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Abstract

Highly pelagic large marine vertebrates have evolved the capability of mov-
ing across large expanses of the marine environment; some species routinely
move across entire ocean basins. Our understanding of these movements
has been enhanced by new technologies that now allow us to follow their
movements over great distances and long time periods in great detail. This
technology provides not only detailed information on the movements of a
wide variety of marine species, but also detailed characteristics of the habi-
tats they use and clues to their navigation abilities. Advances in electronic
tracking technologies have been coupled with rapid development of statis-
tical and analytical techniques. With these developments, conservation of
highly migratory species has been aided by providing new information on
where uncommon or endangered species go, what behaviors they perform
and why, which habitats are critical, and where they range, as well as, in
many cases, better estimates of their population size and the interconnect-
edness of subpopulations. Together these tools are providing critical insights
into the ecology of highly pelagic marine vertebrates that are key for their
conservation and management.
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1. INTRODUCTION

Many pelagic vertebrates have evolved migratory life histories that allow them to adjust to dynamic
marine environments by moving long distances to acquire needed resources that vary predictably
in space and time. For many marine species, food resources and suitable breeding habitat are
separated by hundreds or thousands of kilometers, necessitating seasonal migrations (Bost et al.
2009b, Boustany et al. 2010, Costa 1991, Le Boeuf et al. 2000, Mate et al. 1998, Rasmussen et al.
2007, Shillinger et al. 2008, Weng et al. 2005). These migrations may be repeated several times
each year, as in the case of highly mobile species like albatross, but also annually or across multiple
years as is the case for some tunas and sea turtles. Optimal habitat temperature, as much as food
resources or breeding habitat, may also drive the migrations of both ectothermic and endothermic
marine species (Block et al. 2011, Boustany et al. 2010, Durban & Pitman 2012, Rasmussen et al.
2007, Sleeman et al. 2010, Weng et al. 2005). In some species, the migratory cycle is associated with
development; juveniles migrate to distant regions where prey resources are more available and later
return to the breeding grounds as adults (Bestley et al. 2009, Boustany et al. 2010, Polovina et al.
2006). In colony-breeding species, the limited availability of predator-free regions, particularly
islands, has resulted in many seabirds and pinnipeds evolving life histories that necessitate traveling
hundreds or thousands of kilometers from breeding colonies to regions where suitable prey are
abundant enough to profitably forage (Bost et al. 2009b, Costa 1991, Egevang et al. 2010, Le
Boeuf et al. 2000, Shaffer et al. 2006, Weimerskirch et al. 2012).

The earliest studies of animal migration relied upon the seasonal presence or absence of animals
on a breeding colony, region, or their seasonal availability in a fishery. Although this provided
an understanding of population-level movement patterns, it was not until investigators applied
unique identification tags to the legs, flippers, and bodies of animals, or took advantage of natural
marks or scars, that it became possible to measure where, when, and how far individuals were
actually migrating (Anderson et al. 2011, Rasmussen et al. 2007). More recently, stable isotopes
have proven to be an excellent way to identify where animals forage during migrations because
they can be used to track the large-scale displacements and also the geographic range of both
extant and ancient animals (Newsome et al. 2010, Zbinden et al. 2011). Passive acoustic methods
have also been used to track large-scale movements of vocal species such as whales (Sirovic et al.
2004).

Although conventional tagging and natural marks provide information on the general patterns
of arrival and departure for many species, they do not provide information on migration corridors
or individual movement patterns. Recent advancements in the size and power efficiency of elec-
tronic tracking tags ensures that tags are small enough not to affect natural behavior and robust
enough to withstand the rigors of the marine environment; these factors have revolutionized our
understanding of marine animal migration. A variety of electronic tagging technologies have been
developed and deployed on large scales. Archival and satellite-linked data-logging tags have made
possible the study of ocean basin–scale movements, oceanographic preferences, and the fine-scale
behaviors of many pelagic species (Bailey et al. 2008; Bailleul et al. 2007; Block et al. 2005, 2011;
Bost et al. 2009a; Boustany et al. 2010; Cotté et al. 2007; Dias et al. 2011; Guinet et al. 2001;
Jorgensen et al. 2010; Le Boeuf et al. 2000; Shaffer et al. 2006; Shillinger et al. 2008). The most
ambitious tagging effort to date has been the Tagging of Pacific Predators (TOPP) project, where
4,306 tags were deployed on 23 species in the North Pacific Ocean (Block et al. 2011) (Figure 1).
Many of the TOPP animals exhibited clear periodicity in their movement patterns, which cor-
responded with changes in water temperature and primary production. Two regions stood out
as important habitats, the highly productive California Current and the North Pacific Transition
Zone. Leatherback sea turtles, Laysan and black-footed albatrosses, sooty shearwaters, bluefin
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Figure 1
Predator density maps and residency patterns. (a) Density of large marine predators within the eastern North Pacific. Densities of the
time-weighted and species-normalized position estimates of all tagged individuals were summed within 1◦ × 1◦ grid cells. (b) Density
of large marine predators within the California Current Large Marine Ecosystem at a 0.25◦ × 0.25◦ resolution. Sea surface
temperature contours in panel a are denoted by solid white lines. Exclusive economic zones are delineated by solid black lines. Bottom
panels show the daily mean position estimates of the major Tagging of Pacific Predators (TOPP) guilds (from left): tunas (yellowfin,
bluefin, and albacore), pinnipeds (northern elephant seals, California sea lions, and northern fur seals), sharks (salmon, white, blue,
common thresher, and mako), seabirds (Laysan and black-footed albatrosses and sooty shearwaters), sea turtles (leatherback and
loggerhead) and cetaceans (blue, fin, sperm, and humpback whales). Figure reproduced from Block et al. (2011).

tuna, and salmon sharks exhibited migrations greater than 5,000 km to regions throughout the
Pacific Ocean with a strong affinity to the highly productive waters of the California Current.
Those species that remained in the California Current (tunas, salmon, mako and blue sharks, and
blue whales) showed an annual north-south migration, which was associated with changes in water
temperature and primary productivity. Other species migrated between the California Current
and pelagic waters: elephant seals, blue and mako sharks, and leatherback sea turtles traveled to
the North Pacific Transition Zone. The subtropical gyre and north equatorial current was an im-
portant region for blue and mako sharks and leatherback sea turtles. Similarly, the “Café” region
of the eastern Pacific and the Hawaiian Islands was routinely visited by white sharks, albacore
tunas, and black-footed albatrosses (see Jorgensen et al. 2010).

Northern elephant seals are a classic example of how such technology has radically changed
our understanding of their biology. Using ship and aerial surveys, their range was thought to be
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Figure 2
(a) Distribution of northern elephant seals (orange) as determined using boat- and plane-based surveys (redrawn from Riedman 1990;
islands not shown to scale). (b) Distribution of female northern elephant seals determined from their migration tracks ( yellow) observed
using satellite telemetry (from Robinson et al. 2012).

restricted to offshore regions hugging the west coast of North America (Figure 2a). As electronic
tracking data became available, it was discovered that these animals range throughout the North-
east Pacific Ocean (Figure 2b). Ship or plane surveys are limited to where we look, whereas tags
carried by the animals provide information wherever the animal goes. Similarly, we knew white
sharks periodically appeared along the coast of California, but it was impossible to know where
they might be at other times or that they were congregating in a nondescript area between Hawaii
and California (the so-called White Shark Café; see Jorgensen et al. 2010) for much of the year
(Figure 3). Electronic tags have also provided unique insight into the fidelity of migratory paths
of individual animals. For example, a female northern elephant seal was found to follow nearly
identical migration paths 11 years apart (Figure 4). Electronic tracking data have also elucidated
in great detail how the greatest migrations on Earth are timed and executed by Arctic terns and
sooty shearwaters (Egevang et al. 2010, Shaffer et al. 2006) (Figure 5).
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Figure 3
Site fidelity and homing of white sharks tagged along the Central California Coast during 2000–2007 revealed by pop-up archival tag
records (PAT). (a) Site fidelity demonstrated by six individual tracks ( yellow lines; based on five-point moving average of geolocations).
Triangles indicate tag-deployment locations and red circles indicate the position where the PAT popped up and made an Argos satellite
transmission. (b) Site fidelity of all satellite-tagged white sharks (n = 68) to three core areas in the Northeast Pacific including the
North American continental shelf waters, the waters surrounding the Hawaiian Island Archipelago, and the White Shark Café. Yellow
circles represent position estimates from light-based and sea surface temperature (SST)–based geolocations. Ocean color indicates
depth, from white (shallowest) to dark blue (deepest). Figure reproduced from Jorgensen et al. (2010).

1.1. New Technologies

The primary tools used today for tracking marine animals are global positioning system (GPS) and
Argos satellite telemetry. Archival data logging tags that collect light-level data are also extremely
popular, as light level can be used to reconstruct positions using day length and clock offset to
calculate position. Acoustic tracking on an ocean basin scale is also becoming more widespread.
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Figure 4
Argos transmission tracks of a female northern elephant seal recorded in 1995 when she was 6 years old (blue) and then again in 2006,
11 years later, when she was 17 years old (red ) (D. P. Costa, P. W. Robinson, J. L. Hassrick, S. E. Simmons, unpublished data).

Finally, accelerometer/magnetometer data enable 3D dead-reckoning calculations to reconstruct
true 3D tracks of diving animals through the ocean at incredibly fine resolution (Wilson et al.
2008). These tracks can last from weeks to years, and the tags can also collect ancillary behavioral
information that can be used to identify behaviors and associated habitats and collect pressure
data to measure the dive pattern (Figure 6b). This suite of associated data can be used to describe
the environment a tracked animal experiences (Figure 6c) including temperature, salinity, and
light level. Such behavioral and environmental data are often key in identifying differences in
the movement patterns and habitat utilization of different species (Block et al. 2011, Costa et al.
2010a).

1.1.1. Archival tags. Archival tags record data as a time series from sensors that can record
depth (pressure), water and/or body temperature, salinity, chlorophyll, three-axis acceleration,
orientation, heart rate, stomach temperature, pO2, GPS positions, and light level. The major
limitation of archival tags is that they must be recovered in order to obtain the data they collect.
Judicious choice of animals or use on exploited species where a reward is offered for tags collected
in commercial fisheries has nonetheless provided a wealth of information on the foraging behavior
and habitat use of many marine animals (Block et al. 2005, Johnson et al. 2006, Miller et al. 2004,
Shaffer & Costa 2006, Shaffer et al. 2006, Tinker et al. 2007). Movement patterns can be derived
with archival tags using light level. Local noon can be used to calculate longitude and day length
to calculate latitude. These locations often contain error but can be refined by correcting with sea
surface temperature data (Shaffer et al. 2005). Archival tags have the advantage of being relatively
inexpensive, and they do not incur fees for accessing the data via satellite networks.

1.1.2. Argos satellite tags. Argos satellite tags provide at-sea locations and have the advantage
that the data can be recovered remotely. The Argos receivers fly on National Oceanic and At-
mospheric Administration low-orbiting weather satellites; they receive transmissions from tags
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Figure 5
Shearwater migrations originating from breeding colonies in New Zealand. (a) Interpolated geolocation
tracks of 19 sooty shearwaters during breeding (light blue) and subsequent migration pathways ( yellow, start
of migration and northward transit; orange, wintering grounds and southward transit). (b) Representative
figure-eight movement patterns of individual shearwaters traveling to one of three ‘‘winter’’ destinations in
the North Pacific. Each panel also represents a breeding pair and their subsequent migration after the
breeding season. Figure reproduced from Shaffer et al. (2006).

and are capable of downloading data to Service Argos (Toulouse, France, or Landover, MD).
Service Argos uses the Doppler shift of a tag’s radio frequency to calculate the geolocation in
successive uplinks. Tags with onboard data processing and compression have made it possible to
transmit ancillary data through the Argos system, including detailed oceanographic and behavioral
information such as dive profiles and ocean salinity and temperature (Boehme et al. 2009).

Argos tracking systems have been available longer than all other satellite tracking technologies
and have been used on a wide variety of marine vertebrates, providing insight into the movements
of marine birds (Bost et al. 1997, Kappes et al. 2010, Pinaud & Weimerskirch 2007, Weimerskirch
et al. 2012), sea turtles (e.g., James et al. 2005, Maxwell et al. 2011a, Polovina et al. 2000), sharks
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Figure 6
Tracks of three southern elephant seals in the Western Antarctic Peninsula. Panels show (a) just the surface track, (b) the surface track
along with diving behavior, and (c) the temperature and salinity profiles that can be obtained to provide data on the physical
environment the animals are moving through. Figure reproduced from Costa et al. (2010a).

(Eckert et al. 2002, Hammerschlag et al. 2011, Weng et al. 2005), and marine mammals (Bailey
et al. 2009, Costa et al. 2010a, Guinet et al. 2001, Le Boeuf et al. 2000, Mate et al. 1998, Shaffer
& Costa 2006). Because the tag’s antenna must be out of the water to communicate with the
satellites, the technology has mainly been used on air breathers that surface regularly. For animals
that remain submerged, pop-up archival tags (PATs) are favored (Block et al. 1998, 2005; Boustany
et al. 2010; Campana et al. 2011; Carlson et al. 2010). PATs combine archival tags with satellite
transmitters and then send their data to researchers via Argos satellites once the tag is released
from the tracked animal and floats to the surface.

1.1.3. Global positioning system tags. Although standard GPS tags have been deployed on
seabirds for some time, the long time and high battery demands required to calculate GPS satellite
positions delayed their application to marine animals that are only at the surface periodically
(Weimerskirch et al. 2005, 2007). However, tags are now available that take a snapshot of the GPS
satellite data, which is either stored for later calculation after tag recovery or is used to calculate
pseudoranges that can then be transmitted via Argos (Tomkiewicz et al. 2010). Researchers can
now track marine animal movements to within 10 meters, a vast improvement over the 1–10-km
error currently possible with Argos satellite tags (Costa et al. 2010b, Kuhn et al. 2009). However,
communication bandwidth to the Argos satellites is still a barrier and often only a small fraction of
collected GPS locations can be remotely recovered. In practice, complete GPS tracks are usually
attainable only by recovering tracking tags and downloading the data from them. GPS tags have
been developed that can link to cell phone networks, which have enormous bandwidth to upload
archived GPS position and behavioral data (McConnell et al. 2004). These tags are, of course,
limited to species that regularly enter the range of wireless telecommunication networks.

1.1.4. Acoustic animal tracking. A variety of marine organisms have been tagged with tiny
acoustic pingers that can be tracked with fixed or mobile acoustic receiver arrays (Dagorn et al.
2007). Movements of animals ranging from tiny salmon smolt on their migration from rivers into
the ocean (Welch et al. 2011) to large sturgeon and sharks have been tracked (Andrews et al. 2010,
Lindley et al. 2011). Mobile acoustic transceivers (so-called business card tags) that both send and
receive acoustic signals are now being developed and deployed. These tags can listen for signals
sent by animals too small to have receivers, chronicling all of the acoustic tags that an animal
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encounters (Hayes et al. 2012). In addition, both active and passive acoustic methods have been
used to track large-scale movements of whales (Sirovic et al. 2004).

1.2. Analyses for Understanding Animal Migration

Animal tracking data are often of immediate qualitative value to identify previously unknown
ecological patterns such as migratory pathways or home ranges. Developments in quantitative
techniques to process raw tracking data are now helping to extract fine-scale information that
was previously obscured by factors such as location error. Analyses of animal movement and
migration have used diffusion and random walk processes (Dobzhansky & Wright 1947); Skellam
(1951) was the most influential of early studies. Developments and extensions of diffusion models in
biology are reviewed and updated by Okubo & Levin (2002). Analyses of movement to understand
behavioral processes of individuals were developed in the 1970s and 1980s as the first tracking data
became available (Siniff & Jessen 1969). Most analyses of individual tracking data are based upon
correlated random walks (CRWs) (Turchin 1998), but fractals, first passage time (FPT) analysis,
and Lévy flight methods have also been introduced. As Turchin (1998) provides an excellent guide
for analyses of animal movement, we focus on analytical developments after 1998.

Computational power has been the single most important advance and has allowed ecolo-
gists to borrow, from the physics and engineering communities, sophisticated Bayesian model
fitting methods (Markov chain Monte Carlo, particle filters, expectation maximization, etc.) to
fit diffusion, CRW, mixed-effects, and generalized additive models with much more ecological
and behavioral complexity. Large sample sizes and high data quality are an ideal combination for
advanced methods and are allowing the detection of subtle behavioral signals to reveal deeply
complex behavior and ecology in migrating animals.

1.2.1. State-space models and hidden Markov models. State-space models (SSMs) and hidden
Markov models (HMMs) are by far the most powerful and sophisticated new tools for analyzing
animal movement and migration from electronic tracking data. These models have been applied
to a wide range of engineering, physics, geoscience, and economics problems, where the goal is
to infer an unobservable “hidden” or “latent” system state. In animal movement and migration,
the hidden condition is an animal’s behavioral state (Figure 7). That state affects how an animal
moves, and both SSMs and HMMs fit CRW models that utilize movement properties such as
turn angles, move lengths, and autocorrelation to infer latent behavioral state from telemetry data
( Jonsen et al. 2005; Morales et al. 2004; Patterson et al. 2008, 2009). These models can also be
structured to detect both the mechanisms and accuracy of animal navigation ( Jonsen et al. 2006;
Mills-Flemming et al. 2006, 2010).

Both SSMs and HMMs are fit to CRW models; the most powerful are so-called switching
models or composite CRWs (Breed et al. 2009; Jonsen et al. 2005, 2006; Mills-Flemming et al.
2006). In these models, two, three, or sometimes more sets of parameters, each parameter set
representing a behavioral state, are estimated for a CRW. These parameters control attributes
such as move speed, turn angle, cardinal direction, and autocorrelation, as well as the degree of
stochasticity. The parameter space can produce many different kinds of movement. Most switching
models have a fixed number of discrete states to be inferred, and the model fits a track by inferring
which of the two or three sets of parameters is most likely at any point in the track (Figure 8). Some
are set up as mixing models, where the behavioral state is determined strictly from the movement
pattern at a particular time in the track, whereas others have transition equations between states,
so that both the current movement pattern and the movement leading up to it affect which state
is inferred at any given time.
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Figure 7
Hidden Markov model fits for two southern bluefin tuna tracks, estimating the probability of being in a “migratory” or “resident”
behavioral state. Upper panels show the behavioral state time series; lower panels show those probabilities on a map. Modified from
Patterson et al. (2009).

SSMs are a special case of HMMs. In an HMM, the hidden states are a set of discrete, categorical
states that must be predefined before a model is fit. In an SSM, the hidden states are distributed on
a continuum, or space, and are not discrete, thus the term state space. As implemented, the state-
space aspect of SSMs is usually restricted to handling observation error in animal tracking data,
particularly in Argos and light-level geolocation data, to estimate the most likely location. This
improved location estimate more accurately reflects the movement pattern made by the animal.
Thus, switching SSMs actually have an HMM for behavioral state linked to and embedded within
an SSM for location. SSMs have two equations: one models behavior and accounts for behavioral
stochasticity (the process equation), and the other models observation error (the observation
equation). The two equations make SSMs much better for analyzing data with significant degrees
of observation error (e.g., Argos, light-level geolocation), but this comes at the cost of being more
difficult to implement than HMMs. Many researchers use SSMs solely for track correction (e.g.,
Tremblay et al. 2009). One practical solution is to implement a simple SSM using a Kalman filter
to fit a random walk with no behavior to correct for observation error followed by an HMM to
estimate the hidden behavioral state (Patterson et al. 2010). Otherwise HMMs are generally useful
only for analyzing GPS quality tracking data; if observation error is not accounted for, it interferes
with behavioral state discrimination.

SSMs can be fit in either continuous or discrete time. Discrete-time models estimate locations
and behavioral state at regular time steps. These have many favorable properties, but are somewhat
more complex to fit (Breed et al. 2009, 2011). Continuous-time SSMs estimate a location for every
observation on irregular intervals, and some argue this is a more natural framework ( Johnson et al.
2008, Kuhn et al. 2009).
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Figure 8
Example of a switching state-space model (SSM) fit to an Argos satellite track collected from a northern
elephant seal, in this case revealing intense use of a seamount chain (Maxwell et al. 2011b). The map shows
the highly error-prone Argos data overlaid with the SSM best-location estimates; color indicates inferred
behavioral state. The switching model fit is shown to the right of the map, with behavioral state inferred
from the autocorrelation (γ ) to the previous displacement (dt−1) and turn angle θ . The parameters are
indexed into two states by the vector b. The Argos error is modeled with the observation equation and
assumes t-distributed error, with variance τ and degrees of freedom υ ( Jonsen et al. 2005). The nominally
“foraging” state had low estimates for γ and estimates of θ near 180o, whereas nominally “transiting” states
had high values of γ and estimates of θ near zero.

Finally, there are a few examples of models that fit behavior using a continuum of parameters
within state-space or similar time-series frameworks (Breed et al. 2012, Gurarie et al. 2009). This
is a promising new direction and should allow more flexible and natural frameworks for inferring
a wide range of behavioral states from movement patterns.

1.2.2. Heuristic approaches. Several heuristic approaches have gained traction in recent years.
These methods qualify track properties using sets of rules that describe turning angles, time
spent in a region, or other movement metrics to infer search intensity or foraging activity. These
approaches can be extremely useful and practical in many situations. However, because many are
not well grounded in probability theory, objective interpretation can be difficult.
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1.2.2.1. Fractals. Fractal analyses have been especially popular and useful in landscape ecology
(Halley et al. 2004, Turcotte 1997) and were introduced as a method to quantify animal movement
by Dicke & Burrough (1988). A series of influential papers ( Johnson et al. 1992, Milne 1991, Wiens
et al. 1995) built on the work of Dicke & Burrough (1988) lay out a simple method for calculating
the fractal dimension (d ) of an animal’s track. Some researchers also argued that because fractals
are scale invariant, d could be used to compare directly the behavior of animals of very different
sizes moving through landscapes (Wiens et al. 1995).

d represents the 2D space that would be covered by various movement patterns and is calculated
by log-log regressing “ruler length” against measured path length. Shorter ruler lengths measure
more detail, and the measured path length is thus longer. The slope of this regression is the fractal
dimension d, and it has been interpreted biologically as the intensity of search or foraging effort.
However, Turchin (1996) clearly demonstrated that the log-log regression needed to calculate d
turns into a curve as the ruler length goes to infinity; to be valid, the relationship must be linear.
Since the critique by Turchin (1996), the popularity of fractals for analyzing animal movement
has dropped considerably.

A variation of the fractal method has recently been implemented to identify area-restricted
search (ARS) behavior in wide-ranging marine animals. Known as the fractal landscape method,
tracks are objectively segmented as a moving window of a given size passes over the track, and d is
calculated for the data subset in the window at any given time (Tremblay et al. 2007). Windows
with higher d could be considered to have higher search or foraging intensity and represent more
important habitat. The caveat from Turchin (1996) notwithstanding, the fractal landscape method
is easy to implement and represents a simpler alternative for identifying pelagic ARS and foraging
areas than behavior-discriminating SSMs or HMMs.

1.2.2.2. First passage time analysis. Another method similar to fractal analysis, but perhaps more
flexible and less prone to bias, is FPT analysis. This method was first suggested for analyzing
tracking data by Johnson et al. (1992), but it was not formalized until Fauchald & Tveraa (2003).

The analysis proceeds by linearly interpolating tracking locations so that they are evenly spaced
in time, and circles with a radius r are placed around each point. The amount of time a tagged
animal spends within each circle is calculated: If the animal moves slowly or turns frequently, the
amount of time will be greater; if it moves straight or quickly, it will be smaller. The time it takes
for the animal to leave the circle of a given r is the FPT for the point at the circle’s center. It is then
possible to see how the FPT index changes along the track. Large FPT values are associated with
ARS and small values with directed or migratory movements (Fauchald & Tveraa 2003). The FPT
index is very similar to the fractal dimension d, with high FPT values corresponding to high d.

This process is repeated for a range of r’s. For each r, an FPT value is generated for each
point in the track, and it is possible to calculate a mean and variance of FPT for the entire track.
Fauchald & Tveraa (2003) argued that this variance could be log transformed and plotted against
r, and if a peak in var[log(FPT)] was clear at a particular r value, this value of r could be interpreted
as the “characteristic scale” at which an individual animal’s search movements are concentrated.

The FPT method is easy to apply and interpret, and it has been a popular choice since its
introduction by Fauchald & Tveraa (2003), especially for marine birds (e.g., Fauchald & Tveraa
2006, Pinaud 2008, Weimerskirch et al. 2007). The method has also been extended to include
a vertical dimension for diving animals (Bailleul et al. 2008). As an index of track sinuosity, it is
at least as good as fractal analysis, and unlike fractals no mathematical problems associated with
the calculation of FPT indices have been discovered. However, the method does require high-
resolution data, and many of the published studies to date use GPS data with interpolation to get
extremely fine temporal resolution.
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1.2.2.3. Lévy flight models. Lévy flights are a particular variant of a random walk model. The
random draws of step length come from a long-tailed probability distribution, most often a Pareto
distribution with infinite variance, P(lj) ∼ lj−μ, where P(lj) describes the probability density of step
lengths. To be considered a Lévy flight, the exponent μ must be between 1 and 3 (Viswanathan
et al. 1999). When μ ≤ 1, motion is ballistic, and when μ ≥ 3 it is Brownian.

Lévy flight models have a very simple mathematical form, produce tracks very similar to real
animals, and are easily fit using regression and maximum-likelihood methods. Their ease and
intuitiveness have made them tractable to many biologists, and they have been fit to movement
data collected from a wide range of migratory marine species (e.g., Humphries et al. 2010, Sims
et al. 2008, Viswanathan et al. 1999). In addition, it has been suggested that a Lévy flight with μ =
2 is the most efficient search strategy possible (Viswanathan et al. 1999), and thus foragers entering
unfamiliar environments should employ this strategy to find food (Reynolds & Rhodes 2009).

These findings, and the use of Lévy flight models for movement data, however, are highly
controversial. Numerous papers have pointed out flaws in both the mathematical and logical
underpinnings of Lévy flight analyses. Among other factors, these studies have found that Lévy
searches are the most efficient only under very special, even peculiar circumstances ( James et al.
2008); that Lévy flights have been misidentified in many of the foundational papers (Edwards 2008,
2011; Edwards et al. 2007); and that alternative models, especially composite CRWs, cannot be
distinguished from Lévy flights in real data (Auger-Méthé et al. 2011, Benhamou 2007, Plank &
Codling 2009). Given the multitude of potential issues, we cannot recommend the use of Lévy
flight methods or theory in analysis or understanding of marine animal migration or movement.

1.3. Advances in Animal Navigation

Many species routinely migrate across vast expanses of oceanic habitats, regions seemingly devoid
of the cues necessary for accurate navigation (Lohmann et al. 2008). Albatrosses, sea turtles, whales,
seals, sharks, and many other taxa rely on well-developed navigation abilities to move between
distant foraging and reproduction regions (Mueller & Fagan 2008). Thus, there is a strong selective
pressure to maintain and refine navigation ability. Although considerable progress has been made
in revealing the underlying mechanisms of animal navigation, particularly in the terrestrial realm
(Able 1995), a holistic understanding remains elusive. This is in large part due to the use of multiple
redundant or condition-dependent cues by navigating animals (Muheim et al. 2006a).

Pelagic migrants may use one or more of a diverse suite of environmental cues to navigate.
Stable visual or bathymetric cues, such as shallow coastal areas or seamounts, may be used during
part of a migration, but would not be available in deep pelagic habitats. Oceanographic features,
including temperature fields, salinity, and associated fronts, vary reliably on a coarse scale; however,
these features are dynamic and would require remarkable detection sensitivity (Bost et al. 2009a,
Hays et al. 2001). Olfactory cues, such as aerosolized di-methyl sulfide, may be useful to direct
predators toward prey patches (Nevitt & Bonadonna 2005, Nevitt et al. 2008), but again are likely
not used for long-distance navigation (Lohmann et al. 1999).

Celestial and geomagnetic cues, however, are appealing candidates for pelagic migrants be-
cause they are ubiquitous and potentially very accurate. Diurnal celestial cues, including sunlight
polarization and Sun position, are used by migrants (Gould 1998). Similarly, nocturnal celestial
cues, including stellar orientation and moon position, are used to navigate by some species (Able
& Able 1996, Muheim et al. 2006a). Geomagnetic cues have also been shown to be very important
for many species (Lohmann et al. 2007). Geomagnetic inclination and field intensity show signif-
icant variation over the surface of Earth and, in many places, are orthogonally aligned (Akesson &
Alerstam 1998). If animals can detect these features, the variation may provide enough information
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to form a cognitive map sufficient for long-distance pelagic navigation (Lohmann & Lohmann
1996).

A priori, it is unlikely that visual, oceanographic, or olfactory cues are the dominant source
of navigation information for ocean basin–scale movements. Although identifying the particular
cues used during oceanic migration is logistically challenging, recent advances and miniaturization
of tracking technologies enable detailed measurement of migratory pathways. These data can be
used to test navigation performance (i.e., accuracy in following a particular route) and may give
insight into the mechanisms at play. A recent study of migrating humpback whales demonstrated
that individuals maintain straight paths by correcting for fine-scale current patterns, implying the
use of cues that are both accurate and stable (Horton et al. 2011). In elephant seals, outbound
migrations are oriented toward vague dynamic targets, whereas inbound migrations are oriented
toward a discrete fixed target (the home colony). Seals swim nearly continuously during these
transit phases, as evident by a constant forward trajectory and characteristic “transit” dives (Le
Boeuf et al. 2000). The path of the animal during these transit phases is often direct with a stable
orientation, although this has yet to be adequately characterized (Le Boeuf et al. 2000).

Despite the logistical difficulty of studying oceanic migrants, they are actually excellent mod-
els for the study of navigation because their environment lacks many cues available to terrestrial
organisms. Existing studies focus largely on albatrosses and turtles. The remarkable navigation
ability of turtles has long been known from conventional tagging studies (Carr 1967), but the
precision of island homing was more recently demonstrated with satellite tracking (Papi et al.
1995). Subsequent studies utilizing translocated free-ranging turtles attempt to identify the im-
portance of particular cues but met limited success. For example, experimentally displaced turtles
with attached magnets (to disrupt a hypothesized magnetic sense) retained their navigation ability
(Papi et al. 2000). Such studies are unable to implicate particular cues, but suggest redundancy.
Complementary laboratory-based experiments have shown the importance of several cues includ-
ing at least two components of the geomagnetic field: intensity and inclination angle (Lohmann
et al. 1999).

Investigations into albatross navigation have found similar results. Satellite tracking clearly
demonstrates a keen navigation ability (Weimerskirch et al. 2012), but experimental attachment
of magnets was inconclusive; like turtles, albatrosses retained their navigation ability (Bonadonna
et al. 2003). Controlled studies of other bird species demonstrate detection and potential use
of many cues: olfactory, sky polarization or Sun position, and star patterns (Able & Able 1996,
Muheim et al. 2006b, Nevitt & Bonadonna 2005). However, detection ability does not necessarily
imply use in free-ranging conditions, and demonstration of reliance on particular cues remains
elusive for most species. For example, albatross dynamic soaring (Alerstam 1996) or the impact of
ocean currents on sea turtles (Gaspar et al. 2006) may mask important trends that would otherwise
be apparent in movement patterns. Much additional experimental work is necessary to understand
which cues pelagic animals use to navigate and how these are integrated into a cognitive map.

1.4. Animals as Oceanographers

Electronic tags deployed on animals are also providing oceanographic data in areas where con-
ventional methods are limited or absent (Boehme et al. 2009, Charrassin et al. 2008, Costa et al.
2010a) (Figure 9). Different water masses have unique temperature and salinity signatures and
can be used to describe the hydrographic characteristics of habitat used by tracked animals. Tags
are available that measure temperature, salinity, light, fluorescence, and pO2 while the animal
moves through the water column. These hydrographic data are collected at a scale and resolution
that is perfectly coincident with the animal’s behavior, allowing far better measures of habitat
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Figure 9
A Weddell seal is shown wearing a Sea Mammal Research Unit conductivity-temperature-depth tag in
McMurdo Sound, Antarctica. Photo by Dan Costa.

than remotely sensed satellite data. Such an approach has been used to define the foraging habitat
of elephant and crabeater seals in the Southern Ocean by physical oceanographic characteristics
(Biuw et al. 2007, 2010; Costa et al. 2010a). For elephant seals, changes in drift rate measured
during periods when the seal was not swimming provide an index of body condition (fatter seals
tend to be more buoyant, whereas leaner seals tend to sink). Changes in body condition were then
correlated with temperature and salinity data collected by the tag and allowed identification of
the specific water masses where elephant seals had the greatest foraging success. These areas were
linked with warm, deep water known as circumpolar deep water. This warm and nutrient-rich
water is associated with the Antarctic Circumpolar Current and upwells along the continental
shelf. The data available from existing oceanographic sampling techniques and/or oceanographic
models are too coarse or imprecise to identify the habitat characteristics of individual dives.

An added benefit is that hydrographic tags carried by animals provide highly cost-effective
platforms from which detailed oceanographic data can be collected on a scale not possible
with conventional methods. Such data are particularly lacking in the polar oceans where ship
time is limited (especially in the winter), where cloud cover or sea ice limits the capability of
satellite remote sensing, and where current patterns wash oceanographic floats away from the
Antarctic continent. An international effort deployed conductivity-temperature-depth (CTD)
tags on 85 elephant seals simultaneously at Kerguelen, South Georgia, Macquarie and the South
Shetland Islands in the Southern Ocean between January 2004 and April 2006 (Biuw et al. 2007) and
increased by ninefold the number of CTD profiles collected by traditional methods (Charrassin
et al. 2008). Similar data sets can complement even well-studied regions by adding measurements
from mesopelagic depths (Robinson et al. 2012). Animal-derived data are being made available to
the general oceanographic community through databases historically reserved for ship-based data
[e.g., Autonomous Pinniped Bathythermographs (APBs) in the World Ocean Database].

Oceanographic data collected by elephant seals in the Western Antarctic Peninsula provided
insight into the unexpected breakup of the Wilkins Ice Shelf (WIS) in 2008. Two sets of data were
collected; the first relied on observations that elephant seals were diving deeper than the known
bathymetry and, thus, provided a basis to improve the bathymetry in this region. This refined
bathymetry led to the discovery of a series of deep troughs that extend from the outer to the inner
continental shelf near the WIS (Padman et al. 2010). These troughs acted as conduits for on-shelf
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movement of relatively warm (>1◦C) upper circumpolar deep water across the continental shelf
and under the WIS. The second data set—temperature records recorded from the seals’ tags—
confirmed the flow of this warm deep water underneath the WIS. The added heat contributed to
the breakup of the ice shelf (Padman et al. 2012).

1.5. Including Migration in Marine Conservation

For centuries, fishers and hunters have relied on knowledge of the movement patterns of exploited
species such as tuna, whales, seals, sea turtles, and seabirds to predict when and where to harvest
them. Today, management and conservation of highly migratory species is a more pressing need
and requires detailed information on movements of threatened species. This information is also
fundamental to understanding how diseases might be spread and how disease networks might
change as animals change their migration patterns (Altizer et al. 2011). Satellite and acoustic tag-
ging of white sharks, combined with a Bayesian model, has been used to provide estimates of
white shark populations ( Jorgensen et al. 2010). Electronic tags are being used to reveal patterns
of habitat utilization and to identify and/or help avoid or mitigate conflicts with oil and gas de-
velopment, military activities, fisheries interactions, and shipping and research activities (Chilvers
2008, Costa et al. 2003, Goldsworthy & Page 2007, Peckham et al. 2007, Tyack et al. 2011, Žydelis
et al. 2011). Tracking data were important in listing black-footed albatrosses as an endangered
species by the US Fish and Wildlife Service and by BirdLife International for deliberations within
the international Agreement for the Conservation of Albatrosses and Petrels, and tracking data
have been crucial in the development of a management plan for the endangered Australian and
New Zealand sea lions (Campbell et al. 2006, Chilvers 2008, Goldsworthy & Page 2007). Finally,
tracking data are providing insights into the potential impact of climate change on pelagic species
(Costa et al. 2010a, Weimerskirch et al. 2012).

Marine animals do not recognize political boundaries, so knowledge of their movement pat-
terns and where they perform vital activities such as foraging and breeding can provide the basis
for regional management plans. Such information is critical for identifying key habitat for both
implementation of marine protected areas (MPAs) (Maxwell et al. 2011a, Peckham et al. 2007,
Schofield et al. 2007, Wallace et al. 2011, Witt et al. 2011, Žydelis et al. 2011) and determination
of the spatial and temporal extent of such management measures. For example, Laysan albatrosses
tagged at Guadalupe Island, Mexico, are found within the California Current System and within
exclusive economic zones of at least three other countries. Pacific bluefin tuna that swam to the
Eastern Pacific Ocean from Japan are so overexploited that few tagged fish live long enough to
make the return trans-Pacific migration to spawn (Block et al. 2011). Leatherback sea turtles have
been observed to use corridors shaped by persistent oceanographic features such as the southern
edge of the Costa Rica Dome and the highly energetic currents of the equatorial Pacific (Shillinger
et al. 2008). These findings have led to an International Union for Conservation of Nature reso-
lution to conserve leatherback sea turtles in the open seas. Similarly, tracking data were used to
develop an MPA off the coast of Baja California to protect loggerhead sea turtles (Peckham et al.
2007) and to assess the efficacy of an implemented MPA to protect olive ridley sea turtles off the
coast of Gabon (Maxwell et al. 2011a) (Figure 10).

2. FUTURE DIRECTIONS

In recent years, the capability of electronic tags has increased considerably. However, there are a
number of technological advances that need further development, including novel ways of pow-
ering tags, increased sensor capabilities (including oceanographic sensors and animal behavior
and/or physiology), better attachment methods, miniaturization of tags, and alternative methods
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of data recovery. Although new higher capacity batteries may be developed, an alternative is to
develop technologies that collect energy from an animal’s movement. Conceptually, this seems
very straightforward, but the development of reliable power-harvesting systems has so far proven
elusive. Other sensors that could be added to the tags include such important oceanographic mea-
sures as pH, CO2, and chlorophyll, as well as measures of animal behavior that include reliable
measures of feeding behavior and even active sonar to measure prey fields in front of the animal.
Novel methods of data recovery would greatly enhance the range of species that these tags could
be deployed on. A major advance would be achieved if the data obtained by electronic tags could
be transmitted underwater via an acoustic modem.

Electronic tags have provided a hitherto unprecedented view of the movement patterns and
habitat preferences of highly migratory upper trophic–level species. Effective management and
conservation requires a better understanding of both how migrants navigate to essential habitat and
the processes that make these habitats desirable. Although there has been a significant move toward
development of MPAs, the efficacy of such protected areas has yet to be considered. Protection
of a species on their foraging or breeding grounds may not enhance population viability if the
animals are caught along their migration corridor. Modeling efforts could examine the relative
value of developing MPAs around species’ movement patterns elucidated using electronic tagging.

Mysteries of long-distance navigation will be solved only by efforts targeting long-distance
continuous migrants for controlled field-based manipulations, where navigational cues such as
magnetic or visual senses are manipulated. The resulting change in the animal’s navigational
ability could then be monitored using high-resolution tracking. Such field experiments would be
complemented by lab-based experiments (e.g., psychophysical) that allow a greater examination
of mechanisms.

Further study of habitat association is also needed to integrate large-scale movement patterns
with the lower trophic levels and the biophysical forces that structure ecosystems. Future discov-
eries will be made when these tools are applied in an integrated manner, providing a seamless
understanding of the biophysical processes driving primary production at lower trophic levels to
the movements and behavior patterns of apex predators. Such an integrated effort would need to
be focused on a number of regions where existing infrastructure is in place or locations that are
representative of critical marine habitats. This would provide not just a onetime snapshot of the
biodiversity of a marine habitat, but a dynamic view into the processes that maintain biodiversity
with a better understanding of how it can be protected. A critically important aspect of this is
that we will be able to monitor how life in the ocean is adjusting in response to climate change
(Costa et al. 2010a, Weimerskirch et al. 2012). On a warming planet, that insight will be essential
if we wish to mitigate the impacts of climate change on pelagic migrants and save those species
for future generations.
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Bestley S, Gunn JS, Hindell MA. 2009. Plasticity in vertical behaviour of migrating juvenile southern bluefin

tuna (Thunnus maccoyii ) in relation to oceanography of the south Indian Ocean. Fish. Oceanogr. 18:237–54
Biuw M, Boehme L, Guinet C, Hindell M, Costa D, et al. 2007. Variations in behavior and condition of a

Southern Ocean top predator in relation to in situ oceanographic conditions. Proc. Natl. Acad. Sci. USA
104:13705–10

Biuw M, Nost OA, Stien A, Zhou Q, Lydersen C, Kovacs KM. 2010. Effects of hydrographic variability on
the spatial, seasonal and diel diving patterns of southern elephant seals in the eastern Weddell Sea. PLoS
ONE 5(11):e13816

Block BA, Dewar H, Farwell C, Prince ED. 1998. A new satellite technology for tracking the movements of
Atlantic bluefin tuna. Proc. Natl. Acad. Sci. USA 95:9384–89

Block BA, Jonsen ID, Jorgensen SJ, Winship AJ, Shaffer SA, et al. 2011. Tracking apex marine predator
movements in a dynamic ocean. Nature 475:86–90

Block BA, Teo SL, Walli A, Boustany A, Stokesbury MJ, et al. 2005. Electronic tagging and population
structure of Atlantic bluefin tuna. Nature 434:1121–27

Boehme L, Lovell P, Biuw M, Roquet F, Nicholson J, et al. 2009. Technical note: animal-borne CTD-satellite
relay data loggers for real-time oceanographic data collection. Ocean Sci. 5:685–95

Bonadonna F, Chamaille-Jammes S, Pinaud D, Weimerskirch H. 2003. Magnetic cues: Are they important
in Black-browed Albatross Diomedea melanophris orientation? Ibis 145:152–55
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Ecology 90:3546–53

Polovina J, Uchida I, Balazs G, Howell EA, Parker D, Dutton P. 2006. The Kuroshio Extension Bifurcation
Region: a pelagic hotspot for juvenile loggerhead sea turtles. Deep Sea Res. Part II 53:326–39

Polovina JJ, Kobayashi DR, Parker DM, Seki MP, Balazs GH. 2000. Turtles on the edge: movement of
loggerhead turtles (Caretta caretta) along oceanic fronts, spanning longline fishing grounds in the central
North Pacific, 1997–1998. Fish. Oceanogr. 9:71–82

Rasmussen K, Palacios DM, Calambokidis J, Saborı́o MT, Dalla Rosa L, et al. 2007. Southern Hemisphere
humpback whales wintering off Central America: insights from water temperature into the longest mam-
malian migration. Biol. Lett. 3:302–5

Riedman M. 1990. The Pinnipeds: Seals, Sea Lions, and Walruses. Berkeley: Univ. Calif. Press. 439 pp.
Robinson PW, Costa DP, Crocker DE, Gallo-Reynoso JP, Champagne CD, et al. 2012. Foraging behavior

and success of a mesopelagic predator in the northeast Pacific Ocean: insights from a data-rich species,
the northern elephant seal. PLoS ONE 7(5):e36728
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