was
statistically reliable and explained an acceptable amount of variation in the relationship
between the two sets of variables.
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4.3. Results
4.3.1. Track Selection
One hundred and seventeen releases were performed at the twelve release sites
(Table 4.1). Not all release sites had ten releases of individual birds because
occasionally a homing pigeon was out on a spontaneous flight. The number of useable
tracks per site was limited by failure of the GPS loggers to record all or part of some
tracks and by birds travelling together. Sixty-nine tracks were used in the statistical
analyses of the data with each site having at least three tracks (Figure 4.6). The birds
preferentially avoided a forested area initially, but with greater experience regularly flew
over the forest (examples of tracks from release sites with six or seven tracks each,
Figures 4.7 - 4.9).
Table 4.1. Dates, distances, and the numbers of homing pigeons released at each release
site.
Release
Site
1
2
3
4
5
6
7
8
9
10
11
12

Release
Dates
(dd/mm/yy)
13 & 18/10/08
14 & 18/10/08
15 & 18/10/08
20 & 31/10/08
27 & 31/10/08
28 & 31/10/08
3 & 13/11/08
6 & 7/11/08
7 & 9/11/08
11 & 13/11/08
12 & 13/11/08
19 & 20/11/08

Distance
to Loft
(km)
9.97
12.21
20.85
10.49
14.04
23.57
22.39
16.59
18.17
20.35
16.19
27.32

Direction
to Loft (°)
252.95
187.98
198.62
164.42
146.59
192.69
186.72
163.56
138.34
173.42
224.80
252.95
TOTAL
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# of Birds
Released
10
9
10
9
10
10
10
10
10
9
10
10
117

# of
Useable
Tracks
8
7
5
4
5
7
6
5
7
6
6
3
69

# Brass,
Magnet
5, 3
4, 3
2, 3
3, 1
3, 2
3, 4
3, 3
2, 3
3, 4
4, 2
2, 4
1, 2
35, 34
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Figure 4.6. Sixty-nine homing pigeon tracks that were obtained with GPS loggers as the
birds left the release sites (black Xs) and travelled towards home (black circle). These
tracks were used to test if attached magnets and the magnetic field characteristics at the
release sites affected the behaviour of the birds. The white lines are lines of equal
magnetic intensity at 10 nT intervals. The tracks coloured yellow, orange, or red
represent birds released with attached magnets, and the tracks coloured green or blue
represent birds released with brass weights. The solid black line in the centre of the
map represents the border of a forested area.
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Figure 4.7. GPS logger tracks of homing pigeons released from site 2 (black X top right)
as they moved towards the home loft (black circle). The white lines are lines of equal
magnetic intensity at 10 nT intervals. The tracks coloured yellow, orange, or red
represent birds released with attached magnets, and the tracks coloured green or blue
represent birds released with brass weights. The solid black line on the right of the map
represents the border of a forested area.
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Figure 4.8. GPS logger tracks of homing pigeons released from site 9 (black X top left)
as they moved towards the home loft (black circle). The white lines are lines of equal
magnetic intensity at 10 nT intervals. The tracks coloured yellow, orange, or red
represent birds released with attached magnets, and the tracks coloured green or blue
represent birds released with brass weights. The solid black line on the right of the map
represents the border of a forested area.

157

Chapter Four. Effects of magnets and magnetic anomalies on homing pigeons

Figure 4.9. GPS logger tracks of homing pigeons released from site 11 (black X top
right) as they moved towards the home loft (black circle). The white lines are lines of
equal magnetic intensity at 10 nT intervals. The tracks coloured yellow, orange, or red
represent birds released with attached magnets, and the tracks coloured green or blue
represent birds released with brass weights. The solid black line outline in the centre
left of the map represents the border of a forested area.
4.3.2. Effects of Attached Magnets on the Movements of Homing
Pigeons
Three methods were used to determine if the behaviour of homing pigeons was
affected by the attachment of magnets versus brass weights upon release: the difference
in the homeward errors calculated from virtual vanishing bearings, the number of birds
that were significantly aligned over set distance intervals, and the difference in the mean
bearing of the birds at set distances in relation to the intensity contours of the Earth’s
magnetic field.
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4.3.2.1. Homeward Errors from Virtual Vanishing Bearings
The mean homeward errors of the pigeons with attached magnets were shifted to
the left of the birds with brass weights at six sites and to the right at six sites. Sites were
characterized by one to five vanishing bearings per treatment; the differences between
the two treatments at each site cannot be statistically analysed. The mean homeward
errors of the control and experimental birds, pooled from all twelve release sites,
differed by only 0.04° (Figure 4.10), although the mode of the magnetically impaired
birds is to the right of the birds with brass weights. The mean directions and amount of
scatter were not significantly different for the two treatments (Mardia-Watson-Wheeler:

brass HE

W = 1.612, p = 0.447).
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Figure 4.10. Homeward errors of individual homing pigeons with attached brass weights
(a) or magnets (b). Homeward errors were calculated from virtual vanishing bearings.
The homeward errors are presented in columns 20° wide, with the radial line showing
the mean angle and the black arcs showing the 95% confidence intervals.
4.3.2.2. Alignments of Homing Pigeons to the Earth’s Magnetic
Field and Towards Home
The number of birds aligned parallel or perpendicular to the contours of the
intensity of the Earth’s magnetic field and towards home was greater than expected by
chance alone at all distances for both the control and experimentally treated birds
(Table 4.2). The tracks of the birds did not appear to differ as a result of the two
treatments (Figures 4.10 - 4.13).
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Table 4.2. Results from a randomization test to determine if homing pigeons were
significantly aligned with (a) the Earth’s magnetic field and (b) towards home. The
number of aligned birds is shown over the total number of birds tested for each set
straight line distance from the release site. Only track distances that had at least 20
data points were analysed. These fractions are followed by the results of a binomial
probability test (p-value) to determine if the number of significant results was
significantly higher than predicted by chance. For all tests, significant results are shown
in red text.
a)

Treatment
Brass

Magnet
b)

Treatment
Brass
Magnet

1 km
14/35,

2 km
15/34,

3 km
19/32,

4 km
17/31,

5 km
13/31,

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

14/34,

12/32,

12/29,

15/29,

16/28,

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

1 km
17/35,

2 km
19/34,

3 km
16/32,

4 km
15/31,

5 km
12/31,

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

13/34,

15/32,

12/29,

22/29,

19/28,

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001
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Figure 4.11. Close up of GPS logger tracks of homing pigeons near to the point of release
from site 2 (black X). The white lines are lines of equal magnetic intensity at 10 nT
intervals. The tracks coloured yellow, orange, or red represent birds released with
attached magnets, and the tracks coloured green or blue represent birds released with
brass weights. The solid black line on the right side of the map represents the border of
a forested area.
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Figure 4.12. Close up of GPS logger tracks of homing pigeons near to the point of release
from site 9 (black X). The white lines are lines of equal magnetic intensity at 10 nT
intervals. The tracks coloured yellow, orange, or red represent birds released with
attached magnets, and the tracks coloured green or blue represent birds released with
brass weights.
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Figure 4.13. Close up of GPS logger tracks of homing pigeons near to the point of release
from site 11 (black X). The white lines are lines of equal magnetic intensity at 10 nT
intervals. The tracks coloured yellow, orange, or red represent birds released with
attached magnets, and the tracks coloured green or blue represent birds released with
brass weights.
4.3.2.3. Comparing the Mean Bearings of Homing Pigeons with
applied Brass Weights or Magnets
The mean magnetic errors of the homing pigeons from the GPS tracks were not
significantly different due to any individual or combination of the factors of the
treatment, release site, or distance from the point of release (Table 4.3). The two-factor
ANOVAs for the interactions between the factors treatment and the release site and
distance from the point of release and release site were significant, but the more
conservative post-hoc Tukey’s pairwise analysis failed to support these results. The
different result was likely attributable to either the ANOVA’s sensitivity to non-pairwise
effects in addition to pairwise effects, pairwise comparisons that are not relevant to the
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experiment (e.g. between the brass treatment at 4 km and the magnet treatment at 3
km), or an instance of type I error where the null hypothesis is falsely rejected.
Examination of the mean magnetic errors of the birds showed that the difference
between the mean bearings between the two treatments was frequently only a few
degrees (Figure 4.14). At 1, 2, and 5 km distances from the point of release the birds
were more frequently right-shifted, and at 3 and 4 km they were more frequently left
shifted, but generally the number left or right shifts at each distance were very similar
(Figure 4.14).
Table 4.3. Results of a three factor analysis of variance that tested the effects of
treatment, release site, and distance from the point of release on the mean magnetic
errors of the homing pigeons. It was not possible to estimate the effects of the factors
treatment, distance from point of release, and treatment*distance from point of release
on their own due to an incomplete statistical design. Significant p-values are shown in
red text.
df
F
p-value
6 0.615
0.484

Factor(s)
Release Site
Treatment * Release Site

2.356

0.028

38 1.801

0.002

Treatment * Release Site * Distance from Point of Release 38 1.053

0.381

Release Site * Distance from Point of Release
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Figure 4.14. Mean magnetic bearings of homing pigeons with an attached brass weight
(treatment 1) or magnet (treatment 2) at all twelve release sites and at five straight line
distances from the point of release.
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4.3.2.4. The Responses of Navigating Homing Pigeons to the
Characteristics of the Earth’s Magnetic Field
At the twelve release sites, the magnetic field parameters slope, ∆MH, and field
angle variance ranged from 0.11 - 5.26%, 5.16 - 165.61°, and 0.0005 - 0.866°
respectively (Table 4.4). Despite my efforts to constrain the absolute ∆MH values to fall
between 30 - 60°; if a magnetic field intensity contour and line of equal slope are
defined as 0 and 90°, or vice versa; several sites did not fall into this range due to
difficulty in finding a practical release site near the planned sites. The values of the
homing pigeon response variables tortuosity, pigeon bearing variance, and homeward
error ranged from 1.05 - 11.83, 0.142 - 0.948°, and 2.73 - 146.66° respectively. The
courses the homing pigeons took influenced the magnetic field values used in the
statistical analysis by sampling different areas of the magnetic field as they flew 1 km,
straight line distance, from the release point.
Table 4.4. Values of the magnetic field and homing pigeon response variables for the
twelve release sites. The magnetic field variables for slope and the difference between
the aspect direction of the magnetic field and towards home (∆MH) are shown for the
point of release. The field angle variances shown represent the variance for a circular
area around the point of release to a 1 km radius. The tortuosities, homing pigeon
bearing variances, and homeward errors are shown as a ranges of minimum to
maximum values for all the pigeons released from each site.
Magnetic Field Variables

Response Variables
Pigeon
Homeward
Tortuosity
Bearing
Error (°)
Variance (°)
1.05-5.30 0.232-0.948
2.73-13.37

Site

Slope
(%)

∆MH
(°)

Field Angle
Variance (°)

1

2.23

78.52

0.056

2

2.30

139.42

0.002

1.18-2.01

0.352-0.699

19.81-126.77

3

2.19

121.17

0.014

1.02-2.53

0.142-0.818

37.19-97.28

4

1.13

165.61

0.072

1.57-4.72

0.507-0.806

36.52-88.81

5

0.41

34.08

0.164

1.45-3.32

0.579-0.807

50.66-105.40

6

1.11

85.08

0.022

1.24-6.36

0.463-0.859

56.53-73.49

7

2.21

22.32

0.001

1.36-2.83

0.416-0.781

36.37-100.32

8

0.83

156.21

0.126

1.83-4.63

0.461-0.822

74.86-117.88

9

5.26

8.50

0.003

1.20-9.77

0.524-0.928

68.66-146.66

10

3.54

157.49

0.0005

1.19-11.83

0.322-0.837

27.52-105.85

11

0.50

20.73

0.866

2.12-5.56

0.462-0.877

70.25-119.62

12

0.11

5.16

0.417

1.41-2.14

0.468-0.852

47.81-105.79
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The data from the birds with either applied brass weights or magnets were pooled
to test the hypothesis that the magnetic field variables affected the amount of
disorientation displayed by the homing pigeons because no difference was detected in
their ability to align with the Earth’s magnetic field (Section 4.3.2.2), towards home
(Section 4.3.2.1), or mean magnetic errors (Section 4.3.2.3). Only the first canonical
correlation had a statistically reliable linear relationship between the field
characteristics and pigeon response variables (Canonical correlation: first canonical
correlation: F (9, 153.48) = 2.59, p = 0.0084, Correlation = 0.4754; second canonical
correlation: F (4, 128.00) = 1.43, p = 0.2275, Correlation = 0.2825; third canonical
correlation: F (1, 65.00) = 0.28, p = 0.5984, Correlation = 0.0655).
Determining the significance of a canonical correlation is an important first step
in evaluating a relationship, but the amount of variance accounted for is also of critical
importance (Tabachnick and Fidell 2007). The amount of variance accounted for can be
quantified in three ways: (1) canonical correlation, (2) variances a canonical variate
accounts for in its own set of variables, and the (3) variance a variate from one set
accounts for in the variables in the other set. Canonical correlations < 0.3 are
disregarded because then the amount of shared variance between the canonical variates
and original variables would be less than 10% (Tabachnick and Fidell 2007). The first
canonical correlation between the characteristics of the Earth’s magnetic field and
pigeon response variables surpassed this requirement with a canonical correlation value
of 0.4754 and a shared variance of 22.60%.
The second type of variance that is important to consider in a canonical
correlation is the amount of variance a variate accounts for in its own set of variables.
Overall the homing pigeon response variate accounted for 55.7% of the variance from
the original response variables and the magnetic field characteristics variate accounted
for 10.6% of the variance from the original field variables. Again, only correlations < 0.3
are disregarded (Tabachnick and Fidell 2007). The correlations between five out of six
variables with their respective variates were strong enough to be of statistical
importance (Table 4.5). This indicated that as the field angle variance (log transformed)
and ∆MH (reverse transformation) decreased, the tortuosity of the homing pigeon
tracks (inverse transformed), animal bearing variances (reverse transformed), and
homeward errors also decreased. The correlation between the slope of the Earth’s
magnetic field variable (square-root transformed) and magnetic field characteristics
variate was weak and was disregarded.

167

Chapter Four. Effects of magnets and magnetic anomalies on homing pigeons

Table 4.5. Correlations between the variables and their canonical variate. Data were
transformed as necessary to encourage normality. Transformations that invert or
reverse the nature of the data and sign of the correlation value need to be considered
when examining the correlations.
Variates

Variables
Log transformed field angle variances
Square root transformed slopes of the

Magnetic Field

intensity of the Earth’s magnetic field

Characteristics

Reverse transformation of the differences
between the aspect and direction home

Correlation
0.4460
0.0859

-0.3319

(∆MH)
Inverse transformed animal tortuosities
Homing Pigeon
Responses

Reverse transformed animal bearing
variances
Homeward error

0.9901
0.6840
0.4552

The final type of variance to be considered when evaluating the strength of a
canonical correlation is the redundancy or variance that a variate accounts for in the
opposite set of variables. The homing pigeon response variate accounted for 12.5% of
the variance in the field variables while the field characteristics variate accounted for
2.4% of the variance in the homing pigeon response variables. There are no
recommended minimum redundancy values, but because the minimum requirements
for the statistical significance test, canonical correlation, and the correlations for five out
of six variables with their respective variates were surpassed, the canonical correlation
was determined to be valid and robust. From this it can be determined that bird
disorientation decreased when magnetic field angle variances and ∆MH also decreased.
4.4. Discussion
Magnets were attached to homing pigeons to test for evidence of magnetic
impairment followed by compensation. No consistent effect of the attached magnets on
the homing pigeons was detected in their virtual vanishing bearings, mean homeward
errors from the GPS logger tracks, and the number of birds aligned towards home or
with the intensity of the Earth’s magnetic field.
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4.4.1. Attached Magnets did not affect the Homing Pigeons’ Direction
of Travel or Ability to Perform Alignments
Historically, magnetic impairments have often resulted in inconsistent effects,
but Mora (2002) reported that birds’ vanishing bearings were consistently right-shifted
at 26 release sites in Germany over two years. She attributed her success due to the use
of small, strong rare earth magnets and the placement of the magnets over the
presumed site of the birds’ magnetoreceptors (Mora 2002). An unpublished study in
New Zealand using the same type of magnets and attachment site was also successful at
detecting a shift in the vanishing bearings, but to the left (T. E. Dennis, pers. comm.).
Releases of homing pigeons in New Zealand at a magnetic anomaly and tracked with
GPS loggers, but using the same magnets and site of attachment as Mora (2002) and
Dennis (pers. comm.), failed to detect any significant effects of the magnets on the birds’
homeward errors calculated from virtual vanishing bearings. The use of virtual
vanishing bearings was a step backward methodologically because it reduced detailed
tracks into a single data point per bird, but was done to facilitate direct comparison with
Mora’s (2002) study.
Analysis of the GPS logger tracks also failed to detect an effect of the magnets on
the mean magnetic errors of the homing pigeons, even though this data set was much
more detailed than the virtual vanishing bearing data set. The magnets also did not
impair the birds’ ability to align with the contours and slope of the intensity of the
Earth’s magnetic field or towards home.
There are four potential reasons why the attached magnets did not affect the
virtual vanishing bearings, mean magnetic errors, and/or alignments of the homing
pigeons: (1) inadequate sample size, (2) an increase in the accuracy of measurement of
the birds positions and headings, (3) attached magnets do not affect the initial
movements of homing pigeons, and (4) differences in the magnetic characteristics and
size of the study areas.
4.4.1.1. Differences in Sample Size
The way the data are collected affects the sample size of any study. Minute and
vanishing bearings are easy to collect, and relatively large numbers of birds can be
released. A large number of releases is needed, however, because the number of data
points per bird is low, 1 - 6; and the measurement error is high, at 2 km likely in excess
of ± 87 m horizontal position error. A GPS logger study is more laborious than a
vanishing bearing study because the birds need to be acclimated to carrying extra
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weight, usually a two week process, and the application and use of GPS loggers is more
time intensive than collecting vanishing bearing data. The end result is a smaller
number of releases, but the data collected have much higher resolution, 8.4 m CEP R95,
and are collected at a much smaller sampling interval, every second instead of every
minute or once for each bird released.
Larger sample sizes, > 200 birds, may have enabled Mora (2002) and Dennis
(pers. comm.) to detect an effect of the attached magnets on the vanishing bearings of
homing pigeons, while I did not detect an effect on virtual vanishing bearings or mean
homeward errors with 69 GPS logger tracks. Mora (2002) observed consistent right
shifts at each of her release sites, but the effect was too weak to detect statistically at
individual sites. The effect was only statistically reliable when the means of the data
from all the sites were analysed together. Similarly, an unpublished study of birds
impaired with rare earth magnets in New Zealand with an excess of 200 releases found
that the birds’ vanishing bearings were shifted to the left in respect to the birds with
attached brass weights (T. E. Dennis, pers. comm.). As a result, an increased sample
size may increase the chances of detecting an effect of the magnets.
An increased number of GPS logger tracks may have helped to detect an effect of
the magnetic impairment of the birds, but it seems unlikely due to the lack of a
consistent directional shift in vanishing bearings. The behaviour of the birds in Mora’s
(2002) study was much more consistent than the birds in New Zealand. Mora’s
vanishing bearings were for the vast majority of release sites consistently right-shifted.
In the New Zealand GPS study, the birds were left-shifted only at half the sites, and were
right-shifted at the other half of the sites. When the data from all the sites were pooled
this summed to essentially the same mean homeward error for each treatment. Without
a consistent effect, a larger sample size would likely also fail to detect an effect from the
magnetic impairments.
4.4.1.2. Increase in the Accuracy of Measurement of the
Positions and Headings of the Birds
The GPS logger method should be more sensitive than the vanishing bearing
method at picking up an effect of the magnets on the birds if one was present. The data
from the GPS loggers are superior to the data from vanishing bearings because of an
increased sampling rate (every second versus every minute), increased accuracy and
precision (8.4 m CEP R95 at any distance from the point of release versus ± 87.32 m
horizontal positional error at 2 km), and the bearings are the bearings of the birds, not
the direction of the bird from an observer. Additionally, parallax, the apparent
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displacement of an object viewed along different lines of sight, undoubtedly also
contributed to the error of the vanishing bearings because the vanishing bearings were
dependent on where the observer was in relation to the birds and their direction of
movement. If the magnets had an effect on the behaviour of the homing pigeons, the
GPS loggers should have been more sensitive than the vanishing bearing method in
detecting an effect.
4.4.1.3. Magnets did not affect the Initial Movements of Homing
Pigeons
Some of the inconsistencies in the results of magnetic impairments may be a
result of the measurement errors and parallax problems with the vanishing bearing
method, but it is unlikely that homing pigeons are unaffected by magnetic impairments.
Responses to magnetic treatments may be variable, but changes in the levels of
disorientation or mean bearing have been reported by far more researchers (Yeagley
1947, Keeton 1971, Keeton 1972, Keeton 1974a, Walcott and Green 1974, Larkin and
Keeton 1976, Walcott 1977, Visalberghi and Alleva 1979, Wallraff and Foa 1982, Lednor
and Walcott 1984, Ranvaud et al. 1986, Wiltschko et al. 1986, Lednor and Walcott 1988,
Ranvaud et al. 1991, Mora 2002) than not (Casamajor 1927, Matthews 1951, van Riper
and Kalmback 1952, Lamotte 1974, Ranvaud et al. 1991).
The applied magnets may not have had an effect on the initial movement of the
homing pigeons if the animals were not able to sense the Earth’s magnetic field, the
pigeons may not use the Earth’s magnetic field as a navigational stimulus while homing,
or the magnetic sense organ(s) is/are not located near the pigeon’s cere. The magnetic
impairment, however, was unsuccessful at abolishing magnetic alignments in the
pigeons; this indicates that the pigeons were able to sense the Earth’s magnetic field and
were using it as a stimulus while homing. Additionally, the applied magnets were
placed in close proximity (<2 cm) from the two most experimentally supported
hypothesized locations of the pigeon’s magnetic sense, in the nasal region, based on the
location of magnetic in homing pigeons and bony fishes (Walcott et al. 1979, Mann et al.
1988, Walker et al. 1997, Diebel et al. 2000, Hanzlik et al. 2000, Fleissner et al. 2003),
or in the eyes, based on the formation of radical pairs from photopigments in the eyes
(Hong 1977, Leask 1977, Möller et al. 2004, Mouritsen et al. 2004b). Therefore it is
highly unlikely that the rare Earth magnets were placed too distantly from the pigeon’s
magnetic sense organ(s) to be effective. Mora (2002) asserted that she had been able to
detect a consistent right-shift at 26 sites and across two years through the use of strong
magnets and applying them at the site of the magnetoreceptors. Judging by the results
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of the GPS logger study in New Zealand, the variability of responses detected by other
researchers may not be attributable to just the magnet type and location of attachments
and more factors need to be considered, e.g. magnetic characteristics near the loft and
at the release sites.
4.4.1.4. Magnetic Characteristics and Size of the Study Area
The GPS logger method may have failed to detect an effect of the attached
magnets on the movements of the pigeons because the experiment was performed in a
different magnetic environment. The magnetic field in Germany where Mora’s (2002)
study took place was lower in intensity and did not contain as large or variable an
anomaly as the New Zealand study site. The magnets in my New Zealand experiment
were 46 times stronger than the total intensity of the Earth’s magnetic field or 17 600
times the range of intensities in the study area. A study in New York, USA, also found
that the effect of a magnetic anomaly on the behaviour of homing pigeons was not
abolished by magnets 10 000 - 100 000 times stronger than the spatial fluctuations in
the Earth’s magnetic field. Perhaps there is some component of the Earth’s magnetic
field that the homing pigeons released at anomalies can still sense even when
magnetically impaired that helps them to compensate for the effect of the magnet more
quickly. A way to test this hypothesis would be to similarly impair homing pigeons near
magnetic anomalies of varying strengths to test what aspects of the anomaly and at what
thresholds the homing pigeons are able to detect the field through the magnetic
impairment.
Another potential reason that I failed to detect an effect of the magnetic
impairments on the mean magnetic errors of the homing pigeons was that the magnetic
characteristics around the homing pigeons’ loft in New Zealand differed from Mora’s
(2002). Birds from lofts located only 2.5 km to hundreds of kilometres apart behave
differently when released at the same locations (Schmidt-Koenig 1963, Walcott 1986,
Walcott 1992). The magnetic characteristics that the pigeons are exposed to near their
home lofts appear to affect how they respond to different stimuli. The most expedient
way of determining if the loft affected the behaviours of the homing pigeons would be to
repeat the GPS logger magnetic impairment with pigeons from the same loft and release
sites as used by Mora (2002).
In addition to differences of the magnetic field near the release sites and the
pigeons’ lofts, Mora’s (2002) study area was not constrained by geography and the
extent of a magnetic map like the New Zealand GPS logger study was. Mora’s (2002)
release sites were circularly distributed around the pigeons’ loft in Germany, with
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releases performed over distances of up to 130 km. The release sites in New Zealand,
however, were constrained by the width of the Auckland isthmus, the extent of the
magnetic map, and locations in the northern semi-circle from the loft where the birds
had no previous experience. This limited my ability to get a random sample of the
magnetic field around the loft. Mora’s (2002) release area contained areas with
essentially no crustal magnetic anomalies and areas with weak magnetic anomalies,
whereas the New Zealand area was dominated by a large magnetic anomaly. Unlike in
Mora’s (2002) study, the net effect on the observed field by the crustal anomalies, and
one anomaly in particular, in the New Zealand area may have caused the lack of
observable effects from the magnetic impairments.
In short, the variability in responses researchers have noted are probably not
attributable only to the type of magnet used and site of attachment as suggested by
Mora (2002). The reasons for the variability in the responses may also be attributable
to the magnetic field characteristics the birds were raised in and the nature of the
Earth’s magnetic field at the release sites. The next sets of experiments sought to
determine which characteristics of the Earth’s magnetic field caused disorientation in
homing pigeons upon release and were therefore important navigational cues.
4.4.2. Disorientation in Navigating Homing Pigeons versus the
Characteristics of the Earth’s Magnetic Field
This was the first time that a multivariate analysis has been used to test if there
was a relationship between characteristics of the Earth’s magnetic field and measures of
homing pigeon disorientation. The analysis successfully identified a statistically reliable
relationship between the field characteristics field angle variance and ∆MH and the
behaviour of the birds. As field angle variance and ∆MH increased, the tortuosity,
bearing variance, and homeward errors of the flight tracks also increased. The slope of
the intensity of the Earth’s magnetic field was not found to be significantly correlated
with the measures of disorientation. The intensity of the anomaly was also not
significantly correlated with the response variables and was removed from the analysis
to meet the recommended ratio of data points to predictors.
The univariate analyses used by previous researchers were not sufficient to study
a complex system like the characteristics of a magnetic field at a release site. For
example, it is difficult to find an area where only one characteristic of the Earth’s
magnetic field changes at a time and study sites with higher values of slope often tend to
have low field bearing variances because of the rapid change in field intensity. Without
analysing both these factors simultaneously the true relationship in the data might not
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be recognized. By using a multivariate analysis, I was also able to simultaneously test
three field characteristics and rank the importance of the field characteristics in relation
to each other.
The most important field characteristic related to the homing pigeon response
variables was the field angle variance. Previous researchers have not directly tested the
effect of the curvature of the magnetic field and the importance of how changeable it is
in relation to the performance of homing pigeons. Not including this parameter would
have weakened their analyses and may account for some of the disparities in the results
between the multivariate and univariate based conclusions.
The other field characteristic that was important to the homing pigeon responses
was the ∆MH whereas the slope of the magnetic intensity was not found to be strongly
correlated with the response variables. Previous studies have identified that birds
preferentially fly along the aspect direction, or aspect and anti-aspect (Wagner 1974,
1976, Frei 1982, Mora 2002, Dennis et al. 2007). Researchers have also reported that
the slope of the intensity of the Earth’s magnetic field can affect the orientation of
homing pigeons, but in some cases this should be more correctly defined in terms of
aspect and anti-aspect, the direction towards the magnetic low or high. For example,
Frei (1982) found that the birds’ movements were correlated with areas of positive
slope. If the area of positive slope around a release site was shifted to one side of the
direction home, the headings of the birds were also shifted, but if the area of positive
slope was opposite the direction home, the birds were more successfully homeward
oriented. In this example, the birds then were aligning with the aspect or anti-aspect
slope directions specifically. When Frei (1982) truly tested the effect of slope on the
length of the birds’ mean vectors there was no relationship.
Differences in the findings of this study and previous studies may also have been
caused by confounding magnetic factors that were not included in the univariate
designs. For example, Walcott (1978a, b) found that if the range of the intensity of the
Earth’s magnetic field increased, the homing pigeons vanishing directions were more
scattered. This may imply an effect of slope on the homing pigeons, or as stated above,
may have truly been related to other unmeasured parameters like the field bearing
variance, which was found to be more strongly correlated to the birds’ behaviours than
slope in the multivariate analysis. In order to determine which field characteristics
affect homing pigeons at various locations, it is important to standardize how terms are
defined and test for as many field characteristics as possible.
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The measures of pigeon disorientation I used in the multivariate analysis were
statistically reliable in the correlation with the characteristics of the Earth’s magnetic
field. Previous studies predominantly relied on the length of the mean bearing vector as
an indicator of bird disorientation (e.g. Walcott 1978a, Frei 1982), but with the
availability of small GPS loggers, descriptive measures like tortuosity, animal bearing
variance, and homeward error are now able to describe the responses of the birds in
more detail and at smaller scales than previously possible.
The implications of this research are that: (1) the responses by the homing
pigeons to the magnetic field characteristics is a multivariate problem that cannot be
adequately analysed using a univariate approach and (2) that it is important to be
precise with terminology when describing experiments. With the use of GPS loggers
becoming more prevalent all over the world, increasingly greater numbers of GPS logger
tracks will be available for analysis. These tracks can be used to test which
characteristics of the magnetic field affect the responses of the birds and which variables
are the most useful. The variables used in this multivariate analysis were not exhaustive
and further measures such as the ranges of magnetic characteristics may be useful
(Walcott 1978a), as well as the amount of time that birds rest after release or wait for a
companion bird. When a large data set of magnetic and homing pigeon response
variables are available from a number of sites around the world, it may eventually
become possible to model how a bird will react to magnetic fields.
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CHAPTER FIVE
Conclusions
This study aimed to elucidate magnetic navigation in vertebrates and identified
similar responses to the Earth’s magnetic field intensity contours and slope in two
vertebrate classes, suggesting that this may be a common method of long distance
navigation in vertebrates. By working with three animal models, I demonstrated:
homing after displacement in a species of ray for the first time and only the second time
for any chondrichthyan; that lemon sharks align with the Earth’s magnetic field in a way
similar to homing pigeons when displaced to novel locations; that multivariate statistics
are instrumental in studying what magnetic field characteristics cause disorientation in
homing pigeons.
To determine if other vertebrates are capable of magnetic alignments to the
Earth’s magnetic field like homing pigeons (Mora 2002, Dennis et al. 2007), another
vertebrate model was necessary. In order to provide maximal contrast with a volant
member of class Aves, a natant member of class Chondrichthyes was sought as a
comparison model. Homing and/or site fidelity appears to be a widespread
phenomenon in chondrichthyans, at least on a long temporal scale. Several species of
shark are philopatric and return to their natal areas annually or even several years later
to mate and give birth (Hueter et al. 2005). Unfortunately the local chondrichthyan
species, the New Zealand eagle ray, Myliobatis tenuicaudatus, tested as an animal
model proved unsuitable. The work was successful, however, at demonstrating homing
after displacement for the second time in class Chondrichthyes and for the first time in a
species of ray. This work highlighted the necessity of animal models meeting the
following criteria in order to be of practical use as an animal model for a navigational
study: (1) the experimenter must know where the animals are going, (2) that the animals
are motivated to reach their goal, (3) the animals are readily available, easy to handle,
and easy to displace, and (4) the experimenter must be able to identify the animal at the
home reference point (Guilbert et al. 2007).
The difficulties encountered while trying to develop a local experimental model,
demonstrated that was more practical to study a chondrichthyan species that had a
previously demonstrated homing ability. Juvenile lemon sharks, Negaprion
brevirostris, home on demand to their home ranges after displacement (Edrén and
Gruber 2005) and were used as an animal models to test if they used the contours and
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slope of the intensity of the Earth’s magnetic field in a manner similar to homing
pigeons, Columba livia (Mora 2002, Dennis et al. 2007). A novel approach was used to
obtain high resolution tracks: GPS loggers were mounted on hydrodynamic floats that
were designed to remain at the surface of the water. This is only the second time a
chondrichthyan has been tracked with this method (first used by Riding et al. 2009) and
this greatly increased the precision, accuracy, and detail of the shark tracks when
compared with traditional acoustic tracking methods. The sharks swam parallel and
perpendicular to the Earth’s magnetic field more often than expected by chance and the
alignments were on the same scale (a few hundred meters) as those performed by the
homing pigeons.
The similar magnetic alignment behaviours observed in the sharks and birds are
quite extraordinary when the differences between the two species and the environments
in which they live are considered, but not when the lack of common sensory modalities
that are available to them are examined. Homing pigeons can see for many kilometres
on a clear day, but a shark at depth or in turbid waters would likely have a very limited
ability to see the position of the sun or landmarks. Both homing pigeons and lemon
sharks are capable of detecting infrasound but it is currently only speculative that it is
used as a navigational stimulus. The differences between the aquatic and aerial
environments therefore appear to leave the Earth’s magnetic field as the only potential
navigational cue common between the homing pigeons and lemon sharks.
To learn more about how vertebrates compensate for extraneous magnetic noise
while navigating, the effects of magnets and the magnetic characteristics of the release
sites were examined with homing pigeons. No effect from the magnets on the homing
pigeons’ bearings and alignments was detected, but the behaviours of the birds upon
release were affected by the magnetic environment at the release sites. Previous
attempts to discern what magnetic field characteristics affect the orientation of the birds
upon the release have always taken a univariate approach, but it is inappropriate to test
just one magnetic field characteristic across sites when more than one parameter is
varying. This study was the first to test multiple magnetic characteristics and bird
behaviours with a multivariate experimental design. This approach is crucial because
release sites at most locations will vary in more than one magnetic characteristic.
Future work should expand upon the release site characteristics study to
determine which aspects of the Earth’s magnetic field affect the behaviour of navigating
animals. With the worldwide use of GPS loggers increasing, the responses of animals to
a wide variety of magnetic fields can be tested with high spatial and temporal resolution.
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By using a large number of animals, the number of variables that can be tested can also
be increased, which would help determine which magnetic variables are relevant to an
animal navigating over long distances. This work should initially use the most practical
experimental model, the homing pigeon, due to the greater cost and difficulty in
working with wild animals. Once the methodology is fully developed, the work can be
continued with the lemon sharks and any other animals that meet the criteria of an
experimental model. Using experimental models from different classes would help
determine how similar behavioural responses to release site characteristics are across
vertebrate classes. This may ultimately lead to a predictive model of how sharks,
pigeons, and other vertebrates respond to magnetic fields upon release.
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